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Abstract Corynebacterium glutamicum, a soil bacterium,
is used to produce amino acids such as lysine and gluta-
mate. C. glutamicum is often exposed to osmolality chan-
ges in its medium, and the bacterium has therefore evolved
several adaptive response mechanisms to overcome them.
In this study we quantify the metabolic response of
C. glutamicum under osmotic stress using elementary mode
analysis (EMA). Further, we obtain the optimal phenotypic
space for the synthesis of lysine and formation of biomass.
The analysis demonstrated that with increasing osmotic
stress, the flux towards trehalose formation and energy-
generating pathways increased, while the flux of anabolic
reactions diminished. Nodal analysis indicated that glu-
cose-6-phosphate, phosphoenol pyruvate, and pyruvate
nodes were capable of adapting to osmotic stress, whereas
the oxaloacetic acid node was relatively unresponsive.
Fewer elementary modes were active under stress indicat-
ing the rigid behavior of the metabolism in response to high
osmolality. Optimal phenotypic space analysis revealed
that under normal conditions the organism optimized
growth during the initial log phase and lysine and trehalose
formation during the stationary phase. However, under
osmotic stress, the analysis demonstrated that the organism
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operates under suboptimal conditions for growth, and
lysine and trehalose formation.
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Introduction

Corynebacterium glutamicum 1is a gram-positive, non-
pathogenic soil bacterium, which is of immense industrial
importance due to its ability to produce lysine and glutamate
on a large scale. Osmotic stress is a major stress factor
encountered by this bacterium both in its natural habitat and
during industrial fermentation. Being a soil bacterium,
hyper- and hypoosmotic stress conditions occur during
periods of drought and the rainy season, respectively, in its
natural habitat. During industrial fermentation for amino
acid production, the organism experiences osmotic stress
caused by either high substrate or product concentration.
The study of osmotic stress is therefore of vital importance
as it significantly affects growth behavior and production of
primary and secondary metabolites by microorganisms [32].
Studying the adaptive behavior of C. glutamicum under
stress is also helpful in understanding the survival strategies
of pathogenic organisms like Mycobacterium tuberculosis,
which belongs to the same suborder (Corynebacterineae) as
that of the C. glutamicum [24, 29]. Because of frequent
encounters with fluctuations in the osmolality, C. glutami-
cum has developed efficient methods to cope with the con-
ditions of hypo- and hyperosmotic stress. In this study, we
primarily focus on the adaptability of C. glutamicum to
hyperosmotic stress conditions and analyze the adaptability
of its metabolic network under such conditions.
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Hyperosmotic stress is a situation when the solute con-
centration in the interior of the cell is lower than that of its
environment. The instant response to hyperosmotic shock
is efflux of water from the cell. However, in some gram-
positive strains like Bacillus, Staphylococcus aureus [14],
and C. glutamicum [27], and gram-negative strains like
Azotobacter vinelandii [12], both cell and cytoplasmic
volume decrease spontaneously and no plasmolysis is
observed. Cell dehydration due to hyperosmotic stress
leads to growth inhibition, because dehydration along with
reduced cell volume leads to increased concentration of all
the intracellular metabolites, thus resulting in a reduced
water activity—the normal range of which is essential for
functioning of biological macromolecules. This results in
inhibition of cellular processes like uptake of nutrients,
DNA replication, etc., thereby leading to impaired cell
growth [4].

The cell overcomes this hyperosmotic state by increas-
ing the concentration of certain solutes either by uptake or
synthesis [34]. This reduces water activity without
increasing the concentration of all cytoplasmic components
to toxic levels. Cell volume and turgor pressure also get
restored to their prestress levels. Because this metabolic
response of accumulation of osmoregulators is slow, it
cannot prevent the initial volume reduction [27]. Osm-
oregulators which get accumulated in the cell in response
to hyperosmotic shock are termed compatible solutes
because they do not inhibit the vital cellular processes
greatly. Compatible solutes have two fundamental prop-
erties. Firstly, they rehydrate the cell, thus restoring the
growth by increasing osmolarity inside the cell, as com-
patible solutes can accumulate up to molar levels without
interfering with the cellular functions [11]. Secondly, they
stabilize the native structure of proteins by allowing their
preferential hydration [1, 11].

The prominent compatible solutes found in bacteria are
K™, amino acids (e.g., glutamate, proline, and glutamine),
quaternary amines (glycine betaine, carnitine), sugars
(sucrose and trehalose), and tetrahydropyrimidines (ec-
toine) [13, 22]. Good osmoregulators are uncharged or
zwitterionic organic solutes that have low molecular mass
and are highly soluble in the cytoplasm [28]. Morbach and
Kramer [18] reported that C. glutamicum prefers uptake of
compatible solutes over their de novo synthesis because of
the low energy cost. In several bacteria, like Escherichia
coli or Bacillus subtilis, the immediate response to hyper-
osmotic shock with NaCl is fast uptake of K™ [34]. This is
the first step in the rehydration of the cell, as it increases
the internal osmolarity. In C. glutamicum ambiguity pre-
vails with respect to this immediate response. Guillouet and
Engasser [9] reported accumulation of Na™ upon sudden
osmotic up-shock with NaCl, whereas Morbach and Kra-
mer [19] reported significant increase in the concentration
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of internal K from 450 to 800 umol/g cell dry weight
(CDW) upon increase in osmolality from 0.9 to 2.4 osmol/
kg. To maintain electroneutrality, the accumulation of K™
is accompanied by increase in the glutamate pool (major
anionic organic solute [5]) by de novo synthesis [10]. This
rapid accumulation of glutamate leads to temporary
increase in the concentration of glutamine, as glutamine is
generated from glutamate through a single reaction step.
However, K", glutamate, and glutamine are not good
osmoregulators because of their charge, low solubility, and
free amino groups in the case of glutamate and glutamine.
Therefore, in the second phase of osmotic response, ions
are exchanged by neutral solutes like proline, trehalose,
etc. [5, 28]. At low osmolalities (0.4 osmol/kg), trehalose
and glutamate are the main compatible solutes but at higher
osmolalities proline plays a dominant role [9]. Skjerdal
et al. [28] reported that at higher osmolalities the concen-
trations of glutamine and glutamate are highest immedi-
ately after shock; the concentration of trehalose also
increases as compared with the unstressed state. But as
time progresses the concentration of proline increases,
which represents at least 25% of the total intracellular
osmolytes. Increased contribution of proline indicates that
it is a more potent alleviator of stress. Ronsch et al. [25]
observed that in the stationary phase proline concentration
drops to a very low level, which shows that C. glutamicum
does not actively regulate its solute pool to counteract
hyperosmotic stress in the stationary phase. The concen-
tration of glutamate neither changes with the course of
fermentation nor with increased osmolality. This shows
that glutamate does not have importance in the long-term
adaptation but may be important in osmotic response after
sudden increase in the external osmolality. The concen-
tration of internal trehalose increases from an undetectable
level during the course of fermentation and reaches a
maximum (200 mM) in the stationary phase. This indicates
that trehalose is also an important component for long-term
adaptation and is the main protecting agent in the station-
ary phase [25]. Extracellular concentration of trehalose
increases with increasing osmolality of the medium [7, 25].

A two-component system MtrAB is responsible for os-
mosensing and osmosignaling in C. glutamicum in
response to hyperosmotic stress [15]. MtrB gets stimulated
by high concentration of K™, various solutes, sugar, amino
acids, and polyethylene glycol [16, 17]. MtrAB regulates
expression of genes involved in cell wall biosynthesis and
genes of three transporters (BetP, ProP, and LcoP), which
accumulate compatible solutes inside the cell [2, 15];
however, upregulation of osmolyte carrier ProP was high-
est among all proteins [2].

Studies described so far have concentrated on the
physiological behavior of C. glutamicum under osmotic
stress conditions. Varela et al. [32] for the first time
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quantified metabolic response in terms of metabolic flux
redistribution in C. glutamicum grown under discrete and
gradient continuous culture to gradually increasing osmo-
larity (between 270 and 1,880 mosmol/kg). Varela et al.
[33] also estimated the alteration in the maintenance
coefficients of substrate and ATP under osmotic stress
conditions using flux balance analysis. In the current study,
we aim to quantify the metabolic fluxes across the network
using the elementary mode approach. Elementary mode
analysis (EMA) is a network-based pathway analysis
method [21]. The advantage offered by EMA in compari-
son to other individual reaction-based approaches such as
flux balance analysis (FBA) is that it links all the metab-
olites involved in the pathway from substrates to products.
Thus each elementary mode takes into account the com-
bined effect of all the individual reactions that participate
in the entire pathway. This approach of flux analysis
therefore becomes more systemic in nature as it depicts a
more realistic picture of the functioning of the network [21,
26, 30]. Although Gayen and Venkatesh [7] evaluated the
fluxes of elementary modes and characterized optimal
phenotypic space using elementary modes for C. glutami-
cum, they did not examine metabolism under osmotic stress
conditions. The present work intends to fill this gap, where
optimal phenotypic space for biomass, trehalose, and lysine
is obtained by using the stoichiometry of the set of ele-
mentary modes. Such an analysis is important, as charac-
terization of the phenotypic space of an organism offers
insight into the stoichiometric limits of uptake rates of
oxygen and ammonia to produce various metabolites under
stress. This study should help in understanding the phe-
notypic capability of C. glutamicum under osmotic stress.

Methodology
Strain and culture conditions

Corynebacterium glutamicum CECT 79 was obtained from
Spanish Type Culture Collection, Valencia, Spain, and was
used for all the experiments conducted. This strain requires
biotin, homoserine (threonine and metheonine), and leu-
cine for growth and produces lysine under threonine limi-
tation conditions. Seed culture was prepared in LB5G broth
by inoculating a loopful of culture in the medium contained
in a triple-baffled flask. Culture was grown overnight in a
rotatory shaker at 150 rpm and 30°C. 10% (v/v) culture
was then transferred to preculturing medium and grown for
7-8 h maintaining the same rpm and temperature. Fer-
mentation medium containing 100 g/l glucose was then
inoculated with 10% (v/v) preculture seed. Details of the
composition of seed, preculture, and fermentation media
were reported previously [31]. pH of the media was

adjusted to 7. Fermentation was performed in a laboratory
bioreactor (BIOSTAT® B+ (Sartorius BBI Systems, Sch-
warzenberger, Melsungen, Germany)) with 1.5-1 working
volume. A constant airflow of 1.0 VVM (volume of air per
volume of media per minute) was maintained throughout
the fermentation. Stirrer speed was maintained at
1,000 rpm and temperature was kept at 30°C. pH was
maintained at 7 by feeding 2.5 N NaOH via a peristaltic
pump. Osmotic stress was created by adding NaCl into the
media. Two concentrations of NaCl viz. 25 and 40 g/l were
used to analyze the effect of low and high osmotic stress
condition on the phenotypic state of C. glutamicum and
were compared with control experiment containing only
2 g/l NaCl in the medium.

Online and offline measurements

Temperature, airflow rate, dissolved oxygen, pH, and
cumulative base addition were monitored through data
acquisition software supplied by Sartorius (Goettingen,
Germany). Samples were withdrawn at regular intervals and
analyzed for dry cell weight, glucose, trehalose, lysine, and
ammonia. Dry cell weight (DCW) was estimated by using a
UV-visible spectrophotometer (Shimadzu/Jasco V-530,
Japan). Absorbance was measured at 600 nm. One unit of
absorbance was equivalent to 0.28 g/l DCW. Glucose and
trehalose were analyzed via a refractive index (RI) detector
in HPLC (Hitachi, Merck KgaA, Darmstadt, Germany)
using an HP-Aminex-87-H column (Biorad, Hercules, CA,
USA) at 65°C with a mobile phase of 5 mM sulfuric acid;
flow rate was kept at 0.6 ml/min. Lysine concentration was
measured through HPTLC method as reported by Pachuski
et al. [20]. Ammonia concentration was measured spectro-
photometrically at 410 nm using Nessler’s reagent.

Metabolic network structure and computation
of elementary modes

The complete set of reactions used for elementary mode
analysis is listed elsewhere [7] and comprises reactions
involved in glycolysis, the pentose phosphate pathway
(PPP), tricarboxylic acid cycle (TCA), anaplerotic reaction
converting phosphoenol pyruvate (PEP) into oxaloacetic
acid (OaA), and synthesis reactions for glutamate, gluta-
mine, lysine, pyruvate, alanine, and valine. External
metabolites considered for this system were glucose,
ammonia, oxygen, carbon dioxide, lysine, trehalose, and
biomass. These reactions were used to generate elementary
modes for the metabolic network of C. glutamicum by
applying the ScrumPy software package [23]. Stoichiom-
etric coefficients of the external metabolites present in the
modes were written in the form of a matrix equation
(Eq. 1), where the number of rows was equal to the number
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of external metabolites and the number of columns was
equal to the number of modes.

Optimization

The set of elementary modes was utilized to obtain the
optimal phenotypic space under different conditions. This
was achieved by using the ‘linprog’ module from MAT-
LAB®©. The molar mass balances for the metabolites can
be written as:

S-E=M (1)

where M is vector representing the accumulation rates of the
external metabolites and S is the matrix, indicating the
stoichiometry of the elementary modes. The elements of E {e/,
e, €3,...,¢,} represents the vector of unknown fluxes of the
elementary modes. The elements of vector E can be evaluated
for a given set of measurements of accumulation rates
(elements of M). Because of the paucity of measurements, a
linear optimization technique can be employed to converge

onto a feasible solution. Mathematically, the linear
optimization formulation can be represented as Eq. 2:
Max (M;). (2)

Such that S*E = M*
elementary modes.

M; is the accumulation rate of a specific metabolite (such
as biomass). S is the stoichiometric matrix representing the
elementary modes and M~ is a known vector of the accu-
mulation rates of extracellular metabolites, wherein the
rows of the ith external metabolite are eliminated from
S and M, respectively. It should be noted that the above
approach of using linear programming to evaluate fluxes is
similar to the methodology used in FBA. FBA uses the
stoichiometry of the original network for the analysis,
whereas we use the stoichiometries of the elementary
modes. The unknown fluxes (E) of the elementary modes
were obtained by using linear programming. The flux vector
E when multiplied with the stoichiometric matrix S gives us
the rate vector M, which is further used to map the pheno-
typic space [7] and to obtain the accumulation rate of an
external metabolite through a specific elementary mode.
The fluxes of elementary modes were multiplied by the
corresponding coefficient in the stoichiometric matrix.

and 0 <e¢ < oo for all the

Results

Influence of osmotic stress on growth
and metabolite production

Experiments were conducted to determine the growth rate,
rate of consumption of substrate (glucose and ammonia),
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and rate of formation of metabolites (lysine and trehalose)
under normal and osmotic stress conditions (25 and 40 g/l
of NaCl). Figure 1 shows the concentration profiles for
biomass, ammonia, glucose, lysine, and trehalose for the
three cases studied and clearly shows an extended lag
phase for the uptake of glucose with increase in salt con-
centration (Fig. 1a). The fermentation time was 32, 40, and
48 h for 0, 25, and 40 g/l of salt concentration, respec-
tively. A similar observation was noted for the uptake of
ammonia (Fig. 1b) with residual ammonia of 2 g/l at the
end of fermentation. The biomass concentration (Fig. 1c)
also demonstrated an extended lag phase with a final DCW
of 17, 13, and 11 g/ for 0, 25, and 40 g/l of salt concen-
tration. The specific growth rate for the three cases studied
was 0.38, 0.23, and 0.2 h™! for 0, 25, and 40 g/l salt,
respectively. The lysine yield also decreased from 0.17 g/g
of glucose to 0.12 g/g of glucose for 0 and 40 g/l salt
concentration, respectively (Fig. 1d). The lysine synthesis
began only after 8, 14, and 20 h of fermentation time for
the three cases indicating a delayed accumulation of lysine
as a result of the osmotic effect. In the case of trehalose, the
yield increased about twofold from 0.016 g/g of glucose to
0.036 g/g of glucose for 0 and 40 g/l salt, respectively. The
lag observed for the synthesis of trehalose was similar to
that observed for lysine and the synthesis was observed
only in the mid log phase of the growth.

In order to evaluate the metabolic fluxes during the
growth of C. glutamicum on medium containing high salt
concentration and compare the same with the control,
accumulation rates of substrate and metabolites were
determined at different time points (see Fig. S1 in sup-
plementary information at a specific time point). The rates
were estimated through derivatives of the fits obtained for
the concentration profiles. The details are presented in the
supplementary information. These rates were firstly used to
evaluate the rates of individual elementary modes and
further analyzed to determine the fluxes in the metabolic
network.

Quantification of fluxes of elementary modes

The elementary mode analysis yielded 14 modes which
represent the central metabolism of C. glutamicum (see
Table 1) under threonine limitation. The modes capture the
conversion of the substrates, glucose, oxygen, and ammo-
nia, to the products, biomass, lysine, and trehalose. Bio-
mass was synthesized in seven modes, while lysine and
trehalose were synthesized in nine and five modes,
respectively. Out of the seven modes producing biomass,
three modes (1-3) synthesized only biomass and among the
remaining four either lysine (modes 4, 5) or trehalose (6, 7)
were synthesized along with biomass. Maximum theoreti-
cal yield of biomass obtained was 115.6/100 mM of
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Fig. 1 Comparison of growth
experiments on normal medium
(0 g/l NaCl) and medium with
25 and 40 g/l NaCl. a Glucose
concentration, b ammonia
concentration, ¢ biomass as
DCW, d lysine concentration,
and e trehalose concentration at
various time points. Asterisks
normal growth; squares and

Glucose (g/l)

Ammonia (g/l)
(2]

triangles for experiments with
25 and 40 g/1 NaCl in the
medium, respectively. All
growth experiments were
performed with 100 g/l of
glucose in the medium

DCW (g/l)

Lysine (g/l)

50

Trehalose (g/l)

0 10 20 30
Time (h)

glucose consumed through mode number 1 (Table 1).
Lysine was produced in nine modes of which four modes
yielded only lysine (modes 8-11), three modes yielded
trehalose along with lysine (modes 12—14), and two yielded
biomass along with lysine (4, 5). Trehalose was thus not
uniquely associated with any of the elementary modes.
Maximum theoretical yields of lysine and trehalose were
63.5 and 20/100 mM of glucose consumed through modes
3 and 8, respectively (Table 1). The rank of the matrix
formed from the stoichiometry of the metabolites repre-
senting the elementary modes was four (matrix S in Eq. 1)
implying that the use of four independent accumulation
rates as decision variables will uniquely quantify the flux
distribution and was also independent of the objective
function. The fluxes of the elementary modes were
obtained by using the accumulation rates of glucose, lysine,
trehalose, and biomass as the decision variables. The fluxes
of the elementary modes were a function of the maximi-
zation criteria and their mean values along with the stan-
dard deviation were plotted at various time points (see
Fig. 2).

The fluxes through the 14 elementary modes were used
to obtain the contribution of total accumulation rates of
various metabolites through the individual elementary
modes for normal growth of cells without any salt con-
centration in the medium (Fig. 2). It is clear from Fig. 2a
that most of the glucose uptake occurs through the modes

50 60

towards biomass (1, 2, and 5) and towards lysine (8—11).
Initially, at # = 6 h, 90% of the total glucose uptake rate
was associated with biomass formation through mode 2,
while 8% of the glucose uptake rate yielded lysine (mode
11 only). However at t = 10 h, the glucose uptake asso-
ciated with the modes towards biomass was 60% of the
total uptake rate. The remaining 40% was equally distrib-
uted between modes yielding biomass and lysine (modes 4
and 5) and modes yielding lysine and trehalose (modes 8
and 14). At t = 18 h, 96% of the total glucose uptake rate
was towards lysine (modes 8—11) which includes reactions
pertaining to glycolysis, TCA, and the anaplerotic reaction
representing PEP carboxylase. Thus, the flux values
towards various elementary modes clearly demonstrated a
transition from biomass-dominating modes to lysine-pro-
ducing modes representing the effect of limiting threonine
in the medium. The flux distribution for the uptake rate of
ammonia (Fig. 2b) was similar to that observed for glu-
cose, as glucose and ammonia were associated as substrates
for all the modes. Figure 2c shows the flux distribution in
various modes for the formation of biomass. During initial
exponential phase of growth, most of the biomass was
formed through modes yielding only biomass. For exam-
ple, at t = 6 h, 98% of the biomass was formed through
mode 2, whereas at ¢ = 14 h, the biomass was mainly
formed through mode 5 which yield both biomass and
lysine. Thus, biomass was mainly accounted for through
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Table 1 Elementary modes obtained for the network of C. glutamicum

Serial no. Mode

1 326808 Glucose + 278208 NH; + 565083 O, — 649566 CO, + 378000 Biomass + 1444932 H,0

2 132444 Glucose + 76544 NH; + 410644 O, — 433888 CO, + 104000 Biomass + 856856 H,O

3 3166635 Glucose + 1994560 NH; + 8993135 O, — 9598820 CO, + 2710000 Biomass + 19254550 H,O

4 9492 Glucose + 11352 NH3 + 14987 O, — 20374 CO2 + 2000 Biomass + 40108 H,O + 4940 Lysine

5 9490 Glucose + 9892 NH; + 15619 O, — 19698 CO, + 6000 Biomass + 40928 H,O + 2738 Lysine

6 9421984 Glucose + 3756544 NH; + 20153144 O, — 21293888 CO, + 5104000 Biomass + 42051856 H,O + 1461020 Trehalose
7 8639480 Glucose + 3989120 NH; + 17986270 O, — 19197640 CO, + 5420000 Biomass + 38509100 H,O + 1153105 Trehalose
8 11 Glucose + 14 NH; + 17 O, — 24 CO, + 46 H,O + 7 Lysine

9 36 Glucose + 44 NH; + 62 O, — 84 CO, + 160 H,O + 22 Lysine

10 63 Glucose + 72 NH; + 126 O, — 162 CO, + 306 H,O + 36 Lysine

11 3 Glucose + 2 NH; + 11 O, — 12 CO, + 22 H,0 + 1 Lysine

12 112 Glucose + 112 NH3 + 196 O, — 252 CO, + 476 H,O + 7 Trehalose + 56 Lysine

13 38 Glucose + 44 NH; + 62 O, — 84 CO, + 160 H,O + 1 Trehalose + 22 Lysine

14 5 Glucose + 2 NH3 + 11 O, — 12 CO, + 22 H,O + 1 Trehalose + 1 Lysine

Serial number identifies a specific elementary mode used in the text

Fig. 2 Histogram of flux values - 18 a ="
=
through the 14 elementary s 154 S 124 b
modes for various metabolites £ 12 ash §, @6h
L ~ m10h 9 1

under normal growth conditions o 91 Q14 8 W10h

. . ® € 64 O14h
with 100 g/1 glucose in the g 61 ! ‘ B18h ] B i Sisn
medium. The fluxes were 2 a1 ] I o | ) E 31 | -
computed by linear O iid. o i o di M ER o a < i o E e - Ay
programming using 1 2 3 4 5 6 7 8 9 10 11 12 13 14 12 3 4 5 6 7 8 9 10 11 12 13 14
maximization of ammonia, O,
and CO, as objective function = P < ZS ] d
and average is shown as % 20 1 = 5

. . 1 @6 h
hlstf)gram with standard < 15 @6 h £ .| m10h
deviation. Uptake rate of 2 10 10h 2 3 O14h
glucose and production rates of E ] ;1;: 5 2 :  E18h
lysine, trehalose, and biomass % ﬁ e i i I 2 JE 7

P . 0 e 77— 0 4 = S =
were used as decision variables. 12 3 456 7 8 91011 1213 14 123456 7 8 91011 1213 14
a Glucose consumption rate,
b ammonia consumption rate, —~ 05
. . =7
¢ biomass formation rate, S o4 e
d lysine formation rate, and 3 03 Z6h
e trehalose formation rate. The e m10h
fluxes are shown for time points Tou 02 O14h
t=06,10, 14, and 18 h S o1 B218h
.

1.2 3 4 5 6 7 8 9
Number of elementary modes

three modes with a shift from modes yielding only biomass
(modes 1 and 2) to modes yielding both biomass and lysine
(mode ‘5°).

An opposite trend was observed for lysine synthesis
(Fig. 2d), wherein the dominant lysine-yielding modes
were active at t = 14 and 18 h (modes 8-11). Trehalose
was mainly produced between 10 and 14 h using the ele-
mentary mode number ‘14’. Further, modes associated with
both biomass and trehalose were also active accounting for
about 25% of the total flux towards trehalose. Although
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10 11 12 13 14

these modes contributed significantly towards trehalose
formation, their contribution towards biomass was meager
(about 8%).

Under osmotic stress conditions (induced by 40 g/l
NaCl), the numbers of active modes were less as compared
with the normal growth conditions (Fig. 3). It is clear from
Fig. 3a that most of the glucose uptake occurs through the
modes towards biomass (2, 3, and 5) and towards lysine (11
and 14). At = 16 h, 75% of the total glucose uptake rate
was associated with biomass formation mainly through
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mode 2, while 15% of the glucose uptake rate yielded
lysine (mode 11 only). However, at 18 and 20 h, mode 3
also became prominent. At r = 18 h the glucose uptake
associated with the modes towards biomass was approxi-
mately 73%, while it was 67% at t = 20 h. The remaining
glucose was distributed among modes yielding biomass
and lysine (modes 4 and 5) and modes yielding lysine and
trehalose (modes 11 and 14) at r = 18 and 20 h. At
t =22 h, modes 1-3 and 11 were significantly active.
Together, purely biomass-forming modes (mode 1-3) car-
ried 55% of the total glucose consumed, while 27% of the
glucose uptake rate was associated with mode 11 forming
lysine. Thus, it is clear from the flux values towards various
elementary modes that flux carried by purely biomass-
forming modes gradually decreased with time, whereas it
increased with time for lysine-forming modes. Under stress
the flux distribution through various modes for the uptake
rate of ammonia (Fig. 3b) was similar to that observed for
glucose. Figure 3¢ shows the flux distribution in various
modes for the formation of biomass. Approximately 90%
of the biomass was produced through only biomass-form-
ing modes (modes 1-3) at all the times studied. The
remaining 10% was mainly contributed through mode 5
(forming biomass and lysine) at + = 18 and 20 h and by
mode 6 (forming biomass and trehalose) at = 22 h.
Under stress conditions lysine was mainly produced
through modes 4, 5, and 11, while the rest of the lysine-
producing modes (modes 8—10) contributed not more than
15% towards lysine formation (Fig. 3d). Under osmotic
stress conditions as well most of the trehalose was

produced through modes 6, 7, and 14, but the flux carried
by modes producing biomass and trehalose simultaneously
(modes 6 and 7) was higher under osmotic stress conditions
as compared with the normal growth conditions.

Thus, in essence, the analysis revealed the dominance of
various modes with the progression of fermentation for
uptake or formation of a particular metabolite. Also under
osmotic stress the metabolism behaved rigidly, which was
reflected through lesser numbers of modes being active
under this condition as compared with normal growth. The
higher rigidity is further reflected by the lower value of
standard deviation under osmotic stress conditions.

Metabolic flux distribution

Flux distribution for the metabolic network of C. glutam-
icum was obtained for the three conditions namely medium
with 0, 25, and 40 g/ salt in the growth medium (numbers
from top to bottom, respectively in Fig. 4). The flux dis-
tribution shown in Fig. 4 was obtained at the mid log phase
for the three cases representing the fluxes at times 10, 14,
and 20 h, respectively. The fluxes were normalized with
respect to the glucose uptake rates observed at the specific
time. Under normal conditions, 60% of the flux from the
glucose uptake was routed through the pentose phosphate
and the remaining into the glycolytic (35%) and trehalose
synthesis (1.5%). The flux towards biomass and lysine
formation was 80 and 15, respectively. Further, the oxygen
uptake rate of 181 resulted in ATP dissipation of 524 with
respect to glucose uptake of 100 mM/h. It can be noted that

Fig. 3 Histogram of flux values 10
through the 14 elementary
modes for various metabolites
under osmotic stress with 100 g/
1 glucose and 40 g/l NaCl in the
medium. The fluxes were
computed by linear
programming using 1
maximization of ammonia, O,

Glucose (mM/h)

y LR 18

2 3 4 5 6 7 8 9 10 11 12 13 14 1

E16 h
W18h
020 h
B22h
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Fig. 4 Flux distribution map Trehalose
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under osmotic shock, the flux towards the pentose phos-
phate pathway was reduced by one-third for the case with
40 g/l salt relative to the normal concentration. Further, the
flux through the TCA cycle was doubled resulting in
increased oxygen uptake rate of about 270. The ATP dis-
sipation also doubled relative to the normal cell growth.
Under osmotic shock, the fluxes towards biomass and
lysine reduced by 25 and 40%, respectively. The analysis
indicated that most of the carbon from the glucose was
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Oxydative Phosphorylation: 163, 171, 229
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released as carbon dioxide through the TCA cycle. Further,
the decreased flux towards lysine was correlated with a
decreased flux in the PEP carboxylase reaction.

The flux distribution in the network is typically evalu-
ated at a specific time point at which the accumulation rate
is experimentally determined. The flux distributions at
various time points during the fermentation were also
determined (results not shown). Under normal growth
conditions, it was observed that initially the flux through
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the TCA cycle was high. However, as the rate of produc-
tion of biomass picked up, the flux through TCA cycle
reduced. The flux through the pentose phosphate pathway
increased with time to support biomass and lysine syn-
thesis; later with decline in the biomass synthesis rate, flux
through the PPP pathway also declined. Further, anaple-
rotic flux of PEP to OaA through PEP carboxylase
increased with increase in lysine production rate. Under
such a condition, the flux through PEP carboxylase was
dominant as compared with the conversion of PEP to
pyruvate. In the case of growth under osmotic stress, a
similar result was observed, but with an increased flux
through TCA and a reduced flux through the anaplerotic
reaction as compared with that observed for normal
growth.

Principal node analysis

The metabolic network of C. glutamicum has four principal
nodes, namely glucose-6-phosphate (Glc6p), phosphoenol
pyruvate (PEP), pyruvate (Pyr), and oxaloacetic acid
(OaA). Because a nodal metabolite acts as a substrate for
multiple reactions, split ratio can be evaluated to determine
the ratio of fluxes in the individual output fluxes with
respect to the net input flux. In the G1c6p node (see Fig. 4),
60% of the net glucose uptake flux was routed through the
pentose pathway, while remaining 35 and 1.5% was dis-
tributed between glycolytic pathway and trehalose syn-
thesis, respectively. Upon osmotic shock, the fluxes
through the pentose phosphate pathway (PPP) branch
reduced by about 70% while the flux through the glycolytic
pathway increased by approximately twofold. Thus, at the
Glc6p node, osmolality has a key effect of reorienting the
fluxes through the PEP and glycolytic pathway to balance
the reduced requirement of NADPH. The split ratio at PEP
node is shown in Fig. 5a. PEP is used as a substrate in the
PTS for uptake of glucose and in the glycolytic pathway to
form pyruvate. PEP is also connected to OaA through the
PEP carboxylase reaction. Most of the PEP pool was used
up in the phosphotransferase system (PTS) and there was a
reduction of about 10% in the split ratio through PTS as a
result of increased osmolality. Because of reduced lysine
formation under osmotic stress conditions, the split ratio
reduced in the anaplerotic reaction by 30%. The flux
through the glycolytic path increased by tenfold to com-
pensate for the reduction in the other two branches. At the
pyruvate node (see Fig. 5b), the flux through the TCA
cycle increased by 20% as a result of increased osmolality,
and decreased by 40 and 30% in the branches towards
lysine and amino acid synthesis, respectively. At the OaA
node, the net OaA synthesized was due to the anapleroic
flux of PEP carboxylase and it branches out for the syn-
thesis of glutamate and aspartate. The overall distribution
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Fig. 5 Split ratios at the principal nodes of a phosphoenol pyruvate
(PEP), b pyruvate (Pyr), and ¢ oxaloacetic acid (OaA) normalized
with respect to the formation of the individual metabolites. Numerical
values from top to bottom indicate the flux for the experimental
condition with no salt, 25, and 40 g/l NaCl, respectively, for mid log
phase of growth. In a, Pyr (PTS) and Pyr (glycolysis) indicate the
formation of pyruvate through phosphotransferase system (P7S) and
through glycolysis, respectively. Synthesis of alanine and valine are
lumped together and are represented as AA in panel b

of fluxes was not affected by osmolality for this node. To
summarize the nodal analysis, fluxes were reoriented at the
Glc6p, PEP, and the pyruvate nodes as a result of
increased osmolality.

Analysis of optimal phenotypic space

The phenotypic space of C. glutamicum can be obtained by
evaluating the metabolic capability by solving Eq. 2 and by
invoking constraints of uptake rates of glucose, ammonia,
and oxygen. It can be noted that four accumulation rates
yield a unique solution, although by constraining the ele-
mentary modes using only three uptake rates, phenotypic
space of the organism for various objective functions can
be obtained. Optimal phenotypic spaces thus obtained for
maximization of biomass, lysine, and trehalose separately
are presented in Fig. 6. The maximum flux towards bio-
mass was 115.6 mM/h with corresponding ammonia and
oxygen uptake rates of 85 and 173 mM/h, respectively
(Fig. 6a). The bounds for the ammonia and oxygen
uptake rates for maximizing biomass were 40-127 and
155-366 mM/h, respectively. The phenotypic space for
maximizing lysine production is shown in Fig. 6b. The
maximum yield for lysine was 63.5/100 mM of glucose
with ammonia and oxygen uptake rates to be 127 and
155 mM/h, respectively. The bounds for the ammonia and
oxygen uptake rates were the same as that obtained for the
phenotypic space for maximizing biomass. The maximum
trehalose yield was found to be 19.9/100 mM of glucose
with corresponding ammonia and oxygen uptake rates of
40 and 220 mM/h, respectively. The optimal phenotypic
space for various objective functions thus provides the
metabolic capability of the organism.
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Fig. 6 Optimal phenotypic a
spaces for the maximization of

a biomass, b lysine, and

c trehalose as an objective

function. The uptake rate of

glucose was fixed at 100 mM/h

and biomass, lysine, and

trehalose synthesis rates were

plotted at various ammonia and

oxygen consumption rates. The b
maximum theoretical yields for

biomass, lysine, and trehalose

were 115.6, 63.5, and 19.9 mM/

100 mM of glucose, respectively.

All three phenotypic spaces yield

similar bounds on oxygen and 0
ammonia uptake rates of 155-366
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The optimal feasible accumulation rates for the objec-
tive function of biomass, lysine, and trehalose optimization
were compared at different time points with that obtained
experimentally (see Fig. 7). Figure 7a compares experi-
mentally measured biomass rates with the optimal biomass
rates obtained from maximization of biomass. It was
observed that the rate of biomass formation at r =6 h
obtained experimentally was equal to that obtained by
using the maximization of biomass, indicating that the
organism optimizes growth at this hour. This also implies
that the experimental value lies on the optimal phenotypic
space as shown in Fig. 6a. Although optimal, the value at
t = 6 h was only 60% of the maximum theoretical feasible
value of 115 mM/h. This is due to the fact that the
ammonia and oxygen uptake rates relative to glucose
uptake rate were limiting. However, the biomass formation
rates deviate from the optimal feasible values as time
proceeds, with the difference being largest at + = 12 h,
with a decrease of 1.5-fold relative to the optimal value.
The experimental value was relatively closer to the optimal
feasible formation rates at the end of fermentation, albeit
the rates themselves were low as the organism reaches the
stationary phase.

Figure 7b shows the comparison between the optimal
feasible accumulation rates for lysine using the objective
function of maximizing lysine formation rates, with that
obtained through experiments. It is clear from the figure
that the lysine formation rates were suboptimal up to 16 h,
with the maximum deviation at the beginning of cell
growth, with a tenfold decrease in the experimental value
relative to the optimal value at t = 6 h. Beyond 16 h, the
experimental value lies in the feasible optimal space of
lysine maximization. The maximum rate of lysine forma-
tion of about 48 mM/h was observed at ¢+ = 16 h which
was 75% of the maximum theoretical value of 63.5 mM/h.
A similar behavior was observed for the trehalose forma-
tion rates, wherein the maximum deviation from the
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feasible optimal value was observed at t = 6 h with a 26-
fold decrease in the experimental value relative to the
optimal value observed. A maximum trehalose formation
rate of 2.3 mM/h during the period = 12-14 h was
observed, which was only 12% of the maximum theoretical
feasible rate.

The optimal feasible accumulation rates for the various
objective functions under 40 g/l of salt stress were also
compared with experimental values. Analysis was done for
the data between 14 and 22 h, which covers the exponential
phase of growth of the organism, because the organism was
in the lag phase until # = 12 h. Figure 7d shows a com-
parison of the optimal and experimental values for the
biomass formation rate. Under stress, the experimental
biomass formation rate was always lower than the optimal
feasible biomass formation rates, with a maximum of 1.4-
fold decrease of the experimental value relative to the
optimal value at r = 22 h. The observed biomass formation
rates were relatively invariant from ¢ = 14 to 20 h with an
average rate of 65 mM/h. This rate was 43% less than the
maximum theoretical biomass formation rate of 115 mM/h.
Figure 7e shows a comparison between the experimental
lysine formation rates with the optimal feasible rates of
lysine formation. A linear increase in the rate was observed
from 5 to 14 mM/h between ¢t = 14 h and r = 22 h, thus
showing gradual reduction in the difference between
experimental and optimal feasible values with time. Max-
imum difference between experimental and optimal feasi-
ble rates was observed at ¢t = 14 h, where the experimental
value was sixfold less than that of the optimal value.
Further, the lysine formation rate was only 42% of the
optimal feasible value at r = 22 h. A similar observation
was made for the trehalose formation, wherein the optimal
feasible rate was invariant in time at approximately
7.4 mM/h and the experimentally observed values were in
the range of 1-2 mM/h during t = 14-22 h. These values
were comparable to the values observed under normal
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conditions. The comparison under the condition of shock
indicates that during fermentation none of the accumula-
tion rates lie on the optimal feasible values. A comparison
of observed accumulation rates with the values for the
optimal feasible rates at 25 g/l of salt also indicated that the
observed rates do not lie on the optimal feasible space (see
Fig. S2 in the supplementary information); however, the
deviation from the optimal was not as severe as that for
40 g/1 of salt.

Discussion

Microorganisms alter their metabolic status during stress
conditions. Stress conditions also induce an adaptive phase
during which the cell suspends its growth. To evaluate the
effect of increased osmolality on the metabolic status of C.
glutamicum, elementary mode analysis was applied to the
metabolic network. Growth experiments were performed
with and without osmotic stress to determine the accumu-
lation rates of various metabolites, which were used to
evaluate the fluxes in the elementary modes and in the
metabolic network. Growth experiments demonstrated an
extended lag phase under the influence of higher osmo-
lality. The uptake rates of glucose and ammonia were also
reduced, thereby increasing the fermentation times. While
biomass and lysine yields were reduced, the yield of tre-
halose, a storage compound, increased as a result of

increased osmolality. Trehalose is known to be a compat-
ible solute under stress by protecting proteins and cellular
membrane from denaturation [1, 6]. In the strain of C.
glutamicum studied, accumulation of amino acids such as
proline and glutamate was not observed; however, previous
studies reported that amino acids other than lysine accu-
mulate under stress conditions [8, 9, 25].

Elementary mode analysis yielded 14 modes that rep-
resent the metabolic network of C. glutamicum under both
conditions of normal and stressed growth. The substrates
were glucose, ammonia, and oxygen, while products were
lysine, trehalose, and biomass. The elementary modes were
further used to evaluate the fluxes through the metabolic
network using optimization under the stoichiometric con-
straint represented by the matrix equation (Eq. 1). The flux
distribution provided insights into the relative importance
of various pathways under osmotic stress conditions. Under
osmotic stress, higher flux was observed through energy-
generating pathways, namely glycolysis and TCA cycle
and oxidative phosphorylation yielding excess ATP. The
increased flux through ATP dissipation reaction demon-
strates the increased energy demand under osmotic stress
conditions as maintenance was high compared with the
normal growth conditions. The flux through the pentose
phosphate pathway reduced with increasing osmolality as a
result of reduced demand for NADPH, which was required
for anabolic reactions such as synthesis of amino acids and
biomass. However, the flux towards trehalose increased as
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a result of osmotic stress, and trehalose is known to sta-
bilize the intracellular proteins [3, 6]. The analysis also
indicated that a considerable amount of carbon, available
as a result of reduced biomass and lysine formation, was
released as carbon dioxide that is generated through TCA
cycle for ATP formation.

Nodal analysis showed that Glc6P, PEP, and pyruvate
nodes were capable of adapting to increasing osmolality.
This was evident from the reduced flux partitioning
through PPP branch at the GIc6P node. The split ratio
reduced because of the reduction in the amount of metab-
olites (lysine, biomass, and other amino acids) produced. A
similar observation applied to the other two nodes, indi-
cating flexibility at these nodes for flux partitioning. On the
other hand, OaA node exhibited relative inflexibility as
evident from no substantial change in the flux partitioning.
The last observation is in agreement with the results
reported by Varela et al. [32], who reported that OaA
shows rigidity up to 1,000 mosmol/kg [32, 33].

We also characterized the optimal phenotypic space
using linear optimization. Here the uptake rates of sub-
strates were utilized as constraints and maximization of a
metabolite production rate was given as an objective
function. Such an analysis allows the determination of the
optimal/suboptimal behavior of the organism under a given
set of conditions. Specifically, if the point representing the
experimental observation lies below the optimal solution
space, it can be inferred that although the solution is fea-
sible, the organism is suboptimal for the synthesis of the
particular metabolite. Experimental data points for the
three conditions plotted with respect to time and compared
with the optimal biomass, lysine, and trehalose rates for
maximization of biomass, lysine, and trehalose as an
objective function, respectively, indicated that for normal
growth conditions the experimental point noted at r = 6 h
was in the optimal solution space for maximization of
biomass, and the experimental points noted at r = 16 and
18 h were in the space obtained for trehalose maximiza-
tion. However, the average deviation across fermentation
time was only 1.6-fold less than that obtained under opti-
mal conditions for biomass formation. This analysis thus
demonstrated that under normal growth conditions, C.
glutamicum tends to maximize biomass production [7];
later as time progresses and fermentation conditions
become less conducive for growth, it shifts to optimize
lysine (in threonine-limiting conditions) and trehalose
production (a storage compound). For the growth condition
under osmotic stress, none of the experimental points were
in the optimal space and the average deviation across fer-
mentation was 1.3-fold less than the predicted optimal
values. Thus, the cells do not maximize growth under
osmotic stress conditions because a fraction of the
resources consumed were utilized for the adaptation
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process. Although C. glutamicum increased trehalose syn-
thesis under stress, the flux towards its synthesis was not
optimal. Thus, under stress, the cells tend to use the carbon
from glucose to route it through TCA cycle for increased
synthesis of ATP by releasing the carbon in the form of
carbon dioxide.

In summary, C. glutamicum readjusts its metabolic state
in order to adapt to osmotic stress. Firstly, the organism
extends its lag phase, during which time the cell devision
is halted and the cells adapt to the stress. The phenotypic
state of the cells is altered with a reduced glucose and
ammonia uptake rates with lower biomass and lysine
formation. The flux towards trehalose is increased to
counter the stress and to stabilize the intracellular proteins.
The flux through the TCA cycle was increased to balance
the increased demands for ATP. The split ratio at various
nodes indicated that the nodes in the glycolytic pathway
were flexible to readjust the fluxes necessary as a result of
the stress. Further, fluxes through the elementary modes
demonstrated that fewer modes are used under stress
compared with that observed under normal growth. The
optimal phenotypic space was used to determine the extent
of the capability of the organism and the actual perfor-
mance of the organism. As expected, it was observed that
the cells were farther away from optimality under stress as
compared with normal growth. Analysis presented here
incorporates the central carbon and nitrogen metabolism in
C. glutamicum. It is expected that the central metabolism
would not be different at least in various strains of C.
glutamicum. In this respect, the results will be indicative
for various strains of C. glutamicum. Further, the phe-
nomenon of suboptimal behavior under osmotic stress
conditions may be valid for different strains of C. glu-
tamicum that accumulate lysine. Thus, the elementary
mode analysis is a powerful tool to obtain functional
insights into the performance of metabolic networks and to
quantify phenotypic behavior of an organism.
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