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Chapter 6

The Food Processing Industry

Introduction—the industry
The food processing industry comprises

those manufacturers that transform or process
agricultural products into edible products for
market. It is distinguished from the production,
or farming and breeding portions of the agricul-
tural industry.

Genetics can be used in the food processing
industry in two ways: to design micro-orga-
nisms that transform inedible biomass into food
for human consumption or for animal feed; and
to design organisms that aid in food processing,
either by acting directly on the food itseIf or by
providing materials that can be added to food.

Eight million to ten million people work in the
meat, poultry, dairy, and baking industries; in
canned, cured, and frozen food plants; and in
moving food from the farm to the dinner table.
In 1979, the payroll was over $3.2 billion for the
meat and poultry industries, $2.6 billion for
baking, and $1.9 billion for food processing.

Single-cell protein
The interest in augmenting the world’s sup-

ply of protein has focused attention on micro-
bial sources of protein as food for both animals
and humans. * Since a large portion of each
bacterial or yeast cell consists of proteins (up to
72 percent for some protein-rich cells), large
numbers have been grown to supply single-cell
protein (SCP) for consumption, The protein can
be consumed directly as part of the cell itself or
can be extracted and processed into fibers or
meat-like items. By now, advanced food proc-
essing technologies can combine this protein
with meat flavoring and other substances to
produce nutritious food that looks, feels, and
tastes like meat.

*AS an example of the potential significance of SCP, the Soviet
IInion, which is one of the largest producers, expects to produce
enough fodder yeast from internally available raw materials to be
self-sufficient in animal protein foodstuffs by 1990.

Traditionally, micro-organisms have been
used to stabilize, flavor, and modify various
properties of food. More recently, efforts have
been made to control microbial spoilage and to
ensure that foods are free from micro-orga-
nisms that may be hazardous to public health.
These are the two major ways in which micro-
biology has been useful.

Historically, most efforts have been devoted
to improving the ability to control the harmful
effects of micro-organisms. The industry recog-
nized the extreme heat resistance of bacterial
spores in the early 20th century and sponsored
or conducted much of the early research on the
mechanisms of bacterial spore heat resistance.
Efforts to exploit the beneficial characteristics
of micro-organisms, on the other hand, have
been largely through trial-and-error. Strains
that improve the quality or character of food
generally have been found, rather than de-
signed.

The idea of using SCP as animal feed or
human food is not new; yeast has been used as
food protein since the beginning of the century.
However, in the past 15 years, there has been a
dramatic increase in research on SCP and in the
construction of large-scale plants for its pro-
duction, especially for the production of yeast.
(See table 20.) Interest in this material is re-
flected in the numerous national and interna-
tional conferences on SCP, the increasing
number of proceedings and reviews published,
and the number of patents issued in recent
years. (See table 21.)

The issues addressed have covered topics
such as the economic and technological factors
influencing SCP processes, nutrition and safety,
and SCP applications to human or animal foods.
Thus far, commercial use has been limited by
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Table 20.-Estimated Annual Yeast Production, 1977
(dry tonnes)

Baker’s yeast Dried yeasta

Europe. . . . . . . . . . . . . . . . . . 74,000 b 160,000b

North America . . . . . . . . . . . 73,000 53,000
The Orient. . . . . . . . . . . . . . . 15,000 25,000
United Kingdom. . . . . . . . . . 15,500 (c)
South America. . . . . . . . . . . 7,500 2,000
Africa. . . . . . . . . . . . . . . . . . . 2,700 2,500

Totals . . . . . . . . . . . . . . . . 187,700 242,500

aDrigd  yeast includes food and fodder yeasts; data for petroleum-grown Yeasts
are not available.

bproduction  figures for U.S.S.R. not reported.
cNone reported.

SOURCE: H. J. Peppier and D. Perlman (eds.),  Microbial Technology, vol. 1 (Lon-
don: Academic Press, 1979), p. 159.

Table 21.—Classification of Yeast-Related
U.S. patents (1970 to July 1977)

Category Number issued
Yeast technology (apparatus, processing) . . . . 22
Growth on hydrocarbons. ., . . . . . . . . . . . . . . . . 28
Growth on alcohols, acids, wastes. . . . . . . . . . . 22
Production of chemicals. . . . . . . . . . . . . . . . . . . 14
Use of baking and pasta products . . . . . . . . . . . 24
Condiments and flavor enhancers . . . . . . . . . . . 18
Reduced RNA. . . . . . . . . . . . . . . . . . . . . , . . . . . . 11
Yeast modification of food products . . . . . . . . . 13
Isolated protein . . . . . . . . . . . . . . . . . . . . . . . . . . 5
Texturized yeast protein . . . . . . . . . . . . . . . . . . . 7
Lysates and ruptured cells . . . . . . . . . . . . . . . . . 7
Animal feed supplements . . . . . . . . . . . . . . . . . . 12

Total. ., . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 183

SOURCE: H. J. Peppier, “Yeast,” Annual  Report  on Fermentation Processes, D.
Perlman  (cd.), vol. 2 (London: Academic Press, 1978), pp. 191-200.

several factors. For each bacterial, yeast, or
algal strain used, technological problems (from
the choice of micro-organisms to the use of cor-
responding raw material) and logistical prob-
lems of construction and location of plants have
arisen. But the primary limitation so far has
been the cost of production compared with the
costs of competing sources of protein. (The com-
parative price ranges in 1979 for selected
microbial, plant, and animal protein products
are shown in table 22.)

The costs of manufacturing SCP for animal
feed in the United States are high, particularly
relative to its major competing protein source,
soybeans, which can be produced with little fer-
tilizer and minimal processing. The easy avail-
ability of this legume severely limits microbial
SCP production for animal feed or human food.
In fact, according to the U.S. Department of

Table 22.—Comparison of Selling Price Ranges
for Selected Microbial, Plant, and Animal

Protein Products

Crude Price range
protein 1979 Us.

Product, substrate, and quality content dollars/kg
Single cell proteins
Candida utilis, ethanol, food grade 52 1.32-1.35
Kluyveromyces tragilis, cheese

whey, food grade. . . . . . . . . . . . . 54 1.32
Saccharomyces cerevisiae:

Brewer’s, debittered, food grade 52 1.00-1.20
Feed grade. . . . . . . . . . . . . . . . . . 52 0.39-0.50

Plant proteins
Alfalfa (dehydrated) . . . . . . . . . . . . 0.12-0.13
Soybean meal, defatted. . . . . . . . . 0.20-0.22
Soy protein concentrate. . . . . . . . . 70-72 0.90-1.14
Soy protein isolate . . . . . . . . . . . . . 90“ 92 1.96-2.20
Animal proteins
Fishmeal (Peruvian) . . . . . . . . . . . . 65 0.41-0.45
Meat and bonemeal . . . . . . . . . . . . 50 0.24-0.25
Dry skim milk. . . . . . . . . . . . . . . . . . 37 0.88-1.00

SOURCE: Office of Technology Assessment.

Agriculture (USDA), total domestic and export
supply for U.S. soybeans will grow 73 percent
by 1985.

Soybeans are primarily consumed as animal
feed. But while only 4 percent of their annual
production are directly consumed by humans,
the market is growing significantly. The in-
troduction of improved textured soy protein in
cereals, in meat substitutes and extenders, and
in dairy substitutes has increased the use of soy
products. Nevertheless, the market does not de-
mand soy products in particular but protein
supplements, vegetable oils, feed grain supple-
ments, and meat extenders in general. Other
protein and oil sources could replace soybeans
if the economics were attractive enough. Fish-
meal, dry beans, SCP, and cereals are all poten-
tial competitors. As long as a substitute can
meet the nutritional, flavor, toxicity, and regula-
tory standards, competition will be primarily
based on price.

The competition between soybeans and SCP
illustrates one of the paradoxes of genetic engi-
neering. While significant research is attempt-
ing the genetic improvement of soybeans, ge-
netic techniques are also being explored to in-
crease the production of SCP. Consequently, the
same tool—genetic engineering—encourages
competition between the two commodities.
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Genetic engineering and
SCP production

Despite the microbial screening studies that
have been conducted and the wealth of basic
genetic knowledge available about common
yeast (a major source of SCP), genetic engineer-
ing has had little economic impact on SCP proc-
esses until recently. Today, a variety of sub-
stances are being considered as raw materials
for conversion.

● Petroleum-based hydrocarbons.—Until re-
cently, the wide availability and low cost of
petrochemicals have made the n-alkane hy-
drocarbons (straight chain molecules of
carbon and hydrogen), which are petro-
chemical byproducts, potential raw materi-
als for SCP production. At British Petro-
leum, mutants of micro-organisms have
been obtained having an increased protein
content. Mutants have also been found
with other increased nutritive values, e.g.,
vitamin content.

● Methane or methanol-Relatively few ge-
netic studies have been directed at investi-
gating the genetic control of the microbial
use of methane or methanol. However, one
recent application of genetic engineering
has been reported by the Imperia] Chem-
ical Industries (ICI) in the United Kingdom,
where the genetic makeup of a bacterium
(Methylophilus methylotrophus) has been
altered so that the organism can grow
more readily on methanol. The increase in
growth provides increased protein and has
made its production less expensive. The
genetic alteration was accomplished by
transferring a gene from Escherichia coli to
M. methylotrophus.

● Carbohydrates. —Many carbohydrate sub-
strates—from starch and cellulose to beets
and papermill wastes—have been investi-
gated. Forests are the most abundant
source of carbohydrate in the form of cel-
lulose. But before it can be used by micro-
organisms, it must be transformed into the
carbohydrate, glucose, by chemical or en-
zymatic pretreatment. Many of the SCP
processes that use cellulose employ orga-

nisms that produce the enzyme cellulase,
which degrades cellulose to glucose.

Most of the significant genetic studies on the
production of cellulase by micro-organisms are
just beginning to appear in the literature. The
most recent experiments have been successful
in creating fungal mutants that produce excess
amounts.

Commercial production

Of the estimated 2 million tons of SCP pro-
duced annually throughout the world, most
comes from cane and beet molasses, with about
500,000 tons from hydrolyzed wood wastes,
corn trash, and papermill wastes. (See table 23.)

Integrated systems can be designed to couple
the production of a product or food with SCP
production from wastes. E.g., the waste saw-
dust from the lumber industry could become a
source of cellulose for micro-organisms. ICI’s
successful genetic engineering of a micro-orga-
nism to increase the usefulness of one raw
material (methanol) should encourage similar
attempts for other raw materials.

But while SCP can be obtained from a wide
variety of micro-organisms and raw materials,
the nutritional value and the safety of each
micro-organism vary widely, as do the costs of
competing protein sources in regional markets.
Consequently, accurate predictions cannot be
made about the likelihood that SCP will displace
traditional protein products, overall. Displace-
ments have and will continue to occur on a case-
by-case basis.

Table 23.-Raw Materials Already Tested on a
Laboratory or Small Plant Scale

Agave juices
Barley straw
Cassava
Citrus wastes
Date carbohydrates
Meatpacking wastes
Mesquite wood
Peat (treated)

Pulpmill wastes
Sawdust
Sunflower seed husks

(treated)
Wastes from chemical

production of maleic
anhydride

Waste polyethylene (treated)

SOURCE: Office of Technology Assessment.
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Genetics in baking, brewing, and winemaking
The micro-organism of greatest significance

in the baking, brewing, and winemaking indus-
tries is common yeast. Because of its impor-
tance, yeast was one of the first micro-orga-
nisms to be used in genetic research. Neverthe-
less, the surge in studies in yeast genetics has
not been accompanied by an increase in its
practical application, for three reasons:

●

●

●

industries already have the desired effi-
cient strains, mainly as a result of trial-and-
error studies;
new genetic strains are not easily bred;
they are incompatible for mating and the
genetic characteristics are poorly under-
stood; and
many of the important characteristics of
industrial microbes are complex; several
genes being responsible for each.

Changing technologies in the brewing indus-
try and increased sophistication in the molec-
ular genetics of yeast have made it possible for
researchers to achieve novel goals in yeast
breeding. one strain that has already been con-
structed can produce a low-carbohydraate beer
suitable for diabetics. (See figure 26. )

The baking industry is also undergoing tech-
nological revolution, and yeasts with new prop-
erties are now needed for the faster fermenta-
tion of dough. New strains with improved bio-
logical activity, storage stability, and yield
would allow improvements in the baking proc-
ess.

In the past, most genetic applications have
come in the formation of hybrid yeasts. The
newel* genetic approaches, which use cell fu-
sion now open up the possibility of hybrids de-
veloped from strains of yeast that carry useful
genes but cannot mate normally,

Classical genetic research has also been car-

Figure 26.—The Use of Hybridization To Obtain
a Yeast Strain for the Production of

Low-Carbohydrate Beer

SOURCE: Office of Technology Assessment.

ried out with wine yeasts. Interestingly, within
the past 10 years, scientists have isolated in-
duced mutants of wine yeasts that have: I) an
increased alcohol tolerance and the capacity to
completely ferment grape extracts of unusually
high sugar content; 2) improved sedimentation
properties, improving or facilitating separation
of yeasts from the wine; and 3) improved per-
formance in the production of certain types of
wines. Hybridization studies of wine yeasts
have been actively pursued only recently.

Progress in developing strains of yeast with
novel properties is limited by the lack of enough
suitable approved systems for using recombi-
nant DNA (rDNA) technology. Eventual approv-
al by the Recombinant DNA Advisory Commit-
tee is expected to boost applied research for the
brewing, baking, and winemaking industries.
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Microbial polysaccharides
The food processing industry uses polysac-

charides (polymeric sugars) to alter or control
the physical properties of foods. Many are in-
corporated into foods as thickeners, gelling
agents, and agents to control ice crystal forma-
tion in frozen foods. They are used in instant
foods, salad dressings, sauces, whips, toppings,
processed cheeses, and dairy products. New
uses are constantly appearing. The annual mar-
ket in the United States is reported to be over
36,000 tons, not including starches and deriva-
tives of cellulose.

Since many of the polymeric sugars now used
in food processing are derived from plant
sources, microbial polysaccharides have had
limited use. To compete economically, a micro-
bial polysaccharide must offer new properties,
meet all safety requirements, and be readily
available. Very few have reached the level of
commercial applications; the only one in large-
scale commercial production is xanthan gum. *

● The history of the development of xanthan gum indicates that
the commercially significant organisms resulted from an extensive
screening program for gum producers stored in the Northern Uti-

Enzymes
Enzymes are produced for industrial, med-

ical, and laboratory use both by fermentation
processes that employ bacteria, molds, and
yeasts and by extraction from natural tissues.
The present world market for industrial en-
zymes is estimated to be $l50 million to $174
million; the technical (laboratory) market adds
another $20 million to $40 million. Fewer than
so microbial enzymes are of industrial impor-
tance today, but patents have been granted for
more than a thousand. This reflects the increas-
ing interest in developing new enzyme prod-

A wide variety of polysaccharides could theo-
retically be produced for use in food processing,
Applied genetics may increase their production,
modify those that are produced, eliminate the
degradative enzymes that break them down, or
change the microbes that produce them. How-
ever, as with other microbial processes, the ap-
plication of genetics depends on an understand-
ing of both the biochemical pathway for synthe-
sis of a given polysaccharide and the systems
that control microbial production. For many mi-
crobial polysaccharides, this information does
not yet exist; furthermore, little is known about
the enzymes that may be used to modify poly -
saccharides to more useful forms. Progress will
only be able to occur when these information
gaps are filled.
Iization Research and Oeveiopment  Dii’ision ol LISL)A’S  large  nli-

crohia!  culture co]]ection. Xanthiin  gunl produced h+v Xanlhomo-

nas campestris  NRRI, B-1459 was found to ha\re  chiiracterist  ics t hilt

rendered it very promising as a commercial product. in 1960, the
Kelco division of Merck &. (:0., inc., carried out pilot  Plii[lt  feasihili  -

t,v studies, and substantial commercial production t)e~iin  in 1964.

Although  much Of the work to diit~  hiis I}(+pll (’ii].ri[d OLII wiih
polvsaccharides  from one Pitrti[;uliir  stritin, t here is increilsing  e\i-
dence to suggest thilt ihey could iilso he produced from other
S1 rains.

ucts; it also shows that it is easier to discover a
new enzyme than to create a profitable applica-
tion for it. *

Most industrial enzymes are used in the de-
tergent industry and the food processing in-

● The enzyme literature is extensive i~tld comprises well over
10,00( papers per year. Although less thitll 5(1 percent  of these
publications are concerned with microhial  enzymes iind mos[ are
found to have no industrial interest, iI few Ihousand  papers per
year are of potential interest for the industriill  development of en-
zymes. Less than 100 papers dealing with industrial processes ap-
pear every year, and few desct~be  processes of great  economic sig-
nificance.



112 ● Impacts of Applied Genetics —Micro-Organisms, Plants, and Animals

dustry, particularly for starch processing. En-
zymes began to be used in quantity only 20
years ago. In the early 1960’s, glucoamylase en-
zyme treatment began to replace traditional
acid treatment in processing starch; around
1965, a stable protease (an enzyme) was in-
troduced into detergent preparations to help
break down certain stains; and in the 1970’s,
glucose isomerase was used to convert glucose
to fructose, practically creating the high-fruc-
tose corn syrup industry.

Genetic engineering and enzymes in
the food processing industry

Biotechnology applied to fermentation proc-
esses will make available larger quantities of ex-
isting enzymes as well as new ones. (See ch. 5.)
The role of genetic engineering in opening com-
mercial possibilities in the food processing in-
dustry is illustrated by the enzyme, pullulanase.
This enzyme degrades pullulan, a polysaccha-
ride, to the maltose or high-maltose syrups that
give jams and jellies improved color and bril-
liance. They reduce off-color development pro-
duced by heat in candies and prevent sandiness
in ice cream by inhibiting sugar crystallization.
Mahose has several unique and favorable char-
acteristics. It is the least water-absorbent of the
maltose sugars and, although it is not as sweet
as glucose, it has a more acceptable taste. It is
also fermentable, nonviscous, and easily solu-
ble. It does not readily crystallize and gives de-
sirable browning reactions.

Pullulanase can also break down another car-
bohydrate, amylopectin, to produce high amy -
lose starches. These starches are used in indus-
try as quick-setting, structurally stable gels, as
binders for strong transparent films, and as
coatings. Their acetate derivatives are added to
textile finishes, sizing, adhesives, and binders.
In food, amylose starches thicken and give tex-
ture to gumdrop candies and sauces, reduce fat
and grease in fried foods, and stabilize the pro-
tein, nutrients, colors, and flavors in reconsti-
tuted products like meat analogs.

In view of the current shortages of petro-
leum-derived plastics and the need for a biode-
gradable replacement, amylose’s ability to form

plastic-like wraps may provide its largest indus-
trial market, although that market has not yet
been developed.

[f applications for the products made by
pullulanase can be developed, genetic engineer-
ing can be used to insert this enzyme into in-
dustrially useful organisms and to increase its
production. However, the food processing in-
dustry is permitted to use only enzymes that are
obtained from sources approved for food use.
Since the chief source of pullulanase is a patho-
genic bacterium, KlebsiellaII aerogenes, no signifi-
cant efforts have been made to apply genetics to
improve its production or quauality. Molecular
genetics could ultimately transfer the pullula-
nase trait from K. aerogenes to a micro-organism
approved for food use, if approved micro-orga-
nisms that manufacture pullulanase cannot be
found.

Sweeteners, flavors, and fragrances

Biotechnology has already had a marked im-
pact on the sweetener industry. The availability
of the enzymes glucose isomerase, invertase,
and amylase has made the production of high-
fructose corn sweeteners (HFCS) profitable. Pro-
duction of HFCS in the United States has in-
creased from virtually nothing in 1970 to 10
percent of the entire production of caloric
sweeteners in 1980 (11 lb per capita). The price
advantage of HFCS is expected to cause its con-
tinued growth, particularly in the beverage in-
dustry. In fact, the Coca Cola Co. announced in
1980 that fructose will soon constitute as much
as 50 percent of the sweetener used in its name
brand beverage.

Biotechnology can be used to produce other
sweeteners as well. While it is unlikely that su-
crose will ever be made by micro-organisms (al-
though improvements in sugarcane and sugar
beet yields may result from agricultural genetic
studies, see ch. 8.), the microbial production of
low-caloric sweeteners is a distinct possibility.
Three new experimental sweeteners—aspar-
tame, monellin, and thaumatin—are candidates.

Aspartame is synthesized chemically from
the amino acids, aspartic acid and phenylala-
nine, which can themselves be made by fermen-
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tation. The possibility of using microbes to COU-

ple the two amino acids is being investigated in
at least one biotechnology research firm. Chem-
ical production of aspartame is expensive and
benefits from biotechnology are possible.

Monellin and thaumatin are natural sub-
stances—proteins obtained from West African
plants. Both are intensely sweet–up to 100,000
times sweeter than table sugar—and the sensa-
tion of sweetness can last for hours. Their
microbial production may be competitive with
their extraction from plants. Since the physical
and biological properties of thaumatin are
known, it might also be produced through ge-
netic engineering. Such an approach would not
only increase the available supply, but would
offer new molecules for investigating the physi-
ology of taste.

Other flavors and fragrances show less prom-
ise at present. Although the chemistry of sev-
eral flavors and aromas has been identified, too
little research into their use has been con-
ducted. *

●  KW’elll  ttr(}l’k  011 1116? 101’lllilliOll  1)}1  Illi(’1’()-{)l’gilllisllls  ot” tliii’01’

illld  ill’olllil  (’h~llli(’ill  S hllol$’11  iiS lil(’lollt>S  iill(l terpfmoids tlil S I)(WI1

I’(?p{)l’td.  [.il[Ytoll~S 0(:(:111”  ilS !]iil’ol’-(’oll~  l’lt)lltlll~”  (’Olllpollf?lltS  i l l

IIUII1.V  l’~1’il)t?tltiitiotl  produ(’ts, \\’h[’l’(>  III(’}I ii[’(~  lk)IvN(d I)v microhial
reiictions.  [)it’t’erent  ])i~th~iii.vs exist !(N- t he i r  n~icrohial  i“ornlation.

k;.g.,  galllllla-t)llty  l’ola{’toll[”  , mfhich  is I“ol’llled  during  J~CilSt ternlen-

tittion,  is 1(}uIM1  in sherry,  wine,  iind  hf?er. /I S  eiIt.1.v  iis Ig3(J,  an  ot’-

giinism  Wiis isolated f]xNll  orange  leiii,t?s that hii{j  a pea(+-lik(+ ~d(]r
iimi Wiis thougll[  to he Sporobdonl.vces resew.  The  kwtones,  ZI-
decmolide  ii[ld  (:is-6-docle(’ell-4-olici(’” Mere found to he responsi-
I)le.

Overview
The application of genetic engineering will af-

fect the food processing industry in piecemeal
fashion. Isolated successes can be expected for
certain food additives, such as aspartame (not
yet approved by the Food and Drug Administra-
tion (FDA) for sale in the United States) and fruc-
tose, and for improvements in SCP production.
But an industrywide impact is not expected in
the near future because of several conflicting
forces:

●

●

●

The basic genetic knowledge of character-
istics that could improve food has not been
adequately developed.
The food processing industry is conserva-
tive in its research and development ex-
penditures for improved processes, gener-
ally allocating less than half as much as
more technologically sophisticated indus-
tries.
Products made by new microbial sources
must satisfy FDA safety regulations, which
include undergoing tests to prove lack of
harmful effects. * It may be possible to re-

“ fi;.g., all food additites  and nli(’1.()-{)1.gar)isr~ls  used in food proc-
msing must he approtwd its geIWriill&V  regarded iIs sate.

duce the amount of required testing by
transferring the desired gene into micro-
organisms that already meet FDA stand-
ards.

Nevertheless, the application of new genetic
technologies will probably accelerate. Techno-
logically sophisticated companies are being
drawn into the business. Traditionally capital-
intensive companies such as Union Carbide,
ITT, General Electric, Corning Glass, and
McDonnell-Douglas can be expected to intro-
duce automation and more sophisticated engi-
neering to food processing, modernizing the in-
dustry’s technology. As
industry observer: 1

You don’t work on a
fish. You try to change

has been noted by one

better way to preserve
the system so that you

no longer catch fish; you “manufacture” them
and, if possible, do it right on top of your mar-
ket so that you don’t have to preserve them at
all.

IM. L. Kastens,
1980,  pp. 215-217.

“The Coming Food Industry,” Chemtech,  April
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You don’t worry about processing bacon Genetic engineering can be expected to aid in
without nitrites, you engineer a synthetic bacon the creation of novel food preparations through
with designed-in shelf life. effects on both the food itself and the additives

You don’t try to educate people to eat a “bal- used for texturizing, flavoring, and preserving.
anced diet;” you create a “whole” food with the
proper balance of nutrients and supplements,
and you make it taste like something people
already like to eat.


