Fermented and acidified plant foods
The Microbiological Safety and Quality of Food
Nout, M.J.R.; Rombouts, F.M.
This publication is made publicly available in the institutional repository of Wageningen University and Research, under
the terms of article 25fa of the Dutch Copyright Act, also known as the Amendment Taverne. This has been done with
explicit consent by the author.
Article 25fa states that the author of a short scientific work funded either wholly or partially by Dutch public funds is
entitled to make that work publicly available for no consideration following a reasonable period of time after the work was
first published, provided that clear reference is made to the source of the first publication of the work.
This publication is distributed under The Association of Universities in the Netherlands (VSNU) 'Article 25fa
implementation' project. In this project research outputs of researchers employed by Dutch Universities that comply with the
legal requirements of Article 25fa of the Dutch Copyright Act are distributed online and free of cost or other barriers in
institutional repositories. Research outputs are distributed six months after their first online publication in the original
published version and with proper attribution to the source of the original publication.
You are permitted to download and use the publication for personal purposes. All rights remain with the author(s) and / or
copyright owner(s) of this work. Any use of the publication or parts of it other than authorised under article 25fa of the
Dutch Copyright act is prohibited. Wageningen University & Research and the author(s) of this publication shall not be
held responsible or liable for any damages resulting from your (re)use of this publication.
For questions regarding the public availability of this publication please contact openscience.library@wur.nl

Fermented and Acidified Plant Foods
M.f. Robert Nout and Frank M. Rombouts

foods. These books range from general dictionaries16,26 to edited volumes dealing with groups of fermented food commodities. 123,132,133,166 Indigenous or
traditional fermented foods 152 form the basis of most
industrialized food fermentation processes. 151
This chapter discusses fermented foods made of
vegetables, starchy cereals and roots, and proteinaceous seeds. Vegetable fermented foods include cabbages, olives, cucumbers, gherkins, onions, and others, that are preserved by a combination of salt,
absence of oxygen, and acidity produced through fermentation mainly by lactic acid bacteria. A minority
of yeasts also function in these products; they contribute to the preservation as well as the taste of the
products. Certain vegetables, eg, gherkins, are also
preserved without fermentation, but through the
combination of salt, acid, and chemical preservatives. Some examples of such acidified vegetable
products will be included.
Starchy cereals and roots are usually fermented
without salt. A variety of processes will be illustrated, ranging from sour maize-based beverages fermented with lactic acid bacteria, to rye- and wheatbased sourdoughs in which yeasts play an essential
role, and cassava fermentations aimed at detoxification of naturally occurring cyanogenic glycosides.
Proteinaceous leguminous seeds and oilseeds include peas, soya beans, groundnuts and others. The
fermentation of this group of raw materials is targeted toward modification of the major chemical
constituent, protein. This is achieved by molds in
the preparation of tempe and soya sauce, for example, but proteolytic modification can also take
place in bacterial fermentations in which Bacillus
spp. dominate. Such partially degraded proteins include the much appreciated meat substitutes and
condiments (flavorings).
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26.1 INTRODUCTION

The fermentation of foods of plant origin is of
world economic importance. Fermented food products are made of various raw materials and by using
microbial starters dominated by bacteria, yeasts,
and/or molds. Several excellent books are available
that introduce the reader into the area of fermented
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26.2 VEGETABLES AND OLIVES
26.2.1 General Aspects

Range of Plant Materials Used and Products
Produced
The traditional preservation of vegetables and oily
fruits can be achieved by salting, either by immersing agricultural produce in watery salt solutions
(brine), or by mixing fresh produce with crystalline
sodium chloride. Because of the osmotic effect of
salt, plant juices will ooze out of the vegetables. The
nutrients in these juices enable microbial growth. If
the storage takes place under anaerobic conditions,
the combination of environmental conditions favors
the dominance of lactic acid bacteria. 37,40,44,48, 99, 131 , 149
Table 26-1 lists a variety of vegetables and oily fruits
(especially olives) that can be fermented this way. The
products obtained include sauerkraut, which became
popular in the 17th century during long sea voyages,
being a shelf-stable, excellent source of vitamin C. A
rather similar product is Korean kimchi, obtained by
lactic fermentation of salted vegetables, mainly Chinese cabbage, to which a variety of other vegetables,
fruits, cereals, and even meat or seafood may be added.
Other popular fermented products include pickles (fermented cucumbers) and olives, which are prized as
salad ingredients. More recently, a wider variety of
vegetables (see Table 26-1 ), as well as their juices, have
been successfully fermented and enjoy increasing
popularity as healthy snack and salad ingredients.
In addition to fermentation, a considerable proportion of some of these vegetables, particularly cucumbers, may be preserved by acidifying, salting, and
pasteurization so that no fermentation or spoilage
takes place, or by acidifying, adding preservatives,
and cooling. These acidification procedures lead to a
range of less expensive products, with a milder flavor
and a more uniform quality.
Range of Types of Fermentation
Table 26-1 shows that lactic acid bacteria are the
major fermenting organisms. Heterofermentative,
followed by homofermentative lactic acid fermentation, results in both flavor and acidity. A relative
minority group are fermentative yeasts. The latter
have an important role to play, as scavengers of residual nutrients and oxygen. As a result, potential
spoilage-causing microorganisms are inhibited.

Status
Table 26-2 lists some data on the production of fermented olives, cucumbers, and sauerkraut in the two

major producing continents. Whereas the olive industry has its center of gravity in Europe (mainly Spain,
Turkey, Greece, and Italy), 15 cucumber fermentation
industry is mainly concentrated in the United States
(US). Sauerkraut production is equally important in
Europe (Germany and France) and the US.
Acidified pickles are popular in the United Kingdom (UK), the Netherlands, Germany, and the Scandinavian countries.

Composition of Starting Material
The chemical components found in vegetables
used in fermentations, together with the main components of their microbial flora are listed in Table
26-3. Generally, vegetables have a high moisture
content, providing a high water activity for microbial growth. Contents of protein, fat, and carbohydrates are relatively low (except for olives with a
20% w/w fat content). The carbohydrates consist
mainly of reducing sugars and crude fiber. As the reducing (fermentable) sugars are located within the
plant cell structure, they are not available for microorganisms in intact plant tissue. In order to enable
fermentation, the cell structure needs to be disrupted, for instance, by mechanical damage as is
done while shredding cabbage for sauerkraut. An alternative is to extract the sugars by an osmotic effect, which can be achieved using salt or brine.
26.2.2 Fermentation of Cabbage To Produce
Sauerkraut

Method of Production
Sauerkraut (sour cabbage) is shredded and salted
white cabbage (Brassica oleracea) that has undergone lactic acid fermentation. German food regulations require mininum 0.75% total acidity, pH< 4.1,
0.5%-3% NaCl, and less than 10% of total weight as
strainable brine. 67 Special cabbage varieties for fermentation yield large, densely packed heads with a
high dry matter content. A flow diagram for
sauerkraut production is presented in Figure 26-1.
Green outer leaves and cores are removed and the
cabbages are shredded into long strips, 1 to 2 mm
wide. The cut cabbage is transported on a conveyor
belt into tanks or silos. These may hold between 20
and 100 tons of shredded cabbage. Smaller plastic
containers, holding 0.2 to 2 tons are also used. Salt
(about 2% by cabbage weight) is added during conveying and filling. Even distribution of salt and controlled filling into containers are important for homogenous fermentation. Brine begins to form as

Table 26-1 Fermented and Acidified Foods Made of Vegetables and Olives

Raw Material

Fennented vegetables:
Cabbage (Brassica o/eracea)

Chinese cabbage (Brassica
campestris ssp. pekinensis)
with a variety of secondary
ingredients

Cucumber (Cucumis sativus)

Characteristics and Use
Name and Origin of
Predominant Microorganisms
of Product
Fermented Product Principle of Manufacturing Process

Wilt, remove outer leaves, wash,
Sour, preserved
de-core, shred, mix with salt,
vegetable; winter
ferment, sell fresh or preserve
food; excellent
by refermenting, packaging,
source of vitamin C
and/or pasteurization
Vegetable mixture (cabbage,
Mildly acidic, carbonKimchi (Korea)
radish, cucumber, onion,
ated vegetables,
pepper, garlic, etc.), add approx.
eaten as essential
5% salt, fill into earthenware
dish in Korea
vessels. Meat or fish may be
added to flavor. Ferment 5 to
20 days at 10°-18°C.
Sour, refreshing side
Pickles-Fermented Grade, mix with brine, ferment,
dish used as relish,
cucumbers (US,
desalt, add herbs, pasteurize
Europe)
snack, etc.

Sauerkraut (Europe,
US)

Various pickles
Artichoke (Cynara sco/ymus),
Carrot (Daucus carota),
Celery (Apium graveolens),
Tomato (Lycopersicon
esculentum), Sweet pepper
(Gapsicum annuum), Beetroot
(Beta vu/garis), Spring onion
(A/lium cepa)
Various vegetables
Lactic fermented
juices (Europe)

Various vegetables

Fermented salads
(Europe)

Trim, peel, slice, add brine or solid Sour, refreshing snack
salt, ferment, preserve (blanch,
can, pasteurize)

Leuconostoc mesenteroides,
Lactobacil/us plantarum,
L. brevis, Pediococcus spp.

References

21,40,44

16, 73
Leuconostoc mesenteroides,
Enterococcus faecalis,
Pediococcus spp., Lactobacillus plantarum, L. brevis

Enterobacter, Lactobacil/us
plantarum, L. brevis,
Pediococcus pentosaceus,
Saccharomyces cerevisiae,
Sacch. rosei
Lactobacil/us plantarum,
L. sake, L. bavaricus

21,40,44
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Table 2~1 Continued

Raw Material

Fennented ollves:
Olive (Olea europaea)

Olive (Olea europaea)

Olive (Olea europaea)

Acidified products:
Artichoke (Cynara scolymus),
Carrot (Daucus carota),
Celery (Apium graveolens),
Cucumber (Cucumis sativus),
Gherkins (Cucumis anguria),
Beetroot (Beta vulgaris),
Spring onion (Allium cepa),
Sweet pepper (Capsicum
annuum),Tomato
(Lycopersicon esculentum)

00
00

Name and Origin of
Characteristics and Use
Fermented Product Principle of Manufacturing Process
of Product
Predominant Microorganisms

Treated green olives Lye treatment, ferment in brine,
in brine (Europe)
pack

Untreated natural
black olives
(Europe)

Ferment in brine, oxidize, pack

Treated black olives
in brine (Europe)

Ferment in brine, lye treatment
and oxidation, neutralize, brine,
can, and heat treat (botulinum
cook)

Acidified pickles

Snack, salad ingredient Lactobacil/us plantarum,
L. delbriickii, fermentative
yeasts (eg, Hansenula
anomala, Saccharomyces
chevalieri)
Snack, salad ingredient Saccharomyces oleaginosus,
Hansenula anomala,
Pediococcus, Leuconostoc,
Lactobacil/us spp.
Snack, salad ingredient Lactobacil/us plantarum

Grade, wash, cut or whole, blanch, Sour, refreshing snack
fill, add vinegar and herbs, cap,
pasteurize
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Table 26-2 Production Data for Fermented Vegetables of

Commercial Importance
Product

Olives

Region Production (tons)

World
Spain
Turkey
Italy

us
Cucumbers Europe

us
Sauerkraut Europe

us

893,000
227,000
110,000
100,000
57,000
45,000
590,000
220,000
170,000

Year

References

1991-92
1991-92
1991-92
1991-92
1992
1985
1992
1985
1992

48
48
48
48
44,48
15

44,48
15

44,48

soon as salt is added, as liquid is extracted from the
cabbage by osmotic pressure.
Traditionally, no inoculation of cabbage is carried
out. Starting with a well-cleaned silo, the microorganisms that occur naturally on the cabbage will
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grow and produce a succession of dominant microorganisms.
Silos and vats are covered at the top with a sheet of
plastic, the edges of which are draped over the sides
to form an open bag. Alternatively, a giant plastic
bag with filling hole on top is placed on top of the
shredded cabbage. Water, or a brine solution, is then
pumped into the bag so that the cabbage is put under
slight pressure, which helps to exclude the air, and
soon the cut cabbage is immersed in its own brine,
without exposure to air. The water used for the closure never comes into contact with the cabbage. In
one or more comers of the fermentation silo, a perforated plastic pipe is inserted that reaches the bottom.
This pipe allows the escape of gas produced during
the first stages of fermentation. The evacuation of
gas (CO 2) may also be enhanced by purging, ie, blowing controlled volumes of nitrogen gas or air, from
the bottom upwards. The method of flexible sealing

Table 26-3 Chemical Composition and Main Components of the Microbial Flora of Some Vegetables Used in Fermentation

(per 100 g edible portion)

85-95
0.5-5
<1
(olives: 20)
0.7-1.4

Moisture (g)
Crude protein (g)
Crude fat (g)
Fiber (g)
Carbohydrates (g)
Reducing sugars (g}
Ash (g)
Calcium (mg)
Phosphorus (mg)
Iron (mg)
Sodium (mg)
Potassium (mg)
Manganese (mg)
Vitamin A (I.U.)
~arotene (mg)
Thiamine (mg)
Riboflavin (mg)
Niacin (mg)
Ascorbic acid (mg)

Epiphytic microflora (log10N ~

Total aerobic bacteria
Enterobacteriaceae
Lactic acid bacteria
Yeasts and molds

1-6
1-4
0.8-1.7
10-150
10-100
0.5-5
5-100
250-700
500-800
<6
0.02-0.15
0.03-0.30
0.02-0.25
10-100

1 ):

Vegetables (range)
(n =99)

Cucumber
(n 44)

=

Cabbage
(n 44)

4-6
3-3.5
0.7-4

4.20
3.59
0.7
0.2

5.11
3.59
1.62
<1

0.3-4.6

=

Source: Data from H.P. Fleming, K.H. Kyung, and F. Breidt, Vegetable Fermentations, in Biotechnology, Vol. 9, Enzymes, Biomass, Food and Feed, H.J. Rehm, G.
Reed, A. Puhler and P. Stadler, eds., pp. 629-661, © 1995, VCH Verlag, and M.J.R. Nout and F.M. Rombouts, Fermentative Preservation of Plant Foods, Journal of
Applied Bacteriology, Symposium Supplement, Vol. 73, pp. 136S-147S,@ 1992, Blackwell Science, Ltd.
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Whole cabbage

water. These pouches have a shelf life of at least 2
months when stored below 7°C in the dark, or over 3
months when packed with carbon dioxide. If shelfstable sauerkraut is required, the product must be
blanched, canned, and pasteurized.

~

Trim, remove core

~
Shred to approx. 1 mm thickness

i

<= Salt (2% to 2.5% w/w of shreds)

Fill into tanks or silos

Cover with plastic foil
and a layer of water

Ferment (18°-22°C; 3 to 6 weeks)

Unpack

~
Fill in drum

~

~
Referment

~
Fill in pouch

'

Blanch

~

Cool

~

Can

~

Cool

~

Dispense at retail

~

Display at retail

Pasteurize

Figure 26-1 Sauerkraut Production Processes. Source:
Data from 0. Kandler et al., Microbial Interaction in
Sauerkraut Fermentation, in Proceedings, 4th International Symposium on Microbial Ecology, pp. 302-308, ©
1986, and J.R. Stamer, Lactic Acid Fermentation of Cabbage and Cucumbers, in Biotechnology, Vol. 5, Food and
Feed Production with Microorganisms, G. Reed, ed., pp.
365-378, © 1981, Verlag Chemie.

provides optimum fit, in contrast to the ancient
method of pressing the cabbage using wooden slats
weighted down with stones.
Fermentation may be completed after several weeks
at temperatures ranging from 15° to 20°C but may
take several months in winter, when the temperature
of unheated cabbage may be considerably lower.
The fermented product may be sold fresh from a
retail barrel. In this case, the shelf life of the
sauerkraut at refrigeration temperatures will be limited to 1 to 2 weeks. Alternatively, for supermarkets,
it can be filled in sealed pouches and stored refrigerated. Before filling, the sauerkraut is refermented
during an additional period to ensure that all residual sugars have been utilized. This refermentation is initiated by substituting part of the brine by

Microbiological and Chemical Changes
during Fermentation
The natural flora of cabbage consists predominantly of strictly aerobic bacteria and some Enterobacteriaceae (Table 26-3). Lactic acid bacteria are always present but usually in numbers not exceeding
1% of total microflora. 44 However, even under conditions of Good Manufacturing Practice, shredder
blades and conveyor belts transfer high numbers of
lactic acid bacteria to the raw material.
Under conditions of tightly packed shreds, oxygen is
rapidly depleted by respiring vegetable tissues and
strictly aerobic bacteria. 121 At this stage, there is an increase in Enterobacteriaceae, which produce acids and
cause an initial drop of pH to about 4.4 (Figure 26-2).
These Enterobacteriaceae are suppressed within a
few days by the acids produced by fast-growing lactic
acid bacteria. In this early stage of lactic acid fermentation, heterofermentative lactic acid bacteria, such
as Leuconostoc mesenteroides and Lactobacillus
brevis, predominate. Thereafter, homofermentative
lactic acid bacteria take over, producing more acid
and the pH may drop to 3. 7 or lower. Figure 26-3
shows a succession of species that was recorded 119 in
sauerkraut with 2.25% salt, fermented at 18°C.
Among the dominant homofermenters, Lactobacillus plantarum is a major representative, while
Pediococcus spp. usually accounts for less than
10%. Other homofermenters, such as Lactobacillus
sake, Lactobacillus curvatus, and Lactobacillus
bavaricus have also been recorded, particularly in
the early stages of fermentation. 67 Whereas the most
spectacular events in microbial succession take
place within a week at 18°C, fermentation continues
for several weeks thereafter, during which time fermentable sugars are converted mainly to lactic acid
and the pH drops steadily to below 3.5. 42
Controlling factors in sauerkraut fermentation are
temperature and salt concentration. At 18°C and 1 %
salt, heterofermentative lactic acid bacteria are favored, whereas at an impractically high temperature
of 32°C and salt concentration of 3.5% homofermentatives are favored. 121 Normal conditions vary between 15°-22°C, with 2% to 3% salt (w/w on cabbage
weight), with fermentation periods of 3 to 6 weeks.
The use of starter cultures has been considered,
aimed at improving control over the process and the
composition of the product. Sauerkraut contains
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Figure 26-2 Microbiological and Acidity Changes during Sauerkraut Fermentation with 2% w/v NaCl at 18.3°C and Continuous Purging with N 2 • Source: Reprinted with permission from H.P. Fleming, R.F. McFeeters, and E.G. Humphries, A
Fermentor for Study of Sauerkraut Fermentation, Biotechnology and Bioengineering, Vol. 31, pp. 189-197, © 1988, John
Wiley &. Sons Inc.

D(-) and L(+J lactic acid, with an excess of D(-J lactic
acid. 67 From a nutritional point of view, it is desirable to have as much L( +) lactic acid as possible, as
this can easily be metabolized by the human body.
Lactobacillus bavaricus produces exclusively the
L(+J isomer, and using this organism as a starter culture the sauerkraut contained 70% to 90% of L(+J
lactic acid. Addition of a homofermentative starter
results in the early suppression of acid-sensitive
Leuconostoc mesenteroides, which is, however, important for flavor production. Consequently, the
product resulting from pure culture L. bavaricus inoculation has a rather bland flavor.
Another reason for using starter cultures is to
minimize spoilage during storage. This will be discussed in the next section.
Table 26-4 shows the major chemical changes taking place during the fermentation. The data42 refer to
a "nitrogen-purged" sauerkraut fermentation as carried out under controlled conditions. The heterofermentative stage of sauerkraut fermentation is
characterized by production of CO2 (gas), lactic acid,

acetic acid, and ethanol. However, because of purging, the CO2 level was reduced quite soon after it has
been produced. Acetylmethylcarbinol (acetoin),
diacetyl, and 2,3 butylene glycol are by-products of
fermentation that contribute to sauerkraut flavor. In
addition, considerable amounts of fructose are reduced to mannitol by the heterofermenters. In Table
26-4 the fructose levels indicate excess sugar that
has not (yet) been reduced. Gradually, all sugars that
have leaked out of the plant tissue are converted into
metabolites. At low pH, esters are formed spontaneously from fermentation products.
White cabbage may contain up to 4.5% w/w (250
mmoles l-1 J fermentable sugars, mainly glucose and
fructose and some sucrose. These sugars gradually
diffuse out of the shreds into the brine and are subsequently fermented. As a consequence the homofermentative stage may last for several weeks or
months, during which .these sugars are gradually
converted to lactic acid (Table 26-4).
Prolonged fermentation can lead to a harshly
acidic product, with 2% to 2.5% lactic acid. For this
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Figure 26-3 Succession of Species during a Sauerkraut Fermentation, with 2.25% w/v NaCl at l8°C. From day 1 to day 21

the pH fell from 4.8 to 3.5 and the titratable acidity increased from 0.15% to 1.78% expressed as lactic acid. Source: Data
from C.S. Pederson, Microbiology of Food Fermentations, © 1971, AVI Publishing Co.

reason the fermentation may be interrupted at an
earlier stage, eg, when the concentration of lactic
acid has reached 0.75%, which is the legal lower
limit in Germany. This may be achieved by refrigeration, blanching, and/or pasteurization (see Figure
26-1 ). The product is then taken out, freshly packaged or canned, and sold as indicated in Figure 26-1.

2.

3.
Prevention of Spoilage
Several sauerkraut defects may be initiated during
fermentation. These include:
1. Pink (sometimes gray) discolorations, espe-

cially when yeasts (Saccharomyces exiguus and
pink yeasts) can develop, although Lactobacillus brevis has also been incriminated. 150 These
form precursors that turn pink or gray when exposed to light and oxygen. A major cause of excessive yeast growth is inadequate acid production by the lactic acid bacteria, as a result of
deficiency of manganese, 20 too high salt concen-

4.

5.

trations, too high temperature, or inadequate
exclusion of air during fermentation.
Serious flavor defects are produced by butyric
acid bacteria that develop and produce butyric
acid. This type of spoilage may be because of
use of soiled cabbage, irregular salt distribution,
or slow development of lactic fermentation.
"Soft kraut" often occurs simultaneously with
"pink kraut" as it is mainly caused by irregular
salt distribution. If in some parts of the silo the
salt level is too low, pectolytic enzymes are insufficiently inhibited. These enzymes may be
produced by aerobic microflora, if air is inadequately excluded.
Slimy sauerkraut may result from polysaccharide (dextran) production by Leucostoc spp.
when these bacteria grow out massively in fermentations carried out during winter time at
unusually low temperatures.
Putrefaction occurs if aerobic microorganisms
can develop; oxidation of organic acids results

i
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Chemical Changes Taking Place during the Sauerkraut Fermentation (2% w/v NaCl, 18.3°C, Continuously Purged

with N2 )
CO2
Time
(days)

0
1
2
3
5
7
12
16
22
28
60
150

Glucose
(mM)

35
48
70
72
78
73
60
40
30
2
1

Fructose
(mM)

30
29
30
26
8
0

Sucrose
(mM)

1
2
3
2
1
0

(ml 100 mf-1
brine)

25
20
30
60
145
20
32
10
30
30
25
20

Lactic Acid
(mM)

0
0
1
40
85
95
120
160
200
230
245
270

Mannitol
(mM)

0
35
50
80
95
95
95
95
95
95
95

Acetic Acid
(mM)

0
0
1
30
65
80
85
85
90
82
90
90

Ethanol
(mM)

0
20
30
35
40
40
40
40
45
35
60
65

Source: Reprinted with permission from H.P. Fleming, R.F. McFeeters, and E.G. Humphries, A Fermentor for Study of Sauerkraut Fermentation, Biotechnology and
Bioengineering, Vol. 31, pp. 189-197, © 1988, John Wiley & Sons Inc.

in higher pH values, which in tum enable the
growth of microorganisms, eg, pseudomonads.
Spoilage during fermentation may be controlled
by adequate homogenous distribution of salt, exclusion of air, and adjusting salt concentration in relation to the temperature.
Exposure to oxygen during retail packaging of fresh
sauerkraut should be kept at a minimum. Refermented sauerkraut (see Figure 26-1) is transferred by
vacuum suction into plastic pouches, which are heat
sealed and must be kept refrigerated (5°C) to avoid
overgrowth by yeasts that survive fermentation or
contaminate the product during postfermentation
handling. Shelf life may be prolonged by adding potassium metabisulfite (if legally permitted), and sodium
benzoate (max. 0.1 % w/w); a shelf life of 8 to 12
months is feasible. 149 In the Netherlands, chemical
preservatives are no longer used in sauerkraut,
whereas refermentation is applied frequently.
During bulk storage of sauerkraut, extensive acidification may occur (see Figure 26-2 and Table 26-4).
This results from homofermentative fermentation of
available carbohydrates. If epiphytic homofermenters
could be inhibited, eg, by enhancing heterolactic fermentation by Leuconostoc mesenteroides, the kraut
would be stabilized. This has been achieved at an experimental scale, using a nisin-producing Lactococcus
lactis strain, 52 in combination with a nisin-resistant
Leuconostoc mesenteroides. 53 Nisin-paired starters 13

could suppress epiphytic homofermentative lactic
acid bacteria, and postpone homolactic fermentation
for at least 20 days, enabling a thorough heterolactic
fermentation.

Control of Safety
Botulism arising from improperly canned vegetables has been well-documented. 41 In well-fermented sauerkraut, the combination of 2 % NaCl
and pH values below 4.5 prevents germination of
Clostridium botulinum spores and toxin production.92 However, defective sauerkraut (see above)
may not fulfill these requirements, and requires special attention.
Another aspect of toxicity is the production of biogenic amines such as histamine, tyramine, putrescine, and others. In natural (uncontrolled) fermentations, up to 100 ppm histamine was recorded14
with 200 ppm putrescine. Although these levels are
not toxic, a reduction of biogenic amine accumulation could be achieved using selected pure cultures
lacking decarboxylase activity.
26.2.3 Fermentation of Cucumbers

Method of Production
Cucumbers for pickling are produced from special
varieties of Cucumis sativis L. and are harvested at a
relatively immature stage, their value being inversely proportional to their size. Pickling cucum-
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hers are preserved by three basic methods: fermentation (curing), pasteurization, and refrigeration. Figure 26-4 shows the principle of the process for fermentation; pasteurized and refrigerated pickles will
be mentioned in Section 26.2.5 (acidified products).
Fermentation is the oldest method of cucumber
processing. Washed and graded cucumbers are introduced into tanks with a capacity of 2.5 to 25 tons
partly filled with a 10% sodium chloride solution
(brine), so that during fermentation the concentration of salt may vary between 5% and 8% w/w.
Inoculation is not practiced commercially, but has
been investigated at laboratory scale. 120 A microbial
succession (see next section) takes place during the
fermentation, starting with the microflora present
on the cucumbers. 44
Tanks are covered with headboards or protective
plastic covers, such as those used in sauerkraut fermentation. Brines are periodically circulated for
mixing. This mixing is also achieved when the tanks
are periodically purged with air to remove dissolved
CO2 and prevent bloater formation (cucumbers with
gas pockets inside). Originally this purging was done
with nitrogen, but this is expensive and it was found
that air could also be used. Toward the end of fermentation the salt concentration is gradually increased to between 8% and 16% w/w, so that the
pickles may be stored for at least 1 year without
spoilage (salt stock or brine stock).
Following fermentation and storage, excessive salt
is removed by several changes of water. The pickles
are filled into jars or cans, spices and condiments are
added, and the product is pasteurized at an internal
temperature of 74°C for 15 minutes.

Cucumbers

JJ
Grade

JJ
Fill into tank with brine 5%-8% w/w
NaCl (pH approx. 4.5)

JJ
Add salt up to 8% w/w NaCl

JJ
Ferment at 15°-32°C
with air or N2 purging

Grade

Cut

Whole

Desalt

Finish
(dill, sour, sweet)

i
Fill

JJ
Cover liquor

Microbiological and Chemical Changes
during Fermentation
A typical example of the succession of groups of
microorganisms is shown in Figure 26-5. The rate
and extent of growth are influenced strongly by the
salt concentration in the brine. Figure 26-5 is relevant for a 40°Salometer brine. 100°Salometer refers
to a 100% saturated NaCl solution; consequently,
40°S corresponds with 10.6% w/w NaCl in the
brine. Because the initial salt concentration used in
pickles is two to three times as high as in
sauerkraut, 44 pickle fermentation is more typically
dominated by salt-tolerant species. Initially,
Enterobacter species may multiply and produce acids and gas (carbon dioxide and hydrogen). To prevent excessive gas formation the brine may initially
be acidified with acetic acid to pH 4.5.

JJ

Cap

JJ
Pasteurize

Cool, store

JJ
Retail
Figure 26-4 Cucumber Fermentation Process. Source:
Adapted with permission from H.P. Fleming, K.H. Kyung,
and F. Breidt, Vegetable Fermentations, in Biotechnology,
Vol. 9, Enzymes, Biomass, Food and Feed. H.J. Rehm, G.
Reed, A. Puhler, and P. Stadler, eds., pp. 629-661, © 1995,
VCHVerlag.
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Table 26-5 lists the major lactic acid bacteria and
yeasts found in fermented cucumbers.
Due to its lower salt resistance, Leuconostoc
mesenteroides is less important in the cucumber fermentation than in the production of sauerkraut.
Lactobacillus plantarum, L. brevis, and Pediococcus
pentosaceus are mainly responsible for acid production, and under favorable conditions (5% to 8% w/w
Na Cl; 21 ° to 2 7°CJ fermentation is completed
within 3 weeks. At higher salt concentrations the
rate and extent of lactic acid fermentation are reduced and growth and gas production by yeasts is
increased.
Both fermentative and oxidative yeasts have been
isolated from brines. 44 The fermentative yeasts have
the desirable effect of depleting all residual fermentable carbohydrate matter thus minimizing the
growth of spoilage flora. This effect has been shown
in a study on mixed L. plantarum-yeast (Saccharomyces cerevisiae and Sacch. rosei) starter cultures. 22
In contrast, oxidative yeasts are regarded as undesir-
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able as they tend to oxidize organic acids and ethanol
and to produce off-odors. Oxidative yeasts may be
favored if air purging is applied, and fungi may develop and cause softening through their pectic enzymes; potassium sorbate (0.035% w/v) is sometimes added to the brine as an antifungal agent.
Cucumbers contain about 2 % glucose and fructose as fermentable sugars which are converted to
lactic and acetic acids, ethanol, mannitol, and CO2 •
Figure 26-6 summarizes old, but still valuable, data64
indicating the significant effect of brine concentration. With increasing NaCl concentration, less sugar
is converted into acid. This corresponds with increasing gas production by fermentative yeasts that
convert the sugar residues during the later stages of
the fermentation process. Another fermentable substrate is malic acid (0.2% to 0.3%), which is degraded by Lactobacillus plantarum to lactic acid and
CO 2 • This conversion was discovered when L.
plantarum was used as a starter and appeared to produce gas in pickle fermentation. 83,84
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Figure 26-5 Microbiological Changes during Cucumber Fermentation. Initial brine concentration of 40° Salometer (10.6%
w/w NaCl). Source: Data from J.L. Etchells and I.D. Jones, Bacteriological Changes in Cucumber Fermentation, Food Industry, Vol. 15, pp. 54-56, © 1943.
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Table 26-5 Microflora of Fermented Cucumbers40 ,44
Lactic Acid Bacteria

Genus and Species
Enterococcus
faecalis
Lactococcus
lactis
Leuconostoc
mesenteroides
Pediococcus
pentosaceus
Lactobacillus
brevis
Lactobacillus
plantarum

Lactobacil/us
bavaricus

Fermentation Type

Yeasts

Main Product
(molar ratio)

Configuration
of Lactate

Fermentative

Oxidative

Obi.• Homofermentative

Lactate

L(+)

Hansenu/a anomala

Candida krusei

Obi. Homofermentative

Lactate

L(+)

Obi. Heterofermentative

Lactate:Acetate:CO 2
(1:1:1)
Lactate

D(-)

Debaryomyces
hansenii
Pichia ohmeri

Lactate:Acetate:CO 2
(1:1:1)
Lactate

DL
D(-), L(+), DL

Hansenula
subpel/icu/osa
Saccharomyces
bailii
Saccharomyces
de/briickii
Saccharomyces
rosei
Torulopsis holmii

Lactate:Acetate (1:1)

D(-), L(+), DL

Lactate

L(+)

Obi. Homofermentative
Obi. Heterofermentative
Fac.b Heterofermentative

Obi. Homofermentative

DL, L(+)

Rhodotorula spp.
Saccharomyces
rouxii

Torulopsis /actiscondensii
Toru/opsis versatilis

•Obligate.
•Facultative.
Source: Data from H.P. Fleming, Mixed Cultures in Vegetable Fermentations, in Mixed Cultures in Biotechnology, J.G. Zeikus and E.A. Johnson, eds., pp. 69-103,
© 1991, McGraw-Hill, Inc.; and H.P. Fleming, K.H. Kyung, and F. Breidt, Vegetable Fermentations, in Biotechnology, Vol. 9, Enzymes, Biomass, Food and Feed, H.J.
Rehm, G. Reed, A. Puhler and P. Stadler, eds., pp. 629-661, © 1995, VCH Verlag Weinheim.

Prevention

of Spoilage

Cucumber fruits may retain their withered flowers,
which are laden with pectolytic fungi and yeasts. If
these microorganisms are transferred with the fruit
into the brine, their pectic enzymes may cause pickle
softening. 40 It is important therefore to minimize the
introduction of cucumber flowers. Internal softening
may also be the result of indigenous polygalacturonase,44 the concentration of which increases in cucumbers with increase in size and maturity.
Another defect is the formation of bloaters or floaters, resulting from formation of CO2 by lactic acid bacteria within the cavities. Bacteria, but not yeasts, are
able to enter the fruit through stomata.40 In this case,
fermentation gases accumulate in cavities in the central part of larger cucumbers, bringing them to the surface of the brine. This quality defect is avoided by intermittent air purging, to remove dissolved carbon
dioxide from the brine. However, purging with air introduces oxygen into the brine, and stimulates development of fungi and oxidative yeasts. As mentioned
earlier, nitrogen has been used successfully for purging, but it is too expensive on a commercial scale.
In order to control oxidative fungi including yeasts,
acetic acid or calcium acetate and potassium sorbate
(less than 0.035% 44 ) may be used. Acetic acid is effective against gas-forming enterobacters, fungi, and

yeasts, whereas calcium ions act as firming agent on
cucumber tissue by binding to pectic substances. Oxidative yeasts may also proliferate on the surface of
brines in poorly covered tanks. These yeasts utilize
lactic acid causing the pH to rise and thus allowing
spoilage bacteria to grow. Butyric acid fermentation,
resulting in offensive odors, may be initiated in brines
with very low salt concentration, but this would be
indicative of a gross processing failure. 43, 44
26.2.4 Fermentation of Olives

Method of Production
In 1991 and 1992 world production of table olives
had reached 893,000 tons (Table 26-2), with the main
production countries as follows: Spain (227,000
tons), Turkey (110,000 tons), Italy (100,000 tons),
Morocco (85,000 tons), and Greece (80,000 tons). 48
Table olives are fruits of specific varieties of the cultivated olive tree IOlea europaea sativa Hoffmann et
Link). They are harvested at various stages of ripeness (from green to black) and processed in different
ways, to remove the natural bitterness caused by the
glucoside oleuropein, and improve their organoleptic characteristics. 37
Olives are fleshy stonefruits, the pulp accounting
for 70% to 90% of the weight and the stone (endocarp)
for 10% to 30%. The lipid content varies between 6%
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Figure 26-6 Chemical Changes Occurring during Cucumber Fermentation, As a Function of Brine Concentrations (20° and
60° Salometer, Corresponding with 5.3% and 15.9% w/w NaCl, Respectively). Source: Data from I.D. Jones and J.L.
Etchells, Physical and Chemical Changes in Cucumber Fermentations, Food Industry, Vol. 15, pp. 62-64, © 1943.

and 30%. Fermentable sugars are glucose (1% to 3 % of
flesh), fructose (0.1 % to 1.1 %), and small amounts of
sucrose and mannitol. Citric, oxalic, and malic acids
are present in a total concentration of 0.5 % to 1.0% of
the weight of the flesh. This also contains 1 % to 3 % of
phenolic compounds, mostly ortho-diphenols and
their glucosides, which play an important role in fermentation because of their antimicrobial properties,
specifically against lactic acid bacteria. The phenolic
compounds are also important in the color development during ripening and in the darkening process for
preparing ripe olives in brine.
The three major preparation methods for table
olives are shown in Figure 26-7; major processing
stages are summarized in Table 26-6.
In commercial production, olives are not inoculated with starter cultures. The processes rely on
combinations of environmental factors (eg, salt,
temperature, presence of microorganisms on fresh
olives, and microflora attached on equipment).
For "treated green olives in brine" 48 the olives are
picked when they have reached a green to straw-yel-

low color. They are treated in cylindrical or spherical
polyester and glass fiber tanks with 1.3% to 2.6%
w/v lye solution (NaOH) for 5 to 7 hours to hydrolyze oleuropein. The lye solution is then drained
away and the olives are washed repeatedly with water, which removes some of the oleuropein and its
hydrolysis products, other polyphenols, and some of
the fermentable sugars. The olives are then put in
brine containing 5% to 6% w/v NaCl to allow fermentation, which is mainly by lactic acid bacteria.
The olives may be kept in the same brine until further processed, and sold after increasing the salt concentration to 8% w/v. These green olives, when fermented completely, are known as "Spanish-style
green olives."
"Untreated natural black olives in brine" are prepared from violet to black olives. These are immediately brined (usually the brine has 8% to 10% w/v
NaCl concentration initially) and fermented, predominantly by yeasts.
"Treated black olives in brine" (ripe olives) are
prepared from olives, picked at various stages of ripe-
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ness, from yellowish-green to purple. They are usually stored in brine (5% to 7% w/v NaCl initially)
prior to the oxidation (blackening) process, carried
out with 1 % to 2% w/v sodium hydroxide solutions
and purging with air. After final washing, their pH
may vary between 5.8 and 7.9. The black color is stabilized by adding iron salts. The olives are canned in
a 2.5% to 5% w/v brine solution and sterilized.

Microbiological and Chemical Changes
during Fermentation
"Treated green olives in brine" undergo the most
extensive fermentation, in which lactic acid bacteria
play a dominant role (Table 26-6 and Figure 26-8).
Following lye treatment and washing, the olives are
brined so that the final NaCl concentration is 5% to
6% w/v of brine during fermentation. In the first

Fresh green ollves

Fresh black olives

Fresh black ollves

3

I

I

Lye treatment

3
Wash

Wash

3

3

Brine

Brine

3

3

Ferment

Ferment

I

I

Sort and size

t
Pitt, stuff

t
Pack

I
Treated green
olives in brine
(Spanish-style
green olives)

Sort and size

t
Darkening

t
Pack

I
Untreated natural
black olives

Wash

3
Brine

t
t

Ferment

Lye treatment
Air oxidation

t
Wash, neutralize

t
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t
Sort and size

t
Can, sterilize

3
Treated black
olives in brine
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Figure 26-7 Three Methods of Olive Processing. Source:
Adapted with permission from A. Garrido Fermandez,
P.G. Garcia, and M.B. Balbuena, Olive Fermentations, in
Biotechnology, Vol. 9, Enzymes, Biomass, Food and Feed.
H.J. Rehm, G. Reed, A. Puhler, and P. Stadler, eds., pp.
593-627, © 1995, VCH Verlag.

stage of fermentation (2 to 3 days) Gram-negative
rods, Enterobacteriaceae (coliforms), and Bacillus
spp. predominate. These are contaminants from
olives, tanks, and washing waters. As a result the pH
decreases from an initial value of 8.0 or higher, to 6.0
or below. In this stage gas formation (CO21 H 2 ) is due
to Enterobacteriaceae and Aeromonas spp. As fermentation progresses, Pediococcus and Leuconostoc
spp. appear and a second stage of fermentation sets
in, in which Lactobacillus plantarum, and to a lesser
extent Lactobacillus delbriickii, take over. Figure
26-8 47 illustrates quantitative changes in predominant microorganisms, in combination with some
chemical changes. During the second stage of fermentation (12 to 15 days), the pH should ideally drop
to below 4.0. This pH drop depends on the concentration of fermentable sugars present and the buffering capacity due to salts of organic acids from olives,
formed during treatment (so-called combined acidity
or residual lye). Interestingly, unlike in sauerkraut
and cucumber fermentation, in this type of olive fermentation pediococci may appear first, before
leuconostocs and lactobacilli. This phenomenon
may be due to the salt concentration and/or the resistance to polyphenols. During the third stage of
fermentation, which lasts until substrates are exhausted, species of Lactobacillus, mainly L.
plantarum, predominate and these coexist with a
yeast flora. 38 L. plantarum requires vitamins and
amino acids for its growth, and some of the yeasts
appear to release B-vitamins. 134, 135 The fermentative
yeasts use a certain proportion of fermentable sugars, but their metabolites, such as ethanol,
ethylacetate, and acetaldehyde contribute to the organoleptic characteristics of the product. Oxidative
yeasts may occur also in superficial films. They
should be kept low by anaerobiosis, as they oxidize
lactic acid, raise the pH, and thereby may favor malodorous spoilage by Clostridium spp. Suppression of
oxidative yeasts can be achieved by covering brine
surfaces with plastic films. At the end of fermentation, the salt concentration is raised to 8% w/v to
suppress possible development of Propionibacterium, which may cause an increase in pH and induce
malodorous spoilage.
"Untreated natural black olives in brine" are put
immediately in brine of 8% to 10% salt (Table 26-6).
The fermentation process is slow, as diffusion of
soluble compounds through the skin of the fruits is
slow when no lye treatment has been applied. Gramnegative bacteria are present in the first few days but
disappear after 1 or 2 weeks. This fermentation is
dominated by yeasts, which reach maximum num-
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Table 26-6 Processing Stages and Characteristic Compositional Changes in Fermented Olives
Initial Phase
Process

Changes

Main Phase
Microflora

Process

Changes

RnalPhase
Microflora

Process

Changes

Microflora

General
Characteristics of
Rnal Product

Treated green olives In brine
Lye
treatment
and
washing

Hydrolysis of
oleuropein;
loss of sugars
and organic
acids;
formation of
organic acids
from sugars

Aerobic epiphytic
bacteria and
molds; nonsporulating Gramnegative bacteria
(Coli Aerogenes
group); Grampositive cocci
(Micrococcus,
Pediococcus,
Streptococcus,
Leuconostoc);
some yeasts

Fermentation in Lactic acid
Preservation None if no
Lactobac/lfus
brine (mainly
formation;
plantarum;
spoilage
in brine
lactic acid
formation of
L. delbruckii,
occurs
Bottling
bacteria);
other organic
fermentative
yeasts
secondarY
acids and
action of
(Hansenula
volatiles;
other microdegradation of
anomala,
organisms
chlorophylls
Candida krusei,
Saccharomyces
chevalieri,
Candida
parapsilosis,
Hansenula
subpe/licu/osa)

Spoilage microflora: Titratable acidity
oxidative yeasts,
(TTA) approx.
Propionibacterium
1% as lactic
spp., C/ostridium
acid; pH 3.6spp.
4.2; NaCl
2%-8%

Not relevant

Natural
Slow loss of
Major fermentative Preservation None if no
fermentation
spoilage
sugars,
in brine
- yeasts:
in brine;
polyphenols,
Saccharomyces Bottling
occurs
mainly
bitterness;
o/eaginosus,
yeasts;
formation of
Hansenula
minority of
organic acids,
anomala;
lactic acid
ethanol,
minority LAB:
bacteria
acetaldehyde,
Pediococcus,
(LAB)
ethyl acetate
Leuconostoc,
Lactobacillus
spp.

Major oxidative
TTA 0.3%-0.5% as
yeasts: Torulopsis
lactic acid; pH
candida,
4.3-4.5; NaCl
6%-10%
Debaryomyces
hansenii, Candida
diddensii, Pichia
membranaefaciens;
propionic, butyric
acid bacteria

Untreated natural black olives
None

None

°"
♦

~

s§
.....

Treated black olives In brine (ripe olives)
Fermentation Slow loss of
Coliform bacteria;
Alkaline
in brine by
sugars,
Lactobaci/lus
treatment;
LAB and
polyphenols
plantarum; of
washing;
yeasts
and bitterness;
oxidation by
minor importance:
formation of
air; brining;
Pichia
organic acids,
bottling;
membranaefaciens,
ethanol, and
Pichia vinii
heat
other volatiles
sterilization

~
I\J

~

Hydrolysis of
Either yeasts or
lactic acid
oleuropein;
bacteria may
polymerization
of polyphedominate
nols; loss of
sugars and
organic acids;
organic acid
formation
from sugars

None

None if no
spoilage
occurs

"Commercially
sterile"•

•See Chapter 3.

Source: Data from M.J. Fernandez Diez, Olives, in Biotechnology, Vol. 5, Food and Feed Production with Microorganisms, G. Reed, ed., pp. 379-397, © 1983, Verlag Chemie.
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hers after 10 to 25 days. The rather high salt concentration compared with treated green olives in brine,
is an important factor in the yeast dominance. Fermentative yeasts, such as Saccharomyces oleaginosus and Hansenula anomala are always found,
along with some facultative oxidative yeasts, such as

Torulopsis candida, Debaryomyces hansenii, Candida diddensii, and the oxidative species Pichia
membranaefaciens.79 However, Pediococcus and Leuconostoc, and in a later stage Lactobacillus species,
also occur and produce acids. The major fermentation
products are lactic and acetic acids, ethanol,
ethylacetate, acetaldehyde, acetone, n-propanol, 2methyl-propanol, and 2-methyl butanol. In this type of
fermentation, air purging may be applied to remove
excessive CO 2 and prevent gas pocket spoilage and
shrivelling of fruits. As a consequence, the dissolved
oxygen concentration is higher in this fermentation
than in treated green olives in brine, and this favors
growth of oxidative yeasts. The final pH is between
4.3 and 4.5, while the acid concentration varies between 0.3 % and 0.5 % . For this reason, at the end of
fermentation the salt concentration should be raised
to 8 % to 10% to ensure adequate preservation.
"Treated black olives in brine" (ripe olives) typically undergo an alkaline oxidation process to
achieve complete blackening of the fruit skin and
uniform dark coloration of the pulp (Table 26-6).
This oxidation process may be applied immediately
after harvest, or the fruits may be stored in brine and
fermented prior to oxidation. During storage in
brine, air injection may also be applied with these
olives to enhance the oxidation (blackening). Depending on varietal differences in phenol levels and
salt concentration in the brine, either yeasts or lactic
acid bacteria may dominate the fermentation. Induced lactic acid fermentation resulted in adequate
preservation prior to oxidation treatment. 28 In order
to cause blackening, fruits are repeatedly treated
with sodium hydroxide solutions (1 % to 2%) and
water in which air is injected under pressure; usually
this is achieved in three to five successive treatments. The alkaline oxidation of phenolic compounds causes a complete blackening of the fruit
skin and a uniform darkening of the pulp. During
finishing, most of the sodium hydroxide is removed;
this is ensured by washing until the pH of the flesh is
approximately 8. Finally, the olives are canned or
bottled in a brine of 1.5 % salt and sterilized.

Prevention of Spoilage
In the fermentation of treated green olives in
brine, initial proliferation of gas-forming Gramnegative rods may cause "aleunbrado," also called
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Figure 26-8 Chemical and Microbiological Changes during the Traditional Fermentation of "Treated Green Olives in Brine." Source: Data from P. Garcia Garcia et al.,
Lactic Fermentation during the Storage of" Alorena" Cultivar Untreated Green Table Olives, fournal of Applied
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gassy spoilage or floaters. This type of spoilage is
characterized by blisters, causing the skin to separate from the flesh of olives and also by the formation of gas pockets. The problem may be avoided by
adjusting the initial pH to values around 6.0 or less
by bubbling CO2 • Further pH reduction of brine pH
to 4-4.5 is achieved usually by adding acetic, lactic,
or hydrochloric acid.

Ch. 26
In untreated natural black olives, gassy deterioration may be caused by yeasts, such as Saccharomyces
and Hansenula. Also, Bacillus polymyxa and B.
macerans may develop with Gram-negative bacteria
early in fermentation and cause softening by their
pectolytic enzymes. Certain pectolytic yeasts, such as
Saccharomyces kluyveri and S. oleaginosus, may also
cause severe softening in such directly brined olives.
In treated black olives in brine pasteurization,
which is used occasionally prior to oxidative darkening, may prevent texture loss due to the pectolytic
yeasts. This will also kill vegetative cells of Bacillus
spp. It is not known whether remaining endospores
of Bacillus spp. are able to germinate under the prevailing environmental conditions.
In all types of olives, malodorous types of spoilage
may be caused by various anaerobic microorganisms.
A putrid smell may be the result of growth of proteolytic Clostridium spp. Butyric acid spoilage may
arise from development of butyric acid bacteria, such
as Clostridium butyricum. Hydrogen sulfide spoilage
results from Desulfovibrio aestuarii. Another off-odor
called "zapatera" is characterized by the eventual development of a foul fecal-like stench, and is caused by
Clostridium sporogenes and other clostridia in association with Propionibacterium spp. Contamination
of brined olives with these anaerobic bacteria may
come from water, dust, fermenters, or other equipment used in processing, or possibly from the surface
of the olives. Spoilage usually starts at the bottom of
fermenters where anaerobic conditions prevail. Malodorous fermentation can generally be prevented by
working under good sanitary conditions and by controlling pH(~ 4.6) and salt concentration(~ 5%).

Control of Safety
The most important safety issue in fermented
olives appears to be the risk of Clostridium botulinum growth and toxin formation. Whereas anaerobic spoilage may occur during initial or later process
stages, the occurrence of C. botulinum appears,
however, to be rare.76 A low pH(~ 4.4), or relatively
high salt concentration (~ 7% w/v NaCl), or their
combination is regarded as adequate protection
against botulism. 92,95 Lactic acid bacteria will have
produced lactic and acetic acid in addition to a reduced pH; this provides additional antimicrobial effects caused by the undissociated acids. 59,99 However,
if such basic compositional requirements are not fulfilled, botulism cannot be ruled out completely. For
instance, black olives were incriminated in a small
outbreak of botulism of the B type3 6; the composition
of the olives was insufficiently reported to evaluate
their quality in relation with the above remarks.

♦

Fermented and Acidified Plant Foods

701

A protective effect of lactic acid bacteria can be
achieved by their production of bacteriocins, eg,
plantaricin 136 and sakacin 143; however, these were
found to be ineffective against C. botulinum. 62, 134
Another aspect of food safety is the control of
pathogens such as Salmonella. Investigations on the
inhibitory effect of oleuropein showed that this glucoside does not inhibit S. enteritidis, 155 thus for
safety one has to rely on other factors.
Spanish-style (green) olives, as they are produced
commercially, eg, in glass jars or plastic pouches, are
usually not pasteurized. Their pH is in the range of
3.5 to 4.0, with 0.5% to 0.75% w/v free acidity expressed as lactic acid and their salt concentration
varies between 5% and 8% w/v. To spiced or stuffed
olives, potassium sorbate may be added to a concentration of up to 0.05% w/v as sorbic acid. In pasteurized green olives the pH is 4 to 4.2 and the salt concentration about 5.5% w/v. Treated black olives in
brine are sterilized as their pH varies in the range of
5 to 8 and their salt concentration from 2.5 % to 5 %
w/v. Natural black olives cannot be sterilized for
reasons of texture loss. For this reason, their pH in
retail products is kept below 4.6 and their salt concentration at 7% to 8% w/v. In addition, potassium
sorbate is allowed in this product to a final conc~ntration of 0.05% w/v as sorbic acid.
Olives may carry mold propagules. Aspergillus
flavus strains were isolated from natural black olives in brine, and their ability to produce aflatoxins
was tested. 30 Under suitable conditions (aerobic incubation), mold growth was significant on fresh,
damaged black olives and their paste, but was only
weak on intact black olives. Only low levels of aflatoxins could be produced by strong aflatoxigenic
strains. This implies that the use of intact olives for
processing is preferable; furthermore, the olives
must be protected from mold growth in hermetically
sealed containers.
26.2.5 Acidified Products

Method of Production
Acidified products or vinegar-pickled vegetables
are prepared (Figure 26-9) by pouring preboiled, hot
vinegar onto the vegetables. These may be whole or
cut cucumbers, gherkins, beets, olives, onions, peppers, or other mixed vegetables. 10,24 Salt, spices and
herbs, herb extracts, sugar, and chemical preservatives are usually added. Prior to pasteurization, large
pieces such as whole cucumbers, are blanched to exhaust air pockets. For unfermented pasteurized pickles, a liquor is used to fill jars and cans so that the
final product contains 0.5% to 0.6% w/v acetic acid
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and up to 3% w/v salt, while the pH is about 3.7. 44
These products are shelf-stable for more than 1 year.
Unpasteurized refrigerated pickles have a shelf life
of not more than 3 months, during which time a
slow lactic fermentation seems to occur. Their microbial safety status is rather unclear.
In Europe, unfermented sweet-sour pickles of
gherkins and silverskin onions, for example, are
quite popular. The liquor used to fill cans and jars
may contain 2.5% to 4% w/v acetic acid, 5.5% to
8% w/v sucrose, and 2% to 2.5% w/v NaCl. With a
liquor content of about 40% w/w, the concentrations in the final product would be 1% to 1.6 % acetic acid, 2.2% to 3.2% sucrose, and 0.8% to 1.0%
w/w NaCl, respectively. The products are pasteurized (30 minutes for 1 liter jars) at a-Waterbath temperature of 80° to 85°C. These products may be stored
for more than 1 year at temperatures preferably not
exceeding 15°C to prevent undesirable softening.

Microbiological and Chemical Changes
during Production
In fresh pack pickles, survival of the pasteurization treatment by thermoresistant bacterial endospores may be expected; these would not be able
to germinate in the acid product. In refrigerated pickles, some yeasts and lactobacilli might be present in
the product.

Cucumbers

~
Grade

~
Wash

/
1
I

Whole
p?
Cut

Blanch

\

Fill, add liquor to equilibrium salt
cone. 2.0%, acetic acid cone. 0.5%,
and sugar cone. 0.2% to 1.2%

Pasteurize

'

Cut

I

Fill, add liquor to equilibrium salt
cone. 3.0%, and pH <4.6

Refrigerate

Cool

~

Store

~

Retail

Fresh pack pickles

Prevention of Spoilage
In fresh pack pickles, the preservation is achieved
by a combination of low pH and pasteurization, and
a relatively low concentration of acetic acid will suffice. For fresh pack cucumber pickles (Figure 26-9),
the canning operation (glass jars or large 10 liter
cans) is essentially the same as for fermented cucumbers, but the pasteurization is slightly more severe (15 minutes at an internal temperature of 78°C).
However, if nonpasteurized refrigerated pickles
need to be preserved without preservative, the acetic
acid concentration should be minimum 3.6% v/v23
and the pH should be 3.5 or below. A preservative
such as sodium benzoate (max. 0.1 % w/w 149 ) is usually added, and the product is stored at 1° to 5°C. Under marginal conditions, hardy species of yeasts
(Saccharomyces bailii and Pichia spp.) and lactobacilli might grow and cause spoilage. 131 ,146
It seems possible that acidified pasteurized vegetables may be prone to spoilage by Alicyclobacillus
acidoterrestris, an acidophilic mesophile with a pH
optimum between 3 and 4 and a minimum growth
temperature of 26°C. This and more thermophilic
species of Alicyclobacillus have been incriminated

'\
Whole

Store

~

Retail

Refrigerated pickles

Figure 26-9 Acidified Pickle Production Processes.
Source: Adapted with permission from H.P. Fleming, K.H.
Kyung, and F. Breidt, Vegetable Fermentations, in Biotechnology, Vol. 9, Enzymes, Biomass, Food and Feed, H.J.
Rehm, G. Reed, A. Puhler, and P. Stadler, eds., pp. 629661, © 1995, VCH Verlag.

in spoilage of fruit juices, but so far occurrence in
acidified pasteurized vegetables has not been recorded.11,14s,16s

Control of Safety
The safety of pasteurized acid foods depends on pasteurization and the fact that the pH (lower than 4.5)
combined with the presence of organic acids, prevents
the growth of pathogenic microorganisms. The safety
of refrigerated pickles depends on the combination of
refrigerated storage, a pH lower than 4.5, and the presence of organic acids, salt, and preservatives.
However, it is prudent to realize that these are not
sterile products, and that surviving pathogenic microbes might proliferate when pickles are used at low
concentrations as ingredients in neutral pH foods.

Ch. 26
26.3 CEREALS, TUBERS, AND ROOTS
(STARCHY PLANT FOODS)
26.3.1 General Aspects

Range of Plant Materials Used and Products
Produced
The most important starchy plant foods used in
food fermentations are cereals, starchy tubers, and
root crops. Table 26-7 provides an overview of
starchy food plants that are processed into fermented foods for human consumption.
Cereals are grown worldwide, although a distinction can be made between tropical cereals (maize,
millets, sorghum, rice) and those grown in moderate
climates (wheat, rye, barley, oats).
Root crops and tubers are important suppliers of
dietary starch. In root crops, the entire swollen root
is edible, whereas tubers are swollen parts of the root
system, or the stem. In both cases, the crop grows
underground. The most important root crop is cassava, whereas sweet potato and Irish potato are major tuberous crops. Cassava is an extremely important staple food in tropical climates.
Range of Types of Fermentation

Table 26-7 summarizes a variety of fermented
foods made from starchy food plants, their geographical origin, the principle of their manufacturing procedure, a description of the properties and utilization of the ready food, the microorganisms that
dominate the fermentation, and references to the literature. By way of examples, products made of cereals (kenkey and sourdough) and of roots (gari) will be
outlined in some detail in the following sections.
In order to obtain an edible fermented product
from these food plants, a fermentation as well as a
cooking step should take place. But in which sequence? In practice, both options are used.
In many "household-scale" fermentations in
tropical countries, uncooked cereals and root crops
are fermented first, and then cooked prior to consumption. Such products are listed under the first
heading in Table 26-7: "cereals fermented prior to
cooking," and "roots." In uncooked cereals and
roots, endogenous enzyme activity generates adequate fermentable carbohydrates for a lactic acid
fermentation to take place. Also, some starch-degrading bacteria and molds may contribute to the
generation of fermentable carbohydrates from
starch. Generally, lactic acid bacteria are poor degraders of starch. Consequently, it is essential for
strong acidification that this enzymic amylolysis
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takes place. In many "household-scale" fermentations inoculation is not used. The minority of lactic
acid bacteria on plant raw materials can achieve
dominance at the conclusion of a natural succession
of microorganisms. The climax population is formed
by the most acid-tolerant, ie, lactic acid bacteria.
Some examples of highly acid-tolerant species are
Lactobacillus fermentum, Lactobacillus plantarum, Pediococcus acidilactici, and Enterococcus
faecalis. A microbial succession takes time, and
does not always produce the same result. A simple
but very effective way of inoculation is the addition
of previously fermented product to a new batch. This
"back-slopping" approach causes the enrichment of
high numbers of acid-tolerant lactic acid bacteria in
the inoculum. Using back-slopping, lactic fermentation of cereals may be completed twice as rapidly as
a fermentation without added inoculum. Cooking
after fermentation and immediately before consumption inactivates any pathogenic bacteria, viruses, and parasites and increases the safety of the
products. In many small-scale processes, hygiene is
inadequate and in many tropical countries the quality of the water supply is not reliable.
Fermentation after brewing and cooking is required for the preparation of alcoholic beverages. In
acidic conditions, fungi can develop well if their
other environmental requirements are fulfilled. For
mold growth, aerobic conditions are required, which
explains the reason why lactic-fermented doughs become moldy on the surface if not protected adequately. On the other hand, when fermentable sugars are present, yeasts can develop in coexistence
with lactic acid bacteria. This is the basis for a variety of traditional African beers made from maize,
sorghum, or millets such as "busaa" and "pito."
Instead of using germinated grain (malt) to generate fermentable carbohydrates for brewing, mold enzymes are used in the saccharification of cooked rice
for the preparation of Japanese rice wine (sake). The
fermentation of sake consists of a mold solid-state
phase, followed by a liquid fermentation dominated
by yeasts and lactic acid bacteria.
In addition to these mixed fermented African and
Asian alcoholic beverages, several popular European
beers (Gueuze, Berliner white beer) are the result of
inoculation with a combination of yeasts (Saccharomyces, Brettanomyces spp.) and lactic acid and
other bacteria (Lactobacillus, Pediococcus spp.). The
fermentation of some whiskey mashes is also of a
mixed microbial character.
Fermentation after cooking the cereals or roots is
used for lactic acid fermentations, and also for fer-
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Table 26-7 Fermented Foods Made from Starchy Food Plants

0

~

Raw Material

Name and Origin of
Fermented Product

Principle of Manufacturing Process

Characteristics and
Use of Product

Predominant Microorganisms

References

Maize (Zea mays)

Mawe (Benfn)

Uji (Kenya)

~

--l

Cereals fennented prior to cooking:
Maize (Zea mays)

-0

Grind whole maize to grits, make dough by
adding water, allow natural fermentation
by LABa and yeasts.

Dough maize grits with water, and allow
natural lactic fermentation. Dilute and
cook dough in boiling water to beverage
of about 5%-7% dry matter.

Sourdough, from which
stiff porridges or
dilute beverages are
made (staple food).

Lactobacil/us fermentans,
L. cellobiosus, Candida
krusei

58

=
•
~

()
:,::i

Lactobacillus plantarum,
L. fermentum, L.
Sour refreshing
cel/obiosus, L. buchneri,
beverage, for
Pediococcus acidilactici,
breakfast, lunch, and
P. pentosaceus
snack. Also used as
weaning food.

0

b:I

82

>
I:""

tr:!
0
I:""
0

()

C'l

><

0

"11

Maize (Zea mays)

Ogi (Nigeria)

L. plantarum, L. confusus,
63
L. murinus, L. agi/is,
Leuconostoc mesenteroides

Soak whole maize kernels in water; wet
grind and lactic fermentation submerged
in water; recover sour maize sediment
and boil to thin beverage like Uji.

Same as uji.

Soak whole maize kernels in water; wet
coarse grind, make stiff dough followed
by lactic fermentation; cook half of the
dough to gelatinized mass and mix with
uncooked half; shape into balls, wrap in
leaves, and cook submerged in water.

Massive, sour, breadObligate heterofermentative
50,61
like maize product. In
lactobacilli, Candida krusei,
some areas, eaten 3
Saccharomyces cerevisiae
times daily (staple
food).

Sorghum flour mixed with water, inoculated
with starter dough (previous batch),
fermented, and baked.

Flat bread, used as
starchy staple food.

Whole wheaVrye flour mixed with water,
inoculated with previous batch of
sourdough, fermented by mixed lactic
acid bacteria and yeast populations.

Sour, stiff dough, used L. plantarum, L. casei,
L. buchneri, L. acidophilus,
as leavening agent in
the preparation of
L. alimentarius,
L. farciminis, L. delbruckii,
dough for sourdough
bread preparation.
L. fermentum, L. brevis,
L. sanfrancisco

0
l:;:J
"11

tn

~

~

~

Maize (Zea mays)

Sorghum (Sorghum
bicolor)

Kenkey (Ghana)

Kisra (Ethiopia)

Wheat (Triticum vu/gare) Sourdough
(Europe, US)
Rye (Secale cereale)

L. fermentum, L. reuteri,
L. amylovorus, Candida
krusei

51

137
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Table 26-7 Continued

Raw Material

Name and Origin of
Fermented Product

Principle of Manufacturing Process

Characteristics and
Use of Product

Predominant Microorganisms

References

Wheat (Triticum vulgare) Tarhana (Turkey)
Trahana (Greece)

Make dough with wheat flour, yogurt,
bakers' yeast, tomato paste, onion, salt,
peppers; ferment, dehydrate, grind,
sieve.

Shelf-stable nutritious
soup base.

Saccharomyces cerevisiae,
60
Streptococcus thermophi/us, L. bulgaricus,
L. lactis ssp. lactis, L. casei,
L. lactis ssp. diacetylactis,
Leuconostic cremoris

Rice (Oryza sativa)

Grind rice with bengal gram, add water,
allow natural fermentation, prepare
steamed cakes.

Steamed cake (staple
food).

Leuconostoc mesenteroides,
Enterococcus faecalis,
yeasts

65, 66,

Make dough of uncooked rice flour, water,
garlic, spices, and add previous batch;
shape to small balls or tablets and allow
to ferment and sun dry.

Used as fermentation
starter for tape,
sake, and similar
fermented rice
products.

Amylomyces rouxii,
Endomycopsis fibuliger,
Hyphopichia burtonii,
Pediococcus spp., Lactobacillus spp.

70,96

Turbid, sour beer with
considerable
nutritional value.

L. plantarum, Saccharomyces
cerevisiae

93

Rice (Oryza sativa)

ldli (India)

Men (Vietnam)
Ragi (Indonesia)

Cereals fermented after brewing and cooking:
Sorghum (Sorghum
Pombe (E. Africa)
Make dough with maize grits, allow natural
bicolor)
Busaa (Kenya)
fermentation by LAB and yeasts; fry
Rnger millet (Eleusine
soured dough on hotplate, mix gelaticoracana)
nized crumbs with ground germinated
millet and water; brewing and fermentation by yeasts and LAB occur simultaneously.
Maize (Zea mays)
Sorghum (S. bicolor)

Rice (Oryza sativa)

Pito (Ghana)

Sake (Japan)

~
I\:)

°'
♦

"l:I

~

!:i

§

Wort is made from malted sorghum and wa- Turbid, sour beer.
ter, a yeast-LAB starter (enrichment) is
added, followed by alcoholic fermentation.
Steam-cook rice, inoculate with starter
(ragi, men, or similar), ferment until fully
liquefied, filter.

159

Rice wine.

Lactic acid bacteria, Saccharomyces, Candida spp.

25, 144
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Aspergiffus oryzae, Leuconostoe mesenteroides var.
sake,L.sake,Saccharomyces cerevisiae

168

n.
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Table 26-7 Continued
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Raw Material

Name and Origin of
Fermented Product

Cereals fermented after cooking:
Maheu (S. Africa)
Maize (Zea mays)

Principle of Manufacturing Process

Characteristics and
Use of Product

Predominant Microorganisms

Cook maize grits in water, cool, inoculate
with wheat bran and LAB (L delbruckii),
ferment at about 50°C

Refreshing sour
beverage.

L. delbruckii, L. bulgaricus

Suspend maize grits in water and cook to
porridge; add milled germinated sorghum
(malt) and some of previous batch of
togwa; allow to ferment.

Refreshing sour
beverage.

L. /actis, Lactobacillus spp.,

References

57
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Maize (Zea mays)

Maize (Zea mays)

Glutinous rice (Oryza
sativa var. glutinosa)

Togwa (Tanzania)

Pozol (Mexico)

Tape ketan
(Indonesia)

68

Candida krusei

0

~

t11
()
0
t-<
0

Boil whole maize in lime water, dehull, grind Beverage.
to dough, shape into balls, wrap in
leaves, allow lactic-fungal fermentation.
Make pozol by suspending fermented ball
in water.

Leuconostoc, Lactobacillus,
Candida spp., Trichosporon cutaneum,
Geotrichum candidum

Prepare steamed glutinous rice, sprinkle
crumbled starter (see ragi) on it, cover,
ferment.

Amylomyces rouxii,
Hyphopichia burtonii,
Pediococcus spp.

Sweet, sour, and
alcoholic rice snack.

106,161
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Rice (Oryza sativa)

Risogurt (Korea)

Extrude rice flour, add soyabean protein
isolate, ferment with LAB to yogurt-like
product.

Refreshing and
nutritious sour

Instant starch food, eg,
for breakfast; shelfstable staple food.

Streptococcus thermophilus,
Lactobacillus bulgaricus

160

Leuconostoc, Enterococcus,
Lactobacillus, Geotrichum
candidum

116,164

beverage.

Roots:
Cassava (Manihot
utilissima)

Gari (Nigeria)

Wash, peel, grate cassava to pulp; press
pulp in woven bag, allow to drain juice
and ferment; roast fermented crumbs to
dry, gelatinize starch, and remove HCN.

Cassava (M. uti/issima)

Kokonte (Ghana)

Wash, peel, cut cassava, cover, allow solid- Stiff cooked dough;
substrate fermentation; pound and cook.
staple food.

Cassava (M. utilissima)

Attieke (Ivory
Coast)

As gari, but steam cooked after fermentation.

Ready-to-consume
See gari
cooked crumbs;
staple food; not shelf
stable.

39

Cassava (M. utilissima)

Farinha de
Manioca (Brazil)

Wash, peel, sour fermented starch, sun
dried.

Flour used to cook stiff
pasty dishes.

27

Lactic acid bacteria, molds
78
(Rhizopus, Neurospora spp.)

See gari
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Table 26-7 Continued

Raw Material

Name and Origin of
Fermented Product

Principle of Manufacturing Process

Characteristics and
Use of Product

Predominant Microorganisms

References

Bacillus spp., Corynebacterium manihot, Candida
spp., Geotrichum
candidum, Klebsiella spp.,
Leuconostoc
mesenteroides,
Lactobacillus p/antarum,
Micrococcus luteus

3,115

Cassava (M. utilissima)

Lafun (Nigeria)

Wash, peel, cut, ferment submerged in
water; drain water and sun dry fermented
pieces; grind to flour.

Flour used to cook stiff
pasty dishes (eba)
(staple food).

Cassava (M. utilissima)

Fu-Fu (Nigeria)

Wash, peel, cut in half, ferment submerged
in water; drain water and grate roots,
ferment again, sieve to remove fiber,
dewater, cook, pound.

Cooked, pounded mash Bacillus, Candida, Corynebaceaten as starchy
terium, Lactobacillus
staple food.
acidophi/us, L. casei,

116,164

L. fermentum, L. brevis,
L. de/briickii, L. sake,
Leuconostoc, Klebsiel/a

spp.

Tubers:
Sweet potato (lpomea
batatas)

Tape ketella
(Indonesia)

Peel, cut, steam cook, inoculate with ragi
as in tape ketan

Similar to tape ketan
(above)

See tape ketan

70
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•LAB = lactic acid bacteria.
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mentations with mixed fungal starters (eg, tape
ketan and tape ketella). Important consequences of
cooking first are: (1) the gelatinization of the starch
causes a considerable increase of viscosity, which
makes the product more difficult to handle, (2) the
endogenous enzymes are inactivated and thus, no
auto-amylolysis will occur, and (3 J the epiphytic microorganisms are killed. Consequently, if a fermentation must follow, a source of fermentable carbohydrates and the right type of functional microflora
must be provided. In Togwa, for example, this is
achieved by adding germinated sorghum (malt) to
the cooked maize. The enzyme activity of the malt
will generate maltose from the maize starch; moreover, sorghum malt contains high levels of bacteria
and yeasts, and thus it provides a mixed inoculum.
However, the quality of this inoculum leaves much
to be desired from the points of view of safety and
product quality. In Maheu, a more controlled process is achieved. Addition of wheat bran (containing
cereal enzymes) ensures generation of fermentable
carbohydrates, whereas the fermentation takes place
with a selected thermophilic lactic acid bacterium at
about 50°C. In practice, this temperature is selective
for Lactobacillus delbriickii and is too high for enteropathogenic bacteria to survive. A similarly controlled process is that of risogurt, in which rice is
cooked to gelatinize, partly degraded using amylolytic enzymes, sterilized by autoclaving, and fermented with a defined, mixed culture.

Status
Fermented cereal and root products are known and
consumed worldwide. They are often used as staple
foods in tropical countries. Production may be on a
household scale and sales may serve as a source of
(additional) income to the family. Alternatively,
some products (such as uji, sourdough, pombe, sake,
maheu, and gari) are also processed on an industrial
scale facilitating some control of microbiological
and chemical changes, and of the microbiological
safety of the products.
Composition of Starting Material
Ranges of chemical components of starchy foods
are listed in Table 26-8. Cereals contain 25 % to 30%
moisture at harvest, and drying to 10% to 14% moisture content makes them rather stable for storage.
Cereals are seeds and consist of an embryo, an endosperm, and multiple protective layers referred to
as "bran." Whereas the embryo has a relatively high
lipid and protein content, the endosperm contains
the reserve nutrients mainly in polymeric, water-in-

soluble form (starch, protein, lipids). The bran has a
rather high cellulose and hemicellulose content, and
significant levels of silicate and minerals (ash).
Other important compounds in cereal endosperm
and bran are phytic acid (inositol hexa phosphate)
and tannins (condensed polyphenols). Both substances can form chemical complexes with minerals, starch, and proteins; as a result, they have a
negative effect on a number of important processes.
First, they reduce the bioavailability of minerals in
the digestive tract; as such they are regarded as "antinutritional factors (ANFs)." Moreover, the tendency
of phytic acid and tannins to bind with proteins also
causes inhibition of enzymes and metabolic activities
of microorganisms. During the germination of seeds, a
variety of saccharolytic, proteolytic, and other enzymes are activated and/or produced mainly from
within the aleurone layer of the bran. The result is
that the endosperm material is "modified," ie, polymeric material is degraded to oligomers and further to
maltose, small peptides, and free amino acids, for
example. During germination, ANFs such as phytic
acid are degraded. This enzymatic degradation also
takes place in grains that have been ground to a meal
that is mixed with water. Obviously, this type of bioconversion can only take place in cereals that have
not previously been heated.
Roots and tubers have a much higher moisture
content and contain considerably less protein than
cereals. Unlike cereals, they are highly susceptible
to spoilage. Bitter varieties of cassava contain toxic
glycosides. Particularly in Africa, these bitter varieties are widely preferred by farmers as they are much
less affected by wild animals (monkey, bush pig) and
theft. The toxic glycosides (linamarin, lotaustralin)
can be degraded to glucose, acetone, and the highly
toxic HCN if they are brought into contact with the
enzyme linamarinase. In the intact root, the cell
membrane-bound enzyme is physically separated
from linamarin. However, accidental or deliberate
damage to the root tissue starts the enzymatic process. This is important during food processes aimed
at detoxifying bitter cassava.
Cereals, roots, and tubers carry a mixed soilborne
and airborne microflora, characterized by the presence of bacteria (eg, Enterobacter aerogenes, Erwinia
spp., Bacillus mesentericus, and Flavobacterium
spp.), yeasts (eg, Cryptococcus albidus), and molds
(Fusarium, Aspergillus, Penicillium, Rhizopus, and
Neurospora spp.J. Lactic acid bacteria are present but
in very low numbers. Much of this original flora is
removed during preparatory processing, for example,
by peeling, dehulling, and washing.

Ch. 26
Table 26-8 Chemical Composition and Main Components of
the Microbial Flora of Some Starchy Food Plants Used in
Fermentation
(per 100 g edible portion)

Moisture (g)
Crude protein (g)
Crude fat (g)
Fiber (g)
Carbohydrates (g)
Reducing sugars (g)
Ash (g)
Calcium (mg)
Phosphorus (mg)
Iron (mg)
Sodium (mg)
Potassium (mg)
Vitamin A (I.U.)
Thiamine (mg)
Riboflavin (mg)
Niacin (mg)
Ascorbic acid (mg)

Cereals

Roots and Tubers

8-13
5-14
1-5
0.6-1.8
62-80
0.5-2.5
0.8-1.9
10-350
90-400
0.5-5
5-10
100-400

50-80
0.2-2
<0.4
0.8
17-37
0.3
1.1
7-150
60
0.5-2
10
600
0-100
0.1-0.15
<0.06
0.3-1
<20

0.1-0.6
0.05-0.15
1-3.5

Epiphytic microflora (log10 N ~

1 ):

Bacteria:
Aerobes
Enterobacteriaceae
Lactic acid bacteria
Yeasts and molds

4.5
3.5-5
2.6-4.3
2.5-3.2

4-6
1.7
2.7
2.4

Source: Reprinted with permission from M.J.R. Nout and F.M. Rombouts,
Fermentative Preservation of Plant Foods, Journal of Applied Bacteriology,
Symposium Supplement, Vol. 73, pp. 136S-147S, © 1992, Blackwell
Science, Ltd.

26.3.2 Fermentation of Maize To Produce Kenkey

Kenkey is the major staple food of Ghana. It is
eaten as a kind of maize bread at almost all mealtimes. Kenkey is produced at household level in
small batches (5 to 10 kg), but usually in larger quantities (batches of 100 to 2,000 kg) by cottage enterprises and women's cooperatives.
Method of Production
Figure 26-10 shows the sequence of operations of
the traditional process. Whole maize is cleaned,
soaked, ground roughly, and made into a dough that is
fermented at ambient temperatures (25° to 30°C). No
starter is used for this fermentation, but it may be presumed that the use of the same equipment and containers may result in the development of a "house
flora" that facilitates the onset of the fermentation.
The fermented dough is divided into two equal parts,
one of which is mixed with water and cooked to gela-
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tm1zation. This sticky gel (aflata) is mixed and
kneaded with the remaining half; aflata serves as cement and moisturizer in the resulting dumpling.
This is shaped, wrapped, and cooked immersed in
water. Traditional processes demand much time,
physical labor, and fuel energy. Technological interventions, as shown in Figure 26-10, can help to accelerate the process and to achieve a shelf-stable intermediate flour mix, which can be turned into fresh
kenkey rather quickly. In this case, the water uptake
period is shortened by precracking the kernels, and a
starter of lactic acid bacteria is used to speed up the
fermentation. As there is much interest in time-reducing and shelf-stable consumer products, a dehydrated mix of fermented dough and pre-cooked and
drum-dried aflata has been developed, which can be
made into kenkey in relatively short time.
Microbiologi.cal and Chemical Changes
during Fermentation
Figure 26-11 shows the development of lactic acid
bacteria and yeasts in the fermenting dough. Molds
and catalase-positive bacteria are present in maize,
but disappear during the fermentation. Dominating
lactic acid bacteria include Pediococcus cerevisiae,
Leuconostoc mesenteroides, and Lactobacillus
fermentum. Dominating yeasts are Candida krusei,
and Saccharomyces cerevisiae. Dominating molds
(during the initial stages and not regarded as functional flora) are: Penicillium citrinum, Aspergillus
flavus, A. parasiticus, A. wentii, and Fusarium
subglutinans.
During the fermentation, several chemical changes
take place that are catalyzed either by the microorganisms, or by the endogenous enzymes of maize. In
Table 26-9, approximate analysis at key processing
stages is presented. During the process, the moisture
content increases due to the soaking and cooking.
While no significant changes occur in crude protein,
ash, fiber, and carbohydrates, there is a marked increase of available lysine. As this essential amino acid
is limiting in maize, an increase improves the nutritional value of the product. The bioavailability of nutrients is limited by the antinutritional factors
phytate, polyphenols, and lectins, which can form
chemical complexes with minerals, proteins (including enzymes of the digestive tract), and sometimes
with starch. The reduction of the phytate content
(Table 26-9) increases the bioavailability of minerals
and proteins. The required phosphatase activities have
been demonstrated in lactic acid bacteria and are
present also as endogenous activity in several plant
tissues. Consequently, phytate degradation is not al-
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ITraditional process !

IAccelerated process with shelf-stable intermediate flour mix!

Whole maize kernels

Whole maize kernels

JJ

JJ

Crack kernels

JJ

Soak in water (2 days)

Soak in water (3-6 h)

JJ

JJ

Grind to rough paste

Grind to rough paste

I

JJ
Shape into a mound and
allow to ferment 2-4 days

Mix with enrichment starter
and ferment 12-1 s h

JJ

Grind to
smooth paste

JJ

Slurry in water and
cook to gelatinous
dough (AFLATA)

JJ
Gelatinize and
dry AFLATA on
drum dryer

Dry fermented paste
in cabinet dryer

I
Mix gelatinized drum-dried AFLATA
with cabinet-dried fermented paste

JJ
Stable, intermediate
(KENKEY FLOUR MIX)

Mix, knead with uncooked
fermented paste

JJ
Shape into balls and wrap in leaves

JJ
Cook in water (4--6 h)

JJ
KENKEY

JJ
Add water

JJ
Shape into cylinders (sausage casing)

JJ
Cook in water (1-2 h)

JJ
KENKEY

Figure 26-10 Kenkey Traditional Process and Innovations. Source: Reprinted with permission from P.F. Nche, G.T.
Odamtten, M.J.R. Nout, and F.M. Rombouts, Dry Milling and Accelerated Fermentation of Maize for Industrial Production
of Kenkey, a Ghanaian Cereal Food, Journal of Cereal Science, Vol. 20, pp. 291-298, © 1994, Academic Press Ltd.

ways purely the result of microbial activity. The effect
of fermentation on the pasting behavior is also of interest: the texture and cohesion of the cooked product
is favored by high peak and set-back viscosities. Important volatile flavor compounds in maize dough fermented with lactobacilli include acetic acid, acetoin,
2,3-butanediol, butanoic acid, lactic acid, 3methylbutanoic acid, octanoic acid, 2-phenylethanol,
and propanoic acid. so

Prevention of Spoilage
Traditional kenkey is at risk of mold spoilage during the fermentation of the dough. Superficial mold
growth occurs on the dough; this may lead to off-colors, off-taste, and possibly mycotoxin formation. It
is important therefore to achieve the lactic acid fermentation as quickly as possible, thereby reducing
the available time for the onset of mold growth.
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Figure 26-11 Microbiological Changes during the Traditional Kenkey Fermentation Process. Source: Data from references
18, so, 61.

Once wrapped and cooked, kenkey is reasonably
well protected against post-processing contamination, and has a shelf life of several days at ambient
temperatures, provided the wrapping has not been
opened. However, the average consumer will not
store kenkey for longer than a day, as staling of the
cooked maize gel renders it less palatable.
A long shelf life may be expected from a fermented
and dehydrated product IKenkey-Flour-Mix, Figure
26-10). As a result of dehydration, some losses of
volatile organic acid (acetic acid) and esters occur,
which might affect the flavor. Drum drying of aflata
at 140°C for 0.5 minute reduced the available lysine
from 2.36 to 1.59 g 16 g N- 1, whereas cabinet drying
at 60°C for 3 hours caused no reduction. 88,89 The conclusion is that shelf-stable products can be made, but
at the expense of thermal energy, nutritional value,
and possibly flavor.
Control of Safety

In general, fermentation improves nutritional
properties, makes foods attractive, safeguards food

against pathogens, and preserves food. The formation of organic acids and other antimicrobial metabolites, and the competitiveness of actively growing fermentation starters contribute to the
destruction or inhibition of bacterial pathogens.
Moreover, fermentation usually takes place in the
presence of antimicrobial ingredients (spices, salt),
or in the context of a sequence of treatments (washing, grinding, cooking, drying). The combined effect
of these treatments with fermentation can further
increase the safety of food.
In the production of kenkey, the use of maize as
raw material always carries the risk of being contaminated with aflatoxins, as well as other mycotoxins, eg, fumonisins. Although some reduction of the
mycotoxin levels may be expected from treatments
such as soaking and cleaning, lactic acid bacteria
have very little impact on the chemically stable molecules of aflatoxins and fumonisins. It is thus essential that the raw material be free of mold growth.
The antimicrobial activity caused by the combined effects of acids, compounds sensitive to pro-
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Table 26-9 Chemical Changes during the Kenkey Fermentation Process

Moisture

(%w/w
of total)

Crude
Protein
Dry Matter (Nx6.25)
(% w/wof
(%w/w
of total)
dry matter)

Available
Lysine
(g/16g N)

Crude Fat
(% w/wof
dry matter)

Ash
(% w/wof
dry matter)

Crude Rber
(% w/wof
dry matter)

Carbohydrates
(% w/wof
dry matter)

Pasting Behavior
(Brabender Units)
Peak
Viscosity

Set-back
Viscosity

Phytate
(% w/wof
dry matter)

;
~

Cl)

Raw maize
Soaked
Fermented
dough
Kenkey

15.0
32.4
51.0

85.0
67.6
49.0

10.7
11.4
11.7

1.30
1.57
2.33

4.9
4.0
1.5

1.5
1.5
1.5

1.7
1.8
1.7

81.2
81.3
83.6

64.5

35.5

11.6

3.30

1.4

1.5-3.1

1.7

83.2

Source: Data from references 78, 85, 89, 90.

200

500

0.73

f;l

800

2000

0.31

§
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teolytic enzymes, and other compounds with antimicrobial activity was stronger in mixed culture
naturally fermented than in single pure culture fermented kenkey. This means that introduction of
pure cultures as starters may impose a risk to the
microbiological safety of the product. 113
As maize contains approximately 10% protein,
this could serve as a precursor for the formation of
toxic biogenic amines such as histamine. However,
there is evidence that levels of biogenic amines in
kenkey are well below tolerable levels (about 200 mg
kg- 1 for histamine). 95,JOs
In conclusion, kenkey may be regarded as a relatively safe product, providing the raw material was
of good quality and the lactic acid fermentation has
been rapid. A main reason for the safety of this product is that it is cooked in its packaging material before consumption.
26.3.3 Fermentation of Cereal Flours To Produce
Sourdough

Method of Production
Wheat doughs obtain their characteristic elastic
and extensible properties from the wheat gluten proteins. The fermentation of wheat dough with added
bakers' yeast, Saccharomyces cerevisiae, and its
subsequent transformation into bread, is discussed
in Chapter 28. Despite their lack of elastic gluten,
other cereals can also be made into doughs. Rye, for
instance, is used as a bread cereal despite its gluten
deficiency. As rye doughs tend to form firm gels at
reduced pH, the dough and baking properties of rye
are enhanced by acid conditions such as prevail in
sourdough bread.
Figure 26-12 shows the principle of the manufacture, maintenance, and utilization of sourdough in
bread making. Many regional variations occur, but
all within the general principles. Sourdough starter
cultures are added as pure cultures or spontaneously
fermented dough to a fresh flour-water mixture. Depending on temperature, dough yield (water content), presence of salt, and level of inoculation, the
fermentation will proceed for 2 to 12 hours at temperatures ranging from 18° to 30°C. Inoculation is
often performed with 5% to 10% w/w of previously
fermented dough. This practice is referred to as
"back-slopping." As a leavening agent in bread
making, 10% to 20% w/w of mature (fermented)
sourdough is added as dough ingredient. The addition of salt to the bread dough will reduce the speed
of fermentation, so usually dough fermentations
(carried out in subsequent stages at different tern-
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peratures) take a total of 3 to 10 hours. As a result of
the activities of lactic acid bacteria and yeasts, gas
will be produced as well as organic acids and volatile
flavor components. The ratio of lactic:acetic acid is
referred to as fermentation quotient (FQ). Higher
concentrations of acetic acid result in a sharper sour
taste and longer shelf life.
Microbiolo'gical and Chemical Changes
during Fermentation
Cereal sourdoughs are enrichment cultures of relatively stable combinations of yeasts and (mainly)
heterofermentative lactic acid bacteria. Depending on
the type and composition of the flour, dough-making
conditions, and incubation environment, rather characteristic mutualistic combinations develop during
the long periods (months or years) that sourdoughs are
maintained. Typical lactic acid bacteria and yeasts encountered are listed in Exhibit 26-1.
Wild strains of sourdough lactobacilli are specialized toward assimilation of maltose, the major assimilable carbon source in cereal dough. 167 A regular
supply of maltose is generated by the endogenous
cereal amylases. In principle, sugar transport in lactic acid bacteria can occur via (I) high affinity primary transport or phosphoenolpyruvate:sugar
phosphotransferase systems both at the expense of
ATP and inhibited at pH <6; or (2) low affinity secondary transport systems driven by (electro)chemical gradients, which are effective at relatively
high sugar concentrations. In maltose-grown L.
sanfrancisco maltose uptake is via maltose-H+
symport, thus at lower pH the proton-motive force
will be increased and so will be the maltose uptake.
Within the cell, maltose is phosphorylated and split
into glucose-IP and free glucose. About 50% of the
latter leaves the cell through a glucose uniport. 87
When all maltose has been taken up, the exported
glucose will be assimilated in pure cultures. However, in sourdough the released glucose will be assimilated by yeasts. In sourdough, glucose is exported at the same rate as maltose is imported,
reaching glucose levels up to 13 mM. 153
In the presence of sufficient maltose, maltosephosphorylase, produced by lactobacilli, is not glucose-repressed. This factor is considered essential for
the domination of the lactobacilli over microorganisms competing for the same carbon source (ie, maltose). As most other maltose-assimilating organisms
are glucose-repressed, the export of glucose would
thus serve as an indirect and temporary inhibitor.
Nevertheless, maltose-assimilating S. cerevisiae
competes with L. brevis ssp. lindneri resulting in re-
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Sourdough production and maintenance

Flour-water mixture
(rye, wheal or mixtures)

Sourdough starter
(pure culture or "spontaneous-=
mixed-strain starter)

j

Fermentation
variables: incubation temperature,
moisture content, NaCl concentration,
inoculation level)

Inoculation by
"backslopping"

SOURDOUGH
(quality attributes include: pH,
tltratable acidrty, microbial composition)

Sourdough utilization in bread making

~
Flour 1 kg
Water0.5 kg
Salt 20 g
Sourdough 250 g
misc ingredients

Mixing, kneading'Bread dough

\

Dough fermentation
(2s 0 -30°C: 2-4 h)

I

SOURDOUGH BREAD

Baking
(200°-2so 0 c: 20-30 min)

Figure 26-12 Sourdough Fermentation and Utilization.
Source: Adapted with permission from G. Spicher and H.
Stephan, Sourdough Handbook, Biology, Biochemistry,
Technology, 2nd ed., © 1984, BBV Wirtschaftsinformationen GmbH.

duced bacterial growth and organic acid production.49 It was also suggested that lactic acid bacteria
may produce antibiotics and thus support the stability of the sourdough population, but no direct evidence has been presented to confirm or contradict
this hypothesis. Most yeasts present in sourdough
are quite robust. They tolerate the concentration of
acids present, but they do not appear to compete
with the lactic acid bacteria because most of the prevailing species cannot assimilate maltose.
Yeasts may have a role as suppliers of growth factors; S. cerevisiae and S. exiguus excrete alanine,
glutamic acid, leucine, and valine during the stationary phase of growth, and these amino acids stimulated growth of L. brevis ssp. lindneri. Lactic acid
bacteria from sourdoughs require vitamins and vary-

ing numbers of amino acids, which could be supplied
either by soluble matter from fresh yeast, a peptide,
or live yeast cells. 94 It was also observed that in
wheat doughs, proline and arginine are assimilated
faster by mixed yeast-lactic acid bacteria cultures
than by the individual microbial components. However, considerable levels of free amino acids are generated in dough by proteolytic enzymes of the cereal
grain, and yeasts (S. cerevisiae) consume, rather than
release, amino acids. 19 It appears that the extent of
acidification of lactic fermentations of cereal doughs
will, inter alia, depend on the availability of micronutrients for lactic acid bacteria. If the latter are deficient in the raw material to be fermented, they will
have to be supplied by yeast cells. Consequently, an
equilibrium situation will be established with final
pH values and acetic acid concentrations enabling
adequate yeast growth. It remains still to be clarified
to what extent yeasts play a role as growth stimulators for sourdough lactic acid bacteria. 97
Table 26-10 shows data illustrating the kinetics of
acidification. At higher fermentation temperatures,
the fermentation quotient (FQ) is usually higher (up
to 5-7).

Prevention of Spoilage
The shelf life of bread is affected mainly by two
microbiological aspects, namely mold growth and
ropiness. Mold growth by Rhizopus nigricans, Neurospora sitophila, Aspergillus, and Penicillium spp.
is most common on bread. The presence of organic
acids, mainly acetic acid, that are undissociated at
the prevailing pH (3.5-4.5 ), will delay the onset of
mold spoilage in sourdough bread. Also, wrapping

Exhibit 26-1 Frequently Encountered Microorganisms in
Sourdoughs
Lactic Acid Bacteria
109-10 10 cfu g-1

Yeasts
106- 108 cfu g- 1

Lactobacillus acidophilus

Candida holmii
C. krusei
C. milleri
Pichia saitoi
Saccharomyces
cerevisiae
S. exiguus

L. alimentarius
L. brevis

L. biichneri
L. casei
L. delbriickii

L. farciminis
L. fermentum
L. fructivorans
L. plantarum
L. sanfrancisco (brevis var. lindneri}
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bread in water vapor-permeable kraft paper, rather
than in plastic bags, delays mold growth.
Ropiness in regular yeast-leavened bread is a type of
spoilage that is caused by survival and growth of Bacillus subtilis and B. mesentericus, which produce capsular materials and degrade bread protein and starch,
resulting in a sticky, threadpulling crumb with a typical pineapple smell. In sourdough bread, this type of
spoilage occurs only very seldom because the sensitivity to heat of Bacillus spores is significantly increased
at the pH prevailing in sourdough, compared with that
in pH-neutral doughs. The maximum crumb temperature (usually occurring during 15 to 30 minutes) during baking is approximately 97°C, and decimal reduction times of B. subtilis spores at 97°C were
determined in sourdough (Table 26-11). Sourdough
was made with a representative inoculation level of
10% mature sourdough as a starter. After fermentation and baking, the resulting bread was incubated for
1 week at 3 7°C.
The data show that regular sourdough bread has an
adequate antimicrobial effect to prevent ropiness. At
the low level of contamination, the ratio lactic:acetic acid was not critical; at the higher level of B.
subtilis only the lower FQ (signifying more acetic
acid) was effective.
26.3.4 Fermentation of Cassava To Produce Gari
and Similar Products

Method of Production
Cassava is highly perishable. In addition, bitter
cassava varieties contain potentially toxic substances. Processing of cassava therefore has two major objectives: prolongation of shelf life by dehydra-
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tion, and detoxification by degradation of the toxic
principles prior to dehydration. Additional objectives include the formation of desirable smell and
taste. Figure 26-13 illustrates the major steps involved in the production of gari, lafun, and mold-fermented cassava flour.
Cassava processing for detoxification involves some
degree of size reduction combined with submerged
fermentation. After peeling, the roots are cut into
pieces and stored under water for several days, during
which a retting process takes place. The softened cassava pieces are taken out of the water, sun dried, and
subsequently milled to flour (eg, Nigerian "lafun"J, or
used to prepare creamy moist pastes such as "fu-fu."
Alternatively, for gari production, washed and
peeled cassava can be grated to pulp and left to ferment
in jute bags under pressure to exclude air. All fermentations take place at ambient temperatures (25°350C), and are carried out on a household or cottage
scale in batches of several hundreds of kilos. Gari is
also made on a semi-industrial scale producing several
tons daily. On all scales of processing starters are used.
These usually consist of fermented material of a previous batch. After fermentation of the pulp, it can be
steamed for direct consumption (Ivorian "attieke"J or
dry roasted to yield a dry pregelatinized instant breakfast meal (Nigerian "gari").
In several African countries, a solid-substrate fermentation process is carried out at the farm level.
Cassava roots are washed, peeled, and cut into large
pieces. These are made into a big heap, which is kept
covered for a few days with a plastic sheet or suitable
leaf material. When sufficient mold growth has occurred (criteria used are color, caused by mold sporulation, and odor) the cover is removed, the pieces are

Table 26-10 Acidification in a Commercial Multistrain Sourdough ("Reinzuchtsauer") Fermenting at 25°C

Fermentation
(time (h))

'

f

r
f
f
r.

0
3
6
9
12
15
18
21
24

pH

TTA (Total
Titratable Acid)
(as lactic acid (%w/w))

LA (Lactic Acid)
(mmol ~ 1 )

AA (Acetic Acid)
(mmo/ ~ 1 )

5.5
5.1
4.3
3.9
3.75
3.7
3.6
3.6
3.6

0.27
0.45
0.72
0.99
1.17
1.26
1.44
1.53
1.62

11
22
44
66
71
74
79
83
89

22.4
28
30
33
41.6
50
58
66.6

11

FQ (Fermentation
Quotient)
(Mo/. LA/AA)

1.0
0.98
1.57
2.2
2.2
1.78
1.58
1.43
1.35

Source: Recalculated from data of G. Spicher and H. Stephan, Sourdough Handbook, Biology, Biochemistry, Technology, 2nd ed., BBV Wirtschaftsinformationen
GmbH.
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Table 26-11 Effect of Sourdough Addition on Heat Sensitivity of Bacillus subtilis in Bread Dough and on Rope Formation
Sourdough
Level in
Bread
Dough(%)

0
10

10
10
10

Bacillus
subtillis
Contamination
(spores ~ 1 dough)

10
10
10
500
500

TTA
(% w/w)

2.3
4.1
ND
ND
ND

097

FQ

(min.)

Ropiness

5.8

ND

3.5

143.0
15.9

+

4.9
4.7
4.7
4.7

pH

1.0

3.5
1.0

ND
ND
ND

+

TTA = Total titratable acidity, expressed as lactic acid.
FQ = Fermentation quotient (mol. lactate:acetate).
D97 = Decimal reduction time at 97°C.
Ropiness = After incubation at 37°C for 7 days.
ND = Not determined.
Source: Reprinted with permission from W. Rocken and P.A. Voysey, Sour-Dough Fermentation in Bread Making, Journal of Applied Bacteriology, Supplement, Vol.
79, pp. S38-S48, © 1995, Blackwell Science, Ltd.

scraped to remove excessive mold, and spread out in
the open to dry. Finally, the pieces are ground to a
flour, which is used to prepare cooked porridges.

teria (eg, Bacillus spp.). Cell wall degradation occurs
as a result of fungal and bacterial enzyme activity,
resulting in considerable softening.

Microbiological and Chemical Changes
during Fermentation
The submerged fermentation of cassava pieces in
water during the preparation of lafun is dominated
first by homofermentative lactic acid bacteria (eg,
Lactobacillus plantarum) followed by heterofermenters (L. brevis). Clostridium spp. usually occur
in retted cassava; they are responsible for the typical
butyric acid flavor, 12 and possibly also for the softening of the cassava tissue.
During fermentation of cassava pulp for gari production lactic acid bacteria (including L. plantarum and
L. brevis) dominate during the fermentation, but other
bacteria (Bacillus, Staphylococcus spp.) and yeasts
have been found also in fermented pulp (Table 26-12).
As a result of lactic acid fermentation, the pH decreases and acid is formed at the expense of reducing
sugars (Table 26-13). The flavor added by the fermentation adds to the popular taste of the product. Gari
consists mainly of carbohydrates (starch) (Table 2613). Swelling capacity is an important quality characteristic of gari. Having been roasted, its starch
component has gelatinized and the product will absorb water readily, like an instant breakfast cereal.
The higher the swelling capacity, the better the palatability of prepared gari.
During the sweating period in the production of
mold-fermented cassava flour, moisture migrates
from the center of the cassava pieces to the surface,
but the cassava will retain sufficient water to enable
a profuse microbial growth, consisting of rapidgrowing molds (Rhizopus, Neurospora spp.) and bac-

Prevention of Spoilage
The shelf life of gari depends mainly on its water
activity. Good quality gari has a water activity of
0.5-0.7 and a shelf life of 3 to 6 months. Table 26-14
lists a number of molds frequently encountered in
gari. When added as a pure culture to gari that had
been previously moistened, the fast-growing Rhizopus caused deterioration in 2 days; other slowergrowing molds (A. niger, A. candidus, A. tamarii, A.
versicolor, A. flavus, and Cladosporium spp.) needed
3 days. Adequate packaging is also essential to keep
the water activity of the dry product low. In practice,
industrially produced gari is bagged in woven
polypropylene bags for distribution, and in
polythene bags for retail purposes. Preferred traditional storage in the household is in recycled hermetically sealed tins.
Control of Safety
Consumption of raw, or inadequately processed,
bitter cassava varieties may lead to ingestion of prussic acid (HCN). Mastication of raw cassava tissue
containing linamarin and/or lotaustralin initiates
the endogenous enzymic degradation of the glycoside, releasing unstable cyanohydrin that splits into
acetone and HCN. Incorrectly processed cassava
may contain residual levels of HCN. The toxic effects of HCN can be chronic at low doses, leading to
paralysis and iodine deficiencies with concomitant
symptoms of cretinism and mental retardation.
Acute HCN intoxication may lead to respiratory
failure and death. Thus, the main safety issue with
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Cassava roots (peeled and washed)

~
Grate to pulp

JJ

\

JJ
Cut to big pieces

JJ

Ferment under
pressure
(1-3 days)

JJ

JJ

Ratting (fermentation
and softening) under
water (3-5 days)

JJ

Press to dewater

JJ
JJ

Discard water

Scrape off the molds

JJ

Wash

Crush to crumbs

JJ

Roast

JJ

JJ
Sun dry (2-4 days)

Sun dry

JJ

JJ

Sieve

JJ

Pound or grind to flour

JJ

Gari

Lafun

(Nigeria)

(Nigeria)

Sweating (fermentation
and softening) in a wellcovered heap (3-4 days)

JJ

JJ

Crush to crumbs

Sun dry (1-3 days)

Pound or grind to flour

JJ
Mold-fermented flour
(Uganda, Mozambique)

Genera of microorganisms present as majority populations:
Alcaligenes
Bacillus
Candida
Corynebacterium
Enterobacter
Geotrichum
Lactobacillus
Leuconostoc
Staphylococcus

Corynebacterium
Geotrichum
Lactobacillus
Leuconostoc
Micrococcus

Aspergillus
Bacillus
Geotrichum
Lactobacillus
Micrococcus
Neurospora
Rhizopus
Various yeasts

Figure 26-13 Prodution of Fermented Cassava Products and Major Microorganisms Involved. Source: Data from references
3,11,32-34,115,164.

cassava products is whether adequate detoxification
of the cyanogenic glycosides has been achieved.
Within the cassava root, the cyanogenic glycosides are distributed unevenly, but they are present
in all parts of the root, and are located in the cytoplasm. The endogenous enzymes able to degrade
them (glycosidases, linamarinases) are cell-membrane bound, but come into contact with the glycosides upon loss of integrity of the cell due to mechanical damage (cutting, grinding) or enzymic

degradation (physiological reactions leading to wilting, or microbial retting).
Although cassava can be fermented in different
ways, experimental evidence shows that in gari, cyanide removal is a consequence of the activity of
naturally occurring plant enzymes and process operations rather than microbial activity. Although
about 50% of the lactic acid bacteria in fermenting
cassava pulp are able to degrade linamarin, the microbial effects on linamarin are negligible during
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Table 26-12 Microbiological Changes during the Manufacturing Stages of Gari from Cassava

Stage

Count of
Mesophilic
Bacteria
(Log cfu g-1)

Lactic Acid
Bacteria
(Log cfu g-1)

Groups of Microorganisms Encountered

Grated to pulp
6.0
6.0
Fermentation at ambient temperature (25°-30°C):
8.8
For 1day
6.7
8.7
For 2 days
5.9
For 3 days
8.7
5.8
After dewatering
5.9
9.0

1

2

3

++

+

++

++
++
+
++

4

+
++

5

+

6

7

++

+++

+
++
+++
++

++
++
++

1: Bacillus spp.; 2: Enterobacteriaceae; 3: Acinetobacter; 4: Staphylococcus; 5: yeasts; 6: Lactobacillus plantarum; 7: Lactobacil/us brevis;

+++ : strongly dominating; ++: dominating; +: present.
Source: Reprinted with permission from A. Westby and D.R. Twiddy, Characterization of Gari and Fu-Fu Preparation Procedures in Nigeria, World Journal of
Microbiology and Biotechnology, Vol. 8, pp. 175-182, © 1992, Rapid Communications in Oxford.

this type of fermentation, and acidification is inhibitory to the degradation of linamarin by endogenous
plant enzymes. In other cassava products, such as
lafun and fungal fermented flour, molds soften the
plant tissues, thus facilitating the reduction in cyanogen content.
Table 26-15 summarizes data on levels, toxicity,
and Codex Alimentarius recommended standards
for cyanide in gari, and the effect of gari processing
on cyanogenic substances in sweet and bitter varieties. In both types of cassava, detoxification is
achieved after grating. Industrial-scale processing
with finer grating and better squeezing of the plant
juice (by screw press) results in lower residual cya-

nide levels than traditional production. In both
cases, bound cyanide has been more or less detoxified; residues consist of free HCN and are in line
with the recommendation.
26.4 LEGUMES, OILSEEDS, AND TREEBORNE
SEEDS (PROTEINACEOUS PLANT FOODS)
26.4.1 General Aspects

Range of Plant Materials Used and Products
Produced
Leguminous seeds, oilseeds, and, to some extent,
treebome seeds are used as a source of dietary protein.

Table 26-13 Chemical Changes during Fermentation, and Composition of Gari Made of Cassava

pH

During fermentation:
Grated pulp
1 day fermented
2 days
3 days
Composition of garl:
Dry matter(% w/w of total)
Crude fat (% w/w)
Crude protein (% w/w)
Crude fiber (% w/w)
Ash(% w/w)
Carbohydrate (% w/w by difference)
Swelling capacity (%)

6.2
5.5
4.5
4.0

TTA, Expressed As Lactic Acid
(% w/w of total weight)

Reducing Sugars
(% w/w of total weight)

0.27
0.36

0.31

0.49
0.76

0.44

0.62
0.28

85.6-91.8
0.1
0.9-1.5

1.4-2.3
0.9-1.4
81.8-87.0
300-320

Source; Data from 0.0. Onyekwere et al., Industrialization of Gari Fermentation, in Industrialization of Indigenous Fermented Foods, K.H. Steinkraus, ed., pp. 363410, © 1989, Marcel Dekker, Inc.
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Table 26-14 The Occurrence of Molds on Market Gari, and
the Ability of the Molds When Inoculated at Low Levels To
Cause Spoilage of Gari Moistened to 15% and Incubated
at 30°C

Occurrence
Penicillium variabele
Rhizopus nigricans
Aspergil/us niger
A. candidus
A. tamarii
A. versicolor
A. flavus
Fusarium spp.
Curvularia spp.
Cladosporium spp.

++·
++
++
+b
+
+
+

±c
±
±

Days To Cause
Deterioration

5
2

3
3

3
3
3
No effect

5
3

0++ = Log cfu g-1 approx. 2-3.
•+ = Log cfu g-1 approx. 2.
'± = Log cfu g-1 approx 1.

Source: Data from 0.0. Onyekwere et al., Industrialization of Gari
Fermentation, in Industrialization of Indigenous Fermented Foods, K.H.
Steinkraus, ed., pp. 363-410, © 1989, Marcel Dekker, Inc.

Especially when animal proteins are less available or
too expensive, plant proteins may serve as meat substitutes. Table 26-16 provides an overview of proteinaceous plant materials of which fermented foods are
made. These proteinaceous plant foods have a protein
content of 30% to 50% (w/w) (Table 26-17).
As a dietary source of protein, the most important
leguminous seeds include cowpea (Vigna unguiculata), gram (Phaseolus spp.), and pea (Pisum spp.).
Black and green gram are widely used in Asia, while
cowpea is more popular in Africa and the Caribbean.
An important source of dietary protein and fat are the
various oilseeds of which soya beans (Glycine max)
are the most important. Whereas soya beans are
known and used worldwide, their traditional fermentation processes originate in Southeast Asia. Several
types of groundnut (Arachis hypogaea) and African
oilbean (Pentaclethra macrophylla) are used in Asian
and African fermented foods. In addition, sunflower
seed (Helianthus spp.) and agricultural by-products,
eg, oilseed presscakes are traditionally converted by
fermentation into food materials. The seeds of some
trees (Parkia biglobosa or locust bean) are gathered
and used in traditional fermentations in West Africa.

Range of Types of Fermentation
Three categories of fermented commodities can be
distinguished. (1) Products in which extensive hydrolysis and degradation of protein has occurred re-
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sult in a liquid hydrolysate. These include shoyu and
kecap (soya sauces) and are characterized by their
high content of soluble nitrogen compounds, particularly free amino acids, which act as flavor enhancers and thus are used as flavorings or condiments. (2) Products in which the integrity of the
beans has remained intact have undergone extensive
enzymatic modification. The digestibility of their
protein has been greatly improved by processing, and
a moderate extent of proteolysis contributes to a
meat-like flavor. The fermentation of these typical
meat-substituting side dishes can be achieved with
molds (examples of products are oncom, taoco, miso,
tempe) or with bacilli (products including ugba,
kinema, itohiki-natto, soumbala, dawadawa, and
netetou). (3) Protein-enriched fermented starchy materials, eg, fermentation of rice flour and pea or bean
flour, produce Indian idli. The addition of proteinaceous seeds to cereals increases the total protein
content, and improves the pattern of amino acids
because the lysine deficiency of cereal proteins is
compensated by lysine of the legume protein. The
protein-enriched cereals undergo a lactic acid fermentation or mixed lactic-alcoholic fermentation.
This may entail considerably less proteolysis than in
the other two product groups.

Status
Industrialization of fermentation processes is most
advanced with Japanese shoyu. In Japan only, the 1989
production was estimated45 at about 1 to 2 million
tons. Soya sauce is also manufactured on an industrial
scale in the United States and in Europe. Of the products in the second category, miso is probably produced
on the largest industrial scale. Production of industrial
and homemade miso in Japan in 1985 was of the order
of 600,000 and 60,000 tons, respectively. 29
Tempe is also consumed in considerable quantities
mainly in Indonesia; estimates range from 150,000 to
500,000 tons yearly. 98 Some tempe is produced on
small-industrial scale (about 1 ton daily); most tempe,
and other products in the second category, are produced on a household scale (10 to 200 kg daily). Category 3 products such as idli are staple foods in India,
for example. Industrialization has resulted in the production of packaged, shelf-stable, labor-saving intermediate products such as "instant idli mix" consisting
of dried ingredients. Fermentation and finishing of the
product still needs to be done in the household.
Composition of Starting Material
Table 26-17 presents overall ranges of approximate composition of leguminous seeds and oilseeds.
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Table 26-15 Cyanide in Cassava and Gari

Cassava tubers: 15-500 mg HCN equivalent ~ 1 fresh
weight
Toxicity: 50-100 mg dose lethal to human adult
Codex Allmentarlus tolerable level In food: 10 mg CN
equivalent ~ 1 dry weight
HCN Equivalent mg ~

1

Dry Weight

Total CN

Free HCN

Bound
Cyanides

1375
4.5
12.3

1144
3.8
12.5

231
0.6
0

169
3.4
11.5

155
3.0
12.0

15
0.3
0

Bitter cassava variety

Grated pulp
Gari (24 h; screw press)b
Gari (72 h; traditional) 0
Sweet cassava variety

Grated pulp
Gari (24 h; screw press)
Gari (72 h; traditional)

•Total CN = cyanide bound as the glycosldes linamarin and lotaustralin and
as cyanohydrins, plus free HCN.
•Fermented for 24 h, followed by dewatering using industrial screw press.
'Fermented for 72 h, during which dewatering takes place under the weight
of stones.
Source: Data from G. Padmaja, Cyanide Detoxification in Cassava for Food
and Feed Uses, Critical Reviews in Food Science and Nutrition, Vol. 35, pp.
299-399, © 1995.

The digestibility of plant protein is often adversely
affected by ANFs, which occur naturally in seeds.
Processing and fermentation, in particular, can increase the digestibility of proteinaceous seeds.
The epiphytic microflora of dry seeds does not differ significantly from that of dry cereal grains. Predominant microorganisms include several groups of
strictly aerobic bacteria and their spores, lactic acid
bacteria, some yeasts, and fungal spores.
26.4.2 Fungal Fermentation To Produce Tempe

Method of Production
Tempe is principally a fungal solid-substrate fermented type of food. However, the microbial composition of tempe also includes high numbers of bacteria and yeasts; some of these may influence
acceptability and product safety, as will be discussed
in the next sections. Although most tempe is made
from yellow-seeded soya beans (the product is then
called "tempe kedele"), tempe can also be made
from various leguminous beans, seeds, cereals, and
presscakes (residues of oilpressing from groundnuts,
coconut, or other lipid-rich materials). The latter
category especially provides a nutritious, yet affordable, food to low-income groups of the population.

To produce tempe, the raw materials are soaked,
dehulled, cooked, and then mixed with a starter of
sporangiospores, mainly of Rhizopus oligosporus
(Figure 26-14). The inoculated beans are packed, or
wrapped in leaves or plastic sheets with minuscule
(approximately 1 mm diameter) perforations. The
sporangiospores germinate, and produce profuse
mycelium growth, but no sporulation, throughout
the substrate, thus "knitting" it together to form a
cohesive, sliceable cake. The extent of perforation,
the shape and size of the package, and the porosity of
the granular product limit the heat and mass transfer
to and from the center of the package.
As the actively growing mycelium requires atmospheric oxygen and releases carbon dioxide and heat,
these heat and mass transfer limitations affect the
availability of oxygen required for growth, the accumulation of C0 21 and the increase in temperature.
Traditional manufacturers achieve the desired quality by, for example, adjusting thickness of fermenting beds of raw materials, and reducing the access of
air to the material according to the ambient environmental conditions.
Prior to consumption, tempe is heated, eg, in stews,
or fried to highly popular "tempe kripik" crunchy
chips. Dehydration and grinding yields tempe powder,
which can be used to enrich low-protein foods.
The starter used ("usar"; Figure 26-14) for the
manufacture of traditional tempe is an interesting
example of simple household-scale technology. A
rough-surfaced natural carrier is used on which the
mold mycelium is grown. Although various plant
leaves and even kraft paper can be used, the most
popular leaf is that of the "waru" tree (Hibiscus
tileaceus var. tileaceus), which carries microscopically small hairs at the underside, and which does
not become too brittle when dried. Some cooked
soya beans are inoculated with previous starter, and
are sandwiched between two waru leaves (undersides turned inward). When the sandwiches have
been incubated for 2 days under humid, warm (30°C)
conditions, good mycelial growth and heavy sporulation are visible. At that stage, the sandwiches are
opened and kept for a few days exposed in order to
sun dry. Packages of usar (the dried leaves with inoculum) are sold in local markets and viability of
spores is retained for several months at ambient
temperature. The normal epiphytic fungi on waru
leaves include typical soil fungi such as Cladosporium spp. In Indonesia, the leaves are also heavily
loaded with Rhizopus and Mucor spp. probably because of air dispersion caused by widespread use of
fungal fermentations. In the tempe fermentation,
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Table 26-16 Fermented Foods Made from Proteinaceous Food Plants

Raw Material

Name and Origin of
Fermented Product

Category (1): Uquld hydrolysates
Soya bean (Glycine max) Shoyu (Orient);
kecap (lndonesia) soya sauce

Principle of Manufacturing Process

Mix autoclaved soya beans and roasted
wheat, inoculate with koji starter, solidstate fermentation 2-3 days, followed by
brine fermentation (several months),
aging, pressing, pasteurization (in
Indonesia, no wheat is used).

Category (2): Meat-substituting side dishes with a firm consistency of the beans
African oilbean
Ugba (West Africa) Boil seeds 4-5 h, extract and cook
(Pentaclethra
cotyledons overnight, cool, wash, soak 6
macrophylla)
h, slice kernels, add salt, wrap in leaves,
ferment about 5 days.
Bambara groundnut
Dawadawa-like
Soak 24 h, dehull, boil cotyledons 15 min.,
(Voandzeia
products
drain, ferment 4 days.
subterranea)
Groundnut (Arachis
Oncom (Indonesia) Soak groundnut presscake, drain, knead
hypogaea)
with cassava or soya bean residue,
steam the dough, press in mold to brick
shape, inoculate with dried previous
oncom.
Locust bean (Parkia
Soumbala (Mali,
Boil beans 12 h, dehull, boil cotyledons
biglobosa)
Burkina Faso)
again 2 h, drain, ferment 36 h, pound to
Dawadawa/
paste.
Daddawa/lru
(Nigeria)
Netetou (Senegal)
Soya bean (G. max)
Taoco (Indonesia) Soak, dehull, boil soya beans, inoculate
Hama-natto
with tempe starter, ferment 2-5 days,
(Japan)
sun dry, ferment in brine 3-4 weeks,
cook.

Soya bean (G. max)

Soya bean (G. max)

Miso (Japan)

Kinema (India,
Nepal)

Characteristics and
Use of Product

Predominant Microorganisms

References

Liquid hydrolysate;
condiment

Aspergillus oryzae,
Tetragenococcus halophila,
Zygosaccharomyces rouxii

1, 75,
126-130

Condiment

Bacillus, Staphylococcus,
Micrococcus, Leuconostoc
spp.

91,111

Condiment

B. subtilis, B. licheniformis

8

Meat substitute

Neurospora intermedia,
N. sitophila

71,96
0

~

I\)

0-.

Condiment for soups
and stews

Bacillus licheniformis,
B. stearothermophi/us,
B. brevis, B. mycoides,
B. subtilis

5,107-110

♦
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....
(I)
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Flavoring agent

Mix crushed, steamed soya beans with salt Pasty meat extender
and mold-fermented rice or barley to
and seasoning
paste. Ferment.
Soak soya beans, cook, crush, dehull, wrap Condiment; side dish
in leaves, ferment 1-3 days.

Aspergillus oryzae, Hansenula
spp., Lactobacillus
delbriickii, Rhizopus
o/igosporus, R. oryzae,
Zygosaccharomyces soyae
Aspergillus oryzae, Saccharomyces rouxii,
Tetragenococcus halophila
B. subtilis, Enterococcus
faecium, Candida
parapsilosis, Geotrichum
candidum

74, 81,
152,162

~

b

f:l...

::i,..

.....
I¼
C')

~
(I)

46,152

f:l...

~
~

139-142
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Table 26-16 Continued

Raw Material

~
~

Name and Origin of
Fermented Product

Principle of Manufacturing Process

Characteristics and
Use of Product

Predominant Microorganisms

References

2, 46,112,
162

?=

56, 72, 98,
124,157

~

Soya bean (Glycine max) ltohiki-Natto
(Japan)

Soak, cook soya beans, inoculate, pack,
ferment 14-18 h.

Nutritious and viscous
protein food

Bacillus natto

Soya bean (Glycine max) Tempe (Indonesia)
Kidney bean (Phaseolus
vulgaris)
Sunflower seed
(Helianthus annuus)

Soak, dehull, cook soya beans. Inoculate
with tempe starter, pack in leaves or
perforated sheet, ferment 1-2 days.

Firm cake; meat
substitute

Rhizopus oligosporus,
Lactobacil/us plantarum,
Klebsiella pneumoniae,
Saccharomyces dairensis,
Trichosporon beige/ii

Category (3): Protein-enriched fennented starchy materials
Bengal gram or Chick
ldli (India)
Soak rice flour and gram dhal (flour)
pea (Cicer arietinum)
separately, then join them and allow
Black gram (Phaseolus
natural fermentation; prepare steamed
mungo)
cakes.
Rice flour

♦

Iw
0
I""
0

Steamed cakes as
staple food

Leuconostoc mesenteroides,
Streptococcus faecalis,
Pediococcus cerevisiae

65,145,
152
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Table 26-17 Chemical Composition and Main Components

of the Microbial Flora of Some Proteinaceous Food Plants
Used in Fermentation Processes
(per 100 g edible portion)

Moisture (g)
Crude protein (g)
Crude fat (g)
Carbohydrates (g)
Reducing sugars (g)
Calcium (mg)
Phosphorus (mg)
Iron (mg)
Sodium (mg)
Potassium (mg)
Manganese (mg)
Vitamin A (1.U.)
Thiamine (mg)
Riboflavin (mg)
Niacin (mg)
Ascorbic acid (mg)

Legumes

12
20-35

1-2
40-60

2-4
30-300
400
5-10
2-10
1000-1250
ND•
0-100
0.1-0.9
0.1-0.4
0.25-0.35
ND

Oilseeds

3-6
15-30
35-65
10-35
5-10
20-500
90-600
1-10
2-25
400-900
500-800
0-100
0.03-1
0.01-0.3
0.6-7
<10

Epiphytic microf/ora of legumes and oilseeds (log10 N g-1 ):

Bacteria:
Aerobes
Enterobacteriaceae
Lactic acid bacteria
Yeasts and molds

5-7. 7
3.5
4.2
2.5

•ND = Not determined.
Source: Reprinted with permission from M.J.R. Nout and F.M. Rombouts,
Fermentative Preservation of Plant Foods, Journal of Applied Bacteriology,
Symposium Supplement, Vol. 73, pp. 136S-147S, © 1992, Blackwell
Science, Ltd.

Rhizopus and Mucor spp. compete successfully with
soil fungi because of their faster growth. 104
In addition to the traditional use of usar, selected
pure cultures of Rhizopus oligosporus are grown and
diluted into soya flour to give defined starter material
for tempe fermentations. 154 Whereas small-scale producers prefer usar because of easy availability and handling, industrialization of tempe manufacture will require the development of better-defined starters.

Microbiological and Chemical Changes
during Fermentation
As indicated in the previous section, bacteria and
yeasts multiply in tempe during the manufacturing
process, and lactic acid bacteria especially play an
important role during the first phases of the process.
During soaking of the soya beans, fermentable sugars leach into the soak water enabling the growth of
acid-producing Gram-positive bacteria (Figure 2615), including Lactobacillus casei, Staphylococcus
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epidermidis, Enterococcus faecium, and Streptococcus dysgalactiae.
Depending on the soaking conditions, lactic acid
bacteria, especially the acid-tolerant species such as
Lactobacillus plantarum, will dominate the microflora of the soak water either immediately (soak water inoculated) or at the end of the overnight soaking
period (succession of naturally occurring microorganisms in the absence of inoculum); Gram-negative
bacteria, eg, Klebsiella pneumoniae, Citrobacter

diversus, Pantoea agglomerans, Klebsiella ozaenae,
and Enterobacter cloacae are also present in soak
water and in tempe. Yeasts, eg, Pichia burtonii, Candida diddensiae, and Rhodotorula rubra were also
found in soak water. 86
Some bacterial acidification of the soak water is
desirable because it limits bacterial spoilage during
the fungal fermentation stage. Addition of previous
soak water as an inoculum results in enrichment of
lactic acid bacteria, causes a further decrease in the
pH of soya bean soak water (to about 4.5 or 4.0), and
lowers the pH of the beans after cooking; potential
spoilage and/ or food poisoning bacteria are also inhibited. Addition of a pure culture of Lactobacillus
plantarum at the start of the soaking stage (103 cfu
ml- 1 soak water) resulted in tempe with significantly
lower counts of Enterobacteriaceae and Bacillus spp.
(log 10 cfu ml- 1 <l. 7) than in tempe obtained from
beans that had been soaked without inoculation
(log 10 cfu ml- 1 8.13 and 8.07, respectively). 101
Tempe making was introduced in the Netherlands
by Indonesian immigrants, and the product is manufactured commercially by several small- and medium-scale enterprises. Tempe contains large numbers of bacteria, usually dominated by lactic acid
bacteria, but less desirable bacteria are sometimes
present in significant numbers (Table 26-18). For instance, in 13 % of the samples tested the number of
S. aureus exceeded 105 cfu g- 1• Rhizopus oryzae,
R. oligosporus, and Mucor indicus are the most important molds. Yeasts may be present at levels of
105-10 7 cfu g- 1; Trichosporon and Candida spp. are
most frequently encountered.
Fermentation of cooked soya beans to produce
tempe (Table 26-19) results in reduction of crude fat,
carbohydrates, insoluble fiber, and phytic acid, and
in an increase in the levels of a number of vitamins.
Additional changes affect the digestibility and nutritive value of the product. During the fermentation,
protein nitrogen is enzymatically degraded to small
peptides, free amino acids, and amines. 9,55 Soya bean
isoflavones (daidzein and glycitein) are hydroxylated69 or transformed further into 3-hydroxy-
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Soya beans

3

Soaking and dehulling options

Cook 1 h in water

I

'

3
3
Remove hulls by flotation

Dry dehulling by
abrasion

Detach hulls by rubbing

I

\

Soak in water overnight
(natural lactic fermentation)

3
Cook in fresh water (5-30 min at 100°C)

3
Drain and discard cooking water

3
3
Inoculate with "usar'' (mold propagules
Cool beans on trays

on Hibiscus leaves or other carrier material)

3
Pack in slightly perforated plastic sheet
or plant (banana) leaves

t
3
Unpack

Incubate 1-2 days (30°-35°C; solid substrate fermentation)

3
Fresh tempe
Some options for preparation of tempe in dishes:
Slice (1-2 mm), dip in
spiced batter, fry in
coconut oil to crispy

Dice, and
stew

Steam to blanch,
gently dry, grind
to powder

3

"Tempe kripik"

Stew in sauce

Protein enrichment
(eg, infant formula)

Figure 26-14 Flow Scheme of Tempe Process. Source: Reprinted with permission from M.J.R. Nout and F.M. Rombouts,
Recent Developments in Tempe Research, Journal of Applied Bacteriology, Vol. 69, pp. 609-633, © 1990, Blackwell Sci-

ence, Ltd.

anthranilic acid, 31 which has antioxidative properties. These and similar substances have been associated with free radical scavenging and anti-carcinogenic effects. 31
Raw soya beans contain several ANFs, including
phytate !which forms complexes with minerals, protein, and starch), hemagglutinins or lectins lglycopro-

teins that can bind with intestinal epithelial cells and
cause damage to villi), protease inhibitors including
trypsin inhibitors, which affect the digestion of protein, and oligosaccharides such as raffinose and
stachyose, which cause flatulence and increase stool
passage rates, and thus reduce nutrient absorption.
Some of these ANFs, such as phytate, are heat-stable
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Figure 26-15 Microbiological Changes during Soya Bean Soaking Stage of Tempe Process. Source: Data from R.K.
Mulyowidarso et al., The Microbial Ecology of Soybean Soaking for Tempe Production, International fournal of Food
Microbiology, Vol. 8, pp. 35-46, © 1989.

but degradable by fermentation. Others such as
Kunitz' trypsin inhibitor, are heat-sensitive but are
not easily degraded by fermentation microorganisms.
Processing of soya beans for maximum nutritional
benefit should therefore include a combination of
treatments, such as grinding, soaking, and cooking
(enabling an enzymic degradation prior to heat inactivation), or moistening, cooking, and fermentation.
Prevention of Spoilage
Spoilage during fermentation may occur if beans
were not adequately acidified or cooked prior to inoculation. The neutral pH of the cooked beans enables rapid growth of Bacillus spp. as well as
Enterobactericeae. 100 Poor quality inoculum lie, poor
viability of the mold spores, heavy contamination
with other molds and spoilage bacteria) allows outgrowth of undesirable microorganisms.
Table 26-20 gives an indication of the microbial
growth in fresh, laboratory-made soya bean tempe
when stored at various temperatures. The initial values for total aerobic mesophilic bacteria are considerably lower than those found in commercial tempe

(Table 26-18) because these were fresh, and relatively "clean" tempe samples, obtained using pure
culture mold starter, using acidified beans, and employing hygienic methods. Such beans have approximately pH 5, and a water activity close to 1.0. Even
under such mildly acidic conditions, bacteria in the
soaked beans will survive the cooking treatment,
and some will be introduced during the subsequent
handling of the product. During storage, they will
proliferate depending on inhibitory effects such as
competition by lactic acid bacteria or inhibition by
low temperature, and by acid. The latter effect is
counteracted by the pH increase caused by NH3 formation from protein degradation. This also explains
why in commercial tempe sometimes rather high
counts of objectionable bacteria are encountered.
The product itself is a good growth medium for such
bacteria; adequate hygiene and the competition
caused by a vigorously active starter of molds and
lactic acid bacteria in combination with suitably
low storage temperatures are essential for safe storage. Traditionally in Indonesia, fresh tempe is not
stored for longer than a few days. In the Netherlands,
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Table 26-18 Microbiological Composition of Commercial Tempe Made in the Netherlands (n
producers; production methods not specified)

= 110 samples from different

Log cfu g-1
(in % of all samples)

>7.0
>5.0
>7.0
>5.0
>5.0
>5.0

Aerobic mesophilic bacteria
Enterobacteriaceae
Lactic acid bacteria
Staphylococcus aureus
Bacillus cereus
Escherichia coli
Major Molds

(98)
(67)
(81)
(13)
(11)
(3)

% of 50 Isolates

Major Yeasts

% of 111 Isolates

30
20
28

Trichosporon beige/ii
Clavispora lusitaniae
Candida maltosa
Candida intermedia
Yarrowia lipolytica

30
15
12
10

Rhizopus oryzae
Rhizopus o/igosporus
Mucor indicus
Mucor circinelloides
Geotrichum candidum

8
8

6

Source: Adapted with permission from R.A. Samson, J.A. Van Kooij, and E. De Boer, Microbiological Quality of Commercial Tempeh in the Netherlands, Journal of
Food Protection, Vol. 50, pp. 92-94, © 1987, International Association of Milk, Food and Environmental Sanitarians, Inc. (IAMFES).

most commercial fresh tempe is wrapped in polyethylene film and kept refrigerated. Under such conditions, the product can be stored for a few weeks before it spoils (turning sour, musty, or smelly).
Alternatively, tempe may be pasteurized in a suit-

Table 26-19 Chemical Changes Resulting from Tempe
Fermentation (representing market samples of commercial
traditional tempe, as well as laboratory-made experimental
tempe)
100 g Cooked Soya
Bean Cotyledons
Dry Matter

100gTempe
Dry Matter

48.3
25.7-28.6
2.0-2.8
13.7-14.3
4.0-5.0
1.0-1.2
0.30-0.48
0.10-0.15
0.50-0.67
430-500
180-400
0.15 (ng)

48.6-49.7
25.2-26.3
1.9-2.2
11.1-12.9
3.2-8.2
0.2-0.4
0.28-0.30
0.50-0.65
2.52-3.00
520-1000
830-2000
0.7-8 (µg)

Crude protein

(N

* 5.7) (g)

Crude fat (g)
Carbohydrates (g)
Insoluble fiber (g)
Soluble fiber (g)
Phytic acid (g)
Thiamine 81 (mg)
Riboflavin 82 (mg)
Nicotinic acid (mg)
Pantothenic acid (µg)
Pyridoxin 86 (µg)
Cyanocobalamin 812

source: Data from M.J.R. Nout and F.M. Rombouts, Recent Developments in
Tempe Research, Journal of Applied Bacteriology, Vol. 69, pp. 609-633,
© 1990, and W.B. Van der Riet et al., Food Chemical Analysis of Tempeh from
South African-Grown Soybeans, Food Chem, Vol. 25, pp. 197-206, C 1987.

able foil package. These pasteurized tempe and derived products (spreads, salads) can be stored refrigerated for several months. No microbiological data are
available for these pasteurized products.
Control of Safety
The reduction of pH in the soaking water and the
beans caused by the lactic fermentation during the
soaking stage tends to inhibit any pathogenic bacteria that may be present. During the subsequent mold
fermentation (tempe fermentation) challenge experiments with Bacillus cereus, 102 Staphylococcus
aureus, 103 and Listeria monocytogenes6 indicate that
the best protection is offered by the combination of
acidified beans (pH approx. 5) and the presence of
live lactic acid bacteria in the cooked beans at the
moment of inoculation with mold spores. For instance, the addition of L. plantarum (7 log cfu ml-1
soak water) at the soaking stage prevented growth by
5 log cfu g-1 Bacillus cereus added to subsequently
cooked beans 102; L. plantarum at 7 log cfu g-1 cooked
beans could not inhibit growth of 3 log cfu g-1 Staphylococcus aureus but no staphylococcal enterotoxins could be formed 103; and L. plantarum at 3.3
log cfu g-1 beans fully inhibited the growth of Listeria monocytogenes added at 2.5 log cfu g-1 beans. 6
Concluding, lactic acid bacteria not only play a role
as flavor makers, but they are important in terms of
microbiological safety of the product. It is, however,
important that in common practice tempe is either
fried or stewed before consumption (Figure 26-14).
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26.4.3 Bacterial Alkaline Fermentation To Produce
Kinema
An unusual food fermentation is caused by Bacillus spp., notably B. subtilis, B. licheniformis,
B. polymyxa, and B. natto in high protein food
plants, forming products such as "dawadawa,"
"natto," and "kinema." In these "alkaline fermentations" a significant pH increase occurs due to protein degradation. Deamination reactions lead to the
formation of volatile amines and ammonia, which
cause a pungent odor, and cause the pH to increase
from approximately 6.0 in the raw material to 8.5 or
even 9.0 in the fermented product.

Method of Production
The traditional process for preparation of kinema
is outlined in Figure 26-16. Soya beans are cleaned,
washed, soaked, cooked, crushed to form a mass containing the seed hulls, wrapped, and fermented in a
warm place until a desirable ammoniacal odor, and a
stringy texture has been achieved. Kinema is used as
a meat substitute and is fried in oil prior to consumption.
In the traditional process, no starter culture is
added. Presumably, Bacillus spores survive the
cooking and the mass is also "inoculated" by the
utensils and wrapping materials used.
Conditions for optimizing the traditional process
by control of soaking, cooking, wrapping, and fermentation, and the addition of a starter culture of
Bacillus subtilis have been suggested 139 but this process is not yet applied on a commercial scale.
Microbiological and Chemical Changes
during Fermentation
Of 10 kinema samples collected at market sites all
contained (per g wet wt of sample) predominantly
Bacillus subtilis (8.4-8. 7 log cfu) and Enterococcus
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faecium (7.4-8.1 log cfu). Seven samples contained
Candida parapsilosis (<5.2 log cfu) and four contained Geotrichum candidum (<4.9 log cfu). 141 Only
the Bacillus species were detectable on the raw soya
beans; B. subtilis grows rapidly at 37° and 45°C in
cooked soya beans (Figure 26-17).
E. faecium also grows well at 37°C, but C.
parapsilosis grows only to a limited extent. When
tested individually and in mixed cultures, products
fermented by the addition of B. subtilis were preferred by a sensory panel to those fermented by combinations of B. subtilis, E. faecium, C. parapsilosis,
and G. candidum or by E. faecium alone. 139
Table 26-21 shows the approximate composition
of soya beans and kinema. Whereas the nitrogen content (approximately 8.5% of dry matter) does not
change significantly, proteins are degraded (decrease
of protein-nitrogen from approximately 7.5% to 6%
of dry matter), causing significant increases of watersoluble-N (from 1 % to 5% of dry matter) and nonprotein-N (NPNJ (from 1% to 2.5% of dry matter).
Theoretically, protein-N and NPN should add up to
total N, but some protein-N may also be measured
as water-soluble-N.
During fermentation, fats (glycerides) are degraded, resulting in a significant increase of free fatty
acids (FFA). Part of the released FFA is assimilated by
the microorganisms as a source of carbon and energy. Ash content is significantly higher in some
samples of kinema; this is explained by the local custom of mixing some wood ash into the product for
unknown reasons. The increase of the pH is not always very high; probably it depends on the strains of
microorganisms dominating the fermentation, and
their ability to produce ammonia.
Inactivation of the antinutritional factors of soya
beans, discussed in Section 26.4.2, is important during production of kinema and takes place during the
cooking stage.

Table 26-20 Microbial Growth during Storage of Tempe

Logcfu~1

Fresh Tempe

1 Week 3°-4°C

2 Weeks 3°-4°C

1 Week 1CJ>C

3 Days 21°c

Total aerobic mesophilic bacteria
Bacterial spores
Psychrotrophic bacterias

5.60
2.11

5.60
2.11
5.62

5.60
2.11
8.70

7.20
3.80

4.20

ND

ND

NDb

7.90

•Psychrotrophic bacteria were dominated by Pseudomonas, Enterobacteriaceae, and enterococci.
•ND = Not Determined.
Source: Data from M. Ashenafi, Microbiological Evaluation of Tofu and Tempeh during Processing and Storage, Plant Foods for Human Nutrition, Vol. 45, pp. 183189, © 1994, and M.J.R. Nout et al., The Influence of Some Process Variables and Storage Conditions on the Quality and Shelf-Life of Soybean Tempeh, Antonie
van Leeuwenhoek, Vol. 51, pp. 532-534, © 1985.
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of Spoilage

Kinema is preserved usually by dehydration. At
the conclusion of the traditional process, the fermented product is sun dried for 1 or 2 days in order to
reduce the moisture content to 9% to 12%. During
this period, the product darkens considerably due to
polyphenoloxidase activity. 141 Other alkaline fermented products, such as dawadawa, are dried in a
similar way. 110 By adequate dehydration, the shelf
life of kinema and similar products is extended to
approximately 1 year. 110, 141
Salt has also been added to dawadawa. 110 NaCl 5%
w/w inhibited B. subtilis growth and proteolytic activity and enabled the fermentation and enzymatic
degradation to be arrested at the desired level.
Control of Safety
Alkaline fermentations are unusual not only for
their change of pH, but also for the bacteria involved
in the fermentation. Bacillus subtilis and B.
licheniformis are known to be associated with food
poisoning (see Chapter 39). At present, no data are
available on the ability of the Bacillus spp. occurring
in alkaline fermented foods, to produce toxins. Considering that these products are traditionally consumed, one might assume that the conditions during
production, preparation, and consumption lead to
safe products. Presumably, either people who eat
kinema, for example, have become resistant to these
bacteria, or they are lucky that the predominating
strains differ from those causing food poisoning. Alternatively, frying or other preparatory conditions
may ensure the safety of this type of product.
Other main concerns are mycotoxins, bacterial
pathogens, and toxic metabolites. No published data
are available concerning kinema, but some relevant
information is available about the similar product
dawadawa.
The opportunities for molds to grow on dawadawa
during or after the fermentation and sun drying are
very limited. A. flavus was inoculated on dawadawa,
and its aqueous extract, and was unable to grow on
both products. 4 Dawadawa itself has a low water activity that may have caused the inability of A. flavus
to grow on it. However, the inability of A. flavus to
grow in a watery suspension of dawadawa was overcome after neutralizing its high pH. 110 This would
indicate that the risks of aflatoxin accumulation
during fermentation or storage are low. On the other
hand, no data are available on aflatoxin levels in the
raw material or on the effect of the fermentation on
aflatoxins. In this type of product, in the presence of

Fooo

Soya Beans

~
Clean, wash

Soak overnight (10°-25°C)

~

Drain soak water

~

Cook beans until crushable

~
Crush gently to rupture hulls

~
Mix to mass of bean paste and hulls

~
Wrap in plant leaves

~
Cover with sack cloth

Ferment at warm place (1-3 days)

~

Fresh Kinema

Preparation in dishes:

Fry in oil with salt, onion, chillies, tomato

Side dish with boiled rice
Figure 26-16 Traditional Process for Production of
Kinema. Source: Reprinted with permission from P.K.
Sarkar, J.P. Tamang, P.E. Cook, andJ.D. Owens, KinemaA Traditional Soybean Fermented Food: Proximate Composition and Microflora. Food Microbiology, Vol. 11, pp.
47-55, © 1994, Academic Press Ltd.
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Figure 26-17 Microbial Growth in Semitraditional Mixed Culture Kinema (37°C) and Kinema Produced under Aseptic
Conditions with a Monoculture of B. subtilis (45°C) (log cfu g-1 ). Source: Reprinted with permission from P.K. Sarkar and
J.P. Tamang, Changes in the Microbial Profile and Proximate Composition during Natural and Controlled Fermentations
of Soybeans To Produce Kinema, Food Microbiology, Vol. 12, pp. 317-325, © 1995, Academic Press Ltd.

significant levels of ammonia, part of the aflatoxins
that may be present would probably be degraded, as
was demonstrated in ammonia-treated maize. 163 No
data are available about other mycotoxins.
There appear to be no published studies of the incidence of human pathogenic bacteria in kinema and
similar products. The bacterial hygiene and safety of
African alkaline fermented foods have been termed
questionable 156; however, the reduced water activity
and the salt in this type of product would inhibit
Clostridium and Salmonella spp. 110 Pertinent data
will be needed on bacterial quality of commercial
samples, and on the limitation of growth and toxin
production by the product.
Another area of concern is the formation of biogenic amines including tyramine, histamine, putrescine, and cadaverine. 156 Studies of the concentrations of these compounds in kinema and similar
products have not been made. The presence of high
levels of precursor amino acids increases the chance
of biogenic amine formation if decarboxylase-active

bacteria are present. The safety of alkaline fermented proteinaceous foods could certainly be improved by using starter cultures that have been selected on criteria including nonpathogenicity and
inability to decarboxylate amino acids.
26.4.4 Mixed Fungal, Bacterial, and Yeast
Fermentation To Produce Soya Sauce

Method of Production
Soya sauces are of Oriental origin; a wide range of
products and processes has been described to produce these flavorings. 45 Generally, Japanese soya
sauces ("shoyu"J are made of a mixture of equal
weights of wheat and yellow-skinned soya beans.
However, in Indonesia, soya sauce ("kecap"J is made
of black-skinned soya beans only. Figure 26-18 outlines the principle of a process for Japanese koikuchishoyu, one of the most popular types. Autoclaved soya
beans and roasted and crushed wheat are blended and
inoculated with a defined starter of Aspergillus sojae
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Table 26-21 Approximate Composition of Market Samples of
Kinema and of Soya Beans

Moisture % w/w
Crude protein % w/w dm•
Crude fat % w/w dm
Carbohydrates % (by difference)
Ash %w/w dm
pH
TTA % w/w as lactic
FFA % w/w as linoleic
Energy MJ/100 g dm

Soya Beans

Kinema

9.5-12.0
45.8-48.2
20.3-24.0
22.6-29.4
4.5-5.2
6.60-6.85
0.01
0.04-0.15
2.0--2.3

57.3-64.8
45.8-49.2
14.4-19.2
23.4-33.7
5.8-8.4
6.95-8.50
0.06-0.12
2.1-3.3
1.8-2.1

•dm = dry matter.
Source: Reprinted with permission from P.K. Sarkar, J.P. Tamang, P.E.
Cook, and J.D. Owens, Kinema-A Traditional Soybean Fermented Food:
Proximate Composition and Microflora, Food Microbiology, Vol. 11, pp. 47-55,
© 1994, Academic Press Ltd.

and A. oryzae conidia. The resulting mass is incubated
for several days at 25° to 30°C to undergo a solid-substrate fermentation. The resulting product is called
"koji" (in Indonesia: "bungkil").
The second phase of the process is a liquid fermentation of the koji in a brine at 16% to 19% w/v NaCL
This stage of liquid fermentation is known under the
names "moromi" (Japan) and "baceman" (Indonesia). The fermentation, traditionally carried out at approximately 25° to 30°C, takes several months to
complete. During this period, soya beans are solubilized into a hydrolysate and fermentation by
halotolerant lactic acid bacteria (Tetragenococcus
halophila) and osmotolerant yeasts (Zygosaccharomyces rouxii and Candida spp.) takes place.
The final phase of the process involves filtration of
the liquid hydrolysate, bottling, and pasteurization.
In Indonesia, sweetened types of kecap are made by
adding palm or cane sugar and various herbs and
spices to the crude kecap.
Microbiologi.cal and Chemical Changes
during Fermentation
The Initial Fungal Fermentation Stage. Aspergillus oryzae and A. sojae are considered to be biovars
of Aspergillus flavus. Raw materials (soaked and
cooked soya beans, either alone or mixed with
steamed rice, or with roasted and crushed wheat or
barley) are inoculated with about 1 % of conidial
starter and spread in thin (2 to 5 cm) layers on trays.
Some large-scale enterprises for soya sauce production have mechanized this solid-substrate fermentation using reactors with forced ventilation and intermittent agitation. The fungal growth takes a few
days at 25° to 30°C and is aimed at maximizing the

activity of proteolytic, saccharolytic, and other enzymes in the fermented mass. The koji is usually
harvested when spore pigmentation starts.
The solid-substrate fermentation (SSF) takes several days; during this period active mycelial growth
and sporulation take place. During this period, Aspergillus oryzae and A. sojae consume 15% to 30%
of the carbohydrates of the blend. Also, CO2 and heat
are produced, and the moisture content of the blend
(koji) decreases to 20% to 25 % . Most importantly, a
variety of proteolytic, saccharolytic, lipolytic enzymes as well as phosphatases and other enzymes
are produced. The production, stability, and activity
of these enzymes are influenced by the temperature,
pH, and water activity of their environment.
The Brine Fermentation Stage. The next step is a
submerged fermentation. The salt solution is mixed
with the koji and the resulting suspension (moromi)
has 16% to 19% w/v NaCL This suspension will be
aged for 6 to 12 months, and during this period a
gradual degradation of the macromolecular substrate
will take place, caused by the fungal enzymes in the
koji. Polysaccharides are degraded into oligo- and
monosaccharides, proteins into peptides and free
amino acids, and lipids into glycerol and free fatty
acids. The salt concentration is crucial and is adjusted
depending on the prevailing temperatures. In principle, the salt concentration must be increased at
higher temperatures in order to avoid microbial spoilage. Low concentrations of salt will allow rapid enzymatic degradation of substrate, but they will also enable extensive (undesirable) microbial growth. Higher
salt concentrations inhibit the activity of lactic acid
bacteria (as evidenced by slower pH decrease and inhibition of flavor production) and slow down the enzymatic degradation process, but increase safety from
microbial pathogens and toxigenic microorganisms.
During traditional brine fermentation in Japanese
soya sauce, a natural succession of halotolerant lactic acid bacteria (Tetragenococcus halophila, formerly known as Pediococcus halophilus) and
osmotolerant yeasts (Candida spp. in Indonesian
kecap; Zygosaccharomyces rouxii in Japanese
shoyu) will take place without any inoculation.
In Indonesian soya sauce, the situation may be
somewhat different. Figure 26-19 shows that the development of lactic acid bacteria and yeasts is rather
simultaneous and the latter are numerically dominated by the lactic acid bacteria. In the situation
cited in Figure 26-19, Zygosaccharomyces rouxii
was not detected.
In larger-scale industrial settings with strict management of hygiene, natural inoculation may not be
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sociated in part with levels of alcohol, salt, reducing
sugar, color, soluble nitrogen, glutamic acid, titratable acid, and pH. More than 300 compounds have
been identified in soya sauce, many of which may
contribute to the flavor of the product.

Roast (170°-180°C,
few minutes)

i

♦

Salt
/
Brine
, / (22%-25% w/v NaCl)

Mix with brine (200 parts)

i

Moromi (brine fermentation) stage
(16%-19% w/v NaCl, 15°-30°C, 6-8 months)

i

Lactic acid fermentation (Tetragenococcus halophila)
Alcoholic fermentation (Zygosaccharomyces rouxii, Candida spp.)

Filter

Pasteurize

Koikuch i-shoyu

Figure 26-18 Principle of the Production Scheme of Japanese-Style Soya Sauce (Koikuchi-Shoyu). Source: Reprinted with permission from D. Fukushima, Industrialization of Fermented Soy Sauce Production Centering
around Japanese Shoyu, in Industrialization of Indigenous
Fermented Foods, K.H. Steinkraus, ed., pp. 1-88, © 1989,
by courtesy of Marcel Dekker, Inc.

sufficient to achieve the desired lactic and alcoholic
fermentation. Industrial soya sauce fermentations
are therefore inoculated at the required moment
with separately grown pure cultures of lactic acid
bacteria and yeasts. T. halophila is added first to the
moromi mash and this is kept at 15°C for 1 month
allowing the pH to decrease from 6.5 to 5.0. At this
stage, Z. rouxii and Candida spp. are added, and the
temperature is allowed to rise gradually to 28°C during a 4-month period enabling an active alcoholic
fermentation.7 5 As a result, 2 % to 3 % ethanol and
other metabolites are produced, such as higher (C3_5 )
alcohols and glycerol. Organoleptic properties are as-

Prevention of Spoilage
Particularly during the brine fermentation stage, the
control of pH, dissolved oxygen, and salt concentration is important. During the early part (first 6 days) of
the brine fermentation halotolerant lactic acid bacteria reduce the pH and concentration of dissolved oxygen, and the resulting conditions prevent the growth
of aerobic spoilage microflora. In Indonesian kecap,
such aerobic microorganisms were mainly coryneform bacteria. If aerobic spoilage does occur it takes
the form of pellicle formation, and is often associated
with the formation of off-odors caused by oxidation. 128
In later stages of the process (after 6 days of brine
fermentation), the combination of low levels of dissolved oxygen, pH <5.4, and NaCl concentration
>10% w/v is associated with low levels of corynebacteria and absence of pellicle formation, and facilitates product stability. Long-term shelf life of soya
sauce is achieved usually by bottling and pasteurization, and is limited by chemical and sensory changes
rather than by microbiological changes. The slightly
acidic pH (4.6-4.8), the presence of weak organic acids (mainly lactic, pyroglutamic, acetic, succinic,
citric, and formic acids, totaling approx. 1.3% w/v),
and considerable NaCl concentrations (16.9% to
19.0% w/v) 45 all contribute to the microbiological
stability of the bottled and pasteurized product.
Control of Safety
A. oryzae is regarded as a variety of Aspergillus
flavus, but, in contrast with A flavus, A. oryzae has
not been found to produce the highly toxic and carcinogenic aflatoxins. No aflato:xins could be produced
by industrial soya sauce starters, and no aflatoxins
have ever been found in Japanese soya sauce. 45 In Korean soya sauce, aflatoxins were chemically unstable.us
Yeast metabolism of citrulline may lead to the accumulation of carbamic acid, which in tum may react with ethanol to form ethylcarbamate (urethane).
The latter compound is toxic, and has been found in
several yeast-fermented products, including soya
sauce. The levels varied from nondetectable to 35
ppb with a mean of 17. 7 ppb; a "no significant risk"
level of 0.7 µg day-- 1 has been reported. 80 In view of
the widespread daily use of soya sauce in Eastern
Asia, process control measures to minimize ethyl
carbamate levels will be desirable.
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Recently, mutagenic effects of soya sauce were
observed using Ames tests. 54 At present, it is not
known which substances cause these effects, and
whether they are active in human tissue as well.
26.5 CONCLUDING REMARKS

Fermented foods based on vegetables, cereals, and
proteinaceous seeds play an important role worldwide, and will continue to do so. The ever-increasing
world population will require more affordable nutrients and energy presented in a palatable and safe
manner. Fermentation is of interest for reasons of
sensory appeal, nutritional and physiological effects
in the consumer, and of product safety. However,
several cases of foodborne infections and intoxications have been associated with fermented foods. 95
Considering the contamination of food raw materials, the high levels of water activity, nutrients, and
pH in some fermented foods, and occasional inadequate processing and storage conditions, a few ma-

Fooo

jor risk factors can be identified: (1) the use of previously contaminated raw materials (eg, with mycotoxins, heavy metals, and other stable compounds);
(2) lack of pasteurization (such as occurs in some
cheese and vegetable products); (3) the use of poorly
controlled natural fermentations, or of inadequate
fermentation starter cultures (thus providing ineffective substrate colonization, and enabling opportunistic microorganisms to develop); (4) inadequate
storage or maturation conditions enabling survival
of pathogens, or growth and toxin production (eg, insufficient levels of curing salts; inadequate protection from air exposure); and (5) consumption without prior heating (thus allowing the product to act as
a vehicle for foodborne infections, for example).
The study of processes and microbiological and
chemical changes taking place during traditional fermentation processes provides the basic data to investigate aspects of safety and nutrition. At the industrial level, but also in the household, consumer
safety is a first priority. From a commercial point of
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Figure 26-19 Microbiological Changes during the Liquid Fermentation Stage ("baceman" with 15% w/v NaCl concentra-

tion) of Indonesian Soya Sauce Fermentation. Anaerobic bacteria: progressively Tetragenococcus halophila; aerobic bacteria: coryneform bacteria; yeasts: Candida spp. (C. parapsilosis, C. famata, C. guilliermondii, C. pulcherrima). Source: Data
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view, control of processes is essential, based on a
thorough understanding of the fundamentals.
Future developments are likely to include (1) optimization of fermentation practices to meet food safety
requirements, and (2) increased use of (safe) defined
cultures of microorganisms and of enzymes that have
been tailor-made by molecular-biological techniques.
This practice will be especially interesting to achieve
effects that cannot be realized with conventional ingredients. For instance, traditional fermented foods
(well known and popularly accepted) are increasingly
used as a vehicle for the use of probiotic microorganisms. Probiotic fermented dairy products 122 are available commercially; probiotic fermented cereal soups 77
are actively investigated.
From a processing point of view, large-scale industrial manufacture of Japanese soya sauce may provide an indication of what is possible in terms of
continuous processes using immobilized microorganisms, membrane filters, solid-substrate bioreactors, and others.75 Considering the increasing
world population, industrialization of (fermented)
food manufacture is bound to expand; however, one
has to realize that at present, a significant segment
of the population derives income from the artisanal
processing of foods.
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