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Abstract 

Several investigations have shown that during growth in carbon-limited chemostats the simultaneous util- 

isation of carbon substrates which usually provoke diauxie under batch conditions, i.e., 'mixed substrate 

growth', is probably the rule under ecologically relevant growth conditions. In contrast, the models presently 

available for the description of the kinetics of microbial growth are all based on the use of single substrates. 

Systematic studies in chemostat culture have shown that steady-state residual concentrations of individual 

compounds were consistently lower during mixed substrate growth than during growth with the single sub- 

strates. This effect is clearly demonstrated for the case of Escherichia coli growing with mixtures of glucose 

plus galactose. The data presented indicate that the extent of reduction of steady-state residual substrate 

concentration is dependent on the proportions of the substrates in the mixture, the nature of substrates mixed 

and the regulation pattern of enzymes involved in their breakdown. If this behaviour can be shown to be 

typical for growth under environmental conditions, it may provide an explanation why microbes still grow 

relatively fast at the low substrate concentrations encountered in nature. 

Abbreviations: So - Substrate concentration in medium fed to chemostat (rag L-t); D - Dilution rate (h-l); 

DW - Biomass dry weight (rag L-l); g - Specific growth rate, g .... maximum specific growth rate (h -1) ; 

K s - Monod affinity constant for substrate s, Kl,2, for substrates 1, 2, respectively (mg L -j, pg L-~); 

qA -- Specific consumption rate for substrate A, qtotal, total specific substrate consumption rate 

(rag A [mg DW] -1 h 1); s - Concentration of substrate in culture, s A, of substrate A (rag L -1, gg L-l); 

s A - Steady-state concentration of substrate A in chemostat, SA(100%), during growth with A only, SA(~ix), during 

growth with mixture (rag L 1, gg L-I); Yx/s - Growth yield from substrate S (g dry biomass [g substrate] -1) 

Introduction 

For defined and reproducible laboratory studies 

microbiologists grow microbes in synthetic media 

which are usually designed such that all essential 

nutrients are supplied in the form of single compo- 

nents, e.g. glucose is supplied as a sole carbon and 

energy source, ammonia is the only source of nitro- 

gen, and so on. Such nutritionally restricted condi- 

tions contrast sharply from the growth environment 

microorganisms encounter in ecosystems where an 

enormous spectrum of potential substrates are usu- 

ally available to satisfy a particular physiological re- 

quirement. Especially for heterotrophic microbes a 

wide range of carbonaceous compounds are avail- 

able, such as carbohydrates, amino acids, fatty 

acids, phenolic compounds etc., resulting primarily 

from the hydrolysis of particulate organic matter 

and from the excretion of metabolites by or cell lysis 

of primary producers (Mtinster & Chr6st 1990). In 
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big. 1. Batch growth of Escherichia coli ML30 with a mixture of 

glucose and galactose at low initial sugar concentrations. Inocu- 

lure taken from a glucose-limited chemostat culture grown at D 

= 0.20 h 1 (adapted from Senn 1989). (o) Growth given as OD546; 

([]) glucose; (A) galactose. 

general, environmental concentrations of low 

molecular weight compounds, which are consid- 

ered important natural carbon substrates for heter- 

otrophic microorganisms, are in the range of a few 

~tg L -1 (Mtinster 1993). Only transiently, such as dur- 

ing high photosynthetic activity of algae, concentra- 

tions of glucose or glycolic acid may increase locally 

to a few hundred ~tg L -1 (Mi~nster & Chr6st 1990; 

Mtinster 1993). 

In contrast to the conditions prevailing in nature, 

the utilisation of mixtures of carbon substrates has 

been intensively studied under batch culture condi- 

tions at high initial concentrations (g L -I range). 

When microorganisms are presented under such 

conditions with a mixture of homologous sub- 

strates, i.e. substrates that serve the same physiolog- 

ical function (Monod 1942; Harder & Dijkhuizen 

1976, 1982), they frequently exhibit a diauxic 

growth behaviour, where initially only the substrate 

which supports the highest growth rate is utilised 

meanwhile the consumption of poorer substrates 

remains repressed. The various regulatory strate- 

gies employed to achieve this goal have been stud- 

ied for many different microbes but particularly de- 

tailed information at the molecular level is availa- 

ble for the utilisation of carbon and nitrogen sourc- 

es by Escherichia coli (Postma 1986; Busby 1986; 

Magasanik & Neidhardt 1987). 

Although some early reports demonstrated that 

the simultaneous utilisation of two 'diauxic' carbon 

substrates can occur at high concentrations in batch 

cultures (Monod 1942) as well as in carbon-limited 

(Mateles et al. 1967; Baidya et al. 1967; Harte & 

Webb 1967; Silver & Mateles 1969) or nitrogen-lim- 

ited chemostat cultures (NG & Dawes 1973) little 

attention has been paid to this phenomenon. Nev- 

ertheless, a number of investigations have demon- 

strated that the simultaneous utilisation of carbon 

substrates, i.e. 'mixed substrate growth', is a fre- 

quently observed phenomenon (reviewed in Har- 

der & Dijkhuizen 1976, 1982; Wanner & Egli 1990; 

Egli & Mason 1991). The information presently 

available supports the conclusion that in batch cul- 

ture simultaneous utilisation of 'diauxic' carbon 

substrates occurs when initial substrate concentra- 

tions are low (Fig. 1). In batch culture it has also 

been observed at high initial substrate concentra- 

tions with combinations of carbon substrates sup- 

porting only medium to low maximum specific 

growth rates; occasionally, this leads to a synergistic 

effect resulting in increased specific growth rates 

compared to growth with the single substrates (Ba- 

bel 1982). For carbon-limited chemostat cultures 

there is now strong evidence that the utilisation of 

mixtures of 'diauxic' carbon substrates at low and 

medium dilution rates (relative to ~tmax) is the rule 

rather than the exception and an example is shown 

in Fig. 2. 

All this information suggests that under natural 
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Fig. 2. Growth of the methylotrophic yeast Hansenula polymor- 

pha in chemostat culture with a mixture of glucose and metha- 

nol. Concentrations of glucose and methanol in the inflowing 

medium were 1.94 g 1-1 and 3.06 g 1-1, respectively. ( , )  Dry bio- 

mass; (A) glucose; ([3) methanol (from Egli et al. 1982). 



conditions a heterotrophic microbe is unlikely to 

rely on a single carbon compound for growth but 

that it will make use of as many as possible of the 

different substrates available in its environment. 

Despite this fact, kinetic equations used today to 

describe microbial growth in nature are still based 

on the assumption that the extracellular concentra- 

tion of a single substrate (s) is governing the growth 

rate (g). Many different equations have been pro- 

posed to describe the relationship between s and g 

(reviewed in Jannasch & Egli 1993). Though, that 

originally proposed by Monod (1942) 

S 
" :  gm.x (K s + s) (1) 

is still the one which is most widely used to describe 

microbial growth, competition and biodegradation 

kinetics under environmental conditions (Bazin 

1982; Simkins & Alexander 1984; Gottscha11993). 

Some efforts have been made to develop kinetic 

models that describe simultaneous growth with 

substrate mixtures in the same way that models 

have been established for single substrates (MeGee 

et al. 1972; Blanch & Yoon 1977; Bader 1982; Kom- 

pala et al. 1984; Lee et al. 1984; Baltzis & Fredrick- 

son 1988; Mankad & Bungay 1988), both for homo- 

logous (e.g. carbon substrates) and heterologous 

(e.g. a carbon plus a nitrogen source) nutrients. 

Generally it was assumed that a combination of two 

or more (modified) Monod terms (eq. 1) would ade- 

quately describe growth under these conditions, as 

initially proposed by MeOee et al. (1972): 

$1 $2 
":"max (K 1.4_$1) (K 2q-s2) (2) 

However, due to the lack of experimental data such 

models rely exclusively on mathematical reasoning. 

Kinetics of mixed carbon substrate growth: 

experimental data 

Most investigations on mixed substrate growth of 

microbes have concentrated on macroscopic (sub- 

strate utilisation and biomass formation), biochem- 

ical (enzyme regulation) or competitive aspects 

(Harder & Dijkhuizen 1982; Egli & Mason 1990; 
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Gottscha11993) and only rarely have experimental 

data been published on growth-limiting concentra- 

tions of individual substrates under such conditions. 

The first experimental kinetic data were reported 

by Law & Button (1977) for a marine Corynebacte-  

r ium sp. with measurement of the residual steady- 

state concentrations of glucose, sgt, ..... during car- 

bon-limited growth with various mixtures of glu- 

cose and amino acids in chemostat culture. They 

found that addition of arginine, arginine plus gluta- 

mate, or a mixture of twenty amino acids always re- 

sulted in a lowered Sg~,cose. For growth at a constant 

D of 0.03 h -I, the effect was most pronounced for the 

amino acid mixture where Sg~, .... dropped from 210 

gg L -~ with glucose supplied as the only substrate in 

the feed (S o = 2.5 mg L ~1) to less than 10 gg L -~ when 

the mixture fed consisted of mixed amino acids (1 

mg L -I) together with glucose (1.7 mg L-~). A similar 

observation was made for the growth of a methy- 

lotrophic yeast in chemostat culture at a constant 

dilution rate with different mixtures of glucose and 

methanol (Egli et al. 1983). Also in this case, the re- 

sulting Sme,ha~ot was always lower during growth with 

substrate mixtures as compared to growth with 

methanol alone. The concentration of methanol ex- 

hibited a characteristic dependence on the ratio of 

glucose/methanol supplied in the feed as shown in 

Fig. 7. 

The two sets of data indicate that the extent of the 

effect might be dependent on the composition and 

the nature of the substrate mixture supplied for 

growth. It is of course tempting to speculate that the 

reduction of steady-state concentrations of individ- 

ual carbon substrates during growth with substrate 

mixtures - as compared to the concentrations mea- 

sured for growth with single carbon sources - might 

be a general kinetic principle valid for the growth of 

virtually any heterotrophic microorganism, even 

with more complex substrate mixtures. Unfortu- 

nately, in both studies the concentration of only one 

substrate component was followed analytically and 

the effect on the steady-state concentration of the 

second nutrient component remains unknown. 

From all this it is obvious that for a better under- 

standing of mixed substrate growth kinetics more 

experimental data is needed concerning residual 

concentrations of two or more individual growth- 



292 

30 
O 

o 20 

~ao 

"d 10 

0 

k ,  

-I,. 

. -b  
o O  + 

i i 

0 20 40 

s 
s 

' ' 6  o 

i i 

60 80 

50 

( 40 

30 

20 

10 

0 
100 

=1. 

d 

~0  

"4 

100 80 60 40 20 0 

Proportions of sugars in inflowing medium [%, w/w] 

Fig. 3. Steady-state concentrations of glucose (I)  and galactose 

(©) in a chemostat culture of Escherichia coli growing carbon- 

limited at a constant dilution rate (D = 0.30 h -I) with different 

glucose:galactose mixtures in the feed. The total sugar concen- 

tration in the inflowing medium was always 10 mg L -1 and the 

mixture composition of glucose:galactose is given in % (w/w). 

Data from Lendenmann et al. (1992). 

limiting substrates during mixed substrate growth 

of microbial cultures in chemostats, under both 

steady- and transient-state conditions. Such infor- 

mation is of fundamental importance, not only to 

improve our basic concepts in microbial ecology, 

but also for a better understanding of, for example, 

the kinetics of pollutant degradation by microor- 

ganisms in the environment where such compounds 

compete with the naturally available substrates. 

Growth ofEscherichia Coli with mixtures of sugars 

Until now the availability of this data has been re- 

strained by analytical limitations. In response to 

this a method was developed in our laboratory 

which permits rapid and reproducible determina- 

tion of reducing sugars in culture media in the gg L -1 

concentration range (Senn 1989; Senn et al. 1993). 

Applying this analytical method, the growth of E. 

coli in a carbon-limited chemostat at a constant di- 

lution rate (D = 0.3 h -1) with defined mixtures of 

glucose and galactose has been investigated as a 

model system (Lendenmann et al. 1992) and the da- 

ta obtained for the steady-state concentrations of 

the two sugars are shown in Fig. 3. As expected at 

the low dilution rate imposed (gmax with either glu- 

cose or galactose was approximately 0.90-0.92 h 1), 

both sugars were utilised simultaneously independ- 

ent of the ratio of the two sugars supplied in the 

feed. The data clearly demonstrate that the residual 

steady-state concentrations of both glucose and ga- 

lactose were always lower during growth with mix- 

tures than during growth with the single substrates. 

These results were confirmed for various total sug- 

ar concentrations in the feed (S O = 1, 10 and 100 mg 

L -1) and they were always the same, irrespective of 

whether the experiments were initiated with glu- 

cose only after which a mixture with galactose was 

fed, or vice versa. In addition, as tested for a mixture 

of glucose:galactose (1:1), the phenomenon was not 

dependent of the growth rate between D = 0.3 and 

0.7 h -1 (Lendenmann et al. 1992). 

The fact that the growth yield for the two sugars 

was identical (Yx/s = 0.45) and additive during 

growth with glucose/galactose mixtures implies that 

the pattern observed for the steady-state concen- 

trations of the two sugars closely reflects that for the 

individual specific sugar consumption rates, qgl ..... 

and qgalact .... respectively. As indicated in eq. 3 and 4, 

both of these become a function of the composition 

of the substrate mixture in the medium when the 
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Fig. 4. Predicted steady-state concentrations of glucose, galactose 

and fructose in a chemostat culture of Escherichia coli growing 

carbon-limited at a constant dilution rate with different mixtures 

of glucose:galactose:fructose. The relative proportion of fructose 

is kept constant. Theoretical residual concentrations of individual 

sugars for single-substrate-limited growth are indicated. 
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Fig. 5. Predicted steady-state substrate concentrations during si- 

multaneous utilisation of two growth-limiting substrates S1 (°) 

and $2 (,.) at a constant dilution rate in a chemostat, as a function 

of the proportion of the two substrates in the feed (given in % 

w/w). At  high proportions of S1 in the feed the pathway for $1 is 

operating close to saturation, whereas for all substrate mixtures 

the pathway for $2 is working far from saturation. Parameters 

used for calculation: K s for both substrates 0.1 mg L-l; qsl and qs2 

varying from 0 - 1.0; qmax(Sl) = 1.1 h-l; qmax(S2) = 12 h -1. 

sugars are utilised simultaneously (Lendenmann 

1992; compare also Fig. 3): 

S0(gI . . . . .  ) (3) 

qgi . . . . .  = D (S0(g 1 . . . . .  ) -}- S0(gatactose)) Yx/s 

S°(galact°se) (4) 
qg~l~ctose = D (S0(g I ..... ) + S0(gal~ctose)) YxJs 

Hence, a first simple model can be put forward for 

growth of E. coli with glucose/galactose mixtures in 

which, for a fixed dilution rate, the steady-state con- 

centration of glucose s,~,cose(mix) can be described as a 

function of the flux of a sugar into the cell, i.e. the 

specific sugar consumption rate (eq. 5), or the mix- 

ture composition supplied in the medium reservoir 

(eq. 6): 

qglucose 
S gl . . . . .  (mix) = S gl . . . . . .  (100%) (qgl  . . . . .  + qgalactose) 

(5) 

SO(gl . . . . .  ) (6) 
Sglucose(mix ) = Sglucose(lO0%) (S0(glucose) + S0(galactose)) 

and vice versa for galactose. 

Supposing that this simple model is also valid for 

more complex sugar mixtures (assuming constant 

growth rate and identical and constant growth yield 

for all sugars) it implies that the steady-state con- 
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centrations of an individual sugar A, SA(mix) , would 

be linearly related to its proportion, qA, contribut- 

ing to the total substrate flux, qtotal, into the cell: 

SA(mix) "~- SA(IO0% ) qA/(qtota l )  

SA(mir) = SA(IO0% ) S0(A)/(S0(total)) 

(7) 
(8) 

This implies that in the above described experimen- 

tal system the residual steady-state concentration 

of a sugar contributing always the same proportion 

of carbon to the total substrate flux would stay con- 

stant, irrespective of the relative proportion of all 

the other substrate components, as shown in Fig. 4. 

This has been confirmed for E. coli growing with a 

mixture of glucose, galactose and fructose where 

the proportion of fructose in the mixture was kept 

constant, whereas the relative contribution of glu- 

cose and galactose was altered (Lendenmann et al. 

1992). 

Effect of enzyme concentration on steady-state 

substrate concentrations 

It has been frequently pointed out that the steady- 

state residual substrate concentrations observed in 

a chemostat culture and the content of transport 

proteins and catabolic enzymes of cells influence 

each other (reviewed in Button 1985; Rutgers et al. 

1991). When we discuss such interactions for the 

Substrate concentration, 

qmax(ind) 

qmax (rep) 

Fig. 6. Effect of enzyme regulation on the relationship between 

specific substrate consumption rate and steady-state substrate 

concentration. It is assumed that the consumption kinetics of a mi- 

crobial culture for a substrate, % as f(s), can be described by a 

Monod-type relationship, qm~x(ind) and qma~(rep) are the maxi- 

mum specific substrate consumption rates under fully induced (re- 

pressed) conditions. Definition of numbers is discussed in the text. 



294 

7 0 -  ] 

4 0 -  

30-  

20 

4 - /- 2 ~ -°~t r- . ~  1.5 -~ 

,,o / "  |"° 

I i JJ 

100 80 60 40 20 0 C6 

0 20 40 60 80 100 C1 

Proportions of glucose (C6) and methanol (C 1) 

in inflowing medium (%, w/w) 

Fig. 7. Steady-state methanol  concentrat ion (.)  and specific ac- 

tivity of alcohol oxidase (rT) in the yeast Kloeckera sp. 2201 dur- 

ing simultaneous utilisation of glucose/methanol mixtures in car- 

bon-limited chemostat  culture at constant dilution rate. The en- 

zyme pattern of alcohol oxidase is representative for all enzymes 

involved in the dissimilation and assimilation of methanol.  Spe- 

cific activity of alcohol oxidase is given in gmol (rag protein 

min) -1. Adapted  from Egli et al. 1982,1983. 

growth of E. coliwith mixtures of glucose and galac- 

tose described above, two altogether different regu- 

lation strategies for the enzymes involved in the ca- 

tabolism of the two sugars can be proposed: 

1. the rate of synthesis of the different enzymes is 

not affected by changes in the glucose/galactose 

mixture composition, or 

2. the cellular concentration of the different en- 

zymes is subject to regulation and is in some 

manner dependent on the individual fluxes of 

the two carbon substrates. 

For simplicity, it can be assumed that the substrate 

consumption kinetics of the culture for individual 

substrates, i.e., qs as f(s), can be described by a 

Monod-type relationship under all conditions. 

Considering first the case where the cellular en- 

zyme composition remains constant, two different 

patterns can be anticipated for the residual concen- 

tration of a substrate in response to changes in the 

supplied substrate mixture, depending on whether 

the pathway will have to operate in the saturated or 

the non-saturated region. Under the former condi- 

tions a distinctly non-linear relationship between 

external substrate concentration and qs should be 

observed. In the latter case one would expect an al- 

most linear relationship between flux (q~) and stea- 

dy-state concentration of the corresponding sub- 

strate. The patterns expected are shown in Fig. 5 for 

two different substrates S1 and $2. Hence, the resid- 

ual substrate patterns observed for E. coli growing 

on different glueose/galactose mixtures at D = 0.30 

h -1suggests that the enzyme content of the cells with 

respect to glucose and galactose metabolism was 

not subjected to extensive regulation but remained 

more or less constant and that the two pathways 

were operating at the sub-saturated level. 

The different options to relate q~ and residual 

substrate concentration for the case where the en- 

zymes of a pathway are subjected to regulation in 

response to changes in the metabolic flux are sche- 

matically outlined in Fig. 6. Considering a culture 

growing under non-induced conditions with a sub- 

strate A and assuming that the cells still contain a 

derepression level of catabolic enzymes for a sec- 

ond substrate B, as indicated by curve qm,x(rep), 

small proportions of B added to the feed can be 

handled without the need to increase the capacity of 
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Fig. 8. Concentrat ion of glucose ([3), galactose ( • ) and specific 

glucose consumption rate (a) before and after a pulse of galac- 

tose into a steady-state culture of Escherichia coli growing in a 

glucose-limited chemostat  at a constant dilution rate of 0.67 h -1. 

q~(glucose) is given in g glucose (g dry biomass h) 1; S0(glucose ) = 

10 mg L ~ (Weilenmann HU, Lendenmann  U & Egli T, unpubl. 

results). 



the pathway. Hence, up to point @ - s  B will rise as qB 

is increased. At @ a further increase in substrate 

flux cannot be achieved simply by an enhanced ex- 

ternal substrate concentration and it becomes nec- 

essary to increase the capacity of the pathway, i.e., 

induction is triggered. Now an increase in substrate 

flux qB is achieved by enhancing the amount of en- 

zyme in the pathway until full induction is reached, 

whereas the external concentration of B can, in 

principle, remain constant (path @ ~ @ ~ @ 

@). Alternatively, induction could be triggered al- 

ready by low substrate fluxes resulting in an initially 

constant substrate concentration until the pathway 

is fully induced; a subsequent increase in qs is then 

coupled to enhanced concentrations of the sub- 

strate (indicated by path @ ~ @ ~ @--4 @). 

These simplified q~ vs. s patterns can of course be 

less clear cut as indicated by the direct path @ --~ @ 

in Fig. 6. 

Experimental verification of the above hypothe- 

sis can be demonstrated by the results obtained for 

the methylotrophic yeast KlOckera sp. 2201 during 

the simultaneous utilisation of glucose and metha- 

nol in a carbon-limited chemostat at a constant dilu- 

tion rate (Fig. 7). For this yeast the specific activities 

of enzymes involved in the dissimilation and the as- 

similation pathway of methanol together with the 

residual methanol concentration have been mea- 

sured (Egli et al. 1982, 1983). During growth with 

low proportions of methanol (< 50%, w/w) the cells 

used the strategy of regulating the amount of en- 

zyme in the pathway in order to sustain the increas- 

ing carbon flux. This resulted in an essentially con- 

stant external methanol concentration of 1.2 mg L -l. 

However, when the flux of carbon through the 

methanol pathway exceeded 50% all enzymes of 

the pathway were fully induced, and, in order to 

support the increase in the specific methanol con- 

sumption rate necessary to maintain the growth 

rate, the external methanol concentration in- 

creased to approximately 70 mg L -~. This experi- 

mental evidence indicates that residual substrate 

patterns are intimately linked to enzyme concentra- 

tion in a metabolic pathway and that knowledge of 

the regulatory enzyme pattern is necessary to pre- 

dict residual substrate concentrations. 
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Substrate consumption kinetics under 

transient-state conditions 

In all the examples and considerations above it was 

assumed that steady-state growth conditions were 

established. However, in ecosystems growth rarely 

takes place under such ideal conditions and the 

availability of nutrients, including the carbon sour- 

ces, frequently oscillates (Mtinster 1993). It is there- 

fore of considerable interest to know more about 

microbial substrate consumption and growth kin- 

etics under transient-state conditions. An example 

for the interaction of two sugars, glucose and galac- 

tose, is shown in Fig. 8 where galactose was pulsed 

into a steady-state culture of E. coli growing at D = 

0.67 h -1 (approx. 75% of ~'~max) with glucose as the 

only carbon source in a chemostat. The cells were 

able to instantaneously utilise galactose simultane- 

ously with glucose at a rate of approximately - 1 g 

galactose (g DW h) -1. This corresponds to 80% of 

the specific rate of glucose consumed during stea- 

dy-state growth before the pulse. The data also 

demonstrate that, even at the low concentration of 

1.8 mg L -1, galactose was able to immediately re- 

duce the rate of glucose consumption f rom-  1.3 to - 

0.8 g glucose (g DW h) -1. The reduction of the rate 

of glucose consumption by galactose resulted in a 

transient increase in the residual concentration of 

glucose from 0.6 up to 1.3 mg g -1 in the chemostat. 

However, as the concentration of galactose de- 

creased the rate of glucose consumption recovered 

and for a short period became even higher than be- 

fore the pulse. It remains to be established at what 

level glucose utilisation is inhibited by galactose. 

This experiment suggests that carbon-starved he- 

terotrophs exhibit a considerable flexibility with re- 

spect to carbon utilisation and that many of them 

might be able to quickly replace a primary substrate 

by another substrate which is transiently more 

abundant in the environment. 

Some conclusions and outlook 

From the information presented above it seems 

reasonable to deduce two general principles for the 

growth of heterotrophic microbes: First, under car- 
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bon-limited conditions heterotrophic microbes ex- 

hibit a strong potential for mixed substrate growth 

and they will utilise many different carbon sub- 

strates simultaneously. There are indications that 

the spectrum of carbon sources utilised might be- 

come wider as the degree of starvation increases at 

decreasing growth rates (Matin 1979), but this prop- 

erty of heterotrophs has not yet been studied sys- 

tematically. Secondly, in all examples investigated 

so far, residual steady-state concentrations of indi- 

vidual carbon substrates were reduced during 

growth with mixtures in comparison to growth with 

single substrates. Both abilities will enable a hetero- 

trophic microorganism to grow relatively fast at the 

low concentrations of individual carbon substrates 

confronted within ecosystems. The consequences 

with respect to competition are discussed in this is- 

sue by Gottschal (1993). 

The observation that microbes are able to utilise 

carbon substrates down to very low concentrations 

if the substrates contribute to only a low fraction of 

the total carbon utilised raises many interesting 

questions with respect to substrate threshold con- 

centrations during mixed substrate growth. Law & 

Button (1977) observed for a marine Corynebacteri- 

urn that the threshold concentration for glucose 

utilisation was significantly lower during growth 

with a 1:1 mixture of glucose plus arginine (80 Bg 

L -1) compared to growth with glucose only (210 gg 

L-l). But this was not a threshold for utilisation in an 

absolute sense because when 1 gg L -1 of glucose was 

fed together with 1.25 mg L -~ of a mixture of amino 

acids most of the glucose was still utilised down to a 

steady-state concentration of 0.3 gg L -1. In our ex- 

periments with E. coli we detected no apparent lim- 

iting concentration for both glucose and galactose 

below which the cells were not able to further re- 

duce the residual concentration of these sugars and 

one must conclude that an existing threshold con- 

centration must be below the detection limit of 2 gg 

L -1. This strongly suggests that threshold concentra- 

tions obtained for growth with single substrates 

cannot be related to the actual substrate utilisation 

potential of cells growing under environmental 

conditions in the presence of complex substrate 

mixtures, but the lack of good data on this aspect is 

all too obvious. The question of residual and thresh- 

old concentrations is particularly relevant when the 

degradation of pollutants in the presence of easily 

degradable natural carbon substrates is considered. 

Despite the fact that simple models ignoring en- 

zymatic cell composition could be used to describe 

mixed substrate growth of E. coli with glucose and 

galactose, some experimental data demonstrate 

that kinetic performance of cells is definitely influ- 

enced by the synthesis pattern for relevant en- 

zymes. In addition to such short term mechanisms, 

long term adaptation (discussed in Jannasch & Egli 

1993) and 'memory effects' (Lengeler 1993) must be 

considered. They may lead to hysteresis kinetics. 

A future task will certainly be to develop struc- 

tured kinetic models which quantitatively connect 

external substrate concentrations with cellular en- 

zyme content and activity. First steps in this direc- 

tion have been discussed in the contributions of 

Button (1993) and Van Dam et al. (1993). Further- 

more, we would like to recall that, in addition to the 

kinetics of mixed carbon substrates discussed here, 

there is very little known about kinetic interactions 

between heterologous substrates during multiple- 

nutrient-limited growth conditions (see Rutgers et 

al. 1990; Egli 1991). We are presently only seeing the 

tip of an iceberg which awaits exploration! 
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