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Introducing Allied's latest acquisitions. 

, 

We've invested in 100 new scien
tists . All members of the latest group 
of researchers hired by Allied Chem
ical, one of our operating com
panies. We acquired these new 
scientists right after we acquired a 
new attitude about research. 

These smart people chose our 
company when they could have 
worked for any chemical company 
in the world . Why was Allied such a 
smart choice? Because our new atti
tude was to offer them some of the 
most intriguing projects in the 
industry 

Some are using bioengineering 

to turn meek, ordinary vegetables 
into muscular specimens strong 
enough to fight world hunger. 

Others are tailoring new ways to 
put information on silicon chips, so 
they can shrink to fit when today's 
tiny computers become even tinier. 

Still others are plunging into the 
murky depths of industrial waste 
water, treating it to remove the murk 
and leave only fresh water. 

Our new attitude also applies to 
money. We're spending it. In the last 
two years, we quadrupled our chem
icals research budget. During the 
next 5 years, we'll spend $250 mil-

lion, and that's just for our 
chemical company. Combine 
that with some of Allied's other major 
businesses-Fibers and Plastics, 
and Electrical Products-and we'll 
be spending $900 million. 

One hundred new scientists, crea
tive research projects, and millions 
of dollars to support them . 

When we say acquisitions, we 
mean business. 

�L�!!!?o 
We mean business. 
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66 INDUSTRIAL MICROBIOLOGY, by Arnold L. Demain and Nadine A. Solomon 

Introducing an issue on how products useful to man are manufactured by microorganisms. 

76 INDUSTRIAL MICROORGANISMS, by Herman J. Phaff 

They are yeasts, molds, bacteria, actinomycetes and now also mammalian cells grown in culture. 

90 THE GENETIC PROGRAMMING OF INDUSTRIAL MICROORGANISMS, by David 

A. Hopwood Long accomplished by selection, it is now also achieved by direct intervention. 

126 THE MICROBIOLOGICAL PRODUCTION OF FOOD AND DRINK, by Anthony H. 

Rose Beer, wine, bread and cheese are only some of the good things made by microorganisms. 

140 THE MICROBIOLOGICAL PRODUCTION OF PHARMACEUTICALS, by Yair 

Aharonowitz and Gerald Cohen It includes hormones and interferons as well as antibiotics. 
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Douglas E. Eveleigh It is made more attractive by the shifting economics of feedstocks. 

180 PRODUCTION METHODS IN INDUSTRIAL MICROBIOLOGY, by Elmer L. 

Gaden, Jr. Batch processes are traditional; continuous ones may come with new methods. 
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Hospital data systems from 
the leader in health care 
data processing-MCAUTO: 

Check into a hospital in the U.S. and 
there's one chance in seven that hospital will be 
using a data system furnished by our MCAUTO 
Health Services Division, the largest supplier of 
its kind in the country. MCAUTO provides 
proven, comprehensive systems that record 
and report financial data, patient care 
activity, and medical records information 
from virtually every department in the 
hospital. 

McDonnell Douglas 
at work in 

the Health Care 
Industry 

Our computer or yours
hospitals get a welcome choice. 

While many of MCAUTO's hospital data 
sy stems operate on a shared basis (the hospital 
shares our big computers with other hospitals), 
our newest financial control system uses a 
hospital-located minicomputer system 
designed and built by Microdata Corporation, 
a wholly-owned subsidiary of McDonnell 
Douglas. The reliability of Microdata systems 
has earned the solid respect of our health 
care clients . 

Lease or Finance: 
Medical equipment from 
The Yes People. 

McDonnell Douglas Finance Corporation 
provides leasing and financing programs for 
the health care industry, from X-ray machines 
to blood analysis-and of course, to computers. 
Our financial consultants know medical equip
ment as well as they know financing. They 
approach your health care finance requirements 
with a "Yes, we can help" attitude. This makes 
your financing arrangements a pleasure rather 
than a chore. 
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An Earth-circling 
pharmaceutical factory. 

A process called electrophoresis separates 
materials in fluids by means of electrical charges. 
Electrophoresis is far more efficient in the micro

gravity of space . There, enzymes, hormones, and 
other proteins that are normally present in 

humans in small amounts might be processed 
in sufficient quantities to help patients who lack 
their own supply. 

Our work is experimental, of course, but 
we're planning flights aboard the Space Shuttle 

to determine whether space-processing can 
improve upon Earth processing for drugs either 

in short supply or not pure. 

A get-well card for the lab from Vitek. 
The AutoMicrobic® System, developed by our 

Vitek subsidiary, pinpoints infectious microbes 50% 
to 80% faster than conventional testing, and also 
suggests the most effective antibiotic . Heart of the 
system is the unique Vitek test card which the com
puter reads to make the microbial identification. 
As new test capabilities for additional microbes 
become available, the lab needs only the new cards 
(and perhaps a minor software change),.avoiding the 
expense of replacing obsolete equipment. 

Help with your hospital 
insurance claims. 

The MCAUTO Group Claims Processing 
system speeds claim processing as never before. 
MCAUTO computers verify claimant eligibility, 
establish dollar amounts according to fee 
schedules, and calculate claims based on policy 
limits, deductibles, and coordination-of-benefits 
provisions. The result is a fast, fair, accurate settle
ment for the patient and the hospital-at a sub
stantially lower processing cost to the insurance 
company. 

If we've caught your interest with any of our 
work in health care, we'd welcome your 
comments and inquiries. Please be as specific 
as you can about your needs. Drop us a note 
at McDonnell Douglas, Box 14526, St. Louis, 
MO 63178. 

/ 

MCDONNELL DOUG � 
s 
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SA-X ego Hog' Bo .. "'" EO «!; TI:)K  

SA-X. 
HIGHBIAS 
ISRICHER 

FOR II. 
The greatest honor a 

cassette can receive is to 
be held in higher esteem 
than one now setting the 
high bias standard. SA-X 
has already gone beyond 
SA. It was intended to. 
With its ultra refined dual 
lay er of Super Avilyn, 
nothing less was possible. 
For us, high bias was a 
limit to be surpassed. 
SA-X has won three 
international awards to 
date. But we take awards 
philosophically. They 
represent our continuing 
effort to make music live. 
In that, we could not be 
happier with SA-X. 

&TDK® 
THE MACHINE FOR YOUR MACHINE 

© Copyright 1981 TDK Electronics Corp. 
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THE COVER 

The painting on the cover symbolizes the theme of this issue of SCIENTIFIC 
AMERICAN: industrial microbiology. The tank at the left is a fermenter, the type 
of vessel in which the microorganisms that manufacture the products of indus
trial microbiology are grown. The piping associated with the vessel provides 
services to satisfy the requirements of the microorganism. The red pipes carry 
steam to sterilize the assembly and the growth medium before an inoculum 
of the organism is introduced into the vessel. The green pipes carry cold or 
steam-heated water to control the temperature of the culture. The black pipes 
carry the air needed by the organism. (Some of the organisms of industrial 
microbiology are anaerobic: they grow in the absence of air and do not need 
any.) The medium in the fermenter is stirred by a motor-driven agitator. The 
fermenter in the painting is made by the New Brunswick Scientific Co. Its ca
pacity is 250 liters, so that it is suitable for pilot-plant work. Fermenters with 
a capacity of 50,000 gallons (about 200,000 liters) are common in industry. 

THE ILLUSTRATIONS 

Cover painting by Ted Lodigensky 
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Hood sails. Rolex watches. Ultimates each. 

For over twenty years, 
Frederick E. "Ted" Hood 
has designed and 
manufactured the most 
desirable, durable and 
efficient sails ever to 
drive the competitive 
yachts of the oceans of 
the world. 

He's raced and won 
with the best. His list of 
prestigious victories 
include the Mallory 
Trophy in '56, the 
Bermuda Race in '68, 
and the SORC and the 
America's Cup in '74. 

He knows his sails and he knows his 
sailing. His philosophy contains no 
room for anything less than maximum 

application of ability. 
Durability. Excellence. Exactness. 

The words fit the man ... the way he 
works. With ultimate care. With atten
tion to detail. With the pride that comes 
from making the best that can be made. 

The result is that 
every skipper worth his 
salt wants a suit of 
Hoods on his mast. 
And, chances are, he 
wants a Rolex on his 
wrist. Because uncom
p romising performance 
counts. 

Rolex. The totally 
uncompromised machine. 
Handcrafted step by 

.
�� 

step from a solid block 
of gold or stainless 
steel. 
Mechanically unequaled. 
Esthetically unparalleled. 

The world's idea of what a watch 
should be. 

Indeed, Mr. Hood and Rolex have 
precisely the same opinion toward 
accomplishment. The only true measure 
of achievement is result. 

� 
ROLEX 

Write for brochure. Rolex Watch, U.S.A ., inc., Dept.295, Rolex Building, 665 Fifth Avenue, New York, New York 10022. 
World headquarters in Geneva. Other offices in Canada and major countries around the world. 
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LETTERS 

Sirs: 
"Ancient Oared Warships," by Ver

nard Foley and Werner Soedel [SCIEN
TIFIC AMERICAN, April], was fascinating 
but quite unconvincing in its lack of 
technical rigor. 

For example, it is quite fanciful to 
suggest that a bireme or trireme (or any 
other craft under oar power, including a 
modern eight-oar racing shell) is capa
ble of reaching planing attitude or par
tial planing attitude. This phenomenon 
is referred to in the hydrodynamic com
munity as dynamic support, and it is 
simply the relation of adequate power 
in the craft to its weight. A human be
ing, specifically a strong oarsman, is 
too heavy to develop enough power to 
dynamically support himself even on a 
weightless planing surface. The weight
to-power ratio for even partial dynam
ic support in pounds v. horsepower is 
between 50 and 60 to one. How many 
horsepower could those ancient oars
men develop? It must be assumed that 
the galleys were not manned by the off
spring of Hercules or Achilles .... 

THOMAS C. GILLMER 

Professor of Naval Architecture 
(Retired) 

Former Director, Ship Hydrodynamics 
Laboratory and Ship-Model 
Towing Tank 

U.S. Naval Academy 
Annapolis, Md. 

Sirs: 
It is unnecessary to draw the catapult 

into an explanation of why the ram was 
succeeded by boarding as a fighting 
technique. Modern opinion is united in 
its condemnation of the ram as an effi
cient weapon. For example, "a [moving] 
ship ... could avoid the ram by a turn of 
the helm, and results could only be ex
pected when the enemy lay disabled and 
a sitting target" (Oscar Parkes, British 
Battleships, 1860-1950: A History 0/ De
sign, Construction and Armament, 1957). 

For two moving ships to collide re
quires the negligence or connivance of 
both commanders. A moving ship pos
sesses such large "zones of immunity" 
against a ship of roughly equal perform
ance (anything "abaft the beam" obvi
ously cannot ram effectively, and this 
immunity zone can be shown to extend 
considerably forward on each side) that 
a satisfactory attack position is quite 
difficult to achieve. The defender can 
respond by turning toward the attack
er, which will probably result in violent 
contact but will frustrate the purpose 
of the ram, or turning away, which will 
minimize impact damage. Given room 
to maneuver, a ramming approach can 

8 

be declined so easily that only assaults 
with an element of surprise, or where 
both parties were hell-bent on contact, 
could possibly have succeeded. 

A ramming attack converted into a 
glancing blow, however, remains an op
portunity for boarding, and boarding at
tempts cannot be parried or declined 
easily. Successful attempts at boarding 
must therefore outnumber successful 
rammings, and thus would have been 
the dominant combat technique. 

Harrow, Middlesex 
England 

Sirs: 

MICHAEL C. JONES 

Our comments on the possibility of 
dynamic support in the trireme were 
based on research that can be traced 
through the piece cited in our bibliogra
phy ["The High Speed Capabilities of 
Ancient Boats," by Sean McGrail and 
Ewan Corlett, in International Journal 0/ 
Nautical Archaeology and Undersea Ex
ploration, Vol. 6, No.4, pages 352-353; 
November, 1977]. That research rests in 
turn largely on experiments with a repli
ca of a medieval boat design called the 
Gokstad /aering, one of a number of 
traditional boat designs that appear 
to achieve conditions of lessened resis
tance when rowed at maximum speed. 
Gillmer's weight-to-power ratio does not 
appear to take into consideration such 
factors as the wetted area of the hull or 
the size of the planing area, which as it 
increases does raise the skin friction but 
can diminish the power required to sup
port a given weight. Corlett has incorpo
rated this consideration in his volumet
ric coefficient, defined as the ratio of the 
displacement (given as a volume) to the 
cube of the waterline length. He propos
es that if this is equal to or less than 
2 X 10 -3, the boat can be driven at high 
speed without generating waves to the 
degree predicted by the Froude number 
alone, and hence without "squatting," or 
dropping at the stern. Corlett estimated 
the volumetric coefficient of the classic 
trireme at 1.2 X 10 -3. With our assump
tions about the displacement of the ves
sel this figure is reduced by about 10 
percent. In our text we reported these 
views, but we do not necessarily endorse 
them. Further investigation is clearly 
needed. 

The comments about ramming by 
Jones and others appear to beg one im
portant point. The ancient galleys were 
much more controllable than ships un
der sail, even ships with engines. There
fore they could, and did, approach bat
tle in much tighter formations. Many 
ancient accounts mention that adjacent 
ships in a formation tangled oars. Such 
formations tended to protect the ships 
but could severely limit their ability to 
get out of the way of an attacker. In 

framing the conditions for ramming it 
is also necessary to consider the limit
ed endurance of the oarsmen. The opti
mum battle mode is sitting dead in the 
water, waiting for a close-in target to 
present itself. A long-range chase is out 
of the question. Under these conditions 
catapult fire makes it possible to pursue 
the battle by other means. 

As for hull penetration by catapult 
fire, Dr. Dietwulf Baatz of the Saalburg 
Kastell in Bad Homburg, West Germa
ny, reports that he has succeeded in 
penetrating four-centimeter planks with 
bolts from a small arrow shooter whose 
projectiles were about a third the size of 
those tested by us. Baatz is probably the 
world's leading expert on the archaeo
logical evidence for catapults and on the 
firsthand testing of full-size replicas. 

Dr. P. DeFoort of the University of 
Ghent writes that the 40-banked galley 
would have been impractical for any 
battle service except perhaps amphib
ious river operations. The ancient de
scriptions support the impracticality of 
the vessel, but other sources certify that 
the Egyptians did practice such warfare. 
Perhaps the vessel was an abortive at
tempt to develop a rapidly deployable 
large-scale Middle Eastern strike force. 

Purdue University 
West Lafayette, Ind. 

VERNARD FOLEY 

WERNER SOEDEL 

Editorial correspondence should be addressed to The 
Editors, SCIENTIFIC AMERICAN, 415 Madison Avenue, 
New York, N.Y. 10017. Manuscripts are submitted at 
the author's risk and will not be returned unless accom
panied by postage. 

Advertising correspondence should be addressed to C. 
John Kirby, Advertising Director, SCIENTIFIC AMERI
CAN, 415 Madison Avenue, New York, N.Y. 10017. 

Offprint correspondence and orders should be ad
dressed to W. H. Freeman and Company, 660 Market 
Street, San Francisco, Calif. 94104. For each offprint 
ordered please enclose 60 cents. 

Subscription correspondence should be addressed to 
Subscription Manager, SCIENTIFIC AMERICAN, 415 
Madison Avenue, New York, N.Y. 10017. For change 
of address, notify us at least four weeks in advance. 
Send both old and new addresses and enclose an ad
dress imprint from a recent issue. (Date of last issue on 
your subscription is shown at upper right-hand corner of 
each month's mailing label.) 

Name 

New Address 

Old Address 

© 1981 SCIENTIFIC AMERICAN, INC



BEATS THE IMPORTS AT THEIR OWN GAME. 

CIMARRON AUDI 
5000 

EPA MILEAGE 
RATINGS WITH STD. TRANS. 42/[2§] 33/[N] HWY. EST.! 

EPA EST. MPG* 

FRONT-WHEEL DRIVE STANDARD STANDARD 

POWER-ASSISTED 
RACK AND PINION STANDARD STANDARD 

STEERING 
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STANDARD STEERING WHEEL AVAILABLE 

LEATHER SEATING 
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BMW 
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RACK AND 
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ONLY 

STANDARD 
5-SPEED 
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EXTRA 
COST 

EXTRA 
COST 

EXTRA 
COST 
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VOLVO 
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25/[N] 
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AVAILABLE 
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STANDARD 

STANDARD 

89 CU. FT. 

STANDARD 

STANDARD 

DEALER 
INSTALLED 

OPTION 

STANDARD 
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(p.OE.) 

SAAB 900S 
SEDAN 

33;[21] 

STANDARD 

STANDARD 

STANDARD 
5-SPEED 

STANDARD 

89 CU. FT. 

STANDARD 

DEALER 
INSTALLED 
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NOT 
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(p'OE) 
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,
estimated m�g for comparison. Your mileage may differ depending on speed, distance. weather. Actual highway mileage lower. 

Cadillac. are equipped with GM-built engines produced by various divisions. See your Cadillac dealer for details. 

For years foreign car manufacturers have 
boasted about their gas mileage, standard 
features and interiors. But now, there's a 
car that beats the imports at their own 
game. Cimarron by Cadillac. 

As the chart shows, Cimarron has 
features the imports have, plus Cadillac 
comfort and convenience, with reclining 
body-contoured bucket seats and 
perforated leather seating areas. Cimarron 
has front-wheel drive, just as the Cadillac 
Eldorado and Seville do. It comes with 
Cadillac's exclusively tuned, road-hugging 
touring suspension and a four-speed 
manual transmission including overdrive. 
What's more, Cimarron behaves like a 
civilized car should. Nimble ... easy to 
maneuver ... with a smooth, refined ride. 

If you've been thinking about buying an 
import. it's time to re-think your decision. 
It's time for Cimarron. 

Due to limited initial production, 
Cimarron is not available at all Cadillac 
dealers at this time. 

W� 
··Ma��acturer·s �ug�est.d Retail Price including dealer prep. as of 3131/81. Tax, license. destination charges and optional equipment 

additional. Destination charges vary by location and may affect this comparison. Leve' of standard equipment varies. 
A NEW KIND OF CADILLAC -

FOR A NEW KIND OF CADILLAC OWNER. Ii:II 
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50 AND 100 
YEARSAGO 

SCIENTIFIC 
AMERICAN 

SEPTEMBER, 1931: "Aviation his
tory of the kind that takes into account 
pluck and physical endurance, skillful 
piloting, perfect navigation and a de
pendable plane was made when Wiley 
Post, pilot, and Harold Gatty, naviga
tor, flew their Winnie Mae around the 
top of the world in eight days, 15 hours, 
51 minutes, completing the trip at Roo
sevelt Field, New York. The record
breaking ship is a high-wing Lockheed 
monoplane. Under a special cowl in the 
nose is a supercharged Pratt and Whit
ney Wasp engine of 525 horsepower, 
a nine-cylinder, air-cooled radial mod
el. The Winnie Mae is equipped with a 
large number of the most up-to-date in
struments available today. Dials clutter 
up the dash board to the point where 
only a pilot such as Post could under
stand them all. An air-speed indicator, a 
rate-of-climb meter calibrated in feet 
per minute, a gyroscopic bank-and-turn 
indicator, a double set of compensated 
compasses and a Sperry 'artificial hori
zon' are some of the instruments used to 
ensure correct piloting and safety." 

"An important series of papers by 
Otto Struve of the Yerkes Observatory 
has greatly extended our knowledge of 
the interstellar gas. Only rough esti
mates of the actual density of this gas 
can yet be made, but these are remark
able enough. The latest study by Al
brecht Unsold, Struve and C. T. Elvey 
indicates that within a few thousand 
light-years of the sun there is on the av
erage one absorbing calcium atom in 
every two or three cubic meters. How 
many atoms of other kinds are present 
we can only guess: probably enough to 
make a total density 10 times as great. 
This estimate would make the total 
quantity of matter in interstellar space 
greater than that which is concentrated 
into the stars. In such a gas, according to 
A. S. Eddington, an atom would on the 
average move in a straight line for about 
seven years before being deflected by 
collision, and during this time it would 
travel farther than the distance from the 
sun to Jupiter. Strangely enough the gas, 
although it is in the depths of interstellar 
space, would be hot rather than cold. 
The temperature of the gas depends on 
the average velocity at which its mole
cules or atoms move. Calculation shows 
that the velocity will be high, and that 
when the impacts on other molecules or 
atoms have done their work, their aver-

10 

age rate of motion will correspond to a 
temperature of about 10,000 degrees 
centigrade." 

"How far back in geologic time can 
the modern type of man be traced? As is 
well known, toward the close of early 
Palaeolithic times large areas in western 
Europe and elsewhere were inhabited 
by a remarkable race of human beings 
possessing in their bodily form marked 
and fundamental differences from that 
of Homo sapiens. These primitive hunt
ers, the Neanderthalers, with their large 
though simian-like skulls and strange 
limb bones, had a culture known as the 
Mousterian, and the deposits in which 
the remains of the epoch are found are 
in many places immediately succeeded 
by beds containing the relics of another 
and quite distinct culture-the Aurigna
cian. In the accumulations of this last
mentioned epoch a number of human 
skeletons have been discovered, and 
when these are compared with the bones 
of the Neanderthalers who immediately 
preceded the Aurignacians, it is obvious 
that the two races of men represented 
differed fundamentally in their physical 
characteristics. It is to be remarked that 
the lapse of time between the Mousteri
an and the Aurignacian cultures cannot 
have been, geologically speaking, very 
great. It does not seem credible that such 
a marked transformation could have 
taken place in the comparatively short 
period of time intervening between the 
Mousterian and the Aurignacian ep
ochs. Taking these matters into consid
eration, it would appear probable that 
the genesis of modern man must be 
looked for in some period pre-dating 
that of the Mousterian." 

SEPTEMBER, 1881: "The first in
stance on record of the application of 
electricity for the transmission of power 
to a distance is reported from France. 
M. Mathet has submitted the details to 
the Societe de l'Industrie Minerale. The 
St. Claude shaft at Blanzy was sunk to 
the depth of 500 meters for the purpose 
of searching for a faulted portion of the 
coal seams, and a heading was run from 
it across the strata. When this heading 
had reached a length of 400 meters, the 
ventilation became so poor that the tem
perature at the face rose to 95° Fah., and 
the miners could work only for a few 
hours. After some ineffectual attempts 
to improve the ventilation by simple 
means, it was decided to put in a fan 2.63 
feet in diameter and to run it by power 
transmitted by electricity. An eight-to-
10-horse-power portable steam engine 
was put up above ground, and with it a 
Gramme dynamo-electric machine was 
run at a speed of 1,200 revolutions per 
minute. The electric current thus gener-

ated was conducted by a cable, consist
ing of 0.044-inch copper wires, to a sec
ond Gramme machine coupled directly 
to the fan." 

"So long as smallpox vaccination 
stood alone, the alleged prevention of a 
malignant disease by the voluntary pro
duction of a mild disease of a similar 
type being a fact unique and unex
plained, the anti-vaccinationists had a 
shadowy ground to stand on. How is it 
possible, they asked, to protect life and 
health by inviting disease? And when 
they boldly disputed statistics and pro
nounced the theory of vaccination a de
lusion, not a few intelligent people were 
confounded and prejudiced against a 
practice that has reduced to compara
tive feebleness one of the worst of the 
plagues of former days. The discoveries 
of the past year by Professor Pasteur in 
connection with chicken cholera made 
vaccination a fact no longer unique, and 
they gave a most promising clew to the 
rationale of its operation in making 
the system less vulnerable to smallpox. 
That distinguished investigator of mi
croscopic life demonstrated the living 
virus of chicken cholera, and he proved 
that by suitable cultivation it could be so 
attenuated or shorn of its malignant 
quality that it would produce only a fee
ble disturbance of the animal organiza
tion, which yet sufficed to protect the 
animal as thoroughly from the more vir
ulent disease as the latter could in case it 
was not fatal." 

"The first practical work of any im
portance on the Panama Canal is the 
construction of a grand pathway from 
Colon to Panama, which has been 
cleared of trees and other obstructions 
to a width varying from 30 to 60 feet. 
The engineers and laborers on M. de 
Lesseps' great undertaking are said to 
be suffering severely from yellow fever 
and the malarial fevers peculiar to the 
Isthmus. Many deaths are reported." 

"The second annual convention of the 
Photographic Association of America 
began in New York on August 15. Quite 
a remarkable exhibit of dry-plate pho
tography was made by Cramer & Nor
den of St. Louis. Among their exhibits 
were a number of large negatives by the 
dry process, together with prints there
from. One picture, 10 X 12, taken by 
an electric light in six seconds, repre
sented a supper room, with the table all 
spread ready for the. guests-a fine pic
ture. During the exhibition several dif
ferent improved photo processes were 
tested. The superior convenience and 
success of the new rapid gelatine and 
emulsion processes were fully demon
strated, many excellent pictures being 
produced. The wet process was also 
worked, but on the whole it was pretty 
conclusively shown that the dry process 
is the photographic art of the future." 
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Our X-ray film treats this arm 
as if it were worth millions already. 
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To 3M, every arm is priceless. Whether it 
belongs to a potential big-leaguer, or the 
Cy Young winner himself. For this reason, 
we've developed an x-ray film that can 
reduce radiation by more than fifty 
percent. And 3M brand "Trimax" Medical 
X-ray Film also gives doctors a clearer, 
sharper image, for more accurate 
diagnosis. 

You might not think of 3M as an x-ray 
company, but we've been hearing about 
the needs of radiologists for quite some 

time now. Because at 3M, we're in the 
business of hearing. 

By listening to people's needs, we've 
been able to develop new ideas and 
breakthrough products like the "Trimax" 
system, so that less radiation may touch 
our lives. 

In fact, 3M has developed over 700 

products in the health-care field alone. 
If you think you might have an applica
tion for our technologies and products, 
write us today for a free 3M Health Care 
Brochure: Department 010709/3M, 
P.O. Box 4039, St. Paul, MN 55104. 

Or better yet, let us hear from you right 
now. Call toll-free: 1-800-323-1718, 
Operator 361. (Illinois residents call 
1-800-942-8881 ) 

3M hears you ... 

3NI 
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THE AUTHORS 

ARNOLD L. DEMAIN and NA
DINE A. SOLOMON ("Industrial Mi
crobiology") are microbiologists at the 
Massachusetts Institute of Technology. 
Demain, who is professor of industrial 
microbiology in the department of nu
trition and food science, majored in bac
teriology as an undergraduate and grad
uate student at Michigan State College 
(now Michigan State University). He 
then went to the University of Califor
nia, where he studied at both the Davis 
and the Berkeley campuses, obtaining 
his Ph.D. in microbiology in 1954. Be
fore joining the M.I.T. faculty in 1969 
he was head of the department of fer
mentation research at the Merck, Sharp 
& Dohme Research Laboratories. An 
active member of the American Society 
for Microbiology, Demain has served 
on numerous committees having to do 
with applied microbiology and fermen
tation technology. Solomon, who is a re
search associate in the department of 
nutrition and food science at M.I.T., is a 
graduate of the University of Massa
chusetts. She has worked with Demain 
since 1972 and in recent years has col
laborated with him on a number of jour
nal articles in their field. 

HERMAN J. PHAFF ("Industrial 
Microorganisms") has a joint appoint
ment as professor of food science and 
technology and professor of bacteriolo
gy at the University of California at Da
vis. A native of the Netherlands, he was 
trained as a chemical engineer at the 
Technical University of Delft. He came 
to the U.S. in 1939 to continue his stud
ies, receiving a Ph.D. from the Universi
ty of California at Berkeley in 1943. He 
taught at Berkeley until 1951, when he 
moved to the Davis campus. A specialist 
in the ecology and molecular taxonomy 
of yeasts, he is the coauthor (with Mar
tin W. Miller and Emil M. Mrak) of 
The Life of Yeasts. In addition to Phaff's 
professional activities he is an accom
plished cellist and participates in many 
musical events on the Davis campus. 

DAVID A. HOPWOOD ("The Ge
netic Programming of Industrial Micro
organisms") is John Innes Professor of 
Genetics at the University of East An
glia. He is also head of the genetics de
partment at the nearby John Innes Insti
tute, a research establishment support
ed by the British Agricultural Research 
Council. Hopwood studied natural sci
ences, specializing in botany, at the Uni
versity of Cambridge. Soon after his 
graduation in 1954, he writes, "I be
gan research for my doctorate at Cam
bridge, studying the genetics of Strepto
myces, about which little was known at 
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the time. I am still working on the same 
topic; it gets more fascinating all the 
time." He obtained a Ph.D. from Cam
bridge in 1958 and a D.Sc. from the Uni
versity of Glasgow in 1974. He was a 
lecturer in genetics at Glasgow from 
1961 to 1968, when he took up his pres
ent positions. In 1979 Hopwood was 
elected a Fellow of the Royal Society. 

ANTHONY H. ROSE ("The Mi
crobiological Production of Food and 
Drink") is professor of microbiology at 
the University of Bath. His degrees, in 
applied biochemistry, are from the Uni
versity of Birmingham. After postdoc
toral work at Rutgers University and the 
National Research Council of Canada 
in Ottawa he taught at Heriot-Watt Uni
versity in Edinburgh and at the Univer
sity of Newcastle upon Tyne. He joined 
the faculty at Bath in 1968. His main 
research interest for the past decade or 
so has been in the composition and func
tion of the envelope of Saccharomyces 
cerevisiae (brewer's yeast). This is Rose's 
fourth article for SCIENTIFIC AMERICAN; 
the previous ones were "Beer" (June, 
1959); "Yeasts" (February, 1960) and 
"New Penicillins" (March, 1961). 

YAIR AHARONOWITZ and GER
ALD COHEN ("The Microbiological 
Production of Pharmaceuticals") are 
microbiologists on the faculty of Tel 
Aviv University. Aharonowitz got his 
Ph.D. from Tel Aviv in 1974. He then 
spent two years as a research associate 
at the Massachusetts Institute of Tech
nology, where, he writes, "I worked with 
Arnold L. Demain, who introduced me 
to the field of industrial microbiology. 
In Demain's laboratory I studied differ
ent aspects of the metabolic regulation 
of beta-lac tam antibiotic production in 
streptomycetes." Aharonowitz joined 
the department of microbiology at Tel 
Aviv in 1976. In addition to his work 
on biochemical and genetic regulatory 
mechanisms, he reports, "I am involved 
in several aspects of the ind ustrial appli
cation of biocatalysis." Cohen is a grad
uate of University College London; af
ter obtaining his B.Sc. degree he took a 
year off to work on a kibbutz in Israel. 
He later joined the polymer department 
of the Weizmann Institute of Science 
in Rehovot, where he was awarded his 
doctorate in 1968. He spent the next 
three years in the U.S. working at the 
National Institutes of Health before 
he returned to Israel in 1971 to join 
the department of microbiology at Tel 
Aviv. In recent years, he writes, "I have 
become involved in the area of applied 
microbiology, and in particular in the 
ways microorganisms can be exploited 

to make useful amounts of vitamins, 
amino acids and antibiotics." 

DOUGLAS E. EVELEIGH ("The 
Microbiological Production of Industri
al Chemicals") is professor of micro
biology at Cook College/New Jersey 
Agricultural Experiment Station, a divi
sion of Rutgers University. Born and ed
ucated in Britain, he received his Ph.D. 
from the University of Exeter in 1959. 
Before joining the Rutgers faculty in 
1970 he worked for six years at the 
Canadian National Research Council's 
Prairie Regional Laboratory in Saska
toon. In his spare time, Eveleigh writes, 
he "rejuvenates on table tennis and leg
erdemain." 

ELMER L. GADEN, JR. ("Produc
tion Methods in Industrial Microbiol
ogy"), is Wills Johnson Professor of 
Chemical Engineering at the Universi
ty of Virginia. His degrees are from 
Columbia University: B.S., 1944; M.S., 
1947; Ph.D., 1949. He joined the facul
ty at Columbia soon after obtaining his 
doctorate and taught there until 1974, 
when he left to become dean of the Col
lege of Engineering, Mathematics and 
Business Administration at the Univer
sity of Vermont. He was appointed to 
his present position in 1979. Gaden's 
primary professional interest is in the 
development of biochemical processes 
for the production of food and chemi
cals and for the disposal of wastes. In 
1970 he was the first recipient of the 
Food and Bioengineering Award of the 
American Institute of Chemical Engi
neers. In recent years, Gaden reports, he 
has been particularly active in the work 
of the Board of Science and Technology 
for International Development of the 
National Academy of Sciences/Nation
al Research Council. 

WINSTON J. BRILL ("Agricultural 
Microbiology") is Vilas Research Pro
fessor of Bacteriology at the University 
of Wisconsin at Madison. A graduate of 
Rutgers University, he got his Ph.D. in 
microbiology from the University of Il
linois at Urbana-Champaign in 1965. 
After two years of postdoctoral work on 
the genetics and regulation of amino 
acid metabolism at the Massachusetts 
Institute of Technology he moved to 
Wisconsin, where his research is devot
ed primarily to the study of the bio
chemistry, genetics and physiology of 
nitrogen fixation [see "Biological Nitro
gen Fixation," by Winston J. Brill; SCI
ENTIFIC AMERICAN, March, 1977]. In ad
dition to his academic work he has just 
been made director of research for the 
Cetus Madison Corporation, a newly 
formed subsidiary of the Cetus Corpo
ration that will concentrate on the appli
cation of modern microbiological tech
niques to agriculture. 
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H's a hard look into your operations t oday  for 
beHer prod uctivity  tomorrow. 

The Citi of Tomorrow brings you 
the latest electronic banking. And the 
people who can tell you how to use it 
best: Citibankers. 

Citibank's financial experts can 
help you take full advantage of new 
technological advances to make your 
back office more productive. 

They'll make sure your system is 
tailored to your specific business needs. 
And at the other end, there will always 
be a team of Citibankers who know 
your business and can track down any 

problem. These Citibankers can also 
show you how electronic banking can 
streamline your present back office 
operation. And they can advise you in 
other areas, including ways to utilize 
your banks more effectively. 

The Citi of Tomorrow. Instead of 
just answers to problems, a strategy to 
avoid them. 

Call Robert Mendes, v.P, at (212) 
559-1980 for more details . 

CITIBAN(O® 
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n erstan ing 
in ormation 

management. 
_We are no longer an industrial society. 

More Americans are now in information jobs than in manufacturing and 
agriculture combined. Today's most pervasive technological trends have to do with information 
and its management. Yet to begin to understand the boundless promise of our new information 
society, we need to define its terms. 
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The management of information occurs in three distinct stages: 

Organization 
Information (words or data) is gathered and structured so that it can be put into 

a system. The business or institution is also organized to take advantage of the efficiencies of 
information management. 

Processing 
The information may then be stored, examined, organized, translated or directed 

by people or machines. 
1i

. . 
ransmlsslon 

Information is transported and made available to users as they select. Often 
information may be managed simply by organizing it and transmitting it to the proper user. 

Present day systems to manage information are but one of the products of the 
knowledge business. 

The Bell System constantly produces new knowledge, and turns this knowledge 
into practical advances. Electronic switching (organization, processing) and lightwave 
communications (transmission) were laboratory phenomena just yesterday. So were the 
integrated communications systems that ease the way for so many American businesses. 

All are realities within the Bell network, which organizes, processes and transmits 
analog and digital information worldwide . 

• The ideas, applications and systems of the knowledge business are available to 
you now. The Bell System can help you use them now, to increase productivity and profits. _ 

The knowledge business 

@ 
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METAMAGICAL 
THEMAS 

How might analogy, the core of human 

thinking, be understood by computers? 

by Douglas R. Hofstadter 

I
n our research in artificial intelligence 

my graduate students Gray Closs
man and Marsha Meredith and I 

have been looking at typical human 
thought processes in everyday life as 
well as in more limited domains, and 
everywhere we look we seem to find that 
within the internal representations of 
concepts there are substructures that 
have a kind of independence of the 
structures of which they are part. Such a 
substructure is modular, that is, it is ex
portable from its native context to alien 
contexts. It is an autonomous structure 
in its own right, and we call these mod
ules roles. A role, then, is a natural 
"module of description" that seems to 
be comfortable moving out of its first 
home and finding homes in other plac
es, some of them unlikely at first glance. 

One example is the "First Lady" role. 
Most Americans use this term more 
flexibly than they realize. They would 
probably say, if asked, that the term 
means "the wife of the president," and 
not think any more about it. But if they 
were asked about the First Lady of Can
ada, what would almost surely pop into 
their mind is the name or image of Mar
garet Trudeau. They might reject the 
thought as soon as it occurred to them, 
but for us the important thing is that the 
thought of her would arise at all. First of 
all, people know her as the former wife 
of Pierre Elliott Trudeau. Second, Tru
deau is not the president of Canada but 
its prime minister. How, then, is "the 
former wife of the prime minister" the 
same as "the wife of the president" ? 

Before you answer, "Well, 'wife' and 
'former wife' are related concepts, as are 
'prime minister' and 'president,' '' con
sider who might be said to be the current 
First Lady of Britain. Whose name 
came to your mind? Margaret Thatcher? 
Queen Elizabeth? They are women, but 
do they really play the role of First 
Lady? Did it occur to you that it might 
be Denis Thatcher or Prince Philip? At 
first these suggestions seem silly, but at 
the same time they are compelling, par
ticularly the thought of Denis Thatcher. 
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In fact, I once clipped a newspaper arti
cle that portrayed Denis Thatcher as 
Britain's First Lady. 

What kind of sense does this make? 
How can a man be a lady? Well, lan
guage is much slipperier than dictionary 
definitions would have you believe. Its 
slipperiness comes from the underlying 
slipperiness of concepts, in particular 
these elusive things we are calling roles. 

Of course, you could argue that the 
First Lady role goes over naturally into 
"husband of the prime minister," simply 
because what First Lady really means is 
"spouse of the head of state." But this 
will not do either. In Haiti until recently 
the title of First Lady belonged to Si
mone Duvalier, the widow of the former 
president, Fran�ois ("Papa Doc") Duva
lier. She is also the mother of the current 
president, Jean-Claude ("Baby Doc") 
Duvalier. Not long ago there was a bit
ter power struggle between Simone Du
valier and her daughter-in-law Michelle 
Bennett Duvalier, the wife of "Baby 
Doc," for the title of First Lady. In the 
end the younger woman seems to have 
gained the upper hand, taking the title 
"First Lady of the Republic" away from 
her mother-in-law, who in compensa
tion was given the lifetime title "First 
Lady of the Revolution." Do you want 
to amend your suggestion to say "the 
spouse (or former spouse) of the present 
(or former) head of state" ? You know 
perfectly well we shall be able to bring 
up other exceptions. For example, one 
could imagine a meeting of the Pooh
Bah Club at which the Grand Pooh
Bah's wife was introduced as the First 
Lady of the club. Of course, the Grand 
Pooh-Bah is hardly a head of state, and 
so you amend your definition to say "the 
spouse (or the former spouse) of the 
head of any old organization." But sup
pose . . . .  I think I shall let you go on in
venting exceptional cases. For any rule 
you propose there is bound to be some 
conceivable way to get around it. 

Worse yet, something terrible is hap
pening to the concept as it gets more 
flexible. Something crucial is being lost, 

namely the notion that "the wife of the 
president" is the most natural meaning, 
at least for Americans. If one knew only 
the generalized definition, one would get 
the impression that Sam Pfeffenhauser, 
the former father-in-law of the corner 
drugstore's temporary boss, is just as 
good an example of the First Lady con
cept as Nancy Reagan. When this hap
pens, something is wrong. The definition 
not only should be general but also 
should incorporate some indication of 
what the spirit of the idea is. 

Computers have a hard time getting 
the spirit of things; they prefer to know 
things to the letter. And so people spend 
an enormous amount of time talking to 
computers, writing long and detailed de
scriptions of ideas they could get across 
in one good example to anyone with half 
a brain. Therefore the question is how 
to get a computer to understand what 
is meant by "First Lady." We want, 
then, to examine the idea of "roles" in 
some detail. 

In order to illustrate how the notion of 
"role" can be modeled in domains more 
formal than the domain of political pro
tocol I shall switch to one of my favorite 
domains: the natural numbers. I shall 
present some little puzzles that Gray, 
Marsha and I have been thinking about. 
Each of them has no single correct an
swer but rather a set of possible answers 
with varying degrees of plausibility or 
defensibility. What we are interested in 
is devising a computer program that is 
able to see the rationale behind each 
possible answer and thus able to come 
up with the same set of "feelings" a typi
cal person would have about what is a 
good answer and what is a bad one. 

The domain of natural numbers 
might sound at first like a rather hard
edged and precise little mathematical 
world, but actually it is a domain in 
which problems requiring extremely 
subtle subjective judgments can be for
mulated. Gray, Marsha and I intend to 
give our program very little detailed ar
ithmetical knowledge about the inte
gers. The program will not, for example, 
recognize 9 as a square; in fact, it will 
not even know about multiplication. It 
will not know that 6 is even and 7 odd. 
What, then, will it know? It should know 
how to count up or down, that is, it 
should have a knowledge of succession. 
Hence it should recognize that the se
quence of numerals 1 23 4 5  represents an 
upward counting process. It should also 
be able to apply the notion of counting 
to structures it is looking at, as in 44444, 
which it would recognize as a group of 
five copies of the numeral 4. It will know 
that 9 is bigger than 4, although it will 
have no idea how much bigger. You can 
think of this computer program as hav
ing the arithmetical sophistication of 
a five-year-old and an avid curiosity 
about number patterns. Here is the first 
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problem, invented, as are many of the 
others, by Gray. 

Consider the structure we shall call A: 
1234554321. 

Now consider the structure called B: 
12344321. 

The question is: What is to B as 4 is to 
A?Or, to use the language of roles: What 
plays the role in B that 4 plays in A? 

Note that by asking it this way we 
leave it to the puzzle solver to decide 
what role 4 actually does play in A. It 
would be analogous to asking, "Who is 
the Nancy Reagan of Britain?" leaving 
it to the listener to figure out what con
ceptual role Nancy Reagan fills and then 
to try to export that role to Britain. I 
have found that many people are quite 
content with Denis Thatcher as "the 
Nancy Reagan of Britain" but balk at 
calling him "the First Lady of Britain." 
A curious point, to which we shall re
turn, is this: if the role is left implicit, 
nonverbalized, it has more fluidity in the 
way it transfers than it does if it is "fro
zen" in an English phrase. 

Actually most analogies crop up in a 
nonverbal way. Seldom does someone 
say to you explicitly: "What is the coun
terpart of Central Park in San Francis
co?" Usually it happens through a more 
implicit channel. When you are visiting 
San Francisco for the first time, you are 
driven through Golden Gate Park, and 
somehow it reminds you of Central 
-Park. After the fact you can point out 
some shared features (both are long, 
thin rectangles, both contain lakes and 
curving roads, and so on). Most analo
gies arise similarly-as a result of un
conscious filterings and arrangings of 
perceptions, not as consciously sought 
solutions to cooked-up puzzles. To put it 
another way, to be reminded of some
thing is to have unconsciously formulat
ed an analogy. 

Incidentally, when I first thought of 
writing about roles and analogies, I had 
in mind both the First Lady example 
and the numerical examples. As my 
thoughts evolved I realized I was uncon
sciously developing a parallel in my 
mind between the First Lady example 
and the numerical examples. I call it a 
meta-analogy, since it is an analogy be
tween analogies. In this meta-analogy I 
see structure A as corresponding to the 
U.S., structure B to Britain, 4 to Nancy 
Reagan and the unknown object to the 
unknown person. 

Let us now look at some possible an
swers to the first "formal" problem. The 
most likely answer is 3. The justification 
seems to be that 4 precedes the central 
pair (55) in A, and the corresponding 
central pair in B is 44, which is preceded 
by 3. Then how about in C? 

C:12345666654321 

The central pair in C is 66, which is 
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flanked by 6's. Is 6, therefore, to C what 
4 is to A? Probably most people would 
prefer 5, although it is perfectly logical 
to insist on 6. The preference for 5 
comes, nonetheless, from a very sensible 
instinct to generalize the "central pair" 
notion (itself, to be sure, a role) to "cen
tral plateau" (or whatever you want to 
call it). There are competing urges: first 
to stay with the original concept and 
second to flex and bend when it "feels 
right," when it would seem rigid and 
stodgy to insist on established conven
tions over simple and "natural" ex
tensions. But it is these terms-"flex," 
"bend," "feels right," "rigid," "natural" 
and so on-that are so extraordinarily 
hard to put into programs. 

Now let us investigate some other 
ways to make the role of 4 slip. Consider 
this structure: 

D: 11223344544332211 

Here is a curious kind of reversal; now 
there is no central pair but everything 
else is in pairs. Some people might still 
pick 4, since it is next to the center. 
But what about 44, a pair rather than a 
single number? It seems that as long 
as "pair" and "singleton" are switching 
places we might as well go all the way 
and give an answer that reflects this per
ceptual turnabout. In fact, it would seem 
rigid and unimaginative to insist on 
sticking with single numbers when it is 
so obvious that the easiest way to per
ceive D is in terms of pairs: 

D:(II)(22)(33)(44)5(44)(33)(22)(II) 

Not just 4 but every part of A has a role, 
and there are corresponding roles in D. 
As you can see, within each role the con
cepts of pair and singleton have been 
switched. 

Now is as good a time as any to point 
out some features of my meta-analogy 
between these problems and the First 
Lady problem. If you think of the presi
dent as "the highest, most central figure 
in the land" and his wife as "the one 
standing next to him," you will see that 
this characterization carries over almost 
literally to the numerical problems. In 
structure A the highest, most central fig
ure-the "president"-is 5 (or possibly 
the pair of 5's) and his "wife," standing 
next to him, is 4. In B the president is 4 
(or the pair of 4's) and his wife is 3. In C 
the president is 6 (or the group of 6's) 
and his wife is 5. In D the president is for 
once unambiguous (5), but to compen
sate there is a choice as to his wife. If you 
think of pairs as males and singletons as 
females, then D presents us with a case 
where the sexes are reversed, exactly as 
in the First Lady of Britain problem. 
The most reasonable answer seems to be 
the "spouse" (in this case the husband) 
of 5, namely the pair 44. 

Consider now the following couple 
of curious cases: 

E: 12345678 

F:87654321 

What can we make of these? A very rigid 
person might cling to the idea captured 
in the phrase "number to the left of the 
central pair," in spite of the fact that 
nothing at all distinguishes the central 
pair in either of these examples. Such a 
person would give the inane answers 3 
for E and 6 for F. Such a person would 
do better, as Lewis Carroll once said, to 
take up football instead of analogies. 
But what would be a wiser view of, say, 
E?How should one map E onto A?The 
mapping is doomed to be imperfect, so 
how can we do it best? We might think 
of E as mapping onto the left half of A. 
This would involve a tacit judgment that 
it is all right to abandon the attempt to 
map E onto all of A in return for the ease 
of mapping E onto a "natural" portion 
of A. That is a pretty subtle step to take, I 
would venture. It would suggest 7 as the 
answer. Then what about F?Do we pre
fer 2 or 7? It depends on whether we 
choose to map F onto the left half of A 
or the right half. Mapping F onto the 
left half involves mapping a descending 
sequence onto an ascending one. But 
either choice requires a willingness to 
let go qualities that had seemed impor
tant, a willingness to bend gracefully 
under pressure. Fluid analogies are not 
a game for rigid minds! 

These kinds of situations are difficult 
because in essence they call for splitting 
the role of 4 in A into two rival facets. In 
the mapping of A onto F one of the rival 
facets sees 4's role in A as "one less than 
the president," whereas the other facet 
sees 4's role as "the next-to-rightmost 
numeral in a staircase." Thus one facet 
is primarily concerned with magnitude 
and the other primarily with position. 
The facet you find more convincing will 
determine your answer to F. 

Pretty much this kind of split hap
pened when you tried to decide whether 
the First Lady of Britain was Queen 
Elizabeth or Margaret Thatcher-or 
one of their husbands. Is being a figure
head or being a head of state more likely 
to make someone's spouse a First Lady? 
In the U.S. these features coincide in one 
person (the president), but in Britain 
they do not. Consider the following tar
get structures: 

G: 5432112345 

H: 123465564321 

In G what is most central is simulta
neously lowest, and what is highest is 
simultaneously most peripheral! (G can 
be pictured as a valley and A as a moun-
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The power to rune in the world is placed instantly at your 
fingertips with Sony's ICF-200l Worldband Radio. 

Push a button and listen to opera from Germany, the news 
from Russia, the weather in England, or your favorite station 
in your own hometown. 

You can even pre-set the memory buttons for six different 
stations on F M, AM, Sw, or SSB/CW (Morse Code) broad
casts. And you can do it all without the skills and training of an 

astronaut. 
The 2001 operates on AC, DC or car-battery power. So you 

can take the whole world with you, no matter where on Earth SO N""Y® 
you go. THE WO RLDBAND RADIO THE ONE AND ONLY 

o 1981 Sony Corporation of America. Sony is a trademark of Sony Corporation. Model shown: ICF-2001. 
Product available in black only. Silver appearance due to photographic effect. 
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OUR RFS FARCH IN E-B FAM 
urn WILL MAKE OUR 

125 MICRON VLSI CHIP LOOK liKE 
HO E AND BUGGYTECHNO LOGY  

WE'RE USING 
E-BEAMS m DEVELOP 
VERY lARGE SCALE 

INfEGRATED CIRCUITS 
wrrn SUB-MICRON 
FFAnJRE SIZE. 

At Honeywell, solid state 
electronics is a key technology. We've 
already built one of the largest in
house semiconductor operations in 
the United States. But we're fast 
expanding our current capabilities 
to meet the growing demand for 
integrated circuits with extremely 
small feature size. Recently, our 
research in very large scale integrated 
circuits helped us win a contract 
for Phase 1 of the Department of 
Defense's VHSIC program. 

In Phase 0 of VHSIC, we 
produced a bipolar microcircuit with 
1.25 micron feature size and more 
than 7000 gates on a 200 X 250 mil chip. 
But that's only the first step. We're 
now pushing optical lithography to its 
limits, fabricating high-density, near-

micron microcircuits. With the help of 
our advanced design automation 
system, we are developing a bipolar 
chip with 30,000 gates and a CMOS 
chip with 300,000 transi:;tors. 

At the same time, we're 
developing CMOS and bipolar micro
circuits with 0.5 micron feature size. 
But, the micron barrier will not 
be broken with conventional optical 
lithography. Sub-micron technology 
will require significant advances 
in four major fields: electron-beam 
lithography, dry etching, ion implanta
tion and low temperature processing. 

For the last six years, Honeywell 
has been conducting e-beam research. 
Currently, computer controlled e-beam 
equipment is used to print the masks 
that are used in near-micron circuit 
printing. In August, 1980, we began 

Although Honeywell engineering is 
world-wide, the bulk of corporately-funded 
research and applied research is done 
in Minneapolis. The most recent Quality 
of Life Study conducted by Midwest 
Research Institute shows Minnesota to be 
one of the best places in the country to live 
and work considering cultural, social, 
economic, educational and political factors. 

using an e-beam system for direct 
writing of very large scale integrated 
circuits in the development laboratory 
at our Solid State Electronics Division. 

One of the problems in e- beam 
direct writing is the proximity effects 
from high-energy electrons colliding 
with the atoms of the resist. At our 
Corporate Technology Center, we're 
working on an improved polymer 
resist that will not degrade during 
direct write. 

Dry etching techniques, like 
plasma etching and reactive ion mil
ling, are another focus of Honeywell 
research. Because dry etching tech
niques work vertically, they are pre
ferred to wet etching, which tends 
to undercut the layers of the resist. 
At Honeywell, we're now in the process 
of designing our own reactive ion 
milling equipment. 

We've taken tremendous strides 
in our VLSI capabilities. But there 
are still many possibilities in sub
micron chip technology yet to be 
explored. 

If you are interested in learning 
more about Honeywell's research 
and development of VLSI, you are 
invited to correspond with Dr. J. M. 
Daughton, Vice President, Solid State 
Development Center. If you have 
an advanced degree and are interested 
in a career in systems analysis, solid 
state electronics, sensors, design 
automation, or material sciences, 
please write to Dr. K. C. Nomura, Vice 
President and General Manager, Solid 
State Electronics Division. Both may 
be reached at this address: Honeywell, 
12001 State Highway 55, Minneapolis, 
MN 55441. 

Honeywell 

This ideal environment is further 
enhanced by Hon eywell's affiliations with 
universities across the country. We have 
an ongoing program of seminars with 
Berkeley, MIT, Stanford, Carnegie Mellon, 
the University of Illinois, Cornell, Purdue, 
Oregon Graduate Center, and the Un iversity 
of Minnesota. 
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tain peak.) We have a "ceremonial fig
ure" (the 5's flanking the structure) and 
we have a "head of state" (the two cen
trail's). Which one's spouse would bet
ter fill the role of First Lady? Or, to re
mind you of where this all came from, 
what in G plays the role of 4 in A? I 
personally would opt for 2 because it 
stands next to the central group. To me 
centrality seems more important here 
than magnitude, just as political power 
seems more substantive than ceremoni
al show. Correspondingly I would pre
fer that Britain's First Lady be Denis 
Thatcher rather than Prince Philip. 

Now, what happens when we tackle 
H? There are three "reasonable" possi
bilities (in the sense of appealing to the 
proverbial "reasonable man"): 6 (flank
ing the central pair of 5's), 5 (being the 
next-to-Iargest number) and 4 (flanking 
the central "crater;' 6556). Once again 
there is no gloriously right answer, but 
there are certainly reasons that seem 
good and reasons that seem shaky. For 
instance, if someone had the audacity to 
say, "The answer is 4, because 4 is the 
fourth term of H, just as it is the fourth 
term of A," we would be flabbergasted. 
What possible fundamental significance 
could there be to such a mundane and 
arbitrary characterization as "the fourth 
term of" ? It seems to cling to an ex
tremely superficial view of A, the way a 
child might insist that a red Volkswagen 
bug and a red Cadillac are more similar 
than two Volkswagen bugs of different 
colors. To see 4 as no more than the 
fourth element of A is to miss all A's 
interest. It is to see A as 

***4****** 

It seems that a good answer must take 
A's structure into account in a full, rich 
and yet simple way. 

The word "role" makes us think of the 
theater. In a play the various roles all 
mingle together in scenes, where several 
roles coexist and interact. In our analo
gy problems one might try to perceive 
the two structures involved as if they 
were two enactments of a single scene, 
portrayed by different directors working 
with different actors. Hence the core 
roles would exist and be filled in both 
presentations, but at the same time each 
presentation would have minor aspects, 
or roles, unique to it. The adaptation 
of the Greek legend of Orpheus and 
Eurydice into a contemporary context 
of carnival time in Rio de Janeiro is 
the basis for the movie Black Orphe
us. Many original features cannot be di
rectly exported, but with poetic mod
ification they can be, and the director, 
Marcel Camus, met the challenge with 
great flair. 

Now that you have seen some varia
tions I should like to return to our first 
puzzle and point out some of its hidden 

subtlety. First of all, the "central pair" 
notion, which functions as the keystone 
of structure A, is actually just a kind of 
by-prod uct, an accidental artifact of the 
structure of A. How would you describe 
the structure of A without quoting it dig
it by digit? You would probably say 
it rises from 1 to 5 and then falls from 5 
to 1, making two halves that are mir
ror images. Such a description refers, 
however, only to the two halves, not 
to the fact that at their meeting point 
the halves form a pair of 5's. Yet per
ceptually there is a shift when you see 
A. To the mind's eye it appears some
thing like this: 

1234554321 

Somehow a new conceptual entity has 
been born in the center. It is, as I re
marked above, the keystone of A. (Note 
that this visual image depends on, or im
plies, a mapping of A onto an arch.) 

Why do we not perceive the pair of 
3's, say, as a unit as well? Probably sim
ply because they do not touch. And con
sider this structure: 

1234512345 

The central pair 51 does not pop out as 
being salient or important, does it? In 
A, though, the combination of adjacen
cy and equality, particularly when it is 
supplemented by centrality, somehow 
makes the two central 5's merge into a 
unit in the perceiver's mind. 

In the first puzzle both A and B had 
obvious central plateaus. This suggested 
a good starting point for an overall map
ping of A onto B: central plateau onto 
central plateau, start onto start, finish 
onto finish and so on. If we tried to com
plete this mapping, however, we would 
obviously run into trouble. 

A: 

B: 

1 2 
\ 

\ 
\ 
1 

3 4 
I 
I 
I 

2 3 

5 
I 
I 
I 
4 

5 
I 
I 
I 
4 

4 
I 
I 
I 
3 

3 

2 

2 
I 

I 
/ 

1 

We must have 1 in A mapping onto 1 in 
B, must we not? And the centers have to 
match up too, do they not? But where 
between 1 and 5 does the analogy break 
down? It seems that some kind of map
ping of 4 onto 3, as is shown above, is 
satisfying to many people. Press them 
one step more, however, and they will 
shrug, grin and give up. 

Similarly, although you can ask for 
"the Nancy Reagan of Britain," it makes 
less sense to ask, "Who is the Maureen 
Reagan of Britain?" (Remember that 
Maureen Reagan is Nancy Reagan's 
stepdaughter.) Suppose the Thatchers 
had a biological daughter. Could she be 
the counterpart to Maureen Reagan? 
Suppose Margaret Thatcher had a step
daughter. Would she be the counter-

Garden Camvra 
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It's Speed Learning! 
Have you ever wished you cou Id read and 
learn faster? Do you have too much to read 
and too little time? 

Speed Learning can teach you to read and 
learn better. The average person becomes 
108% more efficient. The ability to read
comprehend-remember and use twice as 
much knowledge and information is very 
important to you. 
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U.S. Government. 

A 'teacher-on·cassettes' and excitingly dif
ferent study books will teach you a completely 
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part? Or suppose that Margaret Thatch
er had no daughter but Denis Thatcher 
had twin stepdaughters. Then would 
these twins taken together constitute the 
counterpart of Maureen Reagan? Think 
of example D, where the pair of 4's 
played the role of a single 4 in A. 

One could go on and press for even 
more detailed correspondences between 
entities in Britain and in the U.S. What is 
the British counterpart of Watergate? 
Who plays the part of Richard Nixon? 
Of John Mitchell? Of Senator Sam Er
vin? Of Senator Daniel Inouye? Of G. 
Gordon Liddy? Of Judge John Sirica? 
Of John Dean? Of Officer Ulasewicz? Of 
Alexander Butterfield? The less salient 
an object is inside a larger structure, the 
harder it is to characterize in an export
able way. 

But what makes something salient? 
As a rule it is its proximity, in some 
sense, to a "distinguished" element of 
the larger structure. Consider the fol
lowing structure: 

111111111222233343332222111 I 11111 

The central 4 is probably the most dis
tinguished individual numeral. Then, 
depending on how you perceive the 
sequence, different features will leap 
out at you. For instance, do you see it 
as "letters" or as "words" (larger-scale 
chunks of the sequence)? When I see it 
at the "word" level, the central group 
3334333 seems just a shade less salient 
than the 4, and after that, perhaps, the 
two flanking groups of 1 'so The two 
groups of 3's by themselves come next. 
Only then do the groups of 2's get recog
nized. On the other hand, when I per
ceive the sequence at the "letter" level, 
what is salient is quite different. After 
the central 4, probably the next most 
salient numbers to me are the first and 
last 1 's, since they are very easy to de
scribe, then maybe the first and last 2's. 
After that the two 3 's flanking the cen
tral 4-but at this point it starts to get 
a little harder to specify various items 
without resorting to such uninspired de
scriptions as "the fourth term." 

A distinguished term is something we 
can get at by an elegant, crisp, export
able-sounding description. A nearly dis
tinguished term is something we can get 
at by first pointing to a distinguished 
term, then in an exportable way describ
ing a short "jog" that leads to it. Just 
as in giving someone directions, some 
places are more salient, others are less 
so. Some buildings in New York City 
are inherently difficult to direct some
one to, others are inherently easy. In 
the same way some roles in a complex 
conceptual structure are highly distin
guished and easily exportable, others 
are very hard to describe. 

As you move progressively farther 
away from its central roles any analo-

gy becomes increasingly strained. "Wp.o 
is the Jackie Washington of Britain?" 
Should we begin by getting out the Lon
don telephone book and looking under 
"Washington, J." ?  Or should we look 
under "London, J." ?  Or is it a meaning· 
less question, meaningless even to Jack
ie's best friend? After all, Jackie's role IS 
just too small and idiosyncratic within 
the structure of the U.S. It is not export
able. The fact that Jackie is the manager 
of Gearloose's hot-dog stand in Duck
burg does not help much, because one 
then has to figure out the identities of the 
British Duckburg and the British Gear
loose, not to mention the British equiva
lent of hot-dog stand. 

The moral is a simple one: Do not 
press an analogy too far because it will 
always break down. Then what good are 
analogies? Why bother with them? What 
is the purpose of trying to establish a 
mapping between two things that do not 
map onto each other in reality? I do not 
know the answer, but it must be good for 
our survival (or our genes' survival), be
cause we do it all the time. Analogy and 
reminding, whether they are accurate or 
not, guide all our thought patterns. Be
ing attuned to vague resemblances is the 
hallmark of intelligence, for better or 
for worse. 

The fact that we use words and ready
made phrases shows that we funnel the 
world down into a fairly constant set of 
categories. Often we end up with one 
word, such as "dog. " No two dogs map 
onto each other exactly, but we still are 
satisfied with the abstraction "dog" that 
allows us to map any two dogs onto each 
other. Head to head, tail to tail, fur to 
fur, eyes to eyes and so on. Our language 
provides for mappings of many degrees 
of accuracy. Some people see no further 
than "dog" and accordingly use that 
word; others perceive the breed as easily 
as the "dogness" and talk about "that 
Airedale. " No matter at what level of 
detail you cut off your scrutiny your per
ception amounts to filtering out some 
aspects and funneling the remainder 
into a single conceptual target, a mental 
symbol often labeled with just one word 
(such as "word") or stock phrase (such 
as "stock phrase"). Each such mental 
symbol implicitly stands for the elu
sive sameness shared by all the things 
it denotes. 

Beyond the implicit analogies that are 
hidden in individual words or in stock 
phrases, explicit analogies occur all the 
time on a larger scale in our sentences. 
We see grids of all kinds as being simi
lar to checkerboards. We see carefully 
charted actions in life as being similar to 
chess moves. We see the eye as a cam
era, the atom as a tiny solar system. Sci
ence is constantly being likened to a vast 
jigsaw puzzle (an analogy I have never 
cared for). In their eagerness to stretch 
and bend concepts people turn proper 
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Permanent whole life insurance. Did you 
ever wonder why so many people choose it to 
help plan their retirement? 

As a New York Life Agent, I can give you 
the answer. Whole life insurance does things no 
investment, savings, or other insurance can do. 

First, it protects your family right now. If 
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nouns into common nouns, as in the 
statement "Brigitte Bardot is the French 
Marilyn Monroe." In such linguistic 
flexing both the Brigitte Bardot and the 
Marilyn Monroe roles suffer somewhat 
in the interests of vivid imagery. 

Then, going one step beyond the ex
plicit linguistic level, there are the anal
ogies and mappings that we use con
stantly to guide our thoughts on a larger 
scale. When someone tells us of some 
romantic woe, we can usually map it 
immediately onto some experience of 
our own. Yet romances are incredibly 
detailed and idiosyncratic. The point is 
that we throw many details away; we 
skim off some abstractions and are care
ful not to try to carry the resemblance 
too far. And certainly we ignore the triv
ial aspects. 

The reason, then, for worrying about 
human analogical thought is that it is 
there. To ignore it would be like ig
noring Everest in trying to understand 
mountain climbing. 

Let us get back to some concrete 
problems in our numerical domain. 
Here are four further examples: 

/: 123345676543321 

J: 177654321 

K:697394166 

L:123456789789654321 

Example I involves what I enjoy re
ferring to as a "governor," namely the 
pair 3 3 .  Here again one role in A has 
been split into two parts: 55 in A was not 
only the sole pair but also the peak, 
whereas in I. 33 is the sole pair and 7 
plays the role of the peak. We are forced 
to choose between 2 (the wife of the gov
ernor) and 6 (the wife of the president). 
Actually the governor has two "wives," 
2 and 4, and so we have to choose be
tween them, unless we go with 6 as being 
the wife of president 7. 

Example J, beginning as it does with 
1 776, is a patriotic puzzle. (What is its 
British counterpart?) Its interest is pri
marily in that it draws attention for the 
first time to the fact of A's symmetry, 
which we had taken for granted. When 
we chose 4 as the president's wife, did 
we do so because it preceded the presi
dent or because it/allowed the president? 
The former would suggest 1 as the coun
terpart of 4, the latter would suggest 6. 
And the latter, although if all other 
things were equal, it would probably be 
weaker, is here strengthened by the reg
ular descent from 7 to I, which corre
sponds much better to the latter half of 
A than the abrupt upward jump in J 
(from 1 to 7 in one step!) corresponds to 
the former half of A. 

Example K is rather obscure, but it 
has been led up to somewhat by exam-
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pie J. In particular example J drew at
tention to the fact that in A there are two 
4's, not just one. Example K plays on the 
relation of those two 4's to each other. In 
A there were two numbers between the 
two 4's. We can take that property as 
defining the role of 4 in A. To be sure, 
that is not the only relation between the 
two 4's, but it is perhaps the most obvi
ous. (Think of A as **"4**4***.) Then 
what number in K occurs twice, with 
two intervening numbers? I guess we 
have to settle on 9. 

Finally, consider example L. Here the 
central-pair notion gets extended one 
further degree of abstraction. We go up 
step by step until we hit the second 7. 
lolt! It takes us a moment to get our 
bearings, and when we recover, we re
alize that the central pair consists not 
of single integers but of "clumps" or 
"chunks": it consists of two copies of the 
unit 789. We can restructure it for the 
eye this way: 

L: 123456(789)(789)654321 

Now the answer seems glaringly obvi
ous: it is 6. On the other hand, maybe we 
were supposed to get the hint offered 
us generously by the central pair. And 
what was that hint? It is that we could 
perceive the entire sequence in triples, not 
just the center. In which case L reparses 
into 

L: (123)( 456)(789)(789)(654)(321) 

Now the answer should be obvious-ex
cept that we are still left with a minor 
dilemma. Do we take the president's 
right-hand wife (654) or his left-hand 
wife (456)? I am biased by left-to-right 
chauvinism and would choose 456. 
Many people, however, refuse to see the 
sequence in triples and stick with 6. 

Here is an innocent-seeming puzzle 
that points to still more complex issues: 

M: 123457754321 

The way I see it, a very defensible an
swer might be 6. Someone might object, 
"Six? It's not even there!" That is true, 
but the fact remains that 6 is conspicu
ous by its absence. The 4 in A precedes 
the 5 not only typographically but also 
in the abstract: 4 is the numerical prede
cessor' of 5. And what is 5 in A? It could 
be seen either as the maximum in A or as 
the number forming the central pair of 
A. Both carry over to M. yielding 7. Now 
if you choose to see 4's role in A ab
stractly and arithmetically rather than 
concretely and typographically, you can 
carry your vision directly over to M. 
Then candidate 6 must be considered a 
strong competitor to 5. 

This example opens up an entire 
world of levels of abstraction in the 
perception of structures. To illustrate 

Bagpipes �all Our Men 
M Battle. We Rlso have 90mething 

M �all Them home. 

The first bagpipes were intended to strike 
fear into the hearts of our enemies. And they 
did the job remarkably well. (For the pipes 
sound as good as they look.) 

Our own brave men, however, found the 
sound a source of pride and inspiration. Let the 
piper skirl and we feel moved to march off to 
just about anyplace. 

But then we have powerful calls to return 
home, too. One of which is a scotch that whis, 
pers. J&B Rare Scotch is specially and selec, 
tively blended to have a most agreeable and 
pleasant taste. 

It's carefully chosen from the finest 
whisky in the land. . 

Wh d d  h h ttJ y i we create a scotc t at �. ",; _ � 
w�ispers? 7Vell �ecause, y?U can't spend a �J. 
qUlet evemng WIth a bagpIpe. ..VV, 

. .:=-�':= 

J&B.lt whispers. _ 
86 Proof Blended Scotch Whisky. © 1981 The Paddington Corp .. NY 
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briefly, let me propose the follo,¥ing 
structures: 

N:1234445678987654444321 

0:1112343211 

Let me also propose an associated puz
zle: What in 0 plays the role that 7 plays 
in N? Now 7 occurs twice in N but the 
problem is that it seems to play no sa
lient role_ As a numeral in N, 7 has no 
outstanding characteristic, and so at first 
its role seems hard to export. The nu
meral 7 enters into N's structure in an
other way, however, and a salient one at 
that. One of N's most salient features is 
its large number of 4's; it has seven of 
them. Thus 7, in its capacity as a count
ing number rather than as a numer
al, plays a rather distinguished role in 
structure N. Is it possible to export this 
role to O? 

We have to decide how to character
ize (in an exportable way) what it is that 
7 is counting. Specifying "the number of 
4's" seems a little parochial, to say the 
least. Perhaps a better way to see it is as 
"the number of occurrences of the most 
freq uent term_" After all, 4 is salient in 
N mostly by being so common. This 
leads us to see 1 in 0 as playing the role 
of 4 in N. Therefore the counterpart of 
N's 7 would be the number of l's in 0. 
namely 5-another "invisible" answer in 
that it does not appear as a visible nu
meral in 0. 

It is rather narrow-minded, however, 
to insist on a big distinction between be
ing present as a visible numeral and be
ing present in a more abstract sense, for 
example as a counting number. To put it 
another way, 5 is invisible in 0 only if 
you think of vision as having no cogni
tive component, as if all we can perceive 
is numerals_ This would be very short
sighted_ In fact, with our eyes we are 
constantly "seeing" abstract qualities, 
When we look at a television program, 
we see more than flickering dots: we see 
people_ When you come down to it, we 
do not see the dots at all; we see only 
people_ Of course, somewhere deep 
down in the processing there are compo
nents of our visual system where the 
dots themselves are "seen" as dots, but 
ironically we would hesitate to ascribe 
"vision" to what retinal and other cells 
do_ Vision implies going beyond the dots; 
in other words, beyond the primitive vi
sual level. We can "see" that a certain 
chess position is ominous, that a certain 
painting is by Picasso, that someone is in 
a bad mood and so on. If we accept this 
notion that vision is imbued with a cog
nitive component, then we clln agree to 
"look beyond the numerals." We shall 
find that 5 is directly visible in 01 

By the way, I carefully drew up N so 
that 7 would appear as a numeral in it 
(as well as counting -the number of 4'5), 
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This threw in a complicating factor, 
something one had to ignore. I could 
have had N have 12 4's, in which case 
1 2  would have "appeared" in N only at 
the abstract level of a counting number 
and not as a numeral. Real life, how
ever, is seldom so neat. For example, in 
thinking about the question "Who is the 
Nancy Reagan of Britain? " you might 
have felt that this was much harder than 
"Who is the First Lady of Britain? " be
cause you may attach certain uniquely 
personal attributes to Nancy Reagan, 
over and above seeing her as the First 
Lady of the U.S. What if I had asked for 
"the Eleanor Roosevelt of Britain" ? Or, 
turning the tables, "Who is the Moshe 
Dayan of the U.S.? "  I am almost tempt
ed to say "Douglas MacArthur," like 
Dayan a famous and successful general 
and a controversial political figure, but 
then MacArthur had two eyes! Dayan's 
eye patch is perhaps his most memora
ble feature. 

It is interesting to go back to earlier 
examples, mapping them onto N and 
asking, "What here plays the role of 7? " 
You will perceive those old structures 
through new eyes (or glasses). I leave a 
few challenging examples for you to 
map onto A and N: 

P: 543 2 1 5 43 2 l  

Q: 5432 1 1 2 3 4 5 5432 1 

R: 1 23 49876543 

S: 1 1 22 3 3 44 5 5 6677 1 2 1 76 5 43 2 1 

T: 1 2 3 4 1 23 1 2 1 2 1 3 2 1 43 2 1 

U: 2 1 1 22 1 22229 1 2 3 2  

You might enjoy making u p  some exam
ples of your own that lead a solver to 
further unexpected modifications of the 
perceived role of 4 in A. Can you, for 
instance, devise an example in which it 
becomes reasonable and not narrow
minded to perceive 4 as the fourth ele
ment of A ?  

One of the purposes of these puzzles 
has been to dispel the notion that the 
full, rich, intuitive sense of a role, such 
as that of 4 in A or that of First Lady, 
can be easily captured in words. In fact, 
it might be more accurate to assert the 
contrary; that precisely in its nonverbal
izability lies its fluidity, its flexibility. 
This is an important idea. Consider how 
you would try to capture in some phrase 
the precise way you see what 4 is "do
ing" within A. No matter what phrase 
you give, someone will be able to con
coct another example in which your 
phrase does not enable anyone to pre
dict what you will perceive as being 
analogous to 4. An English phrase is like 
a snapshot that gives a perfect likeness 
at one moment but fails to show how 

things can slip and move. There is some
thing much more fluid in the way a 

'
mind 

represents the role internally. Various 
features are potentially important in de
fining the role, but not until an example 
comes up and makes one feature explicit 
does that feature's relevance emerge. 

We are making comparisons all the 
time. It does not seem particularly note
worthy when someone walks into your 
kitchen for the first time and says, "I like 
the way your kitchen is laid out better 
than the way mine is. My kitchen has 
windows over there and the stove is right 
here. so it is less convenient and the light 
isn't so good in the morning." Clearly 
the words "here" and "there" conceal 
implicit mappings of the two kitchens. 

Right now it seems that what artificial 
intelligence needs is a way to go beyond 
"delta function" programs; programs 
that are virtuosos in a very narrow do
main but that have' no flexibility or 
adaptability or tolerance for errors. I 
call these programs AE programs: pro
grams that have artificial expertise. 
They are, however, brittle. It seems that 
a careful study of judgmental processes 
even in such a simple domain as these 
curious number analogies would afford 
fascinating insights into how computer 
programs might be made to approach 
the flexibility and generality of our 
own minds. 

To show what I mean I should like to 
end with an almost verbatim transcript 
of a conversation I had with a friend a 
while ago. It ran this way: 

Friend: Last Friday afternoon I was 
over at the Pooh-Bah Club listening to a 
piece on the radio that I was just sure 
was Shostakovich. When it ended and 
they announced it, sure enough, it was! I 
was pleased, because that kind of thing 
has happened to me only a couple of 
times in my life! 

Me: You mean, being at the Pooh
Bah Club and hearing a piece on the 
radio that you think is Shostakovich on 
a Friday afternoon? 

Friend; You're so dense. When those 
Scientific American people hear about 
that, they probably won't want you to 
write any more articles for them. 

Me: Yeah, I should have known that it 
didn't have to be on a Friday afternoon. 

Friend; You should have known that 
it didn't have to be Shostakovich! 

Quite coincidentally a recently per
fected natural-language computer pro
gram called CORTEX happened to be 
eavesdropping on us, and it just could 
not resist chiming in at this point, saying, 
"Oh, say, that reminds me. Something 
really similar happened to me the other 
day. I was at a club whose name begins 
with a P. and the water cooler broke. 
Ain't that something!" Now that kind 0/ 
thing is what I personally should like to 
see artificial-intelligence programs do
ing more of. 
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ADVANCED TECHNOLOGY IN ILLINOIS 

ADVERTNMENT 

This is one of a series of special reports on centen of high technology throughout the United States by 
Peter J. Brennan in association with Development Counsellors International, Ltd, 

UNDER TIlE STADIUM of Stagg Field in 
the vast slate-walled cavern of the tennis court 

there, scientists affiliated with the world-renowned 
University of Chicago had set up a unit of the 
Metallurgical Laboratory. They were an interna
tional group with Enrico Fermi, Leo Szilard and 
Arthur Holley Compton among them. 

Fermi and his colleagues had commandeered 
the tennis court because their experiment was too 
big to put anywhere else. They had assembled in an 
enormous pile a matrix of hundreds of tons of 
graphite, uranium and boron. 

The pile was to generate a chain reaction in 
which fissioning uranium atoms would spew out 
neutrons that, slowed by the graphite to "thermar 
velocities, would then split other uranium atoms. 
According to the theory, the energy-producing reac
tion would start when the neutron absorbing boron 
control rods were withdrawn from the pile and 
would stop when the rods were reinserted . 

On Dec. 2, 1942, Geiger counters and other 
instruments confirmed that man for the first time 
had induced a controlled nuclear chain reaction, 
The nuclear age arrived, in Chicago, under a 
football stadium and under the auspices of one of 
the world's great universities. 

If technology is the reduction of science to 
practice, then Illinois had spawned a new technol
ogy. Nuclear power, however, was only the latest of a 
long line of technologies that the region produced 
from its earliest days. Some were as seminal. 

Illinois has been a center for advanced technol
ogy since manufacturing began there. Interna
tional Harvester, which is building an $SO-million 
technical center in DuPage County, traces its be
ginnings to the McCormick reaper of IS31. McCor
mick came from Virginia and first made his reaper 
there. But he moved the whole business to Chicago 
in IS47 to found what became one of America's 
great industrial enterprises. 

Transportation and the communications 
needed to control it has formed most of the 
technology base, first the railroads, then motor 
vehicles and aircrafi. Other technology, in the life 
sciences for example, has indirectly grown out of 
transportation, in that Chicago is a hub and center 

. toward which both coasts continue to gravitate. 

Borg-Warner, Teletype, Zenith, Motorola, Sund
strand - they all date from the early years of this 
Century when their founders rode the edge of 
communications and transportation technology to 
make Chicago the center. Yet while keeping their 
roots and markets solidly in the manufacturing 
industries, the lIIinois firms have been quick to 
adapt new technologies. International Harvester, 
for example, bought Solar Aircrafi Company, a 
maker of gas turbines; in 1960 and went with it into 
the space age. 

tHICAGO HAS A REASON FOR BEING. 

Indians knew the site to be a natural crossroads. 
Europeans capitalized on that as early as 1673. 
Permanent settlement began with Ft. Dearborn in 
IS03, whose garrison the Indians wiped out in ISIS. 
The settlement was incorporated in IS33 and offi
cially became a city in IS37 when the population 
was about 4,000 and the business, then as now, was 
transportation and communication. 

A canal linked the Great Lakes to the Mississippi 
in IS4S. The first railroad came to town that same 
year. By mid-century, grain, meat and lumber from 
the hinterlands flowed through Chicago in prodi
gious quantities. Carl Sandburg's "City of the Big 
Shoulders" was hard at work, the epitome of 
America. 

Chicago did not grow in a vacuum on an 
unpopulated plain. The city is, after all, but a part 
of the State of Illinois, once part of the Northwest 
Territory and 24th largest of the contiguous 4S, 
admitted to the Union in ISI8 as the 21st state. In 
the early years, people passed through where 
Chicago is to settle somewhere else. The earliest of 
those settlements was French, in 1680 near 
present -day Peoria. 

After U.S. independence, settlers flocked to the 
southern part of the state from the American 
South, giving the region a distinctly Dixie flavor 
that stays. After IS25 and the completion of the Erie 
Canal, settlers came from the East to the North and 
Central part of Illinois, moving the population 
center and the state's outlook northward, where it 

has remained. 

These original American settlers and the floods 
of immigrants that followed them developed the 
state's enormous agricultural potential. That 
served as the bedrock for Chicago's transportation 
complex. And that, in turn, became the rationale 
for the region's industrial development. 

TRANSPO RTATION GAVE TIlE REGION 

AN EA Rll' LEAD in technology. For a century, 
advanced technology meant transpor tation 
technology as railroads and highways linked the 
nation through Illinois. Many Illinois firms par
ticipated in and generated that development, which 
continues to support an enormous machine tool 
industry. One of many firms that grew out of 
transportation is Borg-Warner Corporation. 
Founded in Chicago in 1928 in a grouping of 
existing companies as a response to increasing 
concentration in the automobile industry, the 
company started as a diversified supplier to that 
sector. But as the company says of itself, it has 
"never had a label" and defies labelling now. 

The company was industrial, supplying what 
the auto industry needed. Its research center in Des 
Plaines evolved out of an advanced project in the 
1940s and 1950s that became an automatic trans
mission. The money that generated then funded 
additional advanced projects . 

The company is still industrial and. present in 
many markets - automobiles, energy, consumer 
products (it used to own Norge, a household 

The Fermilab accelerator,
. 

a four-miles in circumference tunnel, dwarfs the Fermi National 
Accelerator Laboratory office and laboratory building (left) though the building towers far above 
the IIImols plam near BataVia. Protons accelerate in the ring to near relativistic velocities, then go 
to the expeflmental areas at the extreme left just above the office building. Facility gets $10 million 
worth of electflc power each year over lines leading toward upper left. 
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appliance maker), construction, machinery and 
aerospace. Its 2S0-person research center fields 
every discipline. 

Over the years, of course, the mix of technolo
gies has changed. Emphasis on fluid mechanics 
and mechanical devices remains great, but there is 
today much more chemistry and chemical en
gineering (the company developed ASS plastics), 
digital technology, power electronics, applied 
mathematics and computer sciences. It is a place 
where engineers can see their ideas become 
hardware. 

COMMUNICATIONS TECHNOLOGY 
BEGAN EARll' in Illinois. At the tum of the 
Century, several people were trying to devise a way 
to send printed messages to replace the dot-dash 
telegraph system. The Morkrum Company solved 
the problem and in 1907 become the first manufac
turer of printed message terminals - Thletype 
machines. Thday, Thletype Corporation is a wholly 
owned svbsidiary of Western Electric. 

The company has its main SOO-person R&D 
facility and a major manufacturing plant at its 
Skokie headquarters. Teletype is unique for Illinois 
in having its own semiconductor integrated circuit 
designing and manufacturing plant, a full-scale 

MOS unit that would be a $3S-million company on 
its own. 

The MOS plant works under a different clean 
room philosophy than most. Where standard prac
tice is to super-filter all air entering the room, 
Teletype worries about the work area only. Work 
benches have hoods similar to chemical exhaust 
hoods. Super-clean air enters through these hoods 
and constantly sweeps the work area, then exits the 
slightly pressurized rooms into lower pressure 
corridors. 

The makeup of the profeSSional staff reflects the 
company's continuum from past to future, the 
highly mechanical content of the Thletype machine 
and manufacturing processes linked through elec
tronics and physics to computer sciences. The 
company has undertaken an innovative experi
ment in an attempt to develop more and better 
computer-oriented people. On the theory that lib
eral arts graduates think along different logic paths 
than do technical graduates, the company ran a 
special program at Northwestern University. Nine 
specially selected non-technical people attended an 
intensive software course to tum them into pro
grammers. 

Motorola, Inc., is an Illinois native. Its corpo
rate headquarters, the Automotive and Industrial 
Electronics Group and the Communications 

What is a leading aerospace 
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company doing in 
Rockford, Illinois' 

... Plentyl 
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Group - the industrial base and heart of the 
business - are headquartered on an enormous 
new and still expanding campus at Schaumburg. 

The firm was born in 1928 on a $S6S investment 
as the Galvin Manufacturing Corporation. Battery 
eliminators were the first product. But by 1930 the 
company had developed the first successful au
tomobile radiO, which became the basis of its 
growth and the rationale for its new name, 
Motorola. It was but a step from that to mobile 
communications of all kinds, including the first 
hand-held radio in 1941, thence into television and 
the equipment that allowed transmission of color 
photographs from Mars, Jupiter and Saturn. 

The company was early to grasp the commerciai 
significance of the semiconductor and set up its 
own solid state research laboratory in Phoenix. 
That prescience today makes the company one of 
the world's top two producers of semiconductor 
products. 

Motorola has over 71,000 employees worldwide, 
some 11,000 of them in illinois. Products include 
FM two-way radios and other electronic communi
cations systems, semiconductors of all types, digital 
appliance controls, automobile and CB radiOS, data 
communication products and a wide range of 
automotive and industrial electronic equipment. 
All this takes a huge research and development 
establishment - over 3,800 profeSSionals and $200 
million in 1980. 

Motorola's commitment to Illinois is total. Rohert 
W. Galvin, son of Founder Paul Galvin, Chairman of 
the Board and Chief Executive Officer, waxes 
eloquent. "The businesses we operate here do very 
well," he says, "and we are continuing to put money 
into illinois. I think other companies are superficial 
for not looking closer at the region." 

Mr. Galvin promotes both the business and 
personal aspects of the area. "It is a cosmopolitan, 
intellectually stimulating area with a tremendous 
host of interests;' he says. "We have marvelous 
universities through which technologists can find a 
high level of intellectual stimulation. Almost any 
technologist can find a chance to practice here 
since there are multiple opportunities in any disci
pline;' continues Mr. Galvin, who is also Chairman 
of the Board of the illinois Institute of Technology. 

Galvin believes that the range of career choice 
available in Illinois is important to people consid
ering a move. And that pool of talent on which no 
one has a lock is also important to companies . 
considering new sites. 

CONSUMER ELECTRONICS IN CHI
CAGOLAND dates at least from the second decade 
of the 20th Century. As early as 1918, there was a 
company making radio sets for the general public. 
That firm is now Zenith Radio Corporation, pioneer
ing Chicago electronics company with numerous 
manufacturing plants and 7,SOO people in the area, 
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a thousand of them in the R&D and corporate 
administration center at Glenview. Zenith began in 
1918 as a kitchen table radio factory where two young 
ham operators turned out instruments for the con
sumer market. 

Zenith's emphasis has remained on consumer 
and is expanding into commercial electronics. It is 
the only remaining independent American television 
manufacturer. Though Zenith was responsible for 
many military communications developments, par
ticularly during World War II, it today does no 
defense work. 

The company has a long list of firsts: portable 
radio in 1924; AC home radios in 1926; pushbutton 
tuning in 1926; portable shortwave radio in 1939. It 
was the first to reduce semiconductors to commercial 
use, in hearing aids, followed by the shirtpocket 
portable radio in 1956 and the first transistorized 
AM-FM portable. 

In 1979, the company acquired the Heath Com
pany, maker of electronic kits and small computers. 
Heath is across the Lake in St. Joseph, Michigan. 

Heath's computer business, however, has been 
consolidated into a new division through which 
Zenith expects to ride the personal, small business 
and home communications wave into the future. 
The company is also developing Teletext and View-

ADVANCED TECHNOLOGY IN ILLINOIS 

ADVERTISEMENT 

One of the earliest projection TV sets was made over 40 years ago. The experimental model (left) 
was produced in 1939. The picture tube was over 18 inches in depth, and was m ounted vertically 
in the set. The TV picture was projected up to a mirror in the set's lid. It was then reflected to the 
viewer, who also saw the controls of the set and the brand name-backwards. Today's equivalent 
projection color TV set has a 45-inch diagonal screen size. The one-piece unit has the screen 
concealed inside the cabinet. 

NORTHROP 080 ••• 

An important part of the future. 

Career opportunities abound at Northrop DSD. In fact, DSD's 
scientific, technical and administrative professionals remain 
at the leading edge of tomorrow's technology through sound, 
creative applications of their skills and expertise. 

Assignments in engineering and advanced technology offer a 

well-managed, creative enviro nment which encourages profes
sional achievement and growth. 

Those individuals who are seeking involvement in high tech
nology. and who are interested in career expansion should 
investigate Northrop DSD opportunities and existing technol
ogies. Conveniently located in a suburb of Chicago, No rthrop 
offers you an opportunity to become an important part of the 
future of our nation ... our industry ... and Illinois. 

NORTHROP CORPORATION 
Defense Systems Division 

500 Hicks Road. Rolling Meadows, IL 8 0008 
Equal opportunity Employer M/F/H 

NORTHROP 
Making advanced technology work. 
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data systems for broadcast or cable distribution 
systems now being standardized in the United 
States. 

A new Zenith development is a large screen TV 
set that overcomes the problems of earlier 
I'ersions -lack of brightness, unwieldy bulk, criti
cal adjustments and uneven picture quality. The 
new design has a 45-inch screen that rises out of a 
credenza. 

The set uses a telescoping arrangement that 
allows all critical adjustments to be factory set, but 
for which Zenith engineers had to design an ad
vanced optical system . .. It was an interesting opti
cal exercise;' recalls one participant, that involved 
mechanical and electronic engineers, physicists 
and chemists. Among other things, the designers 
had to come up with a plastiC fI lens, new elec
tronic guns and a new screen that is itself a matrix 
of microscopic lenses which eliminates the "hot 
spot:' The company feels this system gives it an 
18-month lead on the competition. 

A COMPLEX OF RESEARCH CE NTERS 
keeps Illinois in the forefront of technology. The 
many private, Government and not-for-profit cen
ters have as much to do with the advanced technol
ogy that today underlies consumer market products 
as with high-tech Government and defense work. 

The roll includes lIT Research Institute (IITRJ) , 
Argonne National Laboratory, the National 
Accelerator Laboratory or Fermilab, Underwriters 

Laboratories and a host of corporate research and 
technical centers. 

Overwhelmed with requests from industry for 
help, several professors at Armour Institute of 
Technology founded IlTRI in 1936. It was the first 
without an endowment. From the beginning, the' 
Institute, then known as Armour Research Founda
tion, had only its earned income and the wits of its 
staff. 

Today, the Institute books some $52 million in 
research contracts, handled by a staff of 1,500 
people at three major locations Half are at the main 
site' on Chicago's South Side. Others are at the 
Electromagnetic Compatibility Analysis Center 
(ECAC) , operated by IITRI for the Department of 
Defense at Annapolis, Md.; at the Reliability 
Analysis Center at Griffiss Air Force Base in Rome, 
NY; and at an acoustics research faCility in subur
bar. Geneva and a fire research laboratory in Gary, 
Ind. 

IITRl's spectrum of contracts closely reflects 
Chicago's industry: electronics, materials and 
manufacturing technology, chemistry and chemi
cal engineering and transportation. The institute 
installed the first industrial research nuclear reac
tor. Specific developments include lightweight brick 
aggregate, flexible ceramic coatings, computer 
programmed tooling, automatic packaging and 
labelling machines, a fiber optic probe, microwave 
landing systems, international market assessments 
for solar and renewable energy sources, video disc 
technology and electronics in mass transit. 

Argonne National Laboratory's 1,2 million electron volt electron microscope is one
. 
of the world's 

three largest. Equipped with a 300,000 volt Ion acce!erator anr;! so�n to have 2�"'.'lIlon volts, the 
machine allONS investigators to observe directly at high magmficatlon energetic Ions Impmgmg 
on material specimens intended for fission, fusion and fossil energy systems. 
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THE NATIONAL LABO RATORIES in il
linois continue the area's involvement with the 
atom. l€rmed GOCOs (Government Owned, Con
tractor Operated), the two are o\)'ned by the U,S. 
Department of Energy but operated by universities, 
One is Argonne National Laboratory and the other 
the Fermi National Accelerator Center, or Fermilab. 

Argonne came out of the Manhattan Project. 
The original reactor could not stay under the 
football stadium and was moved to the Argonne 
Forest preserve south of the city. After the War, the 
Government established the Argonne National 
Laboratory nearby expressly to pursue peaceful uses 
of nuclear energy 

Argonne's manager is the Argonne Universities 
Association, a consortium of some thirty univer
Sities, most of the Midwest, but including the 
Universities of Texas, Arizona, Pennsylvania State 
and Carnegie Mellon in Pittsburgh, Pa. The 
operator is the University of Chicago. 

Founded in nuclear energy, Argonne's reach has 
far exceeded that. Of its 5 ,000 employees, 1700 are 
scientists and engineers. All are employees of the 
University of Chicago. They delve into almost every 
form of energy and environmental technology. 

Argonne built the Experimental Breeder Reactor 
(EBR-l), which was the first to yield electric power. 
It also developed the boiling water reactor (BW R). 
There are currently two reactors on site, but nuclear . 
energy today accounts for only 40% of the work. 
There are large projects in fossil fuels, particularly 
advanced coal-fueled technology such as mag
netohydrodynamics (MHD) and fluid-bed combus
tors. For the MHD project, in which coal in effect is 
converted directly to electricity, the lab has just 
completed the world's largest superconducting 
magnet for MHD. 

An office of Energy and Environmental Assess
ment does detailed studies on present and future 
energy profiles for many nations as well as assess
ments of environmental effects of particular energy 
strategies. The Lab has the National Software 
Center for the DOE, basically the software for 
developing computer models of nuclear reactors. 
And it has the largest array of computational 
capacity in the Chicago area. 

Some miles to the west in the much newer' 
(967) Fermilab, near Batavia, III. This $250-
million GOCO occupies 6,800 acres of prairie land 
still dotted with the original farm bUildings, culti
vated land, fish-stocked ponds and even a herd of 
buffalo. Since most of the activity is underground 
or nearly so, the site's most striking feature is the 
ultra-modernistic laboratory and administration 
bUilding soaring 16 stories above the prairie. 

Heart of the Laborabory is the four-mile circum
ference proton synchrotron, the world's largest. 
Here 20 feet underground in a stainless steel vac- , 
uum tube a few inches across protons reach vel
ocities near that of light at energies approaching 
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Amoco is using America's greatest resource 
to increase oil and natural gas production today_ 
The creativity and ingenuity that made 
America the world's most productive 
innovator is at work at Amoco. Using 
the latest technology in almost every 
physical science, Amoco researchers are 
working on the energy America will 
need in the year 2000. 

In our Naperville, Illinois laboratories, 
microbiologists are finding ways to use 
energy stored in simple plant life. Solid 
state physicists are investigating the 

photovoltaic effect. In Tulsa, Amoco 
scientists are exploring ways to extract 
oil from the most complex geological 
formations in the country. And in 
Colorado, engineers are investigating 
ways to recover the oil locked in 
shale. 

Amoco scientists and technologists are 
dedicated to the search for the energy 
needed to keep America growing in the 
year 2000 and beyond. You expect more from a leader. 
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500-billion electron volts or Gigavolts (GeV). The 
speeding particles race out of the ring into three 
tangential tubes, each another mile or so long. 
These tubes lead to the experiments in the Meson, 
Proton and Neutrino areas where the particles 
smash into appropriate targets. 

Here was discovered the upsilon particle, which 
raised the known number of quarks from four to 
five and added yet another particle to the hundred 
or so that seem to compose the indivisible atom. 

Some 10% of the lab's annual operating cost 
goes to its $IO-million electric bill from the region's 
utility, Commonwealth Edison. The power com
pany comfortably handles from its heavily nuclear 
system Fermilab's enormous power demands. In
deed, though many factors, such as freedom from 
earthquakes, governed the location of the Lab at 
this site in 1965, abundant and reasonably priced 
power was a major one. Nonetheless, the Lab is as 
conscious as any householder on the need to 
economize. 

The approach will be the new superconducting 
Energy Saver synchrotron, for which the site al
ready has the world's largest helium liquefaction 
plant. The supercold magnets will enable the device 
to deliver particles of the same energy with half the 
power, or to accelerate particles to energies of a 
trillion electron volts, a terravolt (TeV). 

ADVANCED TECHNOLOGY IN ILLINOIS 

ADVERTISEMENT 

Neither tranquil resort nor sleepy university by a blue lagoon, the Research Center of Standard 
Oil (Indiana) is an attractive and carefully planned campus whose esthetics foster hard thinking 
on a multitude of industrial problems and on the larger questions of basic science and technol
ogy. Engineers and scientists in six laboratories interact and find synergy here. 

TECHNOLOGY TRANSFER FROM GOV
ERNMENT TO INDUSTRY is the aim of 
Fermilab's new Industrial Affiliates Program, of 
which the Center is particularly proud, The diverse 
group of affiliates includes Bell Laboratories, 
Caterpillar Tractor Co., Chicago Bridge and Iron, 

Deere & Co., Digital Pathways, International Har
vester, Litton Industries, Westinghouse, Nalco 
Chemical Co. and the Standard Oil Co. (Indiana). 

What do Pavarotti, Kenny Rogers, 
the Chicago Symphony and Ringling 

Brothers have in common? 

The object of the 1980 project is to transfer 
technology at its very frontier directly from the 
Fermi research programs to industry for the public 
benefit. While intellectual knowledge of the ulti
mate nature of neutrinos would seem to have little 
direct application to industry, the techniques and 
devices devised at considerable cost to gain that 
knowledge do. These include fast electronics (nu
clear events happen and must be detected and 
recorded in quintillionths of a second, or faster), 
ultra high vacuum systems, data acquisition and 
processing, rf power, particle beam optics, control 
systems, particle detectors, ion beams, cancer 
therapy, superconductivity and cryogenic systems. 
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They all played Champaign·Urbana 
this year. 

You might expect to find that kind 
of entertainment only in big cities. Yet. 
each year, Champaign·Urbana plays 
host to some of the biggest names in 
the business. In fact, our Krannert 
Center for the Performing Arts is 
recognized as one of the world's out· 
standing theatre complexes. 

Champaign·Urbana offers a wide 
range of cultural activities. That's one 
reason why companies like yours 
relocate here. It's not the only reason, 
of course. 

For high technology industry, you'lI 
discover that Champaign·Urbana has 
plenty of other pluses. Like brainpower. 
The high· speed ILLIAC computer was 
born at the University of Illinois. And 
from that same University's engineering 
and computer science departments 
come some of the finest graduates in 
the country ... skilled labor when you 
need it. 

Champaign·Urbana is easy to reach, 
too. Two airports serve our growing 
community and three interstate high· 
ways converge right here. What's more, 
in Champaign·Urbana, you'll find sites 
(plenty of room for your new facility 
now) and incentives (revenue bonds 
that mean savings for industry). 

Champaign-Urbana! It's a nice place 
for you and your company to come 
home to. 

For infonnation. call or write: 

Deane Foote. Director 
Economic Development 

Team 
109 W. University Avenue 
Champaign. IL 61820 
(217) 359·1791 

Sponsored by the Economic Development 
Team of Champaign·Urbana in cooperation 
with the Private Industry Council. 

THE S AFETY OF TECHNOLOGY is the chief 
concern of Underwriters Laboratories, whose cor
porate motto might well be Murphy's Law This 
Northbrook establishment was set up in 1894 as a 
not-for-profit organization to examine and test 
devices, systems and materials. Initially and for 
many years, UL's sponsors were the national insur
ance underwriters. The criteria were electrical 
safety. Over time, the criteria have expanded to 
cover almost every aspect of safety and almost every 
type of device while insurance company sponsor
ship was dropped in 1969. Manufacturers them
selves want and municipalities demand the UL 
labeL 

The lab has a J'48-acre site on the grounds of the 
factory that made the bricks to rebuild Chicago 
after The Fire of 1871. The old kilns remain as Fire 
Protection test units. There are other test sites in 
Florida, New York and California. 

Where engineers elsewhere spend their careers 
designing ways to build things, UL's 425 engineers 
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RFULPLACE 
One reason why 

H
ft provided over 

Chicago and ,,40% of our power. 
northern lllinois _ By 1986, more 
attract companies _ • than 60% of our 
from all over the world is that we have the generation is expected to be nuclear. 
power they need to grow: electricity. The 200- Electricity has helped northern lllinois 
square· mile area southwest of Chicago very become a leading export center, leading steel 
possibly produces more electric power than producer, leading transportation center, and 
any other similarly sized area in the world. leading producer of capital goods. All while work-

Commonwealth Edison electricity is made ing to protect high environmental standards. 
from abundant fuels: coal and uranium. Fuels To learn how your company can grow with 
that let us offer electricity at a rate that allows us, write: J. J. Stephens, Coordinator, &onomic 
growth. Fuels that assure a continuing supply Development, Commonwealth Edison 
of el ectricity so our customers can keep right 0 Company, P.O. Box 767, Chicago, Dlinois 
on growing. Last year, our nuclear uruts 60690, U.S.A. 

Co mmonwealth Edison. 
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Where on earth should 
you look for the f uture? 

Consider the state where Fermilab and the Argonne National 
Laboratory are exploring the use of neutron radiation as a weapon in the 
fight against cancer. 

Where Gould, Inc. is manufacturing state-of-the-art factory 
automation systems. 

Where Bell Laboratories is developing advanced structures in 
software for telecommunications. 

Consider Illinois. 
Once celebrated as "Hog Butcher and Tool Maker;' Illinois has in 

the past two decades quietly become one of the nation's leading high 
technology states. 

Today, we can offer high tech firms a combination of resources 
unsurpassed anywhere in the U.S., including: 
Scientific, engineering and technical manpower: In addition to the 
thousands of experienced people already employed here, well-trained 
personnel at all levels graduate each year from the many universities 
in and around Illinois, and from the state's extensive junior college system. 
Qualify of life: With its excellent cultural and recreational resources, and 
housing that's affordable and readily available even for moderate income 
families, Illinois is an ideal place to live, for critical high tech manpower. 
Energy: With extensive nuclear power development and abundant natural 
gas reserves, Illinois can assure you dependable, economical energy 
for as little as $.06/kwh. 
Transportation: Located in the heart of the nation, Illinois has the most 
comprehensive air, rail, highway and inland waterway network in the U.S., 
offering superb transportation for people, raw materials and finished 
goods. 
Access to suppliers and markets: Illinois is the center of a major manu
facturing region, and one of the nation's largest consumer markets. 

All the information you need. We've got a wealth of further 

I I d· g th · ·d t information we'd like to share nc U In e ll�SI e S ory, with you, including our brochure 
frol!l people Ill;yo�r on high technology in Illinois, 
bUSIness In IllInOIS. and a questionnaire on your 

particular site requirements which you can use to obtain basic informa
tion on several possible sites computer-selected to meet your needs. 

T here's also invaluable information available to you, on a confidential 
one-to-one basis, from members of our High Technology Resource Group: 
senior executives from Illinois high tech firms and related fields such 
as finance, who have made themselves available on a volunteer basis 
to provide critical information to executives of companies considering 
locating in Illinois. 

If you'd like to see our brochure and questionnaire, or if you'd like 
to be put in touch with the appropriate members of the High Technology 
Resource Group, please call Mr. Ed Marlin, collect, at (312) 793-7105. 
Or write him at the Illinois Department of Commerce and Community 
Affairs, 310 South Michigan Avenue, Suite 1000, Chicago, IL 60604. 

He'll see that you get all the information you need, about one of 
the finest places on earth to look for the future. 

The Magnificent Miles of 

..;\. ... . ,,�, 
abOlit a gTe'lt place to do fnl�lIleSS : 
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lREORY. 
A top corporate bank must never 
settle for being second best. 

• 
• 

In a recent survey of chief financial 
officers� Continental Bank was named 
Chicago's best corporate bank. 
Chief financial officers were asked which corporate 
bank had the most innovative approaches and 
ideas. Which was best managed. Which had pro-
grams that benefited companies of all sizes. Without 
hesitation, they ranked Continental the clear-cut 
leader. We're highly complimented. And highly 
motivated. Outstanding performance is what you 
expect from a fop corporate bank. 
At Continental Bank, it's reality. 

�Crain s Chicago Business, 9(10(79 Survey conducted by leo J. Shapiro & Assoc. 

� 
CONTINENTAL BANK 
Continental Illinois National Bank and 
Trust Company of Chicago 

Argentina· Australia· Austria· Bahamas· Bahrain· Belgium· Brazil· Canada· Chile· Colombia· France· Greece· Hong Kong· Indonesia· Italy· Japan· Kenya· Korea 
Lebanon· Mexico· The Netherlands· Nigeria· The Philippines· Puerto Rico· Singapore· Spain· Switzerland· Taiwan· Thailand· United Kingdom· Venezuela· West·Germany 

United States· Chicago· Cleveland· Dallas· Denver· Detroit· Houston· Los Angeles· Miami· Minneapolis· New York· San Francisco· Seattle 
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try to take them apart. Their job is to find out what 
makes things tick and what can go wrong that 
might present a safety hazard. Since schools sel
dom teach that kind of engineering, UL likes to 
hire new graduates and train them to its way of 
doing things. 

That way might be a microcomputer-controlled 
endurance test on a roomful of vacuum cleaners, 
not to see if or how well they clean but to determine 
if and when they develop unacceptable levels of 
leakage current. Or it could be instrumenting and 
then burning down a house. Or mixing up a bowl 
of sand with a kitchen appliance, dropping hair 
curlers and dryers into a bathroom sink, dissecting 
TV sets, checking the audibility of smoke alarms. 

If there is a product, UL will test it. There are 
8,800 generic types of products on which UL did 
50,000 investigations last year and to which about 
two billion UL labels were affixed. 

GOCO and NFP labs are a prominent feature of 
the Illinois technology landscape. Beyond their 
own missions, they are important scientific re
sources of the region in the type of people they 
attract and hold and in the creation of a comforta
ble environment for commercial scientific enter
prises. 

Fermilab, for example, is believed by many to 

have been the magnet that attracted others to 
Chicago's western suburbs. Nalco Chemical Com
pany, whose headquarters are in Oakbrook, estab
lished its new Technical Center near Naperville 
across the highway from the head offices of Nicor, 
parent corporation of Northern Illinois Gas Corpo
ration. A little east is the campus of the Amoco 
Research Center. Bell Labs Illinois faCility and its 
extension and the new software development 'center 
for Western Electric are still further east. 

In the communities of Rolling Meadows, 
Schaumburg, Northlake, Des Plaines, Northbrook, 
Glenview, Skokie and still further north along the 
lake are the headquarters, research facilities and, 
often, manufacturing plants of many well known 
and long established companies. Further afield, 
there is Sundstrand Corporation in Rockford. 

Some firms are relative newcomers. As did 
McCormick a century before, Gould Inc. moved' its 
headquarters to the region from Minnesota some 
ten years ago when the original battery company 
began the expansions that today make it a major 
$2-billion electronics and electrical manufacturing 
company. The company also established its corpo
rate research center here, in Rolling Meadows. 
Tandem Computer, too, is accommodating its 
phenomenal growth by setting up a new plant in 

Argonne National Laboratory was founded on atomic energy and "hot" then generally meant radio-active. Today, the lab does much research on fossil fuels. This experimental fluid-bed combustor combines powdered coal and limestone to trap the sulfur present in many coals and yield a nearly sulfur-free flue gas thus reducing the pollution associated with coal. Here, hot is hot. 

ADVERTISEMENT 

Illinois as well as one in Virginia, though home 
base remains Silicon \alley. 

PETROLEUM TECHNOLOGY, however, is 
not new to the state. Wildcatters drilled some of the 
earliest oil and gas wells in Illinois. Much of the 
industry's process technology comes from a local 
company, UOP Inc. of Des Plaines. Not an oil 
company itself, UOP has been a cornucopia of 
petroleum technology for many years. 

Standard Oil Company (Indiana) has been 
conducting research in the region since 1890 at its 
large refinery in nearby Whiting, Indiana. Head
quartered in the world's fourth tallest building in 
Chicago (and better known as Amoco), Standard 
now has one of the region's largest and most diverse 
research and development centers in Naperville. 

Nearly a university in itself and much resem
bling one on its landscaped 178 acres, the Research 
Center consists of six large laboratories. The Center 
further resembles a university in the number of 
scholarly papers its staff publishes. Projects cover 
energy upgrading, coal chemistry, low-energy sep
aration, superactive carbon, materials research and 
even biology. Standard has an interest in a genetic 
engineering company, Cetus, and has a number of 
projects based on the emerging technology. 

The complex now employs about 1,500 scien
tists, engineers and support people, many of them 
moved in from other locations and most of whom 
live nearby. Most of the laboratories were at Whiting 
in an industrial area. Space got tight. But as 

important, the company anticipated trouble hiring 
people who did not want to live and work in an 
industrial area. The academic setting at Naperville 
is more attractive to scientists and engineers. 

THE PHA RMACEUTICAL INDUSTRY has 
long had a large base in Illinois, which is head
quarters for three of the world's largest drug com
panies. Abbott Laboratories is in North Chicago, 
Baxter Travenol Laboratories, Inc. in Deerfield and 
G.D. Searle & Co. in Skokie. These are all multina
tional, billion dollar companies that exist and grow 
on advanced research and development. As a group, 
the industry spends far more on R&D per employee 
and as a percent of sales than any other except 
information processing. 

These companies are alf long established, not 
only in Chicago but elsewhere. Baxter Travenol 
Laboratories, Inc., manufactures in 17 countries 
and distributes its products in more than 90. Pro
ducts include innovative medical devices whose 
design and development require a spectrum of 
technical disciplines. Some are licensed from 
others, sllch as a wearable 24-hour infusor de
veloped by Alza Corporation in Palo Alto. 

G .D. Searle, which started in Omaha nearly a 
century ago and moved to Skokie in 1942, has the 
highest ratio of R&D to sales of the three and 
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continues to increase it. Its 1981 expenditures at 
$74.5 million will be 26% higher than 1980 Not all 
of that is in the U.S.; Searle has major R&D 
facilities in France and England. 

Among the many technologies that Searle is 
now developing is recombinant DNA. A recent ac
complishment was the determination of the nu
cleotide sequence for the gene that codes produc
tion of interferon in the human being. The finding 
opens the way to more effective production of 
interferon in amounts large enough to permit 
meaningful clinical testing. The problem with 
evaluating the true worth of this material, which 
may or may not be an anti-cancer, anti-viral agent, 
is its scarcity and cost. 

It is important to these firms that such profes
sional organizations as the American Medical As
sociation, the American College of Surgeons and 
the American Dental Society and the American 
Hospital Society are here as is also a major dis
tributor of health supplies and services, American 
Hospital Supply Corp. A large number of teaching 

KNOWLEOGE. THE BASE OF TECHNOLOGY ... 

hospitals and medical schools are also an asset for 
companies that must do extensive clinical testing 
before they may market their products. 

GOVERNMENT-SPONSORED TECH
NOLOGY forms part of the base for many Illinois 
firms as it does also for the universities and research 
organizations. The proportion is much lower than 
in other regions, however. Only one company of 
any size caters almost exclUSively to Government 
contract work. That is the Defense Systems Division 
of Los Angeles-based Northrop Corp. 

Now headquartered in Rolling Meadows, the 
Division began life as Hallicrafters Corporation, a 
maker of communications equipment founded in 
Chicago in 1934. World War II found the company 
deeply into military communications. It estab
lished a close technical association with the Air 
Force Systems Command at Wright Patterson Air 
Force Base in Dayton, Ohio. The Air Force is still the 
major customer. Over the years, the company built 

The University of Illinois at Champaign-Urbana, a major technology resource for the 
state, ranks among the country's top insititutions. 
Research expenditures 

Institution Separately budgeted External to college 

Massachusetts Ins!. of 
Technology $29,116,653 $56,146,117 

University of Illinois at 
Champaign-Urbana 24,043,000 3,751,000 

Stanford University 24,010,000 6,516,000 
University of California 

at Berkeley 17,302,277 25,300,000 
Purdue University 17,122,000 1,631,667 
University of Michigan 16,885,000 2,411,000 
Cornell University 14,819,696 
University of Southern California 13,511,000 
Colorado State University 13,227,555 58,000 
Ohio State University 11,193,000 1,204,000 

PEER RANKINGS ... 
A Columbia University survey asked engineering deans to name the top five engin· 
eering schools other than their own. One hundred and thirty·two deans responded. 

Institution 

Massachusetts Institute of Technology 
University of Illinois at Champaign-Urbana 
Stanford University 
University of California at Berkeley 
California Institute of Technology 
University of Michigan 
Purdue University 
Georgia Institute of Technology 
University of Wisconsin 

Numbers of mentions 

119 
84 
84 
67 
62 
58 
42 
14 
14 

The University of Illinois at Champaign-Urbana is an acknawledged center for research and 
engineering at the forefront of technology. As the above tables indicate, the University consis
tently ranks among the foremost in the value of research and is also well regarded by its peers. 
Industry in Illinois considers Purdue in Indiana and the University of Wisconsin, both among the 
top ten, as part of the regional resource. Further, another study by the American Council on 
Education ranked five of the UI engineering departments among the top ten in the quality of their 
graduate faculty. The combined ranking placed the UI College of Engineering in the top four. 
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Interferon production has advanced from 
giass to metal much along the lines shawn 
here: a. 20-liter bottles filled with culture 
medium graw human fibroblasts on their inside 
surfaces; b. stack plates in lab size offer larger 
surface area; c. 200·liter stainless steel 
scaleup of stack plate vessels produces 200 
million units daily, still minute against the need. 
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a cadre of technical people based on the Chicago 
region. When Northrop acquired Hallicrafters in 
1967, the question was whether to relocate the 
Division to where all the rest of the defense business 
was. Northrop concluded it could not move the 
company and keep the people who were and are the 
basis of its technology. 

Today, the division has some 2 ,400 people work
ing mostly on electronic countermeasures at the far 
edges of microwave, infrared and electromagnetic 
radiation technology The company expects to add 
another 300 staff this year to help design and build 
state-of-the-art components in quantities of 500 to 
a thousand. It is a good place for engineers and 
scientists who l ike to work in the unknown and 
then see it through to quantities large enough to be 
interesting. 

" Much of this advanced military technology is 
based on Massachusetts or California; '  says Wallace 
C.  Solberg, Northrop Vice President and Division 
General Manager, "but it's easy to get to either 
place from here .  From our perspective, your com
pany can' t  be in any one locale; '  he comments, 
considering Chicago's central location with resjJect 
to its customers, its parent, its contractors and its 
technology sources. Most of the staff, however, is 
still from the I l l inois area. 

THE UNIVERSITIES OF ILLINOIS owe 
much to Abraham Lincoln, for whom the state was 
his political birthplace. Lincoln made law the 
Federal Land Grants Act of 1862, which established 
the land grant colleges, one of which became the 
University of I l l inois. 

U1 built the first computer to use modern Von 
Neumann logic, ° RDVAC , successor to the very 
first, ENIAC. O RDVAC became ILLIAC, and ILLIAC 
IV was the b iggest and fastest computer in existence 
until the CRAY-I .  UI  also developed PLATO, a 
worldWide computer-based teaching facil ity. And UI 
is the long-time residence of two-time Nobel Prize 
laureate John Bardee n ,  co- inventor  of  the 
transistor. 

The University is a most valuable technological 
resource for the state and its industries. It excels as 
a source of fundamental knowledge. A recent 
Summary of Engineering Research contains hun
dreds of abstracts on research in all the engineering 
facu l t i e s - aero n aut i ca l ,  agr i cu l tu ra l ,  b i o 
engineering, ceramiC, chemical, civil , electrical, 
materials, mechanical, metallurgy and mining, 
and nuclear. The summary also covers 1V0rk in 
computer sciences, coordinated SCiences, materials 
research and physics. 

The Electrical Engineering department is a 
leader in studies on antennas, radio wave propaga
tion, ionospheric research, compound semiconduc
tors and computer development . A current program 
concerns battery-powered solid-state lasers that 
produce extremely bright visible l ight from a source 
smaller than a pinhead. 

ADVANCED TECHNOLOGY IN ILLINOIS 

, ADVERTISEMENT 

Models graphically hint. at the technical problems encountered in designing and then making 
components for VIdeo dISC machmes, whose users for the most part will be the general public. 
Zemth's stylus assembly (left) is of a different order from a phonograph stylus. Model at right Is 
sector of dISC and stylus magnified 10,000 times. To scale, the stylus would be 50-feet high. 

In animal research and veterinary medicine, a 
major breakthrough in understanding how a cer
tain type of cattle virus works has led to a vaccine 
for cattle disease that could in turn spin off one for 
malaria. 

ACADEMIC INSTITUTIONS THRIVE 
elsewhere in the state. UI has several other cam
puses, including the medical college at Chicago as 

part of the medical center there and the Circle 

The Dimensions of Quality: 

We Work For You 
or 
I Work For Myself? 

W
e start with the belief that 

quality can be measured. Its 
dimensions are the results of 

what we define as the main m ission of 
our business: Our people providing 
a service to you r people. 

That mission includes the 
coordinated efforts of a differelll
every-time combination of people, 
places, times and needs. By integratin g  
their individual motivations and 
responsibilities, our people achieve a 
do-what-is-best attitude toward their 
work -and a service oriented 
perspective toward our clients. 

Our area cou n seling and 
homefinding counselors pay attelllion to 
each family'S unique needs to help the 
family find the right new home and 
neighborhood . 

Our home sale consultallls save 
fam ilies time by arranging appraisals. 
extending offers to buy, and paying the 
family'S equity promptly. 

For yOUf COpy at 
The Plain, Solid Geometry of Relocation, which tells what 
we do and how we do It, please write or telephone: 

Sherwood Zellermayer. Director 01 Corporate CommUnications 
Employee Transfer Corporation 

Our moving services coordinators 
com mu nicate frequently with the best 
moving companies in the country to help 
make sure each move of ours is on 
schedule from start to finish. 

Our client relations accou nt 
executives provide information to client 
com panies for use in developing 
relocation policies. and make available 
our specialized transferee publications, 
written to help the transferee through 
each phase of relocation conveniently 
and knowled geably. 

Home sale, homefinding, moving 
services, client relations :  Each is a 
com ponent of our main mission. More 
importantly, and more precisely, each is a 
dimension of quality achieved by people 
who agree that "we work for you" I'ather 
than " I  work for myself". 

At Employee Transfer Corporation, 
the work we perform for you measures 
the dimensions of quali ty. 

20 North Wacker Drive, Chicago, i l l inOIS 60606. A SubsiOlary of 
Telephone: (312) 630-3436 linCOln National COlpo/allon 

Service offices in Allanta, Chicago, 
Cleveland, Dallas, Denver, Min neapol is, 
Philadelphia and Washington, D.C. 
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Campus just outside downtown Chicago. Circle 
Campus (UICC) is a full university in its own r ight . 
Here too there is advanced research, including 
levels closer to the immediate or imminent needs of 
industry. Programs include robotics, bioengineer
ing and materials design and engineering. 

The Circle Campus has established an Indus
trial Advisory Board whose members are senior 
executives of local corporations and government 
laboratories. Among them are Amoco Research 
Center, Motorola, Inc., Gould, Borg-Warner and 
Argonne National Laboratory. 

In south Chicago is the University of Chicago, a 
pr ivate institution. The school does not have an 
engineering faculty. But its medicine and science 
rank high and it has made its own unique mark in 
humanistics and economics as well as nuclear 
science. In the ninety years since its . founding, 
some 23 nobel laureates have graced the Universi
ty's rolls. 

In lakefront suburban Evanston is private 
Northwestern University, chartered in 1851 and the 
area's oldest. Northwestern has a Technical Insti
tute of high calibre, which incorporates the en
gineering departments. Among the University's 
contributions to modern technology is basic re
search into the nature of gases and plasmas in the 
Gas Dynamics Lab, of great significance to con
trolled hydrogen fusion. 

Between Northwestern and the University of 
Chicago sits the Illinois Institute of Technology. On 
the l IS-acre campus is also IITRI, as well as the 
Institute for Gas Technology and lhe Technical 
Center for the Association of American Railroads . 

These universities and institutes along with sev
eral other campuses of the state university, a large 
number of private four year colleges and sectarian 
universities, such as Loyola on the lakefront near 
Northwestern prOVide the state with a wide spec
trum of educational opportunities and ample re
sources for industry. 

A v igorous junior college program supplements 
the senior institutes. 

At Champaign, for example, Parkland College, 
a public junior college in the architecturally str ik
ing style that is a Chicago trademark, offers a wide 
range of vocational and technical courses for the 
people who must turn the ideas of the thinkers into 
goods for the market. Opened in 1967, the school 
now has 8 ,000 students who use the latest in 
educational technology, such as urs PLATO. 

TECHNOLOGY IS S 'OO'EWIDE. The indus
trial and academic center may be Chicago and its 
environs, but that region has no monopoly on 
advanced technology. At Champaign-Urbana, for 
instance, some new companies have recently taken 
root because the University of Illinois is there. In 
communications, there is Compre Comm, Inc., a 

$3-million firm that designs and makes telephone 
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ADVERTISEMENT 

"It is a strange model and embodies several unusual features," said James Watson, codiscoverer 
of DNA, the code of life and the focus of genetiC engineering in studies on recombinant DNA. 
Here a scientist at G. D. Searle examines a model of the "double helix" enlarged some 50, 000 
times. Similar models and attentive researchers are at research sites throughout Illinois. 

A Message from the Governor 
"IIUnois, Inc.: . 4  Growth Industry" exp�sses 

this Slale 's c l i m a te Of b u s i n es s / l a b o r /  
gOloemmen( cooperation and its com m itment 
to the future. 

I l l i n o i s '  fu t u re rests up o n  a b a l a n ced 
economy With fifty o[ tbe Fortune "500" com· 
pan ies, making e verytbing/rom teleco m m u n i· 
cations equipment to agricultural machiner)! 
With the nation 's most productive/arms, ll.'bich 
make Illinois the natio n 's  leading agricultural 
e,,\porter-the n u m ber two e;'Cporter o r 'f!rall. 

Increasing n u mbers o/high·technology com· 
panies are contributing to Illinois '  economy 
Tbey find bere 

• the hub 0/ the nation 's transportation and 
communications systems; 

• nbundant energy, Jrom coal and n ile/ear 
power, and u'ater T'Fsources; 

• priflate and p ublic universities that produce 
more electrical engineers and Nobel science 
laureates tban any in the nation; 

• a medical/bealtb care complex oJ educa· 
tional institutions, hospitals a1Jd manufac· 
turers; and 

• ROllte 5 's "Golden Con'idor "  oJ 1Y!search and 
detl(!lop m e n t  Jacilities, including the reo 
nowned A rgonne and Fermi Laboratories 
and 10,000 scienti/ic· technical-proJessional 
workers. 

In addition, high· technology companies find 
;n II/;no;s a hospitable gOl tern ment el1 l 'iron· 
me'U U'/)icb bas 

• Added 200,000 new jobs in Jour years; 

• Kept Illinois the o n ly major industrial state 
tl'ith an AAA bond rating; 

• Maintained a balanced butlget Jar Jour call· 
secutin? years; 

• Sponsored a bistorlc business· labor agree· 
ment, just enacted into lau! to reform u n ·  
employment i',SUr(lnCe; 

• Established business tax relieJ. on a fleXible, 
phased· in basis; 

• Instituter! "Fgulatory reJorm, consolidation 
and e.\pediled enVironmental permitting; 

• Provided ample Jinancing Jor industrial ex· 
pansion a11djob· training; 

• Formed a Department 0/ Com merce and 
Com m u n ity A/fairs ll'hicb helps firms locate 
and expand, and provides finanCing and in · 
cenlil'f? pnckaging.job · train ingfullds, export 
promotion, red. lape cutting and legislalil'e 
adl'Ocacy 

Execulil 'l!s and employees o/high· technology 
firms in Illinois choose fro m a l 'ariety 0/ 
lifestyles-urban, suburban, rural-with cuI· 
tural, education(ll, entert(linment, sports and 
sightseeing opportun ities for every taste. 

We u 'elcome your interest in our slate and 
look /or u 'ard to sert'ing you. 

James R. Thompson 
Governor, State of Illinois 
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communications systems, Now in a 19th Century 
building near the train station, most of the fast
growing company will soon move to new and larger 
quarters in Champaign's I ndustrial Research Park. 
There it will have as a neighbor the Army Corps of 
Engineers under whose Manhattan Engineering 
District Fermi et al built their pile, 

Compre Comm was founded in 1977 to make 
telephone communications multiplexers, These 
devices sample the activity on a phone line and 
automatically switch multiple l ines into a single 
carrier, Thus one outgoing or incoming phone line 
can simultaneously handle several different circuits 
at once, 

Compre Comm is not a spinoff from the Univer
sity, though its founder formerly taught there and 
finds the school an excellent source of talent and 
support. Another firm, SLM Instruments, Inc "  is a 
spinoff, I ts founders met at the University in the 
1960s where all were students or faculty members,  
They built their first instruments - spectrofluor
ometers - themselves because they could not buy 
one, 

Incorporated in 1973,  the company has been 
growing at 50% to 60% a year since and has 
recently expanded into new buildings, Sales now 
exceed $2 million in instruments that contain 
many microcomputers, are so sensitive they can 

internally measure the speed of light and sell for 
upwards of $20,000 each, Proximity to the univer
s i ty is important .  Appl ications are research 
oriented, New ideas can be tried, And the numerous 
scientific conferences proVide the company with a 
constant stream of potential customers, 

Many substantial cities are as far from Chicago 
as is Champaign-Urbana, each with its own educa
tional and industrial base , Springfield is the capital 
and the major industry, government. Peoria, site of 
the oldest permanent settlement in the region, is 
headquarters for Caterpillar 1tactor Company, 
makers of the mighty Bulldozers, The engineering 
and materials technology that goes into the design 
and manufacture of these behemoths is not trivial. 

Almost literally plowing the same field is John 
Deere Inc" major manufacturer of agricultural 
equipment in Moline, some 130 miles southwest of 
Lake Michigan, In Decatur are two major technol
ogy firms based on agriculture, A, E, Staley and 
Archer Daniels  Midland,  To the Nor thwest , 
Rockford is headquarters for a substantial machine 
tool industry and for seventy-five year old 
Sundstrand Corporation, 

Sundstrand is another of the I l l inois firms that 
started in the technology of industry and continues 
to follow industry wherever it leads, even into space , 
It is an engineering company in the truest sense of 

ADVERTISEMENT 

the word which from its beginnings has designed 
and manufactured the components that keep other 
industries running, Today, systems and compo
nents for aerospace applications, commercial and 
military, are about half the company, The advanced 
products of one aerospace sector, Sundstrand Ad
vanced Technology, trace an u nbroken line to the 
company's base technology in hydraulics and 
power transmission, The diviSion designs and mar
kets electrical, mechanical and hydraulic systems 
and components, A second division, the acquired 
Sundstrand Data Control, is a logical addition with 
its instruments and avionic systems, 

Meanwhile, back on earth, the company makes 
stationary and mobile power transmission equip
ment for basic industries and for marine propul
sion, And it designs and bui lds pumps, compressors 
and heat transfer equipment for everything from 
p aper m i l ls to res ide nces , Also on ear th , 
Sundstrand designed and built sophisticated sys
tems for the Space Shuttle, 

A step or two up from standard aircraft systems, 
these hydraulic control devices included the ac
tuators for the veh icle's speed brakes and body 
flaps , Even more sophist icated - and most 
critical - were the hydrazine operated auxiliary 
power units that enable the main booster engines 
to gimbal reliably and accurately, 

Innovations in Energy 
R&D Management 

Opportunities are 
of particular 

Interest to project 
engineers seeking to 

manage I administer 
research contracts. 

gas research institute 

As a dynamic energy research organization involved in the planning,  fi nanci ng 
and management of energy R&D for the natural  gas industry to benefit the gas 
ratepayer, GRI offers talented profess io nals a multitude of a reas i n  which to 
uti l i ze thei r  tech n ical expertise and academic development (adva nced deg rees 
in engi neering or  scientif ic disci p l i nes), 

U NCONVENTIONAL RECOVERY METHODS: Methane from Aq u i fe rs 
FOSSI L  FU ELS: Process Development- Gasification Processes 
BIOMASS PRODUCTION RESEARCH:  Land B iomass - Ma rine Bio mass 

FU RNACES AND APPLIANCES: Gas Furnaces-
Residential  Appl iances- Gas- F i red Heat P u m ps 

INDUSTRIAL SYSTEMS AND PROCESSES 
GAS DISTRIBUTION 
BASIC RESEARCH: B i ochemistry- Photoche m i stry- C o m b ust ion C h e m i stry 

We inv ite concerned p rofess i o n a l s  with expert ise i n  a n y  of o u r  a reas of concern 
to write to: J.R. QUILLINAN . 

GAS RESEARCH INSTITUTE 
8600 West Bryn Mawr Avenue , Dept. SA 98 1 - Chlcago, IL 6063 1 
(800) 323 ·9476 
equal opportun i ty  employer mlflh 

1 · 1 7  

© 1981 SCIENTIFIC AMERICAN, INC



Multinational Sundstrand, which has 24 man
ufacturing operations worldwide and sales or ser
vice in 88 countries, has a large technical staff to 
keep its venerable technologies constantly renewed. 
Some 940 graduate engineers conduct applied re
search as well as product design, development and 
application. Another 1 , 120 engineering and techni
cal people develop the new manufacturing proces
ses needed to produce the new products and up
grade the older ones. 

AMONG FINANCIAL CENTERS in the 
United States , only New York ranks ahead of 
Chicago. Of the nation's top ten banks, six are in 
New York and two are in Chicago . 

Such ranking would not be remarkable given 
the size of the Chicago metropolitan area and the 
volume of trade and commerce that flows through 
the city. 'ret it is remarkable and a tribute to the 
vitality of the financial community because I l l inois 
is a unit banking state. No bank, no matter how 
large, may have more than two branches in the 
same limited geographical area. Thus Continental 
Il l inois Bank of Chicago, the nation's sixth largest, 
may have only two branches in the U .S . ,  and those 
practically within shouting distance of the head 
office. 

As a consequence, I l l inois has 1 , 400 banks, ten 
per cent of all the banks in the country. 

The many banks that are by law virtually con
fined to their own neighborhoods assures that each 
bank knows it service region and the needs of its 
customers. Reach, however, does not depend en
tirely on physical presence. Thus the large number 
of banks also assures a competitive climate that 
fosters aggressive and innovative banking as well as 

a Wide choice. 
Well-developed correspondent relationships as

sure customers of the complete range of banking 
services. But where in other states, a statewide 
holding company or a complex of branches might 
provide these services, in I l l inois they are neces
sarily interbank relationships. 

The state will soon allow banks to form multi
bank holding companies. The new rule would 
allow banks to combine resources and talents and 
make available from single sources in many parts 
of the state larger amounts of capital. 

Chicago is also an important center for venture 
capital and investment banking firms. These often 
are the brood sows whence advanced technology 
enterprises obtain their sustenance in the early 
months and years. 

One of the top 10 independent venture capital 
firms, Golder, Thoma & Co . ,  is a Chicago firm. The 
company was formed by former employees of First 
National Bank of Chicago, the nation's tenth 
largest . A smaller firm, Seidman Jackson Fisher & 
Co. ,  was founded by people who had headed the 
venture capital arm of Allstate Insurance Co . ,  a 
subSidiary of Chicago-based Sears Roebuck & Co. 
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One of the largest venture capital firms is Heizer 
Corp . ,  now a publicly owned Small Business In
vestment Corporation (SBIC) , which has long 
specialized in advanced technology enterprises. 
Heizer was a major backer of the embryonic Am
dahl Corp. 

Among investment banking houses are the 
Chicago Corporation, one of the larger, A. G .  
Becker, which has  principal offices in New York as 
well as Chicago, Warburg Paribas Becker, Inc . ,  and 
Bacon Whipple & Co. Most of these firms engage in 
the usual investment banking role of managing 
mergers and acquisitions and finding new capital 
through securities offerings for established com
panies. Becker was financial advisor to American 
Motors Corp .  when the French motor firm Renault 
made a major investment in American. The firm 
was also involved in a $2 bill ion purchase by Sun 
Oil Co. of oil and gas interests from Seagram's, Inc. 
Bacon & Whipple managed a l imited partnership 
for a medical research venture. 

Financial institutions find I l l inois a lively place 
to do business. As corporate headquarters for more 
than 40 of the nation's top 500 industrial corpora
tions and over 20 of the top 250 non-industrials, 
the state is far ahead of whatever region is in third 
place in volume of financial activity 

CROSSROADS FOR INDIANS, EXPLOR
ERS AND SETTLERS, little now but place 
names remain to mark their passing. Only a 
marker indicates where people think the original 

ADVERT ISEMENT 

Ft . Dearborn may have been by the banks of the 
Chicago River. But crossroads the region still is, and 
evident to the young woman as she gazed upon the 
city from the observation deck of the John Hancock 
bUilding a hundred stories above the street. To the 
east, Lake Michigan sparkled acquamarine in the 
summer sun, its far shore on the Michigan side as 
invisible as the eastern Atlantic. 

North and south along the beaches of the 
lakeshore park, Chicagoans basked in the sun and 
swam in the newly clean fresh waters of the inland 
sea. To the land horizons south, west and north, 
tall bUildings gave way to smaller ones along broad 
streets and avenues. Countless swimming pools 
atop many apartment and office buildings glinted 
blue. 

"I have found America:' said the comely East 
Coast resident and recent arrival to North America. 

Indeed she had. I l l inois is the heartland and 
Chicago the heart of the heartland. It is a quintes
sential America of industry and innovation, of Carl 
Sandburg and Frank Lloyd Wright that embodies 
the stranger 's idea of America as no other place 
does. It is a place people are rediscovering as it 
rediscovers itself. 

Tales are told of a Lake Michigan so much 
cleaner than it used to be that people catch salmon 
from their private jetties. That sort of thing, says 
one Zenith staffer, has all kinds of people trying to 
get back to the Midwest. 

Remarking that he himself could live anywhere 
in the world, Motorola's Robert  Galvin says: " It 
suits my taste to be delighted to live in I l l inois: '  

Of the six buildings in the world that top 1, 000 feet, three are in Chicago and Visible here. The Sears 
Tower (left) is the world's tallest at 1,454 feet. The white Standard Oil (Indiana) building is 1, 136 feet 
and the dark truncated pyramid of the John Hancock Building (right) is 1, 127 feet. At their feet 
Chicago lolls

. 
along the lake front its museums and institutes a backdrop to parks, yachts and 

workboats, Hidden by the superb architecture that is a long Chicago tradition are colossal works 
of Picasso and Miro that grace the city. 
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Gould 
introduces worlds newest 

and most powerful 
32·bit minicomputer: 

With the new CONCEPT 32/87 from our 
Systems Eng i neering Laborato ries subsid iary, 
Gould i ntroduces the k ind of truly awesome 
com puter power that represents a q uantu m 
leap forward i n  com puter technology. With its 
3.6 M I PS, the CONC EPT 32/87 can provide up 
to th ree ti mes the processing power of  any 
32-bit m i n icom puter that has been developed, 
and without a proportional i ncrease in price.  

In scientific, eng i neeri ng and i ndustrial appl i
cations, the CONC EPT 32/87 m i n icom puter 
can perform the work of a large, expensive 
mai nframe at considerably lower cost. 
The Gould electronic "building block" strategy. 
At Gou ld ,  we make the electron ic  prod ucts 
needed to harness the power of technology. 

And we're focusing on five areas where this 
technology has g reat i m pact: factory automa
tion,  test and measurement eq u i pment, 
med i cal i nstrumentat ion,  undersea defense, 
and advanced materials and com ponents. 

Gou ld's 32-bit m i n icom puters fit d i rectly i nto 
th is  strategy. They provide the "brai ns" for our  
factory automation capabi l ity by tyi ng together 
our prog ram mable control lers, servo d rives, 
and transd ucers. It also adds the capabi l ity to 
i nterface with CAD/CAM, both i nside Gould 
and for our  customers. 

I f  you'd l i ke to know more about our bu i ld ing 
block strategy, please write Gould I nc . ,  I nvestor 
Relations, Department 0-1 3, 1 0  Gould Center, 
Rol l i ng Meadows, I l l i nois 60008. 

-) G O U LD 
An Electrical/Electronics Company 
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BOOKS 

Hurricanes, long bridges and the cultural 
interaction between knowing and making 

by Philip Morrison 

T
HE HURRICANE AND ITS IMPACT, 
by Robert H. Simpson and Her
bert Riehl. Louisiana State Uni

versity Press ($20). The trends are plain: 
more Americans now live near the coast 
and the beach, with more investment 
there and more property loss to hurri
cane damage. The loss of life has de
clined: the residents are now forewarned 
and mobile. They have also been lucky. 
Since 1 945 there has been a steady de
crease in the total number of hurricanes 
making landfall in the U.S.; since the 
1950's the number of severe hurricanes 
has gone down too. If this unexplained 
decline were suddenly to reverse-as it 
may well do-a growing but inexperi
enced shore population would find itself 
at heavy risk. The risk is primarily from 
water, not wind; damage inland is real 
enough but is small by comparison. 

What hurts most is the hurricane tide, 
the transient accumulation of water 
above the tidal extremes. That is sea
water in motion, eroding, scouring and 
battering the structures of man and the 
beaches they rest on. It is one particular 
rotational flow response to the spinning 
winds that contributes most to the rising 
waters as a severe hurricane touches the 
shoreline, unless even worse fortune has 
brought the center of the storm near 
some resonant shoal basin or channel. 

This readable and comprehensive 
book by two veteran hurricane experts is 
filled with such detail, analytic, anecdot
al and practical. It includes the still un
certain physics of the hurricane from 
birth to death, sets the incidence and ori
gins of hurricanes in a worldwide con
text and presents the impact by land and 
sea with engineering specificity. It faces 
up to the knotty problems of our coexis
tence with these vortexes, from land-use 
hints to prediction and warning, even to 
hurricane moderation by timely surface 
or airborne attack. Silver iodide smokes 
or perhaps carbon black, spread from 
the sturdy C- 1 3 0  aircraft that now only 
monitor the storms, might soothe them. 

The senior author was one person 
who proposed such intervention back in 
1960, inspired by the observations his 
coauthor brought back from an intrepid 
flight into the eye of Donna. Some tri
als were made before 1 969; new under
standing has been gained since, and a 

fresh proposal is now before the govern
ment of the Philippines. Cooling the sur
face of the Gulf of Mexico over an area 
the size of a few counties is an even 
more heroic proposal for control: artifi
cial upwelling and even imported ice
bergs have been studied for the purpose. 
What seems wise is a modest long-term 
investment in new sensing systems, for 
example Doppler radar and lidar, for 
the monitoring aircraft. 

Nowadays watching satellites around 
the globe report every seedling hur
ricane. These drift westward in the 
prevailing tropical winds. A revolving 
storm needs earth spin; hurricanes are 
rare within five degrees either way from 
the Equator. Which way could they 
spin? The higher latitudes beyond the 
Tropics support many more large rotat
ing storms than the tropical latitudes, 
but these do not develop into hurri
canes, arbitrarily defined as maximum 
wind speeds exceeding 74 miles per 
hour. Big slow-spinning northern cy
clones are exported from our continent 
to Europe about twice a week; we north
erners all must brave those bad winter 
storms, but any tropical place can ex
pect a visit from a hurricane only about 
once in a century. Hurricanes are much 
smaller, much more intense and much 
rarer. Less than one westward-drifting 
seedling tropical cyclone in 10 will rip
en and contract into a hurricane. 

This process is the main puzzle of hur
ricane physics. A great revolving low
pressure vortex, fed energy by the con
densation of heavy rain as the central air 
rises and cools and spun by the rotating 
earth as the inflowing winds converge, is 
not yet a hurricane. A tornado is not 
a hurricane either. Indeed, many hurri
canes spawn an entire family of torna
does of their own, small-scale vortexes 
of brief lifetime. A severe hurricane is a 
whirl of substantial duration, days or 
weeks, with the pressure drop reaching 
10 percent, and the core winds bordering 
the calm center rising to 1 20 miles per 
hour around a circuit 40 miles in diame
ter. A foot of rain may fall on a typical 
station "for a moderate hurricane mak
ing a direct hit. " Tropical rainstorms of 
much less character often generate three 
times that much rain. 

It appears that the hurricane is as 
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much a creature of the warm seas as any 
dolphin. The requisite heat energy is fed 
into the inflowing surface winds by the 
massive spray the winds gather from the 
sea surface. The calmer ocean air into 
which the surface winds blow has plenty 
of latent energy, but the higher tropical 
air layers into which it ascends are them
selves warm and moist. The extra sea
water caught up by the speeding surface 
winds makes a decisive difference; the 
increment releases energy by condensa
tion much more efficiently. 

The angular momentum whose con
servation speeds up rotation as the 
winds flow inward is also under ocean 
control. If spin were conserved strictly 
within the air alone, the pressure differ
ences would be quite insufficient to draw 
the spinning winds in close to the core. A 
balance would be found at greater dis
tances and lower speeds; the hurricane 
would remain a wide, slow-spinning cy
clone. It is sea friction that robs the 
winds of some of their rotational mo
mentum; they can then draw in so close 
that they blow at hurricane speed. It is 
this central balance induced by friction 
with the storm-torn sea that maintains 
the structure of the vortex. 

All of this is made clear in careful 
discussion, with a few equations and 
impressive documentation by real and 
model data. The basic account is extend
ed toward reality to include storms in 
interacting pairs, oscillations, sudden 

changes in path and intensity and the 
complex outside influences of wind and 
weather far from the tropical core. Pho
tographs from orbit, the most complete 
dynamical models updated by bulle
tins from the wind-tossed research air
planes, and strong statistical patterns do 
not yet guarantee any hurricane track. A 
map shows Belle in 1 976, her landfall 
200 miles west of all four of the wide
spaced tracks assigned a day earlier by 
four operational models. 

The entire volume is an impressive ac
count of how far we have come in un
derstanding hurricanes. The goal, how
ever, has not yet been reached. It is 
enough to say that hurricanes are found 
from African waters west to the Carib
bean (many leap Central America to vis
it Pacific shores). They are plentiful in 
Japan and Indochina, and they do not 
neglect the Bay of Bengal. They are 
strong down under too, spinning over 
the lonely atolls to strike Australia and 
the shores of the Timor Sea, and they 
are spawned across the entire Indian 
Ocean to attack the Zanzibar coast. In 
fact, they are familiar on every leeward 
tropical shore, with one exception: no 
hurricane has ever been reported in the 
South Atlantic. The counterpart to the 
North Atlantic prototype, made known 
to Europeans first by Christopher Co
lumbus himself, is missing. Why? The 
South Atlantic is too small, it is too cold, 
its winds are cool, the westerlies are too 

strong; "the reader is invited to believe 
in the hypothesis of his choice, but our 
most honest statement is that we just 
don't know." 

T ONG-SPAN BRIDGES: O. H. AMMANN 
L CENTENNIAL CONFERENCE, edited 
by Edward Cohen and Blair Birds
all. (Annals 0/ the New York Academy 
0/ Sciences. Volume 352). The New 
York Academy of Sciences ($54). THE 
DEVELOPMENT OF LONG-SPAN BRIDGE 
BUILDING, edited by Tom F. Peters. 
ETH ZUrich, distributed in the U.S. by 
Interbook, Inc., Room 277, 6 1 1  Broad
way, New York, N.Y. 1 00 1 2  ($ 1 9.50). 
At any given time one expects that 250 
vehicles are rolling high above the Hud
son River on a roadway grandly borne 
by the steel catenaries of the George 
Washington Bridge. That splendid 
structure, as evocative of New York as 
the Golden Gate Bridge is of San Fran
cisco, was opened just 50 years ago, in 
October, 1 93 1 .  In that same season the 
Bayonne Bridge, linking Staten Island to 
the mainland across the Kill van Kull, 
also was opened to traffic; it was then the 
longest-span steel arch bridge in the 
world, a lead it held until 1 976. The 
George Washington Bridge spanned 
about twice as far as its longest prede
cessor, a bold step outward; since 1 93 1  a 
number of suspension spans have been 
built that are longer than the George 
Washington, but they grew by much 
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smaller increments. The new record 
holders, the English Humber Hull span 
and its twin across the Severn, are only a 
third longer than the Hudson crossing, 
even though they were built nearly 50 
years later. 

The chief designer of both of those 
great New York bridges of 193 1, as of 
the Triborough and the Verrazano-Nar
rows, of the Throgs Neck and the 
Bronx-Whitestone, and a young design 
participant in the Hell Gate and the 
Queensboro, was Othmar H. Ammann. 
His hand is strong in the Golden Gate 
Bridge as well, and when the profession 
learned from the writhing collapse at 
Tacoma Narrows that aerodynamics 
was part of civil engineering, the man 
who led the investigation into the cause 
was Ammann. He had come to New 
York in 1 904, his degree from the Swiss 
Federal Institute of Technology two 
years old, "with only an engineering di
ploma in my pocket and little practical 
experience. I came here eager to learn." 
Learn he did, working beside the most 
powerful engineers of the high railroad 
era until he became the first Chief 
Bridge Engineer of the new Port Au
thority of New York and New Jersey in 
1924. His was the time of the more flex
ible and ambitious highway bridges that 
underlay the ascendancy in American 
life of suburb and city and their link
ing highways. Ammann entered private 
practice on his retirement just before 

World War II, and he lived to see the 
traffic flow across his Verrazano-Nar
rows Bridge, "six months ahead of 
schedule and 10 months before his 
death" in 1965. 

These two books celebrate this engi
neer and his legacy of utility and beauty. 
Neither work is biographical. The New 
York book offers a set of papers orga
nized by Ammann's colleagues and suc
cessors, the students and operators of 
his bridges and of the bridges that have 
grown since his day. The Swiss book, an 
exhibition catalogue of visual pleasure 
and intellectual distinction, is a tribute 
by the Swiss Federal Institute to a great 
alumnus. It takes the form of a sweeping 
but concise pictorial overview of the en
tire history of long-span bridges, from 
the days of the emperors of Rome, those 
rulers among whose titles was pontifex. 

A few themes are strong in the report 
of the conference, which was held at the 
end of 1980. It was of course markedly 
international. No longer is the automo
bile the mass transport of America and 
only a sportsman's privilege in the Old 
World. The longest suspension bridges 
now cross British waters. Between 1982 
and 1987 five new spans will open in Ja
pan. The speedy products of Nagoya 
will cross the straits between Honshu 
and its neighboring islands, all five 
bridges of Hudson River proportions. 
(Two will carry the bullet trains.) There 
is a project for a three-kilometer bridge 

n n • 

across the Strait of Messina between 
Sicily and the toe of the Italian boot, 
which would double the present longest 
span, just as Ammann did in 193 1. 

Steel wires, only five millimeters 
thick, are still aligned by the tens of 
thousands to share the record loads. The 
Brooklyn Bridge built by the Roeblings 
is New York's century-old exemplar of 
this marvelous technique. The cables of 
the Verrazano-Narrows, like those of 
the new British bridges, were spun by 
the same method as those of the Brook
lyn Bridge; "I suppose because the sus
pension bridge is such a basic idea there 
has been little room for improvement." 
The work is faster now; four wheels shut
tled swiftly to and fro across the Nar
rows carrying four wires each, where 
Roebling watched only one loop of two 
wires wheeling across the East River, 
paying out at a fourth of the modern 
speed. On the spans at Newport and in 
Wales and on the big Japanese spans, 
however, the small wires have been fac
tory-laid in parallel strands of some 90 
wires each, prefabricated to exact length 
and shipped on big reels. These 30-ton 
strands are then carefully set in parallel 
across the pier saddles and compacted 
into big cables of 100 or 150 such bun
dles-faster still. 

The longest spans are still laid down 
one wire at a time: air-spinning, Profes
sor Ichiro Konishi calls it in the Am
mann centennial volume. The details of 
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"What are you doing about Japan?" It's a quest/on we are asked 
almost daily 

It may be the s/ngle most important quest/on Amer/can business 
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It wtll be good for America to correct the impression many Americans 
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impression is false. 

It wtll be good for Japan because Japan relies on a strong confident 
America as a trading partner and ally 

It wtll be good for us because by learning how Motorola is meeting the 
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Now, don't get us wrong. We respect Japanese businesses. They are 
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to do things even better in the weeks and months to come. 

At Motorola, these things take the specific form of the development of 
new technology, employee participat/on in management, quality standards, 
accomplishments in productivity, effect/ve cooperation with our government 
in foreign trade, and many other programs, products and plans of a company 
that is succeeding now and committed to perfection. 

These will be the subjects of ads to come. 
Motorola understands the challenge from Japan. 
You can be sure we're not leaving it unanswered. 

® MOTOROLA A World Leader In Electronics 

Quality and productivity through employee participat/on in management. 
CI981 Motorola Inc 

55 

© 1981 SCIENTIFIC AMERICAN, INC



fastening, weatherproof wrapping and 
inspection are ingenious. Practical good 
sense still counts. Another contributor 
to the volume reminds his audience of 
how one torques bolts in order to verify 
bolt tension, a tedious job of loosening 
and resetting each of the big bolts that 
bind the cable. "We stenciled the un
stressed length of the bolts directly on 
the bolt head"; tension could then be 
confirmed with a steel tape. 

A quite new style of cable-supported 
bridge is growing in importance and 
promises to become the standard for all 
substantial spans but the very longest. 
The cable-stayed bridge relies on many 
thin cables, held taut by a post or a pier, 
instead of the few gently curving mas
sive supports of the classical suspension 
bridge. With long decks of steel or rein
forced concrete, these bridges resemble 
great harps, tents or looms. Among the 
best-known of this new class are the 
bridge at Cologne (its one off-center 
tower paying homage to the cathedral 
spire) and the Brotonne bridge in France 
(two symmetrical towers carrying in one 
plane many stays that fan out and down 
to their fastenings along the entire cen
terline of the highway). 

A project for a wild California river, 
at Ruck-a-Chucky, shows a high, curv
ing concrete roadway stayed by cables 
holding it to both sides of the tortuous 

canyon, a tour de force of design. The 
firm that designed it, headed by T. Y. 
Lin, projects another truly ambitious 
scheme. It proposes an Inter-Continen
tal Peace Bridge, braving the inclement 
weather, both political and meteorologi
cal, of the Bering Strait. This sea bridge 
would consist of 220 double-cantilev
ered tubular concrete sections, each 
1 ,200-foot section supported by a single 
central pier and its wide-fanned stays! 

Error is not forgotten. Ammann's 
bridges never had much trouble with 
the wind-induced torsional flutter that 
wrecked Galloping Gertie of the Taco
ma Narrows. The solution was (and is) 
twofold: a sufficiently stiff deck has nat
ural oscillation frequencies so high that 
normal winds will not induce vortex for
mation rapid enough to resonate. Then a 
"porous" deck design, full of channels 
and openings, can break up the regu
lar vortex patterns. A subtler approach, 
perhaps, is favored by the British de
signers, who streamline the deck cross 
section to make a "winged box." 

Simpler rectangular deck sections al
Iow a much cheaper second roadway, 
often a genuine advantage. Experience 
and Ammann's kind of devoted vigi
lance were in earlier times as effective as 
the careful wind-tunnel tests of our day. 

The older history of daring bridge 
building is full of interest. The bulk of 

the Swiss exhibition catalogue is trilin
gual; only a few final essays are in En
glish, French or German. It would be 
fruitless to summarize this richness. A 
few high points: The first wire-cable sus
pension bridge was built at Geneva in 
1 823 by General G. H. Dufour, a full 40 
meters in span, all wires prestressed so 
that none hung slack. The first iron sus
pension bridges were built in Yunnan in 
about A.D. 65, if tradition is to be cred
ited. The first-known builder of iron 
chain-link bridges, several of which still 
serve daily as scary but durable unstif
fened pedestrian crossings in the Hi
malayas, was the monk Thang-Stong 
rGyal-Po, his time 1 3 85- 1 464; his pic
ture appears in the catalogue. The pages 
that describe the bridges of Robert 
Maillart are splendid. If by now one is 
familiar with the white bone of his Salgi
nato bel bridge in the Alps, one is not 
prepared to meet the elderly builder 
Richard Coray, who specialized not in 
bridges but in their temporary centering, 
or wood scaffolding. His centering for 
Maillart's mountain masterpiece is a 
transient work of high art. 

FROM ART TO SCIENCE: SEVENTy-Two 
OBJECTS ILLUSTRATING THE NATURE 

OF DISCOVERY, by Cyril Stanley Smith. 
The MIT Press ($25). A SEARCH FOR 
STRUCTURE: SELECTED ESSAYS ON SCI-

The fastest trains in the world are France's 
new TGVs. 

electrically-powered trains for the Paris-to
Lyons run. 

56 

They just set a world record, going 238 
miles an hour. 

(TGV; inCidentally; stands for Tres Grande 
Vitesse. Which is French for "very great 
speed:') 

The French Railways commissioned these 

Even at their regular cruising speeds, the 
TGVs will do this 263-mile stretch - a distance 
greater than New York to Washington, D.C. 
in under two hours. 

How can trains fly at such speeds without 
shaking up their passengers? Or shaking 
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ENCE, ART AND HISTORY, by Cyril Stan
ley Smith. The MIT Press ($30). The 
first of these two celebratory volumes 
brings the reader some ripened and col
orful fruit out of a lifetime's insight and 
taste. In 1 978 Cyril Stanley Smith and 
Jon Eklund chose 72 objects for exhibi
tion both in Washington and in Cam
bridge, Mass. The objects range from a 
sample of ocher simulating an Upper 
Paleolithic pigment to masterpieces of 
the potter, the weaver, the armorer, the 
artist and the scientist. Most of them are 
strikingly presented in fine color plates, 
and the viewer is "expected first to be
come lost in simple enjoyment of their 
beauty." They also serve, however, to 
document a summary of the properties 
of materials as one after another new 
potential has engaged artists, artisans 
and at last analysts over the entire histo
ry of our species. 

The evidence is presented in seven 
sections, each section with a brief evoca
tion of what the mind can tell the eye 
about how those delights came to be. 
Each object is itself the topic of a specif
ic paragraph; the exhibition (with one 
entire dimension, alas, lacking) is here 
on paper. A few of the displays may 
serve to encourage entry. An Attic vase, 
the famous red-and-black ware from 
Lekythos in about 500 B.C., stands 
gracefully before the viewer. The deep-

themselves off the track? 

er story is plain. The red and the black 
alike are visual conseq uences of the iron 
present in the fine-grained potter's clay. 
That much is well known; it is the fact 
that both remained black during the 
main firing that is less familiar except 
to the experts. Then, toward the end of 
the firing, the atmosphere of the kiln 
became oxidizing. The painted pattern 
reddened, as oxygen diffused into the 
matrix to change the ferrous ions to fer
ric. The areas that remained black had a 
small addition of alkaline flux; their sur
face was slightly vitreous. There the oxi
dation was slowed; the adept kiln work
er had to know just how long to fire. A 
check on this model is now opened to 
the observant viewer: at a sharp break 
along the profile of the vase, the glaze, 
"being very thin, is turning red." 

A section on the discovery of acids 
brings together a carnelian bead from 
old Harappa on the Indus, an etched 
seashell from Snake town Pueblo in Ari
zona, a copper-plate etching from the 
hand of Rembrandt van Rijn, and a mar
vel of a Damascus blade, its watery pat
tern visible only after etching. Here too 
is a pre-Columbian crocodile, figured in 
tumbaga, a gold-copper alloy carefully 
corroded by a preparation of weathered 
ferric sulfate hydrate (the mineral sam
ple is also shown) to achieve "depletion 
gilding." The baser metal was removed 

from a thin layer to leave the outer sur
face pure gleaming gold. 

A section on crystals shows a jade 
disk, a crust of decorative calcite crys
tals, the actual wood stacked-ball crys
tal models made by William Hyde 
Wollaston around 1 820, a meteorite, 
a sword guard and the pattern formed 
by the dendritic crystals that grow as 
a small antimony ingot solidifies and 
shrinks, known to the alchemists and 
to Isaac Newton as the mystical Star 
of Antimony. Professor Smith remarks 
that the Linnaean classifications of the 
1 8th century included the mineral king
dom, noting "that the variation between 
individuals was much greater than 
among animals. (How different from the 
modern view, which emphasizes the un
alterable internal symmetry of the crys
tal lattice rather than the external acci
dents of growth!)" 

For the second of these books Profes
sor Smith selected 14 of his papers, 
some quite long, as being of interest to 
the general reader. Out of the nearly 200 
papers he has published, starting with an 
undergraduate one on copper welding in 
1926, "not one has survived from the 
period of professional work as an indus
trial metallurgist." There are, however, 
some four dozen of those in the com
plete bibliographic list. The bibliogra
phy also alone points to wartime experi-

The TGVs are cushioned by Koni® shock 
absorbers, made by the same people of ITT 
who make Koni shocks for high-performance 
automobiles. 

And while they're doing so, they also help 
keep the TGVs safely on the tracks. 

That's important, obviously. 
Because when you're going tres grande 

vitesse, you want tres grande security, too. 
Aboard the TGVs ten of these shock 

absorbers are mounted between each pair of 
cars to steady and smooth out the ride. 

The best ideas are the Imm 
ideas that help people. .L.L 
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I not until I had your book that it became clear what Prompt shipment �'-1" � /e",::7. � A 

I 
the calculus was all about, Now I can go through the guaranteed. YVf- .. r.-a-y L 
other books and see what they are trying to do. With Thank you! 
your book and a calculator the whole idea becomes 

Box 974�L:.�':;: J:����C�I��r�:P�i6�·: 6 I clear in a moment, and is a MOST REFRESHING 
In Calif. (also AK and HI). call 714-497.3600; 0 EXPERIENCE. I program some of the iterative pro/>- elsewhere TOLL FREE 14.hour Credit Card order" A I lems you suggest and it always GIVES ME A THRILL 8OO-8S4'()S61. Ext. 84S; Dept. A·S Y 
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ence, when Smith directed the brilliant 
group at Los Alamos that performed the 
plainly alchemical feat of mastering on 
demand the preparation and fabrica
tion of a brand-new element, the metal 
plutonium. 

Half a dozen book-long works are 
perforce omitted, a couple of them in
teresting monographs on the history and 
historiography of metallurgy, a few oth
ers admirable translations of classical 
texts on the history of materials. One 
misses the neat little study of the famous 
brass plate alleged to have been left 
north of San Francisco Bay by Francis 
Drake. The object yielded up to a few 
minutes of caliper work the damning in
formation that everywhere its thickness 
held to within a few mils of standard 
modern specs, a performance quite im
possible for brass founders in Queen 
Bess's day, 

Three of the longer papers will suffice 
to test the lot. The first, from 1952, is the 
most original piece of scientific material 
in the corpus. An exercise in applied to
pology, its discussion of the shapes of 
metal grains in the context of Pablo Pi
casso, fat tissue, soap froth and glass is a 
deep pleasure and a piece of powerful 
mathematics. Its chief result is the dem
onstration that five-sided faces of con
tact are to be expected to dominate all 
cellular arrays governed by surface-ten
sion forces. They do in the real world, 
the integers seeking in vain to manifest 
the optimal statistical rule: between 5 , 10 
and 5. 14 edges per face, 

Here very probably lies the innermost 
rationale of the decimal system; our five 
fingers reflect some such pathway within 
an ancient cluster of embryonic cells. 
These relations exemplify what has be
come a chief theme for Smith: there is 
profound interaction among the sever· 
al scales of any complex and growing 
structure. In the metal-grain example 
the rigorous but quite general rule of 
topology that binds all networks, regu
lar or irregular, is in a kind of struggle 
with the boundary forces, which seek as 
best they can locally to reach energy 
minimums at every surface, 

A long essay bears the modest title 
"Metallurgical Footnotes to the History 
of Art." It is a wonderful stroll led by a 
master through half a dozen traditions 
that have given rise to objects of the 
highest virtu, east and west. Beads, pots, 
bells, swords, cups, armor and jewelry 
are closely observed and knowingly per
ceived. One closing remark may open 
up the future to a view still deeper than 
the one we now have: the "balance be
tween local and regional requirements, " 
like the metal grains regarded in a topo
logical mode, may please the eye be
cause our perceptual mechanisms them· 
selves have a similar hierarchy, either in 
space or in response times or in botn. 

This entire topic has been carried to 
the point of philosophical generality in 
Professor Smith's most recent papers in 
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Get The Most From 
Your Small Computer 

Magazines 
Creative Computing: 
The magazine for everyone 

Creative Computing has four things that 
set it apart from other magazines. (1) Hard
hitting, in-depth, honest evaluations of 
computers, peripherals and software. (2) 
An incredible diversity of applications and 
software that readers can run directly. (3) 
Award-winning articles by top thinkers and 
doers in the field. (4) A unique style com
bining clarity, integrity and flair. 

As the premier magazine for beginners, 
it is our solemn responsibility to make 
computers comprehensible to the new. 
comer. However, beginners become experts 
remarkably quickly so we publish applica
tions and programmming techniques for 
all levels of expertise. It is our goal to publish 
the new and important ideas of the field in 
such a way that a 14-year old student, a 
business manager or a relaxing professional 
can understand and use them. 

Along with tutorial articles and new 
applications, we present the hardest-hitting 
evaluations in the field. New systems, 
peripherals and software are reviewed in 
depth and without bias. We feel that our 
first obligation is to our readers and that 
editorial excellence and integrity are our 
highest goals. $20 per year. 

Small Business Computers: 
The magazine for the businessperson 

Small Business Compters provides timely 
product information, tutorials, reviews, and 
applications for mini, micro and pocket 
computers. Contributors are experts in their 
fields and adept at providing pragmatic 
information to businessmen who realize 
the benefit of making the mos efficient use 
of their computer systems. $12 per year. 

M icrosystems: 
For the CP/M and S/100 user 

Books 
Basic Computer Games: 
More Basic Computer Games 

Why have half a million people purchased 
these books? Obviously, one reason is to 
play the great selection of 185 games and 
simulations, ranging from classics such as 
Hurkle and Star Trek to historically important 
programs such as Eliza, the therapist pro
gram. Another reason is to learn Basic. 
There is, perhaps, no better way to gain an 
understanding of the language than through 
program listings. You can learn while you 
evade a man-eating rabbit, crack a safe, 
tame a wild horse, become a millionaire, 
race your Ferrari, trek across the desert 
on your camel and much more. Both books 
are in standard Microsoft Basic. $7.95 
each. 

�� � 
Computers for Kids: 

Starting Out Early 

This popular book provides children with 
a complete, easy-to-understand, step-by
step guide to programming in Basic. No 
need to know algebra; suitable for ages 8 
and up. The book gets quickly into graphics 
for each computer, and includes many 
sample programs. 

A section for parents and teachers offers 
teaching ideas for each chapter. Computers 
for Kids comes in three editions: TRS-80, 
Apple and Atari. $3.95 each. 

Computers in Mathematics: 
A Sourcebook of Ideas 

This huge 224-page sourcebook contains 
sections on computer literacy, problem 
solving techniques, art and graphics, sim
ulations, computer assisted instruction, 
probability, functions, magic squares, and 
programming style. One section includes 
over 250 problems, puzzles, and program-
ming ideas. 

Pragmatic, ready-to-use classroom ideas 
are presented for everything from binary 
numbers to advanced techniques such as 

Each bi-monthly issue of Microsystems multiple regression analysis and differential 
has articles, applications with complete equations. Includes program listings and 
program listings, tutorials, and new product sample runs. $15.95 
news especially for users of CP/M and S-
100 systems. Emphasis is on Pascal, C, 
and other development languages. $10 per til tl tl rl L\ year. � CP88 V8 compil RM �.Jl 

Software 
Air Traffic Controller: 
You're in the hot seat 

Try this game and you'll understand the 
recent threatened strike. This simulation 
gives the player real-time control over 27 
craft that enter his air space. Give the right 
orders and there's no problem. But send 
two planes to the same runway and watch 
outl Written by an actual air traffic controller, 
it has variable skill levels and realistic detail 
that will keep you challenged for months. 
Land one of your own on the TRS-80, Apple 
or Atari. 

.. . :it: " . 
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A frantic, fast-paced romp that can be 
played for hours, Blisterball is the first truly 
original arcade-type game for a home 
computer. As the bouncing balls drop from 

above, the player moves his laser base 
and tries to shoot them. It's easy at first-with 
just one ball. Then come two, then three. 
It's getting harder. Four balls come. and 
finally five. Surviving them, the player gets 
to shoot at inelastic bonus balls. If he makes 
it this far, the second round starts. The 
balls bounce lower, the walls close in. 
Shades of Poe and Newtonl Making superb 
use of Apple graphics and sound, Blisterball 
can be played by one or two people. 
$29.95. 

Computer Music Festival Record 

Bach to Beatles in Binary 

This 12" LP of the Philadelphia Computer 
Music Festival features 8 different computer 
music synthesizers programmed to play the 
music of J.S. Bach, J. Pachelbel, Rimsky 
Korsakov, Scott Joplin, Neil Diamond, 
Lennon and McCartney, and seven others. 
The music ranges from Baroque to Rock, 
Traditional to Rag, and even includes an 
historic 1963 computerized singing demon
stration by Bell Labs. $6.00. 

The Catalog 

250 Other Great Products 
Free 48-page catalog describes 20 books 

on programming, games, and educational 
applications; 160 software packages for six 
popular computers; five peripherals; and 
many other products for personal computer 
users. 

Morris Plains, NJ 07950 
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print. One briefer essay treats of art, in
vention and technology, all interwound. 
It argues strongly for study of the past, 
taking the testimony of things no less 
carefully than that of books. This ten
dency is now a winning one in the his
tory of technology, in some part after 
Smith's example. Here is the wonderful 
insight (although it is found in many an
other form) that for any novelty not ut
terly simple (the bookish historian often 
lets mere names obscure this decisive 
detail) necessity cannot be the mother of 
invention but only of improvement. The 
first venture along an uncertain path to a 
new material, device or process is too 
halting to carry a useful burden. It is free 
curiosity and aesthetic enjoyment that 
can better afford the risk of innovation. 

Any metallurgist named Smith has 
heard his fill of wordplay. Around Cyril 
Smith, however, the ambience of in
quiry is so strong that it seemed a good 
idea to look up the old word. It proved 
to be worthwhile: the Middle English 
manuscripts called by the title of Smith 
that elderly man who once fled with a 
young wife and her babe into Egypt. 
Now, they did not think that Joseph of 
Nazareth was a forge worker; he was a 
good workman, handy with tools, faber 
in the Latin texts. The old meaning is apt 
for this Smith too, a man equally at 
home with his hand on the microscope 
or above the etching bath, pondering a 
subtle vellum manuscript or a compli
cated phase diagram, a scientist, a reflec
tive craftsman, a scholar, a teacher and 
a connoisseur. "All my early interests 
were narrow, pretty much confined to 
experimental science. I had not a single 
University course that was not directly 
technical in content. . . .  One can learn 
without being taught." 

In 1 93 1 the American Brass Compa
ny's young research leader on new cop
per alloys (with a staff of two) married a 
student of English social history. Alice 
Kimball Smith is now the perceptive his
torian of the scientists' movement in 
America around the control of nuclear 
energy. One can learn in many ways. 
"From beginning to end I have been a 
simple metallurgist," he wrote recently, 
"using metals and their structure as a 
kind of inverted touchstone to assay all 
things." 

THE COMING OF THE AGE OF IRON , ed
ited by Theodore A. Wertime and 

James D. M uhly. Yale University Press 
($27 . 50) .  An explicit and "fitting tribute 
to a most uncommon man named [Cyril 
Stanley] Smith," this volume is itself a 
most uncommon book. Such sets of vol
unteered essays by the colleagues and 
friends of an influential scholar are fre
quent enough, but most of them remind 
the reader of a class of precocious 
youngsters seeking to earn their teach
er's attention; the pitch is set by compe
tition, not contribution. This book is ex
ceptional, and therein lies its strength. 
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Sixteen colleagues scattered from Salt 
Lake City and both Cam bridges to 
Prague and Cape Town have created a 
coherent account "by each fashioning a 
branch of the common tree." 

The branches are diverse . There are 
the key phase diagrams-iron-carbon 
and copper-tin-and the unity of the 
free-energy curves for oxide formation, 
which catch the inherent thermodynam
ics of raw materials and the relative ease 
of their refinement that underlie all ear
ly use of metals. There are detailed ar
chaeological excavation reports, seek
ing to draw clear arguments from par
ticular finds. There are analyses and 
micrographs, reconstructions of ancient 
furnaces and processes, and studies of 
ethnographic survivals of ancient skills. 
Best of all, there is a catholicity of site 
and evidence that suits the "mysteries 
and beauties of human artifice."  

The pharaoh Tutankhamen was 
equipped for the afterworld with two 
ceremonial daggers. Each had a deco
rated hilt and a gold sheath. One had a 
blade of hardened gold, a wonder in
deed. The other? Its blade was iron. So 
precious is that iron dagger held in Cai
ro, so rare today is such an old piece of 
worked iron, that it was not sent around 
the world with the other treasures of 
that tomb. We know just 14 objects of 
iron older than 3000 B.C. Most of them 
are meteoritic iron; a few are smelted 
from the ore. It was not the cheapness 
or usefulness of iron that first led the 
smith to it. 

The metal is thus new to our species. 
The special nature of the abundant tran
sition element iron was already admired 
by Homo erectus, however, before ever 
Homo sapiens came. The story of the pig
ments called ocher, the three chief ores 
of iron, begins about 3 00,000 years ago 
at a site near Nice. The pieces are worn 
with use; they were probably collected 
"along the daily hunting trails ." Is the 
iron of our blood the crimson model for 
this ancient interest, as later burials 
seem to imply? 

We cannot easily learn that, but we 
can begin to see how ironworking arose 
out of the earlier use of lead and copper. 
The silicate fluxes that aided [he win
ning of these metals always held iron, 
abundant in the crust of the earth. In 
1 962 a visit to a modified traditional 
lead-smelting furnace in Iran disclosed a 
3 ,OOO-pound "bear" of iron, a by-prod
uct of the long use of hematite as a flux 
with the lead ore. (Cyril Smith and 
Theodore A. Wertime were the visitors.) 
The result is now well founded archae
ologically. No campfire or kiln led to 
iron; metal begat metal. 

The thrust of this work, far too richly 
detailed to summarize in a review, is re
ally the variety of paths men took to 
iron. In China and in Africa distinct fur
nace techniques led to quite distinct 
products. Useful iron, not iron as a won
der and a rarity, depends on the insensi-

ble alloying of iron with carbon. Char
coal, the invariable fuel of the a

'
ncient 

metallurgist, serves three roles. From it 
came heat; that was evident, deliberate . 
The chemical reduction needed to make 
iron also called for the presence of car
bon, although since reduction can be 
mediated in the gas phase, through car
bon monoxide, the process is far from 
obvious. Finally, the charcoal provides 
an essential hardening alloy for useful 
iron, iron hard enough to be competitive 
with the better bronzes of ancient times; 
that was not realized until acid analyses 
of iron samples were done by Torbern 
Bergman of Uppsala in the 1 7 80's. 

This complex story is best understood 
by the comparative method. The pro
duction of "working iron" for cutting 
and piercing tools seems to have begun 
in Anatolia around 1 500 B.C. or even 
earlier; by 1 200 B.C. or so the deliberate 
carburization and quenching of iron had 
begun the Iron Age in the lands border
ing the Mediterranean Sea. For Homer 
the tempering of iron was a contempo
raneous source of metaphor. In China 
and in Africa, to be sure rather later 
than the time discussed, the route is en
tirely distinct; in a related way, although 
not by simple transfer, both lands saw 
steel or cast iron, not the hammered 
product of the Mediterranean, come 
straight from the furnace. Chinese cast 
iron had too much carbon, African iron 
had a useful amount direct from the fur
nace. In neither place was the discovery 
of carburization the key to progress. 

In America the Andean lands saw no 
ironworking at all. Even the use of tin 
bronze came just before the conquista
dors. The expert evaluation suggests 
ideological reasons behind all of this. 
Was not gold the color of the zenith-
al sun? Here there is more to be said. 
At the heart of ironworking lie econom-
ic issues; iron was everywhere the local 
metal. The rise of iron among tradition-
al bronze users in the Aegean may well 
have been a response to the disturbance 
of the trade in distantly mined tin. The 
Inca rule spread tin bronze as it spread 
Cyclopean masonry among its Andean 
subjects. Was that not, however, in past 
the need of the imperial tax collector for 
planned production? The sophisticated 
arsenical bronzes of the Andean metal
lurgists before the Incas depend on that 
volatile and irregular alloying agent. -
There is more to do, much more, before 
we can finally unravel all the way.s to the 
age of iron, even the road not traveled. 
. It is ungrateful to enter any complaint 

against this important work, but one 
does miss a chapter on iron in India, the 
only important locus omitted. A page or 
so on the crucible steel of India and its 
spread to the west as the Damascus 
blade is not enough. It may be that the 
populous banks of the Ganges were first 
cleared and settled under the economic 
impetus of cheap and locally made tools 
of iron. 
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NOW ALL THE BEST BOOKS ABOUT 
Q: Is this the only 
universe? 
A: Reasoning from quan
tum theory, some scientists 
now believe there may be 
other universes in addition to 
our own-perhaps an infinite 
number of them! All of the 
universes, including ours, 
would be em bedded in a 
mind-boggling entity called 
"superspace." 
(See Other Worlds) 

Q: What common 
creature is a direct 
descendant of the 
dinosaurs? 
A: There may be one 
perched on your windowsill 
right now-the bird. Not only 
are birds direct descendants 
of the dinosaurs, but some 
biologists think they're even 
eligible for the title "living 
dinosaurs." (See Extinction) 

Q: What fish goes 
fishing complete with line 
and bait? 
A: It's called an angtertish. 
It looks like a rock, and thus 
camouflages itself on the 
ocean bottom. Coming out 
of its mouth is a thin, wiggly 
structure that resembles a 
piece of string. At the end 01 
the "string" is another struc
ture that looks exactly like 
a tiny fish-an exquisitely 
accurate fake complete with 
eye-like spots of pigment, fins 
and tail. When an unsu spect
ing fish tries to snare the 
decoy, the angtertish makes 
a quick meal of the visitor . . 
(See The Panda's Thumb) 

1 59 The Comet Is Coming! 
The Feverish Legacy of 
Mr. Halley. Nigel Calder 
(Pub price $ 12.95) 

1 1 9 Until the Sun Dies 
Robert Jastrow. A clear 
explanation of current 
scientific thought on the 
creation of the universe 
and the origins of life. 
(Pub price $8.95) 

1 7 1  The Tigris Expedition: 
In Search of Our Beginnings. 
Thor Heyerdahl. High 
adventure and danger in an 
archaeological search for 
our beginnings. 
(Pub price $ 17.95) 
1 90 Winning: The 
Psychology of Competition. 
Stuart H. Walker 
(Pub price $ 1 1 .95) 
1 80 Genesis: The Origins 
of Man and the Universe. 
John Gribbin. A time trip 
from the universe's birth to 
its probable end, showing 
mankind's place within it. 
(Pub price $13.95) 

1 0 1  Mysteries of the Past 
Text by [jonel Casson, 
Robert Claiborne, 
Brian Fagan and 
Walter Karp. Editor: 
Joseph J .  Thorndike, Jr. 
(Pub price $34.95) 
1 85 Green Wisdom 
Arthur W. Galston 
(Pub price $12.95) 
1 1 7 Prehistoric Avebury 
Aubrey Burl. Striking 
photographs and a 
fascinating text explore the 
mysteries and magic of 
"the most spectacular 
prehistoric monument in 
the British Isles." 
(Pub price $ 19.95) 
1 35 From Atoms to 
Quarks: An Introduction to 
the Strange World of 
Particle Physics. 
James S. Trefil 
(Pub price $12.95) 
1 06 Without Me You're 
Nothing: The Essential 
Guide to Home Computers. 
Frank Herbert with 
Max Barnard 
(Pub price $14.95) 
1 05 GOdel, Escher, Bach : 
An Eternal Golden Braid. 
Douglas R. Hofstadter. A 
metaphorical fugue on 
minds and machines in the 
s
.
£irit of Lewis Carroll. 

(Softcover) 
(Pub price $9.95) 

1 20 The Dancing Wu [j 
Masters: An Overview of 
the New Physics. Gary 
Zukav. The new physics 
clearly explained, revealing 
its surprising relationship 
to Zen. (Pub price $ 12.95) 
1 8 1  An Imagined World: 
A Story of Scientific 
Discovery. June Goodfield 
How the discoveries are 
really made. "The best 
book about science since 
Loren Eiseley's The 
Immense Journey" 
-Freeman Dyson, author 
of Disturbing the Universe. 
(Pub price $ 1 2.95) 
1 72 Genetic Prophecy: 
Beyond the Double Helix. 
Dr. Zsolt Harsanyi and 
Richard Hutton 
(Pub Price $ 1 3.95) 

1 58 Timewarps. John 
Gribbin. A fascinating 
discussion of time-its 
history in human thought, 
current scientific 
knowledge and the 
possibilities of such things 
as time travel, parallel 
universes and 
reincarnation. 
(Pub price $8.95) 
1 00 Einstein's Universe 
Nigel Calder. A fascinating 
and lucid explanation of the 
theories that changed 
man's understanding of 
time, space and motion. 
(Pub price $10) 
1 83 Basin and Range. John 
McPhee. (Pub price $ 1 0.95) 

1 60 Jane Brody's Nutrition 
Book : A [jfetime Guide to 
Good Eating for Better 
Health and Weight Control . 
Jane E. Brody 
(Pub price $ 17.95) 
1 78 Dover Logic Books: My 
Best Puzzles in Logic and 
Reasoninff" Hubert Phillips 
("Caliban ') ; Recreations in 
Logic, D. G. Wells; Test Your 
Logic: 50 Puzzles in 
Deductive Reasoning, 
George J. Summers; 
Puzzles in Math and Logic: 
J 00 New Recreations, 
Aaron J. Friedland. 
(4 Vols.) (Soft,overs) 
(Pub prices total $7.50) 
1 50 Sex in History 
Reay Tannahill 
(Pub priCe $ 1 7.95) 
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1 03 Cosmos. Carl Sagan 
(Pub price $ 19.95) 
123 Lucy: The Beginnings 
of Humankind. Donald 
Johanson and Maitland 
Edey. (Pub price $ 16.95) 

1 69 208 1 :  A Hopeful View 
of the Human Future. 
Gerard K. O'Neill 
(Pub price $13.95) 
1 84 Cosmic Discovery: 
The Search, Scope, and 
Heritage of Astronomy. 
Martin Harwit. From black 
holes to infrared galaxies, 
the unfolding story of 
today's astronomy and the 
men who are making the 
discoveries. 
(Pub price $25) 
146 Fieldbook of Natural 
History (Second Edition) 
E. Laurence Palmer 
Revised by H. Seymour 
Fowler. (Pub price $23.50) 

1 02 A Child Is Born 
(Revised Edition) 
Photographs by Lennart 
Nilsson. Text by Mirjam 
Furuhjelm, M.D. ,  Axel 
Ingelman-Sundberg, M.D. ,  
and Claes Wirsen, M.D. 
(Pub price $14.95) 

1 30 Sand Rivers. Peter 
Matthiessen Photographs 
by Hugo van Lawick. A 
visit to Africa's largest and 
least accessible wildlife 
sanctuary with the author 
of The Tree Where Man 
Was Born. 
(Pub price $19.95) 
125 Maps of the Mind 
Charles Hampden-Turner 
A voyage through man's 
seat of consciousness, 
illustrated through a series 
of fascinating diagrams, or 
"maps." (Pub price $ 1 4.95) 
1 70 The Mapmakers 
John Noble Wilford 
(Pub price $20) 
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SCIENCE ARE IN ONE PLACE. 

From: 1be Grand Tour © 1981 by Ron Miller and William K H artmann reprinted by arran gement with the Publisher 

1 73 The Grand Tour :  A 
Traveler's Guide to the 
Solar System. Ron Miller 
and William K. Hartmann 
(Pub price $19.95) 
1 49 Science and the 
Supernatural. John Taylor 
A distinguished physicist 
investigates psychic 
healing, telepathy, 
psychokinesis and other 
paranormal phenomena. 
(Pub price $10.95) 
1 82 Are We Alone? 
The Possibility of 
Extraterrestrial 
Civilizations. Robert T. 
Rood and James S. Trefil 
(Pub price $14.95) 

167  Other Worlds: A 
Portrait of Nature in 
Rebellion; Space, 
Superspace and the 
Quantum Universe. Paul 
Davies.(Pub price $ 1 1 .95) 

I I  j Mathematical Circus 
Martin Gardner 
(Pub price $9.95) 

1 08 On Human Nature 
Edward O. Wilson. How 
human evolution is 
interwoven with human 
behavior. By the author of 
Sociobiology. 
(Pub price $12 .50) 

1 86 Interferon: The New 
Hope for Cancer. 
Michael Edelhart with 
Dr. Jean Undenmann, 
Co-discoverer of 
Interferon. What it is, how 
it works, what it may do. 
(Pub price $ 1 1 .95) 

1 88 Celebrations of Ufe 
Rene Dubos. A Pulitzer 
Prize-winning biologist 
reflects on what makes us 
human, refuting the notion 
that we are genetically 
predetermined. 
(Pub price $ 12.95) 
1 74 J .  Robert Oppenheimer: 
Shatterer of Worlds. Peter 
Goodchild. (Pub price $ 1 5) 

1 87 Extinction: The Causes 
and Consequences of the 
Disappearance of Species . 
Paul and Anne Ehrlich. 
(Pub price $14 .95) 
1 75 The Soul of a New 
Machine. Tracy Kidder 
(Pub price $12.95) 

1 6 1  A Field Guide to the 
Atmosphere. Vincent J .  
Schaefer and John A. Day 
(Pub price $13.95) 
1 76 The Hite Report on 
Male SeXUality. Shere Hite 
(Pub price $19.95) 

Dr.Iwing on the Right Side of 
the &Un 

- l. 

1 79 Drawing on the Right 
Side of the Brain: A Course 
in Enhancing Creativity and 
Artistic Confidence. 
(Sot/cover). Betty Edwards 
(Pub price $8.95) 
107 The Panda's Thumb: 
More Reflections in Natural 
History. Stephen Jay Gould 
(Pub price $12 .95) 

CHOOSE ANY 3 
BOOKS FOR $1 EACH. 
You simply agree to buy 3 books within two years. 

Black holes twisting space and time like a 
pretzel-and gobbling down whole planets. 

Here on Earth, the st unning adaptability 
of life : a desert animal that swims through 
sand the way an eel swims through water. 
And the ingeniousness of man: a new con
cept that may generate limitless electricity 
by duplicating the power of the sun. 

And, in each of your cells-a substance 
called DNA, compressing into an invisibly 
tiny volume all the information needed to 
create you. 

As someone livin� in an age of unparal
leled discovery, you ve undoubtedly been 
curious about things like these. 

And you've probably noticed the explo
sion lately in books about science for 
people who are not scientists. 

But how do you know which are best? 
Let a whole new kind of book club find 

them for you. Book-of-the-Month 
Gub/SCIENCE. 

If you've ever wanted the chance to 
really explore the wonders of modem 
science, this is the way. Because now you 
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Industrial Microbiology 
Introducing an issue on the making of food, drink, pharmaceudcals 

and industrial chemicals by microorganisms, with special reference 

to newer methods of programming the microorganisms for their task 

by Arnold L. Demain and Nadine A. Solomon 

I
ndustrial microbiology is in a fer

ment, a condition non technically 
defined as one of agitation, turbu

lence or general unrest. Recent advances 
in molecular biology have generated a 
wave of excitement about the prospec
tive application of novel microbiologi
cal techniques in a wide range of indus
trial roles. What is often lacking in pub
lic discussions of recombinant DNA, 
genetic engineering and the like, how
ever, is a sense of the context in which 
the new developments are to take place. 
Industrial microbiology is not just a 
new field of entrepreneurial activity; it 
is a well-established factor in the world 
economy, responsible for a current an
nual production valued at tens of bil
lions of dollars in the U.S. alone. More
over, it is the outgrowth of a pervasive 
human activity with a rich history that 
goes back thousands of years. 

This issue of Scientific American is de
voted to industrial microbiology, with 
special reference to the changes in it that 
are likely to result from the introduction 
of the new tools of genetic manipula
tion. The articles that follow will ad
dress major subdivisions of the topic, in 
each case placing the anticipated bene-

fits of the emerging biotechnology in 
the appropriate historical, economic and 
social perspective. First, however, we 
shall present a brief overview of the en
tire field. 

T" he art of fermentation, technical
ly defined in its broadest sense as 

the chemical transformation of organic 
compounds with the aid of enzymes 
(particularly those made by microor
ganisms), is very old. The ability of 
yeast to make alcohol in the form of 
beer was known to the Sumerians and 
the Babylonians before 6000 B.C. Much 
later, by about 4000 B.C., the Egyptians 
discovered that the carbon dioxide gen
erated by the action of brewer's yeast 
could leaven bread. Reference to wine, 
another ancient prod uct of fermenta
tion, can be found in the Book of Gene
sis, where it is noted that Noah con
sumed a bit too much of the beverage. 

By the 14th century A.D. the distilla
tion of alcoholic spirits from fermented 
grain, a practice thought to have origi
nated in China or the Middle East, was 
common in many parts of the world. 
Other fermentation processes with their 
roots deep in antiquity include the culti-

ANTIQUITY OF FERMENTATION is represented grapbically by tbe scenes of baking and 
brewing depicted in the painted relief on the opposite page. Tbe relief appears on the wall of a 
Fifth Dynasty Egyptian tomb dating from abont 2400 B.C. It is now in the collection of the 
National Mnseum of Antiquities in Leiden. The figures in tbe top panel are engaged (right to 
left) in pounding, winnowing and grinding the grain (presumably barley or emmer, a primitive 
variety of Wheat). Tbose in the middle panel are soaking the coarse-ground flour in water, al
lowing some of tbe whole grains to malt, or sprout (left), kneading the leavened dough and fasb
ioning it into loaves of various shapes (cellter) and baking the "beer bread" in an oven (right). 
The baker is portrayed in a characteristic attitude, raking the fire witb a long-bandIed imple
ment held in one band and sbielding his eyes from tbe heat with tbe otber. In tbe bottom panel 
the mash is shown being strained into a fermenting vat, wbich rests on a stand resembling a 
coiled rope. After fermenting for a few days the finished beer is poured from the vat into pot
tery jars, wbich are promptly capped, sealed with clay and placed in storage. Tbe Egyptian 
brewers relied initially on yeasts in tbe air or on the skin or husk of fruits and cereals; later a 
pure or almost pure yeast became available. Tbe ancient breweries produced several types of 
beer; some brands, said to be "strong," may have bad an alcobol content as bigh as 12 percent. 

vation of acetic acid bacteria to make 
vinegar, lactic acid bacteria to preserve 
milk (for example in the form of yogurt) 
and various bacteria and molds to pro
d uce cheese. 

Microorganisms provided food and 
drink for more than 8,000 years be
fore their existence was recognized in 
the 17th century. Then the pioneering 
Dutch microscopist Anton van Leeu
wenhoek, turning his simple lens to the 
examination of water, decaying matter 
and scrapings from his teeth, report
ed the presence of tiny "animalcules," 
moving organisms less than a thou
sandth the size of a grain of sand. Many 
people thought such organisms arose 
spontaneously from nonliving matter. 
Although the theory of spontaneous 
generation, which had been postulated 
by Aristotle among others, was by then 
discredited in its application to higher 
forms of life, it did seem to explain how 
a clear broth became clouded by large 
numbers of such organisms as the broth 
aged. It was not until the second half of 
the 19th century that Louis Pasteur of 
France and John Tyndall of Britain de
molished the concept of spontaneous 
generation and proved that existing mi
crobial life comes from preexisting life. 

Even before Pasteur began his work 
on the origin of microbial life three in
dependent investigators, Charles Ca
gniard de la Tour of France and Theo
dor Schwann and Friedrich Traugott 
KUtzing of Germany, had proposed that 
the products of fermentation, chief
ly ethanol (ethyl alcohol) and carbon 
dioxide, were created by a microscopic 
form of life. This concept was bitterly 
opposed by the leading chemists of the 
period (men such as Jons Jakob Berze
lius, Justus von Liebig and Friedrich 
Wohler), who believed fermentation was 
strictly a chemical reaction; they main
tained that the yeast in the fermenta-
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EARLIEST -KNOWN DRAWING of the apparent structure of a clump of yeast cells was en
closed in a letter sent by Anton van Leeuwenhoek in 1680 to Thomas Gale, at that time secre
tary of the Royal Society of London. On examining a sample of cold beer through his primitive 
microscope, van Leeuwenhoek noted a great many small particles. "Some of these," he later 
wrote (in Latin), "seemed to me to be quite round, others were irregular, and some exceeded the 
others in size and seemed to consist of two, three or four of the aforesaid particles joined togeth
er. Others again consisted of six globules and these last formed a complete globule of yeast . • . .  

With a view to representing this combination to the eye I took six globules of wax and joined 
them together as in Figure I, and arranged them and had them drawn in such a way that all six 
conld be seen at once. I next squeezed these aggregated globules in my hands so that they as
sumed the form shown in Figure 2, for I imagine that the result which I effected by rolling the 
globules of wax between my hands to compress them was nearly the same as in the fermentation 
of beer." Although van Leeuwenhoek was never able to actually distinguish the six cells that 
made up the larger globule, he reported that his observations, interpreted in the light of his 
wax models, "were as clear to me as if I had before my naked eye a very small transparent 
bubble that was filled with six other smaller ones." What he saw (at a magnification estimated 
to be about 125 diameters) was probably an aggregate of yeast cells formed by rapid budding. 

6 3 

V ARIOUS MICROORGANISMS responsible for the spoilage of beer were investigated by 
Louis Pasteur in his classic 19th-century study of brewing. This composite drawing, showing 
the principal microbial contaminants of beer and malt wort, is reproduced from the original 
1876 French edition of his book Etudes sur la biere, ses maladies, causes qui les prol'oquel/t. 
Procedis pour la rendre iI/alterable, /II'ec ul/e theorie I/ouvelle de la fermel/tatioll (Studies of 
beer, its diseases alld the causes thai provoke them. Procedures for makillg il ul/alterable, with 
a I/ew theory of fermel/tatiol/). It was in the course of this project that Pasteur demonstrated 
the existence of anaerobic, or airless, microbial life. Larger, more globular particles are yeasts. 
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tion broth was lifeless, decaying matter. 
Organic chemistry was flourishing at 
the time, and the opponents of the mi
crobial hypothesis were initially quite 
successful in putting forth their views. 

It took almost two decades-from 
1857 to 1876-for Pasteur to disprove 
the chemical hypothesis. He had been 
called on by the distillers of Lille to find 
out why the contents of their fermenta- . 
tion vats were turning sour. He noted 
through his microscope that the fermen
tation broth contained not only yeast 
cells but also bacteria that could pro
duce lactic acid. His greatest contribu
tion during this 20-year period was to 
establish that each type of fermentation 
is mediated by a specific microorgan
ism. Furthermore, in a study under
taken to determine why French beer was 
inferior to German beer, he demonstrat
ed o-the existence of strictly anaerobic 
life: life in the absence of air. 

One of Pasteur's central concepts, 
that each fermentation provides 

energy to the species conducting it, led 
to the accidental discovery of cell-free 
metabolism by Eduard Buchner of Ger
many in 1897. Buchner found that an 
extract of macerated yeast, freed of in
tact cells by filtration, retained the abil
ity to convert sugar into alcohol. His 
discovery gave rise to the field of bio
chemistry. Later work showed that the 
biological conversion actually consisted 
of a series of simple chemical reactions, 
each catalyzed by a specific enzyme. 

Considerable progress was made in 
basic biochemical research following 
Buchner's lead, but little of the new 
knowledge was applied to the practice 
of industrial fermentation until World 
War I. On the German side glycerol for 
the manufacture of explosives soon be
came an urgent need. The British naval 
blockade had interfered with the impor
tation of vegetable oils, the usual raw 
material for the production of glycerol. 
Several years earlier Carl Neuberg, a 
German biochemist, had followed up on 
an observation of Pasteur's that small 
amounts of glycerol were usually pro
duced in alcoholic fermentation. Neu
berg discovered that the addition of so
dium bisulfite to the fermentation vat 
favored the production of glycerol at 
the expense of ethanol. Although this 
prewar finding was thought to be of aca
demic interest only, the Germans quick
ly developed it into an ind ustrial fer
mentation yielding 1,000 tons of glycer
ol per month. 

On the British side acetone was need
ed for the manufacture of munitions. In 
response to the shortage of the chemi
cal Chaim Weizmann, a Russian-born 
chemist, developed the acetone-butanol 
fermentation, which depends on the an
aerobic bacterium Clostridium acetobu
tylicum. (Weizmann was later the first 
president of Israel.) The German glycer
ol process passed out of the picture at 
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the end of World War 1, but the acetone
butanol process remained an important 
source of acetone for many years, until 
it was displaced by processes based on 
petroleum. It was the first large-scale 
fermentation for which problems of 
contamination by other bacteria and by 
bacteriophages (viruses that infect bac
teria) had to be solved. For the first time 
pure-clllture methods had to be em
ployed in industrial fermenters, an ex
perience that proved to be invaluable 
when the antibiotic era arrived in the 
1940's. 

For thousands of years moldy cheese, 
meat and bread had been employed in 
folk medicine to heal wounds. It was not 
until the 1870's, however, that Tyndall, 
Pasteur and William Roberts, a British 
physician, directly observed the antago
nistic effects of one microorganism on 
another. Pasteur, with his characteristic 
foresight, suggested that the phenome
non might have some therapeutic poten
tial. For the next 50 years various mi
crobial preparations were tried as medi
cines, but they were either too toxic or 
inactive in live animals. Finally in 1928 
Alexander Fleming noted that the mold 
Peflicillium flolatum killed his cultures 
of the bacterium Staphylococcus aureus 

when the mold accidentally contaminat
ed the culture dishes. After growing the 
mold in a liquid medium and separating 
the fluid from the cells he found that the 
cell-free liquid could inhibit many spe
cies of bacteria. He gave the active in
gredient in the liquid the name penicil
lin but soon afterward discontinued his 
work on the substance. 

Attempts to isolate penicillin were 
made in the 1930's by a number of Brit
ish chemists, but the instability of the 
substance frustrated their efforts. Even
tually a study begun in 1939 at the Uni
versity of Oxford by Howard W. Florey, 
Ernst B. Chain and their colleagues led 
to the successful preparation of a stable 
form of penicillin and to the demonstra
tion of its remarkable antibacterial ac
tivity, first in experimental animals and 
then in man. Florey and his colleague 
Norman Heatley realized that condi
tions in wartime Britain were not con
ducive to the development of an indus
trial process for producing the antibiot
ic. They therefore came to the U.S. in 
1941 to seek assistance. With the help 
of the U.S. Department of Agriculture 
and several American pharmaceutical 
companies the production of penicillin 
by a related mold, Penicilliul11 chrysoge
fllll11. soon became a reality. 

The advent of penicillin, which sig
naled the beginning of the antibiotic 
era, was closely followed by the discov
eries of Selman A. Waksman, a soil mi
crobiologist at Rutgers University, who 
succeeded in obtaining a number of new 
antibiotics from the class of microor
ganisms called actinomycetes; the best
known of his new "wonder drugs" was 
streptomycin. From Waksman's time up 

PORTRAIT OF PASTEUR was made in 1884 on the occasion of a visit to Copenhagen. Pas
teur was 61 at the time. He died in 1895. The photograph, which was made by J. Petersen 
& Son, is now in the archives of the Pasteur Museum, a part of the Pasteur Institute in Paris. 

to the present there has been a prolifer
ation of economically viable fermenta
tion processes and products. 

U
nderlying the diversity of micr�bial 

. processes and products descnbed 
in the following articles are certain 
characteristics shared by all microor
ganisms. The most fundamental is the 
small size of the microbial cell and its 
correspondingly high surface-to-vol
ume ratio, which facilitates the rapid 
transport of nutrients into the cell and 
thereby supports its high metabolic rate. 
For example, the rate of production of 
protein in yeast is several orders of mag
nitude higher than it is in the soybean 
plant, which in turn is 10 times higher 
than it is in cattle. The extremely high 
rate of microbial biosynthesis enables 
some microorganisms to reproduce in 
only 15 minutes. 

The environments that support mi
crobial life reflect the broad spectrum of 
microbial evolution. Microorganisms 

have been found living at temperatures 
ranging from the freezing point of water 
to almost the boiling point, in salt water 
and fresh water, and in the presence of 
air and the absence of air. Some have 
evolved life cycles that include a stage 
of suspended animation in response to 
the depletion of nutrients: in the form 
of spores they may remain inactive for 
years until the environment becomes 
more favorable for growing cells. 

Because microorganisms are capable 
of a wide variety of metabolic reactions 
they can adapt to many sources of nutri
tion. This adaptability makes it possible 
for industrial fermentations to rely on 
inexpensive nutrients. For example, mo
lasses and cornsteep liq uor, waste prod
ucts respectively of the crystallization 
of sugar and the wet milling of corn, 
are both valuable for the production of 
penicillin. 

There are four classes of industrial
ly important microorganisms: yeasts, 
molds, single-cell bacteria and actino-
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mycetes. The yeasts and the molds are 
more highly developed; together they 
constitute the fungi. Organisms of this 
type are eukaryotic, that is, their cells, 
like the cells of plants and animals, have 
a membrane-enclosed nucleus and more 
than one chromosome; they also contain 
organelles such as mitochondria (the 
tiny sausage-shaped bodies that are re
sponsible for the cell's main energy sup
ply). The single-cell bacteria and the ac
tinomycetes, in contrast, are prokaryot
ic: they have no nuclear membrane or 

mitochondria, and they have only one 
chromosome. In addition the cells. of 
prokaryotes are typically much smaller 
than those of eukaryotes. In spite of 
these basic biological differences there is 
a superficial resemblance between the 
molds and the actinomycetes in that 
both are filamentous: they grow as a 
branched system of threadlike hyphae 
rather than as single cells. The yeasts 
and the bacteria, on the other hand, are 
unicellular under normal conditions. 

The commercially important prod-

ucts of these microorganisms fall into 
four major categories: (I) the microbial 
cells themselves; (2) the large molecules, 
such as enzymes, that they synthesize; 
(3 ) their primary metabolic products 
(compounds essential to their growth), 
and (4) their secondary metabolic prod
lIctS (compounds not required for their 
growth). In general both the primary 
and the secondary metabolites of com
mercial interest have a fairly low mo
lecular weight: less than 1,500 daltons, 
compared with the molecular weight 

DIVIDING YEAST CELLS appear in an electron micrograph made 
by the freeze-fracture-etching technique. The cells belong to the spe
cies Saccharomyces cerevisiae (brewer's yeast). The specimen was 
first frozen and then fractured; the ice matrix was next etched away 
slightly, leaving the material to be replicated in relief. (The electron 

micrograph is actually made from a thin-film replica of the surface.) 
The fracture split the cells open, revealing their interior structure. 
The smaller dumbbell-shaped area inside the larger dumbbell-shaped 
one is the dividing nucleus of one of the cells. Pores can be seen 
on the surface of the nuclear membrane. The other shapes visible 
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of an enzyme, which can range from 
10,000 to several million daltons. 

M
icrobial cells have two main com

mercial applications. The first is 
as a source of protein, primarily for ani
mal feed. In its commonest form this 
product is referred to as single-cell pro
tein, although in fact it usually includes 
the entire microbial cell, the major com
ponent of which is protein. 

Microbial cells are also used to car
ry out biological conversions, processes 

in the cells are either vacuoles (spherical cav
ities) or mitochondria (cellular organelles). 
The micrograph, which enlarges cells some 
2 1,000 diameters, was made by H. Moor of 
the Swiss Federal Institute of Technology. 

in which a compound is changed into 
a structurally related compound by 
means of one or more enzymes supplied 
by the cells. Biological conversions, also 
known as microbial transformations, 
can be accomplished with growing cells, 
nongrowing cells, spores or even dried 
cells. Microorganisms, which can carry 
out almost every kind of chemical reac
tion, have many advantages over chemi
cal reagents. For example, many nonbi
ological chemical reactions call for a 
considerable input of energy to heat 
or cool the reaction vessel; in addition 
they are generally conducted in solvents 
and require inorganic catalysts, both of 
which may be pollutants. Finally, many 
nonbiological chemical reactions yield 
unwanted by-products that must be re
moved in a separate purification step. 

Unlike most non biological chemical 
reactions, biological conversions pro
ceed at biological temperatures with 
water as the solvent. The cells can often 
be immobilized on a supporting struc
ture for continuous processing. Another 
valuable asset of biological conversions 
is their specificity: one enzyme usually 
catalyzes only one kind of reaction at a 
specific site on the substrate molecule. 
The enzyme can also be made to se
lect one isomer, or molecular form of a 
compound, in a mixture of forms to 
produce a single isomer of the product. 
These characteristics account for the 
high yields typical of biological conver
sions, which can reach 100 percent. 

The biological conversion of ethanol 
into a dilute solution of acetic acid (vin
egar) was done in Babylon by 5000 B.C. 

Other important biological conversions 
transform isopropanol into acetone, 
glucose into gluconic acid and sorbitol 
into sorbose. (The last reaction is the 
only biological step in the otherwise 
nonbiological manufacture of ascorbic 
acid, vitamin C.) Among the notable 
biological conversions in the pharma
ceutical industry are those involved in 
the production of steroids. More recent
ly, in the production of semisynthetic 
penicillins it became possible to replace 
a chemical reaction that creates pollu
tants with a nonpolluting biological con
version. 

The most versatile large molecules 
manufactured by microorganisms are 
enzymes. These biological catalysts are 
important in the food and chemical in
dustries because of their specificity, effi
ciency and potency under conditions of 
moderate temperature and acidity. Al
though enzymes have traditionally been 
extracted from plants and animals, their 
production by microorganisms is in
creasing rapidly owing to the increasing 
availability of such organisms and the 
ease with which the yield can be im
proved by manipulating either the genes 
or the environment of the organisms. 
Moreover, in the microbial production 
of enzymes the fermentation times are 
short, the growth mediums are inex-

pensive and the screening procedures 
are simple. 

Recent applications of microbially 
produced enzymes include the use of 
amylases in brewing, baking and the 
manufacture of textiles; of proteases in 
brewing, meat tenderizing and the man
ufacture of detergents and leather, and 
of rennin in cheesemaking. A major re
cent development has been the combi
nation of three microbially produced 
enzymes-alpha-amylase, glucamylase 
and glucose isomerase-to obtain a 
high-fructose sweetening agent from 
cornstarch. At present there is great in
terest in enzymes immobilized on a sol
id substrate, which offer many advan
tages over free enzymes. 

I
n the biosynthesis of enzymes it is of

ten necessary to exploit or bypass 
certain regulatory mechanisms that 
have evolved over millions of years to 
prevent the overproduction of enzymes 
and their products. For example, the 
production of an enzyme can be en
hanced by a factor of 1,000 by adding a 
special inducer substance to the fermen
tation vat; the inducer may be either the 
substrate on which the enzyme acts or 
a compound structurally similar to the 
substrate. The manufacture of an en
zyme is sometimes repressed by a natu
ral feedback mechanism associated with 
the end product of the metabolic path
way in which the enzyme functions; the 
repression can be avoided by limiting 
the accumulation of that particular end 
product in the cell. Another important 
type of repression, called catabolite re
pression, is avoided by replacing rapidly 
utilized sources of carbon and nitrogen 
(such as glucose and ammonia) with nu
trients such as starch or soybean meal, 
which are consumed more slowly. 

Besides enzymes the class of commer
cially important large molecules that 
can be made by microorganisms in
cludes polysaccharides (long-chain mol
ecules consisting of repeating sugar 
units). For years the major source of 
polysaccharides for industry has been 
plants, particularly seaweeds. Recently, 
however, there has been renewed inter
est in polysaccharides manufactured by 
microorganisms. Of the thousands of 
different polysaccharides that can be 
microbially produced the best-known is 
xanthan, which is made by the bacteri
um Xanthomonas campestris. This colloi
dal substance is added to many foods as 
a stabilizer and thickener, and the petro
leum industry is beginning to include 
it as an ingredient in drilling muds. 
Among the other important large mole
cules that can be obtained from micro
organisms are the active ingredients of 
vaccines and insecticides. 

In order to produce primary metab
olites commercially by fermentation the 
regulatory mechanisms that govern the 
synthesis of enzymes and their activity 
in microorganisms must be bypassed. 
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These mechanisms evolved to regulate 
enzymatic reactions because it is usually 
detrimental for an organism in nature to 
overproduce its internal metabolites. If 
it does, it merely secretes them into the 
environment for other microorganisms 
to consume. All other things being 
equal, the overproducing microorgan
ism is then at a competitive disadvan
tage, and usually it fails to survive. All 
other things are not always equal in na
ture, however, and therefore some mi
croorganisms do manage to survive in 
their ecological niche even though their 
metabolism is somewhat less regulated 
than that of other microorganisms. The 
less regulated strains are much sought 
after by microbiologists in large-scale 
screening programs. Once a slightly 
deregulated microorganism is brought 
into the laboratory the microbiologist 
attempts to exploit or bypass the natu
ral regulatory controls by manipulating 
either the nutrition or the genetics of 
the culture. 

T he most important primary metab
olites in the fermentation industry 

are amino acids, purine nucleotides, vi
tamins and organic acids. Citric acid, for 
example, is made by molds under condi
tions where a nutrient imbalance is cre
ated by limiting the supply of certain 
minerals such as iron and manganese. In 
most ind ustrial processes genetic and 
environmental manipulations are com
bined to achieve remarkable levels of 
metabolite formation. Notable exam
ples are the 20,000-fold overproduction 
of riboflavin (vitamin B2) by the mold 
Ashbya gossypii and the 50,000-fold 
overproduction of cobalamin (vitamin 
B 12) by the bacteria Propionibacterium 
shermanii and Pseudomonas denitri./icans. 

Of all the traditional products made 
by fermentation the most important to 
human health are the secondary metab
olites. This group includes not only an
tibiotics but also toxins, alkaloids and 
plant growth factors. They vary widely 
in structure, are each manufactured by 
only one microbial species or a small 
number of species and are often formed 
as a mixture of closely related sub
stances. In nature their functions serve 
the survival of the species, but when 
the microorganisms producing them are 
grown in pure culture, the secondary 
metabolites have no such role. 

The best-known secondary metabo
lites are the antibiotics. More than 5,000 
antibiotics have already been discov
ered, and new ones are still being found 
at a rate of about 300 per year. Most are 
useless: they are either toxic or inactive 
in living organisms. For some unknown 
reason the actinomycetes are amazingly 
prolific in the number of antibiotics they 
can secrete. Roughly 75 percent of all 
antibiotics are obtained from these fila
mentous prokaryotes, and 75 percent of 
those are in turn made by a single genus: 
Streptomyces. 
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In spite of the large number of known 
antibiotics, the search for new ones con
tinues. New antibiotics are needed to 
combat both naturally resistant organ
isms and organisms that have acquired 
resistance through mutation; they are 
also needed to provide safer drugs. 
Chemists work steadily to modify the 
natural structures uncovered by micro
biologists. Such semisynthetic antibi
otics are already important in clinical 
practice. Antibiotics also serve purposes 
other than human and animal chem
otherapy, such as the promotion of 
growth in farm animals and the protec
tion of plants against inimical microor
ganisms. 

The most important factor in keep
ing the industrial-fermentation industry 
productive and competitive with the 
non biological chemical industry is mu
tation. The industrial microbiologist 
can treat an organism with a mutagenic 
agent that increases the frequency of 
changes in the genes of the cells by sev
eral orders of magnitude. Although the 
genetic changes that take place are usu
ally detrimental to the organism, they 
are sometimes beneficial to man. The 
microbiologist can often identify these 
changes (for example an increase in 
antibiotic production) by appropriate 
screening procedures and can preserve 
them indefinitely. As a result today's 
ind ustrial strains of Penicillium chryso
genum can produce 10,000 times more 
penicillin per unit volume of broth than 
Fleming's original culture did. 

In addition mutants occasionally 
manufacture a modified antibiotic with 
improved properties. Although this out
come is usually a matter of chance, mi
crobiologists have recently developed a 
technique called mutational biosynthe
sis by which new antibiotics can be de
veloped in a more rational way. 

Although the record of the mutagenic 
I1. approach in industry has been a 
good one, it is nonetheless a slow and 
painstaking proced ure. In recent years 
developments in microbial genetics 
have been so rapid and dramatic that 
they have created an entirely new set of 
options for the fermentation industry. 
These options include protoplast fusion, 
gene amplification and recombinant
DNA technology. In nature genetic 
changes can arise not only through mu
tation but also through genetic recombi
nation between two cells of different ge
netic types, yielding progeny with genes 
from both parents. Until recently this 
phenomenon had not been exploited 
much in industry because of the ex
tremely low frequency of genetic re
combination in industrial strains of mi
crobial cells. For example, crossing two 
strains of the same species of Strepto
myces leads to only one recombinant cell 
among a million nonrecombinant cells. 

In the new technique of protoplast fu
sion, however, the cell walls of each type 

are removed, the resulting protoplasts 
are mixed and the fusion product· is al
lowed to regenerate its cell wall. This 
procedure leads to a remarkable in
crease in the frequency of genetic re
combination, with the result that many 
species of Streptomyces, after crossing, 
give rise to as many as one recombinant 
cell in every five cells. The increase in 
the frequency of recombination also 
makes it possible to detect genetic re
combination between different species. 
Protoplast fusion is now being exploited 
to recombine slow-growing but high
producing mutants with their fast-grow
ing ancestors to yield fast-growing and 
high-prod ucing strains, to recombine 
several high-producing mutants from a 
single mutagenic treatment or separate 
treatments to yield an additive, or per
haps even a synergistic, combination of 
improved production mutations, and to 
produce new hybrid antibiotics by mat
ing closely related' strains that make dif
ferent antibiotics. 

Gene amplification is another ap
proach to genetic manipUlation with a 
great potential in industrial microbiolo
gy. In this technique genes are amplified, 
or duplicated, by forcing plasmids that 
carry them to reproduce rapidly. (PI as
mids are small circular pieces of extra
chromosomal DNA, carrying as few as 
two genes or as many as 250, that can 
exist autonomously in the cytoplasm of 
a cell or as an integral part of the chro
mosome.) When the plasm ids are pres
ent in the autonomous state, they usual
ly reproduce at the same rate as or at 
a somewhat higher rate than chromo
somes. Although there are normally be
tween two and 30 copies of a plasmid 
per cell, the plasm ids can be forced into 
reproducing much faster than chromo
somal DNA, yielding as many as 3 ,000 
copies of a plasmid per cell. 

The technique of gene amplification 
has been widely exploited in bacteria 
such as Escherichia coli. It is now possi
ble in principle to transfer any chromo
somal gene (or cluster of genes) to a 
plasmid and to amplify the gene, in
creasing the manufacture of the protein 
for which the gene codes to very high 
levels. Almost all bacterial species con
tain plasmids, as do eukaryotes such as 
yeasts. Of great importance to the fer
mentation industry is the fact that vir
tually all antibiotic-producing species 
contain plasm ids that incorporate either 
structural genes for the manufacture of 
antibiotics or genes that regulate the ex
pression of such structural genes. 

Not only plasm ids but also bacterio
phages can serve for transferring and 
amplifying genes. New processes for the 
manufacture of enzymes and primary 
metabolites will probably result from 
the introduction of gene-amplification 
techniques, for the reason that many of 
the enzymes coding for the structural 
genes of primary-metabolite biosynthe
sis are clustered on the chromosomes of 
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ACTIVATED-SLUDGE PROCESS employs a complex population 
of microorganisms for the detoxification and degradation of sewage 
and industrial wastes. A large metropolitan sewage-treatment plant 

based on the process is seen in this vertical aerial photograph, made 
from an altitude of about a mile. The plant is southwest of Chicago, on 
the bank of the Chicago Sanitary and Ship Canal. North is to the left. 
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bacteria. The transfer of these "operons" 
to the DNA of plasmids or bacterio
phages, followed by gene amplification, 
could yield effective new industrial mi
croorganisms. 

T
he highly publicized achievements 
of the artificial recombination of 

DNA will clearly have a great impact on 
ind ustrial microbiology in the next dec
ade. Genetic recombination is a means 
of increasing the diversity of microor
ganisms; it is the bringing together of ge
netic information to form new stable 
combinations and thus create new geno
types. In nature genetic recombination 
occurs between organisms of the same 
species or closely related species. All or
ganisms have enzymes known as restric
tion endonucleases that recognize for
eign DNA and destroy it so that "illegiti
mate" recombination does not occur. In 
1973 it was discovered that it is possible 
to cut DNA molecules with restriction 
enzymes, to join pieces of DNA with 
another enzyme (DNA ligase) and to re
introduce the recombinant DNA into E. 
coli with the aid of a plasmid as a vector. 
Soon afterward plasmid genes from un
related bacterial species were recom
bined in the test tube and expressed in E. 
coli. Later it was found that DNA from a 
eukaryote (a yeast) could express itself 
in a bacterium. Since then many mam
malian genes, including human ones, 
have been cloned: copied in vast num
bers by the multiplication of the bacteri
um into which they were introduced. 
Initial concerns about the safety of these 
procedures appear to be unwarranted in 
the light of additional evidence. 

Today bacteria are making many pro
teins they never made in nature; the 
best-known are insulin and interferon. 
Insulin produced by bacteria has been 
shown to be active and safe in human 
beings, and interferon produced by re
combinant-DNA technology is current
ly being tested in patients. From the ex
ample of interferon it is easy to appreci
ate the ability of recombinant-DNA 
technology to make protein molecules 
available at a reasonable cost: before 
interferon was made in bacteria 50 mil
ligrams of very impure material cost 
some $2 million; at' some point in the 
future bacterially produced interferon 
could cost as little as pennies per mil
ligram of pure material. Recombinant 
DNA will be exploited to make hor
mones, analgesics and vaccines, and 
these products will be purer than those 
supplied by earlier technologies. Tradi
tional fermentation processes, particu
larly those of the enzyme industry, will 
be markedly improved by the applica
tion of recombinant-DNA technology. 
Moreover, the new technology may well 
phase out many energy-intensive and 
highly polluting chemical-manufactur
ing processes. It is already being applied 
to the development of new bacterial 
strains that will convert agricultural 
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and forest biomass into liquid fuel and 
chemicals. 

The study of genetic recombination in 
higher organisms has also led to a major 
development in the field of immunol
ogy. In 197 5 Georges Kohler and Ce
sar Milstein of the British Medical Re
search Council Laboratory of Molecu
lar Biology in Cambridge fused a mye
loma, or skin-cancer cell, of a mouse 
with an antibody-producing white cell 
to make a "hybridoma," or hybrid cell, 
that grew in the test tube and manufac
tured a pure specific antibody. Never be
fore had such pure monoclonal antibod
ies been made; investigators and clini
cians had to rely on impure mixtures 
of antibodies in animal serum to pro
vide immunological protection against 
disease. Today monoclonal antibodies 
are commercially available for a varie
ty of purposes. 

I
ndustrial microbiology is exciting in 

still other arenas. For example, the 
physiology of the cells of higher organ
isms is being intensively examined with 
a view toward exploiting such cells to 
manufacture plant and animal metabo
lites. Some secondary metabolites have 
been made with cultures of plant cells, 
but the technology is not yet commer
cially feasible. Human interferon and 
other mammalian proteins have been 
produced with cultures of animal cells 
growing on microscopic beads (called 
microcarriers). Such cultures make it 
possible to greatly increase the ratio of 
surface area to volume of fluid for cells 
that must be attached to a surface in 
order to grow. Attempts to commercial
ize microcarrier cultures are already un
der way. 

Major agricultural advances, such as 
the replacement of synthetic nitrogen 
fertilizers by enhancing the efficacy of 
natural nitrogen-fixing microorganisms, 
should come from the new concepts of 
genetic engineering. One avenue where 
progress is being made is the establish
ment of a synergistic relation between 
free-living nitrogen-fixing bacteria and 
plants such as corn. In this approach 
ammonia-excreting strains of Azotobac
ter vinelandii provide fixed nitrogen to 
the plants, and the plants supply carbon 
to the bacteria. 

A new pharmaceutical approach is 
the application of secondary metabo
lites to diseases that are not caused by 
bacteria or fungi. For years the ma
jor drugs available for the treatment 
of noninfectious diseases have been 
strictly synthetic products prepared by 
chemists. Similarly, major therapeutic 
agents for the treatment of parasitic dis
eases in animals have been obtained 
by the screening of chemically synthe
sized compounds and the modification 
of their molecular structure. Although 
thousands of compounds have been test
ed, only a few promising ones have been 
uncovered. As new compounds of this 

type become harder to find, microbially 
produced substitutes are filling the void. 

Another application of microbial ac
tivity is the detoxification and degrada
tion of sewage and industrial waste. The 
usefulness of microorganisms in waste 
treatment has been recognized since 
19 14, when the activated-sl udge process 
was first developed. The sludge process 
depends on a complex population of mi
croorganisms that form naturally be
cause of each organism's ability to de
grade a constituent of the waste material 
and to coexist with the others in a nu
tritionally complementary system. The 
next advance was to enrich the sludge by 
inoculating it with the desired mixture 
of microorganisms. Now pure cultures 
of a single microorganism are being 
made available to degrade specific com
pounds in industrial waste, such as poly
chlorinated biphenyls (PCB's). 

Oil spills and the release of ballast 
and wash waters from oil tankers are 
other waste problems microbiology may 
be able to solve. Many microorganisms 
that can consume components of petro
leum have been isolated. Strains of one 
such bacterial species, Pseudomonas pu
tida. carry plasmid genes coding for en
zymes that can degrade different com
ponents of oil. By genetic engineering 
the capacity to degrade the various 
components has been combined in one 
strain. Such a multiplasmid strain de
grades petroleum faster than any of the 
original strains. 

Certain microorganisms are the ba
sis of a metallurgical process that is 
thought to go back to the Romans: the 
bacterial leaching of low-grade ores to 
extract metals from them. Today cop
per and uranium are commercially 
leached by bacteria, mainly members of 
the genus Thiobacillus. New approaches 
to such bacterial leaching are also being 
made. They include the examination of 
acid- and heat-resistant microorganisms 
(including fungi) for their extraction 
abilities, the investigation of the mecha
nisms underlying the affinity of bacteria 
for metals and the genetic manipulation 
of bacteria to increase their resistance 
to the toxicity of the metals. 

In reviewing the history and current 
state of industrial microbiology we are 
struck by an abiding theme: mutually 
beneficial relations between what we 
have come to call basic research and ap
plied research. A century ago the largely 
practical investigations of Pasteur led 
to the establishment of microbiology, 
immunology and biochemistry. Much 
later the discovery of antibiotics by 
applied microbiologists provided tools 
crucial to the development of molecular 
biology. And now basic research in mi
crobial genetics has returned the favor 
by supplying an array of new techniques 
for industrial applications. This synergy 
between science and technology, we be
lieve, is the key to further progress in 
industrial microbiology. 
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BACTERIA ARE EXPLOITED on a vast scale in extracting cer
tain metals from low-grade ores. These two photographs, for exam
ple, show bacterial-leaching operations at two large open-pit copper 
mines in the southwestern U.S. The aerial photograph at the top gives 
an overview of an entire mining site at Santa Rita, N.M.; the mine 
itself is in the background, and the associated leaching dumps are in 
the right foreground. The photograph at bottom is a closeup view of 
a leaching dump at a similar mining site at Bingham Canyon, Utah; 
the leaching solution can be seen being recycled by an array of ro
tating sprinklers. The bacteria, mainly members of the genus Thioba-

ciUus, assist in the leaching operation by converting iron in various 
compounds from the ferrous form into the ferric. The ferric iron, an 
effective oxidizing agent, then performs two useful functions! it ox
idizes pyrite to form sulfuric acid, thereby maintaining the high acidi
ty of the leaching solution, and it oxidizes insoluble copper-contain
ing sulfide minerals to produce soluble copper sulfate, which migrates 
in solution to the bottom of the dump, where it collects in catch ba
sins. The solution is periodically pumped out to facilities where the 
copper is recovered. Huge numbers of bacteria are involved in the 
leaching operation! in places more than a million per gram of ore. 
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Industrial Microorganisms 
They are yeasts� molds� bacteria and actinomycetes (filamentous 

bacteria). They now include� however� cultured mammalian cells 

and "hybridomas": cells created by the fusion of two cell lines 

T

he microorganisms that make 
products useful to man represent 
at most a few hundred species out 

of more than 1 00,000 that exist in na
ture. Their utility in brewing, wine mak
ing and leavening bread was discovered 
quite by accident. The yeasts that trans
form grain mash, grape juice and bread 
dough are ubiquitous organisms, as are 
the bacteria that sour milk and the 
molds that impart the distinctive char
acter of diverse kinds of cheese. To these 
three groups of microorganisms with in
dustrial applications-yeasts, molds and 
bacteria-must be added a fourth group, 
the soil-inhabiting actinomycetes, fil
amentous bacteria whose value as a 
source of antibiotics has been recog
nized only since the 1940's. And to all of 
these must now be added cells that do 
not live free in nature but that too can 
manufacture substances useful in the di
agnosis and treatment of disease: mam
malian cells grown in culture. 

There is no ready way to classify mi
croorganisms into the useful and the 
non useful. All are useful in the sense 
that they help to recycle the molecules 
of the organic world. In this role they 
are not merely useful but indispensable. 
A considerable number of microorgan
isms can of course be harmful to an
imals and plants. The large majority, 

by Herman]. Phaff 

however, are normally innocuous. The 
few that have been found to be indus
trially useful are prized simply because 
they happen to elaborate a substance 
that is recognized to have value and 
that is not as readily or as cheaply ob
tainable in any other way. In a few in
stances microbial cells are cultivated 
for their own sake, for example in the 
production of baker's yeast. More often 
the desired substance is a metabolic 
product, such as ethanol. 

Most bacteria are small unicellular 
organisms, measuring only one micro
meter (a millionth of a meter) or a few 
micrometers. Most yeasts are also uni
cellular, but they are larger, usually 
from six to 12 micrometers. Molds, on 
the other hand, are multicellular, and 
whereas their individual cells are small 
(rarely more than 25 micrometers in 
their longest dimension) the overall fun
gal body is readily visible to the unaided 
eye. The sexually reproducing fungi can 
have fruiting bodies (such as mush
rooms and truffles) that are quite siz
able, consisting of billions of cells. 

M icroorganisms are normally divid
ed into two large groups: prokaryotes 
and eukaryotes. The prokaryotic micro
organisms, regarded as the more prim
itive of the two, have a single circu
lar chromosome of double-strand DNA 

MOLDS 1 Penicillium chrysogenum 
2 Monascus purpurea 

3 

10 

9 11 12 
15 

8 14 13 

7 
6 

2 

2 

4 

3 Penicillium notatum 
4 Aspergillus niger 
5 Aspergillus oryzae 

YEASTS 1 Saccharomyces cerevisiae 
2 Candida utilis 
3 Aureobasidium pullulans 
4 Trichosporon cutaneum 
5 Saccharomycopsis capsularis 
6 Saccharomycopsis lipolytica 
7 Hanseniaspora guilliermondii 
8 Hansenula capsulata 
9 Saccharomyces carisbergensis 

10 Saccharomyces rouxii 
11 Rhodotorula rubra 
12 Phaffia rhodozyma 
13 Cryptococcus laurentii 
14 Metschnikowia pulcherrima 
15 Rhodotorula pallida 

that is unconfined within the cell's cyto
plasm. The eukaryotic microorganisms, 
which are much larger than the pro
karyotes, have at least two chromo
somes (and in some species more than 
20) enclosed in a nuclear envelope with 
a porous double membrane. The chro
mosomes of eukaryotes are linear and 
are intimately associated with the class 
of proteins named histones. Bacteria are 
prokaryotes; yeasts and fungi are eu
karyotes. 

For their growth and multiplication 
microorganisms conduct a wide va

riety of metabolic processes to obtain 
energy and new cell material. A few mi
croorganisms that are photosynthetic 
are able to use the energy of light to 
convert carbon dioxide from the air, 
along with hydrogen from water, into 
cellular organic material, as is done by 
the higher plants. N one of the common 
industrial microorganisms, however, is 
photosynthetic. One exception, in which 
interest has largely lapsed, is certain 
species of algae that a few years ago 
were considered promising as a source 
of food protein. The common industri
al microorganisms require organic sub
strates for growth. 

Microorganisms can be divided by 
their environmental requirements into 

MOLDS AND YEASTS are microorganisms 
tbat form visible and often colorful structures 
wben tbey aligbt or are deposited on a suitable 
medium. In tbe pbotograpb on tbe opposite 
page pure cultures of several molds (top) and 
yeasts (bottom) are sbown eigbt to 10 days 
after tbey were seeded on a nutrient agar in 
glass disbes. Tbe maps at tbe left identify 
tbe five molds and tbe 15 yeasts. Four of tbe 
molds (1, 3, 4, 5) and five of tbe yeasts (1, 2, 
6, 9, 10) yield commercially useful products, 
including beer, citric acid, enzymes, antibiot
ics, sake, soy sauce and microbial protein (see 
illustration on page 88). One of tbe yeasts, 
Phaffia rhodozyma (12), is being tested as a 
food supplement for batcbery-raised fisb, tbe 
ftesb of wbicb tends to be wbite. Tbe yeast 
syntbesizes a carotenoid, astaxantbin, wbicb 
turns tbe ftesb to tbe normal orange pink. 
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PROKARYOTIC INDUSTRIAL MICROORGANISMS are here represented by numerous 
bacteria of the species Bacillus brevis, which manufactures the antibiotic gramicidin S. This 
scanning electron micrograph, which enlarges bacteria 9,500 diameters, was made by Erika A. 
Hartwieg of the Electron Microscopy Facility at the Massachusetts Institute of Technology. 

EUKARYOTIC INDUSTRIAL MICROORGANISMS are here represented by the hyphae, 
or filaments, of the mold Cephalosporium acremonium, which manufactures the antibiotic 
cephalosporin. These swollen filaments coincide with the high-production phase of the organ
ism. The micrograph, which enlarges the hyphae 700 diameters, was also made by Hartwieg. 
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three groups. In one group are the strict 
aerobes, which can metabolize and grow 
only in the presence of atmospheric oxy
gen. In the second group are the strict 
anaerobes, which not only metabolize 
and grow in the absence of free oxygen 
but also require its exclusion lest they be 
harmed by it. In the third group are the 
facultative organisms, which are able to 
switch their metabolic machinery from 
an aerobic (respiratory) mode to an an
aerobic (fermentative) one, depending 
on the environment in which they find 
themselves. Among the strict aerobes 
are the prokaryotic streptomycetes (a 
source of antibiotics) and most filamen
tous eukaryotic fungi (associated with 
cheeses and fermented foods). Strict 
anaerobes are represented by members 
of the bacterial genus Clostridium, of 
which C. botulinum, the source of the 
toxin of botulism, is a notorious exam
ple. Industrial yeasts, which can either 
respire or ferment certain substrates, are 
facultative organisms. 

Anaerobic metabolism is always less 
efficient than respiration because fer
mentation does not exploit all the ener
gy in the organic substrate (for example 
sugar) for making the universal fuel of 
the cell (the compound adenosine tri
phosphate, or ATP) and ultimately for 
making the substance of the cell. Some 
potential substrate is excreted from the 
cells in the form of degradation prod
ucts that could be further oxidized into 
carbon dioxide and water. The products 
of fermentation, such as the ethanol 
released by yeast fermentation, cannot 
be metabolized further under anaerobic 
conditions by the organism that manu
factures them. 

The types of fermentative biochem
ical pathways leading to useful (hence 
incompletely metabolized) products are 
quite variable. For example, yeasts can 
ferment one molecule of a six-carbon 
monosaccharide sugar such as glucose 
or fructose into two molecules of etha
nol and two molecules of carbon diox
ide. Pathways can also be of two gener
al types: homofermentative (signifying 
one principal product) or heterofermen
tative (two or more products). One 
group of lactic acid bacteria are homo
fermentative: they convert glucose into 
lactic acid. Another group of the same 
bacteria are heterofermentative: they 
convert glucose by a different biochemi
cal pathway into lactic acid, ethanol and 
carbon dioxide. Clostridium acetobutyli
cum is another heterofermentative or
ganism. It converts glucose into a mix
ture of acetone, ethanol, isopropanol 
and butanol. 

Aerobic growth, on the other hand, 
enables some organisms to completely 
oxidize a certain fraction of the sub
strate and thereby extract a maximum 
amount of energy for converting the re
maining substrate into cell mass. If the 
purpose of the industrial fermentation is 
to maximize cell mass, as in the produc-
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YEAST CELL, which is also a eukaryote, appears in this scanning 
electron micrograph of the species Saccharomyces cerevisiae. Yeasts 
can reproduce asexually by budding or sexually (see top iIlustratioll 

011 page 81). The protuberances on this cell are scars where cells bud
ded off. The micrograph, which enlarges the cell 12,500 diameters, 
was made by Martin W. Miller of University of California at Davis. 

tion of baker's yeast or of microbial pro
tein as a food source, it is clearly advan
tageous to have aerobic growth with 
complete utilization of the substrate by 
respiration. It may be asked, however, 
how aerobic growth can lead to the 
manufacture of useful microbial prod
ucts if all the substrate not converted 
into cell mass is oxidized into carbon 
dioxide and water. 

One answer is that not all oxidative 
. reactions catalyzed by strictly aer

obic microorganisms go to completion. 
An example is the conversion of ethanol 
into acetic acid (vinegar) by acetic acid 
bacteria: CH3CH20H (ethanol) + O2 
� CH3COOH (acetic acid) + H20. The 
acetic acid bacteria are also capable 
of incomplete oxidations on other sub
strates, such as the conversion of glu
cose into gluconic acid. Although such 
"underoxidizers" can derive energy in 
the form of A TP from limited oxida
tions, they generally cannot derive car
bon "skeletons" for growth from incom
pletely oxidized substrates and there
fore are dependent for growth on other 
nutrients supplied in the medium. 

In other instances useful organic com
pounds can be elicited from aerobic or
ganisms by deliberately manipulating 
the biosynthetic pathways by which the 
organism converts the substrate into the 
thousands of different molecules that 
constitute a living cell. In normal metab
olism each compound the cell needs is 

usually made in just the right amount. 
This is accomplished by a series of strict 
regulatory reactions that halt the manu
facture of the intermediates and the end 
products of a metabolic pathway when a 
particular compound reaches a certain 
concentration. The industrial micro
biologist has learned to select mutant 
strains in which this exquisite regulatory 
process is crippled in a desirable way. 
For example, in normal cells the synthe
sis of lysine, one of the 20 amino acids 
from which all cellular proteins are 
made, is regulated so that only the 
amount needed for the cell's thousands 
of different proteins is made. Certain 
mutants of Corynebacterium glutamicum 
have been found, however, in which the 
lysine regulatory mechanism is so defec
tive that lysine is overproduced to the 
extent of more than 50 grams per liter 
of nutrient medium. Lysine and similar 
products of low molecular weight that 
are essential components in cell growth 
are called primary metabolites. 

Another group of industrially impor
tant microbial products, called second
ary metabolites, are compounds not re
quired for cellular biosynthesis. Such 
products are synthesized by certain mi
croorganisms, usually late in the growth 
cycle, for reasons that are often obscure. 
The best-known examples are antibiot
ics. Since secondary metabolites play no 
direct role in the energy metabolism and 
growth of the organism, they presum
ably contribute to the organism's sur-

vival by inhibiting competitors that 
could otherwise occupy the same eco
logical niche. 

Organisms that secrete secondary me
tabolites initially go through a period of 
rapid growth, the trophophase, in which 
the synthesis of the secondary substance 
is negligible. When further growth is 
halted by the depletion of one or more 
essential nutrients in the medium, the 
organism enters the idiophase: the phase 
peculiar to that organism. The trigger 
for the synthesis of secondary metabo
lites in the idiophase is not known. Most 
organisms are sensitive to their own an
tibiotics during the trophophase but be
come physiologically resistant during 
the idiophase, so that the delay in the 
secretion of secondary metabolites is 
obviously crucial to keeping antibiotic
producing organisms from destroying 
themselves. 

Still a third class of industrially impor
tant substances synthesized by mi

croorganisms are the proteins that act as 
enzymes. Since typical proteins consist 
of several hundred amino acid units, 
few have ever been synthesized in the 
laboratory and no natural enzyme has 
ever been synthesized industrially. Mi
croorganisms rely on catabolic enzymes 
to degrade complex substrates into sim
pler molecules that can then be assim
ilated. Anabolic, or biosynthetic, en
zymes carry out the step-by-step reac
tions that rebuild the simple molecules 
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into the substances (including enzymes 
of both types) needed for cell metabo
lism and growth. As with amino acids, 
the cell normally synthesizes only as 
much of each enzyme as it needs. As 
with amino acid regulation, however, 
organisms can be selected that overpro
duce particular enzymes when. they 
have the right environment and the ap
propriate nutrients. 

One method of increasing enzyme 
synthesis is induction. The genetic bl ue
print for each enzyme is the sequence of 
DNA nucleotides termed a structural 
gene, residing either in the single chro
mosome of a prokaryote or in one of the 
several chromosomes of a eukaryote. 
The structural genes that code for the 
synthesis of many enzymes are normal
ly inactive in the absence of the enzyme 
substrate or a molecule structurally 
analogous to it. Enzyme prod uction is 
then said to be repressed. When the re
quired substrate or analogue is added to 
the medium, the structural gene is acti
vated and the enzyme is synthesized. 
Such an event is called derepression, or 
induction, and the enzymes that respond 
are called ind ucible enzymes (to distin
guish them from constitutive enzymes, 
which are not affected in this way). 

In some instances the inducer is the 
product of an enzymatic reaction. For 
example, the sugar maltose (actually an 
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intermediate in the metabolism of the 
sugar) can induce the fungus Aspergillus 
niger to begin synthesizing glucamylase, 
an enzyme that breaks down the chain 
of sugars in starch into glucose. Al
though the substrate on which glucamy
lase acts is starch, starch does not have 
to be present in the medium in order to 
induce the synthesis of the enzyme. It 
turns out that some analogues that are 
poor or inactive substrates can be ex
tremely potent inducers. 

The most widely held model of induc
tion is the one devised some 20 years ago 
by Fran90is Jacob and Jacques Monod 
of the Pasteur Institute. Briefly, in cells 
not exposed to an inducer the structural 
gene for the enzyme cannot be tran
scribed into messenger RNA (the first 
step in translating a gene into an en
zyme) because RNA polymerase, the 
enzyme needed to carry out the synthe
sis of messenger RNA, is kept from act
ing by virtue of the fact that an operator 
gene adjacent to the structural gene on 
the DNA is blocked by a "repressor" 
protein. The repressor protein in turn is 
coded for by a nearby repressor gene .. 
When inducer molecules are present, 
they combine with repressor molecules 
and so can no longer combine with the 
operator gene. With the operator gene 
free to function the RNA polymerase 
can transcribe the structural gene into 
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REPRODUCTION OF BACTERIA is accomplished asexually by cell division. The diagram 
shows seven stages in the life cycle of the colon bacterium Escherichia coli, which has a dou
bling time of 45 minutes. In the newborn cell (1) the single circular chromosome of DNA 
(color) is already being replicated (brokell lilies). After 20 minutes the new chromosome is com
plete and is affixed to an attachment site within the cell (2, J). By 25 minutes the two chromo
somes have begun to replicate (4) and a septum, or dividing membrane, appears in the middle of 
the cell (5). By 38 minutes the septum is a wall (6). Seven minutes later division is complete (7). 

80 

messenger RNA, which then directs the 
assembly of the enzyme from the ap-
propriate amino acids. 

. 

Certain catabolic enzymes of industri
al importance, such as the amylases 
(starch digesters) and the proteases (pro
tein digesters), can be obtained from mi
croorganisms in supernormal amounts 
by circumventing the phenomenon 
known as catabolite repression. The 
term describes the decrease in the rate of 
synthesis of a catabolic enzyme when 
the microbial cells are exposed to a 
source of carbon that is rapidly assimi
lated. Because such a carbon source is 
often glucose the phenomenon is some
times known as the gl ucose effect. In a 
few instances even the rapid catabolism 
of the inducer itself has been observed 
to give rise to catabolite repression. In 
such instances a slow feeding of the 
actual inducer (or the substitution of a 
slowly metabolized analogue inducer) 
can stimulate large increases in the syn
thesis of the desired enzyme. 

The underlying cause of catabolite 
repression is that in cells that are 

provided with a rapidly utilizable car
bon source there is a sharp decrease in 
the intracellular concentration of cy
clic 3 ',5 '-adenosine monophosphate 
(cAMP). In the absence of sufficient 
cAMP the structural genes coding for 
the particular enzymes are not tran
scribed effectively, and little or no en
zyme is synthesized. An understanding 
of catabolite repression is of great im
portance in industrial microbiology be
cause many commercially valuable en
zymes are obtained from microorgan
isms subject to this phenomenon. 

An altogether different type of meta
bolic product harvested in large volume 
from microorganisms is capsular poly
saccharides, notably dextran and xan
than gum. Dextran, a large gl ucose poly
mer with a molecular weight of between 
50,000 and 100,000 daltons, can serve as 
an extender for blood plasma. When its 
chains are cross-linked, it yields beads 
that are effective as molecular sieves. 
Xanthan gum, which has been found 
safe for human consumption, is added 
to many food products as a thickening 
agent and stabilizer. It also finds use in 
such diverse fields as textile printing and 
dye ing, oil-well drilling (as an add itive 
to drilling mud) and the formulation of 
cosmetics and pharmaceuticals. 

Capsular polysaccharides are sub
stances of high molecular weight that 
form a thick capsule around the cells 
of certain microorganisms. Dextran is 
made in large amounts by Leuconostoc 
mesenteroides and related lactic acid bac
teria, but only when they are grown on 
sucrose as the substrate. In the bacterial 
capsule dextran is a glucose polymer 
with a molecular weight varying from 
1 5,000 daltons to 20 million, depending 
on the strain of bacterium. The bacteria 
harbor an enzyme called either transglu-
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REPRODUCTION OF YEAST is normally asexual, proceeding by 
the formation of buds on the cell surface, but sexual reproduction 
can be induced under special conditions. In the sexual cycle a normal 
diploid cell (a cell with two sets of chromosomes and therefore two 
sets of genes) gives rise to asci, or spore cells, that contain four haploid 
ascospores (cells with one set of chromosomes and one set of genes). 

The ascospores are of two mating types: a and a. Each type can de
velop by budding into other haploid cells. The mating of an a haploid 
cell and an a haploid cell yields a normal ala diploid cell. Haploid 
cells of the same sex can also unite occasionally to form abnormal 
diploid cells (ala or ala) that can reproduce only asexually, by bud
ding in the usual way. Industrial yeasts reproduce mainly by budding. 
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REPRODUCTION OF A MULTICELLULAR FUNGUS, such as 
one of the higher Ascomycetes, can be asexual or sexual. The details 
vary with genus and species. The branched vegetative structure com
mon to both reproductive cycles is the mycelium, composed of hy
phae (1). In the asexual cycle the mycelium gives rise to conidio
phores that bear the spores called conidia, which are dispersed by the 
wind. In the sexual cycle the mycelium develops gametangial struc
tures (2), each consisting of an antheridium (containing" +" nuclei) and 
an ascogonium (containing "-,, nuclei). The nuclei pair in the asco
gonium but do not fuse. Ascogenous, binucleate hyphae develop from 

SI N GLE ASCUS WITH 
EIGHT ASCOSPORES 

the fertilized ascogonium (3), and the pairs of nuclei undergo mitosis, 
which replicates the newly paired chromosomes. Finally nuclei fuse 
in the process called karyogamy (4) at the tips of ascogenous hyphae. 
That is the only diploid stage in the life cycle. Soon afterward the dip
loid nuclei (large colored dots) undergo meiosis, or reduction division. 
The result is eight haploid nuclei (small colored dots), each of which 
develops into an ascospore. At the same time the developing asci 
are enclosed by mycelial hyphae in an ascocarp (5). In the example 
shown here the ascocarp is a c1eistothecium, a closed structure. Asco
spores germinate to yield binucleate or multinucleate mycelium (6). 
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cosidase or dextransucrase that splits 
the disaccharide sucrose into fructose 
and glucose. Fructose provides for the 
bacteria's growth; glucose is transferred 
molecule by molecule to a growing 
strand of dextran. The enzymatic syn
thesis of dextran proceeds either with 
whole cells or with a cell-free extract. 
Xanthan gum is synthesized by the bac
terium Xanthomonas campestris when it 
is grown aerobically on glucose media. 
The polysaccharide made by this organ
ism is branched and more complex than 
dextran. It is assembled from glucose, 
mannose (also a six-carbon monosac
charide) and glucuronic acid, some of 
which have acetyl (CH3CO) and pyru
vate (CH3COCO) groups attached to 
their molecule. 

Yeasts were exploited for thousands 
of years in the making of alcoholic bev
erages and for leavening bread before 
yeast cells were recognized as microor
ganisms and the true nature of fermen
tation was discovered. The presence of 
yeast cells in fermenting beer was first 
recorded in 1680 by Anton van Leeu-

wenhoek, who is credited with inventing 
the forerunner of the modern micro
scope. Nearly 200 years later, in 1876, 
Louis Pasteur presented .his views on 
fermentation in the classic work Etudes 
sur fa biere, in which he postulated that 
microorganisms living under anaerobic 
conditions are able to live and to grow 
by substituting the process of fermenta
tion for the better-understood respirato
ry process of many organisms. He rec
ognized that the fermentation process 
that converts sugars into alcohol and 
carbon dioxide supplies the energy nec
essary for yeast cells to live in the ab
sence of oxygen. Pasteur further rec
ognized that when oxygen is available 
to yeast cells, fermentation is repressed 
and is supplanted in varying degrees by 
respiration. In the latter process the sug
ar is fully oxidized to carbon dioxide 
and water. 

Whereas the enzymes of fermentation 
are constitutive the enzymes of respi
ration are inducible. Fermentation en
zymes reside in the cytoplasm of the 
cell; the respiratory enzymes are in the 
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ACETONE-BUTANOL FERMENTATION is carried out auaerobically by the bacterium 
Clostridium acetobutylicum. The diagram shows the series of intracellular reactions that con
vert two molecules of glucose into one molecule of butanol, one molecule of acetone, four mol
ecules of hydrogen and five of carbon dioxide, Small amounts of ethanol are formed as a minor 
product. In the process four molecules of adenosine diphosphate (ADP) and four units of inor
ganic phosphate (Pi) are converted into four molecules of adenosine triphosphate (ATP), the 
universal fuel of intracellular processes. Acetyl-CoA (acetyl-coenzyme A) is a coenzyme that 
plays a key role in the metabolism of all cells. The molecule nicotinamide adenine dinucleo
tide (NAD) is an acceptor of hydrogen atoms; the reduced form of the molecule, NADH2, 
is a donor of hydrogen atoms. Specific enzymes carry out the reactions indicated by asterisks. 
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organelles called mitochondria. The res
piratory enzymes are subject �o catab
olite repression by glucose. For that 
reason when yeast is grown with a plen
tiful supply of air in order to maximize 
the cell mass, as in the production of 
baker's yeast, it is essential that the cell's 
nutrient sugar solution be fed at a rate 
such that it never exceeds a few tenths of 
1 percent. In this way the catabolite re
pression of the respiratory enzymes is 
prevented and practically all the added 
sugar is respired rather than converted 
into alcohol by fermentation. 

The only sugars that can be ferment
ed by yeasts are the six-carbon 

monosaccharides (or polymers of such 
sugars). Disaccharides such as sucrose 
and maltose are first broken down by 
the cell's hydrolytic enzymes to mono
saccharides. In industrial processes such 
as brewing and whiskey making, where 
starches serve as the main substrate for 
fermentation, the starches are usually 
broken down to monosaccharides by 
the addition of amylase enzymes from 
barley malt or from certain species of 
molds. Although there are yeast species 
that can grow on starch by virtue of 
making their own amylases, such spe
cies are not efficient enough for indus
trial alcohol production. 

When yeasts are grown in the respira
tory mode, a much broader range of 
compounds can be exploited as sub
strates, depending on

" 
the yeast species 

selected. Some yeasts metabolize few 
compounds, others can handle many. 
For example, the ability of Candida uli
lis (a species employed for food yeast) 
to metabolize the pentose (five-carbon) 
monosaccharides xylose and arabinose 
makes this species suitable for growing 
on sulfite waste liquor, a by-product of 
the paper industry. 

Other yeasts, such as Saccharomy
copsis lipo/ytica, are able to metabolize 
straight-chain hydrocarbons that range 
from 10 to 16 carbon atoms in length. 
In pilot installations yeasts have been 
grown on purified fractions of petro
leum. The yeast cells first oxidize the 
hydrocarbons to long-chain fatty acids 
by means of hydroxylation enzymes as 
an intermediate step. The fatty acids are 
broken down by a special oxidation 
process that yields acetyl-coenzyme A, 
which is ultimately transformed into 
cell material. Another substrate of in
dustrial interest is methanol (CH30H), a 
simple alcohol that can be made by the 
oxidation of the gas methane or derived 
from coal. Methanol can be assimilated 
by a limited number of yeast species 
by virtue of a novel metabolic process 
involving specialized cell organelles 
called microbodies. Yeast grown in this 
way can serve as a protein supplement in 
animal feeds. 

Nearly all yeasts are capable of con
verting inorganic nitrogen into proteins 
and nucleic acids. The nitrogen can be 
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HETEROFERMENTATIVE AND HOMOFERMENTATIVE 
pathways are compared in two reaction sequences. The diagram at 
the left shows the scheme by which the heterofermentative lactic acid 
bacterium Leuconostoc transforms one molecule of glucose into one 
molecule each of carbon dioxide, lactic acid and ethanol. The diagram 
at the right shows how two homofermentative organisms, a yeast and 
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a bacterium, ferment glucose with the same sequence of reactions 
up to the point where two molecules of pyruvic acid have been formed. 
The pathways thereafter diverge. The yeast, Saccharomyces cerevisi· 
ae, converts the two pyruvic acid molecules into two molecules each 
of carbon dioxide and ethanol. The bacterium, a streptococcus, con
verts the pyruvic acid molecules into two molecules of lactic acid. 
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assimilated in the form of ammonium 
ions (NH4+) and by some species in the 
form of nitrate ions (NOa-). The ability 
of yeast to convert inorganic nitrogen 
into cellular proteins is being exploited 
to make microbial protein, sometimes 
referred to as single-cell protein, which 
can serve as a supplement in both hu
man food and animal feed. 

Let me briefly describe what yeasts 
are, how they reproduce and what their 
place is in the kingdom of the Mycota, 
or fungi. Because of yeasts' predomi
nantly unicellular form of growth they 
are often described as microfungi. The 
more than 500 known species of yeasts 
are classified taxonomically according 
to their mode of reproduction, which 
can be sexual or asexual. Three classes 
of fungi accommodate the yeasts: the 
Ascomycetes, the Basidiomycetes and 
the Deuteromycetes. 

The first class includes the yeast 
whose sexual reproductive struc

tures take the form of simple asci and 
ascospores. A diploid yeast cell (a cell 
with two sets of paired chromosomes) 

t 
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GLYCERALDEHYDE 

PHOSPHATE 

undergoes meiosis (reduction division) 
and forms four to eight ascospores, en
closed in an ascus, or sac. The asco
spores are haploid cells  (which have 
only one set of chromosomes); haploid 
cells  of different sexes combine to form 
a new diploid organism. This mode of 
sexual reproduction can be manipulat
ed by investigators to carry out genetic 
hybridizations for the improvement of 
strains. N umerous yeast species belong 
to the class Ascomycetes, but only a 
few are of industrial importance. By far 
the earliest yeast to serve man and the 
most intensively cultivated is Saccha
romyces cerevisiae, specific strains of 
which are used for brewing, wine mak
ing, sake making, baking and the pro
duction of industrial alcohols. Kluyvero
myces jragilis is a lactose-fermenting 
species exploited on a small scale for 
producing alcohol from whey. Saccharo
mycopsis lipolytica, the species capable 
of metabolizing hydrocarbons, is an in
d ustrial source of citric acid. 

The class Basidiomycetes has sup
plied no yeasts of industrial importance. 
It includes certain mushrooms, toad-
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stools, smuts and rusts. These organisms 
reproduce by forming external sexual 
spores on a structure termed a basidium 
or on a promycelium arising from a te
liospore. 

The class Deuteromycetes includes 
yeasts that have no known sexual mode 
of reproduction; they reproduce only 
vegetatively, which usually means by 
budding. The class has a few species 
of ind ustrial significance. Candida utilis, 
the yeast that can grow on sulfite waste 
liquor, is one. Another, Trichosporon cu
taneum, plays an important role in aero
bic sewage-digestion systems because of 
its enormous capacity for oxidizing or
ganic compounds, including some that 
are toxic to other fungi, such as phenolic 
compounds. A recently recognized spe
cies, Pha./fia rhodozyma, has the ability 
to make an unusual carotenoid. Carot
enoids are among the pigments found 
in plants. The carotenoid astaxanthin 
made by this yeast is being tested as a 
source of pigment for salmon and trout 
reared in pens. Astaxanthin gives the 
flesh of trout and salmon their normal 
orange pink color. The flesh of fish 
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CONVERSION OF METHANE INTO PROTEIN is carried out 
by the bacterium Methylophilus methylotrophus. Usually the meth. 
aue (CH4) is first oxidized with the aid of a catalyst to methanol 
(CH30H), which then serves as the substrate for bacterial growth. 
Enzymes oxidize the methanol to formaldehyde (H2CO), which con. 

denses with ribulose S.phosphate to form 3·oxohexulose 6-phos
phate. After a sequeuce of reactions the carbon and oxygeu atoms in 
three molecules of methanol are trausformed into one molecule of 
pyruvate (CH3COCOO-); ribulose S-phosphate is released to reuew 
cycle. Pyruvate is startiug point for compounds needed for growth. 
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raised in captivity is white but will ac
quire a normal color if the fish are fed a 
source of the pigment. 

Vegetative reproduction in the indus
trial species of yeast is mainly by the 
repeated formation of buds on the cell 
surface. A mother cell is said to give rise 
to a number of daughter cells, which 
bud in their turn. The shape of the vege
tative cells varies from stubby oval to 
elongate. Most yeasts under industrial 
growing conditions propagate only veg
etatively. The sexual cycle, if it exists at 
all, is induced only by special culture 
conditions. 

Molds are filamentous fungi that 
form a large group of eukaryotic 

organisms lacking chlorophyll that to
gether with the unicellular yeasts consti
tute the Mycota. Molds were recognized 
long before the yeasts because of their 
tendency to form a matlike somatic tis
sue, visible as spoilage organisms on 
many types of food. Everyone has seen 
moldy oranges and other fruits, moldy 
cereal and blue mold on cheese. 

Sometimes the somatic tissue is not 
conspicuous but the sexual fruiting bod
ies are. For example, the vegetative 
growth of mushrooms is hidden in the 
soil and only the mushrooms or puff
balls are visible aboveground. The case 
of bracket fungi on dying trees is simi
lar. The vegetative growth of such fungi 
is gathering nutrients in the trunk of the 
tree from the cellulose or lignin compo
nents of the rotting wood and is there
fore not visible. The spore-generating 
reproductive structures appear on the 
trunk and can weigh several pounds. 
Many diseases of both plants and ani
mals are caused by fungi. Some fungi 
are obligate parasites, which means they 
depend on a living host to complete their 
life cycle, whereas others are opportun
ists. The latter normally live on dead 
organic matter but occasionally attack a 
living host, particularly one whose natu
ral defenses are weakened for one rea
son or another. 

In addition to having true nuclei and 
lacking the ability to conduct photosyn
thesis, the fungi (excluding the unicellu
lar yeasts) are usually characterized as 
structures whose vegetative body or so
matic tissue is filamentous and branched 
and typically has tough cell walls made 
up of variously linked polymers of glu
cose (known as glucans), of glucosamine 
(chitosan) and N-acetylglucosamine 
(chitin). In a few instances the cell wall 
consists entirely of chitin. Such a vegeta
tive structure is known as a mycelium; 
the tubelike structures constituting the 
mycelium are called hyphae. The hy
phae either can be separated into indi
vidual cells by septa or can be essential
ly free of septa, in which case the myce
lium is termed coenocytic. Most fungal 
cells have many nuclei even when the 
hyphae consist of rows of individual 

cells divided by septa. Although some 
fungi fall outside the above definition, it 
covers the fungi of industrial interest. 

Fungi can reproduce both sexually 
and asexually. The asexual fungi gener
ate various kinds of unicellular asexual 
spores by division of the cell nucleus. 
The spores develop on sporophores, 
specialized structures that extend into 
the air from the vegetative mycelium. 
At the tips of the structures the spores 
themselves are borne. If they are en
closed in a sporangium, or saclike de
vice, the spores are referred to as spo
rangiospores. Spores not enclosed in a 
sac are conidia. At maturity both spo
rangiospores and conidia are readily 
distributed by the wind. If they fall on a 
suitable substrate, they germinate and 
form new mycelia that can in turn gen
erate new reproductive structures. 

The morphology of the spore-bearing 
structures is highly variable and consti
tutes one of the bases on which fungi are 
classified. The somatic mycelium is usu
ally not sufficiently distinctive to be of 
much help in classification. The color 
of most molds that live on decaying or
ganic matter is due to the color of their 
asexual spores. They exhibit various 
shades of white, blue, green, red, brown 
or black. 

Many fungi can also reproduce by 
forming sexual spores, generated by the 
meiosis, or reduction division, of a dip
loid nucleus. In meiosis the number of 
chromosomes is halved by the unpairing 
of homologous chromosomes. The sex
ual spores contain only one each of the 
pairs of homologous chromosomes. The 
diploid condition is reestablished when 
two haploid spores come together and 
fuse, thereby completing the life cycle. 
The fungi with no known sexual cycle 
are placed, like the yeasts, in the class 
Deuteromycetes; they are also known as 
fungi imperfecti. 

F ungi of importance in industrial mi
crobiology that are endowed with sexu
al reproductive structures fall into three 
classes: the Ascomycetes, the Basidio
mycetes and the Zygomycetes. As with 
the yeasts, the ascomycetous fungi pro
duce their spores in asci. In the filamen
tous true fungi, however, the asci are 
formed inside a complex fruiting body, 
the ascocarp. Similarly, the basidiomy
cetous fungi develop their sexual spores 
externally on basidia, which are en
closed in a complex fruiting body, the 
basidiocarp. Fungi belonging to the 
class Zygomycetes form sexual zygo
spores that are almost microscopic in 
size. Under natural conditions fungi re
produce for the most part asexually; 
sexual reproductive structures appear 
only occasionally under favorable cir
cumstances. Fungi of industrial signif
icance are grown mainly in tanks as 
submerged clumps of mycelium. Under 
such artificial conditions neither sexual 
nor asexual spores are generated. 

The nutritional requirements of fungi 
closely follow those I have described 
for the yeasts except that the fungi 
(whose species outnumber those of the 
yeasts more than a hundredfold) are 
more diversified in the variety of organ
ic substrates they can assimilate. For ex
ample, there are no yeasts that can grow 
on cell ulose or lignin, whereas certain 
fungi can. On the other hand, many 
yeasts can conduct an active anaero
bic fermentation of sugar into ethanol, 
whereas with few exceptions fungi are 
strict aerobes. The fungi will accept 
either organic or inorganic nitrogen, 
but neither fungi nor yeasts can assimi
late nitrogen gas from the atmosphere, 
as some' bacteria can. F ungi require a 
source of various minerals, particularly 
phosphate, sulfate and salts of potassi
um and magnesium. They also need a 
number of trace elements in salt form: 
boron, manganese, copper, molybde
num, iron and zinc. These elements are 
required for the proper functioning of 
various metabolic enzymes. Yeasts have 
similar requirements. 

Fungi have great economic impor
tance not only for their usefulness 

but also for the harm they do. Fungi are 
responsible for the destruction of much 
of the organic matter on the earth, a 
largely beneficial activity since it is inte
gral to the recycling of living matter. On 
the other hand, fungi cause manifold 
diseases of plants and animals and can 
destroy foods and materials on which 
man depends. A small sampling will 
suggest the range of these effects. The 
Dutch elm disease is caused by an asco
mycete, Ceratocystis ulmi. A water mold 
attacks fishes and fish eggs in hatcheries. 
Coccidioides immites, a deuteromycete, is 
responsible for coccidioidomycosis, or 
San Joaquin fever, in man and some 
animals. Cotton fabrics are destroyed 
by the cellulose-digesting ascomycete 
Chaetomium. 

Fungi can also poison human food 
and animal feed. Claviceps purpurea, an 
ascomycete, elaborates a number of poi
sonous alkaloids when it parasitizes the 
rye plant, causing the disease known as 
ergotism. Consuming ergot-contaminat
ed grain causes cattle to abort. In human 
beings ergotism can lead to hallucina
tions and death. Another form of poi
soning is caused by fungi that secrete 
afiatoxins in improperly stored animal 
feed, such as peanut meal and hay; an 
example is the ascomycetous fungus As
pergillus f/avus. Its toxins, which are sec
ondary metabolites, are highly carcino
genic. The effects of poisonous mush
rooms are well known. 

The harmful effects of fungi are coun
terbalanced by their industrial uses. 
Fungi are the basis of many fermen
tations, such as the hydrolysis of rice 
starch that yields sake and the fermenta
tions of various combinations of soy-
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beans, rice and malt that yield the Ori
ental foods miso, shoyu and tempeh. 
The fungi are the source of many com
mercial enzymes (amylases, proteases, 
pectinases), organic acids (citric, lactic), 
antibiotics (notably penicillin), special 
cheeses (Camembert, Roquefort) and of 
course commercial mushrooms. 

T et us return now to the simplest of 
L all organisms, the prokaryotic ones, 
and consider their structure in some
what more detail. The prokaryotes lack 
the organized nucle us, vacuoles, mito
chondria and membrane systems pres
ent in yeasts, molds and other eukary
otes. The prokaryote cell has only two 
major internal features: a single closed 
loop of DNA and the nondifferentiated 
cytoplasm in which the DNA floats. The 
length of the DNA loop that encodes the 
cell's entire genetic blueprint is remark
able: it is more than a millimeter, or 
several hundred times the maximum 
dimension of most bacteria. The cyto
plasm holds large numbers of ribo
somes: granules made up of RNA and 
proteins that serve as the machines for 
assembling amino acids into proteins. 

The ribosomes of prokaryotes are small
er than those of eukaryotes. 

Prokaryotic microorganisms have 
cell envelopes very different from the 
envelopes of eukaryotic cells. All pro
karyotic cell walls incorporate one com
mon chemical component, peptidogly
can, which is responsible for most of the 
wall's shape and strength. Peptidogly
can is a large polymer built around al
ternating subunits of N-acetylglucos
amine (which is also the building block 
of chitin in eukaryotes) and N-acetylmu
ramic acid. The latter molecule is simi
lar to N-acetylglucosamine but has a 
unit of pyruvic acid attached to its third 
carbon atom. The pyruvic acid serves as 
an attachment point for a linear side 
chain consisting of the amino acids L
alanine, o-glutamic acid, diaminopimel
ic acid (an amino-acid-like compound) 
and o-alanine. These four-unit side 
chains serve to cross-link peptidoglycan 
molecules into a giant saclike molecule 
that surrounds the entire cell. 

The peptidoglycan content of bacte
rial cell walls varies greatly from more 
than 50 percent in the wall of Gram-pos
itive bacteria to less than 10 percent 

HUMAN FORESKIN CELLS used to produce interferons in tissue culture are the elongated 
protuberances on the spherical surface in this scanning electron micrograph. The sphere is a 
tiny bead of the synthetic polymer dextran; such beads are introduced into the culture to pro
vide a surface on which the cells can grow. The micrograph, which enlarges the sphere 1,100 
diameters, was made by Don Siegel of Harvard University and Robert Fleischaker of M.I.T. 
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in Gram-negative bacteria. (The term 
Gram-positive refers to the ability of 
certain bacteria to hold the stain crystal 
violet, which Gram-negative bacteria 
do not retain. ) The peptidoglycan con
tent of cells is correlated with their sen
sitivity to penicillin because the anti
biotic interferes with the biosynthesis 
of peptidoglycan. This explains why 
Gram-positive bacteria (which have a 
high peptidoglycan content) are much 
more sensitive to penicillin than Gram
negative bacteria. It also explains why 
only growing cells are killed by penicil
lin: in the presence of the antibiotic the 
cell wall under construction cannot be 
finished and the cell dies. Certain other 
antibiotics interfere with peptidoglycan 
biosynthesis in other ways. 

In Gram-negative bacteria the inner 
layer of the cell wall is poor in peptido
glycan and the outer layer is rich in lipo
proteins and lipopolysaccharides, which 
supply up to 80 percent of the wall's dry 
weight. The lipopolysaccharide compo
nent is mainly responsible for what is 
known as the O-antigenic specificity 
exhibited by Gram-negative bacteria. 
Each strain has a somewhat different 
lipopolysaccharide on its surface, de
pending on the particular sugars incor
porated in the wall polymers. When hu
man beings or other animals are infect
ed or inoculated with such bacteria, the 
lipopolysaccharide elicits the formation 
of specific antibodies. With the aid of 
specific antiserums it is possible to iden
tify the strain of bacteria that was re
sponsible for a particular infection. 

Many prokaryotic microorganisms 
are endowed with organelles that en
able them to move about. The common
est structures are whiplike flagella that 
project from the cell surface. If the fla
gella are concentrated at one end of the 
cell, they are called polar; if they are 
distributed evenly over the cell surface, 
they are called peritrichous. 

Prokaryotic cells have many shapes: 
spherical, rodlike and even (in the 

case of the actinomycetes) branched. 
Although some prokaryotic cells may 
equal or exceed the length of some eu
karyotic microorganisms, the cellular 
volume of prokaryotes is always much 
less. Prokaryotic cells multiply asexual
ly, almost always by the formation of 
a septum, or cross wall, after the chro
mosome has been replicated. The two 
ends of the cell, each with a chromo
some, thereupon fission into two new 
cells. Some of the true bacteria (Eu
bacteria) contain endospores: packages 
of DNA that can remain dormant for 
many years and are highly resistant to 
heat (even boiling water), toxic chemi
cals and other insults that kill the vege
tative cell.  Then, under the appropriate 
conditions, the endospore can give rise 
to a new bacterium. 

Although a small number of pro-

© 1981 SCIENTIFIC AMERICAN, INC



karyotic microorganisms can cond uct 
photosynthesis with the aid of a special 
kind of bacterial chlorophyll, most pro
karyotes, including those of industrial 
importance, are heterotrophic: they re
quire a source of assimilable carbon and 
nitrogen, together with various miner
al salts and in some instances organic 
growth factors, for example vitamins. 
The prokaryotes of industrial utility 
grow on an organic substrate that serves 
as a source of both carbon and energy. 
They can usually synthesize all their cell 
constituents from a single organic com
pound and a source of nitrogen. Some 
bacteria can "fix" the gaseous nitrogen 
of the atmosphere, that is, convert it into 
organic nitrogen. Examples are species 
of Azotobacter. which are free-living in 
the soil, and Rhizobium. which grow 
symbiotically in the root nodules of le
guminous plants. A major goal of agri
cultural technologists is to find a way to 
incorporate the nitrogen-fixing genes of 
such bacteria into the cells of corn and 
other plants whose nitrogen needs must 
now be met with fertilizers. 

In general the metabolism of prokary
otic microorganisms is strongly influ
enced by molecular oxygen. Organisms 
that depend on aerobic respiration and 
for which oxygen functions as the termi
nal oxidizing agent are classed as ob
ligate aerobes. The antibiotic-secreting 
Streptomyces are an example. In contrast, 
for organisms that are obligate anaer
obes oxygen is usually toxic. The inter
mediate group of organisms, the facul
tative anaerobes, can grow in either the 
presence or the absence of molecular 
oxygen. Such organisms can be subdi
vided into two groups, depending on 
whether oxygen is actively metabolized 
or is merely tolerated. The lactic acid 
bacteria belong to the group that get 
their energy entirely from fermentation, 
yet these bacteria are not harmed by 
oxygen. On the other hand, the coliform 
bacteria, such as the bacterium Esche
richia coli. can obtain their energy either 
from fermentation or respiration. 

Among the bacteria only one sub
£\. group, the Eubacteria, provides spe
cies of industrial usefulness. These true 
bacteria constitute such a large and di
versified group of organisms that a 
complete taxonomic treatment would 
be out of place here. I shall therefore 
give only a few examples of the Eubac
teria exploited by industry. The acetic 
acid bacteria, represented by the gen
era Gluconobacter and Acetobacter. are 
Gram-negative, rod-shaped organisms 
that can convert ethanol into acetic 
acid. Gluconobacter has polar flagella 
and oxidizes ethanol only as far as acetic 
acid. Acetobacter has peritrichous fla
gella and is capable of oxidizing the ace
tic acid it forms into carbon dioxide 
and water. 

Aerobic spore-form ing bacteria are 
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MONOCLONAL ANTIBODIES are ultrapure antibodies manufactured by hybridoma cells: 
fused lymphocytes (white blood cells) and malignant myeloma cells. At the top left is a sche
matic representation of an antigen with four antigenic determinants on its surface. When the 
antigen is injected into a mouse, lymphocytes of the mouse separately manufactDre antibodies 
specific for the antigenic determinants. Therefore an antiserum prepared from the blood of 
the mouse contains a mixture of antibodies against the antigen. In the preparation of mono
clonal antibodies, shown at the right, lymphocytes are removed from the spleen of the mouse 
and allowed to fuse with myeloma cells. Hybrid cells can be cloned to produce pure antibodies. 

represented by the genus Bacillus. which 
has found significant use in industrial 
fermentations. All species of bacilli are 
able to form endospores and are Gram
positive when the cells are young. Near
ly all the species have peritrichous fla
gella. Some species, such as Bacillus sub
lilis. are strict aerobes; others, such as 
B. thuringiensis. can also conduct anaer
obic fermentation. B. subtilis has cer
tain attributes that make it attractive 
as a replacement organism for E. coli. 
which is now almost the universal or
ganism of recombinant-DN A  fermenta
tions. It appears that secondary metab
olites elaborated by B. subtilis are se
creted by the cell and therefore readily 
collected whereas those formed by E." 
coli remain inside the cell and can be 
obtained only by breaking down the cell 
and isolating the desired product from 
the debris. E. coli also has the disad
vantage of containing highly toxic sub
stances (endotoxins) that must be care
fully removed from the product of the 
fermentation. B. subtilis does not manu
facture such endotoxins. 

Anaerobic spore-forming bacteria are 

represented by species of the genus Clos
tridium. Whereas vegetative cells of the 
species are highly sensitive to oxygen, 
the endospores are protected from this 
lethal effect. The cells, common in soil, 
are Gram-positive rods with peritri
chous flagella. They obtain their meta
bolic energy from various types of fer
mentation. I have mentioned that C. 
acetobutylicum can ferment sugars into 
acetone, ethanol, isopropanol and buta
nol; other fermentable substrates for 
this group include starch, pectin and 
various nitrogenous compounds. 

The lactic acid bacteria include, 
among others, species of the genera 
Streptococcus. Leuconostoc and Lactoba
cillus. These organisms, which do not 
form endospores, are Gram-positive, 
nonmotile rods or spheres that get their 
energy from fermentation but are not 
sensitive to oxygen. The heterofermen
tative lactic acid bacteria of the genus 
Leuconostoc convert carbohydrates into 
lactic acid, ethanol and carbon diox
ide. The homofermentative lactic acid 
bacteria of the genus Streptococcus yield 
only lactic acid. Species of Lactobacillus 
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ORGANISM TYPE PRODUCT 
FOODS AND BEVERAGES 

Saccharomyces cerevislae YEAST BAK E R ' S  YEAST. WINE, ALE, SAKE 
-

Saccharomyces carlsbergensis YEAST LAG E R  B E E R  

Saccharomyces rouxii YEAST SOY SAUCE 
--

Candida millen· YEAST SOUR F R E N C H  BREAD 

Lactobacillus sanfrancisco BACTE R I U M  S O U R  F R E N C H  BREAD 
--

Streptococcus thermophilus BACT E R I U M  YOGURl 

Lactobacillus bulgaricus BACTE R I U M  YOGURT 

Propionibacterium shermani; BACT E R I U M  S W I S S  C H E E S E  
-

Gluconobacter suboxidans BACTE R I U M  VINEGAR 

Penicilfium roque/orri; MOLD BLUE-V E I N E D  C H E E S E S  

Penicillium camemberti; MOLD CAMEMBERT AND BRIE C H E E S E S  

Aspergillus oryzae MOLD SAKE ( R I C E - STARCH H Y DROLYSIS)  
--

Rhizopus MOLD TEMPEH 

Mucor MOLD SUFU (SOYBEAN CURD)  
--

Monascus purpurea MOLD ANG-KAK (RED R ICE)  

I N DUSTRIAL C H E M I CALS 

Saccharomyces cerevisiae YEAST ETHANOL (FROM G LUCOSE) 
-

Kluyveromyces fragilis YEAST ETHANOL (FROM LACTOSE) 

Clostridium acetobutyficum BACT E R I U M  ACETONE AND BUTANOL 
--

Aspergiffus niger MOLD CITRIC ACID 

Xanthomonas campestris BACT E R I U M  POLYSACCHAR I D E S  

A M I N O  A C I D S  AND FLAVO R - E N H A N C I N G  NUCLEOTIDES 

Corynebacterium g(utamicum 

Corynebacterium glutamicum 

Candida utilis 

Saccharomycopsis /ipolytica 

Methylophilus methylotrophus 

Eremothecium ashby; 

Pseudomonas denitrificans 

Propionibacterium 

Aspergillus oryzae 

Aspergillus niger 

Trichoderma reesii 

Saccharomyces cerevisiae 

Kluyveromyces fragilis 

Saccharomycopsis lipolytica 

Aspergillus 

Bacillus 

Endothia parasitica 

Leuconostoc mesenteroides 

Xanthomonas campestris 

Peniciflum chrysogenum 

Cephalosporium acremonium 

Streptomyces 

Bacillus brevis 

Bacillus subti/is 

Bacillus po/ymyxa 

Rhizopus nigricans 

Arthrobacter simp/ex 

Mycobacterium 

H Y B R I DOMAS 

MAMMALIAN CELL L I N E S  

Escherichia coli 
(via recombinant-DNA 
lechnology) 

Blakeslea trispora 

Phaffia rhodozyma 

Bacillus lhuringiensis 

Bacillus popilliae 

BACT E R I U M  

BACT E R I U M  

L-LY S I N E  

5 ' - I N O S I N I C  ACID AND 

5 '  -GUANYLIC ACID 

S I N G LE-CELL PROTE I N S  

YEAST 
MICROBIAL PROTEI N  FROM 
PAPER-PULP WASTE 

-

YEAST 
M ICROBIAL PROTEI N  FROM 
PETROLEUM ALKANES 

BACTERIUM MICROBIAL PROTEIN FROM GROWTH 
ON METHANE OR METHANOL 

VITAMINS 
YEAST R I BOFLAV I N  

BACTERIUM VITAMIN B "  
BACTE RIUM VITAMIN B" 

ENZYMES 
MOLD AMYLASES 
M O L D  GLUCAMYLASE 
MOLD CELLULASE 

YEAST INVERTASE 

YEAST LACTASE 

YEAST L I PASE 

MOLD PECTINASES AND PROTEASES 
BACTER I U M  PROTEAS ES 

M O L D  M I C ROBIAL R E N N ET 

POLYSAC C H A R I D E S  

BACT E R I U M  DEXTRAN 

BACT E R I U M  XANTHAN G U M  

PHARMACEUTICALS 

MOLD P E N I C I L L I N S  

MOLD C E PHALOSPO R I N S  

AMPHOT E R I C I N  B, KANAMYCINS,  

BACTE R I U M  NEOMYCINS,  STRE PTOM Y C I N ,  

TETRACYC L I N E S  AND OTH E R S  

BACTE R I U M  G R A M I C I D I N  S 

BACT E R I U M  BACITRACIN 

BACTE R I U M  POLY M Y X I N  B 

MOLD STEROID TRANSFOR MATION 

BACTE R I U M  STEROID TRANSFOR MATION 

BACTE R I U M  STEROID TRANSFORMATION 

I M MUNOGLOBULINS AND 
--

MONOCLONAL ANTIBODIES 

-- INTERFERON 

I N S U L I N ,  H U MAN G ROWTH 

BACT E R I U M  H O R M O N E ,  SOMATOSTAT I N ,  

INTERFERON 

CAROT E N O I D S  

MOLD BETA-CAROT E N E  

YEAST ASTAXANTHIN 

ENTOMOPATHOG E N I C  BACTERIA 

BACTE R I U M  B I O I N S E C T I C I D E S  

BACT E R I U M  B I O I N S E C T I C I D E S  

ferment sugars into various products 
along with lactic acid. 

Another prokaryote, Corynebacterium 
glutamicum, as I have noted, is a major 
industrial source of lysine and of flavor
enhancing 5' -nucleotides. The coryne
form bacteria tend to be irreg ular in 
shape; they are sometimes branched 
rather than simply club-shaped (as the 
Greek coryne, club, suggests). The cells 
are generally nonmotile, Gram-positive 
and lack the abil ity to form endospores. 
The genus contains species that are 
pathogenic to animals and plants, but 
there are also soil-inhabiting species 
that are nonpathogenic and of industrial 
interest. Although the cells are faculta
tive anaerobes, they grow best aerobi
cally. Corynebacteria make a catalase 
enzyme that decomposes hydrogen per
oxide (H202) into water and oxygen. 

Another large group of prokaryotic 
soil organisms, the true actinomycetes, 
are strict aerobes with simple nutritional 
req uirements. They include many gen
era whose vegetative development is 
excl usively mycelium. They are Gram
positive and do not form endospores. 
By far the largest genus in the group 
is Streptomyces, whose species assumed 
major importance when it was discov
ered that they secrete useful antibiotics. 
The characteristic smell of damp forest 
soil is caused by volatile compounds 
ela borated by Streptomyces. When acti
nomycetes are grown on a solid me
dium, they not only form a finely 
branched mycelium but also give rise 
to aerial hyphae that d ifferentiate into 
chains of conidiospores. Each conidio
spore in turn can generate a mycelial 
microcolony. Another genus of the true 
actinomycetes is Micromonospora, some 
of whose species also secrete antibiot
ics. Their colonies are devoid of aer
ial mycelia. Instead conidiospores are 
formed singly at the tips of short hyphal 
branches throughout the colony, 

H uman cells were first c ultured in 
laboratory glassware early in this 

century. No significant ind ustrial use 
was found for mammalian tissue cul
tures, however, until the early 1 9 50's; 
then it was found that the virus of polio
myelitis could be grown in cultures of 
monkey and human tissue for the manu
facture of vaccines, Interest in human 
cell lines has greatly increased since 
then with the application of cell cultures 
in the isolation and growth of other vi
ruses, in the prod uction of highly specif-

MAIN INDUSTRIAL PRODUCTS ob
tained witb tbe belp of microorganisms range 
from some of tbe oldest (beer, cbeese and leav
ened bread) to tbe newest creations of re
combinant-DNA tecbnology (insulin, buman 
growtb bormone). Cell tecbnology bas recent
ly been broadened to include tbe culture of 
mammalian cells as sources of new products. 
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ic proteins (such as interferon and anti
bodies), in cancer research and in antivi
ral chemotherapy. 

Mammalian cells are of course eu
karyotic and are generally more com
plex in their internal organization than 
fungal or yeast cells. One fundamental 
difference between mammalian cells 
and the cells of microorganisms is that 
mammalian cells have no tough outer 
wall; their cytoplasm is enclosed only by 
a thin membrane. This plasma mem
brane regulates the uptake of nutrients 
needed for cell maintenance and divi
sion and the release of cellular metabol
ic products. In somatic tissues (tissues 
other than reproductive ones) the cells 
are diploid and divide by mitosis. Con
striction of the membranes serves to 
divide the cell in two. Cellular divi
sion takes on the order of 24 hours com
pared with one and a half to two and a 
half hours for yeasts and 20 to 60 min
utes for bacteria. Normally mammalian 
cells are arranged in three-dimensional 
structures such as organs and muscles, 
but when they are grown in tissue cul
ture, they can float free or form a layer 
one cell thick on a surface. 

The nutritional requirements of 
mammalian cells are a good deal more 
complex than those of eukaryotic mi
croorganisms. Mammalian cells must 
be supplied with a mixture of amino ac
ids for the synthesis of proteins and with 
purines and pyrimidines for the synthe
sis of nucleic acids. The growth medi
um, which must be made up with very 
pure deionized water, must contain glu
cose as a source of carbon and energy, a 
mixture of vitamins and a balanced mix
ture of minerals to maintain the cells at 
the appropriate osmotic pressure and to 
buffer the medium at the optimum pH 
(about 7.2) .  The medium must also be 
supplied with small amounts of antibi
otics to control bacterial infection and 
must consist of 5 to 20 percent blood 
serum (either human or fetal bovine). In 
some cases specific serum proteins can 
serve as a satisfactory replacement for 
whole serum when it is necessary to 
have a culture free of serum. For opti
mum growth the culture must be held 
close to 37 degrees Celsius. Below 3 6  
degrees C .  the cells divide very slowly or 
not at all; above 3 8  degrees they die. 
Most mammalian cell lines, including 
human ones, can be stored indefinitely if 
they are cooled slowly to - 1 80 degrees.  
Special media are needed for frozen 
storage. 

Mammalian cell lines are commonly 
started from embryonic tissue. The usu
al procedure is to obtain a suspension of 
single cells by treating the dispersed tis
sue with the digestive enzyme trypsin. If 
a suspension of tissue cells in a nutrient 
medium is allowed to settle onto the flat 
surface of a culture vessel, the cells flat
ten out and divide to form a layer one 
cell thick. When growth is well estab
lished, subcultures can be started by 

carefully breaking up clumps or sheets 
of cells. Some types of cells can also be 
grown in suspension. The usual tech
nique employs cylindrical roller bottles 
that are rotated slowly about their long 
axis. Cell yields can be enhanced by 
adding to the suspension small micro
carrier beads made from inert synthetic 
polymers. Submerged cultures have also 
been achieved in agitated vessels with a 
capacity of more than 1 ,000 liters .  

Asmall number of therapeutically 
useful proteins and polypeptides, 

such as human insulin and somatostatin 
(a peptide chain consisting of only 1 4  
amino acid units), are being obtained 
from bacterial cells, notably E. coli, into 
which the gene for making the desired 
product has been introduced by recom
binant-DNA techniques. The separation 
of such proteins from microbial pro
teins and other cell constituents, many 
of them highly toxic, presents major dif
ficulties. The removal of foreign pro
teins can be avoided or simplified by the 
use of mammalian (including human) 
cell lines that have been modified to in
crease their productivity. 

One protein that is currently being 
made on a substantial scale (although it 
is still a laboratory one) from mammali
an cell lines is the antiviral agent inter
feron. There are many kinds of interfer
on, not only interferons from different 
mammalian species but also different in
terferons from the same species. One of 
the chief problems that had to be over
come in obtaining interferon from cul
tured cells is the extremely low concen
tration of interferon made by cells. The 
production process starts with the grow
ing of a particular cell line for about a 
week in a nutrient medium. At that stage 
little or no interferon is being synthe
sized. The nutrient is then replaced with 
an inducer medium that typically con
tains a mixture of polyinosine-cytosine 
RNA (a synthetic double-strand RNA) 
and diethylaminoethyl dextran. The two 
compounds induce the cells to start 
manufacturing interferon. Before the 
cells begin to excrete interferon the me
dium is replaced once more with a me
dium containing additional substances 
(such as insulin and guanosine phos
phate or low concentrations of serum 
albumin) that have been found to in
crease the yield of interferon or to in
crease its stability. Finally the medium 
is collected, concentrated, dialyzed and 
freeze-dried. 

The resulting material contains only 
about . 1  percent of pure interferon, so 
that other purification methods must 
come into play. One of the most ef
fective and specific is immunoaffinity 
chromatography. Monoclonal antibod
ies with an affinity for a particular type 
of interferon can be attached to poly
saccharide beads, which are placed in a 
glass column. When the crude interfer
on solution is passed through the col-

umn, the interferon molecules are ad
sorbed on the beads while the impurities 
pass through the column. The interferon 
is released from the beads and eluted 
from the column by altering the pH of 
the column with a suitable washing solu
tion. In a single passage through the col
umn the interferon activity can be raised 
some 5,000-fold. 

Monoclonal antibodies have them
selves only recently become avail

able in industrial quantities through 
techniques in which normal mammalian 
cells are hybridized with myeloma cells 
of malignant tumors of the immune 
system. The normal immune system is 
capable of manufacturing at least a 
million different kinds of antibodies to 
combat and inactivate foreign proteins 
or other antigens that may invade the 
body. A malignant myeloma cell, how
ever, synthesizes only a single type of 
antibody, an immunoglobulin protein 
that may be any one of the almost in
numerable proteins possible. Myeloma 
cells proliferate rapidly and can be cul
tured indefinitely from a single cell. 
They cannot, however, be induced to 
yield antibodies to a specific antigen. 

That difficulty was overcome in 1 97 5  
when Cesar M ilstein and his colleagues 
at the Medical Research Council Labo
ratory of Molecular Biology in Cam
bridge, England, conceived the idea of 
fusing mouse myeloma cells with B lym
phocytes from the spleen of a mouse 
immunized with a specific antigen. The 
resulting "hybridoma," or hybrid mye
loma, cells had the properties of both 
parent cells: immortality and the ability 
to secrete large amounts of a single, spe
cific type of antibody. Many details in 
the selection of hybrid cells had to be 
worked out, including the genetic prop
erties of the hybrid animal cells. 

M ilstein's work has opened a new era 
of experimental immunology. The 
problems previously associated with 
heteroantiserums, that is, serums con
taining mixtures of antibodies, could in 
principle now be circumvented. In 1 9 80 
Carlo M. Croce and his co-workers at 
the Wistar Institute of Anatomy and Bi
ology in Philadelphia succeeded in gen
erating a stable, antigen-producing in
traspecific human hybridoma by fusing 
B lymphocytes from a patient suffering 
from multiple myeloma with peripheral 
lymphocytes from a patient with sub
acute panencephalitis. The hybridoma 
cells of this fusion were found to secrete 
molecules of human immunoglobulin 
M specific for components of the mea
sles virus. Although only a limited num
ber of human cell lines lead to hybrido
mas that actively secrete specific anti
bodies, Croce's  work indicates the possi
bility of obtaining human B-cell hybrids 
that continuously secrete human anti
bodies against a variety of pathogenic 
viruses. The potential for improving hu
man immunotherapy is therefore great. 
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The Genetic Programming 
of Industrial Microorganisms 

The useful products made by microorganisms are specified by genes. 

The genes in turn are specified by intensive selection� and now by 
direct intervention such as introducing genes from other organisms 

Amicroorganism is a finely integrat
ed machine that has evolved to 
serve its own purposes: survival 

and reproduction. A "wild type" bacte
rium or yeast cell has become closely 
adapted through natural selection to its 
environment and to competition with 
other species; it is not adapted to the 
manufacture of some substance that 
happens to be sought after by man. 
Modern industrial microbiology calls 
for the selection or construction of freak 
organisms, genetically programmed to 
make a normal metabolic product in 
amounts that would be a disastrous 
drain on a wild organism's resources of 
energy and nutrients or even to make a 
product that is not part of its normal 
repertory. 

The first steps toward controlling and 
improving microbiological processes 
were taken only a little more than 100 
years ago, when bacteria and fungi that 
made desired commodities were isolat
ed and grown in pure cultures and it 
became possible to select strains partic
ularly suited to a given task. 

The purposeful breeding of special in
dustrial strains became possible only 
later, as something was learned about 
microbial genetics. First came the dis
covery of some of the mechanisms of 
mutation: the sudden change of a gene, 
the unit of hereditary information, into 
a new form. Mutations were induced in 
the laboratory by means of X rays as 
early as 1927, and the discovery after 
1945 of a wide range of other potent 
mutagenic radiations and chemical mu-

by David A. Hopwood 

tagens gave microbiologists a powerful 
set of tools for changing the genetic 
composition of their cultures. The mid-
1940's also saw advances in genetics 
that made it possible to reshuffle genetic 
information by recombining genes from 
two or more organisms: bacteria were 
found to reproduce sexually by a bizarre 
form of mating and even by the ex
change of naked DNA, and novel genet
ic systems were discovered in fungi. Im
proved understanding of these processes 
initiated the explosive advance in micro
bial genetics and molecular biology that 
is still under way today. 

In the years after World War II the 
fermentation industry underwent im
portant changes, both in its capabili
ties and in the volume of its output, with 
the industrial production of antibiotics. 
Penicillin had been manufactured dur
ing the war, and it was followed by a 
growing list of new antibiotics effective 
against a broad range of bacterial and 
fungal diseases. Then new fermenta
tions were developed in which microor
ganisms yielded other pure chemicals 
such as amino acids (the components of 
proteins) and nucleotides (the compo
nents of DNA). Such chemicals could 
not be manufactured economically by 
wild-type organisms. Their industrial 
production depended on genetic manip
ulation, and so the new fermentation in
dustry and a new science of microbial 
genetics developed in parallel. For a 
long time, however (and to the frustra
tion of some academic geneticists), it 
was the exception rather than the rule 

PLASMID isolated from a bacterium is enlarged 115,000 diameters in the electron micro
graph on the opposite page. Plasm ids are small circular (closed loop) molecules of the genetic 
material DNA that exist outside the bacterial chromosome. They play a major role in the genet
ic programming of microorganisms because they can be transferred from one strain to another 
(even of a different species) and can serve as vectors for introducing completely new genetic 
information, by means of recombinant-DNA techniques, into bacteria. This plasmid was iso
lated from Streptomyces coelicolor by Mervyn Bibb in the author's laboratory and was shad
owed with platinum, exaggerating its thickness; the double helix of DNA is about 10 microme
ters in circumference, comprising about 30,000 base pairs of DNA, enough for some 30 genes. 

for the science of genetics to make an 
appreciable contribution to the genet
ic programming of industrial microor
ganisms. 

That situation changed dramatically 
after the announcement in 1973 of ex
periments involving recombinant DNA 
and molecular cloning. New techniques 
were developed that make it possible (in 
principle) to transfer genes from any 
source into any microorganism. These 
techniques of genetic engineering are 
powerful laboratory tools for revealing 
the structure and function of genes. And 
they have immense potential for the 
breeding of industrial strains of micro
organisms that can make such com
pletely new fermentation products as 
human insulin or growth hormone and 
also for the rational development of 
new strains better suited to making tra
ditional fermentation products. Genetic 
engineering has caught the imagination 
of industrial managers and entrepre
neurs, but it is only the capstone of an 
edifice of microbial genetics built over 
the past 35 years; it is only one (albeit 
the most exciting) of the many facets of 
the genetic programming of industrial 
microorganisms. 

Genetic information is stored in living. 
cells in the threadlike molecule of 

DNA. In a typical bacterium the basic 
set of information is encoded in a sin
gle long, tangled molecule of DNA: the 
bacterial chromosome. It is a double he
lix each strand of which is a chain of 
nucleotides. Each nucleotide is charac
terized by one of four bases: adenine (A), 
guanine (G), thymine (1) and cytosine 
(C). The bases are complementary: an 
adenine in one strand pairs with a thy
mine in the other strand, and guanine 
pairs with cytosine. The molecule is a 
closed loop at least a millimeter in cir
cumference (tightly folded to fit inside a 
bacterial cell perhaps a thousandth of 
a millimeter in diameter) consisting of 
several billion base pairs. The total in
formation content of the bacterium is 
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in a set of several thousand "structur
al genes" (each one perhaps 1,000 base 
pairs long) that specify the same number 
of proteins, mostly enzymes. The infor
mation is encoded in the sequence of the 
bases on one strand of DNA, each three
base "codon" specifying one of the 20 
amino acids; a structural gene directs 
the cell's machinery to assemble some 
hundreds of amino acid units into a par
ticular linear sequence to form a partic
ular protein. 

Not all of the DNA has this coding 
function. Base seq uences adjacent to the 
structural genes control their expres
sion: their transcription into a messen
ger RNA complementary to the DNA 
template and the translation of the mes
senger RNA into protein on the ce llular 
organelles called ribosomes. Two con
trol regions regulate transcription. One 
is the promoter, a short sequence that 
enables the enzyme RNA polymerase to 
bind to the DNA and move along it, 
initiating transcription of the coding 
strand into RNA at a point before the 
beginning of the structural gene; the oth
er control region is a signal to terminate 
transcription at the end of the structural 
gene. In genes that respond to the cur
rent concentration of particular metab
olites in the cell (or in a culture medi
um) additional sites in the promoter and 
terminator regions interact with DNA
binding regulatory proteins. For exam
ple, an "operator" sequence between the 
promoter and the structural gene may 
bind a "repressor" protein, itself the 
product of a specific regulator gene; the 

binding of a repressor, perhaps only in 
the presence of a particular metabolite, 
prevents the transcription of the struc
tural gene. Other sequences, having 
been transcribed into messenger RNA, 
control translation. A "ribosomal bind
ing site" fixes the RNA to the ribosome, 
allowing translation to begin at a "start" 
signal, the first codon of the structural 
gene; a "stop" signal at the end of the 
gene triggers the release of the complet
ed protein chain. 

Rational genetic programming de
pends on a clear understanding of these 
characteristics of DNA and of their dif
ferences in various organisms. Changes 
within a coding region, for example, can 
alter the amino acid sequence of an en
zyme and thereby affect its activity. The 
slight alteration of a promoter sequence 
can increase the probability that RNA 
polymerase will bind to the promoter, 
and so enhance the rate of transcription. 
Mutations in operator regions or in a 
regulator gene can prevent the binding 
of a repressor and thereby greatly in
crease (derepress) transcription. More
over, genes transplanted from one or
ganism to an unrelated organism will be 
expressed only if the promoters and ri
bosomal-binding sites of the two organ
isms are similar enough. 

The genetic code and the essential 
biochemistry of transcription and trans
lation are the same in prokaryotes (bac
teria) and eukaryotes (all higher organ
isms, from algae to man), but the control 
signals are different. So is the organiza
tion and expression of the DNA. In eu-

CHROMOSOMAL DNA 

b 
RECOGNITION SEQUENCES FOR RNA POLYMERASE 

CODING STRAND 

TEMPLATE STRAND 

I (PROMOTER) \ (-35) (-10) 

karyotes the DNA is complexed with 
protein and divided among a number of 
discrete chromosomes grouped within a 
membrane-bounded nucleus. Such eu
karyotic organisms as fungi have per
haps 10 times as much DNA as bacteria; 
the higher plants and animals have thou
sands of times as much. The increase in 
DNA content is far in eXcess of the in
crease in the number of genes, in part 
because many genes in eukaryotes are 
split: noncoding intervening sequences 
("introns") lie within the structural 
genes. Introns are transcribed along 
with the coding sequences ("exons") but 
are not expressed; they are removed in a 
splicing process that brings a gene's ex
ons together to form the mature messen
ger RNA that is translated into protein. 
Introns are rare in the genes of fungi, but 
they are present in most genes of the 
higher eukaryotes. Their presence com
plicates recombinant-DNA manipUla
tions because a bacterium lacks the 
enzymes for splicing them out of the 
primary RNA transcript, so that a nat
ural eukaryotic gene containing introns 
cannot be expressed in bacteria. 

The development of a tailor-made in
dustrial microorganism from a wild 

bacterium or fungus calls for changing 
its genetic information in a way that 
eliminates undesirable properties, ac
centuates desirable properties or intro
duces entirely new ones. There are sev
eral ways to bring such changes about. 
One way is to take advantage of muta
tions or to induce them. The simplest 

c 

OPERATOR 
R EGION 
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BINDING SITE 

MESSENGER RNA 

GENETIC INFORMATION is stored in tbe double belix of DNA 
(a). Eacb strand of tbe belix is a cbain of nucleotides, eacb comprising 
a deoxyribose sugar and a pbospbate group, wbicb form tbe strand's 
backbone, as well as one of four bases: adenine (A), guanine (G), 
tbymine (T) and cytosine (C). Tbe information is encoded in tbe se
quence of tbe bases along a strand. Tbe complementarity of tbe bases 
(A always pairs witb T, and G witb C) is the basis of the replication of 
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TRANSLATlm 

PROTEIN CHAI 

DNA from generation to generation and of its expression (sbown bere 
for bacterial DNA) as protein. Expression begins witb tbe transcrip
tion of tbe DNA base sequence (b) into a strand of messenger RNA 
(c), wbicb corresponds to tbe coding strand of tbe DNA except for tbe 
fact tbat uracil (U) replaces tbymine. Transcription into RNA and 
translation into protein are regulated by special sequences (black) in 
tbe DNA and RNA respectively. Tbe transcribing enzyme, RNA 
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kind of mutation is a point mutation: the 
change of one base pair (say adenine
thymine) to another (guanine-cytosine). 
In other instances a base pair or a short 
stretch of DNA may be deleted from a 
sequence, or a new base pair may be 
inserted. These changes are natural oc
currences in any DNA, probably as the 
result of errors in its replication from 
generation to generation, but spontane
ous mutations are rare, affecting a given 
base pair only about once in 100 million 
replications. The frequency of mutation 
can be increased at least a thousandfold 
by exposing microorganisms to such 
mutagens as ultraviolet radiation, ioniz
ing radiation (X rays, gamma rays or 
neutrons) and a host of apparently unre
lated chemical compounds that can re
act with DNA bases or interfere with 
DNA replication. 

Mutagens hit genes at random. Each 
agent may act specifically on particular 
bases or groups of bases (for example, 
ultraviolet radiation tends to link two 
adjacent thymines on the same strand of 
DNA), but all genes are chains of the 
same bases. It is therefore usually im
possible to cause a particular gene to 
mutate preferentially (even though in 
any gene particular treatments tend to 
cause mutations primarily at certain po
sitions). To improve a strain by muta
tion one must rely on sensitive tests that 
make it possible to recognize the rare 
mutants that happen to have a desired 
characteristic. 

Some procedures are straightforward. 
To select mutants resistant to a chemical 

that inhibits the growth of unmutated 
strains, for example, one can spread 
many millions of cells of the starting 
strain on a culture plate containing the 
inhibitor; only the resistant mutants pro
liferate and form colonies. Other kinds 
of mutants can be found only by testing 
the properties of random colonies in in
divid ual culture vessels or even in small 
versions of industrial fermenters; in 
such instances potent mutagens are re
quired so that one can hope to find the 
desired mutant by examining thousands, 
rather than millions, of individuals. Two 
very different strategies for improving 
industrial microorganisms through mu
tational reprogramming are illustrated 
by examples involving the production of 
amino acids and antibiotics. 

T ysine is an essential amino acid in ani
L mal nutrition (one that the animal 
cannot synthesize itself), but many plant 
proteins are deficient in it. Lysine is 
therefore produced by fermentation to 
serve as a supplement to animal feeds. 
The fermentation is based on an under
standing in detail of both the pathway 
leading to bacterial biosynthesis of the 
amino acid and the pathway's genetic 
regulation. Skillful exploitation of that 
knowledge has made it possible to select 
mutant strains of Brevibacterium flavum 
and Corynebacterium glutamicum that 
convert more than a third of the sugar in 
a fermentation medium into lysine, yield
ing concentrations of as much as 75 
grams of lysine per liter of medium. In 
these bacteria lysine is one end product 

of a branched pathway that also leads to 
the synthesis of the amino acids methio
nine and threonine. The main control 
ensuring the synthesis of enough of 
these amino acids to meet the needs of 
the bacterium, but not too much, is a 
feedback inhibition of the first enzyme 
of the pathway, aspartate kinase, by 
threonine and lysine acting together. 
That is, the accumulation of these two 
amino acids in excess of the organism's 
requirements tends to shut down their 
synthesis by inhibiting the enzyme's 
activity; conversely, a shortage of thre
onine or lysine increases their rate of 
synthesis. 

Overproduction of lysine, far beyond 
the bacterium's own needs, has been 
achieved by isolating two kinds of mu
tant. In one kind a mutation in the gene 
coding for the enzyme homoserine de
hydrogenase abolishes the enzyme's ac
tivity and thereby prevents the bacteri
um from making threonine (one of the 
inhibitory products) and methionine. 
When this auxotroph, or nutritionally 
deficient mutant, is cultured in a me
dium with just enough threonine and 
methionine to support growth but not 
enough threonine to cooperate with ly
sine in shutting off aspartate kinase's 
activity, the pathway to lysine continues 
to operate at full speed. Auxotrophic 
mutants are selected by testing thou
sands of colonies that have been treated 
with a mutagen; auxotrophs grow only 
if particular growth factors (in this case 
methionine and threonine) are supplied 
in the medium. Auxotrophs can be iso-
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polymerase, binds to a promoter region that (in the bacterium Esch· 
erichia coli) has the specific sequences shown (or minor variations of 
them) about 10 base pairs and 35 base pairs before a transcription
initiation site; beyond the end of the structural gene a termination re
gion causes the polymerase to cease transcription. In some genes an 
operator sequence, which can bind a repressor molecule, provides an 
extra control. Messenger RNA is translated on the cellular organ-

STOP 

elles called ribosomes; each triplet of bases (codon) encodes a par
ticular amino acid and specifies its incorporation into the growing 
protein chain. A ribosomal binding site on the RNA allows transla
tion to begin at a "start" codon, which is always AUG for the amino 
acid methionine (Met). Translation proceeds until a "stop" codon is 
reached (UAA is one of three possibilities) that signals the end of trans
lation and detachment of completed protein chain from ribosome. 
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EXPRESSION OF DNA is different in prokaryotes (bacteria) and 
eukaryotes (higher organisms). In prokaryotes the genetic informa
tion, encoded in a continuous stretch of the DNA double helix that 
constitutes a structural gene, is transcribed directly into messenger 
RNA, whicb is translated to make a protein. In eukaryotes, on the 

other hand, some structural genes (most of them, in the higher eu
karyotes) are split: coding sequences ("exons") are separated by non
coding intervening sequences ("introns"). Entire gene is transcribed 
to make primary RNA transcript. Then intron transcripts are excised 
and ellon transcripts are spliced togetber to make messenger RNA. 
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I METHION INE I 
MUTATIONAL REPROGRAMMING yields bacterial strains tbat 
produce large amounts of the essential amino acid lysine. In wild
type strains (a) lysine is one product, along with the amino acids 
threonine and methionine, of a brancbed pathway controlled primar
ily by feedback inbibition: the activity of the enzyme aspartate ki
nase is inhibited by excess quantities of lysine and threonine acting 

together. The control is circumvented in two kinds of mutant strains. 
In one kind (b) a mutation inactivates the enzyme homoserine de
bydrogenase, thereby preventing threonine from accumulating and 
inhibiting aspartate kinase. In the other kind (c) the gene coding for 
aspartate kinase itself is mutated; tbe altered enzyme functions, but 
it is not inhibited by lysine even when lysine is present in excess. 
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lated more efficiently by inoculating a 
mutagenized culture into a medium that 
lacks the appropri'ate growth factors 
and contains penicillin, which kills only 
proliferating bacteria; the auxotrophs 
cannot grow and so they survive, where
as the unm uta ted bacteria are killed. 

A different kind of mutant has an al
tered form of aspartate kinase itself, 
which performs well enough as an en
zyme but does not react with lysine and 
has therefore lost its sensitivity to feed
back inhibition; again, high levels of ly
sine accumulate in the fermenter. These 
mutants could be selected because they 
are resistant to a compound called AEC, 
which resembles lysine so closely that it 
mimics its regulatory effect, inhibiting 
aspartate kinase even if no lysine is be
ing synthesized. In the presence of AEC, 
wild strains die as a result of lysine star
vation, whereas the mutants proliferate 
and form colonies. Lysine production is 
just one example of an industrial proc
ess that depends on the rational selec
tion of mutants in which the precise con
trols regulating amino acid production 
are disconnected. 

Antibiotics are very different. They 
fl are synthesized only at particular 
stages in the life cycle of certain molds, 
actinomycetes (filamentous bacteria) 
and spore-forming bacteria. Their ge
netic regulation is as yet poorly under
stood, but the amount of antibiotic pro
duced certainly depends on many fac
tors, Control systems respond to various 
aspects of the cell's metabolism (the 
availability of carbon, nitrogen and free 
phosphate, for example), to the synthe
sis of chemical building blocks needed 
to make the antibiotic and to the organ
ism's resistance to its own potentially 
toxic antibiotic. Because the yield of 
an antibiotic depends on hundreds of 
genes, it is impossible to find individual 
mutations that can raise the yield from a 
wild strain's few milligrams per liter to 
an economic level, such as the 20 grams 
or more per liter of penicillin or tetracy
cline now being recovered from highly 
developed ind us trial strains respective
ly of Penicillium chrysogenllm or Strepto
l/1yces allreojaciells. 

These truly weird strains have been 
developed through many successive 
rounds of mutation and selection. In 
each round a culture is treated with a 
mutagen and thousands of the resulting 
colonies are examined; when a mutant 
displaying significantly increased pro
d uctivity is found, it serves as the start
ing point for a new round of mutagene
sis and screening. In this way the organ
ism's evolution is channeled in an unnat
ural direction until a strain is developed 
that produces an economic yield of the 
antibiotic. 

Such work is slow and labor-intensive 
and its results are unpredictable, be
ca use antibiotic levels are strongly influ
enced not only by the genes of the pro-
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ANTIBIOTIC YIELD of a microorganism, which depends on a large number of genes, can be 
improved by mutation and selection followed by crossing, which recombines genes from two 
organisms. A wild strain is treated with a mutagen (1) and daughter colonies are screened; 
some of them will be better producers. The best strains (color) are selected and are again mu
tagenized. The process is repeated. The two best mutants (2), which in this case probably 
have six different mutations each and therefore differ from each other with respect to 12 genes 
or parts of genes, are crossed. Recombination can give rise to 212 (almost 5,000) new genotypes, 
or sets of genetic information, many of which will lead to significantly higher antibiotic yields. 
Best producers (3) can again be subjected to recombination or to another round of mutation. 

SACCHAROMYCES�� 
C'R"B� ..,.,., 

DEXTRIN-� 
FERMENTING 

BACKCROSS HYBRID 
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BEER YEAST Saccharomyces carisbergensis converts sugars into alcohol and carbon dioxide, 
but it ferments only 81 percent of the sugars in the wort, or fermentation liquor. A yeast strain 
capable of fermenting all the sugar and thus making a very "light" beer suitable for diabetics is 
developed by crossing several yeast species to recombine genes encoding enzymes that convert 
different sugars. S. diastaliclls ferments dextrins. Crossing it with S. carlsbergellsis yields a dex
trin-fermenting hybrid that makes unpalatable beer. Backcrossing hybrid several times with 
S. carisbergensis yields hybrid I, which converts 90 percent of sugar and makes palatable beer. 
Crossing hybrid with wild yeast that ferments isomaltoses yields hybrid II, which converts 
100 percent of sugar. Intercrossing strains of hybrid II yields improved strain (hybrid III). 
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DONOR BACTERIUM RECIPIENT BACTERIUM 

CROSSING-OVER 

PROGENY 
BACTE R IUM 

HOMOLOGOUS RECOMBINATION takes place in bacteria when a piece of the chromo
some of a donor cell enters a recipient cell by one of several natural or artificially induced 
processes. The donor DNA can pair with a homologous, or corresponding, region of the recip
ient chromosome, break and exchange segments in the process called crossing-over (X symbol), 
yielding a new combination of the donor's and the recipient's genes. In the case of the five
gene chromosome diagrammed here, one of 25, or 32, possible combinations of genes results: 
donor gene A replaces gene a in chromosome; gene a, excluded from chromosome, breaks down. 

ducing organism but also by culture 
conditions. In the early stages of a yield
improving program one can find advan
tageous mutants simply by testing the 
yield of colonies growing on culture 
plates, but eventually the improved 
strains must be evaluated under condi
tions mimicking (as closely as possible) 
those that will be encountered in com
mercial production in giant fermenters 
containing 20,000 gallons (or more) of a 
culture medium. In spite of these diffi
culties several antibiotic fermentations 
now run at high productivity with cul
tures that have been developed through 
20 or 30 selections spanning two dec
ades or more. 

Mutation alters a microorganism's 
genes. Recombination, the other 

basic approach to genetic programming, 
rearranges genes or parts of genes and 
brings together in an individual organ
ism genetic information from two or 
more organisms. Recombination results 
from any of a wide variety of natural 
processes and laboratory techniques. 
Homologous recombination takes place 
when bacterial or eukaryotic chromo
somes that have similar DNA base se
quences, brought together by some mat
ing process, exchange corresponding 
parts through the breaking and rejoining 
of DNA. In the case of eukaryotes sexu-
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al reproduction provides another shuf
fling process, reassortment, in which the 
sets of chromosomes derived from two 
individuals are scrambled. 

Homologous recombination is amaz
ingly effective in producing new geno
types, or sets of genetic information. If 
two individuals differ in II genes or parts 
of genes, recombination between their 
sets of genes will generate 2n genotypes. 
Matings between microorganisms of 
two strains whose DNA differs in only a 
dozen base pairs scattered among bil
lions of base pairs can generate 212, or 
almost 5,000, new genotypes. In most 
cases the parent cells differ more than 
that, and so astronomical numbers of 
new combinations arise when they are 
crossed. Although nearly all microorgan
isms are probably capable of exchang
ing genes with related strains, there are 
rather few instances in which the poten
tial power of natural genetic recombina
tion has been exploited to develop in
dustrial cultures with desirable features 
derived from more than one strain. In
dustrial yeasts provide some examples. 

The simplest life cycle in yeasts is 
one in which an individual strain is hap
loid rather than diploid. That is, it has 
only one set of chromosomes carrying 
among them a single complete set of 
genes, rather than (as in the case of most 
animals and plants) two sets of chromo-

somes carrying two copies of each gene. 
A typical yeast cell can undergo sexual 
reproduction, and thus genetic recombi
nation, only when it encounters a related 
strain of the opposite mating type, or 
"sex." The two cells fuse to give rise to a 
temporarily diploid cell, within which 
haploid sexual spores are thereupon 
formed containing different combina
tions of the genes of the parent cells. 
Industrial yeasts may depart from this 
simple pattern by having several sets of 
chromosomes or by mating only inter
mittently. The hybridization of different 
strains-often strains of different spe
cies-has nonetheless played an impor
tant part in the development of industri
al yeasts particularly well adapted to the 
rapid production of bread by modern 
factory methods, to increasing the alco
hol content of liquors for distillation 
and to brewing special beers from which 
nearly all the soluble carbohydrates 
have been removed. 

Ordinarily only members of closely 
related species mate successfully. The 
natural barriers to recombination be
tween dissimilar organisms can often be 
broken down, however, by the prepara
tion of protoplasts: bacterial or fungal 
cells whose tough outer walls have been 
removed to expose the thin cell mem
brane. Because cell membranes have 
about the same composition in most 
species, pro top lasts of different species 
can be induced to fuse and form a hy
brid cell, exposing their genes to recom
bination. 

Protoplast fusion may also prove to 
be an effective technique for increasing 
the frequency of intraspecies recombi
nation in organisms in which natural 
mating is a rare occurrence, as it is in 
many species of the actinomycete Strep
tomyces. The protoplasts are prepared by 
digesting the bacterial cell wall with the 
enzyme lysozyme; the operation is car
ried out in a sugar solution whose os
motic pressure balances the pressure in
side the cells, which would otherwise 
burst the delicate cell membrane. The 
fusion of protoplasts of two strains is 
promoted by treatment with an agent 
such as polyethylene glycol, and in the 
resulting hybrid cell the DNA of the 
parents may be recombined. The hybrid 
protoplasts can then be induced to re
generate their cell wall to yield a normal 
culture. Fusion is so efficient that cells of 
two Streptomyces strains can be hybrid
ized to give rise to a population in which 
at least one cell in five has a new combi
nation of genes. It should be possible in 
this way to combine, in one step, groups 
of mutated genes enhancing antibiotic 
yield that have been accumulated labo
riously in separate lines by successive 
rounds of mutation and selection. 

Whereas homologous recombina
tion brings about an exchange of 

corresponding stretches of DNA, other 
forms of recombination add new DNA 
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to what is already possessed by a micro
organism. One such process is the trans
fer of plasmids. These are small circular 
molecules of extrachromosomal DNA, 
found in bacteria and in some yeasts, 
that are capable of autonomous repli
cation within a cell and are inherited 
by daughter cells. Plasm ids often carry 
genes that give particular bacteria spe
cialized properties. They can be trans
ferred from one bacterial strain to an 
unrelated strain, and sometimes to a dif
ferent species, to introduce totally new 
genetic properties. Some plasm ids code 
for structures that cause bacteria to 
mate, and thereby promote their own 
transfer from cell to cell. Plasmids can 
also be carried from one bacterium to 
another by a bacteriophage, or bacte
rial virus. And naked plasmid DNA, 
having been liberated by the bursting 
(either natural or induced) of its host 
cell, can enter a new cell in the process 
called transformation, which can be 
greatly facilitated by various labora
tory techniques. 

An example of microbial breeding 
through the transfer of naturally occur
ring plasmids is the construction of a 
bacterium that is able to metabolize, 
and so to degrade, most of the major 
hydrocarbon components of petrole
um. Many strains of Pseudomonas putida 
harbor a plasmid coding for enzymes 
that digest a single class of hydro
carbons. Four such plasmids are OCT. 
which digests octane, hexane and dec
ane; XYL (digests both xylene and tolu
ene); CAM (camphor), and NAB (naph
thalene). 

Two of the plasmids (CAM and NAB) 
bring about their own transfer by pro
moting mating between bacteria; the 
others do not, but they can be trans
ferred if other plasmids that promote 
mating are supplied. By means of suc
cessive crosses a "superbug" has been 
created that carries the XYL and NAB 
plasm ids as well as a hybrid plasmid de
rived by recombining parts of CAM and 
OCT (which are "incompatible" and 
cannot coexist as separate plasmids in 
the same bacterium). The multiplasmid 
bacterium grows rapidly on a diet of 
crude oil because it metabolizes much 
more of the hydrocarbon components 
than any one of the single-plasmid 
strains. Whether the superbug will be 
effective in cleaning up oil spills or 
scouring the holds of tankers remains to 
be seen, but it has already made legal 
history: its patent, the first ever granted 
a genetically manipulated microorgan
ism, has been upheld by the U.S. Su
preme Court. 

There are other natural plasmids that 
carry genes coding for properties with 
industrial potential. In my laboratory at 
the John Innes Institute in Britain we 
have found that the synthesis of some of 
the antibiotics made by various Strepto
myces species is controlled not by chro
mosomal DNA but by a plasmid; the 

diversity of these antibiotics makes dif
ferent ones effective for a broad range of 
applications, not only in human and vet
erinary medicine but also as animal
feed supplements and to control some 
plant diseases_ The transfer into a single 
Streptomyces host of various plasm ids 
that encode different antibiotics might 
make it possible for their enzymes to 

a 

b 

c 

d 

cooperate in the synthesis of new antibi
otics with new properties. 

The ability to isolate plasmid DNA 
from a culture and induce another 

culture to take it up is the basis of most 
recombinant-DNA manipulations_ A 
gene or genes taken from an unrelated 
organism, or an artificially synthesized 

HAPLOID 

DIPLOID 

HAPLOID 

RECOMBINATION IN EUKARYOTES involves crossing-over between parts of chromo· 
somes and the reassortment of chromosomes. A typical yeast is haploid during most of its life 
cycle, with a single set of 15 or more chromosomes; only two are shown here. Two cells of oppo. 
site mating types (a) can fuse (b); then the nuclei fuse to form a diploid nucleus with two corn· 
plete sets of chromosomes. During meiosis (a phase of sexual reproduction) the chromosomes 
become double structures consisting of two chromatids (c). Homologous chromosomes pair 
and exchange parts of their chromatids by crossing-over. Then four haploid sexual spores are 
formed (d). Each spore can have a new combination -of genes that were different (black and col
or) in parent cells: genes on the same chromosome (A, a; B, b) recombine by crossing-over 
and genes on different chromosomes are shuffled as members of chromosome pairs reassort. 
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SPHERICAL PROTOPLASTS and the bacterial cells from which they were released are en
larged about 1,500 diameters in a micrograph made by Keith Chater and the author. A tough 
cell wall bounds the filamentous cells of the actinomycete Streptomyces coelicolor (left). The 
wall is digested with the enzyme lysozyme, leaving each cell enclosed only in its thin cell mem
brane; the protoplasts (right) are spherical because they are in a concentrated sugar solution 
whose osmotic pressure balances the pressure inside cells. Protoplasts can be induced to fuse. 

gene, can be spliced into a plasmid; the 
plasmid is thereupon introduced into a 
new microbial host. The plasmid thus 
serves as a vector for genes that have no 
counterpart in the recipient organism 
and therefore could not be stably inher
ited in it through homologous recombi
nation; such genes can now be passed on 
indefinitely through successive gener
ations as the plasmid replicates. The 

BACTER IAL CELLS 

CELL WALL 

PROTOPLASTS 

DNA of certain viruses can also serve as 
a vector, provided they can infect a mi
croorganism and be inherited without 
killing the host. Many bacterial viruses 
(the "temperate" bacteriophages) can 
do this. So can some viruses that infect 
plants and animals, opening the way to 
the genetic engineering of plant and ani
mal cells as well as microorganisms for 
industrial purposes. 

PROTOPLAST FUSION 

PROTOPLAST FUSION makes it possible to recombine the genes of two species that do not 
mate or to enhance recombination between strains of an organism such as Streptomyces, 
which mate infrequently. Protoplasts are formed from Streptomyces cells (left). Protoplasts of 
two strains are treated with polyethylene glycol (right). The protoplasts fuse, forming a new 
hybrid cell containing two chromosomes, segments of which recombine to yield new genotype. 

98 

Recombinant-DNA techniques can 
be applied in various ways for a num
ber of different industrial purposes. The 
most widely known objective is the pro
duction by a microorganism of a protein 
it does not normally synthesize, such as 
an enzyme or a hormone. Here the idea 
is to transfer an individual gene coding 
for the desired product into a host mi
croorganism and grow the organism in 
volume to yield the product. (So far the 
bacterium Escherichia coli has served 
almost exclusively as the host because 
effective· vector plasmids, whose DNA 
has been mapped in fine detail, are avail
able for this workhorse of molecular bi
ology; eventually it may be preferable 
to choose other hosts better adapted to 
growth in large industrial fermenters.) A 
rather different objective of plasmid en
gineering is the genetic improvement of 
an existing ind ustrial strain. Instead of 
introducing a brand-new genetic capa
bility one can improve the efficiency of 
an existing strain by modifying its genet
ic information. Finally, recombinant
DNA techniques should make it possi
ble to improve the precision of a tradi
tional approach by bringing about the 
mutation of specific sites in particular 
genes, thereby overcoming the random 
nature of normal mutagenesis. 

The basic methods of recombinant
DNA technology can be described in 
terms of their application to the produc
tion of a desired protein. Work over the 
past few years in laboratories around 
the world has made it relatively easy to 
cut giant DNA molecules, such as those 
in chromosomes, into a number of short 
fragments with the help of special en
zymes, known as restriction endonu
cleases, that cleave DNA at specific 
base-pair sites. Some of these enzymes 
generate fragments with "sticky ends." 
Fragments carrying the gene to be trans
ferred are inserted into plasmid (or 
bacteriophage) vectors cut open with 
the same enzyme and therefore having 
matching ends. The resulting recombi
nant plasmids are introduced into E. coli 
by transformation. Clones of bacteria 
(colonies of cells descended from a sin
gle parent cell) that harbor the plasmid 
can be selected because they can grow in 
the presence of an antibiotic, resistance 
to which is imparted by a gene on the 
plasmid. The presence of the desired 
foreign fragment on the recombinant 
plasmid can be recognized by means of 
sensitive tests for the desired protein 
product. Bacteria harboring the plasmid 
can then be grown into clones of billions 
of cells, each cell carrying a copy of the 
foreign gene. 

It is possible in princip'le, although la
borious in practice, to clone just about 
any desired gene, say the natural human 
gene coding for insulin. This can be 
done by "shotgun" cloning of human 
DNA: inserting into plasm ids and then 
into E. coli a random mixture of gene-
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size fragments of the total human DNA 
complement and then searching for the 
right transformed bacteria among a mil
lion or so clones. Such cells will not 
serve as a bacterial insulin factory, how
ever, because bacteria cannot express 
eukaryotic genes incorporating introns. 

An artificial, unsplit gene must be con
structed. 

from which the introns have already 
been spliced out. With the enzyme 
called reverse transcriptase one can 
make an artificial "copy DNA" carrying 
the uninterrupted genetic information 
for insulin, and the copy DNA can be 
cloned. Another approach (if the amino 

One approach is to isolate messenger 
RNA extracted from the human 

pancreas cells that make insulin. These 
cells are rich in insulin messenger RN A, 
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CROSSING AND 
PLASMID RECOMBINATION 

STRAIN 3 STRAIN 4 

CROSSING 

CROSSING 

t;J P SU"R'UG �\J e 
"SUPERBUG" tbat can metabolize tbe major bydrocarbons of pe
troleum is constructed by the manipulation of plasm ids. The ability 
of four different strains of Pseudomollas pulido to metabolize either 
the camphor (CAM), octane (OCT), xylene (XYL) or naphthalene 
(!VAH) family of hydrocarbons depends on enzymes whose genes 

DNA 1 

1 BamHI 

are not on the chromosome but on individual plasmids. A strain that 
can degrade all four families is constructed by successive crosses. Be
cause CAM and OCT plasm ids cannot coexist in one cell an extra 
step is required: hybrid plasmid is formed in which parts of the plas
mids, carrying genes encoding necessary enzymes, are recombined. 
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GGATCC 
CCTAGG 
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L-------------------------------ANNEAL ------------------------------� 
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DNA LIGASE 1 "
NICK 

RECOMBINED DNA 

RESTRICTION ENDONUCLEASES, basic tools in recombinant
DNA technology, are bacterial enzymes that recognize particnlar 
short palindromic (rotationally symmetrical) sequences in a DNA 
strand and cut the strand at specific sites in those sequences. The en
zyme BamHI (named for its source, Bacillus amylolyticus) and many 

other endonucleases cleave DNA in a way that leaves single-strand 
protrusions, called "sticky ends" because their hases are complemen
tary. Two DNA's from different sources (color alld gray), both 
cleaved by Bam HI, can he "annealed" by base pairing. The "nicks" 
in backbones of annealed DNA are sealed by enzyme DNA ligase. 
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FOREIGN GENE is introduced into the bacterium Escherichia leoti 
on a plasmid vector to yield a clone of bacteria carrying the g�ne, 
Here the plasmid carries genes for resistance to the antibiotics ao,pi
cillin and tetracycline. A plasmid treated with BamHI is c1eav.!d at 
one site, within the tetracycline-resistance gene; sticky ends are ken
erated. DNA from a donor organism is cleaved by BamHI irft'o a 
number of fragments that have the same sticky ends. The cleaved 
vector and the donor DNA are mixed, annealed and ligated, A mix
ture of molecules is formed: recircularized plas'mids (le!t), recombi
nant plasmids incorporating a segment of donor DNA (ceuter) and 
circularized donor DNA (right). E. coli bacteria are transformed with 
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the mixture: they take up various molecules. If the transforming mol
ecule is a plasmid, it replicates and is inherited by daughter bacteria, 
rendering them resistant to ampicillin. Such cells (A, B) are recog
nized because a sample of them will grow on a medium containing 
ampicillin, whereas untransformed cells, or cells transformed only by 
donor DNA (C), are killed. A "replica" of the ampicillin-resistant 
colonies is picked np on a disk of velvet and is transferred to a medinm 
containing tetracycline as well as ampicillin; now any cells harboring 
recombinant plasmids (B) are killed becanse the tetracycline-resis
tance gene on the plasm ids has been disrupted. Culture that gave rise 
to colony B is tested to identify clones carrying particular donor genes, 
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acid seq uence of a protein is known, as it 
is in the case of human insulin) is to 
synthesize an artificial gene by assem 
bling the appropriate DNA nucleotides 
according to the genetic code. This has 
been done for some short proteins; the 
advent of "gene machines" that can syn
thesize specified stretches of D N A  auto
matically may make the method more 
generally feasible. 

Neither a copy-D N  A gene nor an arti
ficially synthesized gene carries the ap
propriate promoter and other control 
signals needed for expression in bacte
ria. It is necessary, therefore, to splice 
the artific ial gene into the vector D N A  
a t  a point where the bacterial control 
signals on the vector will lead to expres
sion of the artificial gene. That is not the 
end of the task. Bacteria often digest for
eign proteins, so that the host cell may 
have to be modified to keep it from de
stroying its own novel product; a mutant 
host may have to be selected that has 
lost the enzymes for protein digestion. 
The host must also be selected or modi
fied to grow well in spite of having to 
accumulate or secrete large quantities 
of a protein for which it has no use. 
The commercial stimulus for develop
ing successful fermentations producing 
such therapeutic proteins as hLiman in
sulin, growth hormone or the antiviral 
agent interferon is so great that these 
various obstacles to volume production 
are likely to be overcome very soon. 

It should even be possible to program 
microorganisms to m a ke proteins that 
do not occur naturally in any organism. 
The recent successful cloning of copy
D N A  genes for human interferon has 
revealed that there is a surprisingly large 
number of interferons, which differ not 
only in their amino acid sequence but 
also in their properties. One might m ake 
brand-new members of the interferon 
fam ily by an artificial eq uivalent of ho
mologous recombination: by splicing 
together parts of two genes, isolated 
from two E. coli clones, coding for dif
ferent natural interferons. The hybrid 
gene would then be reintroduced into 
the bacterial host. This approach could 
provide a wealth of new molecules to be 
tested for their therapeutic value. Later, 
when more is known a bout the relations 
between the architecture of proteins and 
their biological properties, it should 
even be possible to design entirely new 
proteins and manufacture them by syn
thesizing and cloning artificial genes. 

The genetic improvement of an exist
ing strain is appropriate in the case 

of substances, such as antibiotics and 
alkaloids, that are not directly encoded 
by genes but instead are synthesized by 
pathways controlled by a number of 
gene products. Rather than attempting 
the daunting task of transplanting the 
entire set of genes for such products into 
a wholly foreign host unaccustomed to 

expressing them, one can modify the ge
netic information of an existing industri
al strain. One might, for example, in
crease the flow through a metabolic bot
tleneck by adding duplicate copies of a 
gene, or provide a m icroorganism with a 
new enzyme that can modify a natural 

metabolite to make a wanted prod uct. 
Cloning systems are being developed 

for such purposes. 
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An example of the reprogramming by 
genetic engineering of a good industrial 

microorganism to make it even better is 
that of a strain of the bacterium Meth-
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GENETIC ENGINEERING substitutes an energy-conserving nitrogen pathway (light color) 
for the similar but energy-consuming pathway (dark color) in an industrial microorganism, a 
strain of Methylophillis met hylofrophlls called ASl. Both pathways take nitrogen from ammo
nia and pass it on to amino acids to form proteins, but the step to glutamic acid catalyzed 
by the enzyme GDH (in E. coli and some other species) does not require energy delivered by 
ATP, whereas one of the two steps catalyzed by the enzymes GS and GOGAT (in AS!) does. 
By means of recombinant-DNA techniques the gene encoding GDH is isolated from E. coli and 
spliced into a plasmid ( I ). Mutant E. coli lacking GDH are transformed with the recombinant 
plasmid (2); transformed cells are recognized by their ability to obtain nitrogen from ammonia. 
Recombinant plasm ids are reisolated and introduced into mutant AS! cells lacking gene for 
GOG AT (3). Transformed AS! cells (4) synthesize GDH and therefore grow more efficiently. 
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ylophilus methylotrophus designated AS) . 
The cells are grown in giant fermenters 
and then are harvested and dried to yield 
a protein-rich animal-feed supplement. 
AS! depends on methanol as a source 
of carbon and on ammonia as a source 
of nitrogen. The pathway by which it 
builds ammonia into proteins by way of 
glutamic acid starts with two reactions 

catalyzed by the enzymes gl utamine 
synthetase (OS) and glutamate synthase 
(OOOAT). The pathway is wasteful 
of energy because the step catalyzed 
by OS is driven by the cellular ener
gy transducer adenosine triphosphate 
(A TP). In some other bacteria, includ
ing E. coli. there is a pathway that de
pends on a different enzyme, glutamate 

PUMP 
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TO WASTE SYNTHESIZER COLUMN 

b 

"GENE MACHINES," several versions of which are now availahle, synthesize specified short 
sequences of single-strand DNA automatically and very quickly under the control of a micro
processor. A version made by Bio Logicals, a Canadian company, is diagrammed (a). The de
sired sequence of bases is entered on a keyboard. The microprocessor opens valves that allow 
successive nucleotides and the reagents and solvents needed at each step to be pumped through 
the synthesizer column. The column is packed with tiny silica beads (about the consistency of 
fine sand); each bead serves as a solid support on which the DNA molecules are assembled. 
To make a given sequence (b) a column is used in which many thousands of copies of the nu
cleoside (base plus sugar) that is to be at the so-called 3' end of the sequence (a T in this case) 
have already been fixed to each bead, leaving the nucleoside's 5 ' side free. The microproces
sor pumps millions of copies of the next nucleotide (A), with its 5 ' side protected against un
wanted reactions, into the column, and the A 's  bind to the T's. The protecting agent is re
moved, leaving the 5' side free to accept the next nucleotide ( C). In this way chains of about 
40 nUcleotides have been synthesized at the rate of about one nucleotide every 30 min
utes. The completed chains are cleaved from the beads and are eluted into the collector. 
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dehydrogenase (ODH), to make glu
tamic acid, and it requires less energy. 

An energy-conserving strain of ASl 
has been developed. First an auxotro
phic mutant of ASl was isolated that 
lacked OOOAT; it could not convert 
ammonia into proteins. Then the E. coli 
gene for ODH was cloned by introduc
ing fragments of normal E. coli chromo
somal DNA, spliced into a plasmid vec
tor, into an E. coli mutant strain that 
lacked ODH; the desired clone could be 
recognized because, unlike the mutant 
E. coli. it was able to utilize ammonia. 
The plasmid vector had been chosen for 
its ability to be transferred (by mating 
or by transformation) into bacteria of 
many different species, including ASl . 
And so, in the final step, it was possible 
to transfer the cloned ODH gene into 
the ASl auxotroph that lacked 00-
GAT. The resulting strain, equipped 
with ODH instead of OOOAT, does in
deed grow with somewhat less expendi
ture of energy. Even a modest increase 
in energy efficiency is valuable when 
thousands of tons of a commodity are 
being prod uced. 

A particularly exciting application of 
recombinant-DNA technology is site
directed mutation. The randomness of 
spontaneous or even induced mutagen
esis has made it hard to find mutant or
ganisms with alterations at specific sites 
in their DNA. That is not critical when 
one wants to develop an auxotrophic 
mutant lacking a particular enzyme, be
cause the target for mutagenesis is rath
er large: a change of any one of hun
dreds of base pairs in a gene can in
activate the gene. It is much harder, 
however, to alter a specific part of a 
gene in a way calculated to improve its 
performance, say to change a particular 
base pair in a promoter region to in
crease the rate of transcription. Now 
that a gene can be isolated from a clone 
its DNA sequence can be altered by spe
cific chemical treatment outside the cell. 
Then the gene can be reintroduced into 
the host and homologous recombina
tion can be relied on to exchange the 
new gene for the normal one. 

Industrial microbial genetics has now 
come of age. A range of techniques 

for genetic programming is available 
that could not have been envisioned 
only a few years ago. They include site
directed mutagenesis to help overcome 
the intrinsic randomness of procedures 
based on the isolation of mutants, pro
toplast fusion to increase the power of 
natural recombination, and an entire 
battery of recombinant-DNA manipula
tions for transplanting natural genes and 
even making new ones. The judicious 
application of these techniques, alone 
and in combination, should enormously 
expand man's ability to understand the 
amazing biochemical versatility of mi
croorganisms, to enhance it and to chan
nel it wisely. 
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Some chemical engineers 
rarely get to wear hard hats. 

Film differs from Rembrandt's 
medium. Most who express 
themselves with it do not know or 
care how it is made. Before 1880, 
no one knew how to make it. 
Today, no one is remotely inter
ested in using the kind of film 
made in the 1880s. For today's film 
is so incomparably more respon
sive. It contains minute quantities 
of various molecules we weren't 
putting in as recently as 1975. And 
by 1985, well probably be putting 
in other molecules that work even 
better. 

Beauty resides in these mole
cules themselves. Beautiful also 
are the methods by which chemi
cal engineers quickly cut the cost 
of a "new composition of matter" 
(as patent lawyers put it) so that 

better film can be widely afforded. 
There is practiced here at 

Kodak a kind of chemical engi
neering that does not think ton
nage. It operates equipment 
located in small, quiet rooms. It 
observes biological processes 
which use membranes for separa
tion in either aqueous or non
aqueous solutions. It often prefers 
continuous processes to batch 
processes, as in copolymeriza
tions where the end properties 
result not from just the ratio of 
the reactants but from the preci
sion with which they are brought 
together. 

That's why we believe that 
hardheaded (but not necessarily 
hard-hatted) chemical engineer
ing is needed in a temple of 

science like the Kodak Research 
Laboratories. A fractional-crys
tallization process like this one 
needs no scaling up to meet the 
needs of the factory. But chemi
cal engineering on such a scale is 
scarcely as common as the analo
gous fractional distillation that 
takes place in plumed towers 
against the sky, a sight which 
captivated countless photo
graphic artists seeking to depict 
the essence of industry. 

Of course, this isn't the only 
kind of chemical engineering we 
practice, but isn't all engineering 
a bridge between science and art? 
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(!J.) PIONEER STEREO CASSETTE TAPE DECK CT-SR 

Anyone who records on tape knows what a pain it is 
to run out of tape before running out of music. 

Pioneer has relieved this pain. Along with quite a few 
others inherent in the designs of practically all components 
being built today. 

We've done it through a concept we call High Fidelity 
for Humans. A design and engineering idea so far 
reaching, that for the first time components are as pleasant 
to live with as they are to listen to. 

For example, our new CT-9R cassette deck shows you 
a digital readout of the precise amount of recording time 
left on a tape. 

Touch a button and find your favorite song. Because 
the CT-9R Index Scan br eezes through your tape, ' 
automatically stopping to play the first five seconds of 
each piece of music. 

H you want to hear a song over, you don't press 
REVERSE. STOP. PLAY. REVERSE. STOP. PLAY, 
until you find the beginning. Instead, you simply press the 
Music Repeat button. The deck does the rest. 

The CT-9R even plays both sides of a cassette, 
automatically. 

But don't get the idea that we've produced a cassette 
deck that is just a lot of fun to play with. It's also a lot of 
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fun to listen to. 
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Our signal-to-noise ratio and high frequency response 
set a standard in state of the art electronics due to the 
creation of totally unique record and play heads. They're 
called RIBBON SENDUST heads and they're only on 
Pioneer cassette decks. 

We've also attained extraordinary record and playback 
accuracy. Because we've seen to it that the drive capstan 
and both the take up and supply spindles are driven 
directly by their own motors. We call it our 3 Direct Drive 
motor transport and it, too, is exclusively Pioneer's. 

Plus, we have Dolby C. The latest in Dolby engineering, 
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designed to once and for all rid you and your tape of hiss. 
If you're the least bit skeptical that a cassette deck could 

do so much so well, we suggest you visit your nearest 
Pioneer dealer. 

You can see the CT-9R for yourself, as well as an entire 
line of new Pioneer cassette decks. 

But be forewarned. After seeing these, you'll begin to 
see cassette decks that just play music for exactly what 
they are. 

11 1\  PIONEER® Somewhat ,. 'fJ -
less than We bring it back alive. 
adequate. 
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SCIENCE AND THE CITIZEN 
Lesser Immediate Priority 

The emphasis of the Reagan Ad
ministration on reducing govern
mental expenditures has led to 

concern that Federal support for the sci
ences will be drastically curtailed. Actu
ally the proposed budget for fiscal year 
1982 (which begins on October 1, 1981) 
increases the funding of research and 
development by 8.7 percent over fiscal 
year 1980, even after the amount is ad
justed to compensate for inflation. In or
der to evaluate the effects of the budget, 
however, it is necessary to consider how 
the money will be allocated. If the pro
posed budget is approved by Congress, 
spending on research and development 
for national defense will increase by 
32.9 percent, whereas nondefense pro
grams will be reduced by 16.5 percent. 
Furthermore, among the nondefense 
programs some disciplines will fare 
worse than others, suggesting that eco
nomic policy was not the only criterion 
applied in formulating the new budget. 
Some of the most severe cutbacks will 
be made in disciplines that can be clas
sified broadly as the social sciences, 
including sociology, demography, eco
nomics and political science. 

In the National Science Foundation 
(NSF) the budget of the social and eco
nomic science division has been cut by 
almost 70 percent and that of the cogni
tive and behavioral science section has 
been red uced by 60 percent. In the Alco
hol, Drug Abuse, and Mental Health 
Administration (ADAMHA) programs 
classified as social research are being 
discontinued, according to a report pre
pared by the American Association for 
the Advancement of Science. In one 
agency of ADAMHA, the National In
stitute of Mental Health, "guidelines 
have been prepared to indicate those ar
eas of research which are considered 'so
ciaI' and which will not be funded." In 
the Work and Mental Health Division 
of the institute, where much of the re
search is of a social nature, funding is 
down by 75 percent. 

Support for the social and behavioral 
sciences represents only a small fraction 
of the total science budget; in the NSF, 
for example, the social and behavioral 
sciences receive only about 3 percent of 
all research funds. Hence even if all so
cial-science programs were to be elimi
nated, the savings would be minimal. 
Philip Handler, the former president of 
the National Academy of Sciences, has 
noted: "The programs selected [for sub
stantial reductions] seem dictated not 
so much by financial constraints as by 
social philosophy." 

Ironically, the Reagan Administra
tion makes greater use of the results of 
social-science research than any pre vi-
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ous administration did. The president, 
the vice-president and members of the 
White House staff receive regular re
ports based on the newly developed Na
tional Indicators System. The system, as 
described by the White House Office of 
Planning and Evaluation, is intended to 
help the Administration observe "social, 
demographic and economic trends in 
America." At the same time many proj
ects that would furnish both the Admin
istration and social scientists with data 
on social, demographic and economic 
trends are being eliminated or reduced 
in scope. Such programs, in the lan
guage of the NSF budget statement, are 
of "lesser immediate priority." 

In ADAMHA the cutbacks seem to 
form part of a permanent policy, but 
in the NSF it is assumed that the drasti
cally reduced budgets are temporary. 
Large programs that have been gather
ing social, demographic and economic 
data for a period of years are being con
tinued, although the funds available are 
only from 5 to 15 percent of earlier lev
els. According to Murray Aborn, sec
tion head of social measurement and 
analysis in the NSF, if the "deemphasis" 
of the social sciences were permanent, 
the large data-base projects would be 
shut down. They are being maintained 
in the hope that the 1983 and 1984 bud
gets will restore adequate funding. 

The social and economic science divi
sion of the NSF has prepared reports on 
how the budget cuts will affect the divi
sion's programs. One such report, com
piled by Otto N. Larsen, director of the 
division, states: "More than two dec
ades of effort toward monitoring social 
change . . .  and generally maintaining the 
infrastructure of contemporary social 
and economic science will be greatly 
slowed and otherwise impaired." The 
report goes on to cite examples of long
term data-base operations that will be 
curtailed. The General Social Survey, a 
"social census" of the attitudes and val
ues of a national sample of Americans, 
will "have to be cut back drastically, and 
may have to be ended." Another project 
whose continuity is threatened by the 
budget cuts is the National Time Allo
cation Data Series. The series employs 
diaries and telephone verification to ob
serve long-term changes in the behavior 
of a single group of subjects. If the series 
is interrupted, information on changes 
caused by the new Administration's pol
icies will be irretrievably lost, even if 
funds are eventually restored. 

One application of the information 
gained through such studies is in guiding 
the social and economic policy of gov
ernmental agencies. For example, one 
aim of the Reagan Administration is to 
reduce the regulation of business and 
industry, but "assessments of combined 

effects of regulation on industry (such as 
an integrated assessment of safety, en
forcement, energy considerations and 
foreign competition on the auto indus
try) may be funded in an abbreviated 
conceptual form only." Thus part of 
what will be lost will be information 
that would have been useful to the Ad
ministration itself. 

Climate and Crops 

In recent years predictions of changes 
in the global climate and of the ef

fects such changes might have on agri
cultural production have run from one 
extreme to the other. Some "futurists" 
have foreseen a continuation of a re
cent cooling trend, leading eventually to 
catastrophic crop failures in the higher 
temperate latitudes. Others have argued 
that a projected warming trend, driven 
by a buildup of carbon dioxide in the 
atmosphere, will cause equally devastat
ing droughts in the lower latitudes. 

In response to such concerns the 
National Defense University five years 
ago organized a major interdisciplinary 
study to investigate possible global cli
matic changes to the year 2000 and to 
estimate the likely response of crop 
yields to these climatic changes. The 
program was sponsored by the Ad
vanced Research Projects Agency of the 
Department of Defense and staffed by 
scientists from several agencies of the 
Government. In the first phase of the 
study, which was completed in 1978, a 
questionnaire was submitted to a panel 
of climatologists. Their "probabilistic 
answers" established five scenarios de
scribing "plausible" climatic changes to 
the end of the century; the scenarios 
were characterized as large cooling, 
moderate cooling, slight warming, mod
erate warming and large warming. The 
majority of the experts appeared to fa
vor the slight-warming scenario as the 
most likely one. 

The results of the second phase of the 
study, compiled with the aid of a similar 
questionnaire sent to a panel of agricul
tural experts, have now been released. 
According to the report on the second 
phase, the most likely climatic change 
(the slight global warming) was found 
to have "negligible" effects on 15 key 
crops. Other climatic changes had "more 
appreciable" effects that "differed from 
crop to crop in direction and magni
tude . . . .  In order of sensitivity, Cana
dian wheat, Soviet spring wheat and 
Soviet winter wheat were the key crops 
most affected, partly because global 
temperature changes are amplified at 
higher latitudes. Average yields were 
depressed 4.3 percent to 3.4 percent 
by moderate cooling and 8.5 percent 
to 6.2 percent by large cooling. The 

© 1981 SCIENTIFIC AMERICAN, INC



/?he 
GLENUVET 

AGED 12 YEARS 

© 1981 SCIENTIFIC AMERICAN, INC



The computerdidritdoit. 

Computers can't commit crimes. 
But they can be misused. 

7n .• " .F .............. n 

That concerns us at IBM, and it should concern anyone involved 
with computers today. Because keeping computers secure is the 
responsibility of everyone who uses and manages them. 

At IBM, we continue to develop security measures that can 
help keep information safe. 

F or instance, IBM computers can demand identification in any 
number of ways, including passwords, keys and magnetic ID cards. 
They can flag errors. Catch omissions. r-fheyre able to inform you of 

© 1981 SCIENTIFIC AMERICAN, INC



attempted intrusions and help an auditor do his job. Encryption devices 
can turn information into secret codes that 
are virtually impossible to crack. 

We're also researching new safeguards, 
such as electronic signature verification. 

True, there's probably no such thing as 
total security. But with proper precautions, 

For a free copy of Staying in Charge: 
An executive briefing for improving control 
of your information system, write: 

Mr. Harry DeMaio. 
Director of Data Security Programs 
IBM, Dept. 462. 1 Culver Road 
Dayton. N.J. 08810 -

Or call toll-free: 800-631-5582. Ext. 462. 
In New Jersey 800-352-4960. Ext. 462. 

computers can be more than just safe places to keep information. 
They may well be the safest. -;- =-= �g® 

- -- - -
- - - - - -

- ----
- -- - -

© 1981 SCIENTIFIC AMERICAN, INC



GENETICS 
INSTITUTE 

We are 
investing in qUality 

to develop the 
pharmaceutical and 

industrial products and 
processes of tomorrow, 

using biotechnology. 

Our success formula 
combines a staff of 

soentific talent 
with an experienced 

management. 

For more information, contact: 
Gabriel Schmergel 
President and CEO 

225 Longwood Avenue 
Boston, Mass. 02115 

(617) 232-6886 

SECOND ANNUAL 
INTERNATIONAL CONGRESS 

on 
RECOMBINANT 

DNA RESEARCH 
and 

FIRS T ANNUAL 
INTERNATIONAL CONGRESS 

on 
HYBRIDOMA 
RESEARCH 

To be held c oncurrently 
FEBRUARY 15-17,1982 

Biltmore H otel 
Los Angeles, Cali fornia 

Information on Registration & Hotels: 
E.A. Ru ffing 

SCHERAGO ASSOCIATES, INC. 
1515 Br oadway 

110 

New Y ork, N.Y. 10036 
(212) 730-1050 

moderate and large warmings enhanced 
yields by somewhat smaller percentag
es; the slight warming enhanced them 
by fractions of a percent. . . .  Next most 
sensitive were Australian wheat, Argen
tine wheat, Argentine corn and Indian 
wheat, all of whose yields were stimulat
ed in the two cooling scenarios and in
hibited in the three warming scenar
ios . . . .  Less sensitive still were U.S. corn, 
soybeans and winter wheat, which had 
positive responses to cooling, as well as 
U.S. spring wheat and Chinese winter 
wheat, which had negative responses. " 

The authors of the report caution that 
their conclusions are "subject to con
siderable uncertainty regarding the ex
pected zonal changes in precipitation. " 
Moreover, they add, for most crops "cli
mate-induced yield trends would be 
masked by both the year-to-year fluctu
ation of yields and the enhancement of 
yields due to technological factors. " The 
potential effects of technological change 
on crop yields, they estimate, will be 
several times larger than the effects of 
climatic change. 

Gravitational Mirage 
Tike a pane of handmade glass, the un i
L verse is a warped and ripplf<d medi
um for the passage of electromagnetic 
radiation. According to Einstein's gen
eral theory of relativity, the presence of 
mass induces curvature in the four-di
mensional manifold of space-time, with 
the result that a ray of light or oth
er electromagnetic radiation follows a 
curved path in the vicinity of a massive 
object. As early as 1937 Fritz Zwicky of 
the California Institute of Technology 
pointed out that such local curvature 
in space-time could magnify, diminish 
or even split the image of a distant lu
minous object. Now a physicist at Bell 
Laboratories has suggested that gravita
tional-lens effects may account for the 
luminosity of quasars, or quasi-stellar 
objects, which appear to be among the 
brightest objects in the universe. 

J. Anthony Tyson, writing in Astro
physical Journal Letters, proposes that 
quasars may actually be Seyfert galaxies 
that are too distant for them to be re
solved by the current generation of tele
scopes. Seyfert galaxies, which were first 
described in 1943 by Carl K. Seyfert of 
the Mount Wilson Observatory, have a 
dense nucleus (so that they sometimes 
appear starlike at a great distance) and 
a distinctive spectrum. The spectra of 
quasars are similar to the spectra of Sey
fert galaxies, but quasars appear to be 
much brighter than Seyfert galaxies 
would if they were as far away as qua
sars are tho,ught to be. Tyson suggests 
that a quasar appears to be bright be
cause its light has been magnified by an 
intervening object almost directly in the 
line of sight to the solar system. 

The luminosity of quasars has been a 
puzzle to astronomers ever since it was 

recognized in 1963 that their spectral 
lines are significantly redcshifted, or 
moved to longer wavelengths. The red 
shift is interpreted as a Doppler effect, 
indicating that the quasars are receding 
from our galaxy at a high velocity. Ac
cording to the empirical law first stated 
by Edwin P. Hubble, the red shift of an 
object far outside our galaxy is correlat
ed with its distance: the greater the red 
shift, the more distant the object. The 
red shifts measured for quasars are re
markably large. They suggest that the 
quasars are from five to 10 billion light
years away, which means their light has 
taken a significant fraction of the age of 
the universe to reach the solar system. 

If quasars are indeed as distant as 
their red shifts indicate, it would seem 
they are emitting radiation at a rate 
more prodigious than that of any other 
object in the universe. Explaining the 
source of energy that might power such 
radiation has presented a continuing 
challenge to the ingenuity of astrophysi
cists. The gravitational-lens mechanism 
offers an alternative: a quasar is bright 
for its distance not because it has an ex
traordinarily high intrinsic luminosity 
but because its image is magnified by the 
intervening lens. Nevertheless, the lens 
mechanism has not generally been well 
received, in part because the coinci
dence of a distant Seyfert galaxy and a 
nearer galaxy lying along the same line 
of sight seemed too unlikely. For in
stance, when Jeno M. and Madeleine F. 
Barnothy suggested 13 years ago that 
quasars may owe their apparent bright
ness to the influence of gravitational 
lenses, the idea seemed ad hoc and there 
was little evidence in its favor. 

In 1979 interest in the gravitational
lens hypothesis was revived by the un
ambiguous discovery of a quasar whose 
image is split by the mass of an inter
vening galaxy (see "The Discovery of 
a Gravitational Lens," by Frederic H. 
Chaffee, Jr. ; SCIENTIFIC AMERICAN, No
vember, 1980). In 1980 a second lensed 
quasar was discovered whose mUltiple 
images are separated by less than 2.5 
seconds of arc. 

Tyson's mathematical investigations 
rely on new counts of stars and galaxies 
that include objects with a wide range of 
apparent optical magnitudes. For the 
purpose of testing the gravitational
lens hypothesis Tyson assumes that gal
axies are uniformly distributed in all 
directions and that the number of gal
axies increases exponentially with an 
increase in apparent magnitude. (An in
crease in apparent magnitude corre
sponds to a decrease in the apparent 
brightness of the object all seen from the 
earth. ) He also assumes that every qua
sar is a Seyfert galaxy whose image has 
been magnified by an intervening galaxy 
that is at least three magnitudes dimmer 
than the quasar. The last assumption is 
necessary because a brighter interven
ing galaxy would cause a distant object 
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to appear nebulous. The distant object 
would be classified from the first as a 
Seyfert galaxy rather than as a quasar. 

Under these assumptions Tyson has 
calculated the probability that an unre
solved Seyfert galaxy would be close 
enough to the line of sight to an in
tervening galaxy for gravitational-lens 
magnification to take place. The calcu
lations show that the estimated distribu
tion of lens-magnified but unresolved 
Seyfert galaxies, classified by apparent 
magnitude, is in good agreement with 
the observed distribution of quasars. 

Tyson lists six possible observational 
consequences of his assumptions, but he 
stresses that his conclusions are prelimi
nary and do not imply that all quasars 
are Seyfert galaxies magnified by gravi
tational lenses. The calculations have 
another cosmological consequence: the 
density of the intervening galactic mas
ses required to support the gravitation
al-lens hypothesis is large enough to 
eventually halt the present expansion of 
the universe and bring about a gravita
tional collapse. Thus astronomers may 
have to choose between invoking a spe
cial class of objects to explain the qua
sars or accepting the notion that the uni
verse is closed. 

In the Groove 

Genes are turned on or off in accord
ance with the changing needs of an 

individual cell or of a multicelled organ-

ism of which the cell is a part. In bacteria 
and bacterial viruses the expression of 
genes is controlled largely by regula
tory proteins that prevent or promote 
the transcription of DNA into messen
ger RNA, which in turn is translated 
to make a protein. A repressor protein 
binds to an "operator" site on the DNA 
and thereby prevents the transcribing 
enzyme, RNA polymerase, from "bind
ing to an adjacent site to initiate tran
scription. An activator protein binds to 
still another site on the DNA and some
how promotes transcription. 

In the past 15 years experiments in 
genetics have revealed a great deal 
about the nature of regulatory proteins 
and about the location and nature of the 
sites to which they bind. It is clear that 
each regulator recognizes and binds to a 
specific sequence of bases (the chemical 
groups that characterize the component 
nucleotides of a strand of DNA and that 
pair with complementary bases on a sec
ond strand to form the double helix of 
DNA). The salient property of the base 
sequences recognized by regulators is a 
high degree of twofold symmetry: the 
sequence of bases along one strand is 
similar to the seq uence, read in the op
posite direction, along the complemen
tary strand. The actual mode of interac
tion of the regulator and the DNA has 
remained unclear, however, because no 
one knew the shape of a regulator pro
tein. N ow the three-dimensional struc
ture of two DNA-binding regulator pro-
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teins has been determined by two groups 
of investigators, who report their find
ings in Nature. One of the proteins is a 
repressor and the other is an activator. 
The investigators have also shown just 
how each knobby protein may form a 
complex with the bumpy linear mole
cule of DNA. 

Brian W. Matthews of the University 
of Oregon and his colleagues W. F. An
derson, D. H. Ohlendorf and Y. Takeda 
studied a small repressor designated cro. 
The protein is found in the bacterial vi
rus called bacteriophage lambda, where 
it takes part in a complex switching sys
tem that determines whether the virus 
will multiply and burst the cell it infects 
or will remain dormant, integrated into 
the bacterial chromosome. In effect cro 
acts by repressing the gene for another 
repressor called cl (or lambda repres
sor) that ordinarily maintains the dor
mant pathway by preventing the tran
scription of all the viral genes except the 
one that specifies the synthesis of cl it
self. The cell-bursting pathway is acti
vated when under certain circumstances 
the gene specifying cro escapes from re
pression and is transcribed. Cro blocks 
the transcription of the gene for cl, and 
in the absence of cl the other viral genes 
are transcribed; as a result the viral 
DNA replicat\!s, many copies of the vi
rus are formed and the cell is destroyed. 

Matthews' group crystallized cro and 
analyzed it by X-ray diffraction, which 
yields a map of the density of electrons 
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in each region of the molecule; the map 
can be interpreted to reveal the three
dimensional structure of the protein. 
Crystalline cro is a tetramer (a molecule 
composed of four monomers, or sub
units). Under physiological conditions it 
may exist as a dimer (made up of two 
monomers); in any case its functional 
unit appears to be a dimer in which the 
monomers are assembled so that the 
molecule has a twofold symmetry. 

Matthews and his colleagues looked 
for features of the cro dimer that would 
fit the conformation of the cro operator 
on the DNA double helix. They knew 
that the operator is 17 base pairs long 
and that its sequence has an approx
imate twofold symmetry. Moreover, 
they knew that when cro is bound to the 
operator, it protects particular atoms in 
the DNA against modification by vari
ous chemical agents; the protected at
oms are in the "major groove" of the 
helix. (The two strands of a DNA dou
ble helix are related to each other in 
such a way that the helix has two 
grooves, analogous to the single groove 
between successive turns of a screw 
thread. The major groove is the larger 
one.) In view of these facts Matthews' 
group looked for structures on the cro 
molecule that would fit into successive 
major grooves of the DNA and whose 
twofold symmetry would match that of 
the operator's base sequence. 

The obvious candidates are helical re
gions that protrude from each subunit 

of the cro dimer. The centers of the two 
helical regions are 34 angstrom units 
apart, which is also the distance between 
successive major grooves of the DNA 
when the DNA is in its usual form, des
ignated B. The helixes on the cro mole
cule protrude from the body of the pro
tein at an angle of 32 degrees, which is 
also the angle between the major groove 
and the axis of the DNA double helix. 
When a model of the cro dimer is fitted 
to a model of DNA with the two cro 
helixes nestled in the major groove, the 
two shapes conform over an extended 
region equivalent to 17 base pairs of 
DNA, which is precisely the length of 
the operator. 

The story is much the same for the 
catabolite-gene activator protein (CAP) 
of the bacterium Escherichia coli. whose 
structure was determined by Thomas 
A. Steitz of Yale University, working 
with David B. McKay. E. coli ordinarily 
grows on the sugar glucose. In the ab
sence of glucose the concentration in the 
cell of the regulatory molecule cyclic 
adenosine monophosphate (cAMP) ris
es. The cAMP binds to CAP and ap
parently changes the conformation of 
the activator protein. The CAP-cAMP 
complex binds to sites on the bacterial 
DNA near genes specifying enzymes 
that catabolize (break down) other sug
ars to yield glucose; the transcription of 
those genes is thereby stimulated. 

Steitz and McKay purified CAP, crys
tallized it with cAMP and determined 

the structure of the complex by X-ray 
diffraction. They found a dimer, each 
monomer of which has two domains: a 
large domain that apparently incorpo
rates the cAMP molecule, and a small 
domain, which they assumed interacts 
with DNA. A prominent feature of the 
small domain is a projecting helical re
gion they call the F helix. The two F 
helixes of the dimer are roughly parallel 
to each other and their axes are about 34 
angstroms apart. Their tilt, however, is 
such that they do not fit into the right
handed helix of normal B-DNA. What if 
the helix to which CAP binds were left
handed? Steitz and McKay tested the fit 
of the CAP dimer against a model of a 
left-handed DNA helix that had been 
developed by other workers. The pro
truding F helixes of the protein fitted 
snugly into successive major grooves; 
other parts of the small domains coin
cided with other parts of the DNA helix. 

Left-handed B-DNA has not been ob
served in nature, but it has been shown 
to be a chemically feasible conforma
tion. Steitz and McKay propose that 
CAP "traps specific regions of DNA 
in a left-handed helical conformation," 
thereby unwinding an adjacent region of 
the double helix and making it more sus
ceptible to transcription by RNA po
lymerase. Noting the results reported by 
Matthews' group for the cro repressor, 
they suggest a general model for pro
teins that regulate transcription. With 
both repressors and activators, they be-
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lieve, two domains of the protein that 
have twofold symmetry bind to a sym
metrical site on the DNA, with helixes 
on the protein recognizing specific bases 
in the major groove of the DNA. Re
pressors, they suggest, bind to right
handed DNA and stabilize it, preventing 
the separation of the two DNA strands; 
activators such as CAP, on the other 
hand, may destabilize the DNA helix by 
binding to a left-handed form and so 
facilitate transcription. 

Feigenbaum's Number 

Certain irrational numbers arise in 
such a diversity of contexts they 

have been called universal constants. 
At least two such numbers were known 
in antiquity: 7T and <t> (the golden ratio). 
A third universal constant was discov
ered in the 18th century: e, or Euler's 
number. Another number, although it 
may never rival these three in distinc
tion, can now be added to the list of 
universal constants: it is 0, or Feigen
baum's number. Its value is approx
imately 4.6692 01609103. Mitchell J. 
Feigenbaum of the Los Alamos Nation
al Laboratory discovered the number 
in 1975. He had been exploring the suc
cessive reevaluations of a function of 
one variable, that is, a mathematical 
expression whose value is determined 
unambiguously by the value assigned 
to a single quantity. Given such a func
tion, which is denotedJ(x), Feigenbaum 
chose Xo, a "seed value" for the varia
ble. Then J(xo)-the evaluation of J(x) 
when x is assigned the value of Xo
yields Xl' This quantity in turn is insert
ed into the function, so thatJ(xl) yields 
X2, J(X2) yields Xa and so on. The pro
cedure is called functional iteration. 

The first function to which Feigen� 
baum applied the procedure was the ex
pressionJ(x) = Ax( 1 - x). He employed 
a programmable calculator. When the 
constant A was assigned a value in a cer
tain numerical range, the successive 
reevaluations ofJ(x) converged on a sin
gle value: a value called an attractor. If A 
was set equal to 2, for example, and the 
seed value Xo was chosen to lie between 
o and 1, the succession Xb X2, Xa ... con
verged on 1/2. Above a critical value of 
A, however, the succession Xb X2, X3 ... 
shuttled between two attracting points. 
Above a second critical value it shuttled 
among four attracting points. The peri
od required for the sequence to return to 
a particular attracting point doubled 
each time A exceeded a critical value. 

Feigenbaum denoted by An the val
ue of A at which the number of points 
in the attractor doubled for the nth 
time. As n approached infinity the num
ber of points became infinite. Thus the 
sequence Xb X2, Xa ... became random: 
it no longer showed periodicity. Mean
while, however, the sequence of A's 
turned out to be convergent. Specifical
ly, the difference between successive 

values of A diminished geometrically, 
so that the ratio between consecutive 
differences (that is, An + 1 -' An divided 
by An + 2 - An + 1) approached a con
stant: Feigenbaum'S number. 

Feigenbaum came to suspect that his 
constant is universal a month after his 
first calculation, when he applied the 
iterative procedure to the expression 

J(x) = A sin TTX and found that 0 is again 
equal to 4.6692 016 .... The universality 
had not been noted earlier, he thinks, 
because no one had made such calcula
tions with a small calculator. When a 
functional iteration is carried out with 
the aid of a computer, the geometric 
convergence of the A's remains invisible 
to the programmer. 

Ultimately it emerged that 0 is iden
tical for almost every functional itera
tion in which the increase in A causes a 
succession of period-doublings. Indeed, 
Pierre Collet of the Ecole Poly tech
nique in Paris, Jean-Pierre Eckmann of 
the University of Geneva and H. Koch 
of Harvard University have shown that 
o is often a constant even when the itera
tion procedure is applied to a function 
of several variables. Such a function can 
be interpreted geometrically as pertain
ing to a space of several dimensions. 
Hence Feigenbaum'S number retains its 
value in certain cases when each succes
sive iteration requires that the n quanti
ties specifying a point in n-dimensional 
space be entered in n equations. In each 
such case the functional iteration that 
transforms a volume of n-space turns 
out to shrink it. The shrinkage is slowest 
in one of the dimensions, and so in the 
limit of infinite iterations only the one 
dimension remains. In effect the n-di
mensional space is reduced to the one
dimensional space in which the value of 
o was established. 

A number of quite different physical 
systems become aperiodic by means of 
period-doubling. For instance, period
doubling has been noted in the onset of 
turbulence in a convecting fluid, in the 
noise in an electrical circuit and in mod
els of the size of a population of whales 
from one generation to another. The 
convecting fluid serves as an example of 
how the theory applies to each system. 
First one describes by a mathematical 
function how a quantity such as the ve
locity of the fluid varies from place to 
place. Then one varies the temperature 
gradient across the fluid, which drives 
the convective flow. At any one gradient 
the velocity of the fluid at a given point 
changes cyclically, but as the gradient 
is increased the period needed for the 
velocity to return to its original value 
doubles repeatedly. The first few val
ues of the gradient at which doubling is 
observed must be determined by experi
ment. After that the entire time-depen
dent course of the fluid toward turbu
lence can be predicted from Feigen
baum's work. 

The onset of turbulence in the fluid 
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We believe that when you travel on business, 
there are certain things you deserve. 

You deserve service that's not only fast, but 
friendly. From people who understand that 
warm attitudes are just as helpful to travelers as 
cool efficiencies. 

You deserve a personal welcome. A lot 
of respect. Extra help whenever you need 
it. And a commitment on 
our part to give you a 
level of attention that 
may surprise you, 
and that will certainly 

make renting a car from National one of the better 
experiences of your business trip. 

1Iy us. Contact your travel consultant. Or call 
toll-free 800-328-4567. In Minnesota call 800-862- . 
6064. In Alaska and Hawaii call 800-328-632l. 
In Canada call collect 612-830-2345. We're going 

to prove it: There is a difference 
between car rental companies, 

and it's called "National 
attention.SM" 

We feature GM cars like this Buick Skylark. 

You deserve 
National ntion. 

-
©1981. National Car Rental System. Inc. In Canada it's Tilden. In Europe. Africa. and the Middle East it's Europcar. 
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THE QUESTAR® 7 PHOTOGRAPHS OMEGA CENTAURI 
This remarkable photograph of Omega Centauri was taken at Apache 

Pass, Arizona, by Hubert Entrop. He writes us "The wind blew from the 

west in strong gusts but I located in a low north-south arroyo beside a large 

bush to protect the scope. The atmosphere was miserably rough but in spite 

of it, it's a good Omega Centauri. Imagine what it would be like if we 

could have it straight overhead instead of so low on the horizon. Exposure 1 
hour 30 minutes on Tri-X." 

If you come past Questar these days you will 'see the newest feature on our 

landscape-the Observa-Dome, which we are now privileged to offer to our 

customers in a variety of sizes. It is equipped with the new Questar Telescope 
Mount which accommodates our Questar 12 and is engineered to support a 
telescope as large as 20 inches. The design of the mount is an adaptation of the 

German equatorial, with special Questar features that contribute to the 
mechanical perfection for which Questar products are noted. Unlike some 

recently introduced mounts, it has a full 3600 continuous following capability, 

with a smoothness of operation that must be experienced to be believed. 
Also at Questar, if you have an interest in surveillance or special tracking 

applications, you will see our patented 40-120 on display. This unique 

instrument establishes prime focus at both 40 and 120 inches (1000 and 3000 
mm.) It resolves 100 lines per millimeter at the lower focal length and at least 

55 lines per millimeter at the upper; one can move in a few seconds between 

the two and since the shift is managed by internal optical change the barrel 

length remains at a constant 30 inches. It weighs only 40 pounds. 

In many ways the Questar 40-120 is the most sophisticated of the Questar 

instruments. Its size and weight make it ideal for a variety of uses where the 

observer must be at a great distance from the area or activity under scrutiny, 

while the dual focal length is particularly important for objects in motion. 

Literature on the Questar 40-120 and on the Observa-Dome is available on 

request. • • • 

A convenient accessory for taking deep sky photographs is an auxiliary guiding 

system, the Questar Starguide. It consists of a Tracker and Declination Vernier 

Drive. The Tracker intercepts light from a guide star and delivers it to the 

guiding eyepiece, and the Drive permits corrections on a 10 to 1 ratio over the 
existing, extremely accurate, Questar drive. The eyepiece can be swiveled 3600 

for comfort in guiding and is completely independent of the camera position. 

QUESTAR, THE WORLD'S FINEST, MOST VERSATIlE 
TELESCOPE IS DESCRIBED IN OUR BOOKLET IN 
COLOR WITH PHOTOGRAPHS BY QUESTAR OWNERS. 
PLEASE SEND $2 F OR MAILING COSTS ON THIS 
CONTINENT. BY AIR TO S. AMERICA, $3.50; EUROPE 
AND N. AFRICA, $4; ELSEWHERE $4.50. 

@Questar Corporation 1 981 

QUESTAR 
BOX OC-20, NEW HOPE. PA 1 8938 

(215) 862-5277 

corresponds to the limit of infinite itera
tions of f(x) where A is set. at A�, the 
value of A at which the behavior of 
the velocity becomes aperiodic. At that 
juncture the details of the expression 
f(x) become immaterial because f(x) 
converges to g. a universal function. Al
though the mathematical form of g can
not be deduced, it can be approximated 
by numerical methods. As Feigenbaum 
writes in Los Alamos Science. a publica
tion of the Los Alamos National Labo
ratory, "most measurable properties of 
[a period-doubling] system in this aperi
odic limit now can be determined in a 
way that essentially bypasses the details 
of the equations governing each.specific 
system because the theory of this behav
ior is universal over such details." 

Efforts are in progress to apply the 
theory to cases of functional iteration in 
which volumes do not shrink. The theo
ry could then predict the behavior of 
physical systems that do not dissipate 
energy. One example is the design of a 
particle accelerator in which a beam of 
protons circulates in a ring. Here the 
problem is to get the protons to return to 
a given area on a cross section of the 
ring. Again it is emerging that the details 
of the mathematics ultimately become 
immaterial and that the critical values 
of A converge geometrically. In this 
case, however, the value of the univer
sal constant is different: Feigenbaum's 
number is 8.721. . . .  

Fluorescent Footprints 

In exploring the microscopic structure 
of the living cell, all that can be re

solved cannot necessarily be seen. Many 
components of the cell can be distin
guished only when they are made con
spicuous by selective staining or label
ing. A technique of labeling recently de
vised by Daniel I. Axelrod of the Uni
versity of Michigan is unusual in that it 
marks not a permanent structural ele
ment but a feature that depends on the 
momentary configuration of the cell. 
The technique is an application of the 
physical phenomenon of total internal 
reflection; it makes visible the minute 
regions where the cell is in close contact 
with the substrate on which it is grown. 

The technology of selectively stain
ing biological specimens is a well-devel
oped one. The Gram stain, which differ
entiates between groups of bacteria, and 
the Golgi stain, which is taken up by a 
few percent of all nerve cells, were both 
introduced in the 19th century. More re
cently the emphasis has been on meth
ods that mark substructures of the indi
vidual cell. In one such method a fluo
rescent dye is attached to molecules of 
an antibody that binds to a particular 
component of the cell; the distribution 
of the fluorescence then indicates the 
distribution of the component. Axel
rod's method of visualizing cell-sub
strate contacts also employs a fluores-
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Growing up in Arabia 
That's right, Arabia. 

Your mental picture of Saudi Ara
bia probably doesn't include a scene 
like the one above. Nevertheless, 
Saudi Arabia is where young Stacey 
Callom takes riding lessons and goes 
to school and lives her typical
American-girl life. Her father works 
for us there. 

We're Aramco, the Arabian Ameri
can Oil Company. There are 13,000 
North Americans in Saudi Arabia 
with us. And even though you hear a 
lot of news about Saudi Arabia, there 

are things that might surprise you 
about our lives there. 
1. We're doing something important. 
Aramco produces more oil than any 
other company. Badly needed oil. In
cluding about 15 percent of the oil the 
U.S. imports. 
2. Aramco is working on some in
credibly large energy projects. And 
on huge communications networks, 
electric utilities, and more. 
3. Our people are glad to be in Saudi 
Arabia with Aramco. They came for 
excellent pay and professional chal-

lenges that are hard to find elsewhere. 
4. Aramco is growing. We need more 
good people, and few companies can 
match the hundreds of interesting, re
warding jobs we can offer. 
5. The horse is a blue-ribbon winner 
called "Roc': after the legendary 
bird in Sinbad the Sailor. 

ARAMCO 
SERVICES COMPANY 
1100 Milam Building, BA 

Houston, Texas 77002 (713) 750-6965 
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We built a radar that can 
spot a basketball 1,200 miles away. 
Not a real basketball, of course, but objects that result is a radar system capable of performing 
size or larger. The radar not only spots targets- many functions virtually simultaneously . 
many of them-but identifies and tracks them Our contributions to this technology span 
as well. And all at the same time. two decades and include pioneering work in 

This particular radar is a large strategic antenna components and design. Today, phased 
system we have supplied to the U.S. Air Force. array radar technology from Raytheon helps 
It's a prime example of how the U.S. Army, Navy, and Air 
Raytheon is applying ad- Force handle a wide range of 
vanced phased array radar important missions-from 
technology to meet very tracking thousands of objects 
demanding requirements. ':.;:.!��.w.������� in space to safely landing tactical 

Unlike rotating antennas ....... : ....... "":_ aircraft in heavy rain. 
in traditional radar systems, Tomorrow? Who knows 
a phased array antenna where this technology will be 
remains stationary. Its put to use. But, at Raytheon we 
surface consists of individual radiating elements expect to be involved. 
whose combined output produces a steerable Raytheon ... a $5 billion company in 
antenna beam. The shape, position, and move- electronics, aviation, appliances, energy, con-
ment of this beam are controlled by changing struction, and publishing. For further 
the phase relationships among the individual information, please write Raytheon Company, 
elements. This electronic beam forming Public Relations, Section 2-3,141 Spring Street, 
and scanning takes place in microseconds. The Lexington, M assachusetts 02173. 

(RAYTHEO,a 

Candid3.tes interested in technical employment opportunities with Raytheon Company. An Equal Opportunity Employer. 
should forward a resume to Manager. Executive Placement. at the above address. 
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f SPEAI( FRENCJi 
= LikE A diploMA-':! II What sorl of people need to learn a tor· 

I, eign language as quickly and effectively as 
, possible? Foreign service personnel, that's It who. Members of America's diplomatic II corps ale assigned to U.S. embassies 
i abroad, where th,ey must be able to con-

I'i. verse fluently in every situation. 
Now you can make a start on learning to Ii speak French lust as these diplomatic per· 

language plus a basic vocabulary. Part B 
i ntroduces more complex structures and 
additional vocabulary. 
You may order one or both parts 01 the 

Basic French Course; 
o BaSic French, Part A. t 1 cassettes (16 

hours) and 2OO·page text, $115. 
o BaSic French, Part B. 18 cassettes (25V. 

hours) and 300-page text, $149. 
I!, sonnel do-with the Foreign Service Insti, 

• tute's Basic French Course. (New York Stale residents add sales tax) III'. The U.S. Department of State has spent Your cassettes are Shipped to you in 
tens of thousands of dollars developing this handsome library binders. I, course. U's by far the most effective way to TO ORDER. JUST CLIP THIS AD and mall It II learn French at your convenience and at l your own pace. with your name and addre$s and a cbectl or I The BaSIC French Course conSists of a �y order, Or, charge to your credit card 

I series of audio cassettes and an accom. (American Express, VISA, Master Charge, 

j panying textbook. You si mply toll ow the Diners Club) by enclosing card number, 

I, k' d itt . t r r ' expiration date, and your Signature. k spo 'en an wr en Ins ruc Ions, Istenmg 
The Foreign Service Institute's French t and repeating. By the end 01 the course Ii you'll fi nd yoursell learning and speaking course is unconditionally guaranteed. Try it 

II enti rely in French! tor three weeks. 11 you're not convinced it's 
i This course turns your cassette player the lastest, easiest, most painless way te I Into i;! "teaching machine." With its unique 

learn French, return it and we'll refund every • "pattern drill" learning method, you set your penny you paid! Order today! 

own pace-Iestlng yourself, correcting Many olher FSI language courses alSO 
available. Write us. � I errors, reinforcing accurate responses. 

• The FSI's Introductory Basic French AUdio-Forum > ' 

Course comes in two parts. Part A provides 
Dept , L-32 
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• 16K. 321<. 48K • �ENTROHICS 

Your F/iij'j H EWLETT Headquarters �a PACKARD 

THE HP·85 ! 
Complete Enhancements, 

Peripherals 
and Accessories 

I 
I 
• 
jl 
,I 
·1 
f 

: ��llJPlOT : ����TYPE HP-61  . . . . .  289.95 HP-33E S C I  13.95 
• APPLE PASCAL HP-91 . . . . . . . . 584.95 HP-31E BUS 59.95 
: :r����

RTRAN HP-33C SCI 19.95 
• APPlE WRITER HP-34C S C I  . . . . . .  1 14.95 

HP-38E . 1 04.95 
H P-43. 4 I CV . CALL 

• GRAPHICS TABlET • EPSON • Mlcro.Courier HP-38C BUS/RE . .  1 1 9.95 
.....:A",U::.T.:..:H",O",R",'=Z",ED::....::D:.::E::::A:::.LE",R:.:....::::A:..:N.:::D,;,S",E",R.:.V:.:/C",E",C:::E",N",Tc::E",R,--HP-32c SC I 49.95 

HP-85 . . . . . . . . . . .  CALL 

H P-83 . . . . . . . . . . .  CALL 

Texas Instruments 
TI-59 960 PROG . . . . .  1 99.95 
PC·IOOC . . . . . . . . . . . .  1 69.95 
LCD-PROG NEW . 59.95 
TI-301 1  NEW . 1 8.95 
TI·35SP SCI . . . . .  22.50 
TI·40 SCI NEW . 28.95 

TI-99/4 

BUS ANAL I . . .  1 9.95 SPEAK & SPELL. READ 59.95 
BUS ANAL II . 44.95 SPEAK & MATH . . . . . .  59.95 
BUS CARD . 39.95 TOUCH & TELL NEW . 54.95 
MBA . . . . . . . . . . . .  . 54.95 TI·5100 DISPLAY . . . . .  39.95 
INVEST ANALYST . 48.95 TI·5010 HAND/PRINT . 49.95 
TI·54 SCI NEW . 39.95 TI-5120 PRINTER . .  . . .  59.95 
TI-5511 NEW . . . .  44.95 TI-513O PRINT/DISP . 79.95 
TI·57 PROG SCi . . . . . . 39.95 TI·5135 PRINT/DISP . .  79.95 
TI·58C PROG CALC . .  89.95 TI·5142 PRINT/DISP . 99.95 

• TOUCH THE FUTURE 

.11'- ATA R I  800 ( 1 6 K )  . . . . . . .  . ATARr V I S I CALC AVA I LABLE . 

-'= C HESS CHAL LENGER 7 . .  .."" SENSORY CHESS . . . . . .  . 

. . .  789.95 
. . . . . .  CALL 

89.95 
. 1 29.95 _ 5813 SCI PROG R A M M A BLE . . . .  34.95 

1 1 82A P R I NT/ D I SPLAY . . . . . . . . . 74.95 
SHARP TAL K ING CLOCK . .  . . .  . .  . . .  . . 79.95 _ EL-6200 D I G  EXEC SEC . . . .  89.95 

CISlO AA-81 D I G/ANALOG ALARM  . 69.95 
VL-TONE M U S I C A L  
I NSTRU MENT/ CALC . . . . . . . 69.95 

Wl00 DEPTH TESTED ALARM  CHRONO . . . 39.95 
FX7100 SCI C HRONO ALARM CALC . . . . . . .  49.95 
FX3500 SCI PROGR A M M A BLE CALC . . . . . . 39.95 

( 7 1 4) 549-7373 (800) 432-7066 (800) 854-0523 
I N F ORMATION LINE T O L L  FREE (Within C A l  TOLL F R E E  I O u t s l d e  C A l  

W E  W i l l  M E E T  OR BEAT A N Y  COMPETITOR'S ADVERTISED PRICE O N  MOST ITEMS I F  HE HAS T H E  MDSE. O N  HAND. 
V ISA ,  MASTERCARD, MON E Y  O R D E R ,  PEAS. C K .  (14 WRKG. DAYS TO C L A . I ,  COO ACCEPTED;  M I N .  $4.95 S H I P P I N G  U.S.A.; 
AIR O N  R E GS T '  CAL R ES ADD 6% SALES IX · ALb MpSE SUBJ TO AVAI L . '  P R I C E S  SUBJ.  TO CHAN G E '  SA·S 

PASADENA M I D·WI LSH I R E  
W R I T E  (2 1 3 )  795·3007 ( 2 1 3 1  385·7777  

O R  C A L L  
321 1  SO . HARBOR B L V D .  

TARZANA LAWN D A L E  
F O R  ( 2 1 3 1 705·7507 12 1 3 1 370·5795 

SANTA ANA, CA 92704 F R E E  
NEWPORT CATALOG W E S T  L O S  ANG E L ES B R E A  

(714)  549-7373 (2 1 3 )  82 00423 ( 7 1 4 1 990-6600 

PROFESSIONAL DISCOUNTS 

cent dye, but in a way somewhat differ-
ent from the usual one. 

. 

The regions where a cell is attached to 
its substrate have recently attracted the 
interest of biologists for several reasons. 
When cells are grown on a glass plate, 
each cell generally spreads out to form a 
thin film, but only small patches on the 
surface of the cell are in close contact 
with the glass. The patches are essential 
to the motility of the cell: they are the 
anchor points needed for locomotion. 
Certain proteins tend to aggregate at 
the contact patches, and so do the fibers 
that make up the skeleton of the celL 

Methods of visualizing the contact 
patches have been known for a few 
years; what distinguishes Axelrod's 
technique is its clever application of flu
orescence labeling and total internal re
flection. Cells are grown on a glass cover 
slip and are made to take up a fluores
cent dye. The cover slip is then placed 
on the stage of a microscope, with a fluid 
medium on the side of the cover slip 
bearing the cells and with a glass block 
on the opposite side. Light from an ar
gon-ion laser is directed through the 
glass block and into the cover slip. If the 
light crosses the boundary between the 
glass and the fluid medium, thereby illu
minating the cells, the dye is stimulated 
to fluoresce. In Axelrod's technique, 
however, the light is not transmitted 
across the boundary; instead the beam 
strikes the boundary at a glancing angle 
and is totally reflected. 

If no light crosses the boundary, how 
is the fluorescence of the dye stimulat
ed? The answer emerges from an analy
sis of total internal reflection in terms 
of the electric and magnetic fields that 
make up a light wave. Although the la
ser light itself remains entirely confined 
to the glass, an electromagnetic field 
called an evanescent wave is set up in 
the fluid near the boundary. The intensi
ty of the evanescent wave decays expo
nentially with distance from the bound
ary, and it dies out entirely within about 
5 00 nanometers. As a result fluores
cence is stimulated only in those parts 
of the cell that lie within a few hundred 
nanometers of the glass surface . 

Axelrod describes his method in The 
Journal o/Cell Biology. He has employed 
it in studying the contact patches of hu
man fibroblasts, which are cells of the 
connective tissues, and of rat muscle 
cells. The fibroblasts were labeled with a 
dye that is incorporated into the mem
brane of the cell; the regions in close 
contact with the substrate formed a 
weblike pattern of bright streaks. The 
rat muscle cells were labeled with a dye 
bound to a toxin molecule, which in turn 
binds to the protein in the cell mem
brane that serves as a receptor for the 
neurotransmitter acetylcholine. Fluo
rescence induced by totally reflected 
light showed the acetylcholine receptors 
to be aggregated in dense clusters at the 
contact patches. 
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In business as in life, the ability to evolve with the changing 
times . . .  to adapt to new realities, new challenges, and new 
opportunities . . .  is the key to survival . 

At Flow General's subsidiary, Flow Laboratories, one of 
the nation's most progressive forces in biomedicine, the 
transformation is ongoing. 

The evolution is continuous. 
The expansion of skills, markets-and profits-is without 

pause. 
In little more than 20 years, Flow Laboratories has 

become the "Cell Raisers" to the world, marketing upwards 
of 100 types of animal and human cells, along with nutritive 
sera and media, on five continents. 

Its capability of mass-producing living mammalian cells 

dramatically expanded with the introduction of the Super

bead™ microcarrier. That development in turn led to the 
Flow Laboratories contract to produce human fibroblast 
interferon for the National Cancer Institute . 

But , Flow General is a company committed to growth and 
discovery in other areas of science and advance tech
nologies . At its subsidiaries in the U.S.A. , Europe and Asia 
the company is involved in research, development and 
manufacturing in microelectronics, computer science, ma
terials testing, management systems and automation. 

And for the future? 
We are just now beginning to spread our wings. 

Flow General Inc. 
7655 Old Springhouse Road 

McLean, Virginia 22102 

(703) 893-5925 
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What if you chose 
as a technical 

HPcan be your business 
computer partner too! 
The new, top-of-the-line HP 3000 
Series 44 computer-with advanced 
systems software-makes it easy 
for novices to enter, process, and 
retrieve data from up to 96 termi
nals. Thus, it's a powerful tool for 
high-volume distributed data pro
cessing. And, as a member of the 
compatible HP 3000 family, the 
Series 44 uses HP's award winning 
data base management software, 
and can be networked for instant 

• •  

information access and resource 
sharing. Update kits for smaller 
3000's are available. 

s. 

"At Sun, an UP computer 
system helps maximize 
production and minimize 
equipm�nt failures ." 

Sun Production Company, a subsid
iary of Sun Company, uses an HP 
1000 computer system to control 
pump units and monitor production 
at its Eliasville, Texas, oilfield. 

Marvin Boyd, District Production 
Manager, says, "We find the HP 
1000 an effective management tool . 
By providing constant surveillance 
of our operation, it alerts us to mal
functions immediately and shuts 
units down before damage can 
occur. 

"Because the HP system eliminates 
overpumping and speeds response 
time we can reduce operating costs 
and still achieve maximum produc
tion rates.  Based on these results, 
we are now installing additional HP 
1000s at Sun's Bennett Ranch and 
Levelland units ." 

99-percent uptime 
service guarantee! 
This unprecedented guarantee is 
available under full-service mainte
nance plans on Series 44's within 
100 miles of any of the 43 HP ser
vice centers throughout the U . S .  

World's most powe rful 
computer CPU chip. 

HP has developed 
a new proprietary 
chip containing 
450,000 transis-
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Hewlett-Packard 
�otnputer partner? 

tors, more than double the number 
previously considered the techno
logical limit . Shown here beside 
a paper match at 2X magnification, 
this central processor chip is an 
example of the leading edge tech
nology that keeps HP computers 
among the world's most advanced. 

UP'S new Microsystem: 
modular and low in cost. 
The HP 1000 Model 5 is the smallest, 
lowest-priced complete system in 
HP' s family of real-time computers. 
It is easy to configure for a wide 

range of industrial 
and lab operations, 
and uses software 
packages up
wardly compatible 
throughout the 
HP 1000 line, 

including networking, data base 
management, and graphics .  Prices 
start at under $10,000*. 

-Domestic U.S. prices only. 

"At GCA, an UP computer 
tests IC manufacturing 
processes, and paid for 
itself in less than a year." 
GCA is a leading international 
manufacturer of semiconductor 
production equipment. At its 
Burlington Division, in Bedford, 
Mass. ,  semiconductor fabrication 
processes are investigated in a 
production-orient�d R&D lab. 

Says Dr. Thomas P. Shaughnessy, 
Manager of Process Engineering, . 
"Our goal is to understand and 
quantify process requirements for 
future products . Our HP 9845 
computer system is crucial to the 
collection, analysis, and graphical 
display of our experimental data . 

"We find the 9845's interfacing 
capabilities, plus its powerful 
software options have let us cut 
manual procedures 10 to 20 per
cent, saving us $50,000 to $100, 000 
a year. HP 9845-generated graphics 
are used for reports to customers, 
making the computer an effective 
marketing tool as well." 

A working partne rship 
with UP. 
HP offers a free, 75-page catalog of computer 
products that provide solutions for Original 
Equipment Manufa cturers. For your copy, 
call Dept. 304A toll free, (BOO) 547-3400 (except 
from Alaska and Hawaii). Oregon residents 
call 758-1010. Or write A.P. Oliverio, Vice
President, Marketing, Hewlett-Packard Co., 
1502 Page Mill Rd. ,  Palo Alto, CA 94304. 

When performance must FliOW H EWLETT 
be measured by results �� PACKARD 

00145 
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The Microbiological Production 
of Food and Drink 

Beer, Wlne, bread and cheese have been made by microorganisms since 

Neolithic times. To them have been added spirits, yogurt, pickles, 

sauerkraut, Oriental fermented foods and today single-cell protein 

Microorganisms were improving 
and spoiling the food and drink 
of human beings long before 

anyone realized that microorganisms 
exist. In time, but still without knowing 
what was happening biologically, peo
ple learned to encourage and exploit the 
fermentative action of microorganisms 
in the making of such things as cheese 
and beer. Today, with microbial activity 
fairly well understood, fermented foods 
and beverages constitute a large and im
portant sector of the food industry. With 
the advent of the genetic-programming 
techniques David A. Hopwood discuss
es in the preceding article one can fore
see large-scale advances in the quality 
and precision of the microbiological 
production of food and drink. 

Milk was probably one of the first ag
ricultural products. Since milk is quick
ly infected by bacteria, which sour it by 
converting its sugar (lactose) into lactic 
acid, it is likely that cheese was one of 
the first fermented foods. Over the mil-

o lenniums this spontaneous process was 
gradually exploited and developed to 
make cheese and similar prod ucts. The 
manufacture of cultured dairy products 
is now second (in sales) only to the pro
duction of alcoholic beverages among 
the industries that rely on microbiologi
cal processes. 

Cheesemaking basically calls for add
ing a starter culture of bacteria to the 
milk and letting the mixture incubate 
for a while. Then a proteolytic (protein
digesting) enzyme is added to coagulate 
the solids in the souring milk. Tradi
tionally calf rennet, obtained from the 
fourth stomach of the unweaned calf, 
was the source of the enzyme, but it is 
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gradually being replaced by microbial 
enzymes. The coagulated curd is sepa
rated from the whey, pressed to squeeze 
out some of the water and wrapped in 
cloth to dry. With some cheeses the 
growth of microorganisms on the out
side of the cheese is encouraged during 
the curing process. 

By about a century ago the art had 
advanced to the point where cheesemak
ers could stop relying on the spontane
ous infection of milk by bacteria and 
could instead exploit one or more of 
several species of bacteria specifically 
cultured as cheese starters. The nature 
of the bacteria serving as the starter is 
one of several factors contributing to 
the enormous variety of cheeses. Other 
factors include the temperature of man
ufacture and the presence or absence 
of a secondary microbial flora on the 
cheese. 

Soft cheeses have a high water content 
(from 50 to 80 percent) and are classi
fied as ripened or unripened. A ripened 
soft cheese is a finished product as it 
comes from the initial processing steps; 
cottage cheese is an example. In an un
ripened soft cheese such as Camembert 
or Brie the growth of yeasts and species 
of the fungus Penicillium on the surface 
of the cheese is encouraged. If the cheese 
is to be semihard, it is cooked briefly to 
lower the moisture content of the curd 
to about 45 percent, thus making the 
curd firmer. Some varieties (Caerphilly 
for one) have a flavor like fresh curd; 
others (such as Limburger) are soaked in 
brine, which causes a surface flora of 
yeasts and bacteria to develop. 

Hard cheeses, in which the water con
tent is 40 percent or less, may have 

COPPER BREW KETTLES at the Pabst Brewing Co. plant in Milwaukee appear in the pho
tograph on the opposite page. They serve in the boiling stage of brewing beer. The material 
boiled is wort, a water extract of germinated barley supplemented with hops to give flavor to 
the beer. Later the wort is put in tanks and fermented by a strain of the yeast Saccharomyces 
cerevisiae. Boiling in a brew kettle is part of an ancient technology that has been modernized, 
as is indicated by the control panel above the stained-glass window. The figure in the window 
is Gambrinus Rex, or King Gambrinus, a mythological ruler said to be the patron saint of beer. 

a simple bacterial flora, as Cheddar 
cheese does. Other hard cheeses differ in 
that the curd is inoculated with spores of 
mold (usually Penicillium roque/orti) that 
germinate when the curd is spiked to 
admit air. The growth of the mold in the 
cheese generates the flavor and aroma 
compounds that are characteristic of the 
individual cheese. Stilton, Danish blue, 
Roquefort and Gorgonzola are exam
ples. A third class of hard cheeses, which 
include Gruyere, differs in that bacte
ria producing propionic acid are added 
to the starter mix. These bacteria, such 
as Propionibacterium shermanii, not only 
give the cheese a characteristic flavor 
but also, by generating carbon dioxide 
gas, give rise to the holes typical of such 
cheeses. Swiss mountain cheeses are in 
this class, but they are allowed to devel
op a surface flora of yeasts and bacteria 
that adds to their flavor and aroma. 

Another type of fermented milk prod
uct differs from cheese in that it is liquid 
or semiliquid. The most popular mem
bers of the class are the yogurts. Yogurt 
is made by fermenting whole milk with 
a symbiotic mixture of two lactic acid 
bacteria, Streptococcus thermophilus and 
Lactobacillus bu/garicus. The fermenta
tion is done at a temperature of about 
40 degrees Celsius ( 104 degrees Fahren
heit). The characteristic flavor of a yo
gurt is attributable to lactic acid, made 
from the lactose in the milk, and to ac
etaldehyde; both are formed mainly by 
the L. bu/garicus bacteria. Because many 
people do not care for the tartness and 
acetaldehyde flavor of fresh yogurt the 
product is often flavored with fruit or 
fruit essences; more than 90 percent of 
the 500,000 pounds of yogurt produced 
in the U.S. each year are flavored in 
this way. 

Related to the yogurts are a number 
of other fermented dairy products. Sour 
cream, for example, is made by souring 
pasteurized cream with lactic acid bac
teria. Buttermilk is made by fermenting 
skimmed or partly skimmed pasteurized 
milk with a mixture of lactic acid bacte-
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ria and related species. Among the more 
exotic products in this category are Bul
garian milk, kefir and koumis, which are 
popular in Slavic countries, and vitia, 
which is popular in Finland. 

An ancient process that relies on mi
I\. crobial activity is the preservation 
of vegetables. It was in service long be
fore the advent of canning and freezing 
and is still practiced on a commercial 
scale in several countries. Cabbage, ol
ives and cucumbers in particular are 
preserved by a combination of brine 
treatment and fermentation. The vege
table is treated in a succession of brines 
containing different concentrations of 
salt. The final concentration is as low as 
2 percent for cabbage and as high as 18 
percent for olives. (Some pretreatment 
of the vegetable may be necessary. Ol
ives, for example, contain an extremely 

bitter phenolic glucoside called oleuro
pein and need to be treated with a dilute 
solution of sodium hydroxide before 
brining to remove the bitterness.) 

While the vegetables are in the brine 
they are SUbjected to the activity of a 
succession of microorganisms. The first 
step is the growth of the predominantly 
aerobic microbial flora that was on the 
surfaces of the vegetables before brin
ing. Soon, however, the originally small 
numbers of lactic acid bacteria take 
over and, together with certain fermen
tative yeasts, including species of Sac
charomyces and Torulopsis, carry out a 
fermentation that results in the produc
tion of lactic and acetic acids. Later the 
yeasts take over from the lactic acid bac
teria. Fermentation ends when all the 
fermentable carbohydrates have been 
used up, although other species of yeast 
(mainly of the genera Pichia, Debaro-

WORKHORSE OF FERMENTATION is the yeast Saccharomyces cerevisiae, cells of which 
appear in this scanning electron micrograph made by Alastair T. Pringle of the University of 
California at Los Angeles. Each cell is about 10 micrometers in diameter. Strains of the yeast 
serve to raise bread and to make a1cohoHc beverages. As the cells ferment sugars they evolve 
carbon dioxide and also make alcohol; in dough the carbon dioxide forms the holes of bread. 
Several of the cells are budding (beginning to reproduce) and several budding scars are visible. 
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myces and Candida) continue to grow 
as a film on the surface of the brine. In 
order to avoid having to rely on the flora 
of bacteria and yeasts naturally present 
in the vegetables and the brine, efforts 
have been made with some success to 
introd uce cultures of the starter type, 
particularly of lactic acid bacteria, to 
better control the fermentations. 

Whereas milk and vegetables are fer
mented primarily to preserve the nutri
ents of these basic foods, the growth of 
microorganisms is encouraged in other 
traditional types of fermented foods 
mainly to improve the taste and fla
vor of the product. Simultaneously the 
growing microorganisms increase the 
protein content of the food. Fermented 
foods of this class, which originated in 
the Orient, have fish or plant material 
(particularly soybeans) as the starting 
material. Fermented fish products are 
still largely limited to local consump
tion in Oriental countries, but soybean 
fermentations have gone farther afield, 
particularly among Oriental communi
ties in North America. 

Typical of these foods are the tem
pehs, A well-made tempeh consists of a 
compact cake of plant material com
pletely covered and penetrated by white 
mold mycelia of species of the fungus 
genus Rhizopus. A word following "tem
peh" designates the nature of the plant 
material that has been fermented. For 
example, tempeh kedele is made from ke
dele, the Indonesian word for soybeans. 
Tempeh bongkreg katjang is made from 
peanuts, tempeh enthoe from coconuts. 

The plant material is soaked in water, 
dehulled, boiled or steamed and drained 
of excess water. Then raw tempeh from 
a previous batch is mixed in to supply 
spores of the Rhizopus mold. The mash 
is placed in trays, or in banana leaves 
when the tempeh is made in villages, and 
left until the mold has penetrated it suf
ficiently. Tempeh is usually not eaten 
raw but is deep-fried in coconut oil or 
cooked in some other way. Containing 
as much as 40 percent protein, tempehs 
are widely consumed in Indonesia. 

Slightly different procedures are em
ployed to make indigenous fermented 
foods in other countries. In Japan natto 
is the name given to the product that 
results when whole soybeans are fer
mented with the mold Aspergillus oryzae. 
A traditional Chinese food is sulu, a soft, 
cheese like product made by fermenting 
soybean curd with a variety of molds, 
principally species of Mucor. Another 
variation on the theme is ang-kak, which 
originated in China. It is made by fer
menting rice with the mold Monascus 
purpureus. Here the objective is not to 
alter the flavor of the rice but merely to 
color it red. 

Soy sauce is a widely known product 
of the fermentation of soybeans. It was 
originally brewed in China many centu
ries ago and later introduced into other 
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CHEESE ORIGIN MICROORGANISM 

SOFT, UNRIPENED 

COT TAGE CENTRAL EUROPE? Streptococcus lactis Leuconostoc citrovorum 
CREAM U.S. Streptococcus cremoris 
NEUFCHAT EL FRANCE Streptococcus diacetilactis 

SOFT, RIPENED 

BRIE FRANCE Streptococcus lactis Penicillium camemberti Brevibacterium linens 
Streptococcus cremoris Penicillium candidum 

CAMEMBERT FRANCE Streptococcus lactis Penicillium camemberti 
Streptococcus cremoris Penicillium candidum 

LIMBURGER BELGIUM Streptococcus lac tis Brevibacterium linens 
Streptococcus cremoris 

SEMISOFT, RIPENED 

ASIAGO ITALY Streptococcus lactis Lactobacillus bulgaricus 
Streptococcus cremoris 
Streptococcus thermophilus 

BLUE FRANCE Streptococcus lactis Penicillium roque/orti or Penicillium glaucum 
Streptococcus cremoris 

BRICK U.S. Streptococcus lactis Brevibacterium linens 
Streptococcus cremoris 

GORGONZOLA ITALY Streptococcus lac tis Penicillium roque/orti or Penicillium glaucum 
Streptococcus cremoris 

MONT EREY U S. Streptococcus lactis 
Streptococcus cremoris 

MUENST ER GERMANY Streptococcus lactis Brevibacterium linens 
Streptococcus cremoris 

ROQUEFORT FRANCE Streptococcus lac tis Penicillium roque/orti or Penicillium glaucum 
Streptococcus cremoris 

HARD, RIPENED 

CHEDDAR BRITAIN Streptococcus lactis Lactobacillus casei 
Streptococcus cremoris 
Streptococcus durans 

COLBY U.S. Streptococcus lactis Lactobacillus casei 
Streptococcus cremoris 
Streptococcus durans 

EDAM NETHERLANDS Streptococcus lac tis 
Streptococcus cremoris 

GOUDA NETHERLANDS Streptococcus lac tis 
Streptococcus cremoris 

GRUYERE SWITZERLAND Streptococcus lactis Lactobacillus helveticus Propionibacterium shermanii or 
Streptococcus thermophilus Lactobacillus bulgaricus and 

ST ILTON BRITAIN Streptococcus lactis Penicillium roque/orti or 
Propionic bacterium /reudenreichi 

Streptococcus cremoris Penicillium glaucum 

SWISS SWITZERLAND Streptococcus lactis Lactobacillus helveticus Propionibacterium shermanii or 
Streptococcus thermophilus Lactobacillus bulgaricus and 

Propionic bacterium /reudenreichi 

VERY HARD, RIPENED 

PARMESAN ITALY Streptococcus lactis Lactobacillus bulgaricus 
Streptococcus cremoris 
Streptococcus thermophilus 

ROMANO ITALY Lactobacillus bulgaricus Streptococcus thermophilus 

PASTA FILATA (PLASTIC CURD) 

MOZZARELLA ITALY Streptococcus lactis Lactobacillus bulgaricus 
Streptococcus thermophilus 

PROVOLONE ITALY Lactobacillus bulgaricus 

WELL-KNOWN CHEESES are cbarted according to tbeir classifi
cation as ripened or unripened. A ripened cbeese is a finisbed prod
uct wben it emerges from tbe initial fermentation. In unripened 

cbeeses tbe growtb of yeasts and species of tbe fungus Penicillium on 
tbe surface of tbe cbeese is encouraged after tbe initial processing. 
Tbis list is far from exbaustive; tbe variety of cbeeses is enormous. 
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Oriental countries, particularly Japan, 
which is now the main manufacturer. It 
is made by fermenting a salted mixture 
of soybeans and wheat with the mold 
Aspergillus oryzae to yield a mixture 
called koji, which is put in a vessel with 
an equal amount of salt solution to 

make a mash known as moromi. The 
moromi is fermented in large tanks for 
from eight to 12 months, with a certain 
amount of agitation and preferably at a 
low temperature. The microorganisms 
chiefly responsible for the fermentation 
(the bacterium Pediococcus soyae, the 

yeast Saccharomyces rouxii and species 
of the yeast genus Torulopsis) originate 
in the moromi. Occasionally starter cul
tures of these microorganisms are added 
to the moromi, but in either process the 
metabolism of the microorganisms en
riches the moromi with lactic acid and 

FLOUR, YEAST, 
MALT, SALT AND WAT ER 

DIVIDER ROUNDER 

� � REMIXING ----=� 

FERMENTATION 

MANUFACTURE OF BREAD is portrayed in this flow chart of 
the major steps. A "sponge," or starting mixture, containing only part 
of the flour that will eventually go into the bread, is kneaded in a mix-

GRADING 

er for several minutes and then fermented for several hours. The rest 
of the flour is added and the dough is remixed. The divider cuts the 
dough into loaf-size pieces, which are further shaped by the rounder. 

CORING 

DELEAFING � TRIMMING 

:> ® �® ® 
PRESERV ATION OF VEGETABLES is an application of fermen
tation that long predates canning and freezing and is still widely prac-

WATER AND BARLEY 1 

MALTING FLOOR 

PRODUCTION OF BEER starts with the malting of barley, in 
which the grain is induced to sprout briefly to produce enzymes that 
will catalyze the breakdown of starch. The malt is ground and mixed 
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( y 
ticed on a commercial scale. The process is depicted here for the pres
ervation of cabbage as sauerkraut by the dry-salt method. In this 

KILN --� r----=,.. MASH TUN 

SPENT GRAIN � 
CATTLE CAKE 

with warm water (and often with other cereals such as corn) before 
going to the mash tun, where over a period of a few hours enzymes 
break down the long chains of starch into smaller molecules of carbo-

�y 
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other acids and with ethanol. When the 
fermentation is complete, the moromi is 
pressed and the extruded soy sauce is 
packaged. The cake that remains is of
ten fed to animals. 

The discovery of flour and hence 
of breadmaking is thought to have 

MOLDER 

been made very early in human devel
opment, probably in Egypt. The first 
breads were flat ones made by baking a 
mixture of flour and water. Precisely 
when dough was first leavened is not 
known. The main effect of leavening is 
to increase the volume of dough as a 

COOLING -----;� 

OVEN t 

t 
------>-3> PROOFING 

result of the breakdown of sugars by 
yeast to form bubbles of carbon dioxide. 
The bubbles are trapped in the dough, 
and when it is baked, they give leavened 
bread its characteristic honeycomb tex
ture. Leavening may have come about 
as a result of the spontaneous growth of 

� WRAPPER 

{7 
At this stage the dough is rubbery; it is put through an intermediate 
proofing stage (not shown), where it rises and changes in structure 
and is therefore easier to mold. The molder shapes the pieces of dough 

into cylinders that are put in baking pans. In a final proofing stage 
the dough ferments further before being put in the oven. After bak
ing for 20 minutes the loaves of bread are cooled, sliced and wrapped. 

SHREDDING SALTING 

method a brine is generated by osmotic gradients arising from the 
interaction of the salt and the natural fluids of the cabbage. In the 

SUGAR AND HOPS 

brine the lactic acid bacteria originating on the fresh cabbage be
come the dominant species in the extended process of fermentation. 

tSPENT HOPS 

FERTILIZER 

FERMENTING VESSEL BOTTLING 

hydrate. The aqueous extract called wort is separated from the mix 
and hoiled with hops in a brew kettle. The boiling extracts flavors 
from the hops and stops the enzyme action in the wort. The hops are 

SURPLUS YEAST 
FOR FOOD PRODUCTS 

removed and the wort is put in a fermenting vessel, where it is pitched, 
or seeded, with yeast. After fermentation the beer may go to a la
gering tank to mature, following which it is pasteurized and bottled. 
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yeast in the mixture of flour and water 
or of the addition of fermenting beer to 
the dough. 

Today breadmaking and the large
scale cultivation of yeast that is associat
ed with it constitute one of the most so
phisticated branches of ind ustrial mic 
crobiology. Although flat breads are 
still made in many parts of the world, 
most bread in the developed countries is 
made by mixing flour (usually wheat 
flour) with water and smaller propor
tions of yeast, salt, sugar and shortening. 
After it is mixed or kneaded the dough is 
allowed to ferment at a temperature of 
about 25 degrees C. (higher in recently 
developed processes). During this time 
the yeast, a strain of Saccharomyces cere
visiae, breaks down sugars in the dough 
into a mixture of alcohol and carbon 
dioxide gas, bubbles of which become 
fixed in the dough. This is fermentation. 
When the dough is baked after the peri
od of fermentation, the alcohol is driven 
off, but the bubbles of carbon dioxide 
remain to give texture to the bread. 
Some sugars are available to the yeast 
immediately, including added ones such 
as sucrose and cane sugar. They are sup
plemented by sugars liberated from the 

GRAPES 

starch of the cereal grain by two en
zymes, alpha-amylase and beta-amy
lase, that are constituents of the flour 
and are activated by water. The sugars 
include maltose and glucose. Maltose is 
usually fermented by the yeast toward 
the end of the fermentation process, 
when the other sugars have been almost 
used up. 

Although the main function of the 
yeast in bakery fermentations is to raise 
the dough, it also has other effects. One 
effect is to change the structure and tex
ture of the dough, which it does by mod
ifying the structure of gluten, the prin
cipal wheat protein, as the dough is 
stretched mechanically. Moreover, by 
excreting compounds such as cysteine 
and glutathione, the yeast may alter the 
structure of gluten by breaking intra
molecular disulfide (S-S) bonds. Prod
ucts of the fermentation by yeast also 
modify the flavor of the baked dough 
and increase its nutritive value to a lim
ited extent. 

Over the past 25 years or so this meth
od of breadmaking, which is often 
called the bulk-fermentation process, 
has been modified to enhance the possi
bilities of handling the dough rapidly by 

machine. All the rapid methods seek to 
produce baked dough at a faster rate 
than bulk fermentation does, and to this 
end the fermentation is done at a higher 
temperature (usually about 35 degrees 
C.) and the dough contains a higher pro
portion of yeast, which may also be a 
strain with greater fermentative activity. 
In addition the dough is subjected to in
tense mechanical mixing, which has an 
effect on the structure of the dough. 

Modern breadmaking could not be 
the efficient ind ustry it is without the 
associated industry manufacturing bak
er's yeast. Until the middle of the 19th 
century the yeast that went into bread 
dough was barm, the resid ual yeast 
from the brewing of beer. Barm proved 
to be unreliable, however, as the volume 
of breadmaking increased, and special
ized plants were therefore built for the 
production of baker's yeast. In such 
plants specially selected strains of Sac
charomyces cerevisiae are grown in highly 
aerated conditions in a nutrient medium 
based on molasses. The bulk production 
of baker's yeast must be done under 
closely controlled conditions to ensure 
the constant fermenting ability that bak
eries require day after day. 

] 
ALCOHOLIC FERMENTATION 

SETTLING VAT 

MALO-LACTIC 

FERMENTATION 

MAKING OF WINE is portrayed in a generalized process that in ac
tuality differs somewhat for red wine and white wine. Here the wine 

CORN RYE MALT 

FERMENTING VAT 

YE� 

DISTILLED SPIRITS such as whiskey are made in a process that 
is much like the brewing of beer. It is depicted here for bourbon. 
Grains of corn are mixed with smaller amounts of rye and malted 
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is made in batches, which is by far the commonest way. Some of the 
cheaper wines are manufactured by a process of continuous fermen-

BEER STILL 

HIGH WINE TANK 

DOUBLER 

barley, crushed and mixed with warm water. The wort that emerges 
from the mash tun is transferred to a fermenter and pitched with 
yeast. After fermentation the beer is conveyed to a unit consisting of 
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The manufacture of alcoholic bever
ages also exploits the fermentation of 
sugars by S. cerevisiae. but here the main 
req uirement is the alcohol rather than 
the carbon dioxide. Alcoholic beverages 
are grouped in three categories: the 
wines and beers, which are made by fer
menting with yeast the juice of a fruit or 
a sugary extract of grain; the fortified 
wines, in which brandy is added to the 
wine, and the spirits, which are made 
by distilling wines or beers. 

Any solution of the sugary substances 
Il.. of grain that is allowed to stand will 
soon become infected by microorgan
isms. Archaeological evidence shows 
that the fermentation of grain extracts 
was already an advanced art more than 
6,000 years ago. The beers so made not 
only tasted better than water but also 
were safer to drink, since pathogenic or
ganisms cannot grow in beer because of 
its acidity and its content of antimicrobi
al compounds derived from hops. The 
worldwide production of beer is now 
about 700 million hectoliters ( 18.5 bil
lion gallons) per year, with the per capi
ta consumption highest in West Germa
ny and Australia. 

Ir-------�> FILTERING 

�(J 
AGING 

BOTILING 

tation. Grape juice is fed steadily into a fer
menting stage and wine is steadily removed. 

OAK CASKS 

i� 

> AGING 1 r 
------'>� FILTERING 

�� 
BOTILING 

a beer still and doubler. The condensate is col
lected in a high wine tank and then matured 
for several years in oak casks before bottling. 

The Amazing 
Stirling Cycle 

This miniature Stirling Cycle Engine meas
ures 7" x 4'/'" and comes complete with built
In alcohol burner. Red flywheels and chassis 
mounted on a green base. these all-metal 
beauties silently running at speeds in excess 
of 1.000 RPM attract attention and create awe 
wherever displayed. The model comes com
pletely assembled and ready to run. accom
panied by our "Stirling Cycle Engines" book. 
This Is one of a series of four model hot air 
engines now available. 

Experimen ters. Hobbyists' Power Source 
Students . Collectors. Model Engineers 

An easily read. lavishly illustrated. 128-
page book accompanies each engine or may 
be purchased separately. This publication. 
the first of its kind. takes the reader on a 
l60-year tour through the world of Stirling 
Cycle Engines. 
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BREAKDOWN OF STARCH in brewery fermentations entails tbe action of tbe malt en
zymes alpba-amylase (black arrows) and beta-amylase (dark colored arrows) on long cbains of 
glucose, one molecule of wbicb is sbown at a. Tbe straigbt cbains (b) represent one of tbe com
ponents of starcb, amylose, and tbe brancbed structures represent tbe other component, amylo
pectin. Beta-amylase splits off two glucose units at a time (c) to yield maltose, a disaccharide. 
At the same time alpha-amylase acts deeper inside the chains to split off larger sections, which 
in turn are acted on by beta-amylase. The products of the action of the two amylases appear in 
d. Also shown (c, d) are the sites of action of the two enzymes that act on dextrin. A debranch
ing enzyme (gray arrows) breaks branch linkages; amyloglucosidase (light colored arrows) 
splits off single residues of glucose from dextrins. The genetic manipulation of yeast cells has 
improved their ability to ferment dextrins, thereby using up more of the carbohydrates in the 
brew and giving rise to "light" beer, which is distinguished by being low in carbohydrates. 
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Most beer is made from barley, al
though small amounts are made from 
other cereal grains. The grains of barley 
are first malted, that is, allowed to ger
minate for a short time. The main objec
tive of the malting is to produce en
zymes in the grain that (either during 
malting or later) catalyze the break
down of starch. The malted barley is 
then crushed and mixed with water at 
a temperature of up to 67 degrees C. 
Within a few hours enzymes in the mash 
break down the long chains of starch 
into smaller carbohydrate molecules 
and also break down other long-chain 
molecules such as proteins. 

The aqueous extract, which is called 
malt wort, is separated from the spent 
grains and boiled, traditionally with 
hops to give flavor to the final beer. The 
boiling of the wort not only extracts fla
vor compounds from the hops but also 
stops further enzyme action in the wort 
and precipitates protein from it. Now 
the hopped wort is pitched, or seeded, 
with a strain of S. cerevisiae. The main 
action of the yeast is to convert the s ug
ars in the wort into alcohol and carbon 
dioxide. (There is also a fivefold in
crease in the amount of yeast during the 
fermentation.) Other quantitatively mi
nor products of yeast metabolism have a 
strong effect on the flavor of the final 
beer. They include higher alcohols such 
as amyl, isoamyl and phenylethyl alco
hol, which are present in beer at concen
trations on the order of milligrams per 
liter. Other important flavor compounds 
formed by the yeast are short-chain ac
ids such as acetic and butyric acids and 
esters of them. At the end of fermenta
tion the yeast is separated from the beer, 
which is then allowed to mature for an 
appropriate period. After filtration, pas
teurization and possibly other steps the 
beer is ready to be packaged and sold. 

Traditionally two types of yeast are 
employed in brewing beer. The majority 
of beers are lagers, which by tradition 
are made with a yeast that settles to the 
bottom of the fermentation tank during 
fermentation. These bottom-fermenta
tion yeasts were first isolated in pure cul
ture about 100 years ago by the Danish 
botanist Emil Christian Hansen, work
ing at the Carlsberg Institute in Copen
hagen, and have been named Saccharo
myces car/sbergensis. In Britain and in 
parts of Europe and North America the 
yeast employed in brewing beer ris
es to the surface during fermentation. 
Top-fermentation yeasts are classified 
as strains of S. cerevisiae. Taxonomists 
do not now distinguish these yeasts 
as separate species, although the two 
names continue to be used in brewing. 
The strains of yeast popular in breweries 
have been chosen by largely empirical 
means over centuries of brewing, but at
tempts are now being made to tailor the 
genetic makeup of brewing yeasts to the 
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Ult's beautiful what your bucks will buy 
froln Ohio Scientific!' 

"Running our retail stores sure has 
been easier since our Challenger 
computer came to work for us. We use it 
for Accounts Receivable, Accounts Payable, 
Payroll, General Ledger. It's most important 
in Inventory Control. We must know what 
we have and haven't. Now we do, daily. 
Terrific! Ohio Scientific:' 

Henry Felkey, Division Manage( 
Schwartz-Klines 

New Philadelphia, Ohio 

Ohio Scientific was first to add Winchester hard disk drives to 
microcomputers. This advanced technology allows low cost micro· 
computers to store over 100 times as much information on line 
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the last 18 months keeping track of countless details of our business. 
The Challenger's real time clock allows repetitive jobs to be scheduled 
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the P&L, General Ledger, and Payables. It knows when it is time to file 

a tax return, and it makes out the quarterly reports. When it is 
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Holly Quarles, President, Commonwealth Capital Corp. 
Charlottesville, Virginia 
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of scrap from our blown film extrusion 

operation. By putting shift reports 
through the computer, we spot waste 

immediately. Whether the problem 
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requirements of the individual brewer. 
The technology of wine making is 

much simpler. Until recently the proc
ess had changed little over the 5,000 
years that wine has been made. Red or 
white grapes from selected varieties of 
the vine are collected and crushed to ex
press the juice. Until recently the grape 
juice was allowed to ferment spontane
ously by way of microorganisms pres
ent on the surface of the freshly picked 
grapes. The natural flora of the slcins of 
grapes includes several different yeasts, 
some of genera other than Saccharomy
ces. Many of the yeasts responsible for 
the first part of the fermentation are lat
er killed off by the alcohol released 
when strains of S. cerevisiae ferment sug
ars in the juice. After fermentation the 
wine is filtered and bottled. 

In recent years the microbiology of 
wine making has changed. Instead of re
lying on spontaneous fermentation by 
skin-borne yeasts, many vintners now 
add specially selected cultures of S. cere
visiae to the grape juice. A number of 
producers now regulate the temperature 
of fermentation, the optimum being in 
the range from seven to 14 degrees C. In 
some areas wine is fermented not in 
batches but continuously. Juice is fed 
steadily into a fermentation process and 
wine is continuously removed. In gener
al only the cheaper wines are made by 
continuous fermentation. 

Similar methods serve for making 
wines from other fruit juices. The manu
facture of sake, or rice wine, is more 
akin to making beer in that the rice con
tains starch rather than sugars. The 
starch has to be converted into ferment
able sugars by means of the mold Asper
gillus oryzae. Spores of the mold are 
mixed with steamed rice and the mix
ture is incubated for five or six days 
at a temperature of about 35 degrees 
C. to yield the product known as koji. 
Portions of koji are mixed with more 
steamed rice and some sake yeast, which 
is a strain of S. cerevisiae. This starter 
culture, which is called moto, serves to 
ferment the main batch of steamed rice 
(moromi) for as long as three weeks. 
Sake contains as much as 20 percent al
cohol by volume. 

The addition of brandy to wine to 
fortify it was originally done to ar

rest the yeast-fermentation process and 
to make the wine biologically stable. 
Because fortified wine contains from 
15 to 20 percent alcohol by volume it is 
not susceptible to microbial contamina
tion. Except for fino and amontillado 
sherry, fortification simply involves add
ing an appropriate amount of brandy 
to the wine, storing the wine briefly and 
then making a final adjustment of the 
alcohol content, again with brandy. In 
the production of fino and amontillado 

MICROBIAL FOOD AND FEED named Pruteen is based on the large-scale cultivation of 
the bacterium Methy(ophill/s methy(otrophus by Imperial Chemical Industries in Britain. A 
single specimen appears in this electron micrograph; the enlargement is 78,000 diameters. 
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sherry in the Jerez district of Spain the 
wine after fortification is matured in 
contact with the air to encourage the 
growth of a surface flora made up of a 
variety of yeasts. The metabolic activity 
of these yeasts contributes to the char
acteristic nutty flavor of the sherries. 

The making of grain-based distilled 
spirits differs from the making of beer 
(apart from the distillation step itself) 
chiefly in the absence of a boiling stage. 
Therefore the enzymes that are active in 
the mash continue to operate during fer
mentation, breaking down more sugar 
and producing more alcohol. Distilled 
spirits differ from one another in the na
ture of the distillation process. Scotch 
malt whisky is distilled in small pot 
stills, whereas most other whiskeys are 
distilled in plants that operate continu
ously. With many spirits the fermented 
Iiq uid is transferred to the still along 
with the yeast, since it has been shown 
that the yeast can contribute to the array 
of flavor compounds in the final distilled 
beverage. Also contributing to the fla
vor of the final distilled product are 
compounds extracted by the liquid from 
the wood barrels in which such spirits 
as whiskey and brandy are aged for a 
period of years. 

I noted above that one of the main ad
vantages of encouraging microbial 

growth in foods of the tempeh type is the 
increase in the protein content of the 
food. A logical extension of this idea is 
to grow suitable microorganisms on a 
large scale as a direct source of human 
food and animal feed. This was first 
done as a result of the shortage of food 
in Germany during World War I. In Ber
lin, Max Delbrlick (not the late molecu
lar biologist) and his colleagues devel
oped processes for growing brewer's 
yeast (s. cerevisiae) on a large scale. Such 
production managed to replace as much 
as 60 percent of the foodstuffs Germany 
had been importing before the war. The 
yeast was incorporated mainly into 
soups and sausages. 

Food yeast again made an important 
contribution to the diet in Germany in 
World War II. Special strains of food 
yeast (Candida arborea and C. utilis) 
were made in several production cen
ters. During the 1960's the concept at
tracted a good deal of interest as a 
means of relieving food shortages in un
derdeveloped countries. Several large 
oil companies worked out processes for 
growing strains of Candida lipo!ytica in 
which the carbon and the energy for 
growth were provided by the alkanes 
(straight-chain hydrocarbon molecules) 
of petroleum. C. lipo!ytica resembles the 
food yeast C. utilis, but it has the ad
ditional property of being able to grow 
on alkanes. 

It was at about this time that the term 
single-cell protein was coined to de
scribe the new range of microbial food 
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bio-industry-Innovative use 
of microorganisms in the profitable 

production of materials to fill human needs. 

Bioindustrial Program* Begun Sponsor Mid-1981 Status 
Automated bioscreening 1971 Cetus A basic Cetus tool for finding new genes 

and enzymatic activities. 

Genetic improvement of pharmaceutical 1973 Cetus & Commercial production of important 
microorganisms Schering antibiotics by Schering. 

Engineer a series of organisms for specific 1975 Cetus N.I.H. has approved production of human 
industrial uses interferon in Bacillus subtilis. 
Develop immobilized cell and enzyme 1976 Cetus New chemicals under development. 
systems for chemical process industries Patents issued; others pending. 

Improve production of Vitamin B12 1977 Cetus & In commercial production. 
Roussel 
Uclaf 

Manufacture fructose from inexpensive 1977 Cetus & Pilot plant being designed with Standard 
forms of glucose Socal Oil Company of California. 

Bioprocess alkenes to valuable oxides 1�'1 Cetus & Process under development with Standard 
and glycols Socal Oil Company of California. 

Produce ethanol by continuous 1978 Cetus & National Distillers has announced plans 
fermentation National for a $100 million manufacturing plant. 

Distillers 

Upgrade hydrocarbons microbiologically 1978 Cetus & Patents filed on behalf of Standard Oil 
Amoco Company (Indiana). 

Produce xanthan gum in oilfields for 1978 Cetus & Patents filed on behalf of Standard Oil 
enhanced crude oil recovery Amoco Company (Indiana). 

Make human insulin microbiologically 1978 Cetus Process scale-up in progress. 

Make human interferons microbiologically 1979 Cetus & Pilot plant under construction with 
Shell Shell Oil Company. 

Develop vaccine to prevent colibacillosis ... 1979 Cetus Near commercial introduction ... 
a widespread disease of newborn calves this could be the first recombinant 
and piglets DNA product marketed in the U. S. A. 

Produce monoclonal antibody for organ 1980 Cetus The first product of Cetus Immune Corp. 
transplant tissue typing Marketed by Cooper Laboratories Inc. 

Produce diagnostic kits for toxoplasmosis 1980 Cetus The first product of Cetus Palo Alto Corp. 
identification Clinical tests are underway. 

"For contractual and proprietary reasons, several Cetus programs are not listed. 

Cetus has pioneered bioindustry since 1971. 
Our 400 people share our science, our business, and our vision of the future. 

Professionals in molecular genetics, microbiology, organic chemistry, biochemistry, automated 
bioscreening, fermentation and process engineering, instrumentation design, tissue culture, 

and computer applications are invited to contact Cetus Professional Development, 
600 Bancroft Way, Berkeley, CA 94710, 415-549-3300. 

cetus 
The bioindustrial company 
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and feed. The main pioneering work was 
done by the British Petroleum Compa
ny. The product was named Toprina, 
and the process was developed to the 
point where a $ 1 00-million plant to 
make it was built in Sardinia. Unfortu
nately the plant will never make the ex
pected contribution to the relief of food 
shortages. The rising cost of petrole um 
was a factor (it forced many other petro
leum companies to withdraw from ven
tures in single-cell protein), but political 
problems intervened too, and the com
pany was unable to convince the Italian 
authorities that Toprina was toxicologi
cally safe. The plant remains idle. 

Nevertheless, at least two companies 
retain interest in single-cell-protein proj
ects based on methane as the substrate. 
They are Hoechst AG in West Germany 
and Imperial Chemical Industries in 
Britain. The British company has re
cently started production of the bacte
rium Methy/ophilus methylotrophus in a 
plant capable of turning out 75,000 tons 
per year. The bacterium can oxidize 
methane, but because of safety prob
lems that can arise with mixtures of 
methane and air, methane is converted 
chemically into methanol, which then 
serves as the source of carbon and en
ergy for the bacteria. The product is 
named Pruteen. 

The rise and fall of the single-cell-pro
tein venture largely reflects the impact 

of market forces. The rising cost of pe
troleum has made the product less com
petitive with its main rivals as a cheap 
source of animal protein: soybeans and 
fish meal. In the U.S.S.R., where compa
rable market forces do not operate, 86 
plants making single-cell protein are re
ported to be operating; at least 1 2  of 
them are said to rely on hydrocarbons as 
the source of carbon and energy for the 
growing cells. 

Por nearly a century the microbiolo
gists working with food and bever

ages have been trying to understand 
more fully the role of microorganisms 
in fermentation. With some foods, such 
as the tempehs, little is known so far 
beyond the names of the fermentative 
organisms. With others the understand
ing of the changes brought about by mi
crobial activity is much deeper. In these 
instances a search has usually been 
made for strains of microorganisms that 
can achieve the desired changes in the 
food or beverage more efficiently. 

Improved strains have been selected 
empirically, of course, for centuries, but 
modern knowledge enables the food
and-beverage microbiologist to look for 
strains that produce, for example, cer
tain flavoring compounds in higher or 
lower concentrations. Until recently the 
relatively sophisticated techniques for 
selecting improved strains could be ap-

SAMPLE OF PRUTEEN is in pellet form; the single-cell-protein food and feed is also made 
in granular form. Its color is light brown. The material is made by growing large numbers of M. 
methylotrophus bacteria, which are able to employ methane as a source of energy and carbon. 
In the industrial process methane is converted into methanol before it is fed to the bacteria. 
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plied only to microorganisms that are 
amenable to genetic analysis. For exam
ple, some of the strains of Saccharomyces 
cerevisiae that go into the fermentation 
of foods or beverages can be induced to 
form sexual spores, thereby making pos
sible a program of yeast-strain selection 
based on hybridization. Such programs, 
which are necessarily empirical, have 
made a val uable contribution to the im
provement of strains of yeast employed 
in breadmaking. 

Newer techniques that manipulate S. 
cerevisiae genetically have recently been 
applied in the brewing industry. An ex
ample is an effort to change the ability 
of strains to ferment carbohydrate. The 
carbohydrates in malt wort consist of 
about 53 percent maltose, 12 percent 
glucose, 13 percent maltotriose, 22 per
cent dextrins and a trace of maltotet
raose. The top- and bottom-fermenting 
strains of brewer's yeast are able to fer
ment all of them except the dextrins and 
occasionally the maltotetraose. Because 
of the widespread rise in the demand for 
"light" beer, meaning beer with a lower 
content of carbohydrates, efforts have 
been made to introduce into brewer's 
yeast the genetic information for fer
menting dextrins, which make up such 
a substantial part of the carbohydrate 
content in wort. Fortunately Saccharo
myces diastaticus. a species related to 
brewer's yeast, is able to ferment dex
trin. The chief aim of the recent research 
has therefore been to introduce genes 
for the fermentation of dextrin into 
strains of S. cerevisiae. the standard 
brewer's yeast. 

Several brewing companies have been 
successful in introducing the genes that 
break down dextrin into their own fa
vored strains of yeast. So far, however, 
none of these genetically engineered 
strains has been put to work in the brew
ing of beer. The reason is that when 
genes from S. diastaticus are made part 
of brewer's yeast, the recipient strains 
thereafter produce beer with an un
pleasant phenolic flavor. 

It has been shown that the unpleasant 
flavor is caused by a compound, 4-vinyl 
guaiacol, that the yeast makes from a 
compound derived from wort. Original
ly it was thought the genes for making 4-
vinyl guaiacol were closely linked to the 
genes regulating the breakdown of dex
trin, so that the off flavor was unavoid
able. Recent work by Roy Tubb and 
his associates at the Brewing Research 
Foundation in Britain has shown, how
ever, that the two groups of genes do not 
always remain attached when strains of 
yeast are genetically engineered. The 
path to the construction of dextrin-uti
lizing strains of yeast for brewing beer 
therefore seems to be clear. It is likely to 
be the first of many programs in which 
genes are specifically tailored to achieve 
some desired flavor, quality or produc
tion technique in fermented foods and 
beverages. 
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"Our reputation rests on 
digits, decimal points, and details. 

We wouldn't trust them to anything less 
than S cotcH Brand Data Cartridges:' 

Bill Birkett, Vice President, 
Trade Graphics, Inc., 
Livonia, Michigan 

The unique design of a data 
cartridge provides great rel iabi l ity, 
high storage capacity and long 
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possibly get better data 
cartridges than Scotch Brand,  
made by 3M,  the people who 
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tape and precision components 
are part of every Scotch Data 
Cartridge. Over twenty-five years 
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Data Recording Products Division. 
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it's worth Scotch 
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The Microbiological Production 
of Pharmaceuticals 

The introduction of peniCillin opened up a new era in medicine. Now 

microorganisms manufacture not only a host of other antibiotics but 

also vitamins, hormones, alkaloids, antitumor drugs and interferons 

by Yair Aharonowitz and Gerald Cohen 

The introduction of microbiology 
into the pharmaceuticals industry, 
which began in the 1940's, has 

brought about a transformation pro
found enough to be called a revolution. 
Advances in our understanding of mi
croorganisms and techniques for manip
ulating them genetically are now rou
tinely exploited in the identification of 
new therapeutic substances, in research 
and development and in the processes of 
industrial production itself. The linked 
chemical reactions that make up the 
metabolic system of a microorganism 
constitute the means of production. In 
huge tanks cultures of genetically identi
cal cells bred for high yield are im
mersed in a rich liquid medium. The 
pharmaceutically valuable products of 
metabolism are later extracted and sub
jected to further processing. 

Such cell cultures on a mighty scale 
are employed in the pharmaceuticals in
dustry in three ways, which can be dif
ferentiated on the basis of how much of 
the information needed to make the 
product is present in the microorgan
ism's unaltered genome (complete set 
of genes). In the case of the antibiotics 
the product is a natural metabolite, and 
all the information for its synthesis is 
native to the cell. (Even so, the product 
is often chemically modified later. ) It 
was the identification of penicillin, a nat
ural metabolite of the mold Penicillium, 
that initiated the transformation of the 
pharmaceuticals industry. 

Commercially and clinically the anti-

biotics are the most important class of 
pharmaceuticals made by microbiologi
cal techniques. Similar techniques have 
also been adapted, however, to the pro
duction of substances that are not natu
ral metabolites of microorganisms. In 
the manufacture of steroid hormones, 
for example, microorganisms carry out 
individual steps called bioconversions in 
a long sequence of synthetic processes; 
the other steps are accomplished by 
non biological methods. Only the infor
mation for the few biological steps re
sides in the genome of the organism. 

In the third approach none of the in
formation that defines the structure of 
the product molecule is initially found 
in the genome of the microorganism; the 
information is inserted into the cell. In 
this way bacterial or fungal cells can 
be made to produce human proteins. 
Methods of this kind are now being ex
plored for the manufacture of such clin
ically important pharmaceuticals as in
sulin. Although these techniques are the 
newest and most glamorous in the phar
maceuticals industry, they are being as
similated into a field where microbio
logical methods have already brought 
forth a huge commercial enterprise. In 
197 9 the wholesale value of prescrip
tion drugs sold in the U.S. was about 
$7. 5 billion; of this amount some 20 per
cent, or $1. 5 billion, represented sales 
of drugs in whose production microor
ganisms played a significant role. 

The largest class of pharmaceuticals 
consists of those in which most or all 

MANUFACTURE OF PENICILLINS is accomplished in a combination of biological and 
chemical steps; shown here are crystallizers, the site of one of the key processes in production. 
Manufacture begins in fermentation tanks with a capacity of as much as 100,000 liters. In the 
tanks an industrial strain of the fungal mold PellicilliulIl chrysogellulIl is grown in a rich liquid 
medium; a form of penicillin called penicillin G is a natural metabolite of the fungal cells. In 
this plant, operated by Pfizer, Inc., in Groton, Conn., as many as 15 fermentation tanks are 
linked on a staggered production schedule to provide a continuous output of the antibiotic. 
When fermentation, which takes several days, is complete, penicillin G is separated from the 
spent mold cells and injected into the crystallizers, where butanol is added. The butanol is evap
orated, carrying water with it and leaving behind a crystalline slurry of penicillin G of more 
than 99 percent purity. Subsequent chemical modifications yield other forms of penicillin. 

of the required genetic information is 
present in the unaltered genome of the 
cell. The antibiotics are the most impor
tant members of this class economical
ly, but also included are viral and bacte
rial antigens, antifungal agents, certain 
antitumor drugs, alkaloids and vita
mins. In 197 8 the worldwide bulk sales 
of the four most important groups of 
antibiotics-the penicillins, the cepha
losporins, the tetracyclines and erythro
mycin-amounted to $4. 2  billion. (The 
sales are given for 1978 because that is 
the most recent year for which complete 
information is available for the interna
tional market; the amount has been ad
justed to 1980 prices to compensate for 
the effects of inflation.) Another com
mercially important group of antibiotics 
consists of the aminoglycosides, which 
include streptomycin. After the antibi
otics the pharmaceuticals with the next
highest sales were the vitamins; the 
wholesale value of the six most impor
tant vitamins in 197 8 (again based on 
1980 prices) was $670 million. 

The industrial process that underlies 
this market is fermentation. The fer

menters, or tanks, in which the metabol
ic manufacture of pharmaceuticals pro
ceeds have a maximum volume of about 
100,000 liters. Cultures of industrial 
strains of fungi or bacteria are started in 
smaller tanks, then transferred to the 
large fermenters, where strict control is 
maintained over the temperature, the 
pH, the oxygen supply and the nutrients 
in the culture medium. The mixture is 
stirred by blades inside the fermenter. 

The microorganisms that carry out 
fermentation in the antibiotics industry 
are drawn from a rather narrow taxo
nomic range. Janos Berdy of the Re
search Institute for Pharmacological 
Chemistry in Budapest has classified 
them in three main groups. Six genera of 
filamentous fungi give rise to almost 
1,000 distinct antibiotics. Among these 
fungi are molds of the genus Cephalospo
rium, which yield cephalosporins, and 
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CATEGORY OF DRUG MAJOR U.S. PRODUCERS MARKET VALUE 

Ayerst Laboratories 
Lederle Laboratories 
Eli Lilly and Company 

PENICILLINS Smith, Kline & French Laboratories $220,943,000 
E. R. Squibb & Sons, Inc. 
Warner-Lambert Company 
Wyeth Laboratories 

Abbott Laboratories 
Bristol Laboratories 
Lederle Laboratories 

OTHER BROAD- AND 
Eli Lilly and Company 
Merck Sharp & Dohme 

MEDI UM-SP ECTRUM Schering- Plough Corporation $638,297,000 
ANTIBIOTICS E. R. Squibb & Sons, Inc. 

The Upjohn Company 
Warner-Lambert Company 
Wyeth Laboratories 

ANTIBIOTICS IN Bristol Laboratories 
COMBINATION WITH Burroughs Wellcome Co. $1 6,921,000 
SULFONAMIDES Ross Laboratories 

Lederle Laboratories 
Eli Lilly and Company 

TOPICAL Marion Laboratories, Inc. $17,064,000 
ANTIBIOTICS Schering-Plough Corporation 

The Upjohn Company 
Warner-Lambert Company 

Lederle Laboratories 

VACCINES 
Merck Sharp & Dohme 

$90,000,000 
Warner-Lambert Company 
Wyeth Laboratories 

Alcon Laboratories, Inc. 
Lederle Laboratories 

SULFONAMIDES 
Hoffmann-La Roche, Inc. $47,562,000 
Smith, Kline & French Laboratories 
E. R. Squibb & Sons, Inc. 
Warner-Lambert Company 

Ayerst Laboratories' 
Barnes-Hind Pharmaceuticals, Inc. 
Ciba-Geigy Corporation 

ANTIFUNGAL DRUGS 
Lederle Laboratories $103,911,000 
Ortho Pharmaceutical Corporation 
Hoffmann-La Roche, Inc. 
Schering-Plough Corporation 
E. R. Squibb & Sons, Inc. 

Burroughs Wellcome Co. 

ANTISEPTIC 
Norwich-Eaton Pharmaceuticals 
Ortho Pharmaceutical Corporation $15,000,000 

PREPARATIONS Sterling Drug Inc. 
E. R. Squibb & Sons, Inc. 

Ciba-Geigy Corporation 

TUBERCULOSTATIC Dow Chemical U.S.A. 

AGENTS Lederle Laboratories $1 2,835,000 
E. R. Squibb & Sons, Inc. 
Warner-Lambert Company 

Armour and Company 
B. F. Ascher & Company, Inc. 

DIG ESTIVE ENZYMES 
Hoechst-Roussel Pharmaceuticals, Inc. 

$1 6,999,000 
Organon Inc. 
Reed & Carnrick 
Warner-Lambert Company 

Abbott Laboratories 
The Central Pharmacal Company 
Lederle Laboratories 

VITAMI NS Mead Johnson & Company 
$133,891 ,000 (P RESCRIPTION ONLY) Hoffmann-La Roche, Inc. 

Ross Laboratories 
E. R. Squibb & Sons, Inc. 
Warner-Lambert Company 

SALES OF THREE CATEGORIES OF PHARMACEUTICALS in wbose production mi
croorganisms play a significant role-anti-infective agents, enzymes and vitamins-are domi
nated by tbe systemic antibiotics, Tbe data give tbe wbolesale value of pbarmaceuticals sold in 
tbe U,S, by Am erican com panies in 1979, Of tbe anti-infective agents some are produced mi
crobiologically and som e are not, Tbe antibiotics are manufactured almost entirely by fermen
tation, Tbose of comm ercial importance otber tban penicillin include tbe cepbalosporins, tetra
cyclines, erytbromycin and streptomycin. Tbe data for vaccines and antiseptic preparations 
are estimates, Before tbe introduction of antibiotics tbe sulfonamides were tbe main anti-in
fective drugs available to tbe pbysician, Tbey now bold a small place in tbe market. Of tbe 
prescription vitamins some are made by ferm entation and some by non biological metbods, 
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the genus Penicillium, source of the peni
cillins. Among the nonfilamentous bac
teria two genera synthesize roughly 500 
antibiotics. By far the largest number 
of antibiotic substances come from the 
actinomycetes, a group of filamentous 
bacteria. Three genera of actinomy
cetes account for almost 3 ,000 antibiot
ic agents. Actinomycetes of the genus 
Streptomyces make the largest propor
tion of them, including the tetracyclines. 

The number of antibiotic substances 
made by each genus does not bear much 
relation to clinical or commercial im
portance. Of the almost 5 ,000 antibiot
ics known only about 100 have been 
marketed. The majority of these are de
rived from the streptomycetes, which as 
of 1977 yielded 69 products. It is the 
penicillins and the cephalosporins, how
ever, that dominate commerce in antibi
otics. Of the $4 .2 billion in world bulk 
sales of antibiotics in 1978 about $1 
billion is attributed to sales of penicil
lins and $. 5 billion to sales of cephalo
sporins. Most of the remaining sales 
were accounted for by products of the 
actinomycetes, including about $1 bil
lion worth of tetracyclines. No bacte
rial product had a substantial share of 
the market, although some bacterial an
tibiotics are useful in particular clinical 
situations. 

Although the taxonomic range of the 
organisms that make antibiotics is nar
row, the molecules themselves are ex
tremely diverse both in chemical struc
ture and in physiological function. Anti
biotics have been identified that inter
fere with almost every phase of the life 
cycle of a bacterial cell; a few have been 
found that attack fungal cells. The peni
cillins and cephalosporins interfere with 
the assembly of the bacterial cell wall; 
the polyene macrolides, such as ampho
tericin B, disturb fungal membrane 
functions; the bleomycins and anthracy
clines interfere with DNA replication; 
the rifamycins interrupt the transcrip
tion of DNA into messenger RNA; 
erythromycin, the tetracyclines and 
streptomycin disable the ribosomal 
complex (the site of protein synthesis). 

Because of the diverse structures and 
functions of the antibiotics it is not 

easy to define them; a practical defini
tion of an antibiotic is a microbial prod
uct of low molecular weight that spe
cifically interferes with the growth of 
microorganisms when it is present in ex
ceedingly small amounts. Most of the 
substances that satisfy this definition are 
fungal or bacterial metabolites, which 
have no obvious role in the growth and 
maintenance of the cell. These mole
cules are called secondary metabolites, 
to distinguish them from the primary 
metabolites needed in the growth of the 
organism. Alkaloids, toxins and pig
ments are also secondary metabolites. 
Such compounds are formed only after 
the growth of the cell has slowed and the 
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SITES OF ACTION of the antibiotics are extremely diverse, includ
ing almost every important process in the life of a bacterial cell. The 
penicillins and the cephalosporins interrupt the construction of the 
bacterial cell wall. The bleomycins and the anthracyclines interfere 
with the replication of DNA. The rifamycins prevent DNA from be
ing transcribed Into messenger RNA. Erythromycin, streptomycin, 
chloramphenicol and the tetracyclines all disable the ribosomal com
plex, where messenger RNA is translated into protein. These meta-
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bolic processes are subtly different in bacteria and in mammalian 
cells, and so antibiotics are toxic for microorganisms but safe for hu
man beings. The treatment of fungal infections and of cancer is cur
rently less effective than that of bacterial infections because few sub
stances with selective toxicity for tumor cells and for fungi have been 
found. One group of antifungal agents that has been found is made 
up of the substances called polyenes. These drugs, which include am
photericin B, interfere with the function of the fungal cell membrane. 
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cell has entered the stage of its life cycle 
called the idiophase. The function of an
tibiotics in the cells that make them is 
not clear, although it has been suggested 
they serve to inhibit the growth of com
peting microorganisms. 

Like other secondary metabolites, an 
antibiotic is the end product of a long 
series of enzymatically catalyzed reac
tions. Many genes, both structural and 
regulatory, contribute to the synthesis; 
molecular precursors must also be syn
thesized. The complexity of the meta
bolic pathways leading to the manufac
ture of an antibiotic has important con
sequences for industrial production and 
for research methods employed to im
prove the commercial product. 

Although antibiotics have a wide 
range of chemical structures and varied 
sites of action, they all satisfy the princi
ple of selective toxicity formulated ear
ly in this century by Paul E hrlich. The 
principle holds that an effective che
motherapeutic agent should be safe for 
human tissues but toxic to the infect
ing organism. Although the fundamental 
processes of cell metabolism in the hu
man body are similar to those in much 
simpler organisms, subtle differences 
can make an antibiotic lethal to the in
fecting agent but harmless to the pa
tient. This discrimination is an essential 
property of antibiotic action. Many sub
stances have been found to exhibit selec
tive toxicity for bacteria, but there has 
been conspicuously less success in the 
search for agents effective against fungi, 
viruses, parasites or tumor cells. 

Penicillin's toxicity for bacteria was 
first noted by Alexander Fleming in the 
1920 's; that the effect is selective was 
demonstrated by Howard W. Florey, 
Ernst B. Chain and their colleagues at 
the University of Oxford in 1941, when 
they showed that penicillin could cure 
bacterial infections. Penicillin is harm
less in man because the site at which it 
acts-the bacterial cell wall-has no ex
act equivalent in a human cell. Neither 

REPEATED MUTATIONS were necessary 
to create a strain of the m old Penicillium 
chrysogel/ulI/ that synthesized enough p eni
cillin to form the basis of a commercial proc
ess. Radiation and chemical agents were em
ployed by four groups of investigators to in
duce mutations in the m old. ("S" stands for 
spontaneous mutation, "X" for X-radiation, 
"UV" for ultraviolet radiation and "NM" for 
nitrogen mustard.) Selection of the superior 
strains ultimately gave rise to strain E 15.1, 
which yielded 55 tim es as much p enicillin 
as laboratory strains. Simultaneous improve
m ents in ferm entation technique increased 
yields still further; yield figures in this chart 
reflect both kinds of increase. Classical genet
ic techniques such as these are still important 
in the antibiotics industry; complexity of anti
biotic synthesis in microorganisms makes it 
impractical to d evelop n ew strains by directly 
altering single genes. Current ferm entation 
m ethods yield m ore than 20 grams per liter. 

of these findings by themselves, how
ever, would have led to a practical anti
biotic for clinical purposes; the amount 
of penicillin made by laboratory strains 
of Pellicillium molds, a few milligrams 
per liter of culture, was far too small to 
form the basis of an industrial process. 

In an attempt to improve the yield a 
highly productive strain of Pellicillium 
chrysogellum was exposed systematical
ly to a variety of mutagens, including 
nitrogen mustard, ultraviolet radiation 
and X-radiation; advantage was also 
taken of spontaneous mutations. After 
each round of exposure the next genera
tion of mold cells was examined for mu
tants with higher productivity. The 
process was repeated at length; 2 1  
rounds of mutation and selection car
ried out in a number of laboratories 
were needed to increase the yield of pen
icillin by a factor of 55. Combined with 
improvements in fermentation tech
nique this was sufficient for the first 
commercial production. Since then fur
ther selection and improvements in fer
mentation technology have raised the 
efficiency of manufacture to 20 grams 
per liter or more, an improvement of 
1O,000-fold over the yield in Florey's 
laboratory. 

C lassical genetic techniques that rely 
on random mutation are cumber

some and time-consuming, mainly be
cause mutations that increase antibiotic 
yields offer no advantage to the micro
organism. It is therefore necessary to 
screen many colonies of survivors to de
termine their yields under fermentation 
conditions. In addition productive mu
tants appear infrequently. Although 
more sophisticated methods aimed at 
altering single genes are now available, 
classical methods are still indispensable 
for improving antibiotic yields. 

The reason for the retention of older 
methods lies in the nature of secondary
metabolite synthesis. Unlike a protein, 
which is the immediate product of a sin
gle gene, an antibiotic,.is made by the 
joint action of the products of between 
10 and 30 genes. For most commercial 
antibiotics the entire pathway has not 
been worked out. As a result attempts 
to alter single genes are for the most 
part not effective in increasing yields. 
The one major recent modification of 
genetic screening has been the develop
ment of automatic methods for examin
ing the survivors of the process of in
ducing mutations and identifying new 
strains with higher yields. The automat
ic equipment screens tens of thousands 
of survivor types per round of mutation. 

Penicillin is dramatically effective 
against a wide range of G ram-positive 
bacteria. (Gram-positive and G ram
negative bacteria are distinguished on 
the basis of a staining proced ure de
veloped in 18 84 by Hans Christian Joa
chim G ram; the test is sensitive to fun
damental differences in the cell walls of 
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CHEMICAL STRUCTURE AND FUNCTION of the penicillins 
and the cephalosporins hinge on the four-member beta-Iactam ring 
(color); the drugs are called beta-Iactam antibiotics. The ring is essen
tial to the action of these compounds in halting the construction of 
the bacterial cell wall. Side groups attached to the ring can increase 
the potency of the antibiotic and improve its pharmacological prop
erties. In the penicillins a single side group varies. In commercial pro-
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duction penicillin G serves as a core structure for the attachment of 
new side chains after the removal of the benzyl group. Methicillin is 
resistant to inactivation by bacterial enzymes; ampicillin is effective 
against Gram-negative bacteria. Both of these improvements over 
penicillin G are accomplished by the alteration of the side group. 
The cephaJosporins possess two variable side chains. Cephalosporin 
C is employed as a core structure in a way analogous to penicillin G. 

the bacteria. ) When penicillin was intro
d uced into clinical practice, it was found 
that many common bacterial infections, 
such as streptococcal pharyngitis, pneu
mococcal pneumonia and most staph
ylococcal infections, could be cured 
rapidly and completely. Penicillin also 
cured serious and frequently fatal infec
tions such as meningococcal meningi-

tis, and it was effective in treating some 
forms of bacterial endocarditis that had 
invariably been fatal. 

that certain Gram-positive bacteria pos
sessed enzymes capable of inactivating 
penicillin; thus the bacteria were resis
tant to the antibiotic. By means of a 
newly developed technique for screen
ing the microorganisms present in soil, 
Selman A. Waksman and his colleagues 
at Rutgers University isolated strepto
mycin and other antibiotics from ac-

These striking clinical results stimu
lated a search for additional naturally 
occurring antibiotics. The search was 
motivated by two factors. Penicillin was 
much less effective against the Gram
negative bacteria. It was also observed 
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NEW BETA-LACTAM ANTIBIOTICS were discovered in the fer
mentation broths of microorganisms of the genus Streptomyces, a 
subgroup of the filamentous bacteria known as actinomycetes. Until 
the streptomycete products were isolated the fungal molds Pel/iei/
l it/11/ and Cephalosporium had been the only sources of beta-Iactam 
antibiotics. All three molecules possess antibiotic activity; c1avulanic 
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acid is also a potent inhibitor of the action of the beta-Iactamases. 
These bacterial enzymes are capable of rendering heta-Iactam antibi
otics ineffective by splitting open the beta-Iactam ring. Clavulanic 
acid is now being marketed in combination with the beta-Iactam drug 
amoxicillin; this pharmaceutical hybrid, known as augmentin, is a po
tent antibiotic that is also resistant to beta-Iactamase inactivation. 
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tinomycetes of the genus Streptomyces: 
some of these preparations were ef
fective against Gram-negative bacteria, 
and others against Gram-positive bacte
ria. The mold Cephalosporium acremoni
um was isolated in 194 5  from the sea off 
Sardinia by G. Brotzu of the Institute of 
Hygiene of Cagliari. The cells of the 
mold were found to synthesize several 
related antibiotics, one of which, named 
cephalosporin C. was particularly effec
tive against penicillin-resistant Gram
positive pathogens. 

Although the penicillins, the cepha
losporins and streptomycin were the 
most important discoveries of the ear
ly period of antibiotic identification, 
there were many others. The number 
of new antibiotics identified each year 
increased in a roughly linear way from 
the late 1940's through the early 1970's, 
when about 200 new substances per year 
were being characterized. By the end of 
the 19 70's new antibiotics were being 
found at a rate of about 3 00 per year, of 
which roughly 150 were prod ucts of the 
actinomycetes. 

The proportion of the discoveries that 
were put into commercial production, 

O-Ala9 Ala ALANINE 

Glu GLUTAMIC ACID 

Gly GLYCINE 

Lys LYSINE 

however, declined rapidly after the 
1950's. It became increasingly difficult 
to isolate a new antibiotic sufficiently 
superior to an existing product to war
rant its introduction into clinical prac
tice. As a result of this diminishing re
turn and the development of resistance 
to antibiotics in many bacteria the focus 
of research shifted. By the mid-1960's 
most work was directed toward modify
ing the structure of existing antibiotics 
to increase their potency, protect them 
from bacterial inactivation and improve 
their pharmacological properties. 

M ost of the effort was focused on the 
penicillins and the closely relat

ed cephalosporins. In both groups the 
central structure of each molecule is the 
four-member beta-lactam ring, com
posed of three carbon atoms and a ni
trogen atom; the penicillins and the 
cephalosporins are collectively known 
as the beta-lactam antibiotics. In addi
tion to having a broad spectrum of anti
bacterial activity the beta-lactam anti
biotics are probably the least toxic of all 
the major groups of antibiotics. 

Although the exac t mechanism by 

CROSS-LINKAGE OF PEPTIDOGLYCAN CHAINS in the formation of the bacterial cell 
wall is interrupted by. the beta-Iactam antibiotics. Each chain consists in part of alternating 
units of the amino sugars N-acetylglucosamine (NAG) and N-acetylmuramic acid (NAM). 
The NAM units are attached to polypeptide groups. The cross-linking of the polypeptides to 
one another by peptide bonds gives the cell wall its rigidity. In the bacterium Staphylococcus 
aureus the linkage is accomplished when the final glycine unit of one chain is inserted into the 
bond linking two alanine units of another chain. The final alanine unit is cleaved away and a 
new bond is formed between the next alanine and the final glycine. The creation of this bond is 
catalyzed by enzymes called transpeptidases and carboxypeptidases. By binding to the pepti. 
dases and inactivating them the beta-Iactam antibiotics prevent the linking of the peptidogly
can chains. These antibiotics are thus damaging to growing cells that are forming cell walls. 
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which the beta-Iactam antibiotics de
stroy bacteria has not been' completely 
elucidated, it is clear that they interrupt 
the manufacture of the cell wall. Specifi
cally they interfere with both the synthe
sis and the assembly of peptidoglycan, 
the major constituent of the wall. They 
do so by attaching themselves to at least 
three enzymes-transpeptidase, carbox
ypeptidase and endopeptidase-that cat
alyze the polymerization and insertion 
of peptidoglycan into the wall. Disrup
tion of this process leads rapidly to the 
dissolution and death of the cell. The 
ubiquity of peptidoglycan in the cell 
wall of prokaryotes and its absence in 
higher organisms are responsible for 
the highly selective toxicity of the beta
lactam antibiotics. 

For more than 3 0  years two molds, 
Penicillium chrysogenum and Cephalo
sporium acremonium. were the exclusive 
sources of the beta-lac tam antibiot
ics. Recently, however, in an intensive 
screening program of prokaryotic soil 
organisms undertaken by Eli Lilly and 
Company and Merck, Sharp & Dohme, 
new beta-lactam antibiotics were found 
in the fermentation broths of strepto
mycetes. These compounds, the cepha
mycins, have a structure similar to that 
of the cephalosporins, with the addi
tion of a methoxyl group (CH30-) on 
the beta-Iactam ring. In some instances 
the side group increases effectiveness 
against both Gram-negative and peni
cillin-resistant organisms. 

In the 1960's and 1970's efforts to im
prove the beta-lactam antibiotics fo
cused on adding new side groups to the 
beta-lactam ring. The semisynthetic ap
proach, which is now widely adopted in 
manufacturing penicillins and cephalo
sporins, relies on chemical synthesis to 
substitute one side chain for another af
ter fermentation has produced a mole
cule with the central ring. The addition 
of new side chains, an approach that 
has also been taken with the aminogly
cosides, including streptomycin, can im
prove the potency, lack of toxicity and 
stability of the substance; it c an also 
broaden the spectrum of organisms 
against which the antibiotic is effective. 

I n the semisynthetic manufacture of 
penicillin an industrial strain of Peni· 

cillium chrysogenum is grown in the pres
ence of phenylacetic acid, which results 
in the formation of penicillin G. The 
prod uction of penicillin G is carried out 
on a large scale. A number of fermen
tation tanks are usually operated on a 
staggered schedule to provide a virtual
ly continuous yield for the recovery and 
modification processes. The plant oper
ated by the Dutch company Gist-Bro
cades NY in Delft, for example, has 
14 fermenters, each with a capacity of 
100,000 liters. The time required for 
fermentation is 200 hours; the recov
ery process takes 15 hours, and so 
the 14 fermentation tanks allow the re-

© 1981 SCIENTIFIC AMERICAN, INC



PENICILLIN G 6-AMINOPENICILLANIC ACID 

H 

VY)=ct_o PENICILLIN ACY L ASE > 
o 

MICROBIOLOGICAL CONVERSION of penicillin G into 6-ami
nopenicillanic acid (6-APA) has fewer steps and is cheaper than the 
chemical conversion. In the production of semisynthetic penicillins 
6-APA forms a chemical nucleus to which side chains can be at
tached, yielding new antibiotics. In performing the chemical conver-

sion three steps must be carried out at low temperature and under 
strictly anhydrous conditions with a number of chemical solvents. 
The biological process relies on bacteria that make enzymes called 
acylases; the enzymes cleave away the benzyl group, leaving 6-AP A. 
The fermentation can be carried out in water at 37 degrees Celsius. 

covery to proceed without interruption. 
The fermentation is a "fed batch" 

process, in which a sugar solution is add
ed to the fermentation broth continu
ously. Phenylacetic acid is the precursor 
of the benzyl side chain of penicillin G. 
When the fermentation is complete, the 
thickened broth is passed through a ro
tating filter to separate the mold cells 
from the liquid medium that contains 
the penicillin; the cells are then washed. 
The filtrate and the washings are put 
through a chemical extractor. A source 
of potassium ions is added to the mix
ture, and the result is the crystalline po
tassium salt of penicillin G. The filtered 
and dried salt constitutes a stream of the 
antibiotic of 99. 5 percent purity. 

Following recovery the penic�llin G is 
injected into the fermentation broth of a 
strain of bacteria that secrete the en
zymes called acylases. The acylases se
lectively remove the benzyl group from 
the molecule, yielding 6-aminopenicil-
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lanic acid, or 6-AP A. This core struc
ture has weak antibacterial properties. It 
also forms a convenient molecular cen
ter for the attachment of the side groups 
that are capable of increasing the poten
cy of the antibiotic. 

The semisynthetic approach has also 
been adopted in the manufacture of the 
cephalosporins. The starting point is 
cephalosporin C, made by Cephalospo
rium acremonium. Cephalosporin C acts 
against both Gram-negative and Gram
positive bacteria, but the activity is too 
weak for clinical purposes. When an 
amide side chain of the molecule is re
moved, however, the remaining molec
ular core, 7-alpha-aminocephalospo
ranic acid, or 7-ACA, 'is useful in the 
way 6-AP A is. By the attachment of ap
propriate side chains a variety of semi
synthetic cephalosporins are created. 

Effective as the beta-Iactam antibiot
ics are, they can be thwarted by bacterial 
resistance. The biochemical basis of the 
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resistance is the hydrolysis, or cleavage, 
of the bond in the beta-Iactam ring 
called the cyclic amide bond. The hy
drolysis renders the molecule incapable 
of attachment to the bacterial peptidas
es. This destruction of the antibiotic is 
catalyzed by the enzymes called beta
lactamases, which are widespread in 
bacteria, actinomycetes, cyanobacteria 
("blue-green algae") and yeasts. More
over, the enzymes can be passed from 
one microorganism to another by plas
mids bearing the gene for them. The 
widespread use of antibiotics has creat
ed selective pressure favoring the sur
vival of those microorganisms that have 
acquired the gene. 

A critical task in antibiotic develop
ment is overcoming this enzyme-based 
inactivation of the beta-Iactam antibi
otics. At least two strategies have been 
pursued. One is the identification of nat
ural antibiotics that are not suscepti
ble to inactivation by bacterial beta-Iac-
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MUTATIONAL BIOSYNTHESIS, or mutasynthesis, is an elegant 
method of developing new antibiotics. A mutation induced in the 
gene that codes for one precursor of a microorganism's natural anti
biotic leads to the synthesis of an incomplete antibiotic molecule, 

lacking a single chemical constituent. When the missing precursor is 
added to the medium in which the microorganism is grown, the natu
ral antibiotic is produced. When precursors with slightly different 
structures are added to the medium, new antibiotics are synthesized. 
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MANUFACTURE OF STEROIDS includes several important mi
crobiological steps in a process made up primarily of chemical syn
theses. The raw materials of production are the complex alcohols 
called sterols. Stigmasterol is a by-product of the soybean-oil indus
try; diosgenin is extracted from the roots of the M exican barbasco 
plant. The sterols are converted in a series of chemical steps into one 
of two interm ediates: compound S and progesterone. A fungal mold 
(either Rhizopus I/igrical/s or CUrI'ularia IUI/ata, d epending on the 
interm ediate compound) is then used to hydroxylate the molecule, 
adding a hydroxyl group (-00) to the four-ring steroid nucleus. 
This microbial step was critical in the d evelopment of a commercial-
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Iy feasible m ethod of manufacturing steroids. The chemical m ethod 
of hydroxylation is complex and difficult; finding a biological m eth
od reduced the complete synthesis from 37 to 11 steps and greatly 
reduced the unit cost of manufacture. Steroids, widely used for the 
control of inflammation, were thus brought within economic reach 
of m ost patients. The other important m icrobial step is dehydroge
nation: the removal of two hydrogen atoms from the steroid nucle
us. Processes resembling this generalized schem e are employed in 
producing cortisone, hydrocortisone, prednisolone and prednisone, 
which are all m edically important synthetic molecules having phar
macological properties different from those of the natural steroids. 
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tamases. Five years ago, in the course 
of a search for inhibitors of peptido
glycan synthesis, workers at Merck, 
Sharp & Dohme discovered a new class 
of beta-Iactam antibiotics. These com
pounds, the thienamycins, were found 
in the fermentation broths of Strepto
myces cattleya. They are extremely po
tent against many Gram-positive and 
G ram-negative bacteria; more impor
tant, they are capable of inhibiting the 
beta-Iactamases, thereby protecting 
themselves against inactivation. 

The second strategy is to find sub
stances that possess little or no anti

biotic activity of their own but are po
tent inhibitors of the beta-Iactamases. 
Such an inhibitor is then combined with 
a beta-lac tam antibiotic to create a 
composite that resists inactivation. The 
beta-lactamase inhibitors c1avulanic 
acid and the olivanic acids were identi
fied by workers at the Beecham Pharma
ceutical Company in Britain. These sub
stances share the beta-Iactam structure, 
but their greatest effect is the inhibition 
of enzymes. Recent studies by Jeremy 
Knowles and his colleagues at Harvard 
University have shown that c1avulanic 
acid and olivanic acid inactivate the en
zyme by the "suicide" method. They 
bind to the beta-Iactamase molecule, 
initiating a catalytic reaction. In con
trast to other beta-Iactam substances, 
however, which are hydrolyzed and 
then released, the inhibitors remain 
jammed in the active site of the enzyme, 
precluding further activity. Clavulanic 
acid is an effective inhibitor of the beta
lactamases of most clinically important 
microorganisms. The new antibiotic 
augmentin, made by Beecham, is a com
bination of the beta-Iactam antibiotic 
amoxicillin and c1avulanic acid. 

Along with classical genetic tech
niques, identification of natural metab
olites and semisynthesis, several new 
genetic methods have recently been add
ed to the microbiologist's armamentari
um. One elegant process is mutational 
biosynthesis, or mutasynthesis, which 
consists in the creation by a specific mu
tation of a microorganism that is unable 
to synthesize one molecular precursor 
of an antibiotic. When that precursor is 
added to the cell culture, the organism's 
natural antibiotic is made. If anoth
er precursor with a slightly different 
chemical structure is added, a new anti
biotic may be produced. 

A second method derives from the 
fact that secondary metabolism is cru
cially dependent on the levels of pri
mary metabolites present in the cell. 
Among the substrates of antibiotic syn
thesis are carbohydrates, amino acids, 
purines, pyrimidines, fatty acids and ac
tivated acetyl and propinyl molecules. 
The rate of production of the antibiotic 
may be limited by the rate of synthesis 
or availability of a primary metabolite. 
When that is the case, and the gene for 

the primary metabolite has been identi
fied, it is possible by genetic manipula
tion to create a strain that makes more 
of the precursor. The result is an in
crease in the yield of the antibiotic. One 
of us (Aharonowitz) has employed this 
approach to increase the yield of cepha
losporins from Streptomyces clavaligerus. 

Antibiotics are capable of inhibiting 
the growth of the cells that make them 
as well as the growth of pathogenic bac
teria; normally the antibiotic is elaborat
ed only after growth has ceased. Certain 
mutant strains, however, are resistant to 
their own antibiotics and are highly pro
ductive. For example, certain strains 
of Streptomyces aureo/aciens that resist 
high concentrations of their own antibi
otic, chlortetracycline, have turned out 
to manufacture it very efficiently. 

Whereas the identification, modifi
cation and production of sub

stances effective against bacterial infec
tions has been remarkably successful, 
similar agents for viral and fungal infec
tions and for tumors are still quite prim
itive. The drawback of most available 
antifungal and antitumor agents is a 
lack of selectivity; most are harmful to 
normal mammalian cells as well as 
to pathogenic organisms or cancerous 
cells. The majority of antifungal agents 
are toxic when they are taken internally 
and can only be applied topically. Sever
al microbial metabolites inhibit tumor 
growth, but they too are toxic. 

One antitumor substance that has 
merited serious attention is the glyco
peptide bleomycin, isolated by Hamao 
Umezawa and his colleagues at the In
stitute of Microbial Chemistry in Tokyo 
from the culture broths of Streptomyces 
verticil/us. It apparently acts by binding 
to and breaking the DNA of the tumor 
cells and interfering with the replication 
of both DNA and RNA. Another clin
ically important group of antitumor 
drugs is composed of an aminoglycoside 
unit and an anthracycline molecule. 
These substances also inhibit DNA and 
RNA synthesis. Both bleomycin and the 
anthracyclines, however, are potentially 
damaging to the heart. 

The identification of agents effective 
against tumors, on the model of the anti
biotics, will have to be based on differ
ences in structure and function between 
the cells of the tumor and normal hu
man cells. Because little is known about 
the essential differences between tumor 
cells and normal cells the process of de
veloping antitumor agents is largely em
pirical, as antibiotic identification was in 
its early phases. The National Cancer 
Institute has initiated a large screening 
program with the goal of identifying 
agents selectively toxic to tumor cells. 

In the industrial production of the 
beta-Iactam antibiotics most if not all of 
the information needed for synthesis is 
in the genome of the microorganism; the 
chemical modifications are relatively 

minor. In making other kinds of phar
maceuticals, however, microorganisms 
mediate only isolated steps, or biocon
versions, in a much longer process that 
relies mainly on non biological synthe
sis. Ordinarily only the information for 
the isolated steps resides in the genome 
of the cell, and the DNA specifying 
these instructions makes up a very small 
part of the cell's genetic complement. 

The most dramatic results of biocon
version methods have been obtained 
in the manufacture of the steroid hor
mones. In the early 193 0 's Edward C. 
Kendall of the Mayo Foundation and 
Tadeus Reichstein of the University of 
Basel isolated cortisone, a steroid secret
ed by the adrenal gland. About a decade 
later Philip S. Hench of the Mayo Foun
dation showed that administration of 
cortisone could relieve the pain of pa
tients with rheumatoid arthritis. The im
mediate demand for the hormone was 
substantial; chemical methods for its 
synthesis were developed since the po
tential market was clearly large. The 
chemical synthesis, however, was elabo
rate, requiring 3 7  steps, many of them 
under extreme conditions. Cortisone 
made in this way cost $200 per gram. 

One of the major complications in the 
chemical synthesis of cortisone is the 
need to introduce an oxygen atom at a 
position in the four-ring steroid struc
ture designated position 11; this step is 
crucial in determining the physiological 
activity of the molecule. In 1952 D. H. 
Peterson and Herbert C. Murray of 
the Upjohn Company discovered that a 
strain of the bread mold Rhizopus arrhi
zus is able to hydroxylate progesterone, 
another steroid, thereby introducing an 
oxygen atom at position 11. Progester
one is an early intermediate in the syn
thesis of cortisone; by means of micro
bial hydroxylation (which is accom
plished industrially with microorgan
isms closely related to R. arrhizus) the 
synthesis was shortened from 3 7  steps to 
11. As a result the price of cortisone was 
reduced to $6 per gram. 

The microbial hydroxylation of pro
gesterone had economic consequences 
beyond abbreviating the chemical syn
thesis. The fermentation could be done 
at 3 7  degrees Celsius, with water as the 
solvent and at atmospheric pressure. 
Reactions under these conditions are 
much cheaper than those carried out 
under extremes of temperature and pres
sure and with solvents other than water, 
which had been required in the chemi
cal synthesis of cortisone. 

Several other uses for microorgan
isms have since been found in the in
dustrial synthesis of the steroids. The 
commercially important steroids in
clude the corticosteroids cortisone, hy
drocortisone, prednisone and dexameth
asone, the androgen testosterone and 
the estrogen estradiol (the last two used 
in contraceptives) and spironolactone (a 
diuretic). The raw materials for all of 
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SYNTHESIS OF SOMATOSTATIN, the first human polypeptide 
to be produced in bacterial cells, required that the somatostatin gene 
be inserted into the bacteria by m eans of an expression vector con
structed partly from a plasmid. Somatostatin is a hypothalamic hor
mone 14 amino acid units long that controls the release of several 
horm ones from the pituitary. The gene was synthesized from eight 
blocks of single-strand DNA fragm ents made up of a few nucleotid es 
each, which are indicated in this simplified diagram as A-H. The frag
ments had overlapping complem entary sequences to allow for correct 
assembly of the gene. Of the 52 base pairs in the gene, 42 make up the 
code for somatostatin; the remainder provide the two "sticky ends" 
that allow the gene to be inserted into the plasmid and include the in-
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formation needed for proper expression of the gene and recov ery of 
the horm one. The expression vector was constructed from the plas
mid pBR322, to which was add ed the control region and most of the 
beta-galactosidase gene from the bacterial lac operon. Beta-galacto
sidase is an enzyme involved in lactose m etabolism; the control region 
contains the regulatory elem ents needed for expression of the beta
galactosidase gene. The somatostatin gene was inserted into the plas
mid next to the beta-galactosidase gene; after the plasmid was intro
duced into cells of the bacterium Escherichia coli the human hor
mone was synthesized as a short peptide tail at the end of the enzyme. 
Cleavage with cyanogen bromide freed the hormone, which has been 
demonstrated to be id entical with the molecule in human beings. 
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them are the complex alcohols called 
sterols. There are two common sources 
of sterols: the production of soybean oil 
leaves a waste rich in stigmasterol and 
sitosterol; the roots of the Mexican bar
basco plant contain diosgenin. 

The first step in steroid production 
from plant sterols is the degradation of 
the side c hain of the sterol molecule. 
Several pharmaceutical companies have 
found it economic to rely on myco
bacteria (a group of aerobic, G ram-pos
itive bacteria) to perform this step, 
which was formerly accomplished non
biologically. The mycobacteria use ster
ols as a source of carbon and energy; 
mutant strains that lack certain enzymes 
cannot complete the degradation. These 
mutants are exploited in partial degra
dations that yield valuable intermedi
ates. Other bacteria modify the steroid 
nucleus to yield a number of derivatives. 

The introduction of these microbio
logical processes has been of great sig
nificance in the manufacture of the ster
oids, first in making steroid synthesis 
commercially feasible and later in pro
gressively lowering the unit cost of pro
duction. In 1980 the price of cortisone in 
the U.S. was 46 cents per gram, a 400-
fold reduction from the original price. 
The identification of new uses for ster
oids (in contraception and in treating 
hormonal insufficiencies, skin diseases, 
inflammation and allergies) in conjunc
tion with more efficient production has 
created a substantial demand for them. 
World bulk sales of the four major ster
oids (cortisone, aldosterone, predni
sone and prednisolone) amounted to 
about $ 3 00 million in 197 8 .  These are 
the most important commercial prod
ucts of bioconversion processes but by 
no means the only ones. 

I n the third major class of microbiolog
ical processes employed in the manu

facture of pharmaceuticals none of the 
information for the product is initially 
included in the DNA of the organism; 
all of it is inserted into the cell. The gene 
that specifies the structure of the prod
uct is first either chemically synthesized 
or isolated from another organism. By 
one of several methods the gene is intro
duced into the cell. O nce that is done 
the existing machinery for gene expres
sion constructs the desired molecule. 

The development of methods for 
transferring a specific gene from one cell 
to another and for inducing the new host 
to faithfully and efficiently express the 
gene has created an enormous poten
tial for the pharmaceuticals industry. A 
number of companies have been formed 
to exploit these new capabilities. The 
immediate outcome has been the pro
duction of human polypeptides (short 
chains of amino acids) by bacteria. 

The first human peptide to be synthe
sized in a bacterial cell was the hypo
thalamic hormone somatostatin. Soma
tostatin is one of a group of hormones 

made in the hypothalamus at the base 
of the brain; it is then transported in 
the blood to the pituitary gland, where 
it acts to inhibit the release of insulin 
and human growth hormone. Investi
gators at the City of Hope National 
Medical Center in Duarte, Calif. , and 
at the University of California at S an 
Francisco chose to work with somato
statin in 1977 mainly because it consist
ed of only 14 amino acid units. The gene 
for somatostatin had not been isolated 
from human cells, but a nucleotide se
quence could be deduced from the 
known order of amino acids in the pep
tide. A synthetic gene was therefore con
structed from blocks of three nucleo
tides each. Of the 52 base pairs in the 
synthetic gene, 42 constitute the struc
tural gene for somatostatin. The re
maining nucleotides were incorporated 
to provide suitable " sticky ends" for 
joining the double-strand DNA frag
ment to a plasmid, and to facilitate 
proper expression of the gene and the 
recovery of the hormone. 

The gene was to be inserted into c ells 
of the bacterium Escherichia coli. To 
make the transfer possible the synthetic 
gene was combined with a plasmid la
beled pBR3 22 and with a segment of the 
lac operon from the E. coli genome. (The 
lac operon consists of three physically 
linked genes involved in lactose metabo
lism, together with the genetic elements 
that control their transcription and 
translation. ) The somatostatin gene was 
inserted close to the end of the gene that 
codes for the enzyme beta-galactosi
dase. As a result when the plasmid was 
placed in the E. coli cell, somatostatin 
was made as a short polypeptide tail at
tached to the enzyme. By treatment with 
cyanogen bromide, which breaks pro
teins into polypeptide fragments at me
thionine amino acid units, the somato
statin molecules could be recovered. 
Because the gene had been synthesized 
chemically it was a simple matter to 
place a methionine in front of the soma
tostatin molecule. This approach was 
necessitated by the fact that when soma
tostatin is manufactured independently 
of the enzyme, it is rapidly degraded by 
bacterial proteins. Somatostatin gener
ated in E. coli has been shown to be iden
tical with the natural human hormone. 
The yield is about 10,000 somatostatin 
molecules per cell, high enough to en
courage further attempts at the industri
al production of polypeptides. 

Similar techniques have been applied 
to the bacterial synthesis of human insu
lin, human growth hormone and inter
ferons. The production of insulin has 
been even more efficient than that of so
matostatin, yielding 100,000 molecules 
per bacterial cell; insulin is also of great
er immediate medical importance than 
somatostatin. Insulin consists of two 
polypeptide chains, 2 1  and 3 0  amino 
acid units long. S ynthetic genes coding 
for the polypeptides were constructed 

in three months' work by Roberto Crea, 
Adam Kraszewski, Tadaaki Hirose and 
Keiichi Itakura of the City of Hope Na
tional Medical Center. E ighteen frag
ments of a few nucleotides each were 
assembled to make the gene for the 
longer chain, and 1 1  fragments were 
joined into a gene for the shorter chain. 
E ach synthetic gene was linked to a plas
mid near the end of a beta-galactosidase 
gene, as in the case of somatostatin. Af
ter gene expression and the translation 
of messenger RNA into protein the two 
polypeptides were cleaved from the en
zyme and linked to form the complete 
insulin molecule. 

The economics of the market for in
sulin may be fundamentally altered by 
the application of microbiological tech
niques. The insulin currently used in di
abetes therapy is extracted from the 
pancreas of cattle and swine. The insu
lins of these species differ slightly from 
human insulin in their amino acid se
quence; although the animal insulins are 
effective in controlling the major symp
toms of diabetes, they do not prevent 
some of its ancillary effects, including 
deterioration of the kidneys and the reti
na. Moreover, some diabetics are aller
gic to the animal hormones. 

If human insulin manufactured by 
bacteria proves effective in c ontrolling 
these pathologies, it will almost certain
ly gain a substantial share of the world 
market for insulin, which is now esti
mated to be about $200 million. E li Lilly 
has announced plans to introduce a 
commercial process for the manufac
ture of human insulin based on gene 
transfer. If the yields can be increased 
to the level of those of other industrial 
processes that employ E. coli, 2,000 li
ters of fermentation broth could yield 
100 grams of purified insulin. This is 
the amount extracted from some 1,600 
pounds of animal pancreatic glands. 

The production of somatostatin and 
insulin by microbiological methods re
lies on the synthesis of structural genes. 
With the methods now available, how
ever, it is not economically practical 
to synthesize genes for peptides- longer 
than about 3 0  amino acid units, and 
many clinically important proteins are 
much larger. Their production calls for 
the isolation of a natural gene. The start
ing point in the process is the messenger 
RNA that encodes the nucleotide se
quence for the polypeptide. A comple
mentary DNA copy is made from the 
messenger RNA by means of the en
zyme reverse transcriptase. The double
strand DNA molecule is then replicated 
many times, and an appropriate vec
tor is chosen to introduce it into bacte
rial cells. 

This approach is b eginning to yield 
results in the production of human 
growth hormone and the interferons. A 
deficiency of the pituitary growth hor
mone results in a form of dwarfism that 
can be cured by administering the hor-
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mone. The hormone is species-specific; 
its main source has been human cadav
ers. G rowth hormone may have many 
clinical uses, but the extremely limited 
availability of the substance has imped
ed research. Microbiological produc
tion may not only increase the commer
cial availability of the drug but also 
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make it possible to investigate its poten
tial applications. G enentech, one of the 
companies formed to exploit recombi
nant-DNA technology, has established 
a joint venture with Kabi G en AB, 
a Swedish company, to make human 
growth hormone. 

Among the other polypeptides under 
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GENE FOR HUMAN GROWTH HORMONE was created by a combination of chemical 
synthesis and isolation of the natural molecule. Human growth hormone is a polypeptide 191 
amino acid units long elaborated by tissues of the pituitary gland. Medical interest in it stems 
from the fact that its absence l eads to a form of dwarfism that can be cured by administration 
of the hormone. The segment of the gene that codes for the first 24 amino acids of the peptide 
was constructed chemically from blocks of nueleotides. To obtain the rest of the gene a series 
of enzym es were used, as this simplified diagram shows. Reverse transcriptase was employed 
to copy the gene for the hormone from m essenger RNA obtained from human pituitary tissues. 
Restriction endonueleases cut out the needed fragment. DNA ligase was then used to join the 
natural and the synthetic fragm ents. The complete gene was inserted into a modified version 
of plasmid pBR322 incorporating the lac operon. The synthetic part of the growth-hormone 
gene had been constructed with its own initiation codon (A TG), the group of three bases that 
provides the signal to start the process of transcription. The hormone could therefore be pro
duced independently in bacterial cells, without the need for attachm ent to a bacterial protein. 
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consideration for production by bacte
ria, the interferons have the most prom
ising applications but also the most un
certain. Interferons seem to have antivi
ral effects, particularly in preventing 
(rather than curing) viral infections. 
They may also have an inhibiting effect 
on tumor cells. Interferons are synthe
sized by leukocytes (white blood cells) 
and by fibroblasts (connective-tissue 
cells) . The interferons available up to 
now have mainly been extracted from 
human cells, and the yield is low: two 
liters of human blood yield one micro
gram of leukocyte interferon. 

Recent developments in recombinant
DNA techniques have made it possible 
to produce 600 micrograms of leuko
cyte interferon from a liter of fermenta
tion broth, more than a thousandfold 
improvement over that obtained from 
the same volume of blood. The im
provement in yield has required a series 
of modifications of the production proc
ess, many of them devised by David 
Goeddel and his colleagues at G enen
tech and by Charles Weissman and his 
colleagues at BioGen. At least four 
companies are attempting to develop 
commercial methods of interferon pro
duction. One of the most interesting re
cent developments has been the pro
duction of high yields of interferons in 
yeast cells by fermentation. 

Recombinan t-DNA methods, partic
ularly those applied to the production of 
the interferons, may well represent the 
next great advance in clinical medicine 
and in the industrial practices of the 
pharmaceuticals industry. Besides the 
interferons and insulin the most likely 
candidates for this form of industri
al process include coagulation factors 
(blood proteins that are required for e ffi
cient clotting), enzymes that could serve 
in replacement therapy for congenital 
genetic disorders, urokinase (an enzyme 
that dissolves blood clots), immuno
stimulants (proteins that trigger im
mune reactions), antibodies and the an
tigenic proteins found on the surface of 
viruses, which might be utilized in the 
manufacture of vaccines. 

The introduction of new genetic 
methods, however, can hardly represent 
a departure more radical than the one 
created by the introduction of antibiot
ics. The methods associated with antibi
otics brought dramatic changes: clinical 
practice, research and development and 
industrial production. The manufacture 
of human polypeptides by microorgan
isms may lead to the introduction into 
clinical use of substances, such as the 
interferons, that have clinical proper
ties as novel as those of the antibiotics. 
In research and development and in
dustrial production, however, the new 
methods represent no more than dra
matic extensions of -genetic methods 
and fermentation techniques that are 
already operating on a huge scale in 
the manufacture of pharmaceuticals. 
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The Microbiological Production 
of Industrial Chemicals 

Tonnage amounts of many chemicals have traditionally been produced 

synthetically from fossil fuels. The rising price of petroleum makes 

fermentative production from other feedstocks increasingly attractive 

The synthetic capabil ities of mi
croorganisms are not confined to 
food, drink and pharmaceuticals. 

Microorganisms also produce industrial 
chemicals that can either serve as or be 
employed to make solvents, lubricants, 
emollients, demulcents, extractants, ad
hesives, acidulants, plastics, surface 
coatings, explosives, propellants, gaso
line additives, alternative fuels, pesti
cides, dyes, cosmetics, antifreeze, brake 
fluid, meat tenderizers, digestive aids, 
vitamins and flavorings. At various 
times in the 20th century microbiolog
ical fermentation has been the method 
of choice for the manufacture of citric 
acid, lactic acid, ethanol, n-butanol and 
more recently enzymes. 

Often an organic substance with in
dustrial applications can be made either 
biologically or by chemical synthesis. 
The decision to make it one way or the 
other is essentially an economic one. A 
major consideration is the cost of the 
raw materials. In microbiological fer
mentation the chief raw material is the 
growth substrate, which is usually mo
lasses or starch; in chemical synthesis 
the principal raw material is often petro
leum or a derivative of it. The efficiency 
of the process must be taken into ac
count: What fraction of the substrate is 
converted into the product and how 
long does the conversion take? Another 
factor is the cost of recovering the prod
uct from the fermentation medium or 
from the feedstock in chemical synthe
sis. One must also weigh the potential 

by Douglas E. Eveleigh 

value of by-products and the cost of dis
posing of wastes. 

Microorganisms are known to pro
duce some 200 substances of commer
cial value, but only a few of them are 
currently made by biological methods in 
industry; they include ethanol, n-buta
nol, acetone, acetic acid, citric acid, 
lactic acid, amino acids and enzymes. 
Economic considerations suggest that 
microorganisms will have a larger role 
in many industries in the 1980's. Be
cause of increases in the price of petro
leum the synthetic-chemicals industry 
no longer enjoys the advantage of an 
abundant and inexpensive feedstock. 
Furthermore, the advent of recombi
nant-DNA techniques makes fermenta
tion more attractive. 

Until recently the industrial micro
biologist worked with a finite microbial 
genome; the chief methods available 
were to search for superior organisms 
among the products of random muta
tion or to manipulate growing condi
tions and thereby modify regulatory 
pathways to advantage. With the new 
genetic methods of programming the 
microbiologist can replace an existing 
pathway with a new one conducive to 
higher yields or to faster and more effi
cient synthesis. To put it another way, he 
can construct organisms that have novel 
characteristics and capabilities. M icro
biological fermentation in conjunction 
with the new techniques of genetic pro
gramming will contribute significantly 
to the production of three broad classes 

OUTDOOR FERMENTATION TANKS contain microorganisms that convert sugar into 
the amino acids glutamic acid and lysine. Glutamic acid serves as a flavor enhancer in the form 
of the salt monosodium glutamate (MSG). Lysine is an amino acid that is essential to the nutri
tion of man and nonruminant animals but tbat cannot be synthesized by them; it is added to an
imal feed. Each tank holds 63,420 gallons and is roughly 100 feet high. The photograph shows 
seven of some 20 identical tanks at the plant of Kyowa Hakko Kogyo Co., Ltd., at Hofu in Ja
pan. The tanks, which were built in the early 1970's, are the largest ones at the plant that make 
amino acids. Kyowa Hakko annually produces at least 20,000 tons of MSG and 10,000 tons of 
lysine. The amino acids are made by an aerobic process; from each tank the pipe that appears 
to pass through a funnel expels exhaust. Amino acids constitute a class of industrial chemicals 
that can be made microbially; two other classes are enzymes and aliphatic organic compounds. 

of industrial chemicals: enzymes, ali
phatic organic compounds and amino 
acids. I shall take up each of these cate
gories in turn. 

Enzymes can catalyze both the mak
ing and the breaking of chemical 

bonds, but they have been exploited 
commercially mainly to catalyze the de
composition of large molecules such as 
carbohydrates and proteins. Of the first 
importance in industrial processes is the 
specificity of enzymes: each enzyme acts 
only on a particular substrate molecule. 

Because an enzyme is a protein whose 
functioning depends on the precise se
quence of amino acids that make up its 
structure, large-scale chemical synthesis 
is impractical. Enzymes either are made 
by microorganisms grown in culture or 
are obtained directly from plants and 
animals. Today costs generally favor 
the microbiological methods. A major 
exception is papain, which serves as a 
digestive aid and a meat tenderizer; it 
comes from the papaya fruit. 

Enzymes have been exploited com
mercially since the 1 890's, when ex
tracts from fungal cells were introduced 
into brewing to accelerate the break
down of starch into sugar. Four en
zymes are now made on a large scale: 
protease, glucamylase, alpha-amylase 
and glucose isomerase. Protease actu
ally encompasses several enzymes that 
degrade proteins by attacking peptide 
bonds. The main industrial protease, 
obtained from the bacterium Bacillus 
lichem/ormis. serves chiefly as a clean
ing aid in detergents. Proteases from 
other bacteria and fungi are employed 
on a smaller scale as digestive aids in 
animal feed and as meat tenderizers. 
The amylases are a family of enzymes 
that break down starch first into short 
chains of glucose molecules and then 
into free glucose. Glucose isomerase 
converts glucose into its stereoisomer 
fructose, a sweetener. 

Industrial fermentation is responsible 
for making some 1,270 tons per year of 
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the four enzymes: 530 tons of protease, 
350 tons of glucamylase, 320 tons of 
alpha-amylase and 70 tons of glucose 
isomerase. Sales of all enzymes world
wide now amount to about $300 mil
lion. The industry is dominated by Eu
ropean companies, with Novo Industri 
in Denmark and Gist-Brocades NV in 
the Netherlands having 60 percent of 
the world market. The industry is ex
pected to grow in the next decade as 
recombinant-DNA techniques are ap
plied to the microbiological production 
of enzymes. Because an enzyme is a di
rect prod uct of a gene the yield can be 
improved by introducing multiple cop
ies of the gene into the DNA of the or
ganism, by maximizing the expression 
of the gene through insertion of regula
tory sites in the DNA called promoters 
and by facilitating the secretion of the 
enzyme from the cell. 

The process that has most clearly 
demonstrated the value of microbiolog
ically synthesized enzymes is the con
version of starch into the sweetener 
high-fructose corn syrup, which is rap
idly replacing sucrose in soft drinks. Al
though the conversion was introduced 
only recently, it is already yielding more 
than two million tons of high-fructose 
corn syrup per year. The conversion has 
three steps, in which the feedstock is act
ed on successively by alpha-amylase, 
glucamylase and glucose isomerase. 

The cost of making fructose sweeten
ers depends strongly on the efficiency 
with which the enzymes can be ob
tained.  Bunji Maruo and his co-workers 
at Nihon University have increased the 
yield of alpha-amylase from Bacillus 
subtilis almost 200 times by combining 
the classical method of mutation and se
lection with the technique of genetic re
combination. They have found a num-
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ber of regulatory steps controlling the 
synthesis of alpha-amylase that act syn
ergistically to give enhanced yields in 
the selected strains of B. subtilis. 

Recombinant-DNA techniques have 
also been applied to the production of 
a heat-stable alpha-amylase. B. subtilis 
grows at room temperature and the al
pha-amylase it synthesizes is readily de
natured by heat. If the enzyme could act 
at a higher temperature, the catalytic 
conversion of starch into glucose would 
proceed at a higher rate. One way of 
making such an enzyme would be to 
insert the alpha-amylase gene from a 
thermophilic bacterium into B. subtilis. 
Thermophilic bacteria live under condi
tions of high temperature and make en
zymes that are resistant to inactivation 
by heat. They cannot be advantageous
ly exploited to produce alpha-amylase, 
however, because their genetic structure 
is poorly understood. Shoji Shinomiya 
and his co-workers at the University 
of Tokyo have demonstrated that in
creased yields of thermostable alpha
amylase can be obtained by the insertion 
of an amylase gene from a thermophilic 
bacterium into B. subtilis. 

Another way of increasing the effi
ciency of fructose manufacture would 
be to condense the present three steps 
into one step. This might be accom
plished by incorporating genes for al
pha-amylase, glucamylase and glucose 
isomerase into a single microorganism. 
Starch would then be converted into 
high-fructose corn syrup in a single fer
mentation vessel. 

Arealm in which enzymes derived 
from microorganisms may soon 

make an important contribution is the 
$ 50-billion plastics industry. Several 
plastics are made by the polymeriza-
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SALES 
(MILLIONS OF DOLLARS PER YEAR) 

WORLDWIDE SALES OF ENZYMES were $300 million in 1980. Here the annual tonnage 
and the annual sales are given for five enzymes that are made on a large scale by microbiologi
cal methods. Bacterial protease, which degrades proteins by cleaving peptide bonds, has com
mercial value chiefly as a cleaning aid. The enzymes alpha-amylase, glucamylase and glucose 
isomerase serve mainly to convert starch into the sweetener high-fructose corn syrup, which is 
replacing sucrose in soft drinks. Amylases break down starch to yield glucose; glucose isom
erase converts glucose into fructose. Rennin is employed in making cheese. It can be extracted 
from the fourth stomach of a calf or a cow or it can be made microbiologically. Data came 
from the Office of Technology Assessment and from 1. Leslie Glick of the Genex Corporation. 
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tion of alkene oxides, that is, oxides 
of straight-chain carbon compounds in 
which at least one of the bonds between 
carbon atoms is a double bond. The al
kene oxides are now made by chemi
cal synthesis from petrochemical feed
stocks. An elegant enzymatic approach 
to the synthesis of alkene oxides was re
cently proposed by Saul L. Neidleman 
of the Cetus Corporation. Peter J. Far
ley, the president of Cetus, expects that 
the enzymatic synthesis of propylene 
oxide will be introduced commercially 
before the end of the decade and will 
reach annual worldwide sales of be
tween $2 billion and $3 billion. 

The enzymatic synthesis of alkene ox
ides from alkenes relies on three en
zymes: pyranose-2-oxidase from the 
basidiomycete fungus Oudemansiella 
mucida, a haloperoxidase from the fun
gus Caldariomyces or other sources and 
an epoxidase from Flavobacterium. In 
the first step of the synthesis pyranose-
2-oxidase promotes the formation of 
hydrogen peroxide (H202), with glucose 
serving as the substrate and energy 
source. In the second step, which is me
diated by the haloperoxidase, the hy
drogen peroxide combines with an al
kene and a halogen ion (fluoride, chlo
ride or bromide) to form an alkene 
halohydrin: an alkene bonded to a hy
droxyl group (-OH) and a halogen. In 
the final step, mediated by the epox
idase, the hydrogen of the hydroxyl 
group and the halogen ion are stripped 
away, leaving the alkene oxide. 

The enzymatic production of alkene 
oxides could have economic advantages 
over chemical synthesis. A halogen ion 
can be supplied by a simple salt such as 
sodium chloride and is therefore less 
expensive than an elemental halogen, 
which is required in the chemical syn
thesis. The enzymatic system can also 
generate by-products such as fructose 
and gluconic acid. (The latter is added to 
dishwater detergents because it prevents 
the precipitation of calcium and mag
nesium saits, which can leave spots on 
glass surfaces.) The production of fruc
tose from glucose in Neidleman's pro
posal is of major importance in view of 
the growing use of fructose as a sweeten
er. In Neidleman's scheme the conver
sion of glucose first into glucosone and 
then into fructose has a 1 00 percent 
yield, which compares favorably with 
the maximum yield of about 50 percent 
in the enzymatic conversion of starch 
into high-fructose corn syrup. 

Another advantage of the enzymatic 
synthesis of alkene oxides is its flexibili
ty: by changing the substrate on which 
the haloperoxidase acts the process can 
be adj usted to yield different alkene ox
ides, such as propylene oxide for the 
plastic polypropylene and ethylene ox
ide for the plastic polyethylene. Still 
another advantage is the absence of pol
lutants because the halogen can be recy-
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THE EDITORS OF ROAD &TRACK 
UNANIMOUSLY CHOSE SAABAS THE BEST 
SPORTS SED AN FOR THE '80s. 

NOT B Mw. NOT AUDI. NOT VOLVO. 
SAAB. 

The editors of Road & Track magazine were 
asked to come up with "10 best cars for the '80s:' 

They did it without thinking about categories. 
They did it without thinking about price. 
And surprisingly enough, when the results were 

in, the ten best cars weren't the ten most expensive. 
What wasn't surprising, at least to us, was that the 

Turbo was on every editor's list 
We could go into long speculation as to why, complete with 

technical details and a list of past accomplishments. But we'd 
rather just quote the editors, who said, 'We have all enjoyed its 
sporting characteristics on the road:' 

So if you don't have the time to drive every top-performance 
sedan on the market, start with the one preferred by those who did. 
The Saab 900 Turbo. SAAR -

THE MOST INTELLIGENT CAR 
EVER BUILT. 
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Who will be first 
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to electronically 
forecast the future? 

It could be you and Hughes Support 
Systems. 

In fact, a big part of our business is 
to simulate tomorrow's possibilities 
today - and in a variety of ways. 

Our logistics support, our computer
ized training systems, our electronic 
simulators are all firsts that in a spe
cialized way forecast, plan or prepare 
for almost every kind of crisis. 

So that everyone - from pilots in 
hazardous skies, to troops at the front, 
to the technicians who support them -
is ready for the future when it arrives. 

With Hughes Support Systems, you 
could be part of state-of-the-art elec
tronics here at home, or part of a field 
support team that's swept to almost 

any site on earth. You could be involved 
in an almost unlimited array of support 
programs and systems and devices 
that affect defense avionics, missiles, 
and electro-optics - and the people 
who depend on them throughout the 
free world. 

An it's all part of Hughes, with 1,500 
projects and a backlog of over $6 billion. 

Who will be first with the electronics 
and support of tomorrow? Who will be 
first to teach the technology of the 
future? 

It could be you and Hughes. 
At Hughes Support Systems, we'll 

introduce you to people, ideas and jobs 
that could change your world. And 
maybe ours. 

It could be you and Hughes 
Support Systems 

Call or send resume to: 

Hughes Support Systems 
B130/MS4, Dept. 225 
P.O. Box 90515 
Los Angeles, CA 90009 
(213) 670-1515, ext. 5444 

Current openings: 

Field Engineering 
Product Support 
Logistics Support Analysis 
Maintainability 
Electro-Optical Testing 
Real-Time Programming 
Analog/Digital Circuit Design 
Automatic Test Systems Design 
Systems Engineering 
Project Engineering 
Calibration 
Engineering Writing 
Training Engineering 

r------------------, 
I I 

HUGHES: 
I I 
L __________________ J 
HUGHES AIRCRAFT COMPANY 

Proof of U.S. Citizenship Required 
Equal Opportunity Employer 
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HELP DRESS A DANCER Xl' 
AMERICAN BAL THEATRE. 

We do our best to make ends meet, but we can't be 
self-supporting. Our ticket income of $5 million is only half 
the money we need to stay on our feet. And with new 
government cutbacks in funding for the arts, we'll have 
to stretch those dollars even further. 

This season, we hope you'll be able to give more than 
applause to American Ballet Theatre 'dancers like Cynthia 
Gregory, Natalia Makarova and Martine van Hamel. Because 
without your contributions, theirs would be impossible. 

$100 buys the sheet music 
for her ballet. 

$50 keeps her in makeup for 
the season. 

$30 buys her a new pair of 
toe shoes. (She'll need another 

after just one evening.) 

r- --- - - - - - - - - --
Please use my tax deductible check or 
moneyorder of$ __________ ���=_-------
to dress a dancer at American Ballet Theatre, 
890 Broadway, New York, N.Y. 10003. 

I'd like to donate 0 pairs of tights @ $10 ea. 

I'd like to donate 0 pairs of toe shoes @ $30 ea. 

I'd like to donate 0 makeup collections @ $50 ea. 

I'd like to donate 0 musical scores @ $100 ea. 

In gratitude for your gift(s) of $100 or more, we1l send you 
a complimentary copy of our Annual Souvenir Program (48 
pages of season highlights, captUl'ed in full·color photography), 

Name 

Street 

City 
L- _ 

State 

Colleen O"Callaghan, American Ballet Theatre. 

Zip 
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ACETIC ACID �OH 

ETHANOL �OH 

n-BUTANOL �OH 

GLYCEROL HO�OH 
OH 

433 

AMOUNT 
(THOUSANDS OF T ONS PER YEAR) 

1,430 500 

70 5 

SALES 

(MILLIONS OF DOLLARS PER YEAR) 

ALIPHATIC ORGANIC COMPOUNDS, apart from methane, 
had total sales in the U.S. of $3 billion in 1980. The aliphatic com
pounds include solvents and organic acids. Shown here are four that 
are made in large quantities: acetic acid, ethanol, l1-butanol and glyc
erol. Excluded from this accounting are the ethanol made for alco

holic beverages and the a('etic acid employed as vinegar. All four 

compound, can be made by biological means but only ethanol is now 

made that way in industry, and 70 percent of the industrial ethanol 
is synthesized non biologically from petroleum derivatives. The col
ored bars mark biological syntheses, the gray hars non biological 
ones. The alipbatic industry is expected to adopt fermentation more 
generally because of the cost of petroleum, the possibility of exploit
ing thermophilic (heat-loving) bacteria and the prospect of new feed
stocks. Data are from the U.S. International Trade Commission. 

GLUTAMIC ACID 

METHIONINE 

LYSINE 

105 

AMOUNT 

(THOUSANDS OF TONS PER YEAR) 

300 1,080 

SALES 
(MILLIONS OF DOLLARS PER YEAR) 

WORLDWIDE SALES OF AMINO ACIDS were $1.7 billion in 
1980. Tbe tbree amino acids shown are tbe ones now made in the 
largest quantities: glutamic acid, methionine and lysine. Glutamic 
acid is made by fermentation. Like lysine, methionine is a nutritional
ly essential amino acid that is made commercially as an animal-feed 
additive. Methionine is manufactured by chemical synthesis, but 80 
percent of the lysine is produced biOlogically. Each amino acid bas 

two isomers, only one of whicb participates in biological reactions. 
Fermentation yieldS only the biologically active isomer; in cbemical 
synthesis half of the yield is tbe inactive one. Tbis specificity makes 
biological means more efficient, but it bas not always been possible 
to exploit it. With increased understanding of cellular metabolism all 
industrially valuable amino acids may soon be made by fermentation. 
Data are from the Office of Technology Assessment and from Glick. 

cled. Moreover, the enzymatic system 
will undoubtedly be improved by re
combinant-DNA techniques. To begin 
with, genetic programming should be 
able to increase the yield of the three 
enzymes from their microbial sources. 
An intriguing but remoter possibility is 
to enhance the performance of the en
zymes by modifying their active sites. 

Commercially produced enzymes are 
playing an increasing part in medical di
agnosis. For example, the enzyme cho
lesterol oxidase is employed to monitor 
the level of cholesterol in blood serum, 
and the enzyme uricase serves to moni
tor the level of uric acid. 

Recombinant-DNA technology itself 
requires certain enzymes such as re
striction endonucleases for cutting open 
DN A, and ligase for resealing the cut 
ends. The companies that work with 
recombinant DNA clearly have an in
terest in the inexpensive production of 
these enzymes. Ronald W. Davis and his 
co-workers at the Stanford University 
School of Medicine have achieved a 
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SOO-fold increase in the yield of ligase 
by inserting multiple copies of the ligase 
gene into Escherichia coli. The enzymes 
required by recombinant-DNA tech
niques have been beneficial in medical 
diagnosis. For example, the prenatal de
tection of sickle-cell anemia can be done 
by applying a restriction endonuclease 
to the DNA of fetal cells in the amniotic 
fluid. This method has none of the haz
ards of the traditional diagnostic tech
nique, in which blood is drawn from the 
fetus. 

Recombinant-DNA techniques have 
much to offer the enzyme industry apart 
from the simple enhancement of en
zyme yield. Direct modification of the 
gene could yield enzymes with great
er specific activity and greater thermal 
stability. Eventually the rational design 
and synthesis of enzymes will be pos
sible. Other factors of economic im
portance in the production of enzymes 
include the more efficient use of the 
feedstock and other raw materials, in
hibition of the synthesis of unwanted 

enzymes and the more efficient recov
ery of enzymes from dilute solutions. 
Each of these factors can be addressed 
by genetic-programming techniques. 

The operational efficiency of the fer
menter might also be improved by ge
netic-programming techniques. When 
the fermenter is a fungus, the long fila
ments of the fungus often become tight
ly intertwined, like a clump of spaghetti, 
with the result that they cannot effec
tively.take in nutrients from the growth 
medium. If the fungus could be genet
ically modified so that it grew not as 
filaments but as single cells, it could con
sume more nutrients and ferment more 
efficiently. 

The second major class of industrial 
chemicals is made up of aliphatic 

organic compounds, which are distin
guished by the absence of benzene rings 
and similar structures. The aliphatic 
substances with industrial applications 
can be broadly divided into two catego
ries: solvents and organic acids. The sol-
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If you can solve Rubik's Cube, then we've got a contest for 
you. It's the Rubik's Cube-a-thon, and it's the search for the 
world's fastest "cubist". 

The Regional Challenge 
Here two age groups compete (16 years & under and 17 & 
over), in one of four regional competitions. The winner of 
each age group will receive cash prizes plus an all expense 
paid trip to New York City for the National Tournament. The 
regionals will be held in October at the following locations: Six 
Flags Great Adventure, Jackson, New Jersey; Six Flags over 
Mid America, St. Louis, Missouri; Six Flags over Texas, 
Dallas and Six Flags Magic Mountain, Valencia, California. 
Check your local newspaper for exact dates and times. 

The National Tournament 
In November all the regional tournament champions, in both 
age groups will "cube off" not only for big cash prizes but also 
for the right to represent the United States in the World 
Championships. And of course, the champion will have all of 
his/her expenses paid for by Ideal. 

The World 
Championship 

The best "cubist" from 21 countries will gather in April 1982. 
The winner will receive a fantastic assortment of prizes as well 
as bragging rights to the world. And if you'd like to get a jump 
on the competition, you can pre-register by writing to Ideal 
Toy Corporation, 184-10 Jamaica Avenue, Hollis, New 
York 11423. Or by filling out a registration form at your local 
toy or hobby store. Good luck. 

SIX FLAGS® OIA� 
Rubik's Cube 

It's your move. 
© 1981 Ideal Toy Corporation 
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vents incl ude ethanol, n-butanol, ace
tone and glycerol; the organic acids in
clude acetic acid, citric acid and lactic 
acid. In general the solvents are not cur
rently made by biological means on an 
industrial scale, although n-butanol, ac
etone and glycerol were once made that 
way. Nevertheless, the solvent industry 
may return to fermentation because of 
the cost of petrochemicals, the prospect 
of exploiting thermophilic bacteria and 
the availability of new feedstocks. 

Thermophilic bacteria grow rapidly 
in the range of temperatures between 60 
and 7 5  degrees Celsius. Their chief ad
vantage over microorganisms that grow 
at a lower temperature is their faster me
tabolism. Another benefit is that the fer
menter need not be cooled much in or
der to remove the heat given off by the 
metabolism of the bacteria. In addition, 
when the solvent stream issues from the 
fermenter at a high temperature, less en
ergy is needed for the subsequent purifi
cation of the prod uct by distillation. 

Abundant and inexpensive feedstocks 
will be needed if the microbiological 
production of solvents is to compete 
with chemical synthesis from petrole
um derivatives. In the earlier methods 

FEEDSTOCK 
(MOLASSES) 

HYDROLYSIS 

(ACI D  OR E NZYME) 

,II ,II 

of preparing solvents by fermentation 
the substrate was sugar from su

'
garcane 

or beet molasses or starch from corn, 
wheat, rye or cassava. The price of sug
arcane, molasses and starch is subject 
to wide fluctuations, and so it would be 
difficult to base a large fermentation 
industry on these substrates. Further
more, these materials are needed for 
food. The alternative substrates being 
considered include cellulose, methanol 
and organic wastes. 

Cellulose and related polymers are a 
major constituent of almost all plant 
materials and thus represent a renew
able feedstock. A promising source of 
cellulose for the production of solvents 
is wood. It is widely available and has a 
stable, low price compared with that of 
sugar and starch. Wood has three struc
tural components: lignin and the poly
saccharides cellulose and hemicellulose. 
For the fermentation of wood to com
pete with the synthetic-chemicals indus
try all three components must be uti
lized. Lignin presents no problem: it can 
be burned as a high-caloric fuel. Effi
cient methods must be developed, how
ever, for fermenting the cellulose and 
the hemicellulose. I shall discuss these 

l FEEDSTOCK ) 1 
(CELLULOSE OR STARCH) 

" 
r I 
t 

PRETREATMENT 

I 

� � 

methods below when I describe the pro-
duction of ethanol. 

. 

Methanol, another possible substrate, 
can be made from coal that has been 
converted into synthesis gas. Methanol 
has a single carbon atom, and subtle bio
chemical pathways are required for its 
conversion into more complex mole
cules in which carbon atoms are bonded 
together. Only a few microorganisms 
are able to get all their carbon from sin
gle-carbon compounds such as metha
nol, and so any commercial process 
based on a methanol substrate will have 
to rely on one of those organisms. Ap
propriate regulatory mechanisms and 
biochemical pathways will have to be 
genetically programmed into the organ
isms. Imperial Chemical Industries in 
Britain has grown the bacterium Meth
ylophilus methylotrophus on methanol, 
having first deleted an energy-depen
dent pathway by methods of genetic en
gineering. The bacterium produces a 
single-cell protein that is sold as an ani
mal feed called Pruteen. 

The use of organic wastes as a sub
strate for the production of solvents 
would have the secondary benefit of dis
posing of noxious materials. The wastes 

TWO-STEP ONE-STEP SUGAR I. FERMENTATION 1 FERMENTATION 

,II 'V ,II " 
YEAST. Clostridium thermocellum AND 

Clostridium thermocellum, GENETICALLY Zymomonas mobilis OR Clostridium thermohydrosulfuricum. 
Thermoanaerobacter Clostridium thermosaccharolyticum OR Monilia species OR PROGRAMMED 

Fusarium species MICROORGANISM ethanolicus Tilermoanaerobacter 

.... .1 
... , 

BIOLOGICAL SYNTHESIS OF ETHANOL is now done by essen
tially the same method employed in making alcoholic beverages, but 
other methods are being considered. The substrate is now either 
crude sugar (from sugarcane or beet molasses) or starch (from corn, 
wheat, rye or cassava) that has been converted into sugar. A yeast has 
usually been the fermenting organism, but the bacteria Zymomonas 

mobilis and Thermoanaerobacter ethallolicus may be more efficient. 
The prices of crude sugar and of starch fluctuate widely, so that it 
would be difficult to base a large fermentation industry on these sub
strates. Furthermore, these materials are needed as food. Three oth-

162 

� 
ETHANOL t .... 

j' 
er strategies rely on cellulose and related polymers of wood, which 
are abundant, renewable and inexpensive. The cellulose can be fer
mented in either two steps or one step. In the two-step process one 
microorganism breaks down the cellulose into its component sugar 
units, which are subsequently fermented into ethanol by another mi
croorganism. In the one-step process a single microorganism both 
breaks down the cellulose and ferments the resulting sugar solely 
into ethanol. Microorganisms that have this capability are apparently 
rare, and so the fourth strategy is to genetically program a yeast or a 
bacterium so that it converts cellulose into ethanol in one operation. 
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DEWARS® PROFII;E 
A thirst for living ... a taste for fine Scotch. 

BORN: Pittsburgh, Pennsylvania. 

HOME: West Lafayette, Indiana. 

PRESENT TITLE: Professor of 
Anthropology and Director of 
Africana Studies and Research 
Center, Purdue University. 

BIGGEST DISLIKE: Boredom. After 
15 years of running his own business, 
Mel got tired of success. Against 
the advice of family and friends, 
he entered graduate school in 
anthropology. And now, just 7 years 
after getting his Ph. D., he is a full 
professor, as well as the author of 
many articles and books in his field. 

POINT OF VIEW: "When there' s no 
horizon to reach for, I have to back 
away and try something else. To me 
there's nothing more tedious than 
predictability." 

SCOTCH: Dewar's® "White Label:' ® 
"I was introduced to Dewar's by an 
informant in the 'field' after a long 
day of interviews. I took it on the 
rocks then, and I still do:' 

BLENDED SCOTCH WHISKY' 86.8 PROOF 
© 1980 SCHENLEY IMPORTS CO .. N.Y.. NY 
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Imagine turning 
hot exhaust into cold cash. 

© 1981 SCIENTIFIC AMERICAN, INC



we did. 
And lowered fuel costs up to 30%. 

You don't become a Garrett 
engineer by letting energy 
go to waste. If there's a way 
to save it, you find it. And 
one of the things we've 
found is a way to help make 
industrial gas turbines 
work even harder. 

By applying Garrett's 
advanced heat transfer 
technology, we've designed 
a new kind of gas turbine 
regenerator that can 
reduce a turbine's fuel bill 
by up to 30%. Simply by 
making more efficient use 
of exhaust heat to increase 
the temperature of the 
. . 

mcommg alr. 
Because greater effi

ciency goes hand-in -hand 
with longer service life, 
Garrett regenerators are 
designed to last up to 20 
years before needing any 
maintenance. The credit 
goes to a patented core 

configuration that solves 
thermal fatigue problems. 
And the use of corrosion
resistant stainless steel 
that easily handles operat
ing temperatures up to 
1,200 of. These new regen
erators will be on -line and 
operational in more than 
30 installations by the end 
of 1981. 

Equally remarkable is 
the application of that 
same heat transfer tech
nology to other areas of 
industry. By putting high 
temperature flue gas back 
to work with a special kind 
of heat exchanger called a 
recuperator, we'll be reduc
ing the fuel requirement of 
large industrial furnaces 
this year by more than 25% 
Comparable savings are 
also available for direct
fired manufacturing pro
cesses, like glass-making. 

At Garrett, we earned 
our wmgs m aerospace, 
then built ourselves into an 
industrial giant by keeping 

Garrett 

our feet on the ground. 
And our hands on a tech
nology base one step ahead 
of tomorrow. We're uniquely 
structured to put that asset 
to work for you, today. 
Our engineers work in 
teams. No one is isolated. 
They work together. 
The result has been results. 

You'll find us in -
everything from nuclear 
powerplants to hospitals. 
Agriculture to automobiles. 
But the real frontier for us, 
IS you. 

If you'd like to make 
your endeavors more 
energy efficient, you'll find 
us easy to work with. 
Just write our President, 
Jack Teske. You'll find 
him at: The Garrett Corpo
ration, P. O. Box 92248, 
Los Angeles, CA 90009. 

The aerospace company with its feet on the ground. 
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Physician� did you miss any of these. 
significant developments in medical science? 

• Campylobacter fetus subsp. jejuni is 
associated with a colitis that can clini
cally and sigmoidoscopically resemble 
acute idiopathic ulcerative colitis. Stool 
cultures are in order for C.fetus before 
beginning nonspecific anti-inflamma
tory therapy. 

• Coumarin derivatives cross the pla
centa. A recent study shows that the 
consequences for the fetus can be se
vere. These include embryopathy, still
birth, and premature delivery. 

• Nonsteroidal anti-inflammatory 
drugs may produce a marked reduction 
in glomerular filtration rate; with ter
mination of the drug, GFR returns to 
normal. 

• P ittsburgh pneumonia agent (P PA) 
and atypical Legionella-like organisms 
(ALLO) are particularly dangerous in 
immunosuppressed patients. 

I FTHESE ITEMS are familiar you must be 
a prodigiously energetic or prodi
giously lucky reader. With 2,000 or 

more journals published each year, in
formation that significantly affects pa-

Branches of the right, and left coronary ar
teries supply blood to the A V node and in· 
traventricular conduction system. 

SCIENTIFIC AMERICAN Medicine is lucidly il· 
lustrated with drawings and photographs. 
Some examples are seen here and on the 
facing page. 

tient management all too easily slips by . 
Textbooks are out-of-date before they 
are published. 

SCIENTIFIC AMERICAN Medicine is the busy 
clinician's answer to this problem. 

Because its authors update SCIENTIFIC 
AMERICAN Medicine every month, it is al
ways current. Because the new informa
tion appears in a single source, it is there 
when you need it. 

This 2,000-page, innovative union of 
publishing and electronic technology is 
the work of leading scholar-practi
tioners from Harvard and Stanford. 
The editors are Edward Rubenstein, 
M.D., fA.C.P., and Daniel Federman, 
M.D., fA.C.P. 

Each month as authors update their 
contributions, revisions are entered on 
the magnetic tape on which the text and 
index are stored. The tape drives high
speed phototypesetting equipment so 
that subscribers receive about eight new 
chapters and a new index every four 
weeks; a bulletin highlights new devel
opments. 

New material replaces old material in 
the living text, so that the information is 
there - up-to-date, at your fingertips. 

A CME program of eight patient man
agement problems offered over a 12-
month period is available at no extra 
cost. As an organization accredited for 
continuing medical education, the Stan
ford University School of Medicine des
i g n a t e s  t h i s  c o n t i n u i n g  m e d i c a l  
education activity a s  meeting the criteria 
for 32 credit hours in Category I for 
Educational Materials for the Physician'S 
Recognition Award of the American 
Medical Association, provided it has 
been completed according to instruc
tions. This program is approved by the 
American Academy of Family Physicians 
for 32 Elective Hours of CME credit. 

Trial Offer 

We invite you to try SCIENTIFIC AMERICAN 
Medicine - for two months at no cost. 
Send us the coupon and you will receive 
the two-volume text and two monthly 
updates. You may also take a CME test 
for credit. At the end of 60 days, if you 
decide to continue the subscription, we 
will bill you for $185 for the full 12 
months (renewal is $160); otherwise 
just return the volumes to us. 

Please mail the coupon today and let 
us take the hassle out of keeping up. 

tl � ,, � 
; ::.:.:- - :-:: " . ;::--.-- ,:..-- - " . 

. , � j � 
Computerized scintigraphy reveals pulmo
nary thro.mboembolism. 

Abdominal computed tomogram reveals 
large renal carcinoma replacing part of right 
kidney. 

THE DISTINGUISHED AUTHORS 
AND THE FIFTEEN SECTIONS OF 

SCIENTIFIC AMERICAN MEDICINE 

l. Cardiovascular Medicine 

Edgar Haber, M.D., Harvard Medical 
School and Massachusetts General Hos
pital 
E. W illiam Hancock, M.D., F.A.C.P., 
Stanford University School of Medicine 

Roman W. DeSanctis, M.D., Harvard 
Medical School and Massachusetts Gen
eral Hospital 

Adolph M. Hutter, Jr., M.D., EA.C.P., 
Harvard Medical School and Massachu
setts General Hospital 
Eve Elizabeth Slater, M.D., Harvard 
Medical School and Massachusetts Gen
eral Hospital 

2. Dermatology 

Eugene M. F arber, M.D., Stanford Uni
versity School of Medicine 

Elizabeth A. Abel, M.D., Stanford Uni
versity School of Medicine 
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3. Endocrinology 

Daniel D. F ederman, M.D., EA.C.P., 
Harvard Medical School 

4. Gastroenterology 

Gary M. Gray, M.D., Stanford Univer
sity School of Medicine 

Peter B. Gregory, M.D., Stanford Uni
versity School of Medicine 

John Austin Collins, M.D., Stanford 
University School of Medicine 

5. Hematology 

Stanley L. Schrier, M.D., Stanford Uni
versity School of Medicine 

6. Immunology 

John David, M.D., Harvard Medical 
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are a complex mixture of substances, 
some of which are toxic. In order to fer
ment the wastes a microorganism must 
be found that is resistant to any toxins 
present and that can consume several 
component substances of the mixture. A 
promising family of bacteria consists of 
the pseudomonads. Ananda M .  Chakra
barty of the General Electric Company 
genetically programmed Pseudomonas 
pUlida so that it utilizes naphthalene, 
xylene, alkanes and camphor. The sug
gestion that the bacterium could de
grade oceanic oil spills exaggerates its 
capabilities, but it will prove useful in 
several industrial settings, such as waste
disposal ponds, in which the tempera
ture and other environmental factors 
can be controlled.  

Ethanol is one of the most important 
organic chemicals in industry. In 

the u.s. 6 1 9,000 tons were produced 
last year, for total sales of $297 million. 
(These amounts do not include the etha
nol made for alcoholic beverages.) Eth
anol is employed as a solvent, an ex
tractant and an antifreeze. M oreover, it 
is a substrate for the synthesis of other 
organic compounds that serve as sol
vents, extract ants, dyes, pharmaceuti
cals, lubricants, adhesives, detergents, 
pesticides, plasticizers, surface coatings, 
cosmetics, explosives and resins for the 
manufacture of synthetic fibers. 

Ethanol can be made either syntheti
cally from petrochemical feedstocks or 
biologically by the yeast Saccharomyces 

GLUCOSE �H 

o 
OH 

HO OH 
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cerevisiae or other microorganisms. In a 
common chemical process ethylene de
rived from petroleum or natural gas is 
converted at a high temperature into 
ethanol by the addition of water and in 
the presence of certain catalysts. In the 
microbiological process a yeast secretes 
ethanol as a by-product of fermenting 
either crude sugar or starch that has 
been converted into sugar. At the begin
ning of the 20th century ethanol was 
produced on a large scale by fermenta
tion. In recent years 70 percent of the 
ethanol made in the U.S .  has been made 
by chemical synthesis, chiefly because 
of the cost of sugar and starch. The ris
ing cost of petroleum, however, is push
ing the industry back to fermentation. 

Indeed, the balance of costs has shift
ed to such an extent that the fermenta
tive manufacture of ethanol as an al
ternative to gasoline is now well estab
lished.  Brazil plans to replace gasoline 
with ethanol by the 1 990's. In the U.S .  
gasohol, a 9 :  1 blend of gasoline and 
ethanol, has been enthusiastically re
ceived in the M iddle West. Replacing 
gasoline with gasohol throughout the 
country would require at least 1 2  billion 
gallons of ethanol per year; current pro
duction is about .3 billion gallons, of 
which only a third is employed as a fuel. 
Nevertheless, the price of ethanol made 
by fermentation is comparable to the 
price of gasoline. 

If ethanol is to serve as a fuel, the 
requirement of an abundant and inex
pensive substrate is particularly press-
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SYNTHESIS OF N-BUTANOL can be accomplished by microbiological means, but such 
methods have not been adopted because the biochemical pathways are not well understood. 
The pathways shown here represent the fermentation of glucose into n-butanol by the bacteri
um Clostridium acetobutylicum. Butyrate (the salt of butyric acid) is formed initially, followed 
by a metabolic rerouting to the production of acetone and II-butanol. The mechanism that con
trols this is not known. Another critical factor is the toxicity of II-butanol to the bacterium. 
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ing. In a corn glut, such as the current 
one in the U.S . ,  excess grain could be 
used as the substrate, but it would yield 
at most perhaps two billion gallons of 
ethanol per year. 

A more abundant substrate is wood, 
but the biological synthesis of ethanol 
from wood is appreciably more compli
cated than that from grain. The wood 
must be pretreated in various ways and 
its cellulose and hemicellulose must be 
separated.  Then the cellulose can be fer
mented either in two steps or in one step. 
In the two-step process the cellulose, 
which is a polymer of glucose, is broken 
down into its component sugar units, 
which are fermented into ethanol. The 
process is efficient, but its compound na
ture adds to the cost. The alternative ap
proach is to break down the cellulose 
and ferment the resulting sugar in one 
operation. M icroorganisms with the full 
complement of enzymes needed to bring 
about this transformation are apparent
ly rare. As a result investigators are try
ing to genetically program an ethanol
producing yeast or the bacterium Zymo
monas so that it can degrade cellulose. 

Similar efforts center on the hemicel
lulose xylan, which is a polysaccharide 
having a structure somewhat different 
from that of cellulose; it is composed 
of the pentose sugar xylose. Xylan can 
make up as much as 30 percent of the 
mass of wood. Groups of investigators 
led by Henry Schneider of the Nation
al Research Council of Canada and 
George T. Tsao of Purdue University 
have independently shown that if xylose 
is converted into xylulose, it can be fer
mented by yeast to yield ethanol. The 
conversion of xylose into xylulose is 
mediated by the enzyme xylose isom
erase, and so investigators are trying 
to incorporate into yeast the gene for 
xylose isomerase. 

What microorganism produces the 
most ethanol? Yeasts, of course, have 
been the traditional choice, but workers 
at the University of New South Wales 
and at Rutgers University have discov
ered that the bacterium Zymomonas mo
bilis, found in palm wines and in the 
Mexican beverage pulque, ferments 
sugar twice as fast as yeast does. Ulti
mately thermophilic bacteria will prob
ably prove to be the most efficient fer
menters. Even their efficiency is subject 
to improvement by recombinant-DNA 
techniques, which can serve to increase 
the amount of certain enzymes in the 
cell or to replace one enzyme with an
other that has a higher specific activity. 

A major limitation on the fermenta
tive production of ethanol and other sol
vents is the capacity of the microorgan
ism to tolerate the solvent. Not much is 
known about what makes a microor
ganism resistant to ethanol, but toler
ance seems to be linked to the fraction 
of fatty acids in the cell membrane that 
are chemically unsaturated, or deficient 
in hydrogen. One possible explanation 
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is that unsaturated fatty acids make the 
membrane more permeable to etha
nol and thereby reduce the intracellular 
concentration_ 

Another organic solvent is n-butanol. 
I\. (The n stands for "normal" and sig
nifies that the molecule is a straight 
chain of carbon atoms rather than a 
branched chain.)  It is employed exten
sively in the manufacture of plasticizers, 
brake fluids, gasoline additives, urea
formaldehyde resins, extractants and 
protective coatings. Today virtually all 
n-butanol is made by chemical synthe
sis, but a biological pathway has long 
been known. In 1 9 1 2  Chaim Weizmann, 
who was then working at the University 
of Manchester, developed a bacterial 
fermentation culture for the production 
of n-butanol, from which he synthesized 
butadiene for synthetic rubber. Acetone 
is a by-product of the fermentation, and 
in World War I there was a great de
mand for acetone as a solvent in the 
manufacture of the explosive cordite. 
After the war the demand for acetone 
decreased but the need for n-butanol in
creased.  

The fermentation devised by Weiz
mann was based on the conversion of 
starch by the bacterium Clostridium ace
tobutylicum or the conversion of sugar 
by Clostridium saccharoacetobutylicum_ 
The production of n-butanol by fer
mentation declined in the 1 940's and 
the 1 950's mainly because the price of 

PRODUCTION OF AN AMINO ACID by 
biological methods depends on strategies for 
altering the metabolism of the cell and for pro
moting the excretion of the product from the 
cell. Shown here is the conversion of glucose 
into glutamic acid (or the salt MSG) by Cory
nebacterium. Glucose is converted into pyru
vate by the Embden-Meyerhof pathway (gly
colysis), a fundamental mechanism by which 
a cell derives energy from glucose. The pyru
vate then enters the Krebs cycle, or tricarbox
ylic acid cycle, in which further oxidation re
leases more energy. The cycle is short-circuit
ed by a low level of the enzyme alpha-keto
glutarate dehydrogenase, which promotes the 
conversion of alpha-ketoglutaric acid into suc
cinic acid, and by a high level of the enzyme 
glutamate dehydrogenase, which encourages 
the conversion of alpha-ketoglutaric acid into 
glutamic acid. At the same time the glyoxylate 
cycle, represented by the broken arrows, is 
activated to produce more energy. While the 
cell is growing the glyoxylate cycle competes 
with the glutamic acid shunt for alpha-keto
glutaric acid. Eventually all the substrate is 
shunted into glutamic acid. There are several 
strategies for inducing the cell to excrete glu
tamate in large quantities. If the cell is de
prived of the vitamin biotin, the membrane 
develops leaks, allowing more glutamate to 
pass through. The membrane can also be ef
fectively modified by adding to the growth me
dium a saturated fatty acid or a detergent. Ad
dition of penicillin to growth medium causes 
lesions in the cell wall, through which large 
quantities of glutamic acid can be excreted. 
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petrochemicals dropped below that of 
starch and sugar substrates such as corn 
and molasses. Today n-butanol is made 
by fermentation only in South Africa, 
where petroleum is scarce because of 
the international embargo. The sub
strate is molasses, and coal is also re
quired as a source of energy; the spent 
bacteria are recovered and sold as a feed 
for ruminants. In response to the rising 
cost of petrochemicals, industry in other 
countries is reexamining fermentation 
as a source of n-butanol. 

One impediment to the large-scale 
adoption of microbiological methods 
for n-butanol synthesis is a lack of un
derstanding of metabolic pathways. An
other critical factor is the toxicity of 
n-butanol to the bacterium. The first in
dustrial strains of C. acetobutylicum fer
mented at most 3 . 8  percent of the starch 
substrate to yield 1 .2 percent n-butanol. 
The bacteria are killed by higher con
centrations of this product of their own 
metabolism. Investigators have not had 
much success in selecting mutant strains 
with greater tolerance to n-butanol. In 
laboratory evaluations a tolerance of 
2.85 percent has been achieved by add
ing activated charcoal to the fermenta
tion medium, but it is not known wheth
er this can be done on a large scale. Once 
it is understood what makes a substance 
toxic to an organism, recombinant
DNA techniques may suggest a strategy 
for increasing the organism's resistance. 

Glycerol serves as a lubricant in the 
manufacture of pet food, baked 

goods, candy, icing, toothpaste, adhe
sives, glue, cork board, cellophane and 
certain kinds of paper. As an emollient 
and demulcent it is an ingredient in 
many pharmaceuticals and cosmetics. 
As a solvent it has been added to ex
tracts, other flavorings and food col-

FEEDBACK INHIBITION is an intracellu
lar regulatory mechanism that must be over
come in the commercial production of certain 
amino acids such as lysine. The upper diagram 
shows the metabolic pathway for the fermen
tative production of lysine by Corynebacteri
um glutamicum. The colored lines represent 
feedback inhibition. Lysine and threonine are 
both made by the bacterium, and their simul
taneous accumulation inhibits the action of 
the first enzyme in the pathway, aspartate ki
nase, and hence inhibits the further produc
tion of lysine. In a mutant strain that lacks the 
enzyme homoserine dehydrogenase the meta
bolic steps leading to the synthesis of threo
nine are eliminated; the missing steps are in 
the gray region. The mutant needs threonine 
in order to grow, but it is added Slowly so that 
it and the accumulated lysine do not trigger 
feedback inhibition. In the absence of the in
hibitory mechanism synthesis of lysine pro
ceeds at a maximum rate. The lower diagram 
shows the metabolic pathways for the produc
tion of lysine by Escherichia coli. The mecha
nism of feedback inhibition is more complex, 
as the colored lines iudicate, and so E. coli is 
not employed commercially to make lysine. 
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ors. Esters of glycerol figure in the man
ufacture of explosives and propellants. 

During World War I, Germany made 
large amounts of glycerol by fermenta
tion for use in explosives. The process 
consisted in adding sodium sulfite to an 
ethanol fermentation culture. The sul
fite interferes with the synthesis of etha
nol by combining with an intermediate 
molecule. In the resulting diversion of 
the metabolic pathways glycerol be
comes the major end product. Since 
World War I glycerol has been made 
commercially not by fermentation but 
by the saponification of fats and by syn
thesis from propylene and propane. The 
microbiological production of glycer
ol is being considered again mainly be
cause of the discovery of yeasts that can 
synthesize it without the need for sodi
um sulfite or other steering agents. 

Of the industrial organic acids acetic 
acid is the most important. In the U.S.  
more than 1 .4 million tons are pro-

duced each year, with a val ue of $ 5 00 
million. (Excluded from these amounts 
is the acetic acid that serves as vine 
gar.)  The acid also has applications in 
the manufacture of rubber, plastics, ace
tate fibers, pharmaceuticals, dyes, insec
ticides and photographic materials. In 
Japan acetic acid is a substrate for the 
fermentative production of amino acids. 

Acetic acid can be formed by the mi
crobiological oxidation of ethanol, but 
except in making vinegar the process 
is not currently competitive with the 
chemical synthesis, which is based on 
the carbonylation of methanol. In the 
U.S. promising work is being done on 
the fermentation of cellulose into acetic 
acid by a thermophilic bacterium. An
other possible approach is the conver
sion of hydrogen and carbon dioxide 
into acetic acid by the bacteria Acetobac
terium woodii and Clostridium aceticum . 
The development of such a technol
ogy will depend on deciphering the 
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ENZYMATIC SYNTHESIS OF ALKENE OXIDES, which are raw materials in tbe plastics 
industry, has been proposed by Saul L. Neidleman of the Cetus Corporation. Plastics such as 
polypropylene and polyethylene are made by the polymerization of alkene oxides, which are 
now syntbesized from petrochemical feedstocks. The enzymatic syntbesis relies on three en
zymes: pyranose-Z-oxidase, a haloperoxidase and an epoxidase. The fungal and bacterial sour
ces of the enzymes are indicated in the diagram. The system can generate valuable by-products. 
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genetics of these little-studied bacteria. 
Citric acid, an essential ingredient in 

foods, is produced efficiently from mo
lasses by Aspergillus niger. The world 
market for citric acid is 1 7 5 ,000 tons per 
year, for sales of $259  million. The fer
mentation would be more economical if  
i t  were based on a less  expensive sub
strate such as cellulose. This could be 
achieved by transferring to A. niger genes 
for enzymes that easily decompose cel
lulose. The commercial fermentative 
production of certain organic acids such 
as acrylic acid, which is used in plastics, 
and N - acetyl p-aminophenol, which is 
marketed as the aspirin-substitute Tyle 
nol, will benefit less from genetic pro
gramming than it will from a better 
understanding of the regulatory mech
anisms favoring their synthesis. 

Lactic acid, which serves as an acid u
lant in food and a mordant in textiles 
and is employed in electroplating, elec
tropolishing and the manufacture of 
plastics, was the first organic acid to be 
made commercially by fermentation. In 
the U.S. and Europe about 40,000 tons 
are made each year, with sales of $ 5 6  
million. Virtually all the lactic acid pro
duced in the U.S .  is now made by chemi
cal synthesis, whereas only half of it is 
made that way in Europe. Lactic acid is 
fermented efficiently from glucose by 
the bacterium Lactobacillus delbrueckii. 
but the recovery of the acid from the 
culture is expensive . 

I turn now to amino acids, the small 
molecules that are assembled to 

make up proteins. Of the 20 amino acids 
that are generally incorporated into pro
teins eight cannot be synthesized in man; 
among these eight essential amino acids 
lysine and methionine are particularly 
important to nutrition because most ce
real grains are deficient in them.  Lysine 
and methionine are therefore made 
commercially as animal-feed additives. 
Methionine is produced synthetically, 
whereas only 20 percent of all lysine is 
made that way; the remaining 80 per
cent is made by fermentation. Another 
industrially important amino acid is glu
tamic acid, which is employed as a fla
vor enhancer in the form of a salt, 
monosodium glutamate ( MSG); it is 
made only by microbiological means. 
The fermentative production of 40,000 
tons of lysine per year and 3 00,000 tons 
of MSG per year is a success story in 
the microbiological production of in
dustrial chemicals. 

In general an amino acid can be made 
more efficiently by fermentation than by 
chemical synthesis whenever the intra
cellular metabolic pathways governing 
its production are understood and are 
not too complex. For each amino acid 
there are two isomers, or mirror-image 
arrangements of the molecule. With few 
exceptions only one of the isomers par
ticipates in biological reactions. The mi
crobiological production of an amino 
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10 good reasons 
to buy a Smith-Corona. 

(No other electric portable has them) 
When you buy a Smith- Corona'"cartridge electric portable, 

you get a lot more than a typewriter. You get a total typing system. 
That's because our unique cartridge ribbon system lets 

you change from fabric to clean, crisp film ( like the expensive 
office machines have ) in a snap - literally. And your typing 
always looks just right, no matter what. 

Best of all ,  there are two different ways of correcting. 
And both of them are easy, quick and effective. There's our new 
Lift-Rite'" correction cartridge, which works with its own com
panion film ribbon. It actually lifts mistakes right off the page! 
Which means you can type more neatly than ever before - and 
on any color paper. And our Re-Rite'" cartridge covers mistakes 
with a thin white impression. 

How Smith-Corona corrections 
are different (and better). 

Now, it's true that other electric portables have correction 
systems. But none of them work like the Smith-Corona system 
does.  For one thing, no other portable has a cartridge that snaps 
in and lifts off mistakes. 

For another thing, the Smith-Corona correction system 
lets you erase whole words, sentences ,  even paragraphs without 
the time-consuming single correction backspacing you have to 
do with many other portables and even some office typewriters . 

And with Smith- Corona correction carttidges - unlike 
some other correction ribbons - you don't ever type over 

a spot that has already been used. Or have to fumble around to 
find an unused spot. And they never flake. Never. Or fail to 
correct the mistake_ (We don't believe in corrections that are as 
sloppy as mistakes. ) 

The typewriter at the center of the system. 
When you buy a Smith-Corona cartridge electric 

portable,  you're buying a typewriter that's built to last. It's still 
made to the same exacting quality control standards that have 
made Smith- Corona a household word for "typewriter." 

Smith- Corona typing looks the way typing should look. 
Crisp, clean, straight-as-a-die, and absolutely even . And 
Smith-Corona has more authorized typewriter service centers 
than anyone else in America -just in case something ever does 
go wrong. (And we might add, a Smith-Corona electric portable 
comes with a carrying case worthy of the machine it carries. ) 

So there are really ten good reasons to buy a 
Smith-Corona. Nine unique cartridges, and a typewriter built to 
give you years of dependable use. Which is something no other 
electric portable in the world can give you. 

Smith- Corona. Makes your words (and your mistakes)  
sing. ( Like no other portable . )  

Smith-Corona 
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'Realistie 
.. Ie sailboats 

With g lossy white fiberglass hu l ls, Dacron 
sails, anod ized a luminum spars, sta in less steel 
hardware, e lectric sail sheeting.  

I n  kit form, factory-d i rect only. Prices start at 
about $600. For th ree-channel ric systems. 
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434 EAST ORTEGA STREET 
SANTA BARBARA, CA 93101 
(805) 962-4566 

What are the Experts S 
about -
Genetic Engineering 
Industrial Microbiology 
Biotechnology 
Recombinant DNA 
Interferon 

learn from a summary and abstracts of over 
275 recent interviews with qualified scientists 
active in Genetic Engineering programs, 
including: 

• Glossary of Terminology 
• Selected Bibliography 
• Tables and Charts 
• LIst of Participating Companies 

and Institutions 
• Questlonnalrellntervlew Guide 
• Business References, Patents and 

Research Grants 
• Executive Analysis and Summary 

with speCific reference to key Issue 
related topics 

Over 200 pages of current information includ· 
ing applications, opportunities, trends and 
risks presented in understandable terminology 
and graphics. An ideal reference guide for 
today's business person, investor, professional, 
educator and student. 

Send a check or money order for $90, plus 
$5.00 for shipping and handling. Or send 
your VISA or MASTER CHARGE number, ex· 
piration date and signature to: 

Technology Marketing Group, Ltd. 
950 lee Street, Suite 206 
Des Plaines, Il 60016 

acid yields solely the biologically active 
isomer, whereas the chemical synthesis 
yields equal amounts of both spatial ar
rangements. In other words, half of the 
yield in the chemical synthesis is biolog
ically inactive. Moreover, methods for 
separating the isomers are expensive 
and in some instances are not known at 
all. I suspect that with increased under
standing of cellular metabolism all com
mercially valuable amino acids will be 
made solely by fermentation. 

MSG is produced on a large scale by 
cultures of Corynebacterium glutamicum 
and Brevibacterium flavum. In the U.S.  
the flavoring ind ustry consumes 3 0,000 
tons of MSG annually; a third of this 
amount is imported from Japan and 
from South Korea. The principal sub
strate has been glucose; alternatives are 
the n-paraffin fractions of petroleum, 
which were employed in the late 1 960's 
when they were plentiful and cheap, and 
acetic acid, which is inexpensive and 
gives rise to fewer wastes than glucose. 

An important factor in the commer
cial production of MSG (and other 
amino acids) is inducing the cell to ex
crete it in large quantities. One strategy 
adopted for this purpose is to grow Cor
ynebacterium glutamicum in a medium 
with less than the optimum amount of 
the vitamin biotin, The cell membrane 
then becomes deficient in phospholip
ids; as a result it develops leaks and 
allows more MSG to be excreted. If the 
growth medium has a high level of bio
tin, the membrane must be modified in 
another way, such as by the addition of a 
saturated fatty acid or a detergent. Also 
effective is the addition of penicillin, 
whose antibacterial mode of action is to 
inhibit the synthesis of peptidoglycan in 
the cell wall. 

When the mechanisms governing the 
excretion of MSG are understood, it 
should be possible to apply recombi
nant-DNA techniques to C. glutamicum 
in order to create leaky membranes. 
Such genetically altered strains will 
yield high levels of MSG without a re
quirement for precise regulation of the 
growth conditions and without the need 
for expensive additives such as saturat
ed fatty acids, detergents or penicillin. 

The yield of an amino acid can also be 
increased by the development of a bac
terial strain in which a regulatory mech
anism that ordinarily limits the produc
tion of an amino acid is circumvented. 
In C. glutamicum, for example, lysine 
and threonine are both products of the 
same sequence of synthetic events, and 
the simultaneous presence of both ami
no acids inhibits an enzymatic step early 
in the pathway and hence impedes the 
further production of lysine. In a certain 
mutant strain the steps leading to the 
synthesis of threonine are blocked. The 
mutant bacteria need threonine to grow, 
but it is added slowly so that it and the 
accumulated lysine do not inhibit the 
further production of lysine. With the 
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Smart Sets 
For chess people on the move. 

Now you can keep up with you r game 
wherever you go, with Executive 
Chess, the newest computer chess 
game from SciSys. I ncorporating the 
latest computer prog ramming and 
microprocessor technology, Executive 
Chess also feat u res the l argest LCD 
chessboard avai lab le  today. The chess 
pieces are e lectron ical ly  d i s p l ayed,  
and are moved by a unique four-s ided , 
touch-sensit ive cu rsor contro l .  

Executive C h e s s  won't accept or  a l low 

O
SCiSYS computer chess 
is exclus ive ly endorsed by 
the World Chess Federation . RDE 

i l legal moves,  and offers automatic 
castl i n g ,  "en passant" and pawn 
promotion.  I ts 8- level computer 
p rog ram wi l l  entertain the novice as 
wel l  as fu l ly  extend the enthusiast . 
Years ahead of a l l  other portable 

electron ic  chess games,  i t  s l i p s  
comfortably i nto an attache c a s e .  At 
just under  $ 130 . , Executive Chess is 
just one of e i g h t  Sc iSys computer  
games,  that range in  pr ice f rom u n d e r  
$50 . t o  u n d e r  $500. 
Executive Chess ,  one of the Smart Sets 
from SciSys, the u l t imate inte l l i g ent 
computer games.  
Wr i te  for  l i terature and the name of your  
nearest dealer. 

��
�c�I�Y

s 
One World Trade Center. 

New York, N.Y. 1 0048 (2 1 2) 432-8529 
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Plant a THINK TANK anywhere 
and watch the minds grow! 

home-ollice-school-park-club-churches-Iaboralory 

UnIque Instructionlil games designed by uni
versity professors to make learning fun through 
brain-to-braln action. Beginning games can be 
mastered by young chi ldren - final games will 
challenge InteI I lgent adults. These are the 
famous GAMES FOR THINK ERS from WFF 'N 
PROOF Publishers_ 
WFF 'N PROOF ( logic) 
QUERIES 'N TH EORIES (sci & lang . )  
EQUATIONS (mathematics) 
ON-SETS (set theory) 
PROPAG A N DA (socia l  studies) 
ON-WORDS (word structures) 
CON F IGURATIONS (geometry) 
TRI -N I  M (problem solving) 
REAL N U M BERS (ari thmetiC)  
WFF (beg i nner's logic) 
QWI K-SAN E (topology puzzle)  
TAC-TICKLE (pure strategy) 
TEACH ERS M A N UAL 
M E D ITATION GAM E (pure strategy) 
T H I N KERS BOOKENDS 

$1 6.00' 
1 6.00 ' 
1 3.00' 
1 3.00 ' 
1 3.00 ' 
1 3 .00 ' 

7.75 ' 
6 .75'  
2 .75 ' 
2 .75 '  
2 .75'  
2 .25'  
2 .00 ' 
2 .25 ' 

1 9 .00 ' 

Complete 1 3-K i t  TH I N K  TAN K & Teachers 
Manual  

w i th  Bookends 1 1 9 .50 '  
w i thout Bookends 1 06 .50 '  

• i n c l udes postage & hand l i ng charges 

Order from WFF 'N PROOF 

1 490-E8 South Boulevard. Ann Arbor, Mi 481 04 
Fu l l y  guaranteed. Dea ler i nqU i r ies i nV i ted . 
Gifts that are a COMPLIMENT to rece,ve' 

loss of regulation the synthesis of lysine 
proceeds at the maximum rate. ' In an
other approach no steps are blocked but 
the mechanism of feedback inhibition 
itself is disabled, and so the lysine and 
threonine are allowed to accumulate. 

The outlook for the amino acid in
dustry is bright because of new and 

expanded markets. The world demand 
for animal protein is high, and so is the 
need for lysine and methionine as feed 
supplements. The Eurolysine Company 
in Amiens, France, recently invested $27 
million to double its production of ly
sine. There has been an increase in the 
use of the amino acids glycine and ala
nine as flavoring agents and in that of 
cysteine as a bread texturizer . It has also 
been suggested that gastric ulcers be 
treated with the amino acids glutamine 
and histidine and that liver disorders be 
treated with arginine. 

How will the fermentation industry 
respond to the higher demand? One can 
expect the commercial production of 
more amino acids and an improvement 
in yield brought about by the applica
tion of recombinant-DNA techniques to 
the circumvention of intracellular regu
latory mechanisms. Where the regulato
ry mechanisms are too complex to be 
circumvented conveniently, a precur
sor of the amino acid can be made by 
fermentation and subsequently trans
formed enzymatically. 

Perhaps the most significant contn
bution of genetic engineering to amino 
acid synthesis will be to make possible 
the fermentative production of methi
onine, of which 1 0 5 ,000 tons per year 
are chemically synthesized. The biolog
ical synthesis has always been a goal, 
but microorganisms that yield large 
amounts of methionine have not been 
obtained by mutation and selection. The 
approach has failed because it can ex
ploit only existing biochemical path
ways. With recombinant-DNA tech
niques one should be able to introduce 
the necessary new pathways and regula
tory mechanisms. 

An alternative to the commercial pro
duction of methionine would be the pro
duction of a protein rich in methionine. 
When methionine is added directly to 
animal feed, the feed is bitter. If the bit
terness could be eliminated, methionine 
might be added to human food as a nu
tritional supplement. A protein incorpo
rating large amounts of methionine is 
more palatable than methionine alone. 

It is only a matter of time before the 
synthetic-chemicals industry cedes to 
biological methods the production of all 
amino acids. The new genetic-program
ming techniques may render obsolete 
the "Organic Chemist's Ode": 

Lord, I -fall upon_ my knees 
And pray that all my syntheses 
May no longer be_inferior 
To those conducted by bacteria. 
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Computers for people.™ ATA R I  
Personal Computers are designed f o r  u se 
in the homes of people l ike you .  After al l ,  you 
don't have to be a computer wizard to 
appreciate what breakthrough technology 
can mean, do you ?  
ATARI does more. A l l  personal com
puters contain a microprocessor . . .  the "chip" 
that's so often i n  the news.  But ATA R I  Per
sonal Computers also have a special kind of 
chip,  one that's custom designed by experts 
to provide extraordinary capabil it ies. 
Which means that an ATA R I  computer 
can do more for you .  
The Graphic Difference. I n  a n  ATA R I  
computer, a separate microprocessor oper
ates what experts consider the fi nest color 
display i n  the industry . . . without diminishing 
your ATARI computer's capacity for 
work-or play. 

So, whether you're using the ATA R I  
computer program that monitors you r  i n 
vestment portfol io or t h e  Video Easel T• 
program that teaches design and per
spective, the information shown on 
the screen isn't just more colorfu l ,  it's 
more complete . 
Hear the difference. There's a 
separate chip that produces 
sound, too. It controls four bu ilt- in 
synthetic sound generators that 
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can play s imultaneously, 
producing everything from pure 

m u sical tones to explosion sounds. 
All work and no play? With separate 
system s  for sound and color, do we even 

have to say how much fun games l i ke Space 
Invaders,' Star RaidersT• and Missi le Com

mandT• are? These you' l l  have to see
and hear-to believe. 

A beginning, not an end. The ATARI 
computer is  bu ilt with one goal  . .  , the expan

sion of you r  world . And you r  fam i ly's world . I t  
can speak several programming languages, 

an important extra. And it is  expandable . . .  
com m u nications expansion alone can let 

you use it to send messages, bring the Dow 
Jones averages and the U P I  newswire into 
you r  home, and g ive you access to mi l l ions 

of bits of information from outside data 
banks. All with ATA R I  computer 

peripheral equ i pment. 
The lasting difference. ATARI  Per

sonal Computers are designed not to 
become obsolete . I f  we make im

provements i n  the operating system , 
you can update you r ATA R I  com

puter as easily as chang ing a car
tridge ." In short, your ATARI  

computer won't  be obsoleted by 
future developments . . .  because it 

al ready incorporates the futu re . 

'Trademark of Taito America Corporat ion.  

· *ATARI BOOTIIII computer only. 

Computers for people: 
© 1 981 Atari , lnc .  o A Warner Communications Company 
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Production Methods 
in Industrial Microbiology 

Traditional practice combines with the scale on which 

most products are made to favor manufacture in batches. 

Newer, continuous methods, however, are being explored 

In the applications of microbiology 
to industry the most distinctive ele
ment is usually the biological one: 

the exploitation of a living organism for 
the manufacture of a useful substance. 
As is set forth elsewhere in this issue of 
Scientific American, the methods of ge
netic engineering promise to increase 
the efficiency and the versatility of the 
organisms on which such industries de
pend. It must be kept in mind, however, 
that a biological process can attain its 
full utility only when it is adapted to a 
context of production. Raw materials 
must be brought together with living 
cells or with components (notably en
zymes) extracted from the cells; condi
tions that favor the biochemical trans
formation of the raw materials into 
products must be maintained; often a 
product must be isolated from other 
substances with which it is mixed. 
Hence industrial microbiology requires 
not only microorganisms but also an en
vironment in which the organisms can 
grow and a technology for handling 
them and their products. Both the envi
ronment and the technology are gener
ally provided by a system of vats, pipes, 
pumps, valves and other devices. It fol
lows that genetic engineering is only one 
factor in the success of a biological in
dustry; the contributions of process en
g ineering are also essential. 

For any given biochemical procedure 

by Elmer L. Gaden, Jr. 

there are many ways to organize a plant 
of industrial scale. So far, however, only 
a few ways are practiced; they can be 
divided into two broad categories: batch 
processes and continuous processes. In a 
batch process a vessel is filled with start
ing materials, often including the micro
organisms themselves. The biochemical 
conversion takes place in the vessel over 
a period that can range from a few hours 
to several days. Ultimately the vessel is 
emptied, the product is purified and a 
new batch is started. In a continuous 
process the raw materials are supplied 
and the finished products are withdrawn 
in a steady stream. With such a process 
all stages in the biochemical conversion 
must proceed simultaneously and at es
sentially the same rate. The batch proc
ess can be likened to the operation of a 
steel mill, whereas the continuous proc
ess stands in closer analogy to the opera
tion of a petroleum refinery. 

The choice between the batch and the 
continuous methods must be made on 
economic grounds. In general the con
tinuous methods are best suited for a 
large volume of production; neverthe
less, up to now most products of indus
trial microbiology have been made in 
batches. The reasons, which I shall take 
up below, have to do in part with the 
biological nature of the processes and in 
part with the scale on which most indus
trial m icrobiology is conducted. They 

BACTERIA ARE IMMOBILIZED on cotton fibers for tbe manufacture of an industrial al
cohol (ethanol) in a scanning electron micrograph made by Carl E. Shively of Alfred Univer
sity. The bacteria, of the species Zymomollas mobilis, have been employed for centuries in Cen
tral America for making fermented beverages. One such beverage is pulque, made by ferment
ing the juice of the agave plant. It now appears the bacteria are more efficient than yeast at 
converting carbohydrates into ethanol. To make the micrograph, cotton fibers were woven onto 
a supporting plastic mesh and inoculated with the bacteria. The mesh was fitted into a horizon
tal glass chamber 22 inches long. Nutrients including glucose were introduced at one end; the 
spent medium, including ethanol, flowed out at the other end. After 15 days of operation a 
sample of the immobilized bacteria was taken. It remains uncertain whether the bacteria are 
entangled among the fibers or are held to them by a force such as electrostatic attraction. 

may continue to favor batch methods 
for some time to come. 

As the preceding articles have shown, 
.fl. the industrial processes carried out 
by microbiological means vary greatly 
in their details. In broadest outline, how
ever, they are much the same. From the 
point of view of the technologist the bio
logical steps can almost always be un
derstood in terms of the chemical proc
ess of catalysis. The transformation of a 
substrate into the desired product is ac
celerated by the presence of a catalyst 
and is thereby selectively favored over 
other possible reactions. 

According to this scheme, a microor
ganism is merely a catalyst of exception
al complexity. For example, the yeast 
employed in making beer or wine can be 
regarded as a catalyst for the conversion 
of sugars into ethanol and carbon di
oxide. Of course, the actual agents of 
chemical change are the enzymes made 
by the organism, and in some instances 
the enzyme itself can serve in place of 
the complete cell. In the brewing indus
try this practice is well established: an 
enzyme separated from barley malt or 
from a mold breaks down starch into 
molecules of sugar. 

More commonly, however, the bio
logical transformation of the substrate 
includes several interlocking chemical 
reactions, each reaction catalyzed by a 
separate enzyme. Where the biological 
process is the synthesis of a complex 
molecule, such as an antibiotic, or of a 
protein, such as insulin, entire systems 
of enzymes are recruited to the task. 
Such systems have not yet been made to 
function outside the living cell. Indeed, 
where the prod uct is the cell itself, as in 
the culturing of baker's yeast, all the en
zymes that participate in the metabo
lism of the cell can be considered com
ponents of the catalytic system. 

A distinguishing feature of a biologi
cal catalyst, and a feature that has a ma-
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CARRIER LATTICE MEMBRANE 

ENZYME IS IMMOBILIZED for long-term employment as a cata
lyst in a reactor vessel by any of several methods. The enzyme mole
cules can be held by adsorption or by chemical bonding to a solid car-

rier such as cellulose (0), they can be trapped in the lattice formed 
by a permeable polymer such as a silica gel (b), or they can be trapped 
in spherical capsules made of semipermeable polymer membrane (c). 

jor influence on the design of an ind us
trial plant, is the need of the catalyst for 
a precisely controlled milieu. Even an 
inorganic catalyst operates best at some 
particular combination of temperature, 
pressure and other physical conditions. 
The constraints on the functioning of a 
biological catalyst are much more strin
gent. The temperature and the pH can
not be allowed to vary beyond a narrow 
range. Moreover, when the biological 
catalyst consists of living cells, the me
dium in which the reaction takes place 
must furnish all the nutrients and other 
substances needed to sustain growth. 

The medium serves as a reservoir for 
the substrate and the nutrients and it 
provides the environment where the 
substrate and the catalyst interact. The 
dominant component of the medium is 
almost always water. Even where mi
croorganisms grow on a solid substrate, 
such as grain or hay, the substrate must 
be dampened in order to support mi
crobial or enzymatic action. Although 
some microorganisms and enzymes can 
be preserved by careful drying, they 
have no catalytic activity in the absence 
of water. 

I n addition to providing a suitable 
aqueous environment, the medium 

must meet the nutritional needs of the 
microorganism. A primary need is a 
source of carbon, which ordinarily sup
plies the energy for metabolism. In some 
cases the carbon source is also the sub
strate of the catalyzed reaction, as in 
the fermentation of sugar to yield etha
nol. The commonest sources of carbon 
are the carbohydrates, such as starch 
and sugar. In the 1960's, however, cer
tain hydrocarbons from petroleum and 
some natural fats such as soybean oil 
were considered as alternative sources 
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of carbon and energy. Many microor
ganisms of industrial importance can 
exist on such materials, although some
time s  a period of adaptation is needed. 
Alternative substrates were of interest 
then because grain was expensive and 
petroleum was comparatively cheap. 
The price structure has clearly changed; 
indeed, the biological conversion of 
carbohydrates into hydrocarbon fuels 
is now being considered. Nevertheless, 
there are a few applications in which 
petroleum fractions poorly suited to the 
making of gasoline serve as ingredients 
in a biological process. 

The consideration given to hydro
carbon substrates is an apt illustration 
of the versatility of microorganisms; it 
should be pointed out that the technolo
gy s upporting the microorganisms can
not always adapt to change as readily. 
Hydrocarbons and fats incorporate less 
oxygen than carbohydrates do, and so 
more oxygen must be supplied. Up to 
three times as much oxygen may be 
needed, and the heat released when the 
substrate is consumed is greater by a 
similar ratio. Occasionally the equip
ment available has been unable to pro
vide s ufficient cooling when petrole um 
or fats are introduced as raw materials. 

After carbon is provided, the nutri
ents needed in substantial quantities are 
sources of nitrogen and phosphorus. 
80th elements are incorporated into the 
structural and functional molecules of 
the cell. They also become part of the 
product molecules. A number of other 
nutrients, such as vitamins and metal 
ions, are required in smaller amounts. 
Again, some of these "micronutrients" 
appear as part of the product molecules. 
For example, in the manufacture of co
balamin, or vitamin 812, a supply of 
cobalt must be ensured because each 

molecule of the vitamin incorporates 
an atom of cobalt. 

Oxygen is another element whose sup
ply must be taken into consideration. 
Some fermentative organisms are strict
ly anaerobic, and so oxygen must be ex
cluded from their environment. Where 
oxygen is needed for metabolism, how
ever, the need is absolute. Filtered air is 
the usual source of supply, but with the 
recent increases in the price of electrici
ty the cost of pumping large volumes of 
air has become significant. The cryogen
ic fractionation of air into its compo
nent gases offers a possible remedy. By 
employing enriched air, which has more 
oxygen than the usual 21 percent, the 
volume to be pumped can be reduced. 

Whatever the chemical composition 
of the medium, it is imperative that all 
the components be thoroughly mixed, 
so that the microorganism has ready 
access to the available nutrients and to 
the substrate. Most bacteria and some 
yeasts commonly grow as individual 
cells or as aggregates of a few cells each, 
and they remain suspended in the medi
um. Even in a dense pop ulation they 
have little effect on the physical proper
ties of the fluid in which they are grow
ing, apart from making it cloudy. In 
some cases, however, the cells secrete 
natural polymers that greatly increase 
the viscosity of the medium; they can 
also form large aggregates or grow as a 
slimy film on a surface. 

Other bacteria and yeasts and most 
molds have a quite d ifferent growth hab
it. When they are allowed to grow un
disturbed, they form a tough, continu
ous film, and when they are dispersed 
throughout a fluid medium by vigorous 
stirring, they create a fibrous pulp. If 
enough nutrients can be supplied, the 
cells proliferate until the suspension has 
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the consistency of oatmeal. Such chang
es in the medium have an effect on proc
ess technology. For example, oxygen 
bubbled through a watery medium is 
readily absorbed and transported to the 
sites where it is needed. In a pulpy or 
gelatinous medium, on the other hand, 
the absorption and transport of oxygen 
are impeded. 

starch; yeasts can metabolize the sugar 
but not the starch. Either material, how
ever, requires considerable preparation 
before the yeast cells can be introduced. 
Molasses must be diluted and made 
more acidic; it may also be necessary to 
add m inor nutrients and to remove oth
er substances (such as iron) that are 
sometimes present in concentrations 
high enough to inhibit the growth of the 
yeast or the formation of the alcohol. 
When corn is the raw material, the grain 
is cooked to make the starch soluble; 
then the starch must be converted into 
sugar by the action of enzymes from 
malt. As with molasses, nutrients may 
have to be added and the pH may have 
to be adjusted. All these procedures re
quire time, equipment and energy. 

I t bears emphasizing that the biological 
steps in an industrial process are sel

dom the only steps. The pretreatment of 
raw materials and the extraction, p uri
fication and further alteration of prod
ucts are major factors in the economics 
of industrial microbiology. The impor
tance of the non biological stages can be 
made plain by considering two exam
ples: the production of e thanol and that 
of cobalam in. 

When fermentation of the sugar is 
complete, ethanol makes up from 6 to 
8 percent of the spent medium, which 
also includes by-products, wastes, un
consumed nutrients and many minor 
constituents. The ethanol is recovered 

The commonest raw materials for the 
production of ethanol are molasses, 
which is about 50 percent sugar, and 
corn, in which the major carbohydrate is 
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SEQUENCE OF STEPS in the industrial application of a bacterium, a yeast or a mold as a 
biological catalyst varies from one process to another, but it always follows the outline shown. 
Solid lines represent the main steps common to all processes; broken lines represent options. 
The preparation of the catalyst is shown at the upper left. Whole cells are often employed; in
creasingly, however, enzymes (the true agents of change) are isolated from the cells. Increasing
ly too the cells or the enzymes are immobilized to trap them in the reactor vessel. The prepara
tion of the medium is shown at the upper right. Typically the medium is aqueous and carries 
in solution or suspension the substrates: the substances the catalyst transforms. Where the cata
lyst consists of living cells the medium must also supply nutrients. The pH of the medium is 
adjusted and the medium is sterilized in an effort to prevent contamination by foreign organ
isms. The synthesis and subsequent isolation of the product are shown at the bottom. First the 
catalyst acts on its substrates; then the catalyst and the medium are separated. Some products 
(such as vitamin B 12) remaiu bound to the catalyst. Others (such as penicillin) are excreted 
into the medium. The product emerges in a dilute solution from which it must be purified. 
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and p urified by distillation. In the fer
mentation of grain the solid residue is 
also of value; it is recovered by evapora
tion and drying. The residue consists of 
dead yeast cells, grain proteins and oth
er materials, and it makes a nutritiolls 
animal feed. The sale of the residue con
tributes to the economic feasibility of 
making ethanol from grain. 

In the manufacture of cobalamin and 
related substances the biological cata-
1yst is not a yeast but a bacterium; sever
al species can carry out the synthesis, 
The preparation of the starter cult ure of 
bacteria and of the growth medium arc 
much the same as they are for yeast, 
although more stringent controls arC' 
needed to avoid contamination of the 
culture. The key difference is encolln
tered when the conversion is complete:! 
most of the vitamin is not excreted bv 
the bacteria, as ethanol is by yeasts, bl;t 
is retained within the cells. The cells 
must therefore be treated in a way that 
will release the cobalamin and the relat
ed substances. It is then possible to ex
tract a crude product of roughly 80 per
cent p urity that can serve as a vitamin 
supplement in animal feed. The p urity 
of from 95 to 98 percent required for 
medicinal purposes can be attained only 
through a much more complex and 
thoroughgoing extraction proced ure. 

A concern common to almost all bio
logical technologies is the need to main
tain aseptic conditions. The reason is 
that most products of such technologies 
are synthesized by a pure culture: a pop
ulation of organisms made up of a single 
species or even a single strain of a spe
cies. If foreign organisms contaminate 
the culture, they can disrupt it's opera
tion in several ways. They can directly 
inhibit or interfere with the biological 
catalyst, whether it is an isolated en· 
zyme or a living cell; they may even de -
stroy the catalyst entirely. Alternatively, 
the contaminating organisms may leave 
the catalyst unaffected but destroy thc 
product. Further, the foreign organisms 
can introduce noxious substances that 
are difficult to separate from the prod
uct. In the manufacture of pharmace uti· 
cals the risk of toxic impurities is of par
ticular concern. 

In order to avoid contamination all 
materials entering the culture medium 
are sterilized, including the large vol
umes of air required for aerobic proc
esses. Foreign organisms are filtered 
from the air by a deep bed of glass wool, 
which can itself be sterilized at intervals 
with steam. Steam is also employed to 
sterilize reactor vessels, pipelines and 
other surfaces with which the medium 
comes in contact. The appara.tus must 
be designed and operated so that the op
portunities for invasion by unwanted or
ganisms are minimized. Maintaining the 
integrity of various entry and exit points 
in the system is notably difficult. In spite 
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NUTRIENT RAW MATERIAL PRETREATMENT 

CARBON SOURCE CORN SUGAR 

"INVERSION'" 
MOLASSES SUCROSE -> 

GLUCOSE + FRUCTOSE 
GLUCOSE 

COOKING FOLLOWED BY 
STARCH SACCHARI FICATION: 

STARCH -> GLUCOSE 

GRINDING AND COOKING 
CELLULOSE FOLLOWED BY 

SACCHARI FICATION 

FATS VEGETABLE OILS 

HYDROCARBONS PETROLEUM FRACTIONS PURIFICATION 
BY DISTILLATION 

NITROGEN SOURCE SOYBEAN MEAL 

PROTEIN 
CORNSTE EP LIQUOR 
( FROM CORN MILLING) 

DISTILLERS' SOLUBLES 
( FROM ALCOHOLlC-
BEVERAGE MANUFACTURE) 

AMMONIA 
PURE AMMONIA OR ITS 
CHEMICAL COMPOUNDS 

NITRATE NITRATE SA LTS 

NITROGEN 
AIR (FOR NITROGEN-
FIXING ORGANISMS) 

PHOSPHORUS SOURCE PHOSPHATE SALTS 

NUTRIENTS for the biological catalyst include sources of carbon, nitrogen and phosphorus. 
The choice of a source is made on economic as well as biological grounds; as a source of carbon, 
for example, carbohydrates from grain and other plant products are the ones in widest use. 
Many sources require a specific pretreatment. Starch, for example, must be cooked and then 
broken down into sugar (glucose) before most microorganisms can convert it into ethanol. 

of all precautions, the potential for hu
man error or mechanical failure is great, 
and serious losses are not uncommon. 

I n a batch process most or all of the 
constituents of the medium are com

bined with the biological catalyst at the 
start. Typically they are mixed in a cy
lindrical vessel whose height is from 2. 5 
to four times its d iameter. The capacity 
of the vessel ranges from a few hundred 
gallons to several tens of thousands of 
gallons. In some applications the vol
ume may be still greater. Before about 
1950, when industrial alcohols such as 
butanol were made by fermentation, the 
process was done in spherical tanks with 
a capacity of up to 500,000 gallons. 
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When the vessel is intended for the man
ufacture of products such as antibiotics 
p ure enough for pharmaceutical use, it 
is constructed of stainless steel or of an 
alloy of comparable inertness. For less 
stringent applications a vessel of carbon 
steel or of steel with a coating resistant 
to corrosion will suffice. 

After the vessel is sterilized the start
ing materials enter it by means of a 
number of tubes and pipes. Steam lines 
bathe the various entry points, attesting 
to the requirement that the process op
erate aseptically. In the vessel the cata
lyst and the constituents of the medium 
are mixed by a rotating central shaft 
that carries several impellers. Coils in
side the vessel or jackets that surround 

it provide heating for sterilization and 
either heating or cooling to maintain 
an optim um operating temperature. 
Equipment to monitor and control the 
temperature and the pH of the medium 
is common. Somewhat less often one 
finds equipment to monitor and control 
the concentration of oxygen dissolved in 
the medium. 

As the biological conversion pro
ceeds, nutrients may be added to the 
mixture to sustain the growth of the or
ganisms; if the process is an aerobic one, 
oxygen must be supplied continuously. 
M eanwhile samples of the mixture and 
of gaseous by-products can be removed 
for analysis by means of other tubes and 
pipes. When the concentration of the 
product reaches its maximum level, the 
finished batch is removed 'by means of 
still another pipe. 

The monitoring of conditions in the 
reaction vessel d uring the progress of a 
batch is a matter of urgent concern. As 
mentioned above, the

' 
temperature, the 

pH and the concentration of dissolved 
oxygen can be recordeo continuously. It  
is also useful to know the concentration 
of the su bstances that serve as sources of 
carbon, nitrogen and phosphorus, and 
perhaps also the concentration of a crit
ical micronutr ient. Of still greater inter
est are the amount of biological catalyst 
present and its level of activity. With the 
methods now available it is not possible 
to determine these values directly in the 
reaction vessel. Instead samples must be . 
withdrawn for laboratory assay. 

In principle a continuous industrial 
process often has numerous advan

tages over one done in seq uential batch
es. For example, the continuous process 
usually has the potential of a higher vol
ume of production for an installation of 
a given size. One approach to contin
uous operation is simply to modify a 
batch reactor so that fresh nutrient and 
substrate can continually be added and 
the products of the reaction can continu
ally be removed. A device that has been 
modified in this way is called a continu
ous stirred-tank reactor. It can be con
trolled in two basic ways. In the first 
method the turbid ity, or cloudiness, of 
the outlet stream is monitored. The tur
bidity, which is caused by microbial 
growth, yields a measure of the rate at 
which cells leave the tank. The measure 
controls the rate at which fresh nutrient 
is admitted. The reactor is called a tur
bidostat. 

The second method of controlling a 
continuous stirred-tank reactor is s im
pler and can be applied in cases where 
the product of the reaction does not con
sist of cells. The reactor is called a che
mostat, and it controls the reaction by 
monitoring not the output stream but 
the input stream. In chemostatic opera
tion the concentration of a critical nutri
ent in the feed to the reactor is fixed at a 
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Reddy Chirra improves his vision with 
an Apple. 

Reddy is an optical engineer who's 
used to working for big companies and using big 
mainframes. 

But when he started his own consulting 
business, he soon learned how costly mainframe 
time can be. So he bought himself a 48K Apple II 
Personal Computer. 

And, like thousands of other engineers 
and scientists, quickly learned the pleasures of 
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cutting down on shared time and having his 
own tamper ... proof data base. 

His Apple can handle 
formulas with up to 80 vari
ables and test parameters on 
250 different optical glasses. 

He can even use BASIC, FOR TRAN, 
Pascal and Assembly languages. 

And Apple's HJ...RES graphics come in 
handy for design. 

Reddy looked at other microcomputers, but 
chose Apple for its in--depth documentation, 
reliability and expandability. 

You can get up to 64K RAM in an Apple II. 
Up to 128K RAM in our new Apple III. And 
there's a whole family of compatible peripherals, 
including an IEEE-488 bus for laboratory 
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Visit your authorized Apple dealer to find 
out how far an Apple can go with scientific/ 
technical applications. 

It'll change the way y u see things. 

The personal computer. 

For the authorized dealer nearest you, call (800) 538-9696. In California, call (800) 662-9238. Or write: Apple Computer Inc., 10260 Bandley Dr., Cupertino, CA 95014 
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reliable connectors at prices they 
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How we help your company. 
Whether you're looking for inno

vative connectors, interconnection 
systems, or new uses for either-we'll 
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expected from AMP around the 
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when you ask for it. Products 
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level such that the other nutrients are 
abundant. The level of the critical nu
trient then limits the extent to which 
the microorganisms can proliferate. A 
drawback of the method is that the 
stream leaving the reactor includes ap
preciable amounts of nutrients that are 
not consumed. 

Both mathematical models of the ac
tion of a chemostat and experimental 
studies show that a single-stage chemo
stat of practical size cannot yield a high 
concentration of a product and low con
centrations of unconsumed raw materi
als. The inefficiency is particularly great 
in the synthesis of products such as peni
cillin, which is a secondary metabolite: 
it is made by living cells but its synthesis 
does not arise in the course of the me
tabolism that keeps the cells alive and 
growing. It is characteristic of the ind us
trial prod uction of a secondary meta-

bolite that the proliferation of the or
ganism precedes the acc umulation of 
the metabolite by a significant margin. It  
is also characteristic that the conditions 
of temperature, pH and so on that are 
optimum for the growth of the organism 
d iffer from those that are optimum for 
the formation of the prod uct. A single
stage chemostat can offer at best a com
promise between the two conflicting op
timum environments. Conditions more 
favorable to each stage in the life cycle 
might be provided by devising a che
mostat in which the fluid stream cas
cades through a series of tanks. S uch 
a device would be difficult to operate, 
however, and it seems unlikely that the 
volume of production would be large 
enough to justify the investment. The 
one application in which single-stage 
and multistage chemostats have found 
use is the biological treatment of wastes. 
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Another potential benefit of a contin
uous method of operation is in reduc ing 
losses of catalyst. A definitive character
istic of a catalyst is that it is not con
sumed in the course of a reaction; in 
most batch processes, however, the cat
alyst is discarded with the spent medi
um. The waste can be costly: the value 
of a biological catalyst is at least equal 
to the value of the nutrients consumed 
in growing the cells. 

There are two ways to limit the 
amount of catalyst that is lost from the 
cycle. One way is recycling. In mod
ern industr ial applications, however, it 
is difficult to take living cells from a 
stream of fluid and return them to the 
reactor. Often the cells are damaged, 
and still more often the reactor becomes 
contaminated with foreign organisms. 

The other way to red uce losses is to 
keep the catalyst inside the reactor. The 

pH RECORDER 
AND CONTROL 

I] AIR-FL OW 
RECORDER 
AND CONTROl 

�==:::J -<E<'----AIR SUPPLy 

BA TCH REACTOR is employed for most current applications of 
industrial microbiology. In essence the reactor is a vessel in which 
quantities of the medium and the biological catalyst are mixed and 
then given an optimum environment in which to react. The tempera
ture and the pH are regulated. Filtered air, sometimes enriched with 
oxygen, is bubbled through the mixture. Samples are removed for 

chemical and biological assay. Two strategies are employed to pre
vent contamination: steam is directed through the various inlets to 
keep them sterilized, and the pressure inside the vessel is maintained 
at a value greater than atmospheric pressure. At the end of a period 
that can range from hours to days the batch is drained from the ves
sel so that the product of the reaction call be isolated and purified. 
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PRIMARY METABOLITE is synthesized by a microorganism in the course of the metabolic 
processes that keep the cells alive and growing. In a reactor vessel a primary metabolite ac
cumulates in tandem with the accumulation of the cells that synthesize it. The graph shows 
the accumulation of yeast cells (black) and the concomitant accumulation of ethanol (color). 
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SECONDARY METABOLITE is not formed as a direct result of the metabolism that keeps 
the cells alive. Hence the accumulation of a secondary metabolite in a reactor vessel lags be
hind the growth of the cells that produce it. The graph shows the accumulation of mold cells 
(black) and the subsequent accumulation of penicillin (color). The values of temperature and 
pH that are best for the growth of cells are seldom best for the synthesis of a secondary metabo
lite. In a batch process one seeks a compromise between the two sets of optimum conditions. 
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commonest techniq ue employs a packed 
bed :  a solid support on which the cells 
are encouraged to grow. A contin u
ous reactor of this kind has long been 
employed for making vinegar. Diluted 
wine or fermented cider is percolated 
thro ugh a bed on which a culture of mi
croorganisms that oxidize ethanol into 
acetic acid has been established. The mi
croorganisms, which constitute a mixed 
cult ure rather than a pure one, form a 
slimy film on the surface of the bed. 
A conceptually similar scheme has 
evolved for the treatment of sewage and 
other wastes. The waste stream trickles 
through a filter of bits of stone, ceramic 
or plastic, where a microbial film traps 
the waste particles and oxidizes them. 

I n recent years several new methods 
of immobilizing both enzymes and 

whole cells have been devised. The earli
est and simplest of the methods is ad
sorption: the enzyme molecules or the 
cells adhere loosely (without chemical 
bond ing) to the surface of a material 
such as alumina, charcoal, clay or cel
lulose. Event ually the adsorbed agent 
washes away, but surprisingly long use
ful lives have been reported. For an iso
lated enzyme a firmer attachment can be 
created by forming a chemical bond be
tween the enzyme molecule and a sup
port material, which might be cellulose, 
glass or a manmade polymer. The result 
is a stable preparation capable of ex
tended service; moreover, the fixation of 
the enzyme apparently interferes little 
with its activity. In both of these tech
niques the usual practice has been to di
vide the support material into small par
ticles, creating a packed bed. It is also 
possible to bind the catalytic agent to a 
continuous, flat membrane or to the in
ner surface of a tube. 

A third method of immobilization, 
applicable both to cells and to enzymes, 
is entrapment in a polymer matr ix. 
When starch, a silica gel or certain oth
er polymers are permeated with water, 
they form a meshwork of fibers with 
voids where enzyme molecules or cells 
can become trapped. A limitation of the 
technique is that molecules of the sub
strate, of the product and of the nutri
ents must diffuse through the solid ma
trix, red ucing the rate of reaction. There 
are compensating advantages, notably 
that living cells can be held firmly in 
place without damage. 

In the technique called microencapsu
lation enzymes or cells are enclosed in a 
spherical polymer membrane. The re
sulting capsules range in diameter from 
five to 300 micrometers; they look much 
like enlarged cells. The composition 
of the membrane is chosen so that it 
is semipermeable : the comparatively 
small molecules of the substrate and of 
the product pass through the mem brane 
freely, but the larger molecules of an 
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enzyme or the still larger structure of a 
cell cannot escape. 

The newest approach to the retention 
of the catalyst is copied from the chemi
cal ind ustry. It is the fluid-bed reactor. 
The basic mechanism of such a reactor 
is a vertical tube that widens toward the 

a 

FRESH -7 ��==� 
MEDIUM 

top. The input stream is forced upward 
from the bottom, and so as the cross
sectional area increases with height the 
velocity of the fluid decreases. The cat
alyst, which is suspended in the fluid 
stream, settles at a level in the reactor 
below the level where the liquid stream 

b 
MO TOR 

is removed. The catalyst must C?f course 
have a form that keeps it suspended in 
the reactor. In some applications the 
catalyst (which can be either a microor
ganism or an enzyme) is immobilized on 
particles of coal. 

Given the evident advantages of the 

FRESH � ��==� 
MEDIUM 

IMPE LLER 

CELL-MASS 
DETECTOR 

FEED-FORWARD 
CONTROL 

FEEDBACK 
CONTROL 

c 

FRESH � �=?=� 
MEDIUM 

FEED-FORWARD 
CONTROL 

FIRST 
STAGE 

CONTINUOUS STIRRED-TANK REACTORS represent efforts 
to adapt batcb tecbnology to continuous operation. In a turbidostat 
(0) tbe rate at which cells leave the reactor vessel (as measured by the 
turbidity, or cloudiness, of the outlet stream) governs the rate at which 
fresh nutrients enter. In a chemostat (b) the rate at which a critical 
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SECOND 
STAGE 

¢==� 
OUTLET S TREAM 

nutrient enters the reactor vessel is adjusted so that it limits the rate 
of the reaction. In a two-stage chemostat (c) the mechanism of Con
trol is the same but conditions in the two vessels can differ. Such an 
arrangement is useful, for example, in the production of a second
ary metabolite or in the successive stages in the treatment of wastes. 
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Great MUSE for modern writing. 
Word processing software so 
advanced it uses your computer 
to write everything from 
documents to scientific 
formulas . 

Now, MUSE word processing soft
ware does everythi ng standard word
processors do-and more-quicker, 
easier and more cost-effectively. 

MUSE uses your own computer, runs 
simulta!leously with any number of 
terminals, and fits all popular print
ers . What's more , MUSE has many 
features even standard word proces 
sors can't compete with.  

It's great for first-time users . 
MUSE is as easy to use as a type
writer. Most people learn how to op
erate i t  in just a few hours . For those 
without word processing experience , 
MUSE offers one of the quickest and 
easiest training programs available.  

It saves time and money. 
MUSE reduces your writing time to a 

About the illustration: "tofind man's speech": 
Egyptians wed a hieroglyphics ibis that symbolized 
"to find". The AIiyrian symbol for "man" was 
written in day with cuneiform script. Early Chin.,. 

minimum. It reduces your equip
ment cost drastically, too . If your cor
poration , business or educational 
facility already has computers and 
terminals , MUSE can save you as 
much as 50 percent in cost otherwise 
used to purchase expensive word pro
cessing equipment . 

MUSE takes the work out of 
scientific formulas . 
No word processor is easier to use for 
scientific typing. MUSE displays 6 
levels of superscripts above the home 
line and 6 levels of subscripts below. 
Overlaid and Greek characters can be 
typed as shown: 

6< (x t ) _ �t+6t lOB [T ( x , t l
) ] d t l 

_ ' t 
A twin-track printer interface makes 
typing scientific formulas simple . 
And , an optional terminal is available 
for reading and proofing scientific for
mulas right on the screen. 

Call now for a free telephone 
demonstration .  
characters derived /rom ideograms depict "twrtiJ" 
and "tongue" to symbolize "speech". The alphabet 
consisted of letters representing speech soundr. 

Industrialization gave us the typewritten word and 

See for yourself why we say MUSE is 
great for modern writing .  For a tele
phone demonstration in the U . S .  or 
Canada, call our California or Mary
land phone number. For more infor
mation contact:  = MARC Software 

International, Inc. 
Our software makes it easy. 

525 University Avenue 

Suite 8 10 
Palo Alto, CA 9430 I 
Telephone: (4 15 ) 326- 197 I 
4520 East West Highway 

Suite 605 
Bethesda, Maryland 200 14 
Telephone: (30 I) 656-7083 
Bredewater 26 
27 1 5 CA Zoetermeer 

The Netherlands 

Telephone: 079 . 5  104 I I  

Nippon MARC Co. , Ltd . 

No. 25 Mori Bldg. 

4-30 Roppongi I -Chome 

Minato Ku 

Tokyo, Japan 

Telephone: 586-9669 
TLX :  78 1293 1 1  

MUSE has been applied for 
as a trademark of 
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today, electronic generated writing is the ultimate 
writing tool. 
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contin uous-stream method of opera
tion, why has it made little progress in 
displacing batch methods? Some of the 
impediments are strictly technical. For 
example, it is harder to maintain asep
tic conditions in a continuous reactor. 
When a product is made in batches, all 
the components of the apparatus can 
be sterilized after each batch, so that 
any contaminating organisms have only 
a limited period available for growth 
and proliferation. If the economies of 
continuous operation are to be fully 
achieved, the reactor must operate with
out interr uption for long periods. Any 
microorganism that breached the bar
riers to contamination would grow un
checked. 

Difficulties of this kind could proba
bly be overcome if there were enough 
economic incentive to do so. Actually 
the volume of prod uction in most bio
logical processes remains comparative
ly small, so that the efficiency of a con
tinuous product stream could not be ful
ly exploited .  M oreover, batch methods 

FRESH MEDIUM 

� 

PA CKED BED 

t 
SPENT MEDIUM AND PRODUCT 

PACKED BED is a well-tried tecbnology in 
industries sucb as tbe treatment of wastes and 
tbe manufacture of vinegar. Tbe catalyst is a 
slimy film of microorganisms tbat adberes to 
a solid bed. Often it is a natural culture. Tbe 
medium trickles tbrougb tbe bed from above. 
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offer great operational flexibility:  a reac
tion vessel and the associated apparatus 
can produce a s ingle batch of one prod
uct and can then be t urned immediately 
to the production of a prod uct in greater 
demand. This versatil ity is particularly 
important in the pharmace utical indus
try, where the variety of products is 
large but the quantity of each product is 
small. It is notable that the one area 
where contin uous processes are pre
dominant, namely the treatment of sew
age, is by far the largest microbiological 
ind ustry in terms of the volume of mate
rial processe d .  

When the biological conversion i s  
completed, the product o r  prod

ucts must be separated from the spent 
medium and the product must be p uri
fied. Here a num ber of d ifficulties arise 
that are peculiar to ind ustrial microbiol
ogy. First, many products are chemical
ly fragile.  It  may be necessary to control 
carefully the temperature and the pH of 
the mixture. It may also prove necessary 

SETTLING REGION 

c----�---------.., 

:,':.', 

i 
FRESH MEDIUM 

OUTLET 
STREAM 

FLUID BED is new to industrial microbiolo
gy. Tbe biological catalyst is immobilized on 
particles tbat are suspended in an upwelling 
stream of fresb fluid medium. A widening at 
tbe top of tbe reactor vessel slows tbe fluid 
and tbus keeps tbe catalyst inside tbe vessel. 

to excl ude even traces of metals or other 
impurities. Second, the prod uc't is usu
ally dissolved or suspended in a large 
quantity of water. Either the water m ust 
be removed from the product or the 
product must be removed from the wa
ter. Evaporation or distillation is some
times effective. Distillation, however, is 
energy-intensive; its cost can constitute 
a substantial debit against the value of 
the product. M oreover, when the prod
uct molec ule is fragile, evaporation or 
distillation would destroy it. A number 
of less stre ssful techniques have there
fore been developed. 

One technique is solvent extraction. 
The aqueous solution bearing the prod
uct is combined with a second liq
uid, immiscible with water,  in which 
the product has a greater solubility. An
other techniq ue is adsorption. Here 
the product molecules leave the solu
tion when they become attached to the 
surface of a solid material. Membrane 
separations, where the liquid is driv
en thro ugh a mem brane that blocks the 
passage of the product, are finding in
creased appl ication. M ost of the tech
niques are applied to a stream of liquid 
from which the biological catalyst has 
been removed by a method s uch as fil
tration or separation in a centrifuge. Fi
nally the product is p urified. The vol
ume of material that must be processed 
at this point is generally small and the 
techniques are specific to the product. 

The exploitation of biochemical proc
esses began with food and drink, and 
when industrial applications emerged in 
the 1 9th century, they were rooted in the 
sequence of steps that had become es
tablished thro ugh traditional practices. 
The first step remained the p urification 
of raw materials and the development of 
a seed, or starter, culture:  a natural pop
ulation of microorganisms in which the 
organism whose catalytic activity is use
ful is dominant. Then came the biologi
cal conversion itself: With the manufac
ture of ethanol for use as a solvent rather 
than as a drink the need arose for tech
niques by which specific prod ucts could 
be recovered and p urified.  

The persistence of the traditional 
methods cannot be attrib uted simply to 
the inflexibil ity of the early ind ustrial 
practitioners. The workings of micro
organisms in an ind ustrial process are 
complex and delicate, and many aspects 
of their functioning are still daunting to
day, when a large and prosperous indus
try operates throughout the world. For 
the most part the ind ustry is limited to 
the small-scale batch prod uction of sub
stances of great value. The world econo
my is changing, however. If industrial 
microbiology should become competi
tive for the manufacture of prod ucts 
such as fuels and ind ustrial chemicals, 
a body of knowledge and experience 
wil l  be availa ble to guide the effort. 

© 1981 SCIENTIFIC AMERICAN, INC



Meet some 
�� 

Take the little charmer 
to your right. 

She's not exactly your 
run-of-the-mill starlet 

But then, NOVA isn't 
exactly your run-of-the
mill TV show. 

NOVA is the PBS TV 
show about science 
for people who 
didn't know they 
were interested in 
seience. The show that 
explores everything 
from the underwater 

life of a coastal 
to why boys 

and 

Our version of 
a sta\"studded 
evening. 

This season on NOVA, 
you'll spend an hour 
star-gazing at other 
galaxies of our universe. 
Discover some new 
theories about dinosaurs and 

©TRW Inc., 1981 

their extinction, 
with startling con
sequences for 
previously accepted 
ideas about the his
tory of life on earth. 

Or you can curl up 
with a live volcano, a 
dead sea. Take a 
trip through the 
human 

circulatory system, and 
see for yourself just what 
happens when a heart 

• goes haywire. 
This year NOVA will 

. also take you rock
hunting on the moon. 

Show you how sex 
got started and why 

some species man
age quite nicely with

out it, thank you. 

;t •············�· .. ···'·.··.·. ······.··.8· 
':rp " 

PUBLIC 
BROADCASTING 
SERVICE 

And, of course, you'll 
meet the star above in 
a NOVA program about 

why we're plagued by 
plagues of locusts. 

You'll be enter
tained, absorbed, 

I delighted by it all. 
Every Tuesday 
night. All season 

long. 

On When 
NOVA takes you to 

worlds you've 
never seen. 

NOVA is 
made possible 

in part by a 
grantfrom 

� COMPANY CALLED 

TRW 

© 1981 SCIENTIFIC AMERICAN, INC



© 1981 SCIENTIFIC AMERICAN, INC



Agricultural Microbiology 
Introducing new genes into crop plants by recombinant-DNA methods 

is difficult and not in immediate prospect. Much progress can be made, 

however, by manipulating the microorganisms that live with plants 

i\.handful of soil scooped from the 
fields of a mechanized farm is the 
locus of an unruly turmoil of 

competing microorganisms. In the soil 
thousands of strains contend for nutri
ents and energy, in the process altering 
the chemistry of the soil with the prod
ucts of their metabolism. Moreover, the 
microorganisms themselves evolve in 
response to stresses imposed by their 
environment, including the stresses in
duced by the evolution of their fellow 
species. Suppose into the teeming genet
ic marketplace a new colony of bacteria 
is introduced, one selected, say, for the 
ability to invade the roots of certain 
crop plants. Even if the new bacteria can 
survive the competition and adapt to the 
changeable environment, they may not 
be able to carry out their intended func
tion. They may find that the root system 
is already occupied by other strains of 
microorganisms. 

Interference of this kind is common
place in agricultural practice; it serves 
to illustrate the difference between the 
open field and the fermentation tank. 
There are also similarities: in both agri
culture and industrial microbiology the 
aim is to meet human needs by the selec
tive breeding, culturing and harvesting 
of living organisms. If the fermentation 
tank can be taken to represent an agri
cultural environment, however, it is one 
subject to exceptionally precise control. 
For example, the population of micro
organisms is usually limited to a sin
gle species. In considering the potential 
applications of microbiology to agri-

by Winston]. Brill 

culture, one must begin to explore the 
subtle question of the interaction of 
microorganisms with one another and 
with the biosphere as a whole. 

The growing demand for food and 
other agricultural products is ample 

practical justification for undertaking 
the enormous research effort that will be 
needed in order to apply the methods of 
microbiology to agriculture. It has been 
suggested that the "engineering" of crop 
plants and of the soil microorganisms 
on which they depend may yield hybrid 
grains capable of obtaining their sup
ply of nitrogen directly from the at
mosphere. No crop plant now has this 
capacity; the nitrogen must be fixed, 
or converted into a biologically useful 
form, either by microorganisms or by 
the industrial manufacture of nitroge
nous fertilizers, a process that calls for a 
large expenditure of fossil fuel. Ameri
can farmers spend about $1 billion a 
year on nitrogenous fertilizers for the 
corn crop alone, and so the program of 
research on nitrogen fixation is a grow
ing one. 

Other lines of biological investigation 
may lead to the acceleration of photo
synthesis and to the development of 
crops that can be grown on saline or 
highly acidic soil. These are ambitious 
goals, unlikely to be achieved commer
cially in less than 10 years. Neverthe
less, a great deal of rational exploitation 
and modification of the microbiological 
environment of the farm is within reach 
during the next decade. The agricultural 

MICROORGANISMS ESSENTIAL TO AGRICULTURE include bacteria of the genus 
RhizobiulII, which are seen infecting a root hair of a clover plant. In the photomicrograph, 
which was made by B. Ben Bohlool of the University of Hawaii at Manoa, the bacteria have 
been labeled with a fluorescent dye; they appear as bright chartreuse flecks. They form an in
fection thread that extends from the tip of the root hair into the interior of the root. RhizobiulII 
bacteria live symbiotically in the roots of clover and other legumes; the bacteria supply the 
plant with fixed nitrogen necessary to photosynthesis and the plant nourishes the bacteria. 
Such interactions of microorganisms with plants suggest several ways the new methods of 
genetic engineering might contribute to agricultural practice. For example, the nitrogen-fix
ing capacity of the bacteria might be increased by genetic modification, or the bacteria might 
be induced to colonize plants other than legumes. If the modified organisms are to be effective, 
however, they must be able to compete successfully with strains indigenous to the open field. 

community has only recently begun to 
recognize the potential of microbiologi
cal techniques in plant-cell research. Re
combinant-DNA technology may lead 
to improvements in existing crops and to 
the development of entirely new crop 
types. So far, however, its most impor
tant effect has probably been on indus
trial laboratories, which have been alert
ed to the possibility of applying biologi
cal methods to agriculture. Work of this 
kind is now under way in several dozen 
such establishments, focusing primarily 
on the design of microorganisms impor
tant to agriculture or on the applica
tion of microbiological techniques to 
the manipulation of plants. Perhaps the 
most significant indicator of the revolu
tionary nature of the work is that almost 
all these laboratories have been estab
lished within the past two years. 

How can microbiological techniques 
be applied to traditional agricultur

al practices? There are three main strat
egies. First, microorganisms found to be 
beneficial to plants (or designed for this 
purpose) can be bred and grown in fer
mentation tanks for later introduction 
into the soil. Second, individual cells can 
be isolated from plant tissue and grown 
in nutrient solution. In such cell cultures 
the rate' of mutation can be increased, 
making possible the selection of promis
ing strains, the development of hybrid 
strains that would not be obtainable by 
standard breeding techniques and the 
manufacture in large fermenters of cer
tain plant products, such as digitalis, py
rethrins (which are natural pesticides) 
and licorice. 

Third, foreign genetic material can in 
some cases be introduced into plant 
cells, a practice that could open the way 
for direct genetic engineering of the 
plants themselves. Such techniques are 
still primitive when they are compared 
with the achievements of recombinant
DNA technology with bacteria. Indeed, 
the reverse strategy of inserting plant 
genes into bacteria, so that plant pro
teins can be made by culturing bacte
ria in standard fermentation tanks, may 
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well precede the genetic engineering of 
plant DNA. 

The exploitation of microorganisms 
in the soil is hardly new to agriculture. 
It was well known in Roman times that 
legumes such as beans, peanuts, alfalfa, 
soybeans, peas, clover and lupine en
hanced the fertility of the soil. Soil 
from fields where legumes had been 
grown was added to fields that were to 
be assigned to legume cultivation for the 
first time. The Romans could not have 

known that the underlying justification 
of their sound empirical practice is the 
presence of bacteria of the genus Rhi
zobium, which infect the roots of some 
legumes and fix atmospheric nitrogen 
[see "Biological Nitrogen Fixation," by 
Winston J. Brill; SCIENTIFIC AMERICAN, 
March, 1977]. As the term infect sug
gests, the introduction of Rhizobium into 
legumes resembles a disease process, 
but it is one in which the plant cooper
ates. The Rhizobium bacteria enter into 

ATMOSPHERIC NITROGEN 

t t t t � 

a symbiotic relation with the plant: the 
bacteria obtain nourishment from the 
plant and in turn provide the plant 

'
with 

usable nitrogen in the form of ammonia 
(NHa). The relation is an intimate one, 
in which the bacteria actually enter the 
roots of the legume and form the visible 
growths called nod ules. 

For the Romans a population of Rhi
zobium bacteria in the soil ensured root 
nodulation and subsequent nitrogen fix
ation in new fields of legumes. It is also 

ATMOSPHERIC 
FIXATION 

PHOTOSYNTHESIS 

\ \ \ i i 
DENITRIFICATION 

LEACHING 
NITROGEN CYCLE maintains a balance between two vast reser
voirs of nitrogen compounds: the earth's atmosphere and the earth's 
crust. Because green plants can utilize nitrogen only when it has been 
incorporated into cbemical compounds such as ammonia (NU3) the 
plants cannot extract nitrogen directly from the atmosphere, where 
it takes the form of diatomic molecules (N 2)' Atmospheric nitrogen 

must therefore be fixed either industrially or by bacteriological or 
other natural processes such as lightning. Although only a small frac
tion of the total nitrogen supply is required by plants, fixation must be 
carried out constantly. Fixed nitrogen is lost through the leaching of 
the soil, through the harvesting of crops and through the action of de
nitrifying bacteria that convert fixed nitrogen into its diatomic form. 
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PROJECT 
Clone 5005Ant;-hCG:8 

COMPANY 
MAb, Palo Alto, CA 

ENGINEERING 
A USEFUL ANTIBODY 
Persuading a few spleen cells to 
react to an antigen is no great 
trick. These days, vir tually anybody 
with a few mice and a tissue cul
ture laboratory can get into the 
monoclonals business. But there's 
a difference between getting into 
the business and making useful 
monoelonal antibodies. 

At MAb (Monoelonal Anti
bodies, Inc.), we've been at it for 
nearly three years. Before that, 
our principal scientist pioneered 
monoclonal technology. And while 
the newer firms have been learn
ing how to make monoclonals, 
we've been inventing a process 
for making useful monoelonals ... 
a process we call "monoelonal 
engineering:' 

Because the techniques 
involved are neither simple nor 
inexpensive, monoclonal engi
neering has so far been applied 
only to internal development pro
jects. But now, to make a point, we 
offer research quantities of an 

impor tant antibody created by 
MAb monoelonal engineering ... 
Clone 5005 Anti-hCG-,B. 

Clone 5005 was engineered 
for clinical chemistry. If you've 
experimented with monoelonals, 
you know that they rarely shine 
in assay applications. Despite 
ambitious specificity claims, for 
example, monoclonal antibody to 
hCG often reacts with Lutenizing 
Hormone in assays. And, some
how, monoelonal affinity often 
proves less than fierce in competi
tive binding. Or the antibody isn't 
stable long enough fo be useful. 

Clone 5005 is a typical 
example of MAb monoclonal 
engineering. It produces antibody 
to a site on the beta chain which 
is one of the few hCG antigenic 
determinants not appearing 
on LH (or TSH or FSH). That's why 
Clone 5005 antibody shows less 
than 1% crossreactivity with 
LH in RIA and EIA competitive 
binding assays. 

The best monoclonal anti
hCG-,B affinity specification 
we've seen published is 5x109\1m. 
Through monoelonal engineering, 
Clone 5005 produces anti-hCG-,B 
with an affinity of 5x1011 \1m. 

As delivered (lyophilized 
in sealed vials), Clone 5005 anti
hCG-,B is stable for two years at 
2-8°C, After reconstitution, it is 
stable for 60 days at 2-8°C, 

Applications are presently 
limited to investigational use only. 
Not for use in humans or for 
diagnosis. 

Since the first monoclonal 
antibodies were made in 1975, 
hundreds of scientists have 
become interested in these pure, 
potent immune proteins. 

Write or call for price and 
technical data on Clone 5005 
anti- hCG-,B or the potential 
application of monoelonal 
engineering in your scientific, 
medical or industrial business. 

��� THE MONOCLONAL ENGINEERS 
MONOCLONAL ANTIBODIES, INC, ·719 COLORADO AVENUE, PALO ALTO, CA 94303, 415-327-2204 

© 1981 SCIENTIFIC AMERICAN, INC



Each Issue Of 
FINE HOMEBUILDING 

Is Alive With Ideas 
Ideas about renovating older homes 
and building new ones. Ideas drawn 
from master architects, experienced 
bu ilders and adventur ou s  home
owners. The kinds of ideas that get 
you thinking in new ways. 

And to help you put your own ideas 
to work, Fine Homebuilding mag
azine gives you the information you 
need. Detailed information about: 

Construction and renovation methods 

House design and planning 

Energy conserving systems and 
strategies 

Architectural details 

Plus facts and figures about 
materials, tools and traditions_ 

�-.}.lI4 H Q " F RLIIIJ ' . - I,Nt. 

--( I 

dillthium Press publishes over 80 
HUes on all phases of microcom· 
putlng for the beginner, the business 
person and the professional 

I Write 10r -; 1re; catalog! - - --I 
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1 
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1 B eaverton, OR 97005 1 
1 0, call our toU·lree numbe" (800) 547-l&42 1 
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the basis of the traditional practice of 
crop rotation, because fixed nitrogen 
left in the soil by a crop of legumes can 
be taken up by grain plants, which do 
not form nodules. In 1888 Rhizobium 
was isolated by the German investiga
tors Hermann Hellriegel and H. Wil-

farth, and within 15 years deliberate in
oculation of soil with cultured bacte
ria became agricultural practice. Today 
strains of Rhizobium are packaged with 
a supporting agent such as peat. 

The importance of nitrogen to plant 
metabolism is now well understood bio-

ROOT HAIR 

/ 

INFECTED CELLS 

INFECTION OF A ROOT HAIR of a legume by Rhizobium begins when the bacteria attach 
themselves to the root hair (1) by means of a template.matching mechanism. The plant and 
the bacteria recognize each other through specific proteins. The bacteria then enter the root 
hair through an infection thread and stream into an internal ceU of the root (2). The infection 
causes the cell to swell and divide (3). The result is a root nodule: a thick mass of infected cells. 
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The New Discipline Of 
Immuno-Genetic Engineering 

DNAX is assembling the basic research and 
appropriate development capabilities to 
generate products based upon the binding 
properties of antibodies. A broad range of 
specific opportunities is expected to be opened 
by combining genetic engineering, immuno
biology and polymeric delivery technologies, 
for which we have adopted the name 
Immuno-Genetic Engineering. 

The first goal of DNAX is to develop the 
technology to produce, on an industrial scale 
by fermentation techniques, the essential seg
ments of the immunoglobulin proteins 
responsible for the specific and strong affini
ties of antibodies. These novel molecules are 
called: 

Minimum Binding Site (MBS),M peptides. 

One significant field of applications for MBS™ 
peptides is therapeutic products. The drug 
delivery technology pioneered by ALZA 
Corporation and licensed to DNAX will facil
itate the creation of therapeutic systems that 
take full advantage of the properties of MBS™ 
peptides suitable for particular diseases. 

Many other applications of MBSTM peptides 
in diagnosis and chemical processes are 
also envisioned. 

Dr. Alejandro Zaffaroni, founder and chair
man, has assembled a team of distin
guished advisors· and researchers with the 
knowledge and skills necessary to realize 
the company's objectives. 

The DNAX Research Institute of Molecular 
and Cellular Biology has been organized in 
Stanford Industrial Park as an open 
environment to encourage close collaboration 
with other researchers in academic institu
tions and industry. 

*THEDNAX 
SCIENTIFIC ADVISORY 

BOA RD INCLUDES: 

Paul Berg 

William Dreyer 

Avram Goldstein 

Edgar Haber 

Leroy Hood 

Michael Hunkapiller 

Kurt Isselbacher 

Arthur Kornberg 

Roger Kornberg 

Thomas Kornberg 

Ronald Levy 

Harden McConnell 

George Palade 

Samuel Strober 

Irving Weissman 

Charles Yanofsky 

For further information on DNAX (pro
nounced dee-nax), write to William P. O'Neill, 
PhD., Vice President, Corporate Develop
ment, at the address below. 

DNAX Research Institute of Molecular and Cellular Biology, Inc. 
1454 Page Mill Road, Palo A lto, California 94304. 
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HEM'S WHAT 
WE'M DOING 

NO\v. 
Boeing is widely known as the 

world's number one manufacturer 
of aircraft. 

And indeed we are. 
But we would also like our asso

ciates in the scientific and engineer
ing community to know some of the 
other areas in which Boeing innova
tion is creating opportunities for 
Boeing people by expanding the 
frontiers of knowledge and capacity. 

That is the intent of this report. 
But frankly we are also looking for 
engineers and scientists who can 
help us carry a myriad of high 
technology projects through to 
successful completion. 

If this interests you, we would 
like to hear from you. Just see the 
Help Wanted section of this report. 

BE:YOND FRONTIE:RS OF SPACE:. 
If your field is deep space, you 

will find Boeing there, too. 
We are working on a design for 

an orbiting manned spacecraft for 
NASA - a centuries old dream of a 
small community in space with 
practical operational as well as 
scientific functions. 

And we will be going deeper 
into the darkness of space with an 
Inertial Upper Stage space truck de
signed to carry both man's cargo and 
curiosity to new distances not reach
able by conventional spacecraft. 

During this decade, we will 
also deliver a platform for a Viking 
Satellite spacecraft that will give 
planet Earth a new perspective on 
the universe. This spacecraft is 
more than a vessel. Indeed, it's an 
enormously sophisticated tool that 
will house instruments that can 
measure the subtle interaction of 
solar wind and the earth's mag
netosphere. And, thus, the mys
teries of the aurora borealis and its 
impact on communications may 
well be near solution. 

BACK ON PLANE:T E:ARTH. 
Boeing technology is also being 

put to work to make this planet a 
better place on which to live and work. 

At Boeing, we believe imagi-

native technology as well as social 
engineering can provide the an
swers to problems of providing a 
better standard of living in a crowded 
and resource-short world. 

Consider energy. It's a bit like 
the weather. Everyone talks about 
it. But, at Boeing, we are doing 
something about it, based on dec
ades of aerospace experience. 

And the things we have 
learned about critical scheduling, 
reliability and innovative engi
neering, we put to work on projects 
like massive oil production plat
forms that are built onshore and 
floated out as giant islands to 
previously inaccessible oil re
serves. 

Boeing's energy projects are 
not limited to fossil fuels, however. 

We are also looking for new, 
more efficient ways to produce en
ergy from the wind and sun. 

We have already built giant 
wind turbines which are producing 
energy for electric utilities. 

And we are designing an 
advanced solar central receiver for 
second generation power plants. 

We are also applying the 
Boeing principles of innovation and 
accomplishment to dozens of 
other fields - highly sophisticated 
military systems, mass transporta
tion, electronics, desalination, pol
lution control, power and computer 
systems - to name just a few. 

GE:TTlNG PE:OPLE: TOGE:THE:R. 
And in the business of building 

airplanes? 
Boeing's leadership in the 

commercial airplane industry has 
advanced with the rollout of the 
767, a new generation of fuel
efficient jetliners engineered to 
save millions of gallons of fuel. 

The same engineering excel
lence that made possible the new 
767 and another advanced model, 
the 757 (scheduled for rollout in 
January 1982), is being applied to 
updating and improving our entire 
family of jet transports to meet the 
changing industry and passenger 
needs of the world. 

All of these goals have been 
achieved because of an important 
factor. 

B'DEIA'G 
GETTING PEOPLE TOGETHEfl, 

Our engineering and design 
teams have dedicated themselves 
wholeheartedly to the development 
of new designs, new materials, 
new aerodynamics and advanced 
technology. 

And that takes talent. 

HE:LP WANTE:D. 
Right now, we are looking for 

more good people - the best elec
trical, mechanical and aeronautical 
engineers - to help us achieve 
even more aggressive goals. 

If you would like to become 
part of an innovative engineering 
team that specializes in advanced 
technology, please send your resume 
to The Boeing Company, P.O. Box 
3707-CCK, Seattle, WA 98124. 

After all, at Boeing, we reach 
for the stars. Even when we are 
building airplanes. 

An equal opportunity employer. 

WHO KNOWS 
WHATWE'LL DE 

DOING N€XT. 
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o Please send me a year of Nature at \'2 price, $86.50, plus 
my free Directory of Biologicals 

o I prefer to try Nature for 6 months: $50. 0 3 months: $30 
o I enclose my personal check 

o Please bill my credit card account 

Account No .. 
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Address 
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chemically. Nitrogen is incorporated 
into a great variety of biological mole
cules, and it is an essential constituent of 
proteins, where the peptide bond that 
links one amino acid to the next is 
formed between a nitrogen atom and a 
carbon atom. If the amino acids of dead 
plants were simply returned to the soil, 
new crops could recycle the dead matter 
immediately into new proteins. In the 
soil, however, amino acids are disman
tled to yield ammonia or nitrate ions 
(N03-). The nitrates are further broken 
down by the bacteria called denitrifiers 
into molecular nitrogen (N 2), which is 
returned to the atmosphere, completing 
a nitrogen cycle. Moreover, when crops 
are harvested or when rainwater carries 
dissolved nitrogen compounds to deeper 
levels of the ground, the nitrogen-bear
ing matter is physically removed from 
the topsoil. Leaching, harvesting and the 
activities of denitrifying bacteria result 
in a net loss of fixed nitrogen, which 
must be replaced if the next crop is to 
synthesize more protein for growth. 

How can the nitrogen-fixing action of 
Rhizobium on legume roots be en

hanced, thereby increasing crop yield? 
A straightforward approach is through 

plant breeding, which does not require 
microbiological techniques at all. For 
example, if the rate of photosynthesis 
were increased by selective breeding, 
the bacteria in the nodules might be 
able to fix more nitrogen. By combin
ing plant breeding with microbiological 
techniques for modifying the Rhizobi
um. however, even higher yields of plant 
protein might be obtained. 

A few years ago my colleagues and I 
at the University of Wisconsin at Madi
son began to apply the screening proce
dures of the pharmaceutical industry 
to nitrogen-fixing bacteria. The bacteria 
were first exposed to mutagenic sub
stances or to ionizing radiation as a 
means of increasing the rate of mutation 
in the colony. Plants were then inoculat
ed with mutant bacteria and the amount 
of nitrogen fixed by each strain of bacte
rium was measured. In this manner we 
obtained several mutants capable of sig
nificantly higher levels of nitrogen fixa
tion than those afforded by standard 
inoculants. The soybean plants in the 
experiment showed superior growth. 

The experiment was done in a labora
tory growth chamber, and it was im
portant to test the effects of the mutant 
bacteria on plant growth under field 

SUNLIGHT �o--:? i �3H2 

Y 12H+ 

PHOTOSYNTHESIS NITROGENASE � 12e-

2NHY ®==® 
N2 WITHOUT hup GENE 

SUNLIGHT ;:;-

HYDROGENASE 

1 "w y'-----1 b� PHOTOSYNTHESIS 

12e- � 
N NITROGENASE � 0'_ 

®===®_2 _______ �'--_____ _' ------'�,. r2NH3 

WITH hup GENE 

BIOCHEMICAL SHORT CIRCUIT leads to a wasteful release of hydrogen gas (Hz) as a by
product of the enzymatic reaction by means of which Rhizobium bacteria convert molecular 
nitrogen (Nz) into ammonia (NH3). The hydrogen has no known value to the plant or to the 
bacteria; instead it seems merely to waste energy derived from photosynthesis. The energy serves 
to segregate free protons (H + ) and electrons (e - ), which then drive the reactions of nitrogen fix
ation. If the protons and electrons recombine to form hydrogen, however, the energy is dis
sipated. In some strains of Rhizobium bacteria a gene carried by a plasmid circumvents this 
inefficiency. The gene, designated hup, codes for the synthesis by the bacteria of the enzyme 
hydrogenase. Hydrogenase catalyzes the breakdown of hydrogen gas into its constituent pro
tons and electrons for reapplication in nitrogen fixation. The introduction of the hup gene into 
a Rhizobium inoculant has been shown to give the inoculated plant higher seed yields than 
those of plants infected with strains of Rhizobium bacteria that do not synthesize hydrogenase. 
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conditions. Soybeans were planted i� ni
trogen-poor Wisconsin fields; one plot 
in each field was inoculated with the 
mutant bacteria and a second was not 
inoculated. There was no difference in 
growth or yield between the two plots: 
even the uninoculated control plot pro
duced a good soybean crop. 

We had encountered precisely the ef
fect that distinguishes agricultural from 
ind ustrial practice: the effect of natural 
populations of microorganisms in the 
uncontrolled environment of the open 
field. Indigenous strains of Rhizobium 
formed most of the root nodules in both 
test plots; the superior nitrogen-fixing 
mutants were unable to compete with 
the indigenous strains. When the mu
tant bacteria were introduced into fields 
where legumes had never been cultivat
ed, they did lead to greater yields of soy
beans. Our current plan to overcome the 
difficulty borrows a traditional tactic of 
the plant breeder: we seek to identify the 
most competitive strains of bacteria and 
to obtain mutants with better nitrogen
fixing properties from those strains. 

The procedure of inducing random 
mutations and then screening for 

useful mutant bacteria is inefficient. Mi
crobiologists in a number of laborato
ries are studying the genetics and the 
biochemistry of infection by Rhizobium 
so that the bacteria can be directly mod
ified by genetic engineering. In all nitro
gen-fixing organisms the agent responsi
ble for fixation is the enzyme nitrogen
ase, which catalyzes the conversion of 
molecular nitrogen into ammonia. In 
the reaction a transport protein donates 
electrons to the nitrogenase, which in 
turn transfers them to the diatomic mol
ecule of nitrogen by a mechanism that is 
not yet fully understood. Three nega
tively charged electrons come to be as
sociated with each atom of nitrogen; 
thereafter three protons (hydrogen nu
clei) are withdrawn from the intracellu
lar medium to neutralize the charge. 
Hence each diatomic molecule of nitro
gen yields two molecules of ammonia. 

The transfer of electrons from nitrog
enase to molecular nitrogen has an ener
getically wasteful side reaction. Many 
of the electrons recombine with protons 
before they reach the nitrogen; the re
combined electrons and protons are re
leased as molecular hydrogen gas (H2)' 
Certain strains of Rhizobium synthesize 
hydrogenase, an enzyme that converts 
molecular hydrogen back into electrons 
and protons for reuse by nitrogenase. 
Hydrogenase could therefore serve as a 
kind of afterburner that would make the 
nitrogen-fixing bacteria more energy
efficient. The enhanced bacterial effi
ciency would enable the plant to direct 
its energy more to seed yield than to the 
support of its symbiotic bacteria. Inves
tigators at Oregon State University have 
recently demonstrated the effectiveness 
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of hydrogenase in the open field. They 
showed that field-grown soybeans inoc
ulated with a strain of Rhizobium that 
makes hydrogenase have a greater yield 
than soybeans inoculated with a strain 
lacking the enzyme. 

Workers at the John Innes Institute in 
Britain have shown that the hydrogen
ase made by certain strains of Rhizobi
um is coded for by a single gene and that 
the gene is found on a plasmid, a loop 
of DNA separate from the bacterial 
chromosome. It should be possible to 
transfer the hydrogenase gene to Rhizo
bium strains that lack the enzyme but 
have other characteristics making them 
desirable as nitrogen fixers. 

Not all symbiotic nitrogen fixation is 
conducted by Rhizobium bacteria, and 
not all nitrogen-fixing bacteria attach 
themselves to legumes. The key to en
gineering microorganisms that fix ni
trogen for cereal crops may be in un
derstanding the details of such natural 
symbioses. There is only one well-docu
mented instance in which Rhizobium has 
been found to nodulate a plant other 
than a legume; it was reported by an 
investigator in Western Australia. A 
number of other nitrogen-fixing bacte
ria, however, have been identified and 
isolated. The bacterium Frankia alni 
fixes nitrogen for the alder tree and cer
tain other nonlegume plants. Alder can 
therefore be employed in crop rotation 
much as legumes are: alder seedlings are 
mixed into forests in order to enrich the 
soil for commercially valuable trees 
such as Douglas fir and poplar. 

Some bacteria fix nitrogen in the soil 
without entering into symbiosis with 

a plant. In my laboratory Stephen W. 
Ela and I are trying to get the nitrogen
fixing bacterium Azotobacter vinelandii. 
which does not take part in natural sym
biotic relations, to bind to the roots of 
corn and so fertilize the corn. Ordinarily 
A. vinelandii makes no more ammonia 
than it needs for growth. Hence our first 
step was to obtain mutants that excrete 
excess ammonia. This can be accom
plished by finding mutants for which 
feedback pathways that report an excess 
accumulation of ammonia have been 
blocked. 

To make the ammonia available only 
to the corn our next goal has been to 
make the bacterium bind tightly to the 
roots of the corn plant. Several years 
ago two of my colleagues transferred 
certain Rhizobium genes to A. vinelandii 
and succeeded in getting the latter to 
stick tightly to clover roots. If genes that 
specify binding to corn roots rather than 
clover roots can be introduced into A. 
vinelandii. the corn should be able to 
take in the ammonia excreted by the 
bacteria. 

In another aspect of the same project 
we are attempting to breed varieties of 
corn that will be able to meet the ener-

If you're a friend of Jack Daniel's. let us know. We'd enjoy heartng from you 

BURNING TENNESSEE HARD MAPLE 
for charcoal to smooth out Jack Daniel's 
lS a far cry from burning a fire. 

Chemists wonder why all 
this wood doesn't burn to 
fine ash. But, using Ten
nessee hard maple and a 
whole lot of skill, our 
rickers get charcoal every 
time. And we pack 
lt lnto 

room-high vats to mellow the 
taste of Jack Daniel's. Just 
watching this charcoal burn 
is a nice way to spend idle 
moments. Discovering how 
it gendes Jack Daniel's 
lS the nicest moment of all. 

CHARCOAL 
MELLOWED 

6 
DROP 

6 
BY DROP 

Tennessee Whiskey· 90 Proof· Distilled and Bottled by Jack Daniel Distillery, 
Lem Motlow, Prop. Inc., Route I. Lynchburg (Pop. 361), Tennessee 37352 

Placed in the National Register of Historic Places by the United States Government. 
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rli� HEWLETT 
a:� PACKARD 

Convert your HP-41C 
to a HP-41CV for $95.00. 

If you need professional 
calculating power check 
out the full performance 
alphanumeric HP-41CV 
from Hewlett-Packard. If 
you own a HP-41C convert 
it to HP-41CV calculating 
power with the HP 82170A 
Quad RAM. Both offer con
tinuous memory, saving 
data and programs even 
while the machine is off. 
Customize the entire key
board by assigning 
functions and programs to 
any key you choose. The 
NEW HP-41CV offers all 
the power of the HP-41C 
plus five times the built-in 
memory with the addition of the 

HP-41CV 
� 

$269.95 
NEW HP-82170A Quad RAM. like the HP-41 C, it 
has four ports allowing you to plug in an entire sys
tem of peripherals. And to put solutions to work for 
you, Hewlett-Packard offers a wide-ranging choice 
in software. At The BACH Company the choice is 
yours. We have a large selection of HP-41 C's, HP-
41CV's and a complete range of peripherals in 
stock for immediate delivery. 

ORDER NOW TOLL FREE-Call 800-227-8292 
including Hawaii and Alaska, in California 800-982-
6188. Send check or money order to P.O. Box 
51178, Palo Alto, CA 94303. Order product # 1 02. 
Calif. residents add 6'12% sales tax. Please men
tion this magazine. 

Tha BACH Company 

. lII$t" I 715 Ensign Way .-, _ Palo Alto, CA 94303 

Sept. 25-29 
SKY ART Conference '81 

Center for Adva nced Visual Studies 
Massachusetts Institute of Technology 

The first ot 4 major international confer
ences over the next 4 years. SKY ART '81 
explores the expressive and cultural 
possibilities ot sky and space, 

The program will teature leading artists 
and scientists with events (sky opera and 
sky sculpture), presentations and panels 
as well as exhibits, film and video 
showings. 

Registration for all activities: $200, $95 
students; single-day registration, $55, 
Registration due date: Sept. 21, 1981 
(Late fee, $25� Limited enrollment. 

For complete information: 

SKY ART Conference '81 
Center for Advanced Visual Studies 

Massachusetts Institute of Technology 
40 Massachusetts Avenue, Building W11 

Cambridge, MA 02139 
(617) :!53-2804, (617) 253-4415 

Partially supported by the Notional Endowment tor the Art, 
sponsored by MIT 
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gy requirements of the bacterium. The 
corn plants currently under cultivation 
in the U.S. cannot support A. vinelandii. 
By selective breeding of varieties of 
corn from throughout the world Ela has 
been able to increase the production on 
corn roots of carbon compounds that 
serve as a source of energy and electrons 
for nitrogen fixation by A. vinelandii. 
We have now developed corn plants ca
pable of obtaining perhaps 1 percent of 
their nitrogen from the bacterial associ
ation, and we are sufficiently encour
aged by our results to try to improve 
the percentage. 

Plants can benefit from many other 
associations with microorganisms that 
are just beginning to be understood. At 
the University of California at Berkeley 
biologists have shown that the addition 
of certain strains of the bacterium Pseu
domonas pulida to sugar beet seeds or 
to potatoes increases the yield of the 
plant. It appears the bacterium secretes 

agents that sequester iron in the soil. By 
this means the iron near the roots of 
the plant is made unavailable to poten
tially harmful fungi and bacteria that 
need iron for growth. 

The soil fungi called mycorrhizae 
colonize plant roots and can create 

what amounts to an extension of the 
root system of the plant. For example, 
they can make phosphate available to 
plants in phosphate-poor soil by con
verting the phosphate into a soluble 
form and transporting it to the roots of 
the plants. Mycorrhizae can also trans
port water to the plant, collected beyond 
the reach of the plant's root system. 
Plants grown on land reclaimed from 
strip-mining have been inoculated with 
strains of mycorrhizae, Other strains 
may soon have considerable econom
ic importance in forestry because they 
stimulate the growth of tree seedlings. 
So far, however, there has been relative-

AUGMENTED ROOT SYSTEM is formed when loblolly pine seedlings are inoculated with 
the soil fungus Pisolithus tinctorius, a species of mycorrhiza. In the upper photograph the 
fungi are absent and the surface area of the roots is limited. In the lower photograph the my
corrhizae contribute to a denser root system with a larger surface area for the absorption of 
water and nutrients. The inoculated seedlings grow more rapidly and are more likely to survive. 
Colonies of mycorrhizae can also extend into regions of the soil not accessible to the root sys
tem of a plant, thereby increasing the volume of the soil that can be tapped by the root system. 
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Despite the old adage, putting your eggs in one basket can 
make sense. If you're talking about financial eggs-and the 
basket is Bank of America! Especially if you still have a lot of 
goals yet to be achieved. Because that's when you can use 
all the help you can get. And the more you use us, the more 
help we can be. 

A wide range of financial services. At Bank of America, you'll 
find a myriad of services that are valuable when used separately 
-invaluable when used together. Take Combined Balance 
Service:" for instance. With it, you can use your savings account 
to help you get checking free of monthly charges. Even Interest 

S t- Checking. Or say you're ready to buy a second car or a bigger orne Irnes house. If you have a good working relationship 

�ith u�, it's easier for us to advise y�u about your 
financing needs-to be of more assistance to 

-t d t you with financial planning and give you better I oes pa� 0 advice about ho�to su�ceed in today's 

.. , complex economic environment. 
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the servICes provided by California's 
largest financial institution. - b lciet Services like Money Transfer Service In one as and, if you qualify, Instant Cash for 

_ o�erdraft p�otection and BankAmericard'" 
Vlsa� And since many of our branches 

offer VERSATEL LERTM Pushbutton BankingTM machines, you can 
do your banking every day from 6 a.m. to midnight. Put it all 
together and you'll see why putting it all together at Bank of 
America means you can spend less time on banking and more 
time on the things you really want to do. 

Now is the time to start building a permanent relationship with 
us. That way, we can be an even greater help to you today, 
and in the future. So come in and talk to one of our financial 
officers and we'll be glad to share our expertise with you. 

And show you why it really can pay to put your financial 
eggs in one basket. 

BANKOFAMERICA ffi 
G:r - 
LENDER 
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ly little work done to match specific 
strains of mycorrhizae to specific plants 
and growing conditions. 

The culture of individual plant cells 
or groups of cells can provide a source 
of plant products that is not subject to 
variability of crop yields or to the uncer
tainties of international trade. Many 
plant products, such as pharmaceuti
cals, pesticides and flavoring agents, 
have been isolated from tropical plants 
and can probably be produced by grow
ing plant cells in large fermenters. 
Moreover, the individual plant cell is an 
extraordinarily efficient and convenient 
medium in which to develop new plant 
varieties. When plant cells are exposed 
to a mutagen and placed in a stressful 
environment, varieties adapted to the 
stress quickly appear and can be select
ed for culturing. 

When a stress such as a toxic agent or 
the lack of an essential nutrient is im
posed, only those mutant cells that by 
chance are adapted to the stress will sur
vive. In successive generations of cells 
the progeny of the selected cells can be 
developed into finely tuned organisms 
adapted to a specific set of environmen
tal conditions. The same method has 
long been employed in selecting indus
trial microorganisms such as molds and 
bacteria that can synthesize antibiotic 
agents resistant to degradation. 

Once the desired plant cell has been 
. selected it can be grown in culture to 
form the mass of unorganized tissue 
called a callus. Plant hormones can 
sometimes cause the callus to become 
organized into the stems, roots and oth
er differentiated parts of the mature 
plant. A plant resistant to the fungal tox
in that causes southern corn leaf blight 
was developed from tissue culture by 
biologists at the University of Minneso
ta. They applied the toxin to the culture 
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and then selected the resistant cell lines. 
Only a few plants have been success

fully regenerated from single cells, and 
the regenerated plants do not always 
inherit the properties selected for in 
the single cell. A herbicide-resistant cell 
does not necessarily give rise to a herbi
cide-resistant plant, even though the in
dividual cells remain herbicide-resistant 
when they are grown again in culture. 
Moreover, single plant cells grown in 
culture are usually diploid or polyploid: 
each cell has at least two copies of every 
chromosome. The genetic information 
carried by the cell is therefore coded at 
least twice. In these circumstances most 
mutations are recessive. The recessive 
gene has no effect on the parent plant, 
but it may make its presence felt in suc
ceeding generations. As a result the 
characteristics of the progeny of the 
cells cannot be predicted with certainty. 
Haploid cells, which have only one copy 
of each chromosome, have now begun 
to be cultured, and it should be easier to 
detect the mutants. 

Removing the walls of a plant cell 
with enzymes gives rise to the naked cell 
called a protoplast. Protoplasts from 
two unrelated plants can be made to 
fuse, creating a single cell that can re
generate a cell wall and grow for many 
generations in a nutrient solution. In a 
sense the process is equivalent to sexual 
reproduction between different species 
of plants, but a mature hybrid plant is 
seldom generated. At the Max Planck 
Institute for Biology in Tiibingen proto
plasts from a potato and a tomato were 
fused and did develop into a mature hy
brid plant that has been given the name 
pomato. The pomato plant is sterile, 
however, and bears neither potatoes in 
the ground nor tomato fruits hanging 
from the stems. 

The transfer of genes from one organ-

, 

ism to another represents the most so
phisticated application of microbiolog
ical strategies to agriculture, but it is 
the least well developed of the three I 
have mentioned. Indeed, compared with 
the recombinant-DNA methods devel
oped for work with animal genes the 
work done with plant genes is quite lim
ited. The principles of foreign gene in
sertion, however, are the same for plant 
cells as they are for animal cells and for 
bacterial cells. 

In order to insert a plant gene into a 
bacterium it is first necessary to iso

late the gene by means of the enzymes 
known as restriction endonucleases. The 
target gene must then be transported in
side the host cell by a plasmid or virus 
vector. In this way workers in a num
ber of laboratories have cloned plant 
genes in the bacterium Escherichia coli. 
The successful introduction of a foreign 
gene into a cell, however, does not al
ways mean that the protein product of 
the gene will be expressed by the cell. 
For proteins to be expressed additional 
intracellular chemistry must be set in 
motion, and it is not yet understood pre
cisely how this can be accomplished in 
every case. 

If microbiologists succeed in express
ing plant proteins in bacteria, the pro
teins can be made by growing the bacte
ria in fermentation tanks. The process 
could then be carried one step further, at 
least in principle. Numerous valuable 
plant products such as pharmaceuti
cals, pesticides, oils, waxes and flavor
ing agents are generally 

'
synthesized by 

plants in multistage chemical reactions 
where several enzymes take part. If the 
genes for all the enzymes can be ex
pressed in a bacterium, the bacterium 
can in effect become a factory for the 
synthesis of the plant compound. 
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INTRODUCTION OF FOREIGN DNA into plant cells may be 
accomplished by exploiting the natural infection process of the bac
terium Agrobacterium tumefaciens. The bacterium carries a plasmid 
(a loop of DNA separate from the bacterial chromosome) that causes 
crown-gall tumors in most dicotyledonous plants and induces the in-
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PLANT CHROMOSOMES 

fected plant cells to synthesize the nitrogen compounds called opines. 
The mechanism of the infection has been termed genetic coloniza
tion: a section of the plasmid called T-DNA combines with chromo
somal DNA in the nucleus of the plant cell. The plasmid might there
fore serve as a vector for inserting foreign DNA into plant cells. The 
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A much more challenging goal is the 
introduction of foreign genes into plant 
cells. Several potential paths are being 
explored. Perhaps the most promising 
method focuses on a plasmid found 
in the bacterium Agrobacterium tume/a
ciens. A. tume/aciens induces a tumor 
called a crown gall in wounded dicotyle
dons, the large class of flowering plants 
that includes legumes, tomatoes and nu
merous other crop plants (but not the 
cereal grains). The mechanism of the in
fecting bacterium is to insert a segment 
of its plasmid into a chromosome of 
the plant cells. The inserted segment is 
called transfer DNA, or T-DNA. 

The insertion of T-DNA is therefore a 
natural form of genetic modification, 
and it endows the infected plant cells 
with several unusual properties that are 
probably essential to the formation of a 
crown gall. Ordinary cells proliferate in 
culture only in the presence of plant 
growth hormones, but cells infected 
with A. tume/aciens do not require such 
hormones. The release of the cells from 
hormonal control may account for their 
unusually rapid growth in the tumor. 
The infected cells also manufacture the 
enzyme opine synthetase, which cata
lyzes the synthesis by the plant cell of 
nitrogen-rich compounds called opines. 
Opines seem to be required by A. tume
/aciens as a source of nitrogen. Hence 
crown galls can be understood as the 
outcome of a biological strategy devel
oped by the bacterium to secure the ni
trogen necessary for its growth. 

Investigators at the University of 
Leiden have been able to infect tobacco 
cells in culture with A. tume/aciens. They 
showed that tobacco plants regenerat
ed from the infected cells retained the 
T-DNA and continued to make opine 
synthetase. More recently investigators 
at the Max Planck Institute for Plant 
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Breeding in Cologne demonstrated that 
the gene coding for the expression of 
opine synthetase is passed on through 
the seed to succeeding generations. Such 
results justify some confidence that if 
foreign genes can be spliced into the A. 
tume/aciens plasmid in association with 
the T-DNA, they will be expressed as 
proteins in the mature plant and carried 
through the seed to the progeny. 

Another method under investigation 
for introducing foreign DNA into plant 
cells utilizes the cauliflower mosaic vi
rus (CaMV). DNA from this plant virus 
can be isolated and spliced into a plas
mid for insertion into the bacterium E. 
coli. There the DNA can be amplified, or 
reproduced many times; the amplified 
DNA retains the ability to infect the 
cauliflower and' a range of plants related 
to it. Investigators are now working to 
determine which places along the viral 
DNA are suitable for the introduction 
of foreign genes. 

I f genes can be introduced into plant 
cells at will, one important applica

tion may be the insertion of nitrogen-fix
ing genes (ni/ genes) into cereal plants. 
Workers at the University of Sussex 
have assembled a bacterial plasmid 
that includes all 17 of the known nil 
genes from the nitrogen-fixing bacteri
um Klebsiella pneumoniae. When the 
plasmid was transferred to E. coli, the 
latter, which is normally incapable of 
fixing nitrogen, became a nitrogen-fix
ing microorganism. 

Even more promising are the recent 
successes of groups of investigators at 
Cornell University, the Pasteur Institute 
and the University of Paris. They intro
duced the 17 ni/genes of K. pneumoniae 
into yeast. Yeasts, being eukaryotic or
ganisms whereas bacteria are prokary
otic, are much more closely related to 
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the higher plants than they are to bac
teria. Hence the introduction of nil 
genes into yeast cells marks the crossing 
of a significant biological barrier. 

Nevertheless, the yeast cells carrying 
the ni/genes were not able to express the 
inserted DNA: they were not able to fix 
nitrogen from the atmosphere. The fail
ure illustrates the complexity associated 
with the genetic engineering of biologi
cal functions embodied in more than 
one gene. The transferred DNA must 
first be transcribed correctly into RNA 
by the yeast. Correct transcription can
not be assumed as a matter of course, 
because the yeast must correctly inter
pret the bacterial signals to start the 
transcription and to stop it. The RNA 
must then be exported from the nucleus 
and be recognized by the ribosomes as 
a messenger RNA for translation into 
protein. The 17 proteins that express the \ 
ni/genes must then function together in 
the foreign cytoplasm of the yeast cell. 
There may be impediments to such 
functioning. For example, the nitrogen
ase molecule has in its structure a large 
number of iron atoms. Enough iron is 
evidently on hand in nitrogen-fixing bac
teria, but it is not certain the heavy de
mand for iron can be met in a plant cell 
without jeopardizing the synthesis of 
other enzymes essential to the plant. 

Doubts of this kind can arise even 
when it seems at first that the expression 
of a particular plant function calls for 
only one gene. The enhancement of pro
tein quality in food is a major goal of 
agricultural research. The stored pro
teins in some grains and other seeds, for 
instance, are deficient in amino acids es
sential to human and animal nutrition. It 
was once thought that the insertion of a 
single gene, coding for a stored protein 
with a better balance of amino acids, 
would be sufficient to improve the quali-
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plasmid would be cut open at a site within the T-DNA and the foreign 
gene would be spliced into it: The T-DNA is replicated when the tu
mor cells of a crown gall divide, and tumor cells grown in tissue 
culture continue to carry T-DNA. It has been possible in some cases 
to regenerate a plant from the cultured tumor cells; T -DNA is still 

found in the chromosomes of the regenerated plant. Moreover, the 
gene carried by T-DNA that codes for the enzyme opine synthetase 
is passed on to daughter plants as if it were an ordinary dominant 
gene. If foreign genes inserted into T-DNA are also transmitted to 
plant progeny, new plant strains could be genetically engineered. 
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A little girl shouldn't Have to beg for food. 
But Nita must. 
Her frail mother, who spends aU 

day in the marketplace peddling 
straw mats, can't sell enough to feed 
Nita and her two younger brothers. 

For $15 a month through our 
sponsorship program, you can help a 
child like Nita. For a destitute child, 
your generosity can mean health, an 
education -even life itself. 

. - - - - - - - - - - - - - - .. 

Write to: Mrs. Jeanne Oarke Wood, 
Children Incorporated, P.O. Box 5381, 

Dept. SA9Nl, Richmond, Va. 23220 USA 
o J wish to " adopt" a boy 0 ,  girl 0 ,  in 

O Asia,O Latin America, OMiddJ� East, 
O Mrica, O USA, o Guatest Need. 

o J will pay 1 1 5  a month (I l ia  a y�ar). 
Encl�d is my gift for a full y�ar 0 ,  th� 
first month O . P1�asu�nd � t� child's 
name, story, address and picture. -

o J can't "adopt," but will h�lp I __ _ 

o P1�a� �nd = furt�r inf ormation. 
o If for a group, pl�� s�cify. 

Church, Class. Oub, School, 8usinru. nc. 

NAME 

ADDRESS 

CITY STATE ZIP 

U.S. lifu aff fully tax drductibk. 
Annual fi nancial stal nntnlS a� available on Kqunt. 

CHIlDREN, INC. 
L _ _ _ _ _ _ _ _ _ _ _ _ _ _  .I 
2 12  

ty o f  the protein. I t  is now understood 
that major seed proteins are often col
lections of numerous related proteins, 
each of the latter being encoded by a 
separate gene. In order to make a signifi
cant improvement in the overall quality 
of the stored protein many of the genes 
might have to be individually modified. 

Although such technical problems 
!pay be difficult to overcome, they are 
probably not the limiting factors in the 
application of microbiology to agricul
ture. In the long run more stringent con
straints will be the comparatively small 
financial commitment to basic research 
in agriculture and the loss of irreplace-�CHAO��Cr� 

Escherichia / � KlebSiella I \. 
YEAST coli / � pneumoniae t mt 
CELL at YEAST 0 E coIl 0 /ENES 

YEAST 
CELL 

'V PLASMID PLASMIDS t CLEAVE � CLEAVE t J U�GA� U�GAT' 

O ����� 
PLASMID 

INTEGRATION 

o 

HYBRID 
E. coli 

PLASMID 

INTEGRATION 

o 

o 

GENES FOR NITROGEN FIXATION have been inserted into the genome of a yeast 'n a 
two-stage proc ess. In the first stage plasmids from the bacterium Escherichia coli and from a 
yeast ceD are cleaved and then fused to form a single hybrid plasmid. The hybrid plasmid can 
be recognized by the yeast ceD and integrated into its chromosomal DNA. In the second stage 
the genes to be introduced into the yeast are isolated from the chromosome of the bacteri
um Klebsiella pneumoniae, a nitrogen-fixing organism. The genes, coDectively designated nit. 
code for some 17 proteins. Another E. coli plasmid is cleaved and the isolated nif genes are 
introduced to form a second hybrid plasmid. Because of the bacterial DNA already inserted 
into one of the yeast chromosomes the yeast cell recognizes the hybrid E. coli plasmid. The plas
mid is then integrated into the yeast chromosome. The experiment was carried out by A1adar 
A. Szalay and his co-workers at CorneD University. Although the insertion of the prokaryotic 

nil genes into the eukaryotic yeast ceUs demonstrates that genetic material can be transferred 
between difterent biological systems, the nitrogen-fixing proteins are not expressed in yeast. 
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It pays to expand 
in Europe 

* Return on investment in manufacturing in Europe up 28070 
* Return on investment in trading up 21 % 
* Return on investment in finance and insurance sectors up 26% 

Expand where itpays-
in Redditch,England 

and be incJha kespeare(};Yunfry 

The facts speak for themselves : 
Europe is taking on an increasingly 
significant role in the business 
strategies of u.s .  Corporations as 
levels of investment and profit 
achieve new heights .  

As a result,  Corporate policy
makers are looking even more 
closely at investment and 
expansion opportunities in Europe . 

For many of these Corporations, 
England is  the obvious location 
for administrative functions . 

And at the 'Hub of England ' is 
Redditch, a thriving business 
community situate midway between 
Birmingham (England' s  second city) 
and Shakespeare' s  birthplace at 
Stratford- upon-Avon .  

� 

Redditch combines a first class modern 
working environment with a tradition of 
industry and enterprise stretching back 
hundreds of years . 

Mail off the coupon for more 
information about Redditch - we may 
have the sol ution to your office needs in 
Europe. 
• Source: Survey a/Current Business Aug. 1979. 

REDDITCH 
The Hub of England 

~ 

r - - - - - - - - - - - - - - - - - -, 

Please send me further 
information about Redditch 

Name __________________ __ 

Position in Company __________ _ 

Company ________________ _ 

Address ________________ _ 

Redditch Development Corporat ion,  

c/o The Economist Newspaper I nc . ,  

75 Rockefeller Plaza, 

New York . NY 100 1 9  U . S . A .  

REDDITCH 
L _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  j 
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Engineers and other Aerospace Professionals 

Your great ideas today 
could becotne a great advance totnorrow 

at Martin Marietta 

Great advances are built on solid experiences. At 
Martin Marietta Aerospace, we're playing a 
bigger role than ever in the extraordinary 
evolution in defense and space technology. We 
know that tomorrow's great ideas are going to 
come from those people working in a challenging 
and sophisticated environment with today's great 
technologies. In Orlando we're working on a 
broad range of projects including the Millimeter
wave Contrast Seeker used in the Copperhead 
Guided Projectile. Our success has led to many 
on-going projects including Pershing il, a tactical 
interdiction system, and TADS/PNVS, a 
helicopter fire control system. 

When you join Martin Marietta, you'l find the 
excellent salary and complete benefits coverage 
you'd e xpect from an ind ustry leader. Learn 
about career opportunities in Orlando, or our 
other locations by sending your resume or a 
letter to the facility of your choice. 

In Orlando: P.O. Box 5837-MP#9, Orlando, FL 
32855; In Denver: P.O. Box 179, Mail #0-131 1 ,  
Denver, CO 80201 ; At Vandenberg AFB: 
Box 1681 , Vandenberg AFB, CA 93437; In 
New Orleans: Michoud Assembly Facility, 
Box 29304, New Orleans, LA 70189. 

We are an equal opportunity employer, m/f/h. 

NlARTIN NlARIETTA 

f11i.LlimeieJt -Wauc 
Gmtll.aJt SeeF..OL 

© 1981 SCIENTIFIC AMERICAN, INC



Engineers and other 
Aerospace Professionals 

Bring your 
great ideas to 

Martin 
Marietta 

OR LANOO, FLORIDA 
Orlando is situated in the 
center of Rorida's year-round 
outdoor living and cultural 
activities. Orlando also boasts 
an exceptional education 
system and no state income tax. 

• Guidance/Control 
Systems Analysis 

• System Requirements 
AnalysislDefinition 
Integration 

• Radar System Design 
• ATE Electronic or 

Software Design 
• Structural I)ynamics 

Analysis 
• Facilities Design: 

EE, ME, HVAC 
• Tool Design 
• Industrial Engineering 
• NC Progra mming 

D ENVER, COLO RADO 
Located on the foothills of the 
Rocky Mountains, Denver 
offers year-round recreational 
and cultural opportunities 
including theater, symphonies 
and museums. 

• Electronics Engineers 
• Systems & Test 

Engineers 
• Manufacturing 

Engineers 
• Mechanical Engineers 
• Quality Engineers 
• Software Engineers 
• Materiel 
• Finance 

able genetic resources from the total 
gene pool. 

According to an analysis prepared 
I\. by the National Science Founda
tion, Federal support for research into 
all aspects of plant science was $206 
million in the fiscal year 1 977, 2.3 per
cent of the $ 8.8 billion spent by the Fed
eral Government during that year for 
all basic and applied research. President 
Reagan's 1 982 budget calls for a $69 1 -
million research allocation to the De
partment of Agriculture, a 5 . 3  percent 
share of the $ 1 3 . 1  billion now proposed 
for all basic and applied research in 
1 9 82. Of this, however, only a small 
fraction will be available for studies of 
agricultural applications of microbiolo
gy. For example, the Competitive Re
search Grants program of the Depart
ment of Agriculture will administer $26 
million in basic research funds in 1 982 
for studies of nitrogen fixation, photo
synthesis, genetic mechanisms of crop 
improvement, plant and environmental 
stress and the requirements of human 
nutrition. Microbiological studies will 
receive only $4 .8  million. Of all recom
binant-DNA investigations monitored 
by the National Institutes of Health, Fed
eral grants for genetic engineering in 

agriculture amounted to only $ 1  million 
in the fiscal year 1 980, compared with 
some $24. 5 million for medical research 
and $27 .5  million for general research. 

The accelerated destruction of the 
gene pool is doubly ironic. It is caused 
primarily by the clearing of land in the 
tropical rain forest for farming. More
over, it is happening at the dawn of an 
age in which such genetic wealth, until 
now a relatively inaccessible trust fund, 
is becoming a currency with high imme
diate value. Estimates place the annual 
extinction rate as high as 1 ,000 species 
per year, and there is still little organized 
effort for maintaining genetic reserves. 

The microbiologist will be only one 
worker among many who will partici
pate in the development of new field 
crops and agricultural practices. It is 
particularly important that the micro
biologist work closely with the plant 
breeder, not only because of the experi
ence of breeders with the effects of labo
ratory modifications on field crops but 
also because many of the techniques of 
the two disciplines actually overlap. Fu
ture work may disclose unexpected bar
riers to the application of microbiologi
cal ideas in agriculture, but it is at least 
as likely that such ideas can readily be 
put into practice. 

BENEFICIAL BACTERIA attached to the root hairs of a sugar beet plant are enlarged 6,300 
diameters in a scanning electron micrograph made by Trevor V. Suslow and Douglas G. Gar
rott of the University of California at Berkeley. The bacteria Pseudomollas pulido suppress 
the growth of other microorganisms near the roots by extracting iron from the soil. The iron 
is tightly bound in molecules synthesized by the symbiotic bacteria and so becomes unavail
able to fungi and other soil bacteria that could be harmful to the plant roots. Competition 
for essential nutrients is thereby reduced and. significantly higher sugar beet yields can result. 

2 1 5  
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THE AMATEUR 
SCIENTIST 

Why do honey and syrup form 

a call when they are poured? 

by] earl Walker 

P
our a thin stream of honey onto a 
small pool of honey and you will 
probably see that the fluid forms a 

coil on the surface of the pool. Syrup, 
glue, oil and liquid chocolate are among 
the other viscous fluids that behave this 
way. As an alternative to coiling you 
may see the fluid fold back and forth in a 
ribbonlike pattern or wrap around in 
some other pattern. 

The first study of these phenomena 
was made in the late 1950's by George 
Barnes, who is now at the University of 
Nevada at Reno, and two of his stu
dents, James MacKenzie and Richard 
Woodcock. They worked with a heavy 
oil (No. 140 transmission oil) that they 
poured into a dish. When the stream was 
circular in cross section, it coiled on 
reaching the pool. When it was fairly flat 
because it had been poured over an 
edge, it resembled a folded ribbon. If the 
stream fell onto a surface that was not 
horizontal, it formed a figure eight or a 
petal-like figure. 

The frequency of coiling depended on 
the height from which the stream fell, 
being larger with a greater fall. This re
lation was linear for long distances but 
more complicated for short ones. A cer
tain minimum fall was necessary. If the 
fall was less than the minimum, the fluid 
entered the pool without coiling. When 
the fall was more than the minimum, the 
stream reached the surface at a rate of 
speed higher than the rate at which the 
pool could absorb it, and so it began to 
form a coil. 

When the stream fell quite far, the 
coiling generated a cone of oil that rose 
slightly above the surface of the pool. A 
stream that coiled quickly usually re
sulted in a relatively high cone, although 
the height was never more than a centi
meter. A cavity formed at the top of a 
tall cone as the stream coiled there. 

Barnes observed that a given particle 
of oil in a falling stream does not spiral 
around the central axis of the stream but 
instead is confined to a vertical plane. As 
the particle approaches the region of 
coiling it moves to the side and off the 
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central axis before continuing on to the 
surface of the pool. Barnes tried to fol
low the motion of individual particles of 
fluid by inserting particles of aluminum 
into the stream, but the motion of the 
particles was too swift to monitor. 

Barnes then directed the light of a 
stroboscope at the stream. When he 
matched the frequency of the flashing to 
the coiling freq uency of the stream, each 
flash illuminated the stream at the same 
phase of coiling. To Barnes the coil ap
peared to be stationary. If the frequency 
of the stroboscope was slightly out of 
synchrony with the coiling rate, the coil 
appeared to turn slowly. Barnes could 
monitor a rapidly turning coil by effec
tively slowing it in this way. 

The next investigation of liquid coils 
was made by Geoffrey Ingram Taylor, 
one of this century's leading investiga
tors of fluid dynamics. He attributed the 
coiling to mechanical stress in the vis
cous stream as it approached a pool of 
fluid at fairly high speed. The fluid in a 
stream increases in speed as it falls be
cause of the acceleration of gravity. The 
stream also becomes narrower. Both ef
fects figure in Taylor's explanation of 
coiling. 

To make sense of the narrowing one 
must compare the speed of the fluid as it 
passes through two cross-sectional slices 
of the stream, one near the bottom and 
the other near the top. The volume of 
fluid passing through a slice each second 
must be the same, but the speed is great
er through the bottom slice than it is 
through the top one. Because the same 
volume of fluid must pass through each 
slice each second and also because the 
stream is moving faster through the bot
tom slice the bottom slice must have a 
smaller diameter. 

If the stream is moving faster than the 
fluid can enter the pool, the stream be
gins to slow down and to widen a short 
distance above the pool. Each particle 
of fluid passing through the narrowest 
section of the stream must slow down. 
The force responsible for the slowing is 
stress in the part of the stream just be-

low the narrowest section. Stress is·the 
force per unit area of a cross section 
through the stream. It is greatest at the 
narrowest section because the area is 
smallest there. If the stream is sufficient
ly narrow, the stress causes the stream 
to buckle to one side. 

The deflected stream also further 
buckles in a direction that will initiate a 
circular motion around the central axis 
of the stream. Coiling begins. More fluid 
enters the buckled region, waiting its 
turn to enter the pool, and the stream 
moves in a circle around the central axis. 

The coiling frequency depends on 
how narrow the stream becomes. A nar
row stream buckles only slightly to the 
side, so that the radius of the coil it 
makes is small. Since the speed of the 
fluid particles in such a thin stream is 
relatively high, the fluid coils around the 
central axis with a high frequency. 

In a stream with a somewhat wider 
narrow region the buckle is farther to 
the side, creating a coil with a larger 
radius. The frequency of coiling is lower 
because the speed of the fluid particles 
in a wider stream is lower. The size of 
the narrowest portion of the stream de
pends on the size of the stream as it 
leaves the container and the distance 
through which it falls. If one examines 
streams flowing from an aperture of a 
fixed size, only the height matters. 

Suppose the container of fluid is ini
tially just above the pool and is then 
raised. At first the distance of fall is too 
short to give rise to coiling. When coil
ing begins, the stream is still fairly wide 
even at its narrowest point. The coils 
have a large radius and the coiling fre
quency is low. As the container is raised 
more the thinnest section of the stream 
narrows, the radius of the coils decreas
es and the coiling frequency increases. 
Eventually the container is so high that 
the stream breaks up into drops. 

Taylor made his studies primarily with 
streams of glycerin. When the glycerin 
fell through air, its acceleration was the 
normal acceleration of gravity: g. To 
vary the acceleration Taylor made a 
stream fall through a less viscous fluid. 
The acceleration of the stream was then 
less than g because the surrounding fluid 
provided an upward buoyancy. The ac
celeration of the stream was calculated 
from a comparison of the specific gravi
ty of the stream and that of the sur
rounding fluid. The specific gravity of 
glycerin is about 1.255, of fresh water 
1. The difference is .255, and so the ac
celeration of a glycerin stream falling 
through fresh water is .255 g. 

Such a stream does not increase in 
speed as rapidly as it would in air. Sup
pose an experiment is designed to com
pare the coiling in the two cases. Glycer
in will be poured through the same aper
ture and from the same height. When it 
falls through air, it coils at a certain fre-
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A falling stream of corn syrup forming a tall coil on a pool of corn syrup 
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Get
li
a $20 rebate 

ont e 
TI-59 Programmable. 

Even without the $20 
rebate, the TI-59 is special 
-it's our most powerful 
programmable, and we've 
never offered it at a lower 
price. 

State Software ™ modules 
and successfully attack 
complex engineering, 
business, statistical and 
scientific problems. And by 
adding the optional PC-lOOC 
printer, you can record your 
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quency. When it falls through water, the 
coiling frequency is lower because just 
above the pool of glycerin the stream 
moves slower than it does in air. 

Taylor also made a stream of glycerin 
fall through two layers of fluid, each 
layer less dense than the glycerin. The 
stream coiled as it passed from the first 
layer into the second. The first layer 
had the smaller specific gravity, as was 
shown by the fact that it floated on the 
second layer. Thus the acceleration of 
the stream was larger in the first layer 
than it was in the second. If the change in 
acceleration at the boundary between 
layers was sufficiently large, the stream 
was stressed as it crossed the boundary. 
If the stream was sufficiently thin at that 
point, it buckled and coiled as it de
scended through the bottom layer. 

Once a stream begins to coil, its down
ward speed changes. The ratio of the 
two speeds depends on the diameter of 
both the stream and the coil. The ratio is 
equal to the diameter of the stream di
vided by the product of pi and the diam
eter of the coil. 

In my investigations of the coiling of 
viscous liquids I set up a ring stand to 
hold a paper cup inside an aquarium. 
Below the cup was a small plastic plat
form onto which a fluid stream fell from 
a hole in the bottom of the cup. The 
platform was convenient when I photo
graphed the coiling stream because the 
draining of the fluid off the platform en
sured that the coils would always be at 
the same height above the bottom of 
the aquarium. 

I made the hole in the cup with the 
point of a pencil: I tried to make the hole 
smooth on the inside of the cup so that 
small flaps of paper would not alter the 
flow of the fluid. The diameter of the 
hole was about four millimeters. The 
cup, which I set snugly in a ring clamped 
to the stand, could be raised or lowered 
by adjustments of the clamps. 

I started with Karo dark corn syrup. 
The stream of syrup fell through air and 
onto a shallow pool of syrup on the plat
form. The height of the fall was the dis
tance between the platform and the top 
surface of the syrup in the cup. (Because 
of the fluid pressure on the syrup at the 
bottom of the cup a particle of syrup 
going through the hole has the same 
speed it would have had if it had fallen 
from the top surface of the syrup.) 

When the height of the fall was be
tween seven and 13 centimeters, the 
stream coiled as it hit the pool. With a 
shorter fall there was no coiling. With 
a longer fall the syrup emerged from 
the cup in spurts. Each spurt displayed 
some coiling or a more complex twist
ing, but there was no sustained coiling 
and no cone. 

When the fall was fairly long, the 
stream was quite thin just above the 
platform and quickly built up a cone 

that extended about a centimeter above 
the platform. At the top of the cone the 
coiling of the stream was too fast for my 
eye to follow. The coiling could be in 
either direction, but once it started it 
would not reverse. 

When the fall was shorter, the stream 
was relatively thick just above the pool. 
No cone developed and the rate of coil
ing was slow. The horizontal extent of 

Central axis 

the coiling also depended on the height 
of the fall. In a long fall the stream ex
tended to the sides only a few millime
ters; in a short fall it extended about a 
centimeter. 

I partially filled the aquarium with 
tap water and repeated the experiments. 
The syrup fell through the air and then 
through the water. The fall was relative
ly long, so that the coiling was fairly 
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fast, although the rate was lower than it 
was when the syrup fell only through the 
air from the same height. The cone in 
the pool of syrup was considerably less 
well defined than it was in the preced
ing demonstration because the coiling 
was more erratic. 

I increased the specific gravity of the 
water by stirring in salt. The accelera
tion of the stream through the salt water 
was less than it was through the tap wa
ter. After leaving the salt water undis
turbed for a long time I repeated the 
experiments. The coiling frequency was 
somewhat less than it was in the tap wa
ter. Again the coiling and the formation 
of the cone were not well defined. 

With strong back lighting on the im
pact area I saw the circulation of the salt 
water created by the coiling. Vortexes 
shed by the coiling made the salt water 
first swirl away from the cone and then 
move upward and back to the falling 
stream of syrup. 

With a considerable distance between 
the cup and the surface of the water the 
syrup fell from the cup in bursts. The 
lower end of each burst was a fat glob 
of syrup, followed by a thinner stream 
that eventually broke away from the 
hole. When the stream entered the wa
ter, it formed quite complex shapes. 
The glob hit the bottom first and sent a 
shock through the thin stream, which 
stretched, twisted and turned, even oc
casionally bouncing from the pool of 
syrup. In a short time the stream slowed 
and merged with the pool. 

In another experiment I poured a lay
er of transmission oil over the salt water. 
When corn syrup was poured into the 
aquarium, it passed through air and then 
through the transmission oil, entraining 
some of the oil. When it descended into 
the salt water, it had a much greater di
ameter because of the added oil. The 
stream coiled very slowly at the bottom. 

Since the transmission oil was lighter 

than the salt water, the downward ac
celeration of the stream was less than it 
was when the syrup fell only through 
salt water. At times the acceleration 
appeared to be zero or even negative 
(upward). Whenever air bubbles were 
trapped in the stream, I could follow the 
motion of components of the fluid. Usu
ally the bubbles moved downward, but 
sometimes adjacent parts of the stream 
moved in opposite directions. Occasion
ally the stream stopped coiling and 
broke, whereupon the lower end rose 
back to the layer of transmission oil. 

I tried to create an inverted rope coil. 
After filling the aquarium with tap wa
ter I submerged a plastic squeeze bottle 
containing viscous motor oil. Because 
the oil was less dense than the water it 
rose when I squeezed it out of the bottle. 
I supposed that when a layer of oil had 
formed on top of the water, the rising 
stream of oil would coil as it reached the 
oil layer. The driving force would be the 
upward buoyancy on the stream. Little 
or no coiling occurred, presumably be
cause the rising stream gained speed too 
slowly. When it reached the oil layer, it 
was still moving slowly enough to merge 
with the layer without the stress that 
causes buckling. If the tank of water had 
been deeper so that the stream was mov
ing faster when it reached the oil layer, 
the demonstration might have worked. 

A drop of oil that emerged from the 
squeeze bottle rose to the oil layer and 
remained there for about 10 seconds. 
The reason for the delay was that after 
the drop reached the oil layer a thin lay
er of water remained between the two. 
The water layer had to be squeezed out 
before the drop could merge with the 
layer of oil. The flow of the water was 
hampered by the viscosity of the oil on 
the surface of the drop and the oil layer. 
Eventually the water escaped and the 
drop disappeared into the oil layer. 

I did manage to achieve an inverted 
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coiling with rubber cement. I submerged 
a small container of the cement and 
caused a thin stream to move upward to 
the surface of the water. As soon as a 
small area of cement was on the water 
surface the rising stream of cement be
gan to coil. By adjusting the depth of 
the container I could control the rate of 
the coiling. (This demonstration makes 
a big mess. I ended up with rubber ce
ment all over my hand and arm.) 

I set up an experiment in which a 
stream of corn syrup fell through a lay
er of dilute ammonia (window cleaner 
dyed blue) and then through a layer of 
glycerin. The fluids were in a large beak
er because filling the aquarium was get
ting too expensive. When I adjusted the 
height properly, a thin stream of syrup 
broke up into large, beautiful coils as it 
passed into the glycerin. The coils were 
not smooth and the planes of the succes
sive coils were not parallel. 

I left the demonstration in place for 
several days. When I returned, four dis
tinct layers could be seen in the beak
er. At the top was the blue fluid (from 
which the ammonia had evaporated). 
Next came a gray layer, then a layer of 
fairly clear glycerin and finally a layer 
of glycerin with a tint of syrup (or per
haps a dye from the syrup). I repeated 
my earlier experiment and then decid
ed to lower the paper cup of syrup into 
the top layer of dyed fluid. The coiling 
of the stream entering the glycerin de
creased in frequency because the stream 
was now thicker. 

When I lowered the cup farther into 
the fluid, the pressure from the fluid in 
the beaker prevented any syrup from 
leaving the cup. I raised the cup above 
the fluid again. While the cup had been 
partially submerged some of the blue 
fluid had entered it, decreasing the vis
cosity of the syrup. The stream now 
coiled twice, once on top of the blue 
layer and again as it entered the region 
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of clear glycerin. The first coiling was 
rapid and produced a small cone. The 
second coiling was much slower and 
made no cone. 

Most of the fluids I investigated were 
of the kind termed Newtonian. The vis
cosity of a Newtonian fluid can be al
tered only by changing the temperature 
of the fluid. If the temperature is in
creased, the viscosity is decreased. To 
see the effect of temperature I warmed 
corn syrup and let it fall through air. 
With less viscosity the stream merged 
more readily with the pool. With less 
stress the stream buckled less. After sev
eral trials the syrup was so warm and the 
viscosity so low that the stream did not 
buckle at all and the coiling disappeared. 

Two toy products made from highly 
viscous fluids are Slime and Silly Put
ty. They are so viscous that many peo
ple consider them to be solids. To see 
whether a descending stream of Silly 
Putty would coil I formed a thin roll of 
the stuff and hung part of it over the 
edge of a low table. The hanging strand 
descended slowly to the floor. When the 
lower end touched the floor, the stream 
began to coil into large, graceful loops. 
Then I put a quantity of Slime into a 
paper cup in the usual arrangement for 
generating a falling stream. The Slime 
emerged from the hole in the cup and 
then descended gradually to a tabletop, 
where it too began to coil. 

Both of these fluids are of the kind 
termed non-Newtonian. In such a fluid 
the viscosity depends not only on tem
perature but also on the stress on the 
fluid. The viscosity of Slime and Silly 
Putty is higher when stress is applied, 
but the stresses in the grad ual flows I 
created probably did not much increase 
the viscosity. The effect of stress in a 
non-Newtonian fluid is more apparent 
in a mixture of cornstarch and water. 
When enough cornstarch is added to 
water to make a rather thick fluid, the 
fluid is noticeably non-Newtonian. (I 
discussed the strange behavior of the 
mixture in this department for Novem
ber, 1978.) 

I. prepared a thick mixture of corn
starch and water and poured it into the 
paper cup to create a thin falling stream 
that landed in a beaker. When the height 
of the fall was adjusted appropriately, 
the stream reached the pool in the beak
er at a rate of speed too high for it to 
merge with the pool. The stress in the 
lower part of the stream increased the 
value of the viscosity over the value 
higher up, and the stream merged slow
er than a comparable Newtonian fluid 
would have. It did not coil in a circle 
but instead oscillated from side to side. 
Occasionally the plane

' 
of oscillation 

changed orientation. 
I do not know what determines the 

orientation of the plane, nor can I ex-

plain why circular coils do not devel
op. My guess is that stress buckles the 
stream to the side but also increases the 
viscosity too much for the mixture to 
buckle in such a way that it follows a 
circular path around the central axis. 
Oscillating to and fro like a folded rib
bon must be the alternative. 

I poured into a beaker a thick mixture 
of cornstarch and water, followed by a 
layer of corn oil about one centimeter 
deep. The paper cup delivered a stream 
of corn syrup. When the syrup entered 
the corn oil, it broke up into attractive 
coils. The coils did not, however, de
scend along a straight line. Instead the 
succession of coils itself coiled as it 
approached the cornstarch. The small 
coils arose from the stream's transition 
from air to corn oil. The coiling of the 
coils probably resulted from the impact 
of the smaller coils on the layer of corn
starch. 

My results with ketchup, another non
Newtonian fluid, came as something of 
a surprise. The falling stream of ketchup 
coiled only when the height was be
tween two and five centimeters. The 
coiling built up a large mound that 
blended slowly into the pool of ketchup. 
When I raised the height of the cup,I 
expected to see a higher rate of coiling 
and then a stream that disintegrated be
fore it reached the pool. Instead I found 
that the coiling was replaced by a crater 
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in the mound. The stream was still con
tinuous. 

Ketchup is a type of non-Newtonian 
fluid in which the viscosity decreases 
when the fluid is stressed. When the 
stream fell a considerable distance, its 
speed near the pool was high. The stress 
from the impact of the stream on the 
pool apparently decreased the viscosity 
of the ketchup in the lower section of 
the stream and the surrounding mound, 
with the result that the stream was able 
to dig out a crater. As the ketchup 
flowed away from the impact site its vis
cosity increased and the flow slowed, 
maintaining the surrounding mound. 

I also investigated how a pool in mo
tion might affect the coiling of a viscous 
fluid. I figured that if the pool were turn
ing, the coiling of a stream would be 
altered. I mounted a pie pan on an inex
pensive record player, fastening the pan 
to the turntable with tape, and then posi
tioned a paper cup above the center of 
the turntable. When syrup flowed into 
the pan from the cup, I turned on the 
player. With a few tries I made the pan 
turn in the opposite direction from the 
coiling of the syrup. I had little control 
over the speed of the turntable, and so 
I adjusted the height of the cup to vary 
the frequency of the coiling. When the 
frequency matched the rotational fre
quency of the pan, the coiling stopped. 
The stream was still buckled just above 
the pool of syrup, but the shape of the 
stream was stationary. The result dem
onstrates Barnes's point that the fluid 
particles in the stream do not themselves 
spiral around the central axis of the 
stream. 

Among many other examples of coil
ing and ribboning of viscous streams, 
probably the most interesting arises in 
the preparation of an egg foam for, say, 
a cake. An egg foam is made from a 
mixture of egg yolks and sugar, beaten 
in order to lighten the mixture with air 
bubbles. The sugar absorbs water from 
the yolks, making the mixture syrupy 
and increasing its viscosity. If the mix
ture is not beaten enough, the yolks are 
not sufficiently denatured (their proteins 
are not fully unraveled) or dispersed 
through the mixture. The product is 
then a cake tasting like cooked egg. If 
the mixture is over beaten, the yolks are 
denatured too much and the air bubbles. 
are too large. The cake will then feel like 
cotton candy. 

A good cook ascertains when the mix
ture is properly beaten by doing a simple 
test. The beater is lifted occasionally 
from the mixture so that a stream of 
the fluid flows back into the bowl. When 
the stream either coils or folds to and 
fro like a folded ribbon, the beating is 
complete. 

In April I discussed the hydraulic 
jump, a shock wave in which a fluid 

switches from supercritical flow to sub-

critical flow. Wallace B. Riley of San 
Francisco wrote to me about how a cir
cuit board is soldered with a hydraulic 
jump of molten solder, Transistors, inte
grated circuits and other electronic de
vices are mounted on the top of the 
board with their leads stuck through 
holes to the bottom, where interconnect
ing metallic pathways have been etched. 
Initially the leads are crimped to hold 
them in place. 

To solder the lead to the interconnect
ing paths the boards are passed over a 
"wave soldering machine" that consists 
of a tilted channel down which molten 
solder flows. Near the bottom of the 
channel is an obstruction creating a sta
tionary hydraulic jump of solder. The 
jump extends a bit farther from the 
channel than the rest of the descend
ing solder. As a circuit board is carried 
down the channel by a conveyor, it is 
preheated by the thermal radiation from 
the hot solder. When it travels over the 
jump, the bottom of the board is bathed 
with solder. After the board leaves the 
channel the solder falls away from all 
but the leads and the interconnecting 
metallic paths and cools. The leads and 
the pathways are then permanently sol
dered together. 
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In studies with serious economic implications here on Earth, scientists at 
NASA's Ames Research Center conclude that the 900°F surface temperature on Venus 
is due to a greenhouse effect. They said sunlight easily pierces the planet's 
cloud layer, but, due to an atmosphere of 96 percent carbon dioxide, has diffi
culty escaping when converted to heat. The researchers noted that 80 years of 
burning fossil fuels increased the amount of carbon dioxide in Earth's atmos
phere by 15 percent. Should that rate continue, average temperatures might 
climb 7°F in 50 years, leading perhaps to changes in rainfall with major conse
quences and enough melting of polar ice caps to flood coastal cities. The 
studies were based on data gathered by Hughes-built Pioneer Venus spacecraft. 

A 100-kilovolt hydrogen ion source will play a vital role in fusion energy 
studies in the Tokamak Test Reactor at Princeton University. The source will 
create a 65 -ampere beam of deuterium ions that subsequently will be neutralized 
by charge exchange to produce a beam of fast neutral particles. This neutral 
beam can cross the intense magnetic field lines that contain the plasma in the 
reactor. It will fuel and heat the plasma to the point where self-sustained fu
sion can take place. The reactor, when completed, will use 12 such ion sources. 
Hughes built the device under contract to the U.S. Department of Energy. 

Certain military laser range finders should soon be improved now that researchers 
at Hughes have pinpointed long-suspected impurities in laser rods. Using a new 
dye laser technique in their spectroscopic studies of Nd:YAG (neodymium-doped 
yttrium aluminum garnet) laser rods, scientists uncovered a subtle crystal 
defect that cuts the laser's efficiency and brightness. They believe it will be 
possible to develop a process to increase the quantum efficiency of commercial 
Nd:YAG lasers from about 64 percent to the theoretical maximum of 91 percent. 

Hughes Industrial E lectronics Group offers the advantages and opportunities of a 
small company backed by the resources of a $2-billion company. Our facilities 
are in the Southern California communities of Carlsbad, Irvine, Newport Beach, 
Torrance, and Sylmar. Our programs incorporate 34 different technologies. They 
include silicon and GaAs semiconductor technologies, fiber optics, microwave and 
millimeter-wave communications, microprocessors, lasers, and solar cells. Send 
resume to B.E. Price, Hughes Industrial Electronics Group, Professional Employ
ment, Dept. SSA, P.O. Box 299 9, Torrance, CA 90509. Equal opportunity employer. 

A new charge-coupled memory device, which can be made with only one additional 
mask, is now under study at Hughes. The chip is a CCD mask-programmable non
volatile serial read-only memory. It's programmed by a two-step implantation 
into the region underneath the storage gate electrodes. The first implantation 
puts buckets of charge under the selected -gates using an n-type dopant for 
n-channel devices and a p-type dopant for p-channel devices. The second implan
tation uses the same mask and an opposite polarity dopant. Its purpose is to 
offset surface potential changes that occurred as a result of the first dopant. 
Implanted regions retain information after start-up by the use of refresher cir
cuits between input and o utput. The chip also can function as a standard CCD. 

Creating a new world with electronics 
r------------------, 
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HUGHES AIRCRAFT COMPANY CULVER CITY. CALIFORNIA 90230 
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Press, 1979. 

MICROBIOLOGY OF FOOD FERMENTA
TIONS. C. S. Pederson. Avi Publishing 
Co., 1979. 

THE MICROBIOLOGICAL 

PRODUCTION 

OF PHARMACEUTICALS 

ApPLICATIONS OF BIOCHEMICAL SYSTEMS 
IN ORGANIC CHEMISTRY. Edited by 
J. Bryan Jones, Charles J. Sih and 
D. Perlman. John Wiley & Sons, 
Inc., 1976. 

ANTIBIOTICS AND OTHER SECONDARY 
METABOLITES: BIOSYNTHESIS AND 
PRODUCTION. Edited by R. Hutter, 
T. Leisinger, J. NUesch and W. Wehr
li. Academic Press, 1978. 

PRINCIPLES OF GENE MANIPULATION. 
R. W. Old and S. B. Primrose in Stud
ies in Microbiology: Vol. 2. University 
of California Press, 1980. 

CONTROL OF ANTIBIOTIC BIOSYNTHESIS. 
J. F. Martin and A. L. Demain in Mi
crobiological Reviews, Vol. 44, No. 2, 
pages 230-251; June, 1980. 

RECOMBINANT DNA. Special issue of 
Science, Vol. 209, No. 4463; Septem
ber 19, 1980. 

THE MICROBIOLOGICAL 

PRODUCTION 

OF INDUSTRIAL CHEMICALS 

PLASM IDS OF MEDICAL, ENVIRONMEN
TAL AND COMMERCIAL IMPORTANCE. 
Edited by K. N. Timmis and A. Puh
ler. Elsevier North-Holland, Inc., 
1979. 

FERMENTATION: SCIENCE AND TECH
NOLOGY WITH A FUTURE. Edited by 
A. I. Laskin, M. C. Flickingers and 
E. L. Gaden, Jr" in Biotechnology 
and Bioengineering, Vol. 22, Supple
ment; 1980, 

IMPACTS OF ApPLIED GENETICS: MICRO
ORGANISMS, PLANTS AND ANIMALS. 
Office of Technology Assessment. 
U.S. Government Printing Office, 
1981. 

TRENDS IN THE BIOLOGY OF FERMENTA
TION FOR FUELS AND CHEMICALS. Ed
ited by A. Hollaender, R. Rabson, 
P. Rogers, A. San Pietro, R. Valentine 
and R. Wolfe. Plenum Press, 1981. 

PRODUCTION METHODS 

IN INDUSTRIAL 

MICROBIOLOGY 

PRINCIPLES OF MICROBE AND CELL CUL
TIVATION. S. John Pirt. John Wiley & 
Sons, Inc., 1975. 

INDUSTRIAL MICROBIOLOGY. Brinton M. 
Miller and Warren Litsky. McGraw
Hill Book Company, 1976. 

FERMENTATION AND ENZYME TECHNOL
OGY. Edited by Daniel I.-C. Wang, 
C. L. Cooney, A. L. Demain, P. Dun
nill, A. E. Humphrey and M. D. 

Lilly. John Wiley & Sons, Inc., 1979. 

AGRICULTURAL 

MICROBIOLOGY 

NITROGEN FIXATION: BASIC TO ApPLIED. 
Winston J. Brill in American Scientist, 
Vol. 67, No. 4, pages 458-466; July
August, 1979. 

GENETIC IMPROVEMENT OF CROPS. Edit
ed by Irwin Rubenstein, Burle Gen
genbach, Ronald L. Phillips 'and 
C. Edward Green. University of Min
nesota Press, 1980. 

GENOME ORGANIZATION AND EXPRES
SION IN PLANTS, 1979. NATO Ad
vanced Study Institute on Genome 
Organization and Expression in 
Plants. Edited by C. J. Leaver. Ple
num Press, 1980. 

PERSPECTIVES IN PLANT CEL,L AND Tis
SUE CULTURE. Edited by Indra K. 
Vasil. Academic Press, 1980. 

THE AMATEUR SCIENTIST 

LIQUID ROPE-COIL EFFECT. George 
Barnes and Richard Woodcock in 
American Journal 0/ Physics, Vol. 26, 
No. 4, pages 205-209; April, 1958. 

HEIGHT OF FALL VERSUS FREQUENCY IN 
LIQUID ROPE-COIL EFFECT. George 
Barnes and James MacKenzie in 
American Journal 0/ Physics, Vol. 27, 
No. 2, pages 112-115; February, 
1959, 

INSTABILITY OF JETS, THREADS, AND 
SHEETS OF VISCOUS FLUID. Geoffrey 
Ingram Taylor in Scientific Papers 0/ 
Sir Geoffrey Ingram Taylor, edited by 
G. K. Batchelor. Cambridge Univer
sity Press, 1971. 
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Responsive Technology for the Aerospace Industry 

Perkin-Elmer minicomputers 
"shuttle" astronauts into space 

When the NASA Space Shuttle goes 

into orbit for the first time, the pilot 

and crew will feel that they've been 

through it all many times before. 

In a sense, they have-at the 

Johnson Space Center, where they 

are training in one of the most ad

vanced flight simulators ever built. At 

the heart of the simulator are 23 

Minicomputers give crew 
the "feel" of real flight. 

Perkin-Elmer 32-bit minicomputers 

which deliver the real-time response 

needed to create a true sensation of 

flight. They also control and coordi

nate the simulation from takeoff 

to landing. 

The simulator windows are actually 

high-resolution video screens. When 

the pilot moves the stick, feedback 

control coordinates video imagery 
with the motion of the simulator 

Crew members see, hear and feel 

the changes their actions cause

the jerks and bumps, for example, 
as thrusters are fired or air brakes 

let out. 

The minicomputers also create 

appropriate instrument readings and 

simulate ground communication 

links. They can even tie the "flight" 

into NASA's worldwide communica

tions network 

The high-speed data acquisition 

capability of Perkin-Elmer's 32-bit 

computers makes them ideal for the 

heavy input/output load of real-time, 

event-driven simulations. The unique 

Perkin-Elmer shared memory 

Simulator allows the 
crew to practice such tasks as 
launching the Space Telescope 

permits up to 14 computers to share 

a common memory; if one or more 

units become overloaded, others 

can pick up the workload. 

More than 25 commercial and mil

itary training simulators are now 

equipped with Perkin-Elmer 32-bit 

computers. Several computers have 

been ordered by the European 

Space Agency to simulate experi

ments to be carried into space by 
NASA's Shuttle. 

Sharp new eyes warn against 
laser-guided weapons 

Highly accurate laser-guided 

weapons pose a new kind of threat 

to military aircraft, tanks and ships 

Effective countermeasures depend 

on fast detection and identification of 

the laser beams such weapons use 

to "zero in" on their targets. 

Etalon, the "eye" that identifies 
the laser beam, is the small rectangle 
in the center of the detector array 

A compact laser warning receiver 

developed by Perkin-Elmer provides 

this kind of information swiftly and 

accurately. The receiver measures a 

laser beam's direction, wavelength, 

intensity and modulation character

istics. Its basic optical component is 

© 1981 SCIENTIFIC AMERICAN, INC



a small interferometer 

called an etalon. The etalon 

refracts and reflects incom

ing laser light to form an 

interference pattern that is 

actually a unique identifying 

signature for each laser 
beam. It rejects false signa

tures such as light from the 

Magnified section of detector array 
in laser warning receiver 

sun, lightning, searchlights, flares 

or explosives. 

The laser warning receiver is not 

only efficient but, because of its 

modular construction, economical 

to manufacture. It is built with low

cost optical elements and repro

grammable microprocessor logic. 

Plasma spray is a life saver 
for thousands of jet engine parts 

When jet engines run, their finely 

machined parts encounter a variety 

of wear conditions. A process called 

plasma spraying -pioneered by 

METCO, a Perkin-Elmer subsidiary

prolongs the life of original parts and 

quickly restores worn parts to orig

inal dimensions. 

In plasma spraying, a gas ionized 

by an electric arc creates a high

velocity plasma stream whose tem
perature can exceed 30,000oF 
A powdered material is melted in the 

hot plasma and propelled onto a 

surface where it bonds and rapidly 

builds up to the required thickness. 

The dense coating has superior 

resistance to wear and, in some 

cases, to corrosion and high temper

ature. For example, parts made of 

titanium, which has an excellent 

strength-to-weight ratio but virtually 

no wear resistance, can be protected 

with a material such as tungsten car

bide. In higher temperature areas, 

chrome carbides are used. 

Major jet engine manufacturers 

use this process to coat a number of 

components. And airline mainte

nance shops around the world re

build more than 2,000 worn parts 

with plasma spraying to reduce 

downtime. 

Coolant 

Gas 

Plasma spray coatings are produced by injecting a powder 
into a plasma gas stream The powder particles are melted 
and projected onto the surface being coated. 

MET CO's latest development is a 

vacuum-chamber plasma spray sys
tem, which opens up the potential for 

applying protective coatings in areas 

of high-temperature corrosion, 

such as turbine seals, blade tips and 

turbine airfoils 

Other industries with similar 

problems can follow the airlines' 

example. 

Plasma coatings are finding in

creasing use in the automotive, chem

ical, mining, paper, power generating 

and textile industries. 

With plasma spraying, these users 

can stretch service life and reduce 

maintenance for parts subjected to 

heat, wear and corrosion. 

For More Information 

If you would like to learn more 
about these products, please write. 
Corporate Communications, 
Perkin-Elmer; Main Avenue, 
Norwalk, CT 06856. 

PERKIN-ELMER 
Responsive Technology 
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