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Abstract

Clostridium acetobutylicum is a strict anaerobe which exhibits two distinct steps in its metabolic network. In the first
step, sugars are oxidized to organic acids (acetic and butyric). This is accompanied with growth. The acids produced
in the first phase are re-assimilated into solvents (acetone, butanol, and ethanol) in the second phase of metabolism.
The two phases are hence called acidogenesis and solventogenesis, respectively. In this work, using Elementary
Mode Analysis (EMA), we quantify fluxes through Elementary Modes in different physical and chemical
conditions. Our analysis reveals that, in response to external stresses, the organism invokes Elementary Modes
which couple acidogenesis and solventogenesis. This coupling leads to the organism exhibiting characteristics of
both, acidogenesis and solventogenesis at the same time. Significantly, this coupling was not invoked during any
“unstressed” condition tested in this study. Overall, our work highlights the flexibility in the Clostridium

acetobutylicum to modulate its metabolism to enhance chances of survival in harsh conditions.

Key words: Clostridium acetobutylicum; Elementary Mode Analysis; Biofuel; Acidogenesis; Solventogenesis
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Introduction

Clostridium acetobutylicum (C. acetobutylicum) is a strict anaerobic, gram-positive bacterium which yields organic
solvents as part of its fermentation end products". Primary among these products are the solvents acetone, butanol,
and ethanol - and hence, the metabolism of the organism is collectively referred to as ABE fermentation’.
Metabolism in Clostridium consists of two distinct phases. In the first phase, a carbon source (such as glucose) is
oxidized to organic acids (acetic and butyric acid). This is accompanied with growth and a drop in media pH. Upon
accumulation of acids beyond a critical level and in response to cellular and environmental cues, the bacterium
enters the second phase of the metabolism®. In the second phase, the acids produced in the first phase are assimilated
to yield acetone, butanol, and ethanol. The two phases are referred to as acidogenesis and solventogenesis,
respectively. A characteristic feature of solventogenesis is the absence of growth™®. While the metabolic reactions
and the associated genes are well characterized, very little is known about the dynamic regulation of the switch from
acidogenesis to solventogenesis in the metabolic network, which makes it difficult to engineer strains with enhanced
solvent yields”’. In addition, mechanism based modeling is further restricted by limited knowledge about the kinetic

parameters involved in the reactions and the link between metabolism and sporulation'® .

In contrast, constraint-based modeling approaches, which require only physiochemical constraints such as
stoichiometry, topology of the network, and the directionality of reactions, have potential for phenotypic
characterization of metabolic network through quantification of flux distribution'*'>. Recent developments such as
reconstruction and in vivo experimental studies have revealed new insights towards complementing annotations of
few incomplete pathways in genome, such as pentose phosphate pathway and citric acid cycle”'’. These

developments have led to an alternate framework to analyze the network through flux distribution.

Elementary Mode Analysis (EMA), a constraint-based approach, has been used for studying metabolic network of a
number of organismszo’m’g’ﬂ’%. An elementary mode is defined as a possible sub-pathway, which has a minimal set
of enzymes that can operate at the steady state (with irreversible reactions in network)*’*°. In this approach, a

network is first converted into smaller elementary modes. These elementary modes, in turn, are used to quantify flux



62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

Molecular BioSystems

through individual reactions using matrix algebra®'>**3!32 Software tools such as CellAnalyzer”, YANA, and

YANAsquare®** are publicly available for generating elementary modes from metabolic networks.

In this work, we employ EMA to answer the following question: how does C. acetobutylicum modulate its metabolic
fluxes in response to changes in environmental conditions? In other words, how does the metabolic network aid
survival and growth? Using Elementary Mode Analysis, we demonstrate that the organism is able to modulate the
carbon fluxes and activate specific elementary modes which are otherwise inactive. Interestingly, this modulation is
limited to conditions where the bacterium is subjected to an external stress. By external stress, we mean any
addition/removal of a cue by an agent other than C. acetobutylicum and hence differentiate it from the acid/solvent
stress on the bacterium resulting from fermentation in the organism itself. More specifically, in conditions of stress,
the organism invokes elementary modes in solventogenesis phase which couple growth with solvent production. We
speculate that this flexibility in the metabolic fluxes in C. acetobutylicum aids the bacterium change its metabolic
strategy in response to presence of competitors or changes in physical environment. This is likely to aid survival,

and potentially outlast its competitors.
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Methods and materials

Mathematical method
Biochemical reactions in C. acetobutylicum’s metabolic network were obtained from KEGG (Kyoto Encyclopedia
of Genes and Genomes) database (Supplementary file 1, Table S2)'*?*'%!"37 A METATOOL integrated software
tool, YANAsquare developed by Schwarz et al.** was employed to generate Elementary Modes (EMs) from the
metabolic network of the organism3 > It may be noted that elementary modes contain the external metabolites with
respective stoichiometric coefficients. Internal metabolites do not appear in elementary modes as they are balanced
under the pseudo steady-state condition. Accumulation rates of extracellular metabolites can be represented in the
term of fluxes of elementary modes and their corresponding stoichiometric coefficients. Mathematically, this
relation can be written as following™':
Ax=b (D
where, A is a matrix with each row containing stoichiometric coefficients of elementary modes for a particular
external metabolite (Supplementary file 2, A-EMs). The vectors x and b represent fluxes of EMs and accumulation
rates of extracellular metabolites, respectively. Here, x (fluxes of EMs) is an unknown column vector, which is to be
calculated while b can be determined experimentally. Vector x can, thereafter, be computed using equation (1).
Biological systems are, however, underdetermined and therefore, linear optimization was used to determine the
fluxes of EMs (vector x) by maximizing or minimizing the yield of an external metabolite (e.g. biomass
formation)'* *°. The corresponding linear programming problem can be formulated as:
Maximize a;.x
Subjectto A'.x=b"and0 < x < (2)
where, a; stands for all the elements of i"™ row of matrix A or in other words, the accumulation rate of i external
metabolite used as an objective function. A’ matrix and b’ vector are obtained from A and b by removing the it

row, corresponding to the extracellular metabolite.

The elements of the b’ vector are experimentally determined quantities. However, measurements of all the external
metabolites may not be experimentally feasible. In such a scenario, the rows corresponding to the non-measured

metabolites form A’ matrix and b’ vector can be eliminated and thereafter, the vector x can be evaluated using linear
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optimization technique as stated above (Supplementary file 2, A-EMs) . Equation 2 was solved using “linprog” in
Matlab to obtain the unknown vector x (fluxes of elementary modes, using accumulation rate of a specific external
metabolite as an objective function). For example, column vector b’, contains accumulation rates of seven (glucose,
biomass, acetic acid, butyric acid, acetone, butanol, and ethanol) out of total ten extracellular metabolites (glucose,
biomass, acetic acid, butyric acid, acetone, butanol, ethanol, hydrogen, carbon dioxide, and water). The
accumulation rates were used from a previous experimental study and used to perform elementary mode analysis on
metabolic network in C. acetobutylicum™. The rows of external metabolites namely hydrogen, carbon dioxide and
water (Supplementary file 2, A-EMs), were omitted from the analysis. Matrix A has rank seven, which suggests that
at least seven independent measurements of accumulation rates of external metabolites would be required to satisfy
carbon molar balance. Hence, use of seven out of the ten measurements completely describes the system (analysis

not shown).

Flux distribution in the metabolic network (quantification of all biochemical reactions, Supplementary file 1, Table
S2) of a given organism can be evaluated using matrix of elementary modes, EM, given that the flux vector of
elementary modes is known. Rows of the matrix EM indicate the all biochemical reactions (both internal and
exchange reactions); columns denote the flux of the elementary modes (Supplementary file 2, EM Reaction), and
elements of the EM matrix are the corresponding stoichiometric coefficients. Exchange reactions are meant for
reactions involved in transporting the external metabolites. YANAsquare software stores the EM matrix in memory
during generation of elementary modes for a given set of biochemical reactions of an organism. Thus, flux
distribution in the metabolic network (f) can be evaluated using matrix £M and the flux vector of elementary modes
x, using the following equation:
EM.x=f 3

In this work, matrix EM comprises of 42 biochemical reactions (Supplementary file 1, Table S2) and 67 elementary
modes (Supplementary file 1, Table S3); and hence, has dimensions of 42x67. Moreover, f represents the column
vector of 42 elements containing the fluxes of the biochemical reactions of the C. acetobutylicum metabolic

network (Supplementary file 2, EM Reaction).

Page 6 of 42



Page 7 of 42

129
130
131
132
133
134
135
136
137
138
139
140
141

142

143
144
145
146
147
148
149
150
151
152

153

Molecular BioSystems

However, this linear system is an underdetermined system which generates more than one optimal solution. To
handle this problem, two constraints — (i) molar balance among accumulation rates of external metabolites and (ii)
steady state constraint for internal metabolites were used to calculate a unique flux distribution among reactions in
original network under specific growth conditions. To address this issue further, we also performed Flux Variability
Analysis (FVA) to get the extreme (maximum and minimum) values of each flux in the metabolic network. This was
done as per the methodology described in Mahadevan and Schilling (2003)*. Using FVA, we calculate the
maximum and minimum flux values of each reaction/elementary mode. The variability in flux values is highlighted
in Supplementary file 1, Figure 4S. From our analysis, we note that in different possible solution sets, only 14 of the
67 fluxes showed a change in their values (data for Figure 4S in Supplementary file 3). The remaining 53 fluxes are
invariant in our system. In addition, the only changes in the flux variability are quantitative in nature. There are no
reactions or EMs, which changes from an OFF (flux equal to zero) to an ON state (flux greater than zero) across the
optimal solution space. Hence, our analysis is able to predict the specific EMs/reaction in the ON or OFF state under

a given condition.

Experimental Data Used

All experimental data used in this study for EM analysis is from a previous report published from our group™®. All
experimental procedures are described in detail in the text of the reference. Elemental composition of biomass used
in this study was determined through measurement of carbon, hydrogen, nitrogen, and oxygen by CHNO Analyzer
equipped with thermal conductivity detector (FLASH EA 1112 Series, Thermo Finnigan, Italy). Batch fermentation
run was conducted in SL fermentor with working volume of 2L using C. acetobutylicum to obtain biomass samples
for elemental analysis. Fermentation samples were collected at two time points (20h and 40h) followed by
centrifuged (at 10,000 rpm for 10 min),washed (three times with sterilized double distilled water), and dried. Dried
biomass sample in powder form was used in CHNO Analyzer. An average of element percentage at both points for

each component was employed to obtain final biomass molecular formula.
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Metabolic network used for elementary mode analysis

The overall metabolic network of the organism is as shown in Figure 1. The biphasic central metabolic pathway of
the bacterium comprises of a total of 51 metabolites in 42 biochemical reactions. Ten metabolites (biomass, acetic
acid, butyric acid, acetone, butanol, ethanol, hydrogen, carbon dioxide, water, and glucose) were considered as
extracellular metabolites and remaining 41 metabolites were intracellular metabolites. Y ANAsquare, a METATOOL
integrated software tool, was used to generate elementary modes (EMs) from the set of reactions (Table S2 in
Supplementary file 1). Biochemical reactions involved in central metabolism of C. acetobutylicum were obtained
from literature based on KEGG database'>**'*'""*7_ Redox balancing reactions (coupled with ferredoxin) catalyzed
by ferredoxin: NAD(P)H oxidoreductase in hydrogen producing pathway was not annotated in KEGG, hence, the
reaction was fixed as an irreversible reaction as previously reported in literature (for detail see previous section)
(Table S2 in Supplementary file 1). However, we tested the possibility of the reaction to be reversible by assigning
this reaction to be reversible in network analysis. The resulting topology was not found to realize experimental
evidence of producing both acids (acetic and butyric acid) along with biomass formation over the consumption of
glucose (results not shown). Since this was achieved assuming redox balancing reactions to be irreversible, this
suggests that the only possible reduction of NAD" is via coupling with oxidation of ferredoxin in hydrogen

producing pathway to maintain carbon flow.

Transport of glucose to inside the cell takes place through the phosphoenolpyruvate (PEP)-dependent
phosphotransferase system (PTS) in the presence of soluble and membrane components™’. PTS catalyzes uptake and
phosphorylation of glucose simultaneously. Conversion of glucose to pyruvate through glycolytic pathway is
connected with pentose phosphate pathway (PPP). Recently, in two parallel studies, PPP was characterized in C.
acetobutylicum’s metabolic pathway by *C-based isotopomer analysis'*'®. These reports revealed that oxidative
reactions were absent in PPP, which is responsible for conversion of glucose-6-phosphate to ribulose-5-phosphate
associated with NADPH and carbon dioxide synthesis in various organisms. Therefore, we did not consider the
oxidative reactions in network for elementary mode analysis and connectivity between glycolysis and PPP was

incorporated as sole activity of transketolase and transaldolase (Figure 1).
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Moreover, hydrogen producing pathway is linked with pyruvate to acetyl-CoA conversion, and is a crucial pathway
in terms of controlling electron and carbon flow. Ferredoxin: NAD(P)H oxidoreductase and hydrogenase are the key
enzymes of this redox-balancing pathway, which are involved in oxidation of ferredoxin coupled with reduction of
NAD(P)" and hydrogen production respectively (Figure 1)*'. Ferredoxin: NAD(P)H oxidoreductase is not annotated

3615 although it is strongly hypothesized to be playing a role in controlling the electron and

in genome databases
carbon flow"'. In this direction, importance of reduction of NADP" to NADPH in redox balance reactions could be
explained as an alternative pathway for NADPH production in PPP (oxidative pathway), which was found absent'®.
This hypothesis is considered in metabolic network analysis and reactions involved in oxidation of ferredoxin
coupled with reduction of NAD(P)" were assigned to be irreversible'"”. In acidogenesis, ATP for growth is supplied
from glycolysis and acids (acetic acid and butyric acid) producing pathway. It should be noted that butyric acid
synthesis pathway is coupled with ATP formation and conversion of NAD" from NADH, while acetic acid synthesis
is coupled with only ATP formation (Figure 1). Therefore, the strategy controlling the ratio of acetic and butyric
acids likely lies on the balancing of ATP/ATP and NAD'/NADH within the cell*’. In solventogenesis,
dehydrogenation reactions, which are involved in conversion of acetyl-CoA to ethanol and butyryl-CoA to butanol
are NADH-dependent, while production of acetone is dependent on re-assimilation of acetic and butyric acid (Figure
1). Acetic acid has two pathways to be consumed; one is coupled with acetone production and second through

reversible reactions of its production. Butyrate can be utilized only through one pathway which is coupled with

acetone synthesis (the reactions involving butyric acid are irreversible)"”.

Biomass with molecular formula (C;H;930050No,) was considered an external metabolite in our analysis. For
biomass formation, ribulose-5-phosphate, glycerate-1, 3-diphosphate, phosphoenolpyruvate, pyruvate, and acetyl-
CoA associated with energy equivalents such as NADH, NADPH, and ATP was taken in account as precursors
(Supplementary file 1). Moreover, carbon flow towards biomass formation from amino acids through citric acid
cycle was balanced by stoichiometry of precursors of citric acid cycle like pyruvate and acetyl-CoA without

including detailed reactions of citric acid cycle'®".
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208  Results and Discussion

209 Elementary Modes (EMs) in the metabolic network of C. acetobutylicum

210  Based on our understanding of Clostridium metabolism as described in the methods section, a total of 67 elementary
211 modes were obtained for further analysis (Figure S1 and Table S3 in Supplementary file 1). For analysis, we
212 categorized the 67 EMs in three groups, Group 1 (5 EMs), Group 2 (23 EMs), and Group 3 (39 EMs), based on the
213 direction of carbon flow and end products observed in each. Group 1 EMs comprise of those which use glucose as
214 substrate and give biomass, acetic acid, and butyric acid as products. Group 2 EMs are responsible for
215 solventogenesis. These use glucose, acetic acid, butyric acid as substrates; and produce acetone, butanol, and
216 ethanol. There is no biomass formation in any of the group 2 EMs. The Group 3 EMs include fluxes which involve
217 use of glucose as substrate, and production of biomass, acetic acid, butyric acid, acetone, butanol, and ethanol as
218 products.

219

220 Group 1: Acidogenesis EMs

221 Out of a total of 67 EMs, Group 1 consists of five (EM1-EMS); these are involved exclusively with formation of
222 biomass, acetic acid and butyric acid from consumption of glucose (Figure S1 and Table S3 in Supplementary file
223 1). Three EMs (EM1, EM2 and EMS5) were associated with biomass synthesis coupled with butyric acid formation.
224 All EMs in this group were linked with formation of butyric acid, which signifies that butyric acid synthesis in
225 acidogenesis is essential. No pathway shows biomass formation coupled with only acetic acid. However, biomass
226 synthesis associated with only butyric acid is possible as shown in EM1. The distribution of carbon flux between
227 acetic acid and butyric acid is likely maintained by ratio of NADH and NAD" in redox balancing reaction of
228 hydrogen producing pathway, which is catalyzed by ferredoxin: NAD(P)H oxidoreductase*'. This analysis supports
229 the hypothesis of presence of ferredoxin: NAD(P)H oxidoreductase in C. acetobutylicum’s central metabolic
230 network, which is yet to be annotated experimentally'’. Our analysis shows that growth of the organism is
231 maximized in the acidogenesis phase when all carbon flux is processed through EMS5.

232

233 Group 2: Solventogenesis EMs

234 A total of 23 EMs (EM6- EM28) are associated with formation of solvents (acetone, butanol, and/or ethanol) by

235 consumption of glucose and/or acidogenesis products (Figure S1 and Table S3 in Supplementary file 1). Group 2

10
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EMs specifically comprise those which utilize acids and glucose as substrates and convert them to solvents in the
absence of growth. Interestingly, glucose was associated with all 23 EMs signifying that solventogenesis is only
feasible while the media contains glucose. This behavior has been previously observed in a number of experimental
reports, but not proposed explicitly as a constraint of solventogenesis* *'. No EM was found where either butyric or
acetic acid served as sole carbon source, however, simultaneous utilization of individual/both acids along with
glucose consumption is possible in solventogenesis (EM7, EM8, EM10, EM11, EM12, EM13, EM14, EM16,
EM17, EM19, EM20, EM21, EM23, EM24, EM26, and EM28). Among Group 2 EMs, a total of 22 EMs were
connected with acetone, while butanol and ethanol were linked with 15 and 8 EMs, respectively. Elementary mode
analysis also revealed that synthesis of butanol or acetone is not feasible individually, but is rather coupled together
inl5 EMs. Further, formation of butanol is always coupled with acetone synthesis while acetone can be produced
with either butanol or ethanol or both. Ethanol may be produced as the sole solvent through EM11. No pathway was
detected for synthesis of individual solvent associated with hydrogen. Moreover, no pathway exists where all three
solvents are formed simultaneously, indicating that solventogenesis is likely operated through a linear combination
of a number of elementary modes. The precise objective function(s) employed by the cell in deciding this linear

combination remains an open question.

Group 3: Acidogenesis and Solventogenesis EMs

This group consists of 39 EMs (EM29-EM67) with consumption and production patterns which cannot be classified
as acidogenesis or solventogenesis only. A total of 10 EMs were involved in utilization of glucose and acetic acid
simultaneously for synthesizing different combinations of products, such as: (i) biomass, acids and solvents (2
EMs), (ii) biomass and solvents (4 EMs) (iii) acids and solvents (4 EMs). Consumption of glucose and its
combination with acetic acid or butyric acid, or with both acids was connected with 17 EMs producing biomass and
solvents simultaneously. Moreover, simultaneous production of acids and solvents was detected in 12 EMs over the
consumption of glucose and its combination with acetic acid. The EMs belonging to group 3 are of particular
interest to us as they seem to exhibit features associated with both acidogenesis and solventogenesis. We speculate
that these modes may also help shed light on unexplained phenotype of growth during solventogenesis associated

with C. acetobutylicum™**.

11
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Analysis of active Elementary Modes in "stressed' and "unstressed" acidogenesis and solventogenesis.

Quantification of fluxes in elementary modes was carried out by constraint based linear programming (Equation (2))
using accumulation rates from experimental data and the stoichiometric matrix, S, constructed from the 67 EMs in
the metabolic network. Accumulation rates of seven extracellular metabolites (glucose, biomass, acetic acid, butyric
acid, acetone, butanol, and ethanol) out of total ten extracellular metabolites were measured from experiments to
establish molar balance for quantifying metabolic flux of elementary modes and individual reactions in network. As
mentioned in the methods section, the flux values do not represent a quantitatively unique solution to the flux
values. Our analysis shows that between the many solutions available, only 21 % fluxes show variability in their
values. In addition, from a qualitative perspective, among the many solutions, there is no difference in the list of ON
(EMs with non-zero flux values) and OFF EMs (EMs with flux equal to zero) in each experiment (data not shown).
The data presented in the following sections refers to the condition of optimal growth. However, the results and

analysis hold, if we were to choose any other solution consistent with our experimental data (data not shown).

All accumulation rates were expressed in mM h™' and normalized with respect to glucose of 100 mM h™. This was
done to investigate the flux distribution in the metabolic network under different growth conditions. Towards this
end, we selected data from experiments with growth conditions as defined below:

(a) starting pH of 6.8, or 5.99, or 4.5 (and no control/external interference thereafter) [6.8 is the natural pH of the
media prepared, C. acetobutylicum grows maximally at pH 6, and empirical evidence suggests that transition from
acidogenesis to solventogenesis occurs at around a pH of 4.5);

(b) starting pH at 6.8 and not allowing the pH of the media to drop below 5.0 (upon the start of the experiment, the
pH of the media drops because of acid formation. Once the pH reaches a value of 5.0, base was added to ensure that
the pH value did not drop any further);

(c) starting pH of 4.5, and holding the pH at that value through the course of experiment;

(d) starting culture with 38 mmoles/L acetic acid, or 46 mmoles/L butyric acid (and no control/external interference
thereafter); and

(e) starting with pH 5.99, and diluting with a supernatant of an identical culture after 20 hours of growth.

12
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For our analysis, we classified these experimental conditions as "stressed" or "unstressed". Specifically, by
"unstressed", we mean that once the experiment started, no external control was applied to regulate its pH or any
quantity associated with the growth culture. However, “stressed” indicates that external reagents (stresses) were
added to the media after the start of the fermentation. By this measure, we classify experiments (a) and (d) as
"unstressed" conditions and experiments (b), (c), and (e) as "stressed" conditions. While in conditions (b) and (c),
the external stress is applied as soon as acid formation starts, condition () is subjected to stress after 20 hours. The
normalized accumulation rates, based on consumption of glucose at 100 mM/h, from each of the five conditions
(during both, acidogenesis and solventogenesis) are presented in Table 1 (the raw values associated with each

experiment are presented in Table S7 in Supplementary file 1).

To quantify the network, data was selected from two time-points for each experiment— one time point corresponded
to maximal enzymatic activity during the exponential phase (during acidogenesis) and other time-point corresponds
to early solventogenesis. Selected time points and their corresponding normalized values of accumulation rates for
different fermentation experiments have been listed in Table 1. The data highlights two fundamental differences
between the “stressed” and “unstressed” conditions. First, during the acidogenesis phase, there is no solvent
production in the “unstressed” experiments, but both “stressed” experiments where pH is held constant exhibit
solvent production. The “stressed” experiment (e) does not show any solvent production. But this is not surprising
since in experiment (e), the external stress was only applied at the end of acidogenesis phase in the experiment.
Secondly, during solventogenesis, the “unstressed” experiments exhibited consumption of acids without growth,

whereas the “stressed” experiments exhibited either accumulation of acids and/or biomass production.

Flux distribution in network during acidogenesis under “stressed” and “unstressed” conditions

The normalized flux distribution of the network was almost identical while cells grew under different unstressed
conditions. Similarly, under stress conditions, almost identical flux distribution was observed irrespective of the
quality/quantity of stress (this flux distribution is distinct from the flux distribution in the unstressed conditions)
(Table 1). Based on these results, an average flux distribution was evaluated for both unstressed and stressed (Figure
2(a) and 2(b)) states during exponential growth phase (or acidogenesis). Metabolic flux distribution in glycolytic

pathway and biomass synthesis was almost unchanged irrespective of cells being in stressed or unstressed

13
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320 conditions. Similarly, in both growth environments, the recently characterized PPP in C. acetobutylicum’s network
321 was active to deliver the pentose sugars as a precursor for the formation of cellular components. Our analysis
322 demonstrated that cells maintained similar ratio between fluxes of formation of acids in normal and stressed
323 conditions (flux of extracellular butyric acid was around 40% higher than acetic acid). This was observed to be
324 independent of the pH-stress even though under pH-stress, the organism activated additional pathways like those
325 involved in acid consumption and solvent production. The fluxes of these additional pathways were zero at normal
326 conditions. The net fluxes of extracellular acids were positive values (means acids were accumulated as extracellular
327 metabolites) under stressed conditions. On the other hand, metabolic network of C. acetobutylicum contains enough
328 flexibility in acidogenesis to cope with pH-stress without hampering its growth. These results suggest the robustness
329 of the metabolic network to cope with variability in the environmental conditions, while growing at an optimal rate.
330

331 In hydrogen production pathway, flux of NADP" reduction was 92% and 62% higher than flux of NAD" reduction
332 in normal and stressed conditions respectively(Figure 2(a) and 2(b)). This is because NADPH is required for
333 biomass formation, which is active in both stressed and unstressed conditions during acidogenesis phase. Moreover,
334 flux of NAD" reduction was 74.4% higher in stressed culture than in the case of normal conditions. This may be as a
335 result of high requirement of NADH for NADH-dependent enzymes involved in ethanol (acetaldehyde
336 dehydrogenase and alchohol dehydrogenase) and butanol (butyraldehyde dehydrogenase and butanol
337 dehydrogenase™) production under stress conditions in acidogenesis, while in normal growth conditions NADH is
338 required during the carbon flow towards butyric acid only. This illustrates that NADH/NAD" ratio is directly
339 involved in regulating carbon flow in network. More precisely, pathway analysis postulated that this ratio induces
340 alternative pathways towards solvent production for sustaining growth even during stressed environment. Flux of
341 conversion of acetoacetate to acetone was exclusively dependent on (or coupled with) fluxes of reactions involved in
342 intracellular assimilation of acids at all tested conditions.

343

344 Apart from pH-induced stress and unstressed growth conditions, we tested flux distribution on addition of
345 acetic/butyric acid to the media (Tables 1)**. The idea behind this investigation was to identify the pathways which
346 take part in regulating amount of acids inside the cell. Figure 3 represents the flux distribution in the network

347 (acidogenesis) calculated from two separate experiments which were performed by addition of acetic acid and
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butyric acid at the start of the fermentation experiment. The flux distribution in glycolytic pathway was invariant
with respect to the effect of additional acids in media and there was no flux for reactions involved in solvent
production, which suggests that solvent producing enzymes were not active on addition of either acids individually
during acidogenesis. Most significantly, addition of acetic acid resulted in inactivity of enzymes responsible for
acetic acid production (though we do not discount the likelihood of changes in expression levels of the enzyme).

Moreover, addition of acetic acid did not affect biochemical reactions involved in butyric acid production.

Addition of butyric acid reduced the rate of reactions involved in butyric acid production (phosphotransbutyrylase,
and butyrate kinase) by 30%, although the flux of reactions of acetic acid was unaffected. Similar effect was seen for
the activity of ferredoxin: NADH oxidoreductase for reducing NAD" as indicated above ratio of NADH/NAD"
affect carbon flow towards production of butyric acid. Addition of butyric acid also enhanced the flux of hydrogen

evolution by 58%. This is likely due to the fact that redox reactions of ferredoxin are limited to carbon flow.

In spite of robustness of acid-producing pathways, assimilation of acids illustrates fragility of metabolism (details in
next section). In general, network fragility implies that perturbation of even a single reaction can cause significant
disruption of metabolic network. Additionally, flux of a reaction catalyzed by hydrogenase for hydrogen production
was similar in acidogenesis under both stressed and unstressed conditions (Figure 2(a) and 2(b)). Similar values of
flux at different growth conditions show the robustness of reaction. Overall, except activation of solvent-producing
pathways under stresses conditions, our results suggest that pH-stress is unable to significantly alter the metabolic
activity of the organism during acidogenesis phase. As mentioned before, these results emphasize the robustness of
the metabolic network in its ability to sustain biomass production in the acidogenesis phase under a variety of

stresses.

Flux distribution for solventogenesis in network under “stressed” and “unstressed” conditions

Unlike during acidogenesis, significant qualitative variation was observed in flux distribution patterns in
solventogenesis phase between three uncontrolled fermentation experiments staring with a pH of 6.8, 5.99, and 4.5
(Figure 4(a) and Table 1). Comparative analysis of three unstressed conditions shows an invariant flux distribution

in glycolytic pathway. Moreover, no carbon flow was observed in PPP as precursors synthesized from PPP were
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376 connected to only biomass formation pathway, which was inactive during solventogenesis. Further, activity of
377 Ferredoxin: NADPH oxidoreductase was absent because of absence of biomass synthesis. It should be noted that
378 flux of NAD" reduction for oxidizing ferredoxin was 38% and 43% higher at initial pH 5.99 than 6.8 and 4.5
379 respectively. This was because fluxes of solvent producing reactions were higher at initial pH 5.99 and enzymes
380  involved in solventogenesis are NADH-dependent. Therefore, solventogenesis phase required higher NADH pool.
381 However, normalized flux of hydrogen evolution at initial pH 5.99 was two-fold lesser than in the case of pH 6.8
382 and 4.5 as protons pool moves towards reducing NAD" (Figure 1 and 4(a)). Remarkably, our analysis suggests that
383 the distribution of fluxes between these two competitive reactions (reduction of NAD" and hydrogen evaluation)
384 depends on the initial pH of the media. When fermentation started with an initial pH of 5.99, rapid accumulation of
385 acids makes the pH drop to 4.5. At this pH, elementary mode analysis suggests low/no production of intracellular
386 acids and high consumption of extracellular acids stimulates carbon flow towards solvent production. At the
387 corresponding time in the experiments with starting pH of 6.8 and 4.5, the intermediate pH was below 4.0.

388

389 Solventogenesis phase also can be explained as survival strategy of the organism to consume and hence reduce the
390 stress because of the acids. However, at initial uncontrolled pH level of 6.8 and 4.5, flux distribution postulated
391 significant activity of acids producing enzymes simultaneously with consumption of acids. Notably, at initial pH 4.5
392 (intermediate pH below 4.0), acid (both, acetic and butyric) production and consumption in cell was carried out
393 internally only (zero flux for consumption of extracellular acids). It shows that organism can maintain cyclic
394 production and consumption of acids inside the cell for solvent production without consuming extracellular acids.
395 On the other hand, metabolic network comprises alternative pathway for acids consumption when pathways for
396  external acid consumption were not active. This coupling of acid consumption and solvent production or compulsion
397  of acid consumption for solvent production shows a rigid node in the network. Specifically, extracellular and
398 intracellular consumption of acetic acid can be carried out through two pathways — reversibly with production of
399 acetic acid and irreversibly coupled with acetone production (Figure 1). On the basis of flux distribution, both these
400 pathways are in operation together or individually in solventogenesis under unstressed and stressed conditions.
401 Unlike acetic acid, consumption of butyric acid happens via a single pathway and is coupled with acetone
402 production. Therefore, acetone production is dependent on enzymes involved in acetic and butyric acid

403 consumption.
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Different stressed conditions showed qualitatively similar flux distribution in network (solventogenesis). An average
of normalized flux was determined and indicated in Figure 4(b). No significant difference in flux distribution was
seen between acidogenesis (Figure 2(b)) and solventogenesis (Figure 4(b)) under stressed conditions except that
activity of enzymes involved in NADP' reduction (ferredoxin-NADPH oxidoreductase), PPP
(phosphopentoseisomerase, phosphopentoseepimerase, transketolase, transaldolase) was nil along with no biomass
formation during solventogenesis. Under stressed conditions (constant pH levels), the bacterium demonstrated
production of acids and solvents in both metabolic phases (acidogenesis and solventogenesis). Results of EMA
illustrated that difference in flux distribution of biochemical reactions involved in acid and solvent production was
not significant from one phase to another. Moreover, solventogenesis under stressed conditions showed 61% higher
evolution of hydrogen than acidogenesis. This is because ferredoxin-NADPH oxidoreductase was not active here
because of absence of biomass formation, so as competitive pathway, activity of hydogenase was high for evolving
hydrogen to maintain the proton concentration balance across the cell membrane (proton motive force).Comparative
analysis of metabolic flux distribution, in solventogenesis under stressed and unstressed conditions (Figure 4(a) and
4(b)) suggests that net fluxes are positive for consumption of extracellular acids simultaneous with solvent
production (there was no consumption of extracellular acids) under stressed condition unlike unstressed conditions.
It should be noted that in spite of zero consumption of external acids, pathways of internal acids consumption were
active under stressed condition in acidogenesis and solventogenesis. This is also observed under normal growth
conditions during solventogenesis. In summary, reversible reactions involved in acid production/consumption are
associated with solvent production whether cells grow under unstressed or stressed growth conditions. It implies that
perturbation in reactions involved in internal acids production may cause complete blockage of solvent producing

pathways.

Figure 5 demonstrates the flux distribution in network during solventogenesis phase of a culture started with
addition of butyric acid. It should be noted that solvents were not detectable during solventogenesis for the
fermentation experiment with addition of acetic acid. Some variations were noteworthy in solventogenesis due to the
addition of butyric acid to the culture. Owing to high amount of butyric acid in culture, flux of reactions of butyric
acid production as well as reduction of NAD' was considerably reduced. Similarly, flux distribution from

actoacetyl-CoA to butyryl-CoA was lower than what was found in other growth conditions. Therefore, butanol
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432 production was dependent on consumption of extracellular butyric acid for carbon and on conversion of
433 glyceraldehyde-3-phosphate to glyceraldehydes-1,3-diphosphate for NADH requirements. Slow rate of acetic acid
434 producing reactions were detected. Moreover, biomass formation and associated PPP reactions were active, although
435 the bacterium had entered solventogenesis.

436

437 Activation of group 3 Elementary Modes in “stress” conditions

438 Flux distribution in particular EMs was determined using experimental accumulation rates at selected time points in
439  all experiments. In all unstressed experiment, only EMs of group 1 were active during acidogenesis. These EMs are
440  associated with formation of acids and biomass. In these experiments, during solventogenesis, EMs of Group 1 and
441 Group 3 were not functional and only EMs of Group 2 were in operation to produce solvents over the consumption
442 of glucose and acids produced in acidogenesis. This switch in elementary modes quantitatively represents the
443 qualitative shift in the behavior of the organism as it enters solventogenesis. Interestingly, no EM from Group 3 was
444 activated in either of the metabolic phases under unstressed conditions (Figure 6).

445

446 Our analysis represents a qualitatively different behavior of the bacterium in stressed conditions. In these
447 experiments, EMs from all three groups were found to be active simultaneously in metabolic network (during both
448 acidogenesis and solventogenesis). The molar fluxes associated with each experiment during acidogenesis and
449 solventogenesis are as shown in Figure 7. This demonstrates that the bacterium is able to modulate its cellular fluxes
450 and invoke additional EMs in response to external stresses. Our quantitative flux distribution in unstressed and
451 stressed conditions clearly demonstrates that there is a qualitative change in the behavior of the organism when
452 external stress is imposed on the culture. We do not discount the possibility that external stresses create
453 heterogeneity in the population with different fractions committed to acidogenesis and solventogenesis. We
454 speculate that the additional EMs (whether invoked in a single cell, or arising in our analysis because of
455 heterogeneity in our samples) act as a strategy employed by the bacterium to aid survival in presence of external
456 stress. While the organism is prepared for tolerating the cellular stress imposed by its own fermentation, presence of
457 external stress invokes additional EMs/heterogeneity in the organism.

458
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Analysis of organism’s strategies for consumption of substrates in solventogenesis

Elementary mode analysis was also employed to analyze organism’s strategies for consuming three substrates
(glucose, acetate, and butyric acid) in solventogenesis. Metabolites such as hydrogen, butanol, acetone and ethanol
were selected as objective functions to find out the feasible phenotypic space or optimized solution space in
metabolic network of C. acetobutylicum. Optimized solution space states that minimum to maximum range of
substrates (glucose, acetic acid, and butyric acid) consumption rate simultaneously in solventogenesis for optimizing
hydrogen, butanol, acetone, and ethanol individually. Constrained optimization by linear programming was used to
maximize each objective function to investigate feasible contribution of substrates (glucose, acetic acid, and butyric
acid) in solvent production. Glucose consumption rate was kept fixed as 100 mM h"' and normalized consumption
rates of acetic acid and butyric acid with respect to glucose was unbounded within the determined feasible ranges of
0-400 mM h™ and 0-100 nM h'respectively.These feasible ranges demonstrate that organism would not consume
the acetic acid and butyric acid more than the rate of 400 and 100 mM h™', respectively at fix glucose rate of 100
mM h' in solventogenesis. Feasible ranges of substrates were found to be equal for maximizing hydrogen, ethanol,
acetone, and butanol individually. Above feasible ranges of acids and glucose consumption rate have been assigned

in methodology to find out the maximum production rate of hydrogen, ethanol, acetone, or butanol.

Figure 8 shows the feasible solution space for accumulation rates of butanol, acetone, ethanol, and hydrogen with
respect to normalized consumption rate of acetic acid and butyric acid. The maximum butanol accumulation rate
was 140 mM h™' corresponding consumption rates of glucose and butyric acid equal to 100 mM h'each and that of
acetic acid in the range 80-320mM h™'. Further, acetic acid consumption rate from 320-400 mM h™' enforces increase
in acetone production rate, while butanol production rate was decreased during this range of acetic acid. This may be
because of carbon flow from glucose and acetic acid to acetone as acetic acid re-assimilation is coupled with acetone
production. In contrast, butyric acid re-assimilation is also coupled with acetone production, although there are no
biochemical reactions available for carbon flow from butyric acid to acetone. Our results show the butanol
production is strongly dependent on butyric acid consumption, and at any given value of butyric acid consumption is

independent of acetic acid consumption rate.
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486 Similarly, other three objective functions (acetone, ethanol, and hydrogen) were maximized to find out optimized
487 solution space for metabolites (Figure 9, and Figure S2 and S3 in Supplementary file 1). Maximum accumulation
488  rates of acetone was obtained 300 mM h'on the acetic acid consumption rate of 400 mM h™ and butyric acid
489 consumption rate of 100mM h™'(Figure 9). Optimizing yields of butanol or acetone leads no ethanol production.
490 Synthesis rate of ethanol was highest (200 mM h™) for all the feasible consumption rates of acetic acid with no
491 consumption of butyric acid (Figure S2 in Supplementary file 1). These results demonstrate that ethanol production
492 is not dependent on butyric acid consumption in the metabolic network of C. acetobutylicum. Moreover, maximum
493 hydrogen evolution rate of 200 mM h"' was achieved at the entire feasible consumption rates of acetic acid and
494 butyric acid (Figure S3 in Supplementary file 1). It means that hydrogen production is connected solely with
495 glucose consumption pathway in network.

496

497 Calculation of maximum theoretical yield of metabolites

498 Last, we used EMA to determine of maximum theoretical yields of external metabolites and identification of
499 concerned EMs is important to help optimize yield of target product(s). Therefore, maximum theoretical yield was
500  calculated for various external metabolites from different carbon sources involved in acetone-butanol-ethanol (ABE)
501 fermentation. Maximum theoretical yield of biomass on utilization of glucose alone was 0.85 moles per mole of
502 glucose, which is associated with only EM5. Theoretical yield of acetic and butyric acid on glucose are 0.67 moles
503 and 1 mole per mole of glucose respectively (EM4 for acetic acid and EM3 for butyric acid). Further, maximum
504 theoretical yield of butanol is 0.47 moles on utilization of each mole of glucose, acetic acid, and butyric acid
505 simultaneously, while butanol carried a yield of 0.8 mol mol™ through two EMs (EM18 and EM25) utilizing glucose
506 as only carbon source. Interestingly, these modes (EM18 and EM25) showed complete intracellular assimilation of
507  both acids. Here, complete intracellular assimilation of acids indicates consumption of the acids produced and
508 accumulated inside the cell (no secretion in surrounding media). Similarly, this topology of acids assimilation was
509 seen during maximum theoretical yield of acetone on glucose (0.60 moles per mole of glucose). Additionally,
510 elementary modes involved in maximum yield of butanol on glucose carried no production of hydrogen as the
511 network uses hydrides for producing NADH in redox reaction, which is required for butanol production. In contrast,
512 acetone production pathway does not require NADH and moves the network to produce hydrogen so as to maintain

513 an optimum proton concentration in cytoplasm and pH gradient across the cell membrane’'.
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Apart from butanol and acetone, ethanol carried a maximum theoretical yield of 2 moles per mole of glucose from
EM6, which showed production of ethanol as an individual solvent on glucose. However, none of ethanol producing
elementary modes was involved in production of ethanol via the consumption of butyric acid (alone or in
combination with glucose and acetic acid). In addition, the maximum theoretical yield of hydrogen was found to be

2 moles and 1 mole on glucose alone and on the combination of glucose, acetic acid and butyric acid, respectively.
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522  Conclusions

523 In this work, we have analyzed the metabolic network of the bacterium C. acetobutylicum using elementary modes
524 under a variety of environmental conditions. Experimental evidence regarding dynamics of C. acetobutylicum
525 growth is conflicting, with some reports claiming that solventogenesis does not support growth™®, while others
526 demonstrating growth in solventogenesis®*. Our analysis demonstrates that depending on the EMs active at a
527 particular time, the bacterium may/may not exhibit growth during the solventogenesis phase of metabolism. Further,
528 our analysis shows that growth during solventogenesis is triggered by environmental stresses. This is done by
529 invoking EMs which couple solventogenesis and biomass formation. Interestingly, in the absence of external stress,
530 these EMs are in the OFF state (fluxes equal to zero) in all conditions tested in this study. Growth during stress
531 conditions is likely a strategy to maximize the chances of survival when conditions are not ideal. Stress has also
532 been reported to enhance gene expression of genes responsible for sporulation (and induce spore formation), again,
533 increasing the chances of survival during harsh conditions’. An open question remains that why are these additional
534 EMs not activated during unstressed conditions? Perhaps the internal mechanisms of the bacterium enable it to
535 counter the stress generated in undisturbed conditions, and the additional EMs are only invoked at the time of an
536 external stress (as against the one generated by its own acid production). The precise cue that triggers these EMs
537  remains a focus of our future studies. In addition, the response of the cell at a single-cell resolution is another open
538 ended question. It is quite likely that the bacterium prefers to split the population into heterogeneous groups, in order
539 to maximize chances of survival.

540

541 Our analysis also highlights some of the subtle features of the network. Pathways involved in butyric acid
542 production were active during all the stressed and unstressed conditions. The resulting butyric acid was either
543 transported out of the cell or consumed inside the cell. These pathways can be considered as rigid nodes in the
544 network. Production of acetic acid was controlled by its accumulation in media, while butyric acid has collective
545 controlled mechanism by its accumulation in media and redox balance reactions of ferredoxin. Additionally, our
546 analysis suggests that conversion of butyric acid to butyryl-CoA is likely a key step to control the production of

547 butanol.

548
549
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Figure captions

Figure 1 Schematic diagram of C. acetobutylicum metabolic network. Dotted box indicates cell membrane.
Metabolic reactions are indicated using arrows. Arrows which cross the cell membrane are transport reactions

indicating transfer of external metabolites.

Figure 2 Flux distribution during acidogenesis in C. acetobutylicum metabolic network under unstressed and
stressed conditions. (a) Average flux values in uncontrolled fermentation experiments with starting pH as 6.8, 5.99,
and 4.5. (b) Average flux values in a fermentation with starting pH as 6.8 and holding it thereafter at 5.0, and
another experiment with a constant pH of 4.5. Fluxes/rates of reactions were determined in mM h™. Fluxes with
negative sign indicate that the reaction is proceeding in a direction indicated by gray arrows. All abbreviations are

expanded in Table S1 in the Supplement.

Figure 3 Flux distribution during acidogenesis in C. acefobutylicum metabolic network for the fermentations, which
were started with addition of acetic or butyric acid. The two numbers against each reaction (arrow) indicate the flux
corresponding to experiment with prior addition of acetic acid (top number) or butyric acid (bottom number).
Fluxes/rates of reactions were determined in mM h'. Fluxes with negative sign indicate that the reaction is

proceeding in a direction indicated by gray arrows. All abbreviations are expanded in Table S1 in the Supplement.

Figure 4 Flux distribution during solventogenesis in C. acetobutylicum metabolic network under unstressed and
stressed conditions. (a) Flux values in fermentation experimentations done under uncontrolled pH 6.8, 5.99, and 4.5
(top, middle, and bottom respectively). (b) Average flux values fermentations under starting pH with 6.8 and
holding it constant at 5.0 and experiment with a constant pH of 4.5. Fluxes/rates of reactions were determined in
mM h™'. Fluxes with negative sign indicate that the reaction is proceeding in a direction indicated by gray arrows.

All abbreviations are expanded in Table S1 in the Supplement.

Figure 5 Flux distribution during solventogenesis in C. acetobutylicum metabolic network for fermentation

experiment which was started with addition of butyric acid. Fluxes/rates of reactions were determined in mM h™'.
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Fluxes with negative sign indicate that the reaction is proceeding in a direction indicated by gray arrows. All

abbreviations are expanded in Table S1 in the Supplement.

Figure 6 Flux distribution in individual elementary modes under various unstressed conditions (a) uncontrolled
starting pH of 6.8 (acidogenesis and solventogenesis), (b) uncontrolled starting pH of 5.99 (acidogenesis and
solventogenesis), (¢) uncontrolled starting pH of 4.5 (acidogenesis and solventogenesis) (d) starting culture with 38
mmoles/L acetic acid (acidogenesis), and (e) starting culture with 46 mmoles/L butyric acid (acidogenesis and
solventogenesis). Flux is expressed in mM h'. EM1-EM5, EM6-EM28, and EM 29-EM67 represent Group 1 ,
Group 2, and Group 3, respectively. Black and gray colors represent fluxes in acidogenesis and solventogenesis,

respectively.

Figure 7 Flux distribution in elementary modes under stressed conditions. (a) and (b) starting pH at 6.8 and not
allowing the pH of the media to drop below 5.0 (acidogenesis and solventogenesis, respectively), (¢) and (d)
starting pH of 4.5, and holding the pH at that value through the course of experiment (acidogenesis and
solventogenesis, respectively), (e) and (f) starting with pH 5.99, and diluting with a supernatant of an identical
culture after 20 hours of growth (acidogenesis and solventogenesis, respectively) (d) starting culture with 38
mmoles/L acetic acid (acidogenesis), and (e) starting culture with 46 mmoles/L butyric acid (acidogenesis and
solventogenesis). Flux is expressed in mM h'. EM1-EM5, EM6-EM28, and EM 29-EM67 represent Group 1,
Group 2, and Group 3, respectively. Black and gray colors represent fluxes in acidogenesis and solventogenesis,

respectively.

Figure 8 Feasible solution spaces for butanol synthesis with respect to acetic acid and butyric acid consumption in
C. acetobutylicum. Consumption rate of glucose was fixed (100 mM h™), and consumption rate of acetic acid and
butyric acid were varied within the determined feasible range of 0-400 mM h™ and 0-100 nM h™' respectively.

Butanol synthesis was considered as objective function to find optimized solution spaces.

Figure 9 Feasible solution spaces for acetone synthesis with respect to acetic acid and butyric acid consumption in

C. acetobutylicum. Consumption rate of glucose was fixed (100 mM h™), and consumption rate of acetic acid and
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butyric acid were varied within the determined feasible range of 0-400 mM h"' and 0-100 nM h™' respectively.

Acetone synthesis was considered as objective function to find optimized solution spaces.
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Table captions

Table 1 Normalized accumulation rates (mM h™') of external metabolites with respect to glucose (100 mM h™)

during acidogenesis and solventogenesis in C. acetobutylicum under unstressed and unstressed conditions.
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Table 1
External Normalized accumulation rate with respect to glucose (100 mM h™)
2
S | metabolites
= Unstressed conditions Stressed conditions
—?2 Initial pH Initial pH Initial pH Addition of Addition of Starting with 6.8 Constant pH  Diluted
]
= 6.8 5.99 4.5 acetic acid butyric acid and holding at 5.0 4.5 culture
Glucose -100 -100 -100 -100 -100 -100 -100 -100
Biomass 68.4 71.8 75 60.7 80.5 61.0 60.0 83.8
» | Acetic acid 349 355 36.7 0 37.3 27.5 28.9 35.0
b
a Butyric acid | 60 59.6 58 80.9 56.0 40.0 40.3 56.1
s
3 Acetone - - - - - 9.0 8.7 -
Butanol - - - - - 14.5 13.9 -
Ethanol - - - - - 7.0 7.5 -
Glucose -100 -100 -100 -100 -100 -100 -100 -100
Biomass - - - - 35 - - 14.4
-2 | Acetic acid -22.5 -26.2 0 - 18.6 40.0 39.9 -11.9
Q
<]
% Butyric acid | -4.8 -49.5 0 - -69.9 50.3 47.8 =253
]
i:) Acetone 54.6 60 41 - 70.0 10.0 11.0 52.0
%)
Butanol 61 87.6 49.7 - 78.0 16.5 17.3 66.9
Ethanol 1.0 30 18.1 - 3.0 6.5 8.0 15.7




