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Abstract

Simultaneous limitation of microbial growth by two or more nutrients is discussed for dual carbon/nitrogen-
limited growth in continuous culture. The boundaries of the zone where double-limited growth occurs can be
clearly defined from both cultivation data and cellular composition and they can be also predicted from
growth yield data measured under single-substrate-limited conditions. It is demonstrated that for the two
nutrients carbon and nitrogen the zone of double nutrient limitation is dependent on both the C: N ratio of
the growth medium and the growth (dilution) rate. The concept on double-(carbon/nitrogen)-limited growth
presented here can be extended to other binary and multiple combinations of nutrients.

Introduction

The use of defined mineral media for the growth of
microorganisms was a major development in mi-
crobiology. In combination with advances in culti-
vation techniques, e.g. the chemostat culture, it
enabled the reproducible growth of microbes in
selected environments under defined conditions
and to study the effects of specific nutrients on
various physiological phenomena. As a general
rule, defined mineral media have been formulated
so as to allow microbes to synthesize their cellular
components from single sources of carbon, nitro-
gen, phosphorus, etc. Additionally, it became
common practice for the relative concentrations of
the individual nutrients to be adjusted such that, as
formulated in the ‘Law of the minimum’ by Justus
von Liebig (1840), only one of them, usually the
carbon source, restricted the maximum quantity of
biomass that could be produced, with all other
nutrients in excess (Monod 1942; Stephenson
19493.

In contrast to the conditions which microbes are
exposed to in laboratory cultures, the environ-
ments encountered in Nature are entirely different.
There, microbes have to cope with both the simul-
taneous presence and low concentrations of a mul-
tiplicity of homologous nutrients, i.e., compounds
that can satisfy the same physiological function.
This is especially true for carbon, nitrogen and
phosphorus sources. In fact, it has been pointed out
that the presumption that limitation of growth in
Nature is limited by either a single substrate or
nutrient is probably an erroneous assumption
(Veldkamp & Jannasch 1972; Pearl 1977). Al-
though, considerable progress has been made in
recent years with respect to understanding the si-
multaneous growth on either two carbon sources or
two electron acceptors (Harder & Dijkhuizen
1976; Harder & Dijkhuizen 1982; Egli et al. 1986;
Robertson & Kuenen 1990), there have been few
reports concerning the simultaneous limitation by
multiple non-homologous nutrients, as discussed
by Harrison (1972) and Baltzis & Fredrickson
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(1988). Consequently, most microbiologists still
support the view that only one compound can be
growth-limiting at any particular time.

In this contribution evidence supporting the ex-
istence of well-defined multiple-substrate-limited
growth regimes will be evaluated. Due to the pauc-
ity of data, examples of the simultaneous limitation
of growth by two macro-nutrients, carbon and ni-
trogen, will be emphasized, but it will become clear
that the principle of multiple-nutrient-limited
growth is equally applicable to a wide range of
other nutrient limitations. The influence that si-
multaneous growth limitation by carbon and nitro-
gen has on cell composition and cell physiology will
be examined and a working hypothesis for mul-
tiple-nutrient-limited growth of microbes will be
presented.

The phenomenon of multiple-nutrient-limited
growth

First hints that growth of phytoplankton may be
limited by several factors simultaneously were re-
ported for oligotrophic freshwater systems (sum-
marized in Pearl 1977). With respect to microor-
ganisms, preliminary experimental data suggesting
the occurrence of simultaneous limitation of
growth by two heterologous nutrients was reported
by Cooney et al. (1976) for nitrogen and phospho-
rus, Hueting & Tempest (1979) for carbon and
nitrogen and for carbon and potassium, Harrison
(1972) and Hamer et al. (1975) for gaseous nutri-
ents, and by Egli (1982) for carbon and nitrogen.
However, it was only recently, that the existence of
a double carbon/nitrogen-limited growth regime
under chemostat culture conditions was clearly
demonstrated for both bacteria and yeast on the
basis of both the culture parameters and the physi-
ological characteristics of the growing cells (Egli &
Quayle 1984; Egli & Quayle 1986; Grazer-Lampert
et al. 1986; Minkevich et al. 1988; Duchars & Att-
wood 1989; Rutgers et al. 1990).

A typical example for the response generally
observed as a function of the C: N ratio in the feed
medium is illustrated in Fig. 1 for a culture of
Hyphomicrobium ZV620 growing at a constant di-

lution rate of 0.054h! in a chemostat with metha-
nol/NH,* as the carbon/nitrogen sources. In this
experiment the concentration of the nitrogen
source (NH,*) in the medium reservoir was kept
constant at 223 mg I-! NH*, — N, whilst the con-
centration of methanol was increased stepwise
from 0.95g17' (C: N=1.6) to 124g "' (C: N=
20.85). Judging from the residual concentrations of
methanol and NH,*, the cellular composition and
the synthesis of NH,*-assimilating enzymes, three
distinct growth regimes were recognized:

— methanol limitation where ammonia was in
excess (C: N< 7.1)

— ammonia limitation were methanol was in
excess (C: N> 12.6)

— a transition regime where both methanol and
NH,* were below the detection limit
(7.1< C: N< 12.6)

It is striking that, although apparently growing ni-
trogen-limited at C: N> 7.1, where no residual
nitrogen was detectable, the dry weight of the cul-
ture still increased linearly when additional carbon
substrate was added to the growth medium (Fig.
1A). When growth was limited by a single nutrient
only, the cells exhibited essentially a constant over-
all cellular composition with respect to N, protein
and storage product contents (Fig. 1B). Within the
transition growth regime cell composition was ex-
tremely dependent on the ratio of the two limiting
substrates and it was adjusted according to the
actual availability of the two nutrients which re-
stricted the synthesis of cell material. It was calcu-
lated that the storage material poly-f-hydroxybu-
tyrate (PHB) synthesized under these conditions
accounted for up to 90% of the additional biomass
produced (Griizer-Lampert et al. 1986). Generaliz-
ing, one can conclude from the data that during
carbon-limited growth, the content of protein and
probably also of nucleic acids is high and the stor-
age product content is low, whereas the opposite is
true for cells grown under nitrogen limitation. This
finding is not new and has been reported for many
microbes although, as far as the author is aware,
overall cell composition was always implied rather
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Fig. 1. Cellular and enzymatic composition of Hyphomicrobium ZV620 grown with methanol and NH,” in a chemostat at a constant
dilution rate, D = 0.054h ™', as a function of the carbon : nitrogen ratio in the feed [So(NH,* — N) was held constant, Se(methanol) was
increased]. Abbreviations: GS, glutamine synthetase, GOGAT, glutamate synthase; GDH, glutamate dehydrogenase; PHB, poly-f-

hydroxybutyrate. Data from Grazer-Lampert et al. (1986).

than shown to be independent of the medium C: N
ratio.

As aresponse to the growth conditions described
above, the protein composition of cells of Hy-
phomicrobium ZV620 was not only affected quan-
titatively, but also qualitatively. The data in Fig. 1C
demonstrate that in this bacterium, ammonia was
assimilated mainly via the low affinity glutamate
dehydrogenase system under nitrogen excess
growth conditions, whereas, as soon as the avail-
ability of ammonia became restricted, the high af-

finity glutamine synthetase/glutamate synthase sys-
tem took over. It was surprising to see how differ-
ently synthesis of the three enzymes involved was
regulated. Grézer-Lampert et al. (1986) also
showed that not only the concentration of the total
glutamine synthetase protein increased during the
change from C- to N-limited conditions, but also
the fraction of deadenylated, i.e., active glutamine
synthetase increased.

A very similar behaviour with respect to cell
composition and enzyme regulation has been re-
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ported for the methylotrophic yeast Hansenula po-
lymorpha during chemostat growth at a constant
dilution rate of 0.10h™! with media containing dif-
ferent C: N ratios, where a C/N-limited transition
growth regime was observed between 12< C: N <
31 (Egli & Quayle 1986). Recently, Minkevich et
al. (1988), using the same experimental approach,
reported the existence of a double carbon/nitro-
gen-limited growth regime for the yeast Candida
valida, Duchars & Attwood (1989) for Hypho-
microbium X, Al-Awadhi et al. (1990) for the
growth of a thermotolerant methylotrophic Bacil-
lus sp., and Rutgers et al. (1990) for Klebsieila
pneumoniae. All these authors observed a virtually
identical pattern of behaviour for the cellular com-
position of these organisms as that described above
for Hyphomicrobium. From all this experimental
evidence for different microorganisms, one can
conclude that the existence of a transition, i.e., a
double-substrate-limited, growth regime between
two distinct single-nutrient-limited zones for
growth is a general phenomenon.

Prediction of range of double-substrate-limited
growth

Accepting the existence of the phenomenon
prompts the question of whether the range where
growth is limited by restrictions in the availability
of two (or more) nutrients simultaneously can be
predicted. From their experimental data, Egli &
Quayle (1986) demonstrated that the bounderies of
the three growth regimes at a certain fixed growth
rate could be predicted when the growth yields for
the individual substrates are known.

The empirical equation for the concentration of
biomass in the culture (x), as first proposed by Egli
& Quayle (1986) for the two nutrients carbon and
nitrogen, can be deduced from the conceptual
scheme shown in Fig. 2, i.e.,

x=(cg— ¢) Yxc= (ng— n)- Yy (1

where ¢, and n, are the concentrations of carbon
and nitrogen in the chemostat feed, c and n are the
corresponding residual concentrations of the two
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Fig. 2. Conceptual diagram showing the dependence of the
growth yield for carbon (Yy,c) and nitrogen (Yxx) on the car-
bon : nitrogen ratio in the growth medium supplied. It is as-
sumed that growth takes place in a chemostat at a constant
dilution rate. The residual concentrations of the carbon (c) and
the nitrogen (n) source, respectively, in the culture are shown.
The yield is given as dry biomass formed per g of element (Yye).

nutrients and Yy, and Yy, are the biomass growth
yield coefficients based on carbon and nitrogen.
Because both c and n approach zero under carbon/
nitrogen-limited growth, equation (1) can be re-
written in terms of the C: N ratio in the inflowing
medium, i.e.,

Co/ny= Yxn/Yxc 2

Assuming constant yield coefficients under single-
substrate-limited growth conditions, the boundary
between carbon limitation and carbon/nitrogen
limitation can be calculated by substituting values
for Yy and Yy, values measured under carbon-
limited growth conditions into equation (2). Simi-
larly, substituting Yy, and Yy, measured for nitro-

Table 1. Predicted and experimentally observed boundaries for
single and double-substrate(carbon/nitrogen)-limited growth of
Hyphomicrobium ZV620 with methanol and NH,* at a constant
dilution rate of 0.054 h™! in the chemostat.

Yy Yxn C:N C:N
predicted observed
C-limited 0.99 7.19 72 71
N-limited 0.80 10.30 12.8 12.6

Experimental data from Grazer-Lampert et al. (1986).
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Fig. 3. Growth yield coefficients for carbon (Yx,c) and nitrogen
(Yxn) for a culture of Klebsiella pneumoniae growing in the
chemostat either carbon- or nitrogen-limited. Glycerol and
NH,* were used as sole sources of carbon and nitrogen, respec-
tively. Each yield coefficient is given in g dry biomass produced
per g of element. Data from Tempest et al. (1967), Herbert
(1976) and Tempest & Neijssel (1978).

gen-limited grown cells would result in the medium
C: N ratio where the culture switches from carbon/
nitrogen-limited to nitrogen-limited growth. Ap-
plying equation (2) to the growth of Hyphomicro-
bium ZV620 with methanol and NH,* as carbon
and nitrogen sources, the values calculated for the
two boundaries (Table 1) correspond closely with
those found in the experiment shown in Fig. 1.

Equation (1) implies that in order to obtain a
zone of double-substrate-limited growth with sub-
strates S, and S,, the growth yield coefficients Yy,
and/or Yy, have to be different under S,-limited
and S,-limited growth conditions, respectively. Ad-
ditionally, the equation also indicates that the
wider the range within which the growth yield coef-
ficients for the two substrates can vary, the more
extended the double-substrate-limited growth re-
gime will be. Egli & Quayle (1986) also predicted
that the transition growth regime would become
narrower with increasing growth rates because dif-
ferences in cellular composition and growth yieid
are markedly more pronounced in slow growing
cells (Herbert 1976). This prediction was recently
confirmed for a culture of C. valida growing at
three different dilution rates with ethanol and
NH,* as carbon and nitrogen sources (Minkevich
et al. 1988).
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Fig. 4. Dependence of the nature of growth limitation on the
carbon : nitrogen ratio of the growth medium supplied and the
growth rate for a culture of Klebsiella pneumoniae growing in a
chemostat with glycerol and NH,™* as the sole sources of carbon
and nitrogen.

Applying the concept to literature data

The simplicity of the method discussed for calculat-
ing the different boundaries of growth limitation
regimes prompted further examination of the liter-
ature. If the growth yield coefficients for two nutri-
ents S, and S, are known for S;- and S,-limited
growth at different dilution rates in chemostat cul-
ture, it would be possible to predict the zone of
double S,/S,-limited growth for microbes as a func-
tion of their growth rates.

One of the best documented examples found in
the literature was that for K. pneumoniae growing
in a synthetic medium with glycerol and ammonia
as the only sources of carbon and nitrogen, respec-
tively (Fig. 3). Although the data were derived
from different sources (Tempest et al. 1967; Her-
bert 1976; Tempest & Neijssel 1978) and, in some
cases, required recalculation and transformation,
they clearly demonstrate the influence of growth
rate and the nature of growth limitation on biomass
yield coefficients based on carbon and nitrogen.
Data for Yy, (glycerol) during NH,*-limited
growth were scarce, especially at high growth rates
and showed considerable scatter. Nevertheless, be-
cause at the maximum specific growth rate Yy,(N-
lim) is theoretically identical to Yy,c(C-lim), the
values of Yy, for nitrogen-limited growth can be
interpolated for dilution rates higher than 0.2 h~%



230

vonenwi-y

Ditution rate [h™!]

5 10 15 20 25 30
Carbon : Nitrogen ratio [g/g]

Fig. 5. Dependence of the nature of growth limitation on the
carbon : nitrogen ratio of the growth medium supplied and the
growth rate for chemostat growth of (A) Candida utilis with
glucose and NH,* and (B) Candida valida with ethanol and
NH,*. Calculation of boundaries for the growth of C. utilis is
based on data from Herbert (1976) and Aiking & Tempest
(1977). Boundaries for C. valida are adapted from Minkevich et
al. 1988.

From this set of data cy/n, ratios were calculated
and the corresponding zone boundaries for growth
limitation obtained are shown as a function of
growth rate in Fig. 4. As predicted, the extension of
the carbon/nitrogen-limited growth regime for a
culture of K. pneumoniae is strongly dependent on
the imposed growth rate.

For example, D = 0.8 h~!, which is close to the
maximum specific growth rate, simultaneous limi-
tation by carbon and nitrogen should be found
during growth with media of C: N ratios in be-
tween 5.4 — 5.6 and would, therefore, be difficult
to detect experimentally. However, at D=
0.05h7! double limitation should extend over a
much wider range from a C: N ratio of 10.6 to 20.6.
The zone of double limitation not only becomes
wider with decreasing growth rates but is, at the
same time, moved towards higher C: N ratios. Asa
consequence, if the bacterium was grown in a medi-
um with a C: N ratio higher than approximately
5.5, growth should become nitrogen-limited at
higher dilution rates. With the same medium, the

Ditution rate [h™']
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Fig. 6. Predicted dependence of the nature of growth limitation
on the carbon : magnesium ratio of the growth medium supplied
and the dilution rate for chemostat growth of Klebsiella pneu-
moniae with glucose and magnesium. Calculation of boundaries
is based on data from Strange & Hunter (1976), Tempest &
Dicks (1967) and Tempest & Neijssel (1978).

culture would be carbon-limited at growth rates
lower than approximately 0.5h™".

Similar boundaries for carbon/nitrogen-limited
growth of the two yeasts C. utilis with glucose/
NH,* and C. valida with ethanol/NH,* (Fig. 5)
were calculated from chemostat data reported in
the literature (Herbert 1976; Aiking 1977; Minke-
vich et al. 1988). In the case of C. utilis (Fig. SA) the
data reported for growth yield coefficients under
nitrogen-limited conditions at dilution rates
>0.3h~! were scarce and they suggest that at high
growth rates the zone of C/N-limited growth would
become wider again. This could be explained by
the extensive excretion of carbonaceous products
under such conditions. In contrast, for the growth
of C. valida with ethanol and ammonia the calcula-
tions predicted a zone of double limitation compa-
rable to that for K. pneumoniae.

From the evidence presented, it can be envi-
saged that zones of double-substrate-limited
growth will also occur for chemostat growth of
microorganisms with substrate combinations other
than carbon and nitrogen. Unfortunately, few re-
liable data were found in the literature on growth
yield coefficients at different growth rates for sub-
strate combinations such as, e.g., carbon/magnesi-
um, carbon/phosphorus or carbon/sulfur. Especial-
ly data on growth yield coefficients for carbon un-
der carbon excess conditions were rarely reported
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Fig. 7. Influence of growth yield (or degree of reduction of
substrates) on the position of boundaries of the double-C/N-
limited growth regime for a hypothetical microorganism. For
calculation, maximum growth yield factors were taken from the
literature (Linton & Stephenson 1978) and the same pattern for
cell composition and maintenance as shown in Fig. 3 for Kleb-
siella pneumoniae was applied. Maximum Yy, values used for
calculation were for methane 1.50, for glycerol 1.35, for citrate
0.80, for formate 0.38 and for oxalate 0.15.

in the literature examined. The best documented
example is that of growth of K. pneumoniae with
glycerol and magnesium under both carbon and
magnesium limitation (Strange & Hunter 1967;
Tempest & Dicks 1967; Tempest & Neijssel 1982)
and the boundaries of the zone for double-(carbon/
magnesium)-limited growth predicted from the da-
ta are shown in Fig. 6. Unfortunately, in this exam-
ple the boundary from carbon/magnesium-limited
to magnesium-limited growth conditions is docu-
mented at one single dilution rate only and more
data are clearly needed. Nevertheless, the emerg-
ing outline of the shape of the double-substrate-
limited zone can be be predicted to be even more
extended than that for carbon/nitrogen-limited
growth of this bacterium.

Some conclusions and outlook

With respect to the two nutrients under consid-
eration, one can conclude from the information
presented here that the position and shape of the
carbon/nitrogen-limited growth regime is mainly
influenced by two parameters: growth yield coeffi-
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cients and the plasticity of cell composition with
respect to carbonaceous and nitrogenous cell con-
stituents. Obviously, the influence of growth yield
implies that for highly oxidized substrates, i.e.,
substrates giving low growth yield coefficients
(Linton & Stephenson 1978) this regime will be
shifted towards higher C: N medium ratios. Fur-
thermore, at low dilution rates endogenous activity
(maintenance) together with death/lysis and cryp-
tic growth are the parameters which will determine
the shape of the zone of double-nutrient limitation
and the shift towards higher medium C: N ratios
with decreasing growth rates. The effect of growth
with substrates of different degrees of reduction is
demonstrated in Fig. 7.

The results reported here with respect to the two
macro-nutrients, carbon and nitrogen, clearly
demonstrate that growth of microbes in continuous
culture is frequently not only limited by one single
nutrient at any particular time, but can also be
limited by two (or more) nutrients simultaneously.
The zone of double nutrient limitation is depend-
enton the C: N ratio of the growth medium and the
boundaries of the two independent single-sub-
strate-limited growth regimes can be predicted
from the growth yield coefficients based on carbon
and nitrogen, respectively, measured during sin-
gle-substrate-limited growth. It is envisaged that
the concept of double-nutrient-limited growth pre-
sented here for carbon and nitrogen can be extend-
ed to other combinations of nutrients. Cells grow-
ing within such double-nutrient-limited zones are
characterized by a potentially variable cell compo-
sition with respect to both the structural compo-
nents and the enzymes expressed, which results in
increased metabolic flexibility and versatility. The
data reported by Wanner & Egli (1990) on the
patterns of growth and changes of cellular composi-
tion of K. pneumoniae during limitation by differ-
ent nutrients in batch culture suggests that exten-
sively extended zones of double-substrate-limited
growth for nutrient combinations such as carbon/
phosphorus and carbon/potassium can be expected
at low growth rates.

From the data presented it can be assumed that
microbial growth in the chemostat can be limited
by more than two nutrients simultaneously. As an
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Fig. 8. Predicted zone of triple nutrient (carbon, nitrogen and magnesium) limitation for growth of Klebsiella pneumoniae in chemostat
culture, as a function of dilution rate. Calculation of boundaries is based on data from Strange & Hunter (1967), Tempest & Dicks (1967)

and Tempest & Neijssel (1978).

example, the theoretical position of the zone of
triple-substrate-limited growth by carbon, nitrogen
and magnesium at different dilution rates has been
calculated for K. aerogenes from literature data
(Fig. 8). The data clearly predict an extended zone
of simultaneous limitation by the three nutrients at
low growth rates.

The concept presented here on double-sub-
strate-limited growth allows several conclusions to
be drawn concerning growth of microorganisms
under both laboratory and environmental condi-
tions. First, with respect to growth with carbon and
nitrogen sources, one can predict that studies on
nitrogen-limited growth at low growth rates may
require rather higher ratios of C: N in the medium
than are commonly used, i.e., the lower the dilu-
tion rate, the higher the medium C: N ratio needed
to ensure distinctly nitrogen-limited growth condi-
tions. Additionally, it can be concluded that tests to

confirm that growth is carbon-limited should be
performed at high dilution rates, whereas low dilu-
tion rates should be employed when testing for
nitrogen limitation. Also, the fact that in the exam-
ple presented in Fig. 1A the dry weight in the
culture still increased linearly in the carbon/nitro-
gen-limited zone indicates that the traditional pro-
cedure of assessing the limiting factor in a growth
medium via the amount of biomass produced can
lead to ambiguous results.

From a microbial ecologist’s viewpoint, the
shape of the limitation zones in Fig. 4 indicate the
crucial importance of the growth yield coefficient
on the regime of growth limitation under natural
environmental conditions. Considering that
growth rates of bacteria in ecosystems are low, i.e.,
frequently in the range of 0.001-0.01h™!, for ex-
tended periods of time (Moriarty 1986), then in the
case of the two macro-nutrients carbon and nitro-



gen, environmental C: N ratios have to be rather
high before microbial growth becomes fully nitro-
gen-limited.

With respect to wastewater treatment, the exist-
ence of a double-substrate-limited zone provokes
the speculation that simultaneous removal of, e.g.,
carbonaceous and nitrogenous compounds in the
double-limited zone should be possible. Such an
application can be envisaged for the treatment of
industrial wastewaters where it is occasionally pos-
sible to adjust the ratio of different nutrients by
mixing wastewaters from different processes.

Although the concept of double nutrient limita-
tion still needs further examination, it is hoped that
this contribution will add a shade of grey to our
black and white thinking concerning the nutrient-
limited growth of microbes.
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