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Abstract

Microbial hydrogen production is currently hampered by lack of efficiency. We
examine how hydrogen production in the hyperthermophilic bacterium Thermotoga
maritima can be increased in silico. An updated genome-scale metabolic model of T.
maritima was used to i) describe in detail the H2 metabolism in this bacterium, ii) identify
suitable carbon sources for enhancing Hz production, and iii) to design knockout-strains,
which increased the in silico hydrogen production up to 20%. A novel synthetic oxidative
module was further designed, which connects the cellular NADPH and ferredoxin pools by
inserting into the model a NADPH-ferredoxin reductase. We then combined this in silico
knock-in strain with a knock-out strain design, resulting in an in silico production strain
with a predicted 125% increase in hydrogen yield. The in silico strains designs presented

here may serve as blueprints for future metabolic engineering efforts of T. maritima.

Keywords

Biosustainability; Biohydrogen; Thermotoga maritima; genome-scale model; COBRA

methods.



1. Introduction

There is a growing concern about the continued use of fossil fuels for energy
generation. Depletion of fossil fuels together with high prices, an ever-increasing demand
and global warming, demonstrate the need for alternative energy sources. Major research
efforts are therefore underway, which aim at harnessing renewable sources, including
solar and wind energy, geothermal resources and hydrogen (H:). Hydrogen is currently
seen as a promising energy carrier, which may provide an efficient alternative to fossil fuels
for transportation [1]. Moreover, hydrogen is used in large quantities in the petroleum and
chemical industries. The uses include hydrocracking, saturating fats and oils, and the
production of raw chemicals, such as hydrochloric acid, ammonia, and methanol [2]. Most
of the Hz currently produced is derived from fossil fuels, mainly by the steam reforming of
methane or natural gas [3]. Methods, which do not utilize hydrocarbons as a primary
source, include electrolysis of water, thermal decomposition and biological methods. Both
electrolysis and thermal methods are energy inefficient and may also depend indirectly on
fossil fuels for electricity or heat generation [1]. Hydrogen has the potential to replace fossil
fuels, provided that it can be generated economically and in an environmentally friendly

manner.

Biological methods employing microbes for Hz production have received significant
attention in the last decade. They possess several advantages over traditional methods,
such as the ability to use renewable energy sources as feedstock and they do not rely on
high temperatures or pressure. The major drawback of microbial H; production so far has

been lack of efficiency. Metabolic pathways exist in organisms (e.g., the oxidative pentose



phosphate pathway), which can, theoretically, produce stoichiometric amounts of H; from
glucose. However, pathways exceeding the yield of 4 mol of Hz per mol of glucose are not
known. It is expected that such theoretical high-yielding pathways would compete with the
growth yield. Growth de-coupled production approaches have therefore been suggested for

increasing the efficiency in bio-hydrogen production [4, 5].

Thermotoga maritima is one of several hyperthermophilic bacteria, which have
received considerable interest recently as potential sources of hydrogen [6]. T. maritima is
able to produce H; in good yields from a wide array of inexpensive polysaccharide sources,
such as starch, xylan, and cellulose [7]. In addition, it has an optimal growth temperature
around 80°C. Biohydrogen production at high temperatures has several advantages over
lower temperatures. They include better pathogenic destruction [8] and a lower risk of
contamination by methanogenic archaea [9]. High temperatures shift the equilibrium point
of the Hz-pathways in the direction of Hz production by a factor of up to 4.5, which results
in higher H: yields [10, 11]. Moreover, hyperthermophiles are less sensible to high H:
partial pressures [12]. All these properties make T. maritima an excellent candidate for H»
production. T. maritima possesses a strong coupling between cell growth and H:
production. It has higher H: yields than most other Hz producing microorganisms and is
close to the Thauer limit (4 mol Hz per mol glucose, with acetate as the main byproduct) [6,

13, 14].

Systems biology is finding increasing use in metabolic engineering and there are
already several examples of successful applications of in silico analysis to genome-scale

metabolic networks [15-19]. Constraint-based modeling approaches have been



demonstrated to predict the effects of gene knock-ins, gene knockouts, and gene down-

regulation on the phenotype with reasonable accuracy [20, 21].

The purpose of this study was to investigate how Hz production in T. maritima could
be increased using a systematic in silico approach to metabolic engineering, i.e., flux
balance analysis [22]. The present computational study includes the identification of
optimal carbon sources and a detailed systems biology analysis of the H2 metabolism in T.
maritima. It also includes an extensive search for gene knock-outs and knock-ins, which

result in increased in silico Hz production.

2. Materials and methods

2.1. Metabolic reconstruction

The recently published genome-scale metabolic reconstruction of T. maritima iTZ479 [23]
was used to study the Hz production in this hyperthermophilic bacterium. The model
consists of 478 genes, 503 metabolites, 562 intracellular and 83 extracellular reactions.
Since the publication of the original reconstruction, a better understanding of the
hydrogenase activity in T. maritima has been obtained [24]. The model was updated to take
this information into account as well as to fill gaps in the central metabolism, including the
completion of the Entner-Doudoroff pathway [13, 25]. A detailed description of the model
updates is given in Table S1. The model was grown on the in silico minimal medium
previously defined [23]. In order to compare the effects of different carbon sources on the
growth rates and H» production, the uptake rates were normalized to 10 mmol/gDW /h of
glucose in terms of the number of carbon atoms present. The reconstruction was extended

based on the established reconstruction protocol [26].
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2.2. Flux balance analysis

Hz production was studied by applying flux balance analysis [27, 28] to the model. The

analysis was carried out by solving the following linear optimization problem (LP)

max clv
subject to Sv=0 (D
VISV<Swy

where S is an m x n matrix containing all the stoichiometric coefficients in the model of m
metabolites and n reactions. The vector v has n elements, which represent the individual
flux values for each reaction that are to be determined (decision variables). The constraints
Sv = 0 correspond to steady-state mass conservation. The vector ¢ has n elements and
contains zeros for all entries but the reaction(s) that are part of the objective function (e.g.,
growth rate). The vectors vi and vy are vectors with n elements each, which represent the
lower and upper bounds on the fluxes, respectively. Analysis of reaction essentiality was
performed by fixing the flux through the corresponding reaction to zero and testing
whether the corresponding model supported growth. The consumption or production of
NADH was simulated by including a sink or source reaction for this metabolite,
respectively. The flux across this reaction was forced from -25 to 25 mmol/gDW/h.
Negative and positive values correspond to NADH production and consumption,

respectively.

There are in general multiple equivalent solutions to (1), i.e., there are infinitely

many flux distributions, which correspond to the maximum cellular objective [29, 30]. For



the study of reaction essentiality and knockout analysis this is usually not a problem, since
only the objective value is considered. However, for the interpretation of individual flux
values or comparisons of fluxes through different pathways, the existence of multiple
optimal solutions needs to be taken into account. Several strategies have been proposed to
address this issue, including the following two step procedure. The model (1) is solved to
find the maximum value for the cellular objective, denoted by Z*. In the second step, the

following convex quadratic optimization problem is solved

min vly

subject to Sv=0 (2)
clv=27*
VISV<Swy

The resulting flux distribution v is the smallest overall flux, in the sum of squares sense [31,
32], which achieves the maximum cellular objective. Minimizing the overall flux in this way
has the additional benefit of removing loops from the network. The strict convexity of the
objective function ensures that the solution is unique [33] . In the following, whenever we
compare fluxes between reactions or pathways, we refer to flux values obtained by this

two-step process.

2.3. Design of knockouts

Although growth de-coupled production strategies could increase the biohydrogen efficiency [4,
5], the coupled synthesis of the target chemical to biomass yield is usually of interest for

metabolic engineering. This allows for easy selection of overproducing strains by selecting
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the strains with the fastest growth. In addition, these strains will exhibit a stable phenotype
since mutations, which decrease the target chemical production rate will result in a lower
growth rate and will subsequently be outcompeted [34]. This coupling can be difficult to
achieve in general and may require multiple gene-knockouts [34]. Numerous algorithms,
such as OptKnock [35], OptGene [36], RobustKnock [37], and GDLS [38], have been
proposed for designing production strains via gene knockouts. The search for knockout
mutants is a combinatorial optimization problem and most of the published algorithms
involve the solution of one or more mixed-integer linear problems (MILP). General MILPs
are known to be hard computational problems and the effort required to solve such
problems scales exponentially with the problem size. This means that the time taken to
solve MILPs arising from network reconstructions quickly becomes prohibitive. The
application of MILP to genome scale reconstructions is further complicated by scaling
issues arising from the large range of coefficients of the stoichiometric matrix when the
reconstruction contains a biomass reaction. The difficulties manifest themselves as invalid

solutions returned by the MILP solvers.

Instead of formulating the mutant search as a MILP, we decided to carry out an
exhaustive search over all single, double, and triple knockout mutants. While this strategy
is limited to few knockouts, four to five at most for genome-scale models, it avoids the
inherent difficulty of solving large, ill-conditioned MILPs. A major benefit of this strategy is
that it finds all growth-coupled mutants instead of a single mutant returned by most of the
MILP based algorithms. In addition, because the generation of multiple knock-outs in T.

maritima is currently not possible due to a severe lack of vector and knockout systems [39],



our approach of restricting the scope to three knockouts is reasonable. For the T. maritima

model, the exhaustive search can be done in less than 15 minutes on a desktop PC.

The generation of each knockout mutant involved solving two LP problems. The
solution to the first problem provided the maximum growth rate of the knockout mutant.
The second LP minimized the amount of target chemical while maintaining a growth rate
equal to the maximum. For growth-coupled mutants, the objective value of the latter LP is
always greater than zero. It is straightforward to use other, e.g., nonlinear, criteria, such as
the strength of growth coupling [34] or the biomass-coupled product yield, i.e., the product
of the growth rate and product yield (BPCY) [36]. Once all growth-coupled mutants were
identified, the ones with the largest minimum H: yields were selected. Several different
knockouts can give rise to identical or almost identical phenotypes due to the presence of
non-essential reactions. We therefore filtered the strain designs by considering two
mutants as different if their respective growth rates and H production differed in the third

significant digit.

To reduce the computational complexity, flux variability analysis [30, 40] was used
to identify dead-end metabolites (i.e., metabolites that can be only produced or consumed)
and to remove blocked reactions (i.e., reactions, which cannot carry any flux in the given
simulation condition) from the network prior to performing the in silico knock out
screening. The reactions targeted for knockouts consisted of all reactions in the reduced

models but excluded essential and exchange reactions.

3. Results and discussion

3.1. Model refinements and new insights into the Hz production in T. maritima
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The main objective of this study was to design efficient Hz producing strains. We therefore
updated the published metabolic reconstruction of T. maritima (iTZ479) [23] with recent
findings in the Hz metabolism of T. maritima. For instance, the hydrogenase of T. maritima
has been characterized as a bifurcating hydrogenase enzyme, which uses ferredoxin (fdxr)
and NADH in an exact stoichiometric ratio of two, but is unable to use either NADH or fdxr
as the sole electron donor [24]. Because the formulation of a correct hydrogenase reaction
is critical in this work, a new bifurcating hydrogenase reaction (BHYH2) replaced the
NADH-dependent and fdxr-dependent hydrogenase reactions present in iTZ479. Moreover,
the two-cluster [4Fe:4S]-ferredoxin included in the original model was replaced by the one-
cluster [4Fe:4S]-ferredoxin [41]. The stoichiometric coefficients in the ferredoxin
participating reactions (i.e., OOR2 and POR), were modified accordingly. An analysis of the
original model revealed that important reactions involved in the Hz and carbohydrate
metabolism were missing. They include reactions for L-lactate and L-alanine secretion
since the two metabolites are well known fermentation products of T. maritima [13, 25].
The Entner-Doudoroff (ED) pathway was completed by adding the 6-phosphogluconate
dehydratase (EDD) reaction to the model on the basis of sequence and biochemical
evidences [13, 25]. We added a NADH:ferredoxin oxidoreductase (NFO) reaction to the
model. While the encoding gene for this reaction is unknown, ferredoxin-dependent
reduction of NAD* has been detected in T. maritima extracts and it has been attributed to
redox balancing [13, 25, 42]. We observed differences in the predicted Hz production and
the growth rate between the original model (Fig. 1, dotted lines) and the updated model
(Fig 1. solid lines) growing on glucose (10 mmol/gDW/h). For instance, we found

unattainable functional states driven by the NADH dependent hydrogenase activity in the

10



original model (Fig. 1, green patch), while the functional states in the updated model
involved L-lactate and L-alanine secretion (Fig. 1, orange patch). The complete list of
modifications included in the updated model, referred to as iTZ479_v2 in the following, is
given in Table S1.

The effects of the model updates were tested by using all the carbon sources, which
sustained growth of iTZ479 [23]. Since the H; production in T. maritima is growth-coupled
[13], we decided to use maximum biomass as the optimization criterion in the linear
program (1) instead of maximum H: production [23, 43]. The growth rate and H:
production, scaled per substrate carbon, for the carbon sources was then computed (Figs
S1 and S2). The differences in growth rates and Hz production between the two models
were insignificant for most of the carbon sources (within 3%). However, the updated
model was not able to use glycerol and rhamnose as carbon sources. Complete oxidation of
glycerol to acetate and CO; provides an extra mol of NADH, which corresponds to an
fdxr/NADH ratio of one (Fig. 2A). In the original model, the extra NADH was oxidized by the
NADH-dependent hydrogenase reaction, which resulted in a 54% increase in Hz production
compared to glucose (Fig. S2) [23]. The inclusion of the bifurcating hydrogenase in the
updated model resulted in an over-reduced state, avoiding growth. This behavior is
consistent with recent experimental reports, which indicate that while glycerol is initially
oxidized by Thermotoga sps. [44], it does not enable growth [14]. These findings indicate
that T. maritima is highly sensitive to changes in the internal redox state and that it is
lacking the buffering capacity and flexibility exhibited by other, more robust organisms,

such as Escherichia coli, Pseudomonas putida, and Saccharomyces cerevisiae [45-47].
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In summary, the inclusion of a bifurcating hydrogenase in the metabolic model of T.
maritima revealed that the fdxr/NADH ratio required by this enzyme may limit the ability
to respond to internal perturbations in the redox state of the cell. Furthermore, the

updated model also provided more realistic Hz yields and growth predictions for glycerol.

3.2. A systems biology analysis of the H> metabolism in T. maritima

The iTZ479_v2 model captures the ability of T. maritima of utilizing a variety of
simple and complex carbohydrate substrates for growth [48] (Fig. S1). We identified
common patterns in their metabolism and as expected, we found that most of the
carbohydrates analyzed were converted to glucose-6-phosphate (g6bp) or fructose 6-
phosphate (fép) (Fig. 2A), independent of the initial catabolic reactions. T. maritima
performs a broad range of phosphorylation reactions for funneling carbohydrates to sugar
phosphates. They include free phosphate for the cellobiose metabolism, polyphosphate
used by the inorganic phosphate-dependent phospho-fructose kinase and ATP for glucose
phosphorylation [49]. It is therefore not surprising that there are still uncertainties about
how the differing initial ATP requirements affect the carbohydrate metabolism and the
bioenergetics in T. maritima. We used i1Z479_v2 in order to study the impact of the initial
catabolism of carbohydrates in the metabolism of T. maritima (shown in purple in Figure
2). Our analysis predicted significant differences in the growth rate between different
carbon sources, but negligible differences in Hz yields (Fig. S1). Polysaccharides were found
to be the most suitable carbon sources, followed by tri- and disaccharides. Lower growth
rates were obtained with monosaccharides (Fig. S1). These results are consistent with

previous experimental findings, which report that growth on glucose is slower than for
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other polysaccharides [48]. In summary, our results point to complex carbohydrates being
preferred carbon sources for achieving a higher biomass-coupled product yield (Fig. 2B,

S1).

Sugar phosphates can be further metabolized by three different pathways, the
Embden-Meyerhof (EM) pathway, the Entner-Doudoroff (ED) pathway, or through the
oxidative branch of the pentose phosphate pathway (OPP) (Fig. 24, solid, dashed and
dotted blue lines, respectively). In order to understand the relative importance of these
pathways, we carried out an analysis of network robustness by computing the growth rate
as a function of the flux across representative reactions of the EM, ED, and OPP pathways
(Fig. 2C). The results show that an increase in flux across either the EM or ED pathways
correlated with an increase in growth (up to a point), a flux increase in the OPP always had
a negative effect on growth. Similar results were obtained for the Hz production (Fig. 2D).
These results suggest that the EM and the ED pathways should be preferred to OPP for
sugar phosphate metabolism and for Hz production, which is strongly growth coupled. 13C-
labeling experiments have determined that the glucose metabolism in T. maritima proceeds
through both the EM (87%) and ED (13%) pathways, although EM is more efficient [50].
Consistently, we found that iTZ479_v2 metabolized the carbohydrates mainly through the
EM pathway with 12 - 30% proceeding via the ED pathway, the exact amount depending
on the type of carbohydrate. For glucose, 86% of it was metabolized by the EM pathway
while the remaining 14% was funneled to the ED pathway (Fig. 5A). Although the EM
pathway has been identified as the main glycolytic pathway, our analysis suggests that the
small fraction metabolized via the ED pathway is essential for growth. When a reaction
essentiality analysis was carried out, glucose 6-phosphate dehydrogenase (G6PDH2), 6-
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phosphogluconolactonase (PGL), 6-phosphogluconate dehydratase (EDD), and 2-dehydro-
3-deoxy-phosphogluconate aldolase (EDA_R) were all required for growth (Fig. 2A, Table
S2). The critical role of the ED pathway appears to be related to the maintenance of an
optimal fdxr/NADH ratio for the bifurcating hydrogenase and other cell processes (see

below).

In contrast to the initial steps of the carbohydrate metabolism, where multiple
metabolic pathways are involved in the catabolism of carbohydrates to glyceraldehyde-3-
phosphate (g3p), our analysis predicted that g3p was metabolized exclusively through the
energy pay-off phase of glycolysis (Fig. 2A, green lines). Not only was the growth strongly
dependent on flux across the payoff phase (Fig. 2E) but a reaction essentiality analysis also
showed that all reactions in this pathway were essential for growth (Table S2). On the
other hand, we found that while a strong coupling between H; production and growth rate
was observed, the pay-off phase was not essential for Hz production. Approximately 50% of
the maximal Hz production rate could be achieved without the participation of this
pathway by using pyruvate from the ED pathway, with the NFO reaction being the main

source of NADH from fdxr (Fig. 2E).

Optimal growth rate and Hz production in T. maritima is achieved with acetic acid as
the main fermentative end product [13] (Fig. 2A, brown line). The formation of L-lactate
and other byproducts, such as L-alanine, have negative effects on both the growth rate and
Hz production [13, 25, 50]. This is in agreement with our finding that both the H:
production and the growth rate were strongly dependent on flux across the pyruvate

synthase reaction (POR) (Fig. 2H). POR is the sole source of fdxr in the model and we found
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that it was essential for Hz production, but not for growth. In the absence of POR, pyruvate
was funneled to L-lactate, resulting in reduced growth rate, being 35% of the optimal
growth rate with acetate as fermentation byproduct, but cell viability (Figure 2H). This
result strongly suggests that, excluding the bifurcating hydrogenase, POR is a key reaction
for Hz production in T. maritima. In line with these latter results, secretion of either L-
alanine or L-lactate (Fig. 24, solid and dotted orange lines, respectively) led to decreased
growth rate and Hz production as expected (Fig. 2F and 2G). Finally, we studied the effects
of elemental sulfur reduction in the model (Fig. 2A, pink lines). Our analysis indicated that
for the model in order to grow, a small amount of sulfur had to be reduced, presumably
because this pathway was involved in the oxidation of NADPH from the ED pathway (Fig.
2A). In addition, we observed a linear decrease of Hz with increased secretion of H2S (Fig.
2M). These results are in agreement with experimental reports of sulfur being one of the
main electron sinks in T. maritima as well as with the growth-promoting effect of elemental

sulfur [13].

In summary, our data strongly suggests that the overall H2 metabolism in T.
maritima can be decomposed into independent metabolic modules, each having a different
impact on both the growth rate and H; production (Figs. 2 and 6A). These module include i)
the initial carbohydrate metabolism, ii) the sugar phosphate metabolism through the EM,
ED, and OPP pathways, iii) the glyceraldehyde-3-phosphate (3gp) metabolism through the
pay-off phase of glycolysis, iv) the pyruvate synthase dependent Hz production module, and

v) alternative metabolite secretion modules.

3.3. Internal redox balancing in T. maritima
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The systems analysis of the Hz metabolism in T. maritima indicated that a complex
redox balancing system was needed for providing the exact fdxr/NADH ratio for the
bifurcating hydrogenase. In order to shed light on this process we varied the frdx/NADH
ratio in silico by simulating internal metabolic processes involved in the consumption and
production of NADH. We studied the effects of these metabolic states on the metabolism of
T. maritima and we found three main scenarios when glucose was used as the carbon
source (Fig. 3). The first scenario corresponds to a balanced metabolic state, in which the
metabolic processes do not modify the NADH/NAD* pool provided by glycolysis and in this
case the frdx/NADH ratio is exactly two. Under these conditions, no mechanism for redox
balancing was required. Glucose was fermented to acetate via EM, while the bifurcating
hydrogenase regenerated NAD* and oxidized ferredoxin, and maximal growth was
achieved (Fig. 3). In a second scenario, identified by the consumption of NADH, the
fdxr/NADH ratio was above two and consequently, the bifurcating hydrogenase was not
sufficient for redox balancing. The NFO reaction provided NADH from fdxr and was the key
reaction in redox balancing under these conditions (Fig. 3). Finally, an increase in the
NADH pool resulted in an fdxr/NADH ratio below two, which required the presence of
pathways consuming the surplus of NADH. We found under these conditions that NADH
was consumed by the funneling of a small fraction of the glucose to the ED pathway,
coupled with elemental sulfur reduction. In fact, we found that one mole of NADH was
consumed per mole of glucose funneled to the ED pathway. Therefore, the fine tuning
between the EM and ED pathways, which yielded fdxr/NADH ratios of two and four,
respectively, led to the balancing of the redox state (Fig. 3). This latter scenario was found

when i1Z479_v2 grew on glucose (Fig. 3, dotted line) as well as on other carbohydrates.
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This result strongly suggests that the T. maritima metabolism of sugars as main carbon
sources yields in a surplus of NADH and subsequently, in an fdxr/NADH ratio lower than
two. By quantifying the NADH consumed required to achieve an fdxr/NADH ratio of two
(Fig. 3, black arrow), the surplus of NADH on glucose as carbon source (10 mmol/gDW /h)
was estimated to be 1.12 mmol/gDW /h, which correlates well with the flux across the ED
pathway under these conditions (Fig. 3). Therefore, the amount of glucose-6-phosphate
metabolized by the ED pathway for each carbohydrate could be dependent of the surplus
NADH produced. The required redox balancing under these conditions could therefore
explain the significant flux through ED found in vivo [50], despite the low efficiency of this
pathway compared to the EM pathway. In summary, we found that the NFO reaction, the
EM, ED, and sulfur reduction pathways are required for internal redox balancing in T.

maritima.

3.4. Knockout approach toward the in silico design of Hz overproducer strains

In silico models can be used as a platform for examining a wide variety of possible
genetic modifications at the genome scale. We therefore performed a thorough in silico
knock-out analysis by searching over all single, double, and triple reaction knockouts in
order to increase Hz production. Based on the predicted growth rates and H: yields (Fig.
S1), nine carbon sources were selected prior to carrying out the knockout analysis,
consisting of seven glycolytic and two gluconeogenic carbon sources, L-lactate and L-
alanine. The glycolytic carbon sources included were glucose (a hexose), xylose (a pentose),
sucrose (a disaccharide), raffin (a trisaccharide), cellulose, starch (homopolysaccharides),

and xylan (a heteropolysaccharide). The uptake rate for each substrate was carbon
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adjusted to correspond to 10 mmol glucose/gDW/h. Analysis of the mutants revealed that
the knockout of the H»S transporter between the cytosol and extracellular compartments
(H2St) resulted in several mutants with high Hz yields. Blocking the transporter prevented
the secretion of hydrogen sulfide. This fact limited the use of sulfur as an electron sink,
which subsequently led to an increase in Hz production. The knockout of the H:S
transporter could be emulated by limiting the amount of sulfur present in the medium. We
simulated sulfur-limited conditions by adding to the medium, the sulfur amount necessary
for supporting maximum growth. Sulfur-limiting conditions were used in the following,

unless stated otherwise.

The maximum and minimum flux rates of H; in the wild-type strain were computed
as a function of the growth rate (Fig. 4, blue curves) as well as for single, double, and triple
knockouts (Fig. 4, magenta, green, and red circles), for all the carbon sources under
consideration. While some mutants resulted in promising production strains, numerous
inferior mutants were identified (Fig. 4, filled circles), both in terms of growth and H:
production. While flux balance analysis predicts high H; yields in T. maritima growing on L-
lactate or L-alanine, the results indicate that the yield could not be improved using
knockouts alone (Figs. 4D and 4I). For the knockout mutants growing on glycolytic carbon
sources, a significant increase in Hz production was obtained, typically ranging from 13%
for a single knockout to 21% for triple knockouts (Figs. 44, 4C, 4E, 4F, and 4H). In all
computed knockouts, the additional production of H2 was due to the employment of less
efficient pathways, which required a higher amount of glucose for ATP production, while
the production of reducing equivalents was not affected. As a consequence, a minimal
increase in Hz production was predicted at the expense of reduced growth rates (Fig. 4).
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Optimal growth and H; production in Thermotogales requires the complete oxidation of
pyruvate to acetate, providing an extra mole ATP per mole of pyruvate through the
reaction catalyzed by acetate thiokinase (ACKr). L-lactate formation is therefore the main
limitation (Fig. 2) [13, 25, 50]. Our results show that by modifying the pyruvate
metabolism, as well as by blocking L-lactate formation, a significant increase in H:
production could be obtained for all tested glycolytic carbon sources (Table S3). This was
achieved by the combined deletion of the acetate thiokinase (ACKr) and L-lactate
dehydrogenase (LDH_L) reactions (Fig. 4, gray circles). This finding is in line with reports
of engineered LDH_L-deficient E. coli and Thermoanaerobacterium sp. strains, which exhibit
about two-fold increase in Hz production [51, 52]. The deletion of the ack gene encoding for
ACKr in Clostridium tyrobutyricum increased the Hz production from glucose by 50% [53].
It is interesting that neither the single knockout of ACKr nor of LDH_L resulted in an
increase in H: yield in silico, which is in contrast to experimental evidence from other
species. This apparent discrepancy does not invalidate our results, but rather supports
them. For instance, although the single ACKr knockout of C. tyrobutyricum resulted in
higher H2 production [53], a continuous culture of this ACKr knockout strain could result
in an adaptive evolution including an up-regulation of the LDH_L, increasing the L-lactate
excretion and the subsequent decrease in Hz production (Fig. 2A). Conversely, the growth-
coupled overproducer strain consisting of a double deletion identified in our study
overcomes this drawback. Furthermore, it could be adaptively evolved in a continuous
culture, thus leading to faster growth rates and potentially even higher Hz production rates

[34].
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Another high yielding strategy was to block the sugar phosphate metabolism in the
initial steps of glycolysis, i.e., either the fructose bisphosphate aldolase (FBA) or the triose-
phosphate isomerase (TPI) reactions. A FBA knockout mutant (Fig. 4, orange circles)
growing on glucose resulted in a 13% increase in Hz production (Tables 1, S3). This was
achieved by redirecting all carbon flux through the glucose-6-phosphate dehydrogenase
(G6PD) to the ED pathway (Fig. 5A). The metabolism of glucose via ED was less efficient
since only three moles of ATP per mole of glucose were produced compared to four moles
provided via EM. Moreover, two of the three moles of ATP were produced by the ACKr,
which resulted in an increase in the carbon flux through the POR reaction in order to
maximize the ATP production. Subsequently, the production of H; increased at the expense
of reduced growth rate (Table 1). The TPI mutant prevented the direct conversion of
dihydroxyacetone phosphate (dhap) to glyceraldehyde-3-phosphate and in this mutant,
dhap was converted to D-fructose 1,6-bisphosphate via gluconeogenesis and the
consumption of one extra mole of ATP. The TPI and FBA knockouts behaved similarly, the
small increase in the H; production was a consequence of the increase in the carbon flux
through the POR reaction in order to maximize the ATP production through ACKr (Fig. 5C).
No significant further increase in Hz yields was predicted when the FBA and TPI knockouts
were combined with one or two additional knockouts (Table S3). The combination of

ACKr/LDH_L knockouts with either FBA or TPI knockouts turned out to be lethal.

Stoichiometric models have been extensively used for the study of H, metabolism in
oxygenic-photosynthetic [54-56], photoheterotrophic [57], and heterotrophic microorganisms
[43, 58]. However, there are not many publications dealing in depth with the in silico redesign

of the metabolism toward over-production of H,. In an interesting study, Pharkya and colleges
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addressed the search for growth-coupled H, overproducer knockouts in E. coli, a well-
established production system, and in Clostridium acetobutylicum, a known hydrogen producer
[59]. They found that while a triple knockout (ACK, ATPsynthase, and 2-oxoglutarate
dehydrogenase) in E. coli yielded 2.95 mol H,/mol glucose, a double knockout (ACK and
butyrate transport) in C. acetobutylicum vyielded up to 3.17 mol H,/mol glucose [59].
Interestingly, this study also indicated that the blocking of ACK and the use of a less efficient
metabolism was required to increase the H, production. However the results of that study also
suggested that a more complex redesign would be required to obtain yields above 4 mol

H,/mol glucose.

In summary, we propose two possible metabolic engineering strategies for
increasing the Hz production in T. maritima: i) by modifying the pyruvate metabolism (Fig.
6B) or ii) by blocking the EM pathway (Fig. 6C). In addition, our results indicate that only a
modest increase in H; yields can be achieved by knockouts alone and that more complex

modifications are likely to be needed in order to obtain a significant increase in yields.

3.5. In silico design of synthetic oxidative-modules for increased Hz production

Metabolic engineering strategies, which modify pyruvate metabolism in bacteria in
order to increase the H; yields, have been extensively employed [51-53]. We therefore
focused the subsequent analysis on blocking of the glycolytic pathway and the utilization of
alternative pathways for the sugar phosphate metabolism. In particular, it seemed
worthwhile to study the funneling of carbons through the oxidative branch of the pentose
phosphate pathway. While no flux across the OPP was found in experimental flux

distribution experiments [50], theoretical estimates indicate that metabolizing glucose via
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the OPP could increase the H; yields up to eight mole H; per mole glucose [4, 60]. We found
that both the growth rate and the H; production decreased when carbon flux was
redirected through the OPP (Fig. 2C-D). This finding is in agreement with experiments
performed with a glucose-6-phosphate isomerase (PGI) knockout E. coli strain, which
metabolized glucose through the OPP and exhibited a reduced growth rate [61]. This
phenotype was explained by the lack of an efficient NADP+ regeneration system [61]. In
order to test if the reduced growth rate driven by the OPP was due to the lack of a NADP+*
regeneration system, we decided to include a non-native NADPH-dependent hydrogenase

reaction into the model[62].

When this reaction was added to the model, a significant increase in the flux across
the OPP and a high Hz production rate was predicted when Hz production was used as the
optimization criterion (data not shown). This finding is in line with the aforementioned E.
coli, study [61] and suggests that a lack of reactions consuming NADPH hampers the flow
through the OPP. We therefore hypothesize that the inclusion of a non-native reaction
connecting the NADPH and NADH /ferredoxin pools could increase the flux across the OPP
and thus, could increase the H: yields. Since the over-expression of non-native
hydrogenases is still a considerable challenge [43, 63, 64], even more so in T. maritima for
which no appropriate genetic tools exist, we decided to analyze a simpler strategy. We
simulated the knock-in of the thermostable NADPH-NADH transhydrogenase (NADP_H2)
and NADPH-Ferredoxin reductase (FNOR_HT) from Thermus thermophilus (Q5SLT5) and
Hydrogenobacter thermophilus TK-6 [65], respectively. The inclusion of either NADP_H2 or
FNOR_HT reactions did not result in significant changes compared to the wild type. When
optimizing for growth rate, we found that the strains grew equally fast as the wild type,
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while exhibiting only a marginal increase in Hz production (Fig. 2L, Table 1). However,
when Hz production was selected as an optimization criterion, the inclusion of either
NADP_H or FNOR_HT yielded a two-fold increase in Hz production (Fig. 2K). The additional
H> was obtained by an increased flux across the OPP pathway, as expected, (Fig. 2K) and in
a POR-independent manner (Fig. 2I). Pyridine nucleotide transhydrogenases have been
employed to successfully improve strain productivity by enabling NADH/NADPH
interconversion [66, 67]. However, since the directionality of the transhydrogenase
reaction largely depend on the NADH/NADPH ratio and due to the presence of additional
NADH or NADPH consuming reactions, the over-expression of transhydrogenases may
result in unexpected phenotypes [68]. Thus, it seems reasonable to assume that the
presence of an effective NADP* regeneration system is necessary for increasing the flux

across the OPP but that it may not be sufficient.

In an attempt to design additional Hz over-producer strains based on the OPP, while
avoiding undesirable phenotypes, we repeated the growth-coupled knockout analysis using
the two knock-in strains. The increase in H; production of single knockout mutants in the
NADP_H2 knock-in strain was negligible, and we identified again the FBA and TPI mutants
as the mutants with highest yields (Table 1). When double knockouts strains were
analyzed in silico, the computations resulted in new knockout strains, in which the glucose
metabolism was completely redesigned. These double knockouts resulted in substantial
increases in H; yields while maintaining acceptable growth rates (Tables 1, S4). For
instance, blocking the direct conversion of glucose into f6p, achieved through the deletion
of the glucose-6-phosphate isomerase (PGI) and the knockout of the fructose kinase
(HEX7) or the D-glucose aldose-ketose-isomerase (XYLIZ), led to an increase in H:
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production by more than 40% (Tables 1, S4). The high H: yields were achieved by
metabolizing glucose mainly through the OPP (Fig. 5A) and in a POR-independent manner

(Fig. 5D).

We then repeated the knockout analysis in the context of a FNOR_HT knock-in, and
obtained similar results as for single knockouts (Tables 1, S5). The double knockout strains
involving PGI and HEX7/XYLI2 showed similar H; yields to those obtained with the
NADPH_H2 knock-in strain (Fig. 6D, Tables 1, S5). However, in the presence of FNOR_HT,
the ED pathway became non-essential (Fig. 2L), since the optimal oxidation-reduction state
could be provided by reduced ferredoxin derived from the NADPH. Subsequently, we
identified a new double knockout mutant, deficient in FBA and 2-dehydro-3-deoxy-
phosphogluconate aldolase (EDA_R), with blocked EM and ED pathways. In this mutant, the
combined action of FNOR_HT and the knockouts redirected the glucose flux exclusively
through the OPP (Fig. 5A). The combined action of FNOR_HT and NFO provided the
required fdxr/NADH ratio for the bifurcating hydrogenase and as a consequence, this
double mutant resulted in a 125% increase in H; production in a POR-independent manner
(Fig. 5E, Table 1). The predicted Hz, CO2, and acetate yields per mole glucose were 7.6, 3.8,
and 0.8, respectively, which superseded the Thauer limit for Hz production with acetate as
byproduct. In fact, these values are close to the theoretical maximum yield obtained by
funneling sugar phosphates through the OPP (Fig. 5B, 6E) [60] and they represent almost
two thirds of the maximum stoichiometric yield of hydrogen from glucose (i.e., 12 mole Hz)

[62].
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While we are not aware of any in vivo attempts employing this strategy for
overproducing H: in other bacteria, there is experimental evidence suggesting that this
approach could be implemented. For instance, E. coli’'s pgi knock-out mutant has been
described to metabolize glucose mainly through the OPP, which introduced a redox
imbalance due to excess NADPH leading to reduced growth compared to the wild-type [61].
It is interesting to note that over-expressing the soluble UdhA transhydrogenase improved
the growth rate of this mutant significantly [61]. Furthermore, recurrent mutations
enhancing the activity of the transhydrogenase were observed in strains isolated from
adaptive evolution experiments performed on the E. coli pgi knock-out strains as well as
decreased acetate excretion [69]. These experiments highlight the synergism (blocking of
glycolysis and inclusion of an efficient NADPH regeneration system) required to increase
the flux across the OPP and support the reduced acetate secretion rate computed in those
OPP-based H:-overproducer strains (Fig. 5A, 5B). Finally, is noteworthy that similar
behavior has been described for yeast pgi knock-outs over-expressing the UdhA
transhydrogenase [70], which could indicate that this strategy can be indeed extended to

other organisms.

3.6. Expanding the metabolic capabilities of T. maritima in silico

Glycerol is the main by-product from the hydrolysis of fats and is currently
generated in large amounts in the biodiesel industry. As a result glycerol has gone from
being a commodity chemical to a waste chemical in less than a decade. This is one of the
reasons why glycerol has been identified as a promising carbon source for industrial

microbiology in the future [71]. The complete pathway for glycerol metabolism is encoded
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in the T. maritima genome and a previous in silico analysis suggested that high yields of H»
could be obtained by using glycerol as a carbon source [23]. Unfortunately, a recent
experiment demonstrated that T. maritima is unable use glycerol as a carbon source [14],
which could be due to the over-reduced state described previously. An unexpected
consequence of the FNOR_HT inclusion was that the model was able to grow on glycerol.
Analysis of flux values indicated that a significant fraction of glycerol was funneled to the
OPP via gluconeogenesis. As a result, the extra ferredoxin levels derived from NADPH to
balance the excess of NADH produced during the first steps of the glycerol metabolism
were able to support growth. In addition, we obtained very high H; yields, which were
twice as high as those found for the other carbohydrates (Table 1). We then repeated the
knock out analysis using glycerol as carbon source, combined with the FNOR_HT knock-in.
While, no single mutants outperformed the wild type strain, we found that the H:
production in the double mutants ACKr/LDH_L increased slightly (Table 1). Since glycerol
was metabolized through the payoff phase via dhap (Fig. 2, grey line), the double mutant
FBA/EDA_R identified previously did not increase H; production, however, a triple mutant,
which additionally blocked the phosphate isomerase reaction (TPI) did. Glycerol was
metabolized in this mutant to g3p through OPP via gluconeogenesis, similar to the
metabolism of glucose in the double FBA/EDA_R knockout. In fact, this strategy gave H:
yields close to the maximum theoretical yields of five moles H; per mole glycerol (Table 1).
The results suggest that glycerol could be exploited as an inexpensive carbon source by

means of a single gene insertion (FNOR_HT) into T. maritima, producing Hz in high yields.

4. Conclusions
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We have presented an updated genome-scale metabolic model of the
hyperthermophile T. maritima and employed it to gain insights into the Hz-metabolism of
this bacterium. The model was then used to re-design the Hz metabolism in silico to
improve the H: yields. Systems analysis revealed that several individual modules were
involved in the Hz metabolism, with POR being a key reaction. We showed that the H:
production could be increased by up to 21% by using three knockouts for T. maritima
growing on cellulose, sucrose, starch and xylan. In addition, the combination of gene knock-
outs with a single inclusion of either NADP_H2 or FNOR_HT completely re-designs the
native Hz metabolism. A new synthetic H2 producing module, driven by the OPP, could
increase the Hz production by 125% when combined with knockouts of the FBA and EDA_R
reactions. This strain design is non-intuitive and requires a comprehensive in silico systems
metabolic engineering approach. In addition, the sole inclusion of FNOR_HT allowed the
model to grow on glycerol, a cheap and abundant carbon source while producing H; in with
high yields. It seems reasonable to hope that genetic engineering strategies for T. maritima
will become available in the near future [72] and the implementation of some of the

proposed strains here could be of great interest.
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Figure legends
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Figure 1. Model refinements. The minimum and maximum Hz production is shown as a
function of the growth rate when 10 mmol/gDW/h of glucose was used as carbon source.

Figure 2. Systems analysis of the H> metabolism in T. maritima. The main reactions
involved in the H2 metabolism and those identified as key steps in the re-design of the T.
maritima metabolism are shown with black squares. Metabolites are represented as
colored balls according to the pathway they are involved in. Extracellular metabolites are

indicated by red balls.

Figure 3. Growth rate and flux across the main metabolic pathways involved in redox

balancing as a function of the fdxr/NADH ratio.

Figure 4. Analysis of knockout mutants.

Figure 5. The main characteristics of the in silico overproducing strains. NADP_H2 and
FNOR_HT represent the respective knock in in silico strains. Relative flux across the EM
pathway, ED pathway, and OPP (A). Secretion of Hz, CO2, and acetate (mmol/gDW/h) (B).
The Hz production and the flux across the pyruvate synthase for selected knockout mutants

of the wild-type (C), NADP_H2 knock-in (D) and FNOR_HT knock-in (E).

Figure 6. A qualitative description of the metabolism of the T. maritima wild type and
the re-designed strains. The thickness of the pathways indicates the amount of flux

present.

Table legends

Table 1. Growth rate and hydrogen production from glucose and glycerol for

different mutant strains. Growth rate (h-1). Hz, CO2, acetate, PFK, EDD, GND, RPE
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represent flux values of the corresponding reactions (mmol/gDW/h). The PFK reaction
represents EM pathway, EDD represents the ED pathway, GND represents the OPP pathway
and RPE represents the non-oxidative branch of the pentose phosphate pathway. BPCY is
the biomass-coupled product yield (mmol/gDW/h2) and AH: is the fractional increase in Hz

production over the wild-type.

Supporting material

Figure legends

Figure S1: Growth rate, hydrogen production and biomass-coupled product yield for each

of the carbon sources, which supported growth in the updated model.

Figure S2: Growth rate, hydrogen production and biomass-coupled product yield for each

of the carbon sources, which supported growth in the original model.

Table legends

Table S1: A description of model updates.

Table S2: Essential reactions in T. maritima grown on glucose.

Table S3: Hydrogen yields for knockout strains based on the wild type.

Table S4: Hydrogen yields for knockout strains based on the NADPH_2 knock-in mutant.

Table S5: Hydrogen yields for knockout strains based on the FNOR_HT knock-in mutant.
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Table

Carbon Glucose Glucose Glucose Glycerol
source
Knock out - FBA TPI ACKr / - FBA TPI HEX7 / ACKr / - FBA TPI HEX7 / FBA/ ACKr / - ACKr/ FBA/EDA_R/TPI
LDH_L PGl LDH_L PGI EDA_R LDH_L LDH_L
H2 32.53 36.83 34.74 37.07 32.95 35.07 35.03 46.45 37.22 3406 34.62 35.03 47.57 76.36 37.63 67.65  70.33 96.83
AH2 1.00 1.13 1.07 1.14 1.00 1.06 1.06 1.41 1.13 1.00 1.02 1.03 1.40 2.24 1.10 1.00 1.04 1.43
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