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Ecological Aspects of MixedCulture Food Fermentations

M. J. Robert Nout
Agn"cu/111rol University, Woge11i11gm, The Nether/011ds

INTRODUCTION
In this chapter the designation "food" will include beverages, and filamentous fungi will
be "molds" and unicellular fungi "yeasts." Generic or species names in brackets are
synonyms used in cited publications.
Processes which transform agricultural produce into foods involve stages of primary
production, harvesting, storage of raw materials, manufacture of desired food products,
and distribution and storage prior to consumption. During these stages micro-organisms
may affect the nature of the material variously, with changes ranging from spoilage,
toxin formation, and survival or growth of pathogens to desirable effects such as
improvement in acceptability and increase of nutritional value and shelf-life. The
present review will emphasize the interactive effects of both biotic and abiotic factors
on mixed cultures (molds, yeasts and bacteria) for beneficial use in food fermentations.
Fermentation is one of the oldest forms of food processing. The occurrence,
manufacture, properties, and use of fermented foods are well-documented (Kosikowski,
1977; Rose, 1982; Steinkraus et al., 1983; Wood, 1985; Beuchat, 1987; CampbellPlatt, 1987). Some fermented products (cheese, beer, wine, soy sauce) have experienced a gigantic scale-up of production, with the use of sophisticated inoculum; hoWever, many fermented foods are still produced with age-old "traditional" techniques
und~r simple or even primitive conditions.
For reasons of product integrity and economics, most food fermentations cannot be
carried out profitably under sterile con,ditions. Fermented foods may therefore contain a
variety of bacteria, yeasts and molds, originating from raw materials, inoculum and process contamination.
According to the physical nature of the substrate, fermentations occur either in
liquid or within solid substrates. In liquid fermentations, a watery continuous phase
serves as a medium for homogeneous distribution of micro-organisms and for heat- and
mass transfer. Liquid fermentation is used for e.g., the manufacture of beverages and
sauces.
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Although views differ on the definition of solid substrate fermentations (SSF), the
one given by Canoe! and Moo-Young (1980) is preferred from an engineering point of
view. They refer to the growth of micro-organisms on solid materials without the presence of free liquid. The particulate substrate contains sufficient available moisture to
enable microbial activity. In SSF heat- and mass transfer are limited and may result in
significant temperature increase, localized depletion of, substrate :ind accumulation of
product; moisture migration m3y n::.suic ,;1 hcu..:rogenel_)us wat-::r distri[.1ucion. Such
phenomena have direct consequences for the micro-environment and affect the rate and
the nature of metabolism. SSF are employed with bacteria and yeasts, but those with
molds are predominant. Reviews of SSF processes and products were presented by
Canoe! and Moo-Young (1980) and Hesseltine (1987).
Table 1 lists some mixed-culture .fungal fermented foods, their raw materials, the
type of fermentation system (liquid or solid) and the relative importance of groups of
microflora for a successful fermentation. Table 2 lists representative fe~menting microorganisms, From an ecological point of view, it is of interest to evaluate the effect of the
environment on population dynamics in such mixed microfloras. Under subsequent
headings the effects of various environmental parameters will be discussed, followed by
several ferm~ncation case histories including one without significant microbial interactions (tempe), one with interactions between molds and yeasts (amylolytic starters), and
one with interactions involving yeasts and bacteria (winemaking). Finally, the use of
genetically modified micro-organisms will be discussed from an ecological viewpoint.

THE FOOD ENVIRONMENT
Figure 1 illustrates the complex nature of the food environment. Block 1 lists the major
parameters of a native primary product. Process operations (block 2) affect the native
environment. The metabolism of the fermenting and/or other micro-organisms (block 3)
is influenced both by the food environment and by some process operations, whereas
metabolites formed can bring about significant environmental changes in the food.

Water
The availability in foodstuffs of free water for metabolic activity is generally expressed
as:

p
Po

a=w

=

=

=

where aw
water act1v1ty; P
equilibrium water vapor pressure at T; PO
water
vapor pressure of pure water at T. From a thermodynamics point of view, it would be
more correct to use the term "water potential" (wp) (Gervais et al., 1988) instead:

wp

=

R •T · lnaw

vw

= water potential (Pa)
= 8.31 · N • m • mo1- 1 • K- 1
= temperature (K)
vw = partial molal volume of
3
1

wp
R
T

water (m

•

mol-

)

However, since most data from literature are related to all" the latter will be used here.
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In general, microbial growth gradually decreases and finally ceases in response to
decreasing aw, If other conditions are not growth-limiting, the minimum aw for growth
of most yeasts is 0.90 and for molds 0.70. However, some osmotolerant or xerotolerant

fungi can still grow at aw as low as approximately 0.62 (Rose, 1987). Most bacteria
require higher aw, and their inability to multiply at aw in the range of 0.61-0.85 then
facilitates fungal growth (Beuchat, 1983). Table 3 illustrates the minimum aw required
for growth of bacteria, yeasts and molds commonly occurring in foods.
Maximum growth rates are not reached at aw 1.00 but at lower values. The r;lte of

mold growth as a function of aw was expressed by Gervais et al. (1988) as follow:,:
V

Vmax
V

aw
= A • In - - +
3wo

Ymax

A
aw
3wo

= radial extension rate (m/s)
= radial extension race at optimum a,
= constant (mis)
= water activity of substrate
= optimum water activity (at which

1.

V

= Yffiax)

The nature of the solutes lowering the water activity can influence the minimum aw
for growth. For example, with Zygosaccharomyces rouxii the minimum aw was 0.60 when

sugars were responsible but 0.85 with salts (Rose, 1987). Resistance of Zygosoccharo-

myces rouxii

to

sorbic jlcid at aw 0.92 depended on the solute used i.e. glucose, sucrose

or polyethylene glycol (Lenovich et al., 1988).
Several interactive effects with other environmental parameters such as temperature and pH are known. Oat.a concerning the growth of Zygosaccharomyces ro11:,:ii and Z.

bailii at aw 0.626-0.998 were reported by Jermini and Schmidt-Lorenz (1987a). By
lowering the aw from >0.99 to 0.922-0.868, the Tm;"' T,p, and Tm,x for growth of
osmotolerant yeasts (Zygosaccharomyces rouxii, Z. bispoms, Tomlaspora delbmeckii,
Debaryomyces ha11se11i1) was increased by 4-5°C Uermini and Schmidt-Lorenz, 1987b).
Relations between osmocolerance and thermotoleran~e were investigated by Trollmo et

al. (1988) who found that acquired osmotolerance in Saccharomyces cerevisiae also
increased its therrnotolerance; however, cells with acquired thermotolerance
become osmornlerant. Isolated proteins synthesized during conditioning to
osmotic dehydration were not similar, suggesting that heat shock proteins
responsible for osmotolerance. With decreasing pH, the minimum aw for

had not
heat or
are not
bacterial

growth increases and consequently, yeast growth is favoured (Hocking, 1988). If
· organic acids (added as a preservative or produced by fermentation) are present, chis

pH effect is magnified by the formation of inhibitory undissociated acids. Further, the
survival rate of Saccharomyces cerevisiae at low water activity was reduced in the presence
of e.g., K-sorbate, but this reduction was partly alleviated in the presence of sugars such

as glucose and sucrose (Cerrutti et al., 1988). In particular, trehalose which has been
suggested to be accumulated in response to stress (Attfield, 1987) has been used successfully as a protectant during dehydration (Gadd et al., 1987).
In high gravity beers, high sugar musts, and high salt containing products such as
soy sauce, the ethanol tolerance as influenced by the osmotic pressure is of economic

importance. D' Amore et al. (1988) found that increased osmotic pressure during the
early stages of wort fermentation with Saccharomyces cerevisiae resulted in increased lev-

els of intracellular ethanol and glycerol and a corresponding reduction in growth and
metabolic rates. Since this effect could be compensated by additional nutrients and
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Table 1 A Selection of Fungal Mixed Culture Fermented Foods (Abbreviations: M=Molds; Y=Yeascs; 8:;;;Bacccria; L:;::;Liquid
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Fermentation; SSF=Solid Substrate Fermentation)

Produce
Type

Essential

Name

Nature

Ragi

solid
tablet

Rice wines
Peuyeum

Iiq_uid
semi-solid

Tape ketan

semi-solid

Use

Origin

groups

Orient

MY

liquor

Orient

snack

Indonesia

MY
MYB

appetizer

Indonesia

condiment

inoculum

semi-solid

uncooked
rice
rice

fermentation

References

SSF

Hesseltine et al. (1988)
Hessehinc and Ray ( t 988)
Ko(l986)

SSF-L

cassava

SSF

Hesseltine et al. ( l 988)
Hesseltine and Ray (1'988)

MYB

glutinous
rice

SSF

Hessel line et al. (1988)
HcssdLine and Ray (1988)

Japan

MYB

soybean

SSF

Sccinkr:1us et al. ( 1983)

SSF

Woou (1982)

Woou (I 982)

mass

Hamanacco

Substrate

beans
Miso

semi-solid
paste

flavoring

Orient

MYB

soybean
+ rice
/barley

Soy sauce

liquid

flavoring

Orient

MYB

soybean
+ wheat
+ sale

SSF-L

Sake

liquid

liquor

Japan

SSF-L

Roquefort
blue-veined
cheese

proteinfood
flavoring

France

MY
MB

rice

semi-solid
cake

Camembert
surfaceripened
cheese

semi-solid
cake

proteinfood
flavoring

France

MB

Steinkraus cc al. (1983)

milk
curd

SSF

Law (1982)

milk
curd

SSF

Law (1982)
Kosikowski (1977)

.;:

0

=

tTl

Coumrycured
ham

solid

Salami

solid

proteinfood

Europe

BM

meat

SSF

Campbell-Platt ( 1987)
Adams (I 986)

!:.

semi-solid
cake

protein
food
snack

Indonesia

MB

mostly
soybeans

SSF

Steinkraus et al..
(1983)
Samson et al., (1987)

'O

Sour-dough

semi-solid
mass

inoculum

Europe

BY

SSF

Nouc and CrcemersMolenaar ( I 986)

Q,

Wine

liquid

liquor

Europe

YB

rye or
wheat
flour
grape
juice

Tempe

proteinfood

Europe

M

meat

SSF

Campbcll-Plarr ( 1987)
Adams (1986)

<'>
0

0

rs_

L

Campbell-Platt (1987)
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Kefir

liquid

beverage

USSR

BY

milk

L

Marshall (1986)
Kosikowski (1977)

Cucumbers
pickles

solid

snack

Europe

BY

cucumbers

L

Andersson cc al.
(1988)

Teekvass
Kombucha

liquid

beverage

Asja

YB

tea
infusion

L

Steinkraus et al..
(1983)

0..

Busaa

liquid

Kcn)'a

BY

maize.
finger
millet

SSF-L

Nout (1980)

.,"

barley
wheat

L

LambieGucuze

liquid

liquor

liquor

Belgium

YB

'Tl
0

0

'Tl

3
::

Campbell-Platt ( 1987)
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Table 2

Microbial Inhabitants in a Sdection of Fungal Mixed..Culture Fermented Foods; (See Table I for References)

Name of
produce

Molds (M)

Yeasts (Y)

Bacteria (B)

Ragi

Amylomyccs rouxii

Endomyces spp:
Hyphopichia burtonii

Pediococcus pencosaceus
Encerococcus faeca!is

Rice wines.
Peuycum,
TapC kecan

Amylomyccs rouxii

Hyphopichia burtonii
Endomyces fibuligcr
Hansenula anomala

Pcdiococcus pencosaceus
Encerococcus faecalis

Hamanauo,
Miso

Aspcrgillus ory:r.ac
Aspcrgillus soyae

Zygos.iccharomyccs rouxii
Toru!opsis versatilis

Pcdiococcus halophilus
Encerococcus faecalis

or

Rhizopus chincnsis
Rhizopus oryzac

or

Rhizopus oligosporus
Soy sauce

Aspcrgillus ory;,..ae
Aspergillus soyac
group

Zygosaccharomyces rouxii
Zygosaccharomyces soyae
Zygos:iccharomyces major
Hansenula spp.
Torulopsis spp.
Candida eu:he!Jsii
Candida versatilis

Lacwbaciilus dclbrueckii
Pediococcus halophilus
Pediococcus damnosus

Sake

Aspcrgillus ory/.ac

Hansenula anomala
Saccharomyces cerevisiae
(sakC)

Lcuconostoc mcsenteroides
var. sake
Lacrobacillus sake

Roquefort
blue·veined
cheese

Pcnicillium roqucforti

Yarrowia lipolytica

Lcuconoscoc spp.
Laccococcus lactis
Lactococcus !accis ssp. diacetylaccis

Camembert
surface•
ripened
cheese

Pcnicil!ium camcmberti
(Pcnicil!ium candidum)
(Pcnicillium cascicolum)
(Penici!lium album)

Candida spp.
Kluyveromyccs spp.
Saccharomyccs spp.
Torulopsis spp.

Coumrycured
ham

Aspergillus glaucus
group
Penicillium nalgiovcnse

Laccococcus lactis ssp. crcmoris
Brevibaccerium linens
Streptococcus cremoris
Lactococcus laccis
Micrococcus spp.
Lacwbacillus casci
Lactobacillus plancarum

Salami

Tempe

Sour~dough

Wine

Kctir

Penicillium n:2lgiovcnsc
PCnicillium chrysogcnum

Rhi:wpus oligosporus
Rhi:wpus chinensis
Rhizopus oryzae
Mucor indicus

Micrococcus spp.
Staphylococcus spp.
Pediocor ,·,,~ spp.
Lactobaci!lus spp.
T richosporon bcigelii
Clavispora lusicaniac
Candida ma!cosa
Candida imermedia
Yarrowia lipolycica

Klebsiella pneumoniae
Enterob:2cter cloacae
Laccobaci!lus spp.

Torulopsis holmii
Sacc.·haromyccs cerevisiae
Pichia saicoi
Candida krusei

Laccobacillus plantarum
Laccobacillus fruccivorans
L:2ctobacillus brevis var. lindneri
Laccobacillus sanfrancisco

Saccharomyces cerevisiae
(Saccharomyces uvarum)
(Saccharomyces elegans)
(S.accharomyccs bayanus)

Lcuconostoc ocnos
Pediococcus acidilaccici
Lactobaci!lus casei

Saccharomyces cerevisi:2e
Sacch:2romyces dc!brueckii
Candida kefyr

Laccobacil!us ketir
Lcuconosroc brevis
Leuconoscoc mesenceroidcs
Strcprococcus durans
Lactococcus l::iccis
Acetic acid bacteria

I'll

"0
"'

0
;;

9..

:i,

.gi

(:uc.w11bers
pickles

'J'orulopsis spp.
l bnsenul::i spp.
Saccharomyccs spp.

Laccobacil!us brevis
Lactobacillus p!antarum
Lcuconostuc mesemeroides
Pediococcus~pcmosaceus

'J't:<.:kv::iss

Saccharomyccs spp.
Candida spp.
Torulopsis spp.

Acecobacter aceti ssp. xylinum

Busaa

Saccharomyces cerevisiae ,
Candida krusei

Laccobaci!lus spp.
Pediococcus spp.

l~::imbic-(;ucuzc

Sacch::iromyces cerevisiac
(Saccharomyces bayanus)
(Saccharomyccs uvarum)
Bn:cranomyces spp.

Lactobaci!lus spp.
Pcdiococcu:, :,pp.

"'

t"
~

~

)<

"'9-

(")

-

"...
""'..,

"1
0
0

Cl.

"1

"'..,3
"'=

...0s-

"'=
Oo

"'""

',

\

1.

/

Native substrate

water content

pH

nutrients

Eh

temperature

antimicrobial
compounds

2. Process operations

3. Microbial metabolism

water addition

sugar addition

assimilation

dehydration

preservatives

bioconversions

soaking

salting

energy

heating

hermetic sealing

primary metabolites

biomass

secondary metabolites

Figure 1

The environment of food fermemacions.
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Table 3

.Q,

Minimum Water Activity (a,J Required for Growth of Some Molds, Yeasts and Bacteria
Molds

Species
Rhizopus nigricans
Mucor plumbeus
Botrytis cinerca
Aspergillus wentii
Penicil!ium chrysogenum
Aspergillus tamarii
Aspergillus niger
Monascus (Xeromyces)
bisporus

~

Yeasts
aw

Species

0.95
0.93
0.93
0.84
0.79
0.78
0.77
0.61

Pichia sp.
Saccharomyces cerevisiae
Hansenula sp.
Candida sp.
Debaryomyces hansenii
Zygosaccharomyces bailii
Zygosaccharomyces rouxii

)<
<1>

Bacteria
a,.

0.92
0.90
0.90
0.88
0.83
0.80
0.62

Species
Pseudomonas sp.
Salmonella sp.
Pediococcus cerevisiae
Lactobacillus plamarum
Streptococcus sp.
Bacillus subcilis
Staphylococcus sp.

c..

:J."

C

0.97
0.95
0.94
0.94
0.91
0.90
0.86

("J

....-

:::
:::

.,,
.,,c..
<1>

0
0

....<1>

3
<1>
::

--c
0

::
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minerals it was suggested that the limitation of growth and alcohol production at higher
wort gravity did not result from intracellular accumulations of ethanol, but rather from
nutrient deficiencies.

Nutrients

Macronutrients
Accounts of the response of yeasts to sources of carbon 1_ nitrogen, phosphorus and sulfur are given by Rose (1987) and Suomalainen and Oura (1971). Yeasts are known to
metabolize polysaccharides and pentoses poorly. Although the presence of e.g., chitin
and acacia gum was shown to increase the rate of yeast growth and fermentation, these
substances were not metabolized as nutrients (Patil and Patil, 1989).
In addition to fermentable saccharides, nutrients required for yeast growth and particularly for alcoholic fermentation include inorganic (e.g., NH.t) or organic sources of
nitrogen (urea, amino acids, peptides, b'ut rarely extracellular proteins), phosphorus
(inorganic phosphate or phosphate esters) and sulphur (sulfate, sulfite, methionine, glutathione), In the presence of other available amino acids, proline is usually not assimilated by yeasts (MacLeod, 1977). However, Red Star Montrachet wine yeast was
reported to utilize this amino acid as a source of nitrogen if the head-space of the fermentation Aask was Rushed with air (lngledew et al., 1987). The ability to utilize proline, which naturally occurs in grapes, would offer an alternative to the addition of yeast
foods in winemaking.
As with yeasts, molds usually do not require additional nutrients in food fermentation. Optimum C/N ratios for growth are 10-100. For industrial fermentations it was
shown that Rhiz.op11s oryzoe could grow well with only starch and N-salts; addition of
vegetable juice further stimulated growth (Seaby et al., 1988).

Minerals
Magnesium, potassium, sodium and calcium are normally required for yeast growth
(Suomalainen and Oura, 1971). Of additional interest is the effect of Ca++ ions which
was reported to increase the ethanol tolerance of Saccharomyces cerevisiae (Nabais et al.,
1988).

Vitamins and growth factors
The most common growth factors for yeasts are biotin, pantothenic acid, inositol,
thiamine, nicotinic acid and pyridoxine (Suomalainen and Oura, 1971). Riboflavin and
folic acid are synthesized by all yeasts.
Fungal requirements for additional vitamins in the food environment seem to be
•negligible. On the contrary, they may contribute to the nutritive value of fermented
foods by vitamin synthesis.

Temperature
Temperature effects on yeasts play an important role during growth and alcoholic fermentation, but also in heat preservation of the product and in cryo-preservation of fermentation starters (Watson, 1987). In food fermentation, mainly mesophilic fungi are
used. However, there is increasing interest in thermophilic starters which ferment at a
higher rate, or under conditions unfavorable to mesophilic spoilage micro-organisms.
Yeast metabolism in e.g., wine was shown to be influenced by interactive effects
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between fermentation temperature and pH (Heard and Fleet, 1988). Survival of heat
treatments is usually better in media with optimum conditions for growth.
In mold fermentations, the temperature influences the germination rate of e.g.,

sporangiospores of Rhizop11s oligospoms (Medwid and Grant, 1984). Using solid substrate
fermentation models with Rhizopus oligosponJS, the relationship between temperature and
rate of biomass production was similar

to

that in yeasts and bacteria and could be

described (Nout, unpublished data) with an Arrhenius equation modified by Ratkowsky
et al. (1983), as shown in Figure 2.

pH
The optimum pH for growth of most yeasts lies between 3.5 and 5.0 (Rose, 1987).
The extracellular pH determines the dissociation of organic acids and activity of
enzymes and may thus inhibit growth or the generation of nutrients. The relationship of
pH to organic acids and killer proteins will be discussed under 11 added or generated
antimicrobial compounds."

The importance of pH for nutrient generation is illustrated by the pH optima of
some substrate degrading enzymes e.g., glucoamylase formed by Tiichosporo11 sp. on
starch (pH optimum 4-5.5; Buettner et al., 1987) and lactase (,6-D-galactosidase). The
latter enzyme was isolated and purified from several yeasts including Torolopsis versotilis,
T. sphaerica and Ca11dida pseudotropica/is (ltoh et al., 1982) and showed a pH optimum
range of 6-7.5. Such differences in optimum pH have direct consequences for the rate
of substrate conversion in the presence of acid-forming bacteria such as the lactic acid
bacteria.

It was reported by Medwid and Grant (1984) that the optimum pH for germination
of Rhiwp1,s oligospoms in soybeans is 4.0. This pH occurs in soybeans prepared by traditional methods for inoculation with this mold for tempe manufacture; since it is
unfavorable to competitive bacteria, mold growth is facilitated.

Vmg 48h

1

Topt

12

I

1%02/0¾ co,

/ l
a/:\□
0

8
6

I
I
I
I
I
I

4

2
0

010%02/5'% CO2

;,---f''\□

10

5

15

25

35

45

T (O(J

Figure 2 EttCct of temperature on the growth (biomass production) of Rhizopus oligospoms
grown on solid soy extract substrate, The temperature relation could be expressed according to

Rackowsky ec al. (1983): Biomass (mg)48h = b(T-Tm,ol • 11 - exp {c(T-Tm,_)} I in
which: T"''" = 281.8°K (8.8°C); T,,,,. = 307.8°K (34.8°C); T"'" = 316.6°K (43.6°C);
c = 0.2!06; b = f(I0,1, [C0,1) (Nouc, unpublished data).
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Conversely, the pH may be affected by microbial activity as during the mold ripening of salami (Grazia et al., 1986), where a desirable pH increase from 5.92 to 6.026.50 due to lactic acid decomposition was shown. However, in pickles, degradation of
organic acids by oxidative yeasts, resulting in increased pH values, is regarded as
undesirable since it favors enzymatic softening and development of spoilage causing
bacteria.
Little darn is available on the combirn..-d inAuence of pH and salt, sugar, nutrients,
and preservatives. Warth (1986) reported on the inhibitory concentrations of total and
undissociated benzoic acid to Zygosaccharomyces bailii at pH 2-5.5. Under growth inhibiting conditions (pH 3.5 and 1200 mg/L benzoic acid) high glucose concentrations
(30-50%) reduced the minimum inhibitory concentration of benzoic acid considerably.

Oxygen
Most fungi are obligate aerobes; however, some can grow at low_ concentrations of
atmospheric oxygen and others under anaerobic conditions in the presence of organic
H-acceptors. Koji fermentations with AspergilltJS spp. are carried out in the open air,
whereas in tempe Rhizopus spp. grow at oxygen concentrations as low as 0.1 %. Under
these conditiems sporulation is inhibited, as well as formation of ergosterol (Nout et al.,
1987b).
Fermentative yeasts cause a significant decrease of redox potential during fermentation. After prolonged alcoholic fermentation, addition of traces of oxygen help to
achieve better attenuation in wine (Barre, 1988). 0 2 is essential for the synthesis of
ergosterol, a cell membrane component. In the absence of 0 2, ergosterol provides a
"survival factor" by serving as H-acceptor. In yeasts showing the Crabtree effect (e.g.
Soccharo111yces cereoisiae and Brettanomyces i11ten11edius), growth and alcoholic fermentation
take place under both aerobic and anaerobic conditions (Scheffers, 1987). Brettta110111yces
i11ten11edi1ts shows the Custers effect, i.e. a temporary inhibition of growth and ethanol
production upon a shift from aerobic to anaerobic conditions (Scheffers, 1987).
Crabtree-negative yeasts include non-fermenting obligate aerobes (e.g. Ha11se1111la 11onfer111e11ta11s), and facultative anaerobes (e.g. Candida utilis) which produce ethanol only
under anaerobic conditions.
The introduction of atmospheric oxygen may result in undesirable fungal growth in
anaerobic cucumber fermentations (Potts and Fleming, 1982).

Antimicrobial Compounds

Native Growth Inhibitors
Native inhibitors occur naturally and include proteins, organic acids, essential oils, pigments, hop resins, phenolic compounds, oleuropein, and caffeine (Beuchat and Golden,
1989). Organic acids will be discussed under "added or generated compounds."
With regard to beer fermentation, the phenolic compounds of barley, particularly
cinnamic acid and its derivatives are of particular interest. Native inhibitors in herbs and
spices contribute to the selection of microflora in natural fermentations; unfortunately,
lack of comparable data prevents a quantitative appraisal of their impact.

Added or Generated Inhibitors
Under this heading, inhibitory substances which are either added to food as preservatives or are produced by fermenting micro-organisms will be discussed.
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ORGANIC ACIDS. Organic acids are weak acids. Although dissociated acids are
inhibitory to microbial growth, the undissociated molecules have 10-600 times stronger
antimicrobial effects (Sil!iker, 1980; Eklund, 1983). The dissociation is pH dependent:
pH

= p K + Iog

(dissociated(
.
.
(und1ssocrntedJ

In addition to the general pH effect on dissociation and metabolic inhibition, individual
organic acids show different specific toxicities and modes of action. According co Silliker
( 1980), organic acids are ranked as follows on the basis of ttie toxicity of their undissociated molecules to yeasts and molds (increasing toxicity): acetic < propionic < ethyl
paraben (p-hydroxybenzoic ethyl ester) < benzoic < sorbic < lactic < citric acid.
Despite the low relative toxicity of undissociated acetic acid, it produces a significant
inhibitory impact in fermented foods due to it's high pK (4.75) which already causes a
high proportion of undissociated molecules in moderately acidic products,
Krebs et al. (1983) suggested that benzoic acid lowers the intracellular pH in Socchoromyces cerevisioe thus inhibiting the glycolysis at phosphofructokinase level. The
reduced ATP yield would lead to restricted growth. Warth (1988) studied Socchoro,nycodes /udwigii, Schizosocchoromyces pombe and Zygosocchoromyces boil/ii with acquired
resistance to 650-1250 mg/L benzoic acid, and concluded that entrance of undissociated benzoic acid 9aused lack of energy for growth. He suggested that this is caused by
excessive energy utilization to maintain the intracellular pH at the original level.
Similar observations were made by Reinhard and Radler (1981) on the action of
sorbic acid and by Sorrells and Leonard (1988), who investigated enzymatic activities in
a yeast with acquired acetic acid tolerance, The suggestion that benzoic acid tolerance
might arise from decreased cell wall permeability for the undissociated acid (Warth,
1988) could thus apply more broadly, i.e., the specific toxicity of organic acids could be
related to their ability to penetrate the cell membrane.
Several studies were published recently on the inhibitory effect of organic acids on
fungi, in the context of fermentation or preservation of muses and wine, cucumbers
(Potts and Fleming, 1982), soy sauce (Noda et al., 1982), salami (Holley, 1981), bread
(Finney et al., 1982), tempe (Nout et al., 1987a) and country-cured ham (Baldock et
al., 1979).
The acidity is also determined by the ability of some fungi to degrade organic
acids. Schizosocchoromyces spp. are able to deacidify wine with undesirably high malic
acid content. Also, Bot,yti's is able to degrade malic and tartaric acid (Shimazu et al.,
1984), and Pe11icil/i11111 roquefotti can adapt to sorbic acid and metabolize it to 1,3 pentadiene (Liewen and Marth, 1985).
ALCOHOLS. The non-specific inhibitory effect of ethanol on Socchoromyces spp.
caused by aw decrease Gones -and Greenfield, 1987) should be distinguished from its
specific toxicity.
The latter was found to be additive, but noc synergistic with that of sorbate and
SO 2 in wine (Parish and Carroll, 1988). Synergistic inhibitory effects with octanoic and
decanoic acids will be discussed under "other inhibitors of microbial origin".
The toxicity of ethanol could not be attributed to inhibition of key metabolic
enzymes such as hexokinase and alcohol dehydrogenase (Larue et al., 1984) or glycolytic enzymes (Dombek and Ingram, 1987). Instead, it was suggested that nutritional
deficiencies may reduce specific growth rate and stop ethanol formation in the presence
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of fermentable carbohydrates. In this context, Nabais et al. (1988) showed that additional calcium ions caused resumption of alcoholic fermentation.
SALT. The protective role of salt against proliferation and toxin production by pathogenic and toxigenic bacteria in fermented foods was mentioned by Ko (1982). A
number of useful bacteria and fungi are able to grow and ferment in environments of
high salt content, up to 18% in cucumber brine and soy sauce fermentations (Andersson et al., 1988; Wood, 1982).
In addition to creating unfavorable aw conditions for undesirable spoilage bacteria,
salt plays an important role in fermented foods for a variety of reasons. In vegetables it
causes the osmotic extraction of plant juices containing fermentable sugars (Andersson
et al., 1988) and retards the undesirable softening action of pectolytic enzymes; in
bread dough, it has a toughening effect on the gluten protein; in soy sauce fermentation
it assists in the extraction and activation of substrate degrading enzymes; during cheese
making it stimulates whey separati?n and rind formation; and generally it is an important flavor component.
FUNGICIDES AND PESTICIDES. Fungicides and pesticides applied during the
cultivation of crops may leave residues, e.g. in musts for winemaking. Some of these,
such as dichloftuanid may cause delayed alcoholic fermentation (Monteil et al., 1986).
INHIBITORS OF MICROBIAL ORIGIN. (I) ANTIBACTERIAL SUBSTANCES
The ploduction of antibiotics for medical use is well established and documented. In
the area of fermented foods, there is evidence of antibiotic activities produced by fermenting organisms e.g. K!1Jyveromyces them1otolera11s and Kloeckera apic11lata towards (possibly) competitive bacteria e.g. lactobacil/11s p/a111anlft1 and Bacil/11s megateri11111 (Bilinski
et al., 1985).
Bacteriocins are proteinaceous compounds produced by several lactic acid bacteria;
most have bactericidal effects on often closely related bacteria, but some bacteriocins
have a broader effectivity against numerous Gram-positive genera of bacteria. The production of bacceriocins has been observed during lactic fermentations within the genera
Lactoboci/l11s, Pediococc11s, Streptocotc//S and Le11co11ostoc and is plasmid-linked (Klaenhammer, 1988).
(2) ANTIFUNGAL SUBSTANCES Natamycine (pimaricine) produced by Streptomyces
11atale11sis, is used commercially as antifungal preservative on e.g. cheese rind and
sausage. Actidione (cycloheximide) is also produced by Streptomyces spp. and is active
against Eukaryotes. Particularly common molds" and cultivated strains of e.g., baker's
yeast are inhibited. On the other hand, wild strains occurring in natural habitats e.g.1
sourdough often prove resistant to 100-200 ppm cycloheximide (Nout and CreemersMolenaar, 1986).
Of particular interest in alcoholic fermentations is the destruction of sensitive yeast
strains by "killer" yeasts producing proteinaceous substances referred co as "killer factors" or "killer toxins". The distribution of the killer properties in yeasts and the nature
of the toxins were reviewed by Young (1987). The natural habitat of killer yeasts
includes musts (Heard and Fleet, 1987) and soy sauce (Kagiyama et al., l 988), but
they may also occur in other yeast fermentations such as sourdoughs and beers. The
action of killer toxins can be prevented by adsorption on bentonite (Radler and Knoll,
1988); the practical implications of the killer phenomenon will be discussed in the context of winemaking.
(3) METABOLITE REPRESSION Metabolites able to cause repression of fermentations are numerous. The formation of fatty acids, i.e., octanoic and decanoic acids as
11
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byproducts of the alcoholic fermentation (Lonvaud-Funel et al., 1988) by Saccharomyces
cercvisioe inhibits yeast alcoholic fermentation as well as bacterial malo-lactic fermentation in wine; according to Viegas et al. ( 1985) fatty acids and ethanol cause synergistic
inhibition. Viegas et al. ( 1989) found chat octanoic and decanoic acid were more inhibitory at pH 3 than at pH 5.4 and concluded that the undissociated acids caused the inhibition with decanoic acid being most toxic. Another relevant metabolite is CO 2 • If it
accumulates in e.g., static SSF systems, growth inhibiting concentrations may result.

Process Operations
Process operations carried out before or during fermentation may affect the environmental conditions within the substrate. Mechanical operations include mixmg, size
reduction or enlargement, and mechanical separations (Leniger and Beverloo, 1975).
The importance of homogeneity of mixing e.g., inoculum, salt, or moisture throughout
a fermenting substrate is obvious; this is of special relevance in SSF situations. On the
other hand, mLxing may cause mechanical damage 'to myceiium and thereby inhibit
growth.
Size reduction of substrate increases its exposed surface and could lead to better
extraction of fermentable sugars, but it may also affect viscosity and concentration of
dissolved oxygen as well.
Physical operations Include heating and cooling, dehydration, and physical separations. Related aspects of incubation temperature and water activity were mentioned earlier, Considering current energy costs, interest in fermentations which can be carried
out without preheating substrates is developing. In certain fermentations, heat treatment prior to fermentation of the substrate is required in order to: (a) reduce the load of
undesirable micro-organisms, or to: (b) render the substrate more susceptible to enzymatic degradation e.g., by gelacinization of native starch or by coagulation of proteins.
The first requirement: (a) prevention of microbial spoilage, can be met by the con·
trol of aw in solid substrate fermentations. The second requirement: (b) susceptibility of
substrate, is fulfilled in traditional fermentation of uncooked rice in e.g., ragi. In similar
ways 11 no-cook" procedures have been developed for the manufacture of alcohol from
raw maize, rice, cassava and sweet potato. For this purpose, mixed cultures of Aspergillus uiger and Saccharomyces cerevisiae were used by Han and Steinberg (1986).
Investigations of Busaa, a traditional African maize beer showed that in the tradicio,nal process uncooked (raw) maize grits generated sufficient fermentable sugars by
auto-amylolysis co allow natural lactic fermentation to take piace (Nout, 1980). On the
ocher hand, cooked maize gel could not be fermented by the same lactic acid bacteria.
Thus, "no-cook" fermentation of starchy substrates would benefit from endogenous
amylases and heat sensitive growth factors.
In extrusion cooking, the combination of mechanical shear and heat treatment
allows a degradation of a macromolecular substrate comparable to that with cooking
pre-treatment but with less heat input.

TEMPE
Tempe is a sliceable cake obtained by solid-substrate mold fermentation of previously
soaked and cooked leguminous seeds, cereals or ocher suitable raw material. The most
common substrate is soybeans. In its country of origin, Indonesia, tempe plays an
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important dietary role as a cheap, nutritious, digestible and safe source of vegetable protein. It is always heated prior to consumption, either by boiling, stewing or frying.
The attractive properties of cempe generated interest in its manufacture, which has
been well-documented (Ko and Hesseltine, 1979; Steinkraus et al., 1983). The traditional manufacturing process involves overnight soaking of beans, followed by boiling,
draining, cooling, and inoculation of the soybean substrate with a starter. The substrate
is then packed into beds or molds with restricted air access, and incubated for 24-48
hours at 30-35°C. Figure 3 summarizes the ecology of the process. During soaking,
uncontrolled bacterial growth takes place in the soak water. The beans lose approximately 10% of total dry matter due to dehulling and to leaching during soaking (Smith
et al., 1964). To some extent chis leaching is required to remove native heat-resistant
mold growth inhibitors (Ko and Hesseltine, 1979). After boiling, heat resistant bacterial
endospores are the main survivors. The cooked beans contain 45-60 % (w/w) moisture
with aw close to 1.00 and thus provide excellent growth conditions for all microorganisms. Traditional starters contain seYeral mold genera, as well as yeasts and bacteria
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Figure 3 Manufacture of tempe and factors influencing its microbiological composition (from
Nout, De Dreu, Zuurbier and Bonams-Van Laarhoven, 1987).
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(Dwidjosepucro and Wolf, 1970; Ko, 1985). Some of these will dominate in the final
product, depending on the environmental conditions during the fermentation. In this
respect, the major variables are the moisture content and pH of the inoculated beans, as
well as heat and mass transfer which determine the temperature and the composition of
the gas atmosphere in the bed (Rathbun and Shuler, 1983).
Although other fungi may be present, Rhizopus oligosporns has been found to dominate in most tempe investigated. Rhiz..opus oryzae also occurs frequently. The rapid germination of Rhizopus oligospoms sporangiospores (80% within 2 hours at the optimum
temperature of 40-42°C; Medwid and Grant, 1984), and its rapid mycelial growth are
the main reasons for its dominance. In mixed cultures with Aspergillus jlav11s and A.
porasi1ic11s Rhiz,0p11s oligospoms competes successfully for carbon sources and consequently inhibits both Aspergillus growth and aflatoxin production (Ko, 1974; Nouc,
I 989). In addition Rhizopus primary metabolites (organic acids, aldehydes) further inhibit the growth of secondary infections. Within 30 hours the mycelium "knits" the beans
together into a solid mass. Seaby et al. (I 988) showed that a submate protein/
carbohydrate ratio of approximately 0.4 achieved maximum biomass formation. Biomass
production on soy could be doubled by supplementation with oats, however, Due to
the limited access of oxygen, sporulation is inhibited resulting in a shiny white final
product.
Jurus and Sundberg (1976) reported that Rhiz.opus oligosporus mycelium penetrates
as deep as approx. 25% of the width of the soybean cotyledon; it produces proteases
(Whitaker, 1978), lipases (Nahas, 1988), pectinases, phytases (Sutardi and Buckle,
1988) and enzymes degrading the flatulence-causing oligosaccharides, raffinose and sta·
chyose (Iha and Verma, 1980). Similar enzyme activities were observed in Rhiwpus
thaila11de11sis (Tsen et al., 1985) and Rhiwpus oryzae (Blakeman et al., 1988).
As a result, partial solubilization of the substrate takes place (Van Veen and
Schaefer, 1950). However, the nutritional value in terms of metabolizable energy or
Protein Efficiency Ratio is not significantly improved compared co the raw material
(Zamora and Veum, 1988).
Microbiological investigations of cempe sold in the Netherlands revealed the presence of bacteria, yeasts and fungi (Samson et al., 1987). A summary of their findings is
given in Table 4. Rhiwpus oligospoms or Rhizop11s oryzae are considered essential; 1l/11cor
and possibly Geotrich,1111 spp. might contribute to flavor production. Aureobasidium, Alter1101ia and C!adosporium are considered as undesirable contaminants because of discolorations, off-flavors or even mycotoxins they might produce if their growth is favored.
Although 4 7 of 104 isolates of Rhizopus spp. produced substances toxic towards ducklings and rats (Rabie et al., 1985), no cases of mycotoxins occurring in tempe have
been recorded (Ko, 1988). Although little evidence is available, yeasts might contribute
to the flavor of tempe. However, inoculation with Saccharomyces dairensis isolated from
soaked soybeans resulted in tempe of reduced organoleptic quality (Nout et al., 1987c).
Since the tempe microflora largely derives from the starters used and from postcontamination, methods were developed for the hygienic production of starter powders
in which a pure culture of Rhizopus oligospoms was grown (Rusmin and Ko, 1974;
Tanuwidjaja and Roestamsjah, 1985; Wang et al., 1975). However, due to dilution of
spore concentrates with non-sterile soy flour, the starters contained the epiphytic
microorganisms from soybeans as a contaminants. Instead of aiming at pure culture starters, it was found that the bacterial flora in soy- or rice-grown scarcers could be controllably dominated with lactic acid bacteria which suppress the multiplication of e.g.
Bacillus spp. and Enterobacteriaceae (Ttin~el et al., 1989).

Table 4

Microflora of 110 Samples of Tempe (after Samson et al., 1987)

Molds
Rhiwpus oryzae

Total 50
isolates

Rhizopus oligosporus

15
10

Mucor indicus

14

Yeasts
> I 0$ cfu/g in 69%
of all samples

Total 111
isolates

Trichosporon beigdii
Clavispora (Candida)
lusitaniae
Candida maltosa

34

11

Mucor circindloides

4

Candida incermedia

Geotrichum candidum

4

Yarrowia lipolytica

17
13
7

Aureobasidium pullulans

Lodderomyces elOngisporus

6

Altcrnaria alccrnara

Rhodotorula mucilaginosa

6

Cladosporium oxysporum

Candida sake

3,

Hansenula fabiani

Bacteria

Number
(cfu/g) in

Toca! aerobic count 30°C
Encerobactericeae
Lactic acid bacteria
Staphylococcus aureus
Bacillus cereus
Escherichia coli

> 107
> IO'
> !07
> 10 5
> !05
>IO"

3
11

others
% of all
samples

98%
67%
81%

13%
11%
3%
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le was reported chat Rhimpus oligospoms produced antibacterial compounds (Wang
et al., 1972); nevertheless, the microbial composition of cempe (Table 4) shows that
there is a niche for bacteria in this product. Some of the bacteria found are definitely
undesirable (Bacillus cereus, Staphylococcus aureus, Escherichia col,) since they might cause
food-borne diseases. On the other hand, Ernerobacceriaceae, Klebsiella pneumoniae in
particular, have been associated with the production of vitamin B 12 in cempe (Liem et
al., 1977). However, vitamin B12 radioassays using human intrinsic factor as a specific
binder yielded negative results ( < 0.02 ,ug per 100 g) in cempc; it therefore remains to
be confirmed that the corrinoid vitamin B 12 analogues produced by Klebsiella pueu111oniae are of physiological relevance to humans (Van den Berg et al., 1988).
Steinkraus et al. (l 965) reported that the quality of tempe could be improved by
lowering the bean pH by soaking the raw beans in dilute acid. In Indonesia, the bacterial growth during soaking causes a pH decrease from 6.5 to 4.5-5.5 depending on
conditions. In laboratory experiments Mulyowidarso et al. (1989) found that Lactobaci/11,s casei, S11,pto111yces faecium and StaphylococC1Js epidermidis were the main bacterial
species causing the pH reduction in soybeans soaked in tapwater. In addition, Enterobacteriaceae and yeasts including Pichia, Caudida and Rhodotomla spp. were found in
soak water.
A simple system of recycling inoculation of soak water was tested which guarantees
a predictable acidification within 12 hours at 25-30°C to pH 4.0-4.5 in soybeans
(Nout et al., 1987c). Beans thus acidified by Lactobacillus spp. inhibited the growth of
Bacillus cereus (Nout et al., 1987a) and Staphylococcus aureus and formation of its enterotoxins in tempe (Nout et al., 1988).

AMYLOLYTIC STARTERS
Starters
Oriental amylolytic mixed starters were distinguished by Hesseltine et al. (l 988) as
either: (a) koji-cype mixed pure culture starters of e.g. Aspergillus oryz-ae and Aspergillus
soyae with amylolytic and proteolytic activities of which the latter are essential for miso
and shoyu manufacture; (b) mixed starters containing predominantly Rhimpus, Absidia
and yeasts occurring naturally on wheat. This starter type lacking Aspergi//1,s or Amylomyces, is used for alcohol production; or (c) mLxed starters containing mucoraceous
molds, yeasts and lactic acid bacteria grown on search and preserved as dried tablets.
This discussion concerns mainly the latter type (c).
Amylolytic starters are used traditionally to ferment cereals (mainly rice) and starchy roots or tubers (cassava, sweet potato). Starch hydrolysis, and alcoholic and lactic
fermentations usually occur simultaneously. Depending on the extent of substrate
degradation, che resulting produces have consistencies varying from semi-solid moist
(e.g., "tape") to liquid (e.g., "brem" rice wine) and aroma's ranging from sweet, slightly
sour to distinctly alcoholic.
In addition to making traditional delicacies, there is increasing interest in amylolytic
starters for use in "no-cook" saccharificacion of search with simultaneous alcoholic fermentation for the manufacture of industrial ethanol.
Hesseltine et al. (1988) reviewed the occurrence, local names, utilization and
microbiological composition of amylolytic starters of type (c) from China (Chinese
yeast), Nepal (Murcha), Indochina (Men), Indonesia (Ragi), Korea (Nurook), Philip-
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pines (Bubod), Taiwan (Shiro-koji) and Thailand (Look-pang). These have a shelf-life of
several months to a few years, since they have been dried as small lumps or tablets,
Several general descriptions were given of their manufacture (Ko, 1986), but the exact
recipes including spices and herbs are poorly documented. The principle of their
manufacture as well as their use in fermentation is outlined in Figure 4.
Microbiological analyses of starters were reported, e.g. of Indonesian Ragi (Dwidjoseputro and Wolf, 1970; Ko, 1986; Hesseltine et al., 1988), Philippine Bubod
(Hesseltine et al., 1988; Sakai and Caldo, 1985a, 1985b), Lao-Chao (Wang and Hesseltine, 1970) and Murcha (Hesseltine and Ray, 1988; Hesseltine et al., 1988).
The latter surveyed the microflora of 41 starters and found mainly rnucoraceous
molds (Rhhopus, Mucor, Amylomyces), yeasts and bacteria. Amylomyces was absent only in
samples from Nepalese (Murcha) starter, supposedly because of the unfavorable (cold)
local climate. Amylomyces was shown to survive much better in dried starter than /rlucor
and Rhiwpus; the abundant chlamydospores in Amylomyces were supposedly responsible
for its longevity. The microbial composition -of these starters is rather consistent and is
summarized in Table 5.
From an ecological point of view, the mechanism behind the formation of this
stable microflora is of interest; the following factors are noteworthy:
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Manufacture of oriental amylolytic starters and their application.
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Table 5 Main Functional Groups of MicroHora in Mixed Amylolytic Starters (compiled from
Hesseltine et al., 1988; Hesseltine and Ray, 1988)

Molds
(5 • IO·' 10 I • !01/g)

Yeasts
(I, 101 106·, 10"/g)

Bacteria
(4, !01 102 • 10"/g)

Amylomyces rouxii

Candida javanica

Pediococcus pentosaceus

Mucor circinelloides

Endomyces fibuliger

Emerococcus faecalis

Mucor rouxii

(Endomycopsis burtonii)

Rhizopus oryzae

(Endomycopsis chodatii)
(Endomycopsis fibuligera)

Hyphopichia burtonii
Saccharomyces cerevisiae

I.

2.
3.

· RS

4.

5.
6.

The substrate contains mainly native starch and only little directly available mono·
and disaccharides, thus providing a niche for amylolytic organisms;
Inoculation from a former batch facilitates a gradual natural selection of organisms
most suited to the environment;
The addition of herbs and spices selects against e.g., Rhiwp11s oryzae, Aspergi//1,s
niger and Baci//11s s11btilis, but does not inhibit amylolytic molds (Hesseltine et al.,
I 988);
The rather short incubation periods in the scarcer manufacture contribute to the
selection of fast growing strains;
Mucoraceous molds can grow under (nearly) anaerobic conditions. Especially in
large lumps of poorly aerated substrate, low levels of oxygen may occur and add to
the selectivity of the environment;
From the recipes used it is estimated that the aw of the substrate will be close to
1.0; chis will therefore not act as a selective factor.

Traditional Fermentation
Indonesian tape ketan and Malaysian Tapai are examples of semi-solid partly liquefied
rice with a distinct sweet, fresh sour taste and a low ethanol content. In tape Cronk et
al. ( 1977) reported that during 36-48 hours of fermentation at 30°C, starch content fell
from 78 to 18%, reducing sugars increased from less than 1% to 16-17%, pH
decreased from 6.3 to approximately 4, while 1.3-3.0% ethanol was produced.
Amylo111yces ro11xii (Ellis et al., 1976) can degrade starch while producing an excess
of glucose. In pure culture, it subsequently produces lactic acid which, subsequently,
cafl be assimilated as a source of carbon. The fungus also produces ethanol in significant
amounts (Cronk et al., 1977). Some of the excess glucose is converted into biomass,
organic acids, alcohols, etc. by yeasts and lactic acid bacteria. In addition to ethanol,
the starter also produces isobutanol and isoamylalcohol (Cronk et al. (1979) which
together with various esters contribute to the flavor of tape (Ko, 1986).
Whereas the lactic acid bacteria are not amylolytic and depend on glucose liberation (Hesseltine and Ray, 1988), the &1do111yces and Hyphopichia (F,1do111ycopsis) yeasts
found in Ragi are able to assimilate soluble starch (De Mot and Verachtert, 1987; Sakai
and Galdo, 1985a). However, &1do111yces fib11/iger alone is not able to produce the
characteristics of cape, but gives a yeasty-smelling product lacking sweetness (Nout,
unpublished data).
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Biochemical Aspects of Starch Conversion
Native starch consists of linear amylose and branched amylopectin fractions. Search
from glutinous rice (Oryza sotivo var. gl11ti11oso) contains 99% amylopectin and only 1%
amylose. In ordinary rice (Oryza sotivo) starch, approximately 80% amylopectin and
20% amylose are present. In our laboratory the conversion of starch, amylopectin and
amylose from potato by Amylomyces rm;,ii and F.J,domyces fibuliger were compared.
Conversion rates of starch and amylopectin were similar, but amylase conversion was
signifitantly less successful (Nout, ,u1published <lau). -\lso, tape made from ordinary
rice lacked the characteristic sweetness of the product made from glutinous rice.
The amylolycic activity of Amylomyces rouxii has not been characterized to our
knowledge; however, the enzyme activities of several amylolytic yeasts have been
described (De Mot and Verachtert, 1987; Sakai and Galdo, 1985b). E11do111yces fibuliger
(E,1domycopsis fibuligero) produces mainly glucoamylase and pullulanase (amylopectin
debranching enzyme) but also a-amylase. De Mot and Verachtert (! 987) found that
F.11domyces showed higher amylolytic activity in media with starch or dextrins t_han in the
presence of maltose, It is not yet known why the degradation of starch from glutinous
rice and cassava by Amy/0111yces rot1.t:ii and E11domycopsis spp. yields significantly sweetertasting products than starch from ordinary rice. The ratio of amylose/amylopectin fractions may be involved, but it is also likely that the high swelling capacity of the waxy
starches of glutinous rice and cassava enables a more efficient amylolysis than ordinary
rice starch with only moderate swelling capacity (Badenhuizen, 1971).

Other Applications
Chinese wine cake containing Amy/0111yces rouxii, Rhizopus oryz..ae, Aspe-rgi//11s oryzae and
Hyphopichio (E,,domycopsis) burto11ii, produces ethanol as well as proteolytic and milkclotting activities when used as inoculum to ferment "sweet" rice. The resulting
effervescent liquid was used to produce a newIY developed product Gua-Nai, a sweetcurdled milk characterized by a fruity taste and aroma, smooth surface, milky appearance and mouthfeel similar to yoghurt (Onyeneho et al., 1988).
The production of alcohol from starchy raw materials is carried out at industrial
level in e.g. the amylo-koji process using Rhizop11s spp. (Hesseltine et al., 1988). In the
Symba process, Endomyces fib11/iger (Socchoromycopsis fib11/igero) and Candido 11tilis are
used in a dual fermentation system to produce glucose and subsequently single-cell protein (De Mot and Verachtert, 1987).
With a view towards improving ethanol yields, several yeasts of high amylolytic
activity have been tested e.g. Schwm111iomyces occide11talis (alluvius), Saccharomyces cerevisioe var. diostotic11s (Laluce et al., l 988) and Candido ts11k11bamsis (De Mot and Verachtert, 1987). However, such strains are less efficient producers of ethanol and exhibit
lower ethanol tolerances than Sacchilromyces cerevisiae. Introduction of amylolytic activity
into Saccharomyces cerevisiae by genetic engineering has been attempted by e.g., Inlow et
al. (1988), who cloned and expressed the glucoamylase gene of Aspergi/l11s awamori in
Saccharomyces cerevisiae. Declining starch fermentation rates cowards the end of the fermentation were associated with accumulations of disaccharides and limit dextrins, which
are poor substrates for glucoamylase. With soluble starch, 93-95% was utilized, yielding 0.44-0.48 gig ethanol.
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WINEMAKING
In principle, wines result from the alcoholic fermentation of plant juices concammg
directly fermentable carbohydrates, However, wine is commonly known as the fermented juice of the grape, //itis sp. //itis vi11ijera has approximately 5000 varieties
differing in color, shape, juice composition, Aavor and ripening time. The wide variety
of wines is not only the result of chis diversity of raw material, but especially of the
grape-growing conditions including location, soil and climate. In addition, ocher wines
Me known e.g., palmwines, hone)'\\'ines (mead), applewines (cider) and various beri ywines. The following will concern mainly the manufacture of grapewines.

Process
After harvest, the principal operations in winemaking include de-stemming and crushing
followed by juice separation if white wines are to be made. Red wines are usually fer11
mented 0n the skins". The resulting must. may undergo various pre-fermentation
treatments, e.g. SO 2 addition (] 00-150 mg/L) to suppress wild yeasts when pure cul·
ture starters (approximately 106/ml muse) are used. For fermentation, additional nitrogen sources may be added, if permitted. Usually, red wines ferment I -4 weeks at 20300C and white wines 6-10 weeks at I0-20°C. Fermentation proceeds in the absence
of oxygen and stops when sugars are exhausted ( < 0.1 %). After alcoholic fermentation,
the young wine is separated (racking) from its yeast sediment (lees). The timing of
racking is important. \Vines with normal acidity are racked 1-2 weeks after completion
of the alcoholic fermentation to prevent off-odors from yeast autolysis. But, in highacidity wines racking may be postponed several months since yeast autolysate stimulates bacterial malolactic fermentation. This can be achieved as well by addition of lees
(Lonvaud-Funel et al., 1985). Subsequently, wine undergoes clarification, aging, blend·
ing, filtration ("polishing") and bottling operations.

Microbial Succession
In principle, 4 successive stages of microbial activity can be distinguished:

1.

Pre-harvest colonization of grapes by molds. Generally such colonization 1s considered undesirable, particularly if dominated by Aspergi/111s, Penicilli11111, M11cor,
Alteman'a spp. and acetic acid bacteria. Unlike this "ordinary rot'\ colonization by
Botrytis ci11erea is referred co as "noble rot" and is a pre-requisite for Sauterne-type
sweet white wines.
2. Alcoholic fermentation by yeasts. Particularly during the first week of fermentation,
a variety of yeast species can be detected. The origin of this yeast flora can be
- traced to the grape leaves and skins, but they also accumulate in the winery and on
equipment. Within the grape mu_st the chemical composition (including SO 2 content), microbial interactions with other yeasts or lactic acid bacteria, and fermentation conditions, particularly initial aeration and temperature, will inHuence microbial
population dynamics during this transition phase. In French wines the fresh grape
must contains Rhodotomla, Pichia, Ca11dida and Metsch11ikowia spp., which soon die
from lack of oxygen and sensitivity co ethanol. In Bordeaux wines, early stages of
alcoholic fermentation were dominated by Kloeckera apic11/ata (Ha11seniaspora
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1100mm), Tomlopsis stellata and Saccharomyces cerevisiae (Fleet et al., 1984; LafonLafourcade, 1986). In Spanish wines Metsch11ikowia (Ca11dida) p11/cherri111a, C. stellata and Kloeckera apis were found in this stage (Pardo et al., I 989); on American
grapes and musts, Hansmiaspora guillien11011dH, H. 1wan1111, Trichosporo11 beige/ii
(cutane11m), Cryptococcus albidus, JJ/etsch11ikowia p11/cheni111a and Pichia 111e111bra11aefacie11s were found (Moore et al., 1988), and in Australian wines K. apic11la1a, Candida
stellata, C. collic11losa and M. p11/chem111a occurred (Heard and Fleet, I 986),
After only a few days Soccharomyces cerevisiae will dominate the fermentation.
Different strains of Soccharomyces cerevisioe arei. simultaneously involved in che

3.

4.

alcoholic fermentation, and little is known yet about its intra-species dynamics.
The origin of Saccharomyces cerevisiae is difficult to trace since its presence on grape
leaves and skins can hardly be detecce·d. Likewise, its numbers on winery equipment are very low. In addition, Tor11/opsis ste//ota also shows ethanol tolerance and
may remain detectable until the end of the fermentation (Fleet et al., 1984). Saccharomyces cerevisiae (baya1111s) is considered as a "finishing yeast" since it mainly
occurs during the terminal phases of the alcoholic fermentation. It is particularly
resistant to ethanol and SO 2 .
According to Lafon-Lafourcade (1986), Saccharomyces rosei and Schizosaccharomyces spp. may be used to deacidify musts with excessive malic acid content. Others, e.g. Saccharomycodes ludwigii, Bret1011omyces i11ten11edius (vti1ii), Zygosaccharomyces,
Ha11se11ula and Pichia spp. are considered as undesirable because of off-flavors
caused by their acids, aldehydes and esters.
Malolactic fermentation by lactic acid bacteria, desirable mainly in red wines of low
pH. Several lactic acid bacteria (Lactobaci/111s planlan1t11, L. hilgardii, u11cot10s1oc
mese11teroides) are commonly occurring on leaves and grapes. However, they are not
able to tolerate the sulfite added to the must, the low initial pH, relatively low fermentation temperature and concentration of alcohols produced (Lafon-Lafourcade
and Ribereau-Gayon, 1984), Although initial numbers on leaves and grapes are
very low, Le11co11ostoc oe,10s is able to multiply slowly during fermentation to 10 6108/ml (Lafon-Lafourcade, 1986). It is capable of converting malic acid into lactic
acid in Bordeaux wines, thereby mellowing their taste. The malolactic fermentation
may take some weeks to several months for completion. In other wine regions,
malolactic fermentation may be caused by Pediococcus and Lactobacil/11s spp. (LafonLafourcade and Ribereau-Gayon, I 984; Davis et al., 1986).
Bacterial spoilage by lactic acid bacteria or acetic acid bacteria. In cases of incomplete sugar conversion, the remaining carbohydrates can be metabolized by e.g. lactic acid bacteria leading to various characteristic off-flavors. Gluco11obacter oxydans,
Acetobacter aceti and A. poste11n'a1111s occur more frequently on Botrytis infected
grapes and towards the end of the harvest season, Their numbers decrease during
anaerobic alcoholic fermentation. However, post-fermentation processing may
cause re-contamination with acetic acid bacteria from equipment as well as introduction of significant levels of oxygen (in the order of 7.5 ppm; Ribereau-Gayon,
1985), which is essential for bacterial proliferation. During normal wine production,
all available carbohydrates are metabolized during alcoholic fermentation. This
depletion of free sugars contributes to the biological stability of the wine without or
with little help from added preservatives. Premature inactivation of yeast cells,
causing "stuck" fermentations therefore constitutes a major problem in today's
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winemaking industry. Such early. loss of yeast-cell viability after the stationary
growth phase has been associated with inter-related environmental and physiological factors.
Lafon-Lafourcade (l 986) has reviewed the· role of abiotic factors in unsuccessful
fermentations. These factors include unfavorable conditions such as anaerobiosis, temperature, osmotic pressure, and inhibition by ethanol and/or pesticide residues. In addition, sulfite added to the must for control of wild yeasts will decompose thiamine; a
resulting thiamine deficiency can cause early termination of the fermentation.
Further, metabolite repression and microbial interactions may contribute to stuck
fermentations. The formation of octanoic and decanoic acids and their esters during
alcoholic fermentation were shown (Viegas et al., 1985) co inhibit sugar_ conversion in
yeast, as well as in Leuconostoc oe110s (Edwards and Beelman, 1987; Lonvaud-Funel et
al., 1988). Similarly, conditions favoring the depletion of ergosterol tend to endanger
the survival of yeast cells. Also, phenyl-2-ethanol was mentioned as an aucoinhibitory
produce (Barre, l 988). According to Dombek and Ingram (1988) the decline of ethanol
production during the transition from growth to stationary phase, is caused by the !ICCUmulation of AMP, which acts as a competitive inhibitor of hexokinase for ATP. Consequently, glycolytic flux and fermentation are coupled to cell growth via RNA degradation products, particularly AMP. Lafon-Lafourcade and Ribereau-Gayon (1984) proposed that membrane alterations which inhibit the transport of sugars into the yeast cell
are a major cause for the premature cessation of alcoholic fermentation;
From a practical point of view, it was discovered that inhibitory fatty acids can be
adsorbed onto activated charcoal. Later it was found that "yeast ghosts" (cell wall
preparations) can perform the same function, and that their addition to musts can
prevent stuck fermentations. Yeast ghosts may even reactivate fermentation of stuck
wines (Lafon-Lafourcade and Ribereau-Gayon, 1984). Chitin, a cell wall component,
accelerated yeast growth and fermentation (Patil and Patil, 1989). The mechanism for
this stimulation is not yet clear; chitin and other polysaccharides may be able to detoxify the medium by adsorption of inhibitory substances.

Microbial Interactions
The occurrence of Botrytis cinerea on grapes was mentioned above. The rate of alcoholic
fermentation in must from bocrytized grapes is inhibited, and acetic acid and glycerol
formation increased. It appears that Botrytis cinerea produces polysaccharides with a high
mannose content, which are responsible (Lafon-Lafourcade, 1986) for this inhibition. In
addition to the increased sugar concentration of the grapes caused by moisture evaporation through the grape skin damaged by Botrytis, the inhibition of the alcoholic fermentation prOduces the desirable residual sweetness in Sauterne type wines. In other wines
however, Botrytis inhibition is undesirable. Killer toxins may also be involved in the inhibition of alcoholic fermentations. Barre, cit~d by Lafon-Lafourcade and Ribereau-Gayon
(1984) found that 514 of 908 yeast strains tested from grapes were able to excrete killer
toxins. Although the rate of occurrence of killer yeasts is variable (Radler, 1986), these
numbers are much higher than those reported for culture collections or natural habitats
(17-18%) (Young, I 987). If starters, used to boost the fermentation are of the killersensitive type, the fermentation might fail if a significant killer population is present. In
chis context ic is interesting to note that the activity of killer toxins was prevented by
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adsorption in the presence of 0.01% bentonite (Radler and Knoll, 1988) and by glucans
and mannans of yeast ghost cell walls (Radler and Schmitt, 1987).
In wines of high acidity, bacterial scan er cul cures can be used to help initiate the
malolactic fermentation. Since the presence of large quantities ( 10 7/ml) of Le11co11ostoc
oenos may inhibit the completion of ·che alcoholic fermentation, it is recommended that
bacterial starters be added only after all sugars have been converted. The mechanism
for this inhibition is not yet understood, but the effect was most significant during the
lag- and decline phases of yeast growth (Ribereau-Gayon, 1985).
Beyond this, the yeast strain itself may influence rhe progress of malol:1ctic ferm1~n~
cation. In wine fermented wich ~Occha,vmyces cerevisiat, malic acid WJs reduced from -LS
to approximately 0.9 g/L in 12 days; in the presence of Saccharomyces cerevisiae (baya11us) malic acid was reduced only to 2.0 g/L (Ribereau-Gayon, 1985). According to
Lemaresquier (1987) yeast-bacterium interactions may contribute to the problems of
poor malolactic fermentation encountered in practice. They studied 58 Saccharomyces
cerevisiae Champagne strains and reported 24 strongly inhibitory, 22 strongly stimulatory and 70 less significant or indiffCrer'lt reactions (many in combination) towards let1co11ostoc oet1os. The inhibitory eftects could not be correlated with alcohol or SO 2 production as suggested by King and Beelman (1986), nor with pH changes. Antibiotic action
was suggested to cause the inhibition, whereas vitamin leakage was presumed to stimulate the fermentation.
Under·conditions favoring the activity of Acetobacter and Gluco11obacter spp., the onset and subsequent stages of alcoholic fermentation are inhibited, supposedly by the
increased concentrations of undissociated acetic acid.

Recent Advances
Methods which enable a better control of the alcoholic fermentation have been
reviewed by Barre (1988). These include systems for continuous fermentation, temperature regulation, measurement and con~rol, as well as fermentations with high cell
densities or with entrapped cells.
Although the presence and activity of wild yeasts will remain the 11 back-bone11 of
the process, it is important to control the balance between wild yeasts and added yeast
starters. The development of starter strains marked permanently with e.g., resistance to
mitochondrial inhibitors allo\\'S populations to be monitored easily under commercial
conditions (Vezinhet and LacroLx, 1984).
Further, the introduction of killer properties in Saccharomyces cerevisiae starter
strains, e.g. by recombinant DNA techniques (Bussey et al., 1988; Seki et al., 1985;
Chen et al., 1988) should, in principle, facilitate the survival of added starter yeasts
(Benda, 1986). However, the specificity of killer toxins is limited and the protective
effect is not entirely guaranteed (Radler, 1986). In addition, Radler (1986) points out
that in view of the high concentration of killer toxin required, the (unlikely) presence of
> l0 5/ml killer yeasts would be needed to inactivate added starter yeasts. This is supported by Heard and Fleet ( 1987) who found that pronounced killer action was only
observed when the ratio of killer/killer-sensitive inoculum was ~ 1. The stability and
expression of killer character in Saccharomyces cerevisiae transformants with an implanted
killer toxin plasmid was studied by Lee and Hassan (1987). Expression was better in
the absence of 0 2 ,.,,hereas growth in air gave the best plasmid stability. In continuous
culture, increased dilution rates resulted in better toxin expression and plasmid stability.
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At present, genetically constructed killer yeasts are still confined to the laboratory
(Barre, 1988).
The application of bacterial starters for malolactic fermentation was mentioned earlier. In wine, the conditions should be kept quite mild (pH ~ 3.2i temperature ~
20°C; S0 2 ~ 30 mg/L) for a Le11co11ostoc scarcer to survive, even after re-activation in
grape must. In addition, Le11co11ostoc oeuos specific phages have been found in wines with
poor malolactic fermentation. It was shown by Prahl et al. (1988) that homofermenta·
tive Loctobocil/11s plo111omm could be added even during the lag-phase of the alcoholic
fermentation. The initial large inoculum (5 X 10 7/ml) survives for 3 days, after which
the population gradually declines co 10 4/ml at 7 days. During chis time the bacteria can
degrade malic acid down to 0.3-0.5 g/L within 4 days without significant effects on
alcohol production, sugar conversion or acetic acid level.
In the future control of the malolaccic fermentation might be improved by using
mixed-strain Leuco11ostoc oe110s starters with inherent phage resistance, by employing
purified and immobilized malolactic enzyme in a ·column reactor, or by expression of
bacterial malolactic enzyme in wine yeasts (Snow, 1985).

GENETICALLY MODIFIED MICROORGANISMS (GM O's)
Developments in gent;tic engineering continue to yield micro-organisms with new or
enhanced capabilities compared co their wild types. In food and related fermentations
the ability to convert poorly fermentable carbohydrates is of importance for the conversion of agricultural by-products (search, hemicelluloses) to energy (e.g., ethanol; Inlow
et al., 1988), as well as in the production of low-calorie ("light") fermented beverages
by removing dextrins (Tubb, l 987). f,-Glucan degrading ability could alleviate filtration
problems in the brewing industry: /J-glucanase genes from Bocill11s s11btilis and barley
have been cloned into brewers' yeast. The ability to ferment at relatively extreme temperatures is also of interest, as demonstrated by th~ development of thermotolerant
yeast strains for ethanol production (Tanabe et al., I 987) and strains of bakers' yeast
produced with recombinant DNA technology which can ferment maltose at low temperature and thus can be used in chilled and frozen bread doughs (Osinga et al., 1989).
Other examples include the introduction of osmotolerance into Socchoromyces cerevisioe
(Rwan et al., l 988) and the control of flocculation in brewers' yeast (Stewart and
Russell, 1986).
Most food fermentations are not carried out under aseptic conditions. On the contrary, a certain participation of natural microflora is often essential to bring about complex and mature flavors. Therefore, questions arise about the behavior of GMO's in
non-sterile substrates. From an ecological point of view, the genetic stability and the
ability to colonize the substrate are of prime interest.
Theoretically, an organism with acquired additional production capability will be in
a disadvantageous position to the wild i:ype, since less energy can be devoted to
biomass production. Genetic manipulation of industrial (brewing) yeasts amounts co a
compromise between additional genetic capability to increase overall metabolic activity,
and some decrease in stability (Panchal ec al., 1986). In the latter case, unstable
mutants reverting to the wild type could gradually be overgrown by the wild type, a
situation seen with an exo-inulinase hyperproducing mutant of K/11yverot11yces frogilis
(Tsang and GrootWassink, 1988). Noc only would engineered organisms be inferior
competitors in their natural niche, but they would also be unable to take over a niche
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from another organism (Hartl, I 985). In consequence, the use of GM O's should be
confined to situations where they are physically isolated from competitors.
Large-scale industrial beer brewing conditions are not really aseptic but are
nevertheless aimed at maintaining a mono-culture by strict hygiene, and as such may
offer adequate protection for genetically modified yeast strains. However, in winemaking it should be expected that e.g. killer-implanted starter yeast will be gradually dominated by wild strains which are better suited to the environment.
A different situation is found in bread dough, since each time the (non-sterile)
cereal !lour is fr1.·-,hly mi-.c,~. Jn extrem,:ly lar~c iooculurn A (e.g .. f.'.i:rtnic:1lly rnor.:ified)
bakers' yeast Ji used. l·unher, fermentation times are rather short (3-8 hours). This
combination of factors should guarantee sufficient protection for a modified yeast to be
used effectively as a leavening agent.
Finally, an interesting opportunity for physical isolation of engineered fungi lies in
solid substrate fermentations. Although a natural microflora is present, the absence of a
watery continuum limits direct competition, thus protecting the added starter.
Research in this area should benefit from earlier experiences with released GMO's (Beringer and Bale, 1988).
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