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Summary

A refined Desulfovibrio vulgaris Hildenborough flux
balance analysis (FBA) model (iJF744) was devel-
oped, incorporating 1016 reactions that include 744
genes and 951 metabolites. A draft model was first
developed through automatic model reconstruction
using the ModelSeed Server and then curated based
on existing literature. The curated model was further
refined by incorporating three recently proposed
redox reactions involving the Hdr-FIx and Qmo com-
plexes and a lactate dehydrogenase (LdhAB, DVU
3027-3028) indicated by mutation and transcript anal-
yses to serve electron transfer reactions central to
syntrophic and respiratory growth. Eight different
variations of this model were evaluated by comparing
model predictions to experimental data determined
for four different growth conditions - three for sulfate
respiration (with lactate, pyruvate or H,/CO,-acetate)
and one for fermentation in syntrophic coculture. The
final general model supports (i) a role for Hdr-FIx in
the oxidation of DsrC and ferredoxin, and reduction
of NAD™ in a flavin-based electron confurcating reac-
tion sequence, (ii) a function of the Qmo complex in
receiving electrons from the menaquinone pool and
potentially from ferredoxin to reduce APS and (iii) a
reduction of the soluble DsrC by LdhAB and a func-
tion of DsrC in electron transfer reactions other than
sulfite reduction.

Introduction

Most biogeochemical transformations are mediated by a
community of interacting organisms that together share
the available free energy of a reaction sequence. In turn,

the organisms that participate in the food webs that sus-
tain major environmental processes exhibit considerable
metabolic flexibility, serving for the assembly of different
interaction networks in response to shifting nutrient
availability. This adaptive flexibility is exemplified by the
sulfate-reducing bacteria. For example, the model sul-
fate reducer Desulfovibrio vulgaris Hildenborough partici-
pates in the reductive steps of both the sulfur and
carbon cycles, producing sulfide when growing by sul-
fate respiration (Voordouw, 1995) and contributing to
methane production when syntrophically coupled with a
hydrogenotrophic methanogen by interspecies Hy/for-
mate transfer (Walker et al., 2009). The very different
energy environments associated with these two lifestyles
require a shuffling of electron transfer systems to main-
tain redox balance and to service energy recovery for
maintenance and growth (Meyer et al, 2013a). This
metabolic versatility is reflected by the abundance of
energy conservation associated proteins in D. vulgaris
Hildenborough, many of which appear redundant, for
example, the multiple periplasmic hydrogenases,
membrane-bound electron-transferring complexes and
electron carriers.

The complexity of the electron transfer system has
complicated a fully reductionist understanding of the
metabolic flexibility of D. vulgaris Hildenborough growth
under different environmental conditions. Even with
more recent advances in genetic methods (Fels et al.,
2013; Kuehl et al.,, 2014) and gene expression analyses
(Walker et al., 2009; Pereira et al., 2008; Meyer et al.,
2013b), the model of the electron transfer system sus-
taining growth by sulfate respiration is still evolving (Kel-
ler and Wall, 2011; Pereira et al., 2011; Keller et al.,
2014) with improved understanding of the coupling
mechanisms of the different interacting redox proteins,
for example, the multiple lactate dehydrogenases (Ldhs)
encoded in the genome of D. vulgaris Hildenborough
(Keller and Wall, 2011; Meyer et al., 2013b; Keller et al.,
2014; Vita et al, 2015). Reported as membrane-
associated proteins based on a study of Desulfovibrio
desulfuricans, the Ldhs were initially assumed to ener-
getically couple lactate oxidation with reduction of the
menaquinone pool (Czechowski, M.H, and Rossmoore,
1990). However, a recent study reported the oligomeric
LdhAB (DVU3027-3028) to contain subunits similar to



the iron-sulfur subunits of heterodisulfide reductase
(HdrB/HdrD), suggesting an interaction with a dithiol/
disulfide containing electron carrier rather than the
menaquinone pool (Pereira et al, 2011; Meyer et al.,
2013b). It was hypothesized that oxidation of lactate by
LdhAB can be coupled to reduction of oxidized DsrC,
the reduction of DsrC pulling the reaction (Meyer et al.,
2013a,b). During syntrophic growth, reoxidation of DsrC
was suggested to be mediated by a flavin-based elec-
tron confurcation involving reduced ferredoxin and the
Qmo membrane complexes (Fig. 1). In contrast, during
sulfidogenic growth DsrC is predicted to function by
receiving electrons from three alternative membrane
complexes (DsrMJKOP - DVU1286—-1290, HmcABCDEF
- DVUO0531-0536 or TmcABCD -DVU0263-0266).
Reduced DsrC was recently predicted to function as a
carrier of the sulfur atom originating from sulfite, gener-
ated by an initial two-electron reduction and dehydration
step of sulfite by the sulfite reductase DsrAB (DVU0402-
3) to form an S" intermediate and second two-electron
reduction step mediated by the two conserved cysteine
residues of DsrC which leads to a protein-based S° tri-
sulfide (Santos et al., 2015). A subsequent four-electron
reduction by the DsrMJKOP complex then releases sul-
fide and recycles DsrC, thereby coupling sulfite reduc-
tion to energy conservation.

Similarly, the HdrABC-FIXABCD (for heterodisulfide
reductase/NADH oxidoreductase, DVU2398-2404) com-
plex has been previously proposed to be involved in
electron bi-/confurcation to partition electrons between
ferredoxin, NADH, and a dithiol electron carrier (likely
DsrC, DVU2776) (Meyer et al., 2013b; Pereira et al.,
2011; Price et al., 2014). However, since the in vivo
electropotential of DsrC is not known, it is uncertain
whether the electrons from reduced ferredoxin and DsrC
are confurcated into NAD™, or alternatively, reduced fer-
redoxin and NADH confurcate their electrons to reduce
an oxidized DsrC. Although direct biochemical evidence
is not available, two recent mutant studies of Desulfovi-
brio alaskensis G20 (Meyer et al., 2014) and D. vulgaris
Hildenborough (Ramos et al., 2015) presented the first
evidence for the second reaction sequence.

Lastly, previous models of sulfate reduction pathways
predicted that electrons for adenosine 5’-phosphosulfate
(APS) reduction were derived solely from the menaqui-
none pool via the quinone-interacting membrane-bound
oxidoreductase (QmoABCD, DVU0848-0851), but a
recent study suggested that an additional lower redox
potential partner is needed in another electron confurca-
tion process to help drive the reaction, since the redox
potential difference between menaquinone oxidation
(EYMQ/MQH, —75 mV) and APS reduction (E”APS/
so§* = —60 mV) is small (Ramos et al, 2015). While
these new proposed reactions were informed by protein
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Fig. 1. Predicted Qmo complex reaction under lactate fermentation
conditions. Red Circles are enzymatic proteins and blue circles rep-
resent metabolites.

structure analysis and thermodynamic considerations,
none of these variants have been evaluated in the con-
text of the associated metabolic network.
Constraint-based metabolic modelling uses the geno-
mic content of a microbial genome to predict all central
metabolic reactions of the respective microorganism.
Using previously published biochemical and thermody-
namic knowledge of these reactions, a stoichiometrically
and charge-balanced network of reactions is constructed
and constrained. Additionally, a reaction is added to
account for biomass production based on the composi-
tion of the organism. Using the biomass equation, the
expected growth of the organism can be predicted under
various environmental growth conditions through using
flux balance analysis (FBA) to find which pathway
through the reaction network will maximize a cellular
process. For this study, we assume the primary objec-
tive is biomass production. Since the reaction network is
underdetermined, there are multiple pathways that result
in the same solution. However, the resulting models can
be combined with various ‘omics’ data for refining the
expected growth which render them useful for predicting
gene essentiality (Lewis et al., 2010) as well as strate-
gies for metabolic engineering (Burgard et al., 2003).
Our previous study developed a constraint-based FBA
model for D. vulgaris Hildenborough as part of a broader
study that investigated its syntrophic interactions with
Methanococcus maripaludis S2 (Stolyar et al., 2007).
While the model was sufficient to effectively predict the
interactions within the constrained conditions tested, it
only contained 89 reactions, which were not linked to
their associated genes. Additionally, that model did not
fully capture the metabolic versatility of Desulfovibrio
species, nor did it incorporate new understanding of
associated electron transfer reactions. We, therefore,
developed a revised, more complete constraint-based
FBA model of D. vulgaris Hildenborough incorporating
new understanding of central redox systems for the dif-
ferent growth modes. Several model versions, examining
alternative electron transfer systems, were used to



explore the importance of those systems to
sulfate respiratory (lactate, pyruvate or H,-acetate
consuming) and lactate fermentative syntrophic, growth
modes. The revised model captured most features of
these alterna-tive Desulfovibrio lifestyles and offers a
framework to fur-ther refine the role of the supporting
electron transfer systems.

Results and discussion
FBA model refinement

Using the recently improved annotation of the D. vulgaris
Hildenborough genome (Price et al, 2011), our initial
model reconstruction was auto-generated using the
ModelSeed Server (Henry et al., 2010). The model was
then manually curated by adding missing reactions in
metabolic pathways through literature search as well as
by comparing genes present to published KEGG and
MetaCyc pathways and for D. vulgaris Hildenborough
(Schellenberger et al., 2010; Caspi et al., 2014), and the
reversibility of reactions were adjusted based on previ-
ous predictions in other organisms (Schellenberger
et al., 2010). As part of the curation, reactions in the
electron transfer pathway for both sulfate respiration and
syntrophic fermentation included recent advances in our
knowledge of electron carrier-redox protein interactions
(Venceslau et al.,, 2010; Pereira et al., 2011; Ramos
et al., 2012; Meyer et al., 2013a,b; 2014). To simplify
the model, both periplasmic hydrogenases (HynAB,
HydAB) were treated as a single reaction since they cat-
alyse the same reaction. The biomass equation was
based on modifying the equation from Escherichia coli
model (iIAF1260) (Feist et al., 2007). The resulting D.
vulgaris Hildenborough model (iJF744) consisted of
1016 reactions that included 744 genes and 951
metabolites.

Model evaluation under different growth conditions

The model variants examined the recently proposed sto-
ichiometries of electron carriers for the Qmo, Hdr-Fix
and oligomeric lactate dehydrogenases, LdhABs.

Quinone-interacting membrane-bound oxidoreductase
(Qmo)

APS+2H;; +MQH, — SO2™ +2HZ, +MQ+AMP (1)

APS+'/ Fdeg+2H; +' /,MQH;
— 803+ /,Fdox+Hg, +' /,MQ+AMP

Heterodisulfide reductase/NADH reductase (Hdr-FlIx)

Fdreq+2NAD ™ +DsICreq — Fdox+2NADH+ DsrCoy  (3)

Fdreg+3H™ +NADH + 2 DsrCoy
— Fdox+NAD™ +2 DSICyeq (4)

Lactate Dehydrogenase (Ldh)

Lactate + DsrCox — Pyruvate + DsrCieq (5)
Lactate+MQ — Pyruvate+MQH, (6)

where:
APS = adenosine-5-phosphosulfate
AMP = adenosine monophosphate
MQ = menaquinone
MQH, =menaquinol
Fd,eq = reduced ferredoxin
Fdox = oxidized ferredoxin
NAD™ = oxidized nicotinamide adenine dinucleotide
NADH = reduced nicotinamide adenine dinucleotide
DsrC,eq = reduced dissimilatory sulfite reductase C

protein

DsrC,, = oxidized dissimilatory sulfite reductase C
protein

H™ = proton

To assess which stochiometric reaction variants best
reflect the physiological data, we developed eight differ-
ent versions of the model using CobraToolbox in MAT-
LAB and simulated growth under four different growth
conditions (lactate- and pyruvate-limited sulfate respira-
tion, hydrogen-limited sulfate respiration, and lactate fer-
mentation which is the best representation of syntrophic
growth) by changing the exchange fluxes in the model.
The two model variants for Ldh were only investigated
for growth on lactate (lactate-limited sulfate respiration
and lactate fermentation).

For flux simulations under all growth conditions, the
expected growth rate was set to 0.06 h™' by constrain-
ing the electron donor uptake rate to meet that growth
rate based on previous experimental data (Badziong
and Thauer, 1978; Traore et al., 1983; Villanueva et al.,
2008). Because the GAM and NGAM vary among the
growth conditions, the GAM and NGAM were deter-
mined as previously outlined in the Materials and Meth-
ods Section. Table 1 shows the results for the predicted
growth rate and electron donor to electron acceptor flux
ratios under each condition for all model variants. Mod-
els 4, 5, 6 and 8 were not able to match the expected
growth rate under lactate-sulfate growth conditions
(Table 1). In addition, not all of the remaining model var-
iants were able to accurately predict electron donor to
electron acceptor ratios for every growth condition. For
instance, under hydrogen-sulfate growth conditions,
Model 3 did not produce accurate hydrogen to sulfate
flux ratio predictions (2775:1 model vs. 4:1 theoretical)
as shown on Table 1. Therefore, any other flux results
from this model variant could not be expected to



Table 1. Estimated growth rate and flux ratios for multiple model variants of the QMO, Hdr-Fix and Ldh reactions under four different growth conditions.
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accurately predict growth. As a result, model 3 was no
longer considered. For lactate-sulfate growth, the sto-
chiometric molar ratio of lactate oxidized to sulfate
reduced is ~ 2. However the predicted lactate:sulfate
ratio from Model 8 was significantly higher (58:1). There-
fore, Model 8 was not further evaluated. Similarly, Mod-
els 5 and 6 were also discarded because both predicted
lactate:sulfate ratios (4.33 and 3.07 respectively) higher
than the expected stochiometric molar ratio. Models 1
and 2, which only differed in Qmo reactions (Egs. (1)
and (2)), predicted the flux ratios for lactate-sulfate clos-
est to the expected ratio under lactate-sulfate conditions
Therefore, either Qmo reaction variant appears to be
feasible, but considering the thermodynamic and experi-
mental evidence for the ferredoxin and menaquinone
coupling confurcation reaction driving APS reduction
(Ramos et al., 2012), the Eq. (2) variant (Model 2) is
deemed most likely. Based on this analysis, Eq. (5) vari-
ant of Ldh, coupling lactate oxidation to reduction of oxi-
dized DsrC rather than the menaquinol pool, and the
Eq. () variant of Hdr-FIx, in which NAD" is reduced by
DsrC and ferredoxin, are considered the most feasible
variants. Therefore, Model 2 is most consistent with the
physiological data for D. vulgaris Hildenborough for the
four simulated growth conditions investigated in this
work. The reconstructed network model (iJF744) is pro-
vided in the Supporting Information in SBML format.

Evaluation of model predictions

Since FBA is mathematically under-determined, which
means that the solution is not set and each reaction can
have a range of fluxes to meet the objective of maximiz-
ing growth rate, FVA was performed using the Cobra
Toolbox. FVA determined the range of fluxes that reac-
tions can have while maintaining the optimal growth
rate, essentially defining the flexibility of each reaction.
Therefore, FVA is advantageous over FBA because it
helps to define the flux bounds for each reaction under
the tested growth conditions. In addition, FVA can also
identify reactions with less certain roles by finding reac-
tions with flux ranges that encompass zero. To under-
stand some of the potential metabolic pathways used for
growth under different growth conditions, FVA was per-
formed on the model under lactate-limited sulfate respi-
ration (lactate-sulfate), pyruvate-limited sulfate
respiration (pyruvate-sulfate), hydrogen-limited sulfate
respiration (hydrogen-sulfate) and lactate fermentation
growth conditions.

Lactate-sulfate growth. For growth on lactate-sulfate
media, the overall expected stoichiometry is:

2 Lactate+S03~ — 2 Acetate+H,S+2 HCO,  (7)
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Fig. 2. Predicted flux distributions of key metabolic reactions for ijf744 model under lactate sulfate growth conditions. Red and grey circles are
enzymatic proteins and blue circles represent metabolites. Red circles are enzymatic proteins that were found to be essential under the growth
condition (growth ration < 0.8). Lines with black arrows show reaction direction predicted by FVA analysis. Dashed lines show reactions for

which direction is not determined by FVA.

To model growth under these conditions, sulfate flux
was unconstrained and the lactate flux was constrained
to provide enough electron donor to support a 0.06
day~ ' growth rate. To simplify and visualize the results
of the FVA analysis, Fig. 1 shows the direction of flux
predicted for several key reactions associated with
energy generation. If the minimum and maximum fluxes
are in the same direction, the reaction flux arrow shows
the predicted direction in black. If the direction of meta-
bolic flux through a reaction is not certain because the
minimum and maximim fluxes in the FVA are in opposite
directions, then the flux reaction arrow is removed and
the flux represented by a dashed line. Blue circles repre-
sent metabolites. Red circles are enzymatic proteins
that were found to be essential under the growth condi-
tion (growth ration<0.8). Grey circles are enzymatic
reactions found to be non-essential. If no flux is pre-
dicted in the FVA, then the arrow and reaction is not
graphed. As shown in Fig. 2, the model predicted a
rather extensive network of electron transfer proteins
contributing to growth. Lactate oxidation to acetate is
mediated by Ldh and pyruvate-formate lyase (Pfl,
DVU2824-25) to form formate and acetyl-CoA with
the latter being used to produce ATP through substrate-
level phosphorylation by phosphotransacetylase (Pta,

DVU3029) and acetate kinase (Ack, DVU3030). Overall,
the model shows a near 1:1 flux ratio of acetate excre-
tion to lactate utilization as expected. Previous reports
have suggested that pyruvate ferredoxin oxidoreductase
(PorAB, DVU1569, DVU1570) to acetyl-CoA is the pri-
mary route of pyruvate oxidation. FVA does show that
growth is possible using PorAB enzyme, but the FVA
does not clearly resolve direction or contribution of
PorAB to growth.

Interestingly, as shown on Fig. 1, the formate pro-
duced is predicted to be exported to the periplasm
where it is oxidized by a formate dehydrogenase (Fdh,
DVU0587-8, DVU2809-2812 and DVU2481-2485), gen-
erating proton motive force and reduced periplasmic
type-l cytochrome c3. This is in agreement with previous
research showing growth inhibition on lactate-sulfate
growth media for AFdh mutants, suggesting that formate
cycling is important for respiratory growth (Caspi et al.,
2014; da Silva 2013). The reduced type-l cytochrome c3
subsequently interacts with the quinone-reducing complex
(Qrc, DVU 0692-0695) to reduce the menaquinone pool.

Previous research suggested hydrogen cycling to be
an essential general mechanism of energy coupling for
respiratory growth in Desulfovibrio species (Odom and
Peck, 1981). Our model also predicts the involvement of
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Fig. 3. Predicted flux distributions of key metabolic reactions for ijf744 model under pyruvate sulfate growth conditions. Red and grey circles
are enzymatic proteins and blue circles represent metabolites. Red circles are enzymatic proteins that were found to be essential under the
growth condition (growth ration < 0.8). Lines with black arrows show reaction direction predicted by FVA analysis. Dashed lines show reactions

for which direction is not determined by FVA.

hydrogen cycling by flux through periplasmic hydrogenases;
however, the source of hydrogen is not determined since
the potential involvement of several membrane-bound
hydrogenases including Ech hydrogenase (DVU 0429-
0434), Coo hydrogenase (DVU 2286-2291) and the Rnf
complex (DVU 2791-2797) is not certain. Notably, a previ-
ous study showed that deletion of the Coo hydrogenase
genes has no impact on sulfate respiratory growth on lactate
(Walker et al., 2009). Consistent with those experimental
data, no growth rate deficit on lactate-sulfate was observed
when this hydrogenase was removed from the model.

Pyruvate-sulfate growth. For pyruvate-sulfate growth
media, the standard stoichiometry is:

4 Pyruvate+SO; +4 H,O — 4 Acetate
+H,S+4 HCO; +2 HY

Similar to lactate-sulfate growth conditions, Fig. 3 shows
the direction of flux predicted by FVA for several key
reactions associated with energy generation under
pyruvate-sulfate growth conditions. Similar to lactate-
sulfate growth, pyruvate is predicted to be oxidized by
the pyruvate-formate lyase, and the resulting acetyl-CoA
then used for substrate-level phosphorylation to produce
acetate through Pta and Ack (see Fig. 3). The FVA

results also suggest that some of the pyruvate is oxi-
dized by POR to acetyl-CoA. The formate produced
from pyruvate-formate lyase is exported to the periplasm
where it is oxidized by the

Fdh. Flux through a periplasmic hydrogenase is also
predicted, but the source of hydrogen is unknown since
the flux through Ech, Coo and Rnf is not determined.
Although the flux for Hdr-FIx is not determined under
pyruvate-based sulfate respiration in this model, previ-
ous studies showed that growth of Hdr-FiIx insertion
mutants of Desulfovibrio alaskensis G20 were impaired
relative to the wild type (Meyer et al., 2014).

Hydrogen-sulfate growth. For growth on a hydrogen/
CO,-acetate-sulfate medium, the overall expected stoi-
chiometry is:

4 H2+SO§7 — HyS+2 H,O+2 OH™

As expected, the flux distribution for hydrogen-sulfate
growth is quite different than lactate- and pyruvate-
sulfate growth conditions (see Fig. 4). With hydrogen
serving as the source of electrons for growth, both the
periplasmic hydrogenases and the membrane-bound
hydrogenase Ech are predicted to oxidize hydrogen to
reduce type-l cytochrome cz and ferredoxin respectively.
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Fig. 4. Predicted flux distributions of key metabolic reactions for ijf744 model under hydrogen sulfate growth conditions. Red and grey circles
are enzymatic proteins and blue circles represent metabolites. Red circles are enzymatic proteins that were found to be essential under the
growth condition (growth ration < 0.8). Lines with black arrows show reaction direction predicted by FVA analysis. Dashed lines show reactions

for which direction is not determined by FVA.

The reduced ferredoxin is predicted to reduce acetate to
pyruvate via POR for anaplerotic reactions and for
NADH production and APS reduction via the Hdr-Fix
and Qmo complexes respectively. The reduced type-I
cytochrome c3 is mostly used to reduce the menaqui-
none pool through Qrc, which is either used to reduce
APS through Qmo or to reduce DsrC for sulfite reduc-
tion. Interestingly, the model predicts some of the pyru-
vate to be transformed to formate (via Pfl) which is then
oxidized by Fdh in the periplasm to produce reduced
type-l cytochrome c3 (similar to lactate-sulfate and
pyruvate-sulfate growth). No evidence was found in the
existing literature for this reaction sequence, but remov-
ing the formate dehydrogenase reaction from the model
made growth infeasible. Thus, the model provides a
clear framework for experimental validation.

Lactate fermentation. For fermentative growth on a lac-
tate medium, the overall expected stoichiometry is:

Lactate+H,O — Acetate+2 H>+CO»

Sustained growth by lactate fermentation under standard
conditions is infeasible for D. vulgaris Hildenborough due
to its low thermodynamic yield (AG” = —8.8 kJ/mole)
(Walker et al., 2009). Growth ceases when the fermenta-
tion products including H, and acetate accumulate in the

growth media (Walker et al., 2009; Meyer et al., 2013b).
However, in syntrophic association with a hydrogenotro-
phic methanogen, the thermodynamic yield increases
significantly (AG ~ —67.3 kdJ/mole) and growth is sus-
tained by continuous consumption of the fermentative
products by the methanogen (Walker et al., 2009). To
understand the likely metabolic pathways used under
these conditions, the model simulated syntrophic growth
by providing an external sink for acetate, carbon dioxide
and hydrogen to simulate uptake by methanogens. To
be consistent with the other simulated growth media, a
lactate uptake rate was chosen based on the previously
published growth parameters (Traore et al, 1983) to
achieve a 0.06 h~' growth rate, but fermentative growth
typically does not achieve the same growth rate as sul-
fate respiration due to the lower thermodynamic yield.
Figure 5 shows the predicted flux distribution based on
FVA under these conditions. After uptake, lactate is oxi-
dized to acetate via sequential conversions by Ldh, Pfl,
Pta and Ack. Some of the lactate might be oxidized to
acetyl-CoA via Por, but the results of the FVA were not
conclusive. The exact route of electrons yielded by Ldh
to reduce DsrC is not determined, but the FVA results
predict that the electrons derived from reduced DsrC
could potentially be used by Tmc or Hmc to reduce peri-
plasmic type-l cytochrome c3; or Hdr-FIx to reduce
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Fig. 5. Predicted flux distributions of key metabolic reactions for ijf744 model under lactate fermentation (coculture) growth conditions. Red
and grey circles are enzymatic proteins and blue circles represent metabolites. Red circles are enzymatic proteins that were found to be
essential under the growth condition (growth ration < 0.8). Lines with black arrows show reaction direction predicted by FVA analysis. Dashed

lines show reactions which direction is not determined by FVA.

NAD" to NADH. Although the model does suggest that
Rnf is active in reduction of NAD™ to NADH, our previous
studies showed that under syntrophic growth conditions
there was no up-regulation of the Rnf complex (Walker
et al., 2009; Meyer et al, 2013b). Lastly, the model
results suggest that formate dehydrogenase and periplas-
mic hydrogenase are active under coculture conditions,
which generates a proton gradient for ATP synthesis.

Essential reaction analysis

To confirm the results of the FVA analysis, a reaction
essentiality analysis was performed. As part of the anal-
ysis, a series of FBA analyses were run on the model
for each growth condition where a single reactions flux
is set to zero, and the resulting impact on the objective
function (e.g., maximizing growth rate) is determined.
This was performed on the subset of reactions shown
on Figs. 2-5 that include central metabolism, sulfate
reduction, and electron carrier reactions. For this analy-
sis, a growth ratio of 1.0 means that the absence of
tested reaction does not impact the growth rate while a
value of 0.0 means that the FBA predicts zero growth
when the reaction is absent. Reactions that were either

determined to reduce the predicted growth rate by 20%
or more (growth ratio < 0.8) or the simulation timed out
in MATLAB, which suggests that a solution could not be
determined, were assumed to be essential and are
shown in red on Figs. 2-5. The results are summarized
on Supporting Information Table S4.

Not surprisingly, the absence of most sulfate reduction
genes (Qmo, Sat or DsrAB) prevented growth under sul-
fate reducing conditions (LS, PS and HS). However,
absence of Qrc and DsrMJKOP did not prevent growth
under some of the tested conditions. Specifically, the
model showed no growth limitation for a DsrMJKOP dele-
tion under PS conditions. Thus, its function in reducing
DsrC (or a DsrC trisulfide) for sulfite reduction appeared
to be compensated for by the activity of Hdr-FIx. With
deletion of Qrc, growth under LS conditions was slightly
impaired (growth ratio =0.93), but significantly impacted
(growth ratio < 0.5) under PS and HS conditions.

Interestingly, deletion of one of three membrane
bound electron carriers (Coo, Hmc or Tmc) did not have
a significant impact on growth. This lack of impact is
consistent with the variable distribution of these
membrane-bound electron-transferring redox complexes
among sulfate reducing organisms, suggesting their



variable involvement in processes peripheral to
central metabolism (Meyer et al., 2013b; Pereira et al.,
2011). In contrast, deletion of two other membrane-
associated complexes, Rnf and Ech, impaired growth
under some conditions. Deletion of Rnf, depressed
growth under coculture and LS conditions (growth
ratio of 0.78 and 0.28 respectively) and Ech was
firmly predicted to be actively involved only under
hydrogen-sulfate conditions based on the simulation
unable to find a solution when Ech was deleted from
the model. Lastly, for carbon metabolism, the
essential reaction analysis supports the central role of
formate under sulfate reducing conditions. Deletion of
Pfl results is a significant drop in predicted growth rate
(growth ratio < 0.55) for all four conditions tested. This
is supported by a similar impact of Fdh deletion on
growth.

Experimental procedures
Constraint-based flux balance analysis

Constraint-based FBA uses linear programming to pre-
dict the steady state conditions in metabolic systems.
Using a m X n stoichiometric matrix, S, that is con-
structed from m metabolites and n reactions, a solution
to the flux vector is found under the following equations.

S xv=0

a<<v<Sp

Here, ‘v’ represents the vector of steady-state reaction
fluxes; o and f represent the lower and upper bounds
respectively, set on the fluxes. Where information is
available, reaction direction and reversibility in the net-
work are constrained based on thermodynamic predic-
tions. For this model, thermodynamic constraints were
determined by investigating the published reaction direc-
tionality based on the BIGG Database (Schellenberger
et al., 2010). Additionally, reaction fluxes were subjected
to two additional constraints. First, we minimized the
squared sum of fluxes to restrict fluxes to more realistic
values using the following equation.

m

Minimize’) " 2
i

Furthermore, we disallowed thermodynamically infeasi-
ble flux loops in our simulations as described previously
(Schellenberger et al., 2011a). For the optimization, sim-
ulations were performed using the Cobra Toolbox in
MATLAB (The MathWorks, Natick, MA) (Schellenberger
et al,, 2011b). Results of the optimizations were visual-
ized using the Paint4Net (Kostromins and Stalidzans,
2012).

Desulfovibrio vulgaris Hildenborough model
reconstruction

Using the genome annotation from MicrobesOnline
(Dehal et al., 2010), which contains the recent evidence-
based annotations for D. vulgaris Hildenborough (Price
et al,, 2011), an initial stoichiometric matrix was auto-
matically generated using the ModelSeed Server (Henry
et al., 2010). The model was exported from ModelSeed
into Systems Biology Markup Language (SBML) format.
The model was then curated within the Cobra toolbox in
MATLAB (Schellenberger et al., 2011b) by comparing
reactions in the automatically-generated model against
the KEGG Database (Kanehisa and Goto, 2000), Meta-
Cyc (Caspi et al., 2014) and the BIGG Database (Schel-
lenberger et al., 2010).

Missing reactions and metabolites were added using
ModelSeed naming convention, and the reactions were
added to the model using the Cobra Toolbox function
addReaction addMetabolite respectively, in MATLAB.
With the exception of reactions associated with energy
metabolism (e.g., hydrogenases, sulfate reduction path-
way and pyruvate metabolism), the reactions direction
and Gene-Production-Reaction designation (GPR) pro-
duced from ModelSeed assignment were assumed to be
accurate. For central energy metabolism reactions, the
GPR were determined based on comparing current liter-
ature (Villanueva et al, 2008; Keller and Wall, 2011;
Pereira et al,, 2011; Ramos et al., 2012; 2015; Meyer
et al., 2013a,b; 2014), and reactions were left reversible
to allow for the model to predict directionality.

As discussed in the following section, there are sev-
eral reactions that the stoichiometry was not settled in
the current literature as discussed in the results section.
To evaluate the different stochiometric reaction variants,
two different versions of these reactions were added to
the model (e.g., rxn14404A or rxn14404B) using the
addReaction function in CobraToolbox, and each reac-
tions variants were assessed by constraining the flux
through one of the reaction variants to zero using the
changeRxnBounds function to not allow flux through the
reaction. The other stochiometric variant was not con-
strained to zero flux and the model was then analysed
using FBA or flux variability analysis (FVA) using either
optimizeCbModel or fluxVariability function respectively.
Since there were three different reactions which had sto-
chiometric reaction variants, eight different model var-
iants were constructed and evaluated.

Construction of the biomass reaction and cell
maintenance

To model the production of new cells and the demand
on biosynthetic precursors, a biomass reaction was cre-
ated that contained sinks for macromolecule precursors.



The composition of the cell was assumed to be the
same as Escherichia coli: 21.3% RNA, 3.23% DNA,
9.47% phospholipid, 2.6% peptidoglycan, 3.54% LPS,
57.23%, protein and 2.6% carbohydrates (Neidhardt,
1987). The biomass equation from model iAF1260 for
Escherichia coli was modified to match the metabolite
designations that were used in the automatic reconstruc-
tion of iJF744 model by changing each metabolite in the
iAF1260 to match its corresponding metabolite name in
the iJF744 model.

Determination of the growth and non-growth associated
maintenance terms

To calculate the amount of energy that is used for non-
growth associated maintenance (NGAM), we used previ-
ously published chemostat data from multiple studies for
each of the growth media conditions modelled (Badziong
and Thauer, 1978; Traore et al., 1983; Villanueva et al.,
2008). Using the data for each growth condition, the
model objective was changed to maximize ATP hydroly-
sis, and the substrate uptake rates and biomass were
constrained to the measured values. The predicted ATP
fluxes were plotted against the growth rates to obtain the
non-growth associated maintenance (NGAM; y-intercept)
and the growth associated maintenance (GAM; slope) for
that particular growth condition. The calculated NGAM
and GAM values for each condition are shown on Sup-
porting Information Table S2. Our scripts for determining
the condition-specific maintenance parameters are avail-
able on GitHub (https://github.com/marichards/Dvh_
Model). The media formulation used for the model is
included in Supporting Information Table S1.

Model and script availability

Simulating steady state growth under different conditions
required changes to the model constraints that govern
which pathways may carry flux. For this model, growth
conditions were simulated under lactate- and pyruvate-
limited sulfate respiration (LS and PS respectively),
hydrogen-limited sulfate respiration (HS), and lactate fer-
mentation, which is the best representation of syntrophic
growth (CC). To assist in building these media-specific
models and predicting growth, we created a set of MAT-
LAB scripts that: (i) alter media conditions and internal
reaction bounds to ensure the correct conditions, includ-
ing modifying the GAM/NGAM values; (ii) simulate FBA
or FVA to predict a steady state flux distribution; (iii)
return a small set of relevant reaction fluxes in central
metabolism; (iv) optionally create a map of flux in of this
central subnetwork in .svg format. Our full set of scripts
as well as the MATLAB and SBML versions of iJF744 are
publically available at https://github.com/marichards/Dvh_
Model. Additionally, our SBML model (growing on HS

media by default) is available via the Biomodels
database with the identifier MODEL1706150001 (Li et al.,
2010).

Conclusions

A major objective of model construction was to evaluate
the contribution of recently proposed redox reactions to
the metabolic versatility of Desulfovibrio species. A fully
curated D. vulgaris Hildenborough model was built upon
an initial draft (Henry et al., 2010) and updated based
on recent literature (Walker et al., 2009; Venceslau
et al., 2010; Keller and Wall, 2011; Pereira et al., 2011;
Meyer et al., 2013a,b; Ramos et al., 2015). In addition
to expanding the set of reactions in central metabolism,
model development and validation evaluated the recently
proposed interactions and energy conserving mecha-
nisms of three redox proteins/complexes and electron
carriers of so far uncertain stoichiometry and linkage to
the cellular metabolic network.

By stimulating growth under different respiratory and
syntrophic conditions, we were able to evaluate alterna-
tive activities for the enzyme participating in those redox
reactions, and, thereby, arrive at one general model.
This expanded constraint-based FBA model (iJF744),
which contains 1016 reactions including 744 genes and
951 metabolites, captured the capacity of D. vulgaris Hil-
denborough to grow under four distinct environmental
conditions. The metabolic versatility of D. vulgaris could
be attributed in part to the incorporation of multiple
redox reactions. The model also supports an earlier sug-
gestion that electron confurcation between ferredoxin
and the menaquinone pool is used by the Qmo complex
to reduce APS under sulfate respiration conditions
(Ramos et al., 2010). Lastly, the model supports the pre-
dicted Hdr-FIx reaction that reduces NAD™ to NADH by
an electron confurcation of electrons originating from fer-
redoxin and DsrC (Meyer et al., 2013b; Meyer et al.,
2014; Ramos et al., 2015).

Although the model developed by ModelSeed was a
useful initial construction, it did not incorporate the wide
variety of electron carriers present in sulfate-reducing
bacteria (Pereira et al., 2011) or account for the meta-
bolic versatility of Desulfovibrio vulgaris Hildenborough.
Our development of a more plausible constraint-based
model required the incorporation of additional electron
transfers informed by recent genetic, molecular and
expression analyses. Notably, our study revealed that
most of the electron carriers are not required for growth
under all conditions, but rather are environment depen-
dent. Thus, the development of the iJF744 model now
offers a framework, and testable reaction mechanisms,
to better understand the physiological versatility of
D. vulgaris Hildenborough and other sulfate reducing
bacteria.


https://github.com/marichards/Dvh_Model
https://github.com/marichards/Dvh_Model
https://github.com/marichards/Dvh_Model
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