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ABSTRACT When carbohydrates are fermented by the hyperthermophilic anaerobe
Thermotoga maritima, molecular hydrogen (H2) is formed in strict proportion to sub-
strate availability. Excretion of the organic acids acetate and lactate provide an addi-
tional sink for removal of excess reductant. However, mechanisms controlling energy
management of these metabolic pathways are largely unexplored. To investigate this
topic, transient gene inactivation was used to block lactate production as a strategy to
produce spontaneous mutant cell lines that overproduced H2 through mutation of
unpredicted genetic targets. Single-crossover homologous chromosomal recombina-
tion was used to disrupt lactate dehydrogenase (encoded by ldh) with a truncated
ldh fused to a kanamycin resistance cassette expressed from a native PgroESL pro-
moter. Passage of the unstable recombinant resulted in loss of the genetic marker
and recovery of evolved cell lines, including strain Tma200. Relative to the wild type,
and considering the mass balance of fermentation substrate and products, Tma200
grew more slowly, produced H2 at levels above the physiologic limit, and simultane-
ously consumed less maltose while oxidizing it more efficiently. Whole-genome rese-
quencing indicated that the ABC maltose transporter subunit, encoded by malK3,
had undergone repeated mutation, and high-temperature anaerobic [14C]maltose
transport assays demonstrated that the rate of maltose transport was reduced.
Transfer of the malK3 mutation into a clean genetic background also conferred in-
creased H2 production, confirming that the mutant allele was sufficient for increased
H2 synthesis. These data indicate that a reduced rate of maltose uptake was accom-
panied by an increase in H2 production, changing fermentation efficiency and shift-
ing energy management.

IMPORTANCE Biorenewable energy sources are of growing interest to mitigate
climate change, but like other commodities with nominal value, require innovation
to maximize yields. Energetic considerations constrain production of many biofuels,
such as molecular hydrogen (H2) because of the competing needs for cell mass syn-
thesis and metabolite formation. Here we describe cell lines of the extremophile
Thermotoga maritima that exceed the physiologic limits for H2 formation arising
from genetic changes in fermentative metabolism. These cell lines were produced
using a novel method called transient gene inactivation combined with adaptive
laboratory evolution. Genome resequencing revealed unexpected changes in a malt-
ose transport protein. Reduced rates of sugar uptake were accompanied by lower
rates of growth and enhanced productivity of H2.
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Among the various methods for commercial H2 production, biological synthesis
offers a carbon-neutral, economic and sustainable approach (1, 2). Fermentative H2

production, also called “dark fermentation,” is an attractive biological route because of
higher H2 production yield, the availability of significant sources of saccharified biomass
feedstocks, and a lower requirement for energy input (3, 4). Among various mesophilic
H2 producers, hyperthermophiles offer significant benefits because they have superior
productivity and yields (5, 6). Certain thermodynamic constraints on H2 productivity per
glucose molecule are relieved in hyperthermophiles. Under these conditions, the H2

synthesis reaction becomes more favorable due to entropic effects not found under
mesophilic conditions (7). In addition to favoring the energetics of H2 production,
growth at high temperature promotes solubilization and hydrolysis of complex carbo-
hydrates to fermentable sugars while inhibiting growth of H2 consumers present in raw
feedstocks (8, 9). However, the physiologic yield is limited to a maximum of 4 mol of H2

per mol of glucose and accumulation of H2 acts as a metabolic inhibitor, representing
major obstacles for commercialization of biological H2 production (6, 10, 11). In vitro, 12
mol of H2 can be formed per mole of glucose, and this has been verified in vitro when
recombinant enzymes, ATP and NADH, were evaluated (12, 13). However, in a biological
system this reaction does not provide enough Gibbs free energy (G) to sustain growth.
Consequently, for whole cells, Thauer et al. proposed a physiologic limit of 33%, or 4
mol of H2 per mol of glucose, to enable sufficient energy formation to support cell
growth (14). In growing cells the energy cost of metabolite formation competes with
the cost of forming new cell mass. For this reason, uncoupling microbial growth from
product formation seeks to maximize the amount of raw material used for end product
synthesis while minimizing by-product formation consisting primarily of cell mass (15,
16). Slow growth rather than no growth may be required to support the needs of
energy-coupled reactions and to maintain oxidation-reduction balance (16). Nutrient
starvation has been explored as a growth uncoupler for production of methane by
methanogens, protein by Escherichia coli, and H2 by E. coli (17–20). Studies of bacterial
growth under conditions of limited ATP production suggest that continued cell division
can be accomplished with limited substrate uptake, in effect achieving an uncoupling
of growth from metabolite formation (20, 21). Accomplishing this end in a reproducible
manner would relieve a glycolytic bottleneck and support commercial biological H2

production from a biological system.
Thermotoga maritima is a hyperthermophilic anaerobic bacterium that grows opti-

mally at 80°C and produces H2 to levels that approach the thermodynamic limit using
simple and complex carbohydrates (6, 10, 22, 23). Seven percent of its genome encodes
carbohydrate-utilizing genes, along with abundant transporters that are mostly ATP-
binding cassettes, placing it high among sequenced bacterial and archaeal genomes
for transporter gene content (24, 25; see also http://www.membranetransport.org).
While the majority of the T. maritima transporters are of bacterial origin, 37% are
thought to be of archaeal origin (24). These frequently were annotated as oligopeptide
transporters but were subsequently found to bind carbohydrates (26). T. maritima
employs the Embden-Meyerhof-Parnas (EMP) pathway (85% relative contribution) and
the Entner-Doudoroff (ED) pathway (15% relative contribution) to convert glucose into
H2 and organic acids (lactate and acetate) (5) (see Fig. S1 in the supplemental material).
High levels of H2 synthesis arise from the action of a bifurcating hydrogenase that
accepts electrons from both NADH and reduced ferrodoxin (27). Accumulation of H2 in
batch culture without headspace exchange results in loss of redox homeostasis that
shifts metabolism toward the production of organic acids, presumably through hydro-
genase inhibition (28, 29). Availability of a predicted central metabolic network, in silico
metabolic knockouts, fermentation studies, and structural genomics and proteomics
provide the tools to intentionally uncouple growth from metabolite formation (6,
30–34). Here we present the use of a genetic approach for the creation of new cell lines
that overproduce H2 through changes in sugar transport.
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RESULTS
Isolation of H2-resistant and H2-overproducing cell lines by transient gene

inactivation. The growth-inhibitory effect of H2 has been reported for T. maritima as
well as for other H2-producing organisms (6, 10, 29, 35). A linear relationship between
growth and H2 could be established when T. maritima was cultivated in the presence
of various amounts of added H2 (Fig. 1A). To assess the magnitude of this effect and
its dependence on maltose concentration, T. maritima was cultivated with various
amounts of added maltose and the relationship between cell and H2 yields was
determined. Cell yields saturated rapidly with increasing maltose concentration (Fig. 1B)
due to the growth inhibition caused by increased number of H2-producing cells of T.
maritima. H2 production was normalized to cell mass to compare levels of H2 produc-
tion at different concentrations of maltose. The apparent inverse relationship between
H2 accumulation and maltose concentration suggested that H2 became toxic under
these conditions. If this toxicity was sufficient to inhibit growth, it could be used to
select for mutants that overcame this effect. Since an increase in H2 partial pressure
shifts the metabolism of T. maritima toward lactate synthesis (6, 36, 37) and not ethanol,
transient inactivation of lactate dehydrogenase (encoded by ldh) could exacerbate H2

toxicity by blocking lactate formation. This would remove one pathway for excretion of
excess reductant and thereby create selective pressure to recover such mutants with-
out having to add exogenous H2.

T. maritima is transformable using replicating plasmids (38). Therefore, chromosomal
recombination was pursued as a means to generate useful mutations as demonstrated
previously (39, 40). As efforts to disrupt ldh by double crossover were not successful,
indicating that the gene was essential and therefore unlike its homologs in other
H2-producing microbes (41), transient gene disruption was used instead. Cells were
transformed with a 3= terminally truncated copy of ldh lacking a promoter that was
fused upstream of a thermostable kanamycin resistance gene (htk) expressed from the
T. maritima PgroESL promoter (42). Electroporated cells were enriched for antibiotic-
resistant recombinants in liquid culture using various concentrations of added drug
depending on the selection process. Total genomic DNA was then screened for the
presence of novel chromosomal fusions arising from targeted recombination at ldh. The
predicted unique 5= amplicon (�2.0 kb) was evident following PCR amplification using

FIG 1 Growth inhibition by hydrogen and relationship between maltose concentration and H2 produc-
tion. (A) Tubes inoculated at an initial OD600 of 0.02 were incubated at 80°C in the presence of various
amounts of H2 and OD changes (growth) were observed after 24 h of incubation. (B) H2 production (�)
and growth (�) of the wild type (T. maritima) grown in various amounts of maltose in batch culture in
20 h. H2 that accumulated at each sugar concentration was normalized to 108 cells/ml. The error bars
represent the SDs from two biological replicates.
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a primer complementary to sequences upstream of ldh (P5) and the 3= end of htk (P4)
(Fig. 2A). Similarly, the predicted unique 3= PCR amplicon (�1.3 kb) was also detected
using lacZ and primers complementary to sequences downstream of ldh (P6 and P7).
Both amplicons were detected using genomic DNA from enrichments using 375 �g/ml
and 500 �g/ml of kanamycin, and their composition was verified by DNA sequencing.
These results confirmed that directed chromosome recombination at the ldh locus was
successful and prompted efforts to recover recombinant clonal cell lines.

Direct plating of cells transformed and enriched in an identical manner yielded a
34-fold-higher transformation efficiency than that of untransformed cells. Following clonal
purification with selection, PCR screening indicated the presence of the PgroESL::htk
transgene in 60% of isolates. One transgene-containing isolate, named Tma100, was
pursued for additional analysis (Fig. 2B). In Tma100, all predicted amplicons were
evident using the indicated primers, including the genetic marker (PgroESL::htk; 946 bp)
(P3 and P4), a 5= unique fusion joint between the upstream gene and within the genetic
marker (TM1866::ldh::PgroESL::htk; 966 bp) (P8 and P9), a unique fusion joint between the
3= end of ldh and the nonreplicating plasmid vector (bla::ldh::TM1868; 1,730 bp) (P10
and P7), and the vector-borne genetic marker (bla; 200 bp) (P11 and P12). In addition,
recombination at the PgroESL locus was excluded by the apparent absence of a PCR
amplicon encoding the ldh disruption construct fused to this region. The identity of the
genetic marker (PgroESL::htk) and 5= and 3= unique fusion joints in Tma100 mutant was
confirmed by sequencing. Together these data confirmed targeted integration at the
chromosomal ldh locus.

Tma100 exhibited poor growth on maltose plates, resulting in small colonies. As this
may have resulted from an effect from the ldh disruption, selection for improved
growth was performed in the absence of antibiotic selection. Fifty clonal isolates
derived from Tma100 were passaged in maltose medium lacking added kanamycin.
PCR analysis of the selected 10 isolates (Tma200 to Tma209) showed segregation that
restored the native ldh gene. However, all 10 were found to be resistant to kanamycin.

FIG 2 Targeted disruption of lactate dehydrogenase gene (ldh). Schematic of ldh disruption by single
crossover and PCR amplification of predicted amplicons (liquid enrichment [A] and clonal population of
Tma100 [B]). Lanes 1, 4, 7, 15, 18, and 22, molecular markers; lanes 2 and 9, unique 5= fusion joint at ldh
locus in liquid enrichment and for Tma100, respectively; lanes 3, 8, and 10, unique 5= fusion joint at the
ldh locus in the wild type, Kanr mutant, and wild type, respectively; lanes 5 and 19, 3= unique fusion joint
at the ldh locus in liquid enrichment and Tma100, respectively; lanes 6, 20, and 21, unique 3= fusion joint
at the ldh locus for the wild type, Kanr mutant, and wild type, respectively; lanes 11 and 14 and lanes 16
and 17, selectable marker (PgroESL::htk) and bla gene in Tma100 and positive control (pBL1292), respec-
tively; lanes 12 and 13, PgroESL::htk in the Kanr mutant and wild type, respectively.
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A mutation at the 3= end (A to G at nucleotide [nt] 1420) in 16S rRNA was evident in
strains Tma200 through Tma209. These mutations may have occurred in Tma100
during its cultivation in the presence of a larger amount of kanamycin (500 �g/ml).
Such mutations likely improved survival under selection despite the transient presence
of the introduced genetic marker. These 10 isolates were then tested for H2 production
in liquid culture and one, named Tma200, exhibited levels that exceeded those of the
wild type. H2 resistance was then tested in the evolved strains in the presence of H2

supplementation. An increased growth rate in the H2 supplemented environment
relative to the wild type indicated that both Tma100 and Tma200 exhibited enhanced
H2 resistance (Fig. S2).

Metabolic analysis. Analysis of organic acid and hydrogen metabolites was con-
ducted first using small batch cultures after a single growth cycle at 80°C for 20 h. Since
the wild type (T. maritima) grew to a higher cell density than Tma100 and Tma200
during this period, comparison of H2 production among these stains was established on
a per-cell basis by normalizing the concentration of H2 to cell number (Fig. S3). On this
basis, levels of H2 were higher for Tma100 and Tma200 than the wild type, by 18% and
46%, respectively, while the other Tma100 derivatives (Tma201 to Tma209) were not
significantly different from Tma100.

In small volume batch cultures, Tma100 and Tma200 overproduced H2 relative to
the wild type while growing more slowly (Fig. S3). To determine if H2 accumulation
played a role in this process, additional studies were conducted using bioreactors
(3 liters) in which the headspace of the bioreactors was replaced with N2 to avoid
H2-associated growth inhibition. Under these conditions, the wild type still grew the
fastest and had the highest cell yield, followed by Tma200 and then Tma100 (Fig. 3A;
see also Table S1). In contrast, maltose consumption was greatly reduced in Tma100
and Tma200, revealing a defect in catabolism of this sugar. H2 levels produced by
Tma100 and Tma200 during exponential growth remained higher than with the
wild-type strain, by 18% and 48%, respectively (Fig. 3B). CO2 production by Tma100 and
Tma200 was 20% and 40% higher than that of the wild-type strain, respectively. Acetate
levels produced during the exponential growth phase also were higher for both
Tma100 (39%) and Tma200 (44%) than for the wild type. During exponential phase,
traces of lactate (0.17 � 0.05 mM) were detected in the wild type. After 30 h, levels of
lactate in Tma100 were not detectable and in Tma200 were reduced by 71% relative to
those of the wild type (12.32 � 0.05 mM) (Table S2). These data indicated that in the
passaged strains, the molar yield of H2 relative to maltose consumed had increased on
a per-cell basis (Fig. 3C; Table 1). The stoichiometry of maltose catabolism was calcu-
lated for each strain during cultivation in bioreactors. As described in Materials and
Methods, the measured metabolites included maltose, H2, CO2, lactate, and acetate.
Based on these values, stoichiometric equations for maltose oxidation were established
(chemical equations 1 and 2) that distinguished the unique metabolism of Tma100
and Tma200. Production of H2 at levels greater than 4 mol/mol of glucose (Glc) is
possible if carbon is redirected through the pentose phosphate pathway (PPP). In
this case the H2 yield could be up to 8 mol of H2/mol of Glc (31, 43). The
involvement of the PPP along with the glycolytic pathway offer an explanation for the
apparent stoichiometry of metabolites formed from Tma100 and Tma200 (Fig. 4).
Additionally, the overall carbon recovery was over 90% throughout the fermentation,
confirming that consumed carbon primarily formed acetate, lactate, CO2, and biomass.
Furthermore, the oxidation-reduction balance of oxidized and reduced products close
to the theoretical value of 1.0 shows that the products were in balance and were
accurately determined without any indication of new products present in significant
quantities (Fig. S4). To determine the H2 produced from the unidentified sugars in
complex medium, fermentation studies were carried out without maltose and H2

analysis was performed. All strains grew poorly (optical density [OD] of 0.08/ml) and
produced H2 in the micromolar (400-fold lower H2 than H2 with maltose) range, which
did not result in change of H2 yield in all strains. This demonstrated that the majority
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of the carbon derived from maltose contributed to the observed metabolites and
cellular biomass. The overall reaction of fermentation can be written as shown below
(equations 1 and 2).

Tma200: 1.0C6H12O6 � 3H2O → 1.43C2H4O2 � 0.14C3H6O3 � 5.77H2 � 2.82CO2 (1)

Tma100 : 0.86C6H12O6 � 2H2O → 1.33C2H4O2 � 4.5H2 � 2.32CO2 (2)

Genetic basis for increased H2 yield. Genome resequencing was conducted to
identify the genetic basis for H2 overproduction in the passaged strains. A tabulated
summary of the confirmed mutations is presented (Table S3). Based on genome
alignments of the wild type and derived strains, only malK3 (THMA_1301), a functional
malK gene identified previously (39), was identified as a genetic hot spot for mutation

FIG 3 Fermentation profiles of T. maritima strains. Strains were cultivated in 3-liter fermentors at 80°C
under anaerobic conditions. (A) The relationship between growth (filled symbols; �, wild type; �,
Tma100; �, Tma200) and maltose utilization (open symbols; Œ, wild type; e, Tma100; p, Tma200). (B)
Comparison of H2, CO2 (cumulative), and organic acids (lactate and acetate) produced in the growth
phase normalized to wild-type biomass produced in 5 h. (C) Relationship between H2 production and
maltose utilization in the wild-type, Tma100, and Tma200 strains. The error bar represents the SD from
triplicate analyses.

TABLE 1 Yield coefficientsa

Coefficient

Value (mol mol�1) for:

Wild type Tma100 Tma200

YH2/maltose 6.22 � 0.13 9.69 � 0.20 11.54 � 0.22
Yacetate/maltose 1.82 � 0.02 2.66 � 0.02 2.87 � 0.02
Ylactate/maltose 0.87 � 0.001 NDb 0.28 � 0.008
YCO2/maltose 3.28 � 0.03 4.60 � 0.05 5.44 � 0.03
aYield coefficients were derived from studies using 3-liter bioreactors.
bND, none detected.
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FIG 4 A proposed model showing the redirected carbon flux through the pentose phosphate pathway (PPP) in evolved strains of T.
maritima for additional H2 production. The PPP is responsible for generation of glycolytic intermediates and reductants. A combination
of the PPP and glycolytic pathway can lead to production of up to 8 mol of H2/mol of Glc.
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formation. Two additional malK genes (THMA_0427 and THMA_1258) have been anno-
tated in T. maritima, and these genes exhibited no mutations relative to the parental
strain. In light of the defect in maltose catabolism evident in the passaged strains,
mutations in malK3 could play a critical role. Tma100 had a missense mutation (G148D)
in malK3 located in close proximity to the signature motif of the ATP binding domain
(Fig. S5). A second mutation (D345L) was located near the C terminus. In contrast, the
malK3 allele present in Tma200, lacked both G148D and D345L and instead had a
mutation located outside the predicted domains (V233S). This position was also altered
in the other Tma100-derived isolates (Tma201 to Tma209), but with a different muta-
tion (V233F), and these strains lacked the mutations identified in Tma100. The unex-
pectedly high mutation frequency in malK3 may have resulted from the use of a strong
purifying selection based on maltose catabolism. Since strains Tma201 to Tma209 all
had an identical malK3 mutation (V233F), strain Tma201 was included in experiments
to establish the rates of maltose uptake.

To test whether maltose is transported only by a maltose transporter, a nonfunc-
tional maltose transporter was created by disrupting malK3, as reported previously (39).
A complete loss of maltose uptake in the malK3 mutant and the absence of detectable
H2 synthesis established a link between malK3 and H2 synthesis (Fig. S6) and excluded
any role played by other putative malK genes of T. maritima in maltose transport. While
the malK3 mutant exhibited a complete loss of maltose uptake, the alleles encoded in
strains Tma100 and Tma200 resulted in only partial loss of maltose transport function.
To verify that the mutation in malK3 was the primary genetic reason for excess H2

production, the mutated allele from Tma200 was used to replace the disrupted allele
in the otherwise wild-type background. The resulting strain, called Tma300, exhibited
a growth pattern and H2 productivity identical to those of Tma200 (Fig. 5). This
demonstrated that the mutant malK3 allele in Tma200 was necessary and sufficient for
H2 overproduction.

Analysis of maltose metabolism. Maltose consumption was reduced in the pas-
saged strains in liquid culture; therefore, colony sizes were examined during growth
on plates containing either maltose or cellobiose. While the wild-type strain formed
large colonies regardless of the added sugar, Tma100 preferentially formed small
colonies using maltose compared to cellobiose (Fig. S7). In contrast, Tma200 formed
intermediate-size colonies regardless of the type of added sugar. Together with high
residual levels of maltose in the bioreactor studies (Fig. 3A), a defect in maltose catabolism
was evident. Since malK3 encodes the ATP-hydrolyzing subunit of a maltose ABC
transporter, the malK3 mutations could affect maltose uptake. Maltose uptake was,

FIG 5 Reconstruction of the excess H2-producing strain. (A) Growth physiology of Tma200, the recon-
structed strain (Tma300) containing malK3 of Tma200, parental strain (malK3 mutant), and a uracil
auxotrophic strain. (B) H2 production from Tma200, Tma300, and a uracil auxotrophic strain.
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therefore, measured at 75°C under anaerobic conditions using [14C]maltose. [14C]malt-
ose uptake was rapid, with linear rates of accumulation between 15 and 30 s after
addition, except in Tma100, in which maltose uptake was low (44). Rates of uptake
for each strain, in nanomoles per minute per milligram (cell dry weight [cdw]), were
38.53 � 1.80 for the wild type, 18.68 � 1.20 for Tma200, 3.13 � 0.60 for Tma100, and
6.81 � 0.60 for Tma201 at 169 nM [14C]maltose (Fig. 6A). [14C]maltose uptake was
significantly reduced by addition of a 100-fold excess of unlabeled maltose (Fig. 6A).
The rate of uptake was saturable when wild-type cells were incubated with maltose at
concentrations ranging from 100 nM to 1,000 nM [14C]maltose. The apparent Km for the
wild type and Tma200 were 680 nM and 649 nM, with Vmaxs of 182 and 84.8
nmol/min/mg(cdw), respectively (Fig. 6B), while kinetic constants for Tma100 could not
be determined due to its low rate of uptake. These data indicate that a slower uptake
of maltose in Tma100 and Tma200 altered its metabolism and led to excess H2

production.

DISCUSSION

Transient inactivation of lactate dehydrogenase (encoded by ldh) and the resulting
metabolic stress associated with a buildup of excess reductant enabled the isolation of
new evolved T. maritima cell lines that exhibited increased H2 resistance and excess H2

production on a per-cell basis. This increase exceeded the physiologic limit for H2

production (Thauer limit) based on thermodynamic considerations (14). Since the Gibbs
free energy of formation of maltose limits the amount of H2 that can be produced,
exceeding this level necessitated changes in energy management. Reduced biomass
formation and decreased growth rate both offer this option (17, 18, 20). Typically,
glucose oxidation leading to the production of 4 mol of H2/mol of glucose represents
33% of the stoichiometric maximum. The amount of H2 that can be produced from a
fermentative reaction is determined by the feasibility of the reaction that is predicted
by the overall standard Gibbs free energy change of the reaction. The thermodynamic

FIG 6 Kinetics of [14C]maltose uptake. (A) [14C]maltose uptake rate in the wild type (�), Tma100 (�),
Tma200 (�), and Tma201 (Œ). Uptake was also estimated in the presence of a 100-fold excess unlabeled
maltose in the wild type (Œ), Tma100 (e), Tma200 (p), and Tma201 (o). (B) Kinetics of [14C]maltose
uptake in the wild type and Tma200 with various concentrations (169 nM to 1,000 nM) of maltose. The
data in panel B represent the averages from two independent trials and were fitted to the Michaelis-
Menten equation. The error bar represents the SD from two biological replicates.
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feasibility of this reaction dictates the amount of ATP that can be formed to sustain
growth. Further, the thermodynamics of the process is affected by the temperature at
which this reaction takes place as the Gibbs free energy change for the overall reaction
from glucose to acetate at higher temperature becomes more negative, favoring the
reaction. The 80°C growth temperature for Thermotoga maritima changes the ΔG°= to
�274 kJ/mol (45), which is more negative than the ΔG°= (�216 kJ/mol) under standard
conditions (25°C). Fermentative production of more than 4 mol of H2/mol of glucose
would result in a decrease of the ΔG°= because the reaction yielding 12 mol of H2/mol
of glucose has a ΔG°= of 3.2kJ/mol. The calculated ΔG°= for Tma100 and Tma200
employing the proposed fermentative equations are �258.92 kJ/mol and �220.97
kJ/mol, respectively. Though both strains make more than 4 mol of H2/mol of glucose,
the ΔG°= remains within a range to favor the formation of 4 molecules of ATP (ΔG°=,
175.6 kJ) because �41.8 to �50.2 kJ is required for the synthesis of 1 mol of ATP from
ADP and Pi in anaerobic bacteria (14). Therefore, for a hyperthermophile such as T.
maritima, the formation of more than 4 mol of H2/mol of Glc is thermodynamically
favorable under normal cultivation conditions under low partial pressure. However,
fermentative organisms such as wild-type T. maritima preferentially synthesize biomass
rather than H2 (7). Metabolic alterations resulting from genetic selection could produce
strains that yield more H2 than the normal amount. In the evolved strains described
here, a slower uptake of maltose allowed the organism to regenerate additional
metabolic intermediates in the PPP that increased the pool of reducing equivalents
under conditions where the overall metabolic pathways remained thermodynamically
feasible. Normally, in T. maritima the EMP and ED pathways are used to oxidize glucose
(5). We propose that in the evolved strains, the PPP is used to generate additional
reductant leading to greater levels of H2. This is supported by studies performed by
Latif et al. (46) on T. maritima in which in silico metabolic analysis of the wild type and
evolved strains was performed. The wild type did not utilize the oxidative branch of the
PPP, whereas in both evolved strains the carbon flux was directed to the PPP but not
through the EMP pathway (Fig. 4). As per the published literature, glucose is metabo-
lized to glyceraldehyde 3-phosphate (G3P) and fructose-6-phosphate (F6P). G3P is
subsequently converted to pyruvate and acetate, and F6P is used for further processing
of new glucose molecule. In theory, 8 mol of H2 per glucose will be produced when the
PPP is involved (31, 43). Since the PPP generates NAD(P)H, a relevant hydrogenase such
as Nfn (47, 48) could yield additional reductants for H2 synthesis and exceed the 4 mol
of H2/mol of Glc. Nfn has been proposed to catalyze this reaction (49):

Fdox � 2NADPH � NAD�ª FDred
2� � NADH � 2NADP� � H�

The NfnAB genes are present in T. maritima and have been experimentally validated
(H. Huang and R. K. Thauer, unpublished data; 49). This means that PPP intermediates
combined with NfnAB could increase the amount of reducing equivalents available for
H2 synthesis. More than a 33% stoichiometric conversion of glucose to H2 is therefore
likely to increase the amount of CO2 produced, as was observed in these experiments.
Increased CO2 production in Tma100 and Tma200 reflected more substrate oxidation
that shifted energy management and contributed to increased H2 production. The
reduced rate of maltose transport could be sufficient to constrain biomass formation
and growth rate. In the current study, wild-type cells transported maltose so rapidly
that the maximum levels of H2 synthesis were not achieved, consistent with prior
studies in which biological H2 production decreased with excess carbon loading (10,
50). In this study, a direct effect of reduced maltose uptake on lactic acid synthesis was
also observed. In Tma100 no lactate was synthesized, and in Tma200 lactic acid
synthesis was decreased to 71% of that observed in the wild type. This was also
consistent with relative transcript abundance of ldh (Fig. S8). The absence of alternative
routes for the recycling of NADH could raise the level of NADH, thereby leading to
increased H2 production such as has been reported for an ldh knockout mutant of
another lineage (51). Thus, reduced maltose uptake apparently suppressed lactic acid
synthesis, while supporting increased H2 formation perhaps shifted away from its use
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for lactate formation. In both evolved strains, the transcriptional level of ldh was
significantly lower than that in the wild type, and perhaps because of the reduced rate
of maltose uptake. In the wild type, the maltose uptake rate is rapid and a metabolic
response triggers upregulation of the ldh transcript. In the evolved strains, the rate of
maltose uptake is lower and this leads to downregulation of ldh transcript abundance.

T. maritima possesses three malK paralogs, all annotated as ABC transporter
subunits that catalyze ATP hydrolysis to provide energy necessary to drive maltose
import (23, 26). In Tma100 and Tma200, only one of these paralogs, malK3, carried by
THMA_1301, underwent mutation, but repeatedly, indicating that it plays a key role in
maltose transport. A complete loss of maltose uptake function in the malK3 mutant of
T. maritima also corroborates the idea that malK3 is the only functional malK gene of
T. maritima (39). Mutation of the E. coli MalK ATP binding domain has been shown to
reduce maltose uptake due to reduced ATP hydrolysis (52). A similar observation
was made in this study: malK3 suffered mutations in both an ATP-binding domain
(G148D) and at its 3= end (D345K) in Tma100. These mutations were accompanied by
a maltose-specific small-colony phenotype of Tma100 (Fig. S7) and a high level of
residual maltose during its cultivation in bioreactors (Fig. 3A). Secondary mutations
evident in Tma200 also occurred in malK3, including V233S (or V233F, in isolates
Tma201 to Tma209). All these secondary mutations were accompanied by reversion of
primary mutations G148D and D345K and a gain-of-function phenotype for maltose
utilization and colony size, likely in response to the strong purifying selection for
maltose utilization. This interpretation was supported by maltose uptake assays indi-
cating that rates of maltose uptake were greatly reduced in the presence of G148D
and D345K and rates improved upon their reversion. While V233S correlated with
increased H2 production by Tma200, the alternate mutation, V233F, evident in Tma201
to Tma209, did not correspond with H2 overproduction as well as in Tma200. In the
current study, a higher Vmax for maltose uptake, 182 nmol/min/mg(cdw), was observed,
which is 10- to 20-fold greater than reported for other hyperthermophilic organisms
(53, 54). This is consistent with reports that H2 accumulates to unusually high levels in
batch culture of T. maritima (10, 29). In contrast, the Km for maltose uptake of 680 nM
was significantly less than the KD (equilibrium dissociation constant) (in vitro) values for
MalE1 and MalE2 (24 and 8 �M, respectively), perhaps indicating a role for subunit
interactions within the entire ABC transporter complex (26). The lack of growth and H2

production in the malK3 mutant established the link between H2 production and the
malK3 gene (Fig. S6). Association of the increased H2 production trait with the mutated
malK3 allele was confirmed when the mutated malK3 allele of Tma200 increased H2

production in the strain possessing malK3 of Tma200 (Fig. 5). These data confirm that
restricted entry of maltose through the defective maltose transporter of T. maritima
alters the energy metabolism, leading to excess H2 synthesis rather than biomass
formation and thus uncouples biomass formation from H2 formation.

Transient inactivation of ldh enhanced the toxicity of H2 formation arising from
maltose fermentation and allowed the recovery of new cell lines that overproduced H2

and acetate on a per-cell basis. Since ldh was reconstituted in the derivative strains, the
mechanism causing continued reduction in lactate production remains to be deter-
mined. It could be related to a change in the maintenance energy coefficient and or the
redirection of reducing equivalents due a change in the rate of maltose catabolism (55,
56). Taken together, the data presented here indicate that predicted limitations gov-
erning metabolic processes can be overcome. Strategies such as transient gene inac-
tivation may facilitate efforts to establish biorenewable sources of chemicals using
microbial systems.

MATERIALS AND METHODS
Bacterial strains and cultivation. Thermotoga maritima MSB8 was purchased from the American

Type Culture Collection and cultured routinely in a complex medium (CM) (57). CM contained 0.26 M
NaCl, 0.05% (wt/vol) tryptone, 0.01% (wt/vol) yeast extract, 14 mM Na2SO4, 9.8 mM MgCl2·6H2O, 3.0 mM
NaHCO3, 0.17 mM KBr, 0.12 mM KI, 0.32 mM H3BO3, 9 �M Na2WO4, and 8.4 �M NiCl2 and was adjusted
to pH 7.0 before autoclaving using KH2PO4. Autoclaved liquid CM was aliquoted into sterile Hungate
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tubes or serum bottles and amended by addition of sterile Na2S (42 �M), KH2PO4 (3.4 �M), and sugar (15
mM). T. maritima strains (Table 2) were cultivated in batch culture in biological replicates using Hungate
tubes or serum bottles containing 10 ml or 50 ml of CM, respectively, and supplemented with 0.5% (15
mM) maltose unless otherwise indicated. Tubes were sealed with butyl rubber stoppers (Bellco Biotech-
nology) and crimped with metal collars, and the headspace was exchanged with N2. For direct growth
inhibition and testing of H2 resistance by pure H2, tubes were sealed and injected with various volumes
of H2 after removing the corresponding volumes (headspace N2) via a syringe to accommodate H2.
Growth was monitored spectrophotometrically by the culture absorbance at a wavelength of 600 nm.
Sterile 1-ml syringes attached to 20 1/2-gauge needles were used for inoculation at an initial cell density
(OD600) of 0.03. All tubes were incubated anaerobically at 80°C overnight unless otherwise specified
before chemical analysis.

For volumetric H2 productivity measurements, strains were cultivated in 3-liter double-jacketed glass
bioreactors (Applicon, MA) with a 1.5-liter working volume with continuous stirring at 200 rpm using dual
axial impellers. Bioreactors were equipped with sensors monitoring temperature, pH, and dissolved
oxygen while an anaerobic environment was maintained by continuous supply of N2 at 15 ml/min. The
pH was maintained at pH 7 by addition of acid (1 M H2SO4)/base (1 M NaOH) via a peristaltic pump. To
minimize water loss, water vapor in the outlet headspace gas was condensed using a chilled water
supply and returned to the vessel. A solid medium was prepared by combining 0.6% (wt/vol) Gelrite
(Research Product Corporation, IL) solubilized by boiling with previously sterilized complex medium
components followed by addition of reductant (Na2S), base (KH2PO4), and carbon sources. For prepara-
tion of drug plates, kanamycin was added to the medium prior to pouring. Inoculated plates were
incubated at 80°C for 2 to 3 days in jars (Almore) under anaerobic conditions using GasPaks (EZ BD).
Long-term preservation of cultures was as described previously for other hyperthermophiles (58).

Strain construction. The chromosomal ldh gene was inactivated by targeted recombination via a
single-crossover event using a 3= terminally truncated promoterless segment of ldh. This segment was
cloned into pUC57 (using primers P1 and P2 [Table 3]) along with the kanamycin nucleotidyltransferase
gene (htk) under the control of the T. maritima PgroESL heat shock promoter (using primers P3 and P4) (24,
42). The first codon of htk was fused to the 3= end of PgroESL at nt 532232 (24). To replace the disrupted

TABLE 2 Bacterial strains and plasmids used in this study

Strain or plasmid Description or genotype Source

T. maritima Thermotoga maritima MSB8 (wild type) ATCCa

Tma100 T. maritima; TM0460 (corresponds to THMB_0470) (W229UGA),
TM1276 (corresponds to THMB_1301 of Tma100) (G148D
and D345L), 16S rRNA (nucleotide A to G at position 1420)

This work

Tma200 T. maritima; TM0459 (corresponds to THMC_0469 of Tma200)
(A1045F), TM0460 (corresponds to THMC_0470 of Tma200)
(W229UGA), TM1276 (corresponds to THMC_1301 of
Tma200) (V233S) and Δ3=TM1322 (corresponds to
THMC_1346 of Tma200) to Δ5=TM1332 (corresponds to
THMC_1356 of Tma200), 16S rRNA (nucleotide A to G at
position 1420)

This work

Tma201–Tma209 T. maritima; TM0459 (A1045F), TM0460 (W229UGA), TM1276
(corresponds to THMA_1301 of wild type) (V233F) and
Δ3=TM1322 (corresponds to THMA_1346 of wild type) to
Δ5=TM1332 (corresponds to THMA_1356 of wild type), 16S
rRNA (nucleotide A to G at position 1420)

This work

pBL1292 pUC57; T. maritima ldhΔ3=::PgroESLp::htk This work
aATCC number 43589.

TABLE 3 Primers used in this study

Primer Sequence Restriction site

P1 5= ATGAAAATAGGTATCGTAGGACTCG 3= EcoRI
P2 5= CTTGGAGAAAAGCCGCAGT 3= EcoRV
P3 5= GCTTCAAGCGCCTTTTTATTT 3= BamHI
P4 5= TCAAAATGGTATTCTCTTGCTAACG 3= BamHI
P5 5= TCGGGCAAGATCCCCCATGGA 3= NAa

P6 5= ATATGCGGTGTGAAATACCGCA 3= NA
P7 5= ATAGTGCCCCTTCTCATATC 3= NA
P8 5= GGCTAAACTAATTGAAAGTGACAGA 3= NA
P9 5= TCGTATGAGAACTCAACACCTTCAGT 3= NA
P10 5= GGGCGACACGGAAATGTT 3= NA
P11 5= ATAATACCGCGCCACATAGC 3= NA
P12 5= CCCTTTTTTGCGGCATTT 3= NA
aNA, not applicable.
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malK3 gene of the malK3 mutant with the malK3 gene of Tma200, a suicide vector (pUC19) was
developed by cloning the malK3 gene of Tma200 at the KpnI/SphI site.

Ligation, transformation, and selection of E. coli DH5� transformants were performed as described
previously (59). The resulting ldh gene disruption construct (pBL1292 [Table 2]) was transformed into
wild-type T. maritima spheroplasts prepared as described previously (38), with the following modifica-
tions. Proteinase K (10 mg/ml) was used in combination with lysozyme (300 �g/ml) and the efficiency of
spheroplast formation was monitored by light microscopy. Spheroplasts (7.5 � 107) were electroporated
(1.8 kV, 200 �, and 25 �F) with a maximum of 1 �g of plasmid DNA using a Genpulser (Bio-Rad) in chilled
1-mm cuvettes. Electroporated spheroplasts were inoculated into complex liquid medium and incubated
anaerobically at 80°C for 18 h. For initial screening, drug selection was imposed on resuspended cells
(initial OD600 � 0.02) using 375 �g/ml of kanamycin and incubated until turbidity was observed.
Genomic DNA was recovered from the enriched culture and genotyped to verify recombination at ldh.
A transformation efficiency of 44 recombinants/�g of DNA was observed on plates containing 500 �g/ml
of kanamycin. Transformation efficiency was normalized to plating efficiency without added drug.
Colonies were purified on 0.5% (wt/vol) maltose plates containing 500 �g/ml of kanamycin by spot
dilution. PCR screening of 5 purified colonies for PgroESL::htk showed the presence of PgroESL::htk in 3 of the
purified colonies. One of the purified colonies (Tma100) was selected for further studies.

Genomic DNA from strain Tma100 was prepared as described for other hyperthermophiles and
genotyped by PCR and DNA sequencing to confirm the presence of PgroESL::htk, vector sequences, and 5=
and 3= flanking ldh sequences (58).

For the development of a strain possessing the malK3 gene of Tma200, the malK3 mutant was used
as a recipient strain because a colony phenotype can be seen after the repair of the disrupted malK3 (39).
Selection of this strain was based on its ability to form bigger colonies than those of the malK3-
possessing strain on complex medium plates upon the repair of the disrupted malK3 allele. As shown in
Fig. S9, the site of homologous recombination is crucial and can produce either the wild-type malK3
allele or malK3 of Tma200 in the resulting strain. In order to distinguish these strains, the PCR products
amplified by outside primers were digested with AciI. The malK3 gene of the Tma200 allele would
produce four segments (9 bp, 21 bp, 614 bp, and 836 bp), whereas the wild-type allele would produce
three segments (9 bp, 21 bp, and 1,450 bp) on a gel. Based on the restriction digestion pattern, all five
isolates were found to possess the malK3 allele of Tma200 (Fig. S9). This was further verified by
sequencing the entire malK3 gene of the resultant strain.

Cell line passage and phenotypic analysis. Passage of Tma100 on CM maltose plates was used to
isolate more robust derivatives without concurrent selection for kanamycin resistance. Fifty colonies of
Tma100 (from plates with maltose plus kanamycin) were patched on CM maltose (0.1%, wt/vol) plates
lacking kanamycin and incubated at 80°C anaerobically. While all 50 isolates grew, 10 were then grown
in CM tubes supplemented with maltose (0.5%, wt/vol) without kanamycin and then screened by PCR for
the PgroESL::htk transgene and were named Tma200 to Tma209. Colony phenotypes of selected strains
(Tma100 and Tma200) were examined on plates with either maltose or cellobiose both at 0.1% (wt/vol)
after anaerobic incubation at 80°C for 48 h.

Analytical methods. Analysis of headspace gas composition was performed by withdrawing 500-�l
volumes using a gastight syringe (Hamilton) and injected into a gas chromatograph (GC) (GC 400 series;
GOWMAC, PA) fitted with a thermal conductivity detector. A molecular sieve column (GOWMAC),
operated at 70°C with a continuous flow of N2 carrier gas, was used to separate H2. For headspace CO2

analysis, a Varian (430) GC equipped with an Alltech Porapak C-5000 column was used. Helium was used
as the carrier gas, and column temperature was maintained at 65°C to separate CO2. Calibration curves
were obtained by injecting various volumes of pure H2 and CO2, and the amount of H2 and CO2 in the
headspace was estimated by comparison to these values. The molar yield of H2 was calculated using the
ideal gas law equation at standard temperature and pressure. Since growth varied among different cell
lines in small batch cultures, H2 values were normalized to 108 cells/ml. Similarly, in bioreactor studies,
the quantity of H2 produced during exponential growth (5-h duration) by Tma100 and Tma200 was
normalized to the biomass (milligrams, cdw) produced by the wild-type strain under analogous growth
conditions. Rates of H2 production/h in bioreactor studies was calculated for each growth phase and was
normalized to 1 g (cdw) for each strain. For biomass measurements, different amounts of washed cell
pellets were dried and used to derive the conversion factor between optical density (OD600 of 1.0) and
dry weight of 0.2 mg. Potential variation in cell size between respective strains was excluded after
examination by light and electron microscopy. Organic acid and maltose concentrations were deter-
mined in culture supernatants by high-performance liquid chromatography (HPLC) with comparison to
standards. Prior to injection, samples were clarified at 10,000 � g for 10 min and then filtered (AcroDisc,
0.45 �m). Samples (1 �l) were analyzed using an Agilent 1200 HPLC system and an automated sampler
equipped with a refractive index detector and a Hi-Plex H column (ChromTech) operated at 65°C.
Isocratic separations used 4 mM sulfuric acid at a rate of 0.4 ml per minute per the manufacturer’s
recommendation. The regression equation was used to calculate aqueous metabolite concentrations.
Yield coefficients were expressed as the molar ratio of metabolites produced/maltose consumed. Carbon
recovery was calculated as the ratio of maltose consumed to products (acetate, lactate, biomass, and
CO2) formed. The micromoles of biomass were calculated based on the empirical formula C5H8O3NS0.05

for T. maritima (60). The proposed equations for Tma100 (equation 1) and Tma200 (equation 2) were
used in the Aspen Plus package (v. 10.1) to estimate the Gibbs free energy from ΔG � ΔH � TΔS (G is
Gibbs free energy, H is enthalpy, T is temperature, and S is entropy) at 80°C and 1 atm. Nonideality was
accounted and temperature-dependent interaction parameters were used by the hybrid thermodynamic
model of NRTL-Redlich-Kwong (NRTL-RK).
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Uptake assays. Maltose uptake assays were carried out as described for other anaerobes, with the
following modifications (54, 61). Cells were cultivated in 50 ml of CM supplemented with 0.5% (wt/vol)
maltose and harvested at early mid-log phase (2.5 � 107 cells/ml), followed by washing using CM twice.
Washed cells were maintained under anaerobic conditions prior to uptake assays. Cell suspensions
(1.12 � 109 cells/ml) were placed in anaerobic tubes at 75°C and allowed to equilibrate for 35 min. Assays
were initiated by addition of 0.169 �M [14C]maltose (American Radiolabeled Chemicals, St. Louis, MO)
with a specific activity of 600 mCi/mmol. To determine uptake rates at higher substrate concentrations,
unlabeled maltose ranging from 0.25 �M to 1.0 �M was mixed with [14C]maltose (keeping the initial
concentration of [14C]maltose constant). [14C]maltose uptake reactions were terminated by filtering
200-�l volumes of cells through a 0.45-�m polycarbonate membrane (Whatman Nuclepore track-etch
membrane) with a fabricated and disposable polypropylene filtration apparatus. Cells retained on the
filters were washed with 3 ml of CM. Backgrounds were determined using a no-cell sample processed in
an otherwise identical fashion. Dried filters were placed in vials prefilled with 5 ml of scintillant (EcoLite)
and radioactivity was determined using a scintillation spectrometer (Beckman LSC 6500). For the
[14C]maltose uptake calculations, all uptake values were subtracted from the control reaction that was
terminated immediately after the addition of [14C]maltose. [14C]maltose uptake rates in all isolates were
determined from the slope of the linear regression of total [14C]maltose taken up as a function of time.
No sampling was done between 0 and 15 s, as maltose uptake was faster immediately after this time. Km

and Vmax values were determined by nonlinear regression fitting to the Michaelis-Menten equation. All
rates were verified using biological replicates. The concentration of [14C]maltose stocks was measured
experimentally rather than using a theoretical/nominal concentration.

Genome resequencing. Genome resequencing was performed by DOE-JGI under a Community
Sequencing Program (CSP) JGI project ID1011924. DNA was sequenced using a HiSeq Illumina instru-
ment, and the guided sequence assembly was performed to close the genome. IGV (v. 2.3) was used to
detect indels and single nucleotide polymorphisms (SNPs) by comparing the genome of laboratory stock
of the wild type, Tma100, and Tma200 to the NCBI database wild type (T. maritima MSB8), (accession
no. NC_021214.1) (62). Additionally, a laboratory stock of the wild type, Tma100, and Tma200 were
compared to three available genomes (accession no. NC_000853.1, NC_023151.1, and NC_021214.1) of
T. maritima (Table S4). A laboratory stock of the wild-type strain was used to filter out the common
mutations in Tma100 and Tma200. Unique mutations inherited only by Tma100 and Tma200 are shown
in Table S3 and Fig. S3. Annotation of the laboratory stock of the wild type, Tma100, and Tma200 was
carried out using the NCBI pipeline. Annotated genomes of the wild type, Tma100, and Tma200 are
available in GenBank under accession no. CP011107, CP011108, and CP010967, respectively (63). All
mutations in Tma100 and Tma200 were verified by PCR and DNA resequencing.
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