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Sulfate-reducing microorganisms (SRM) in subsurface sediments live under constant substrate and energy limitation, yet little is
known about how they adapt to this mode of life. We combined controlled chemostat cultivation and transcriptomics to examine
how the marine sulfate reducer, Desulfobacterium autotrophicum, copes with substrate (sulfate or lactate) limitation. The half-
saturation uptake constant (Km) for lactate was 1.2 µM, which is the first value reported for a marine SRM, while the Km for sulfate
was 3 µM. The measured residual lactate concentration in our experiments matched values observed in situ in marine sediments,
supporting a key role of SRM in the control of lactate concentrations. Lactate limitation resulted in complete lactate oxidation via
the Wood–Ljungdahl pathway and differential overexpression of genes involved in uptake and metabolism of amino acids as an
alternative carbon source. D. autotrophicum switched to incomplete lactate oxidation, rerouting carbon metabolism in response to
sulfate limitation. The estimated free energy was significantly lower during sulfate limitation (−28 to −33 kJ mol−1 sulfate),
suggesting that the observed metabolic switch is under thermodynamic control. Furthermore, we detected the upregulation of
putative sulfate transporters involved in either high or low affinity uptake in response to low or high sulfate concentration.
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INTRODUCTION
Sulfate reduction is a geologically ancient microbial metabolism, by
which sulfate is converted to sulfide with concomitant oxidation of
organic matter or H2. Sulfate-reducing microorganisms (SRM) are
abundant in marine coastal and shelf sediments, where sulfate is a
main electron acceptor for the anaerobic mineralization of organic
matter [1, 2]. The sulfate concentration decreases with sediment
depth to a background of about 10 μM below the sulfate–methane
transition zone (SMTZ) [3] where methanogenesis becomes the main,
terminal carbon mineralization pathway [4]. However, despite the low
sulfate concentration, SRM persist below the SMTZ and sulfate
reduction proceeds in a cryptic sulfur cycle [5].
Electron donor limitation is the prevailing physiological state of

most free-living heterotrophic microorganisms and this holds
particularly true for the marine subsurface [6, 7]. Several possible
mechanisms for adaptation to low-energy life in marine sediments
have been suggested in the literature. Morphological changes, efficient
ATP synthesis driven by a sodium rather than a proton motive force,
decreased membrane permeability, and limited biomolecule decay are
likely important characteristics for life in the deep subsurface that serve
to minimize the maintenance requirements of cells [8, 9]. Known
adaptations to low-energy conditions also include: (i) changes in the
affinity of the enzymes involved in the uptake of the limiting substrate
[10], (ii) switching the metabolism to incomplete oxidation of the
energy source (“overflow” metabolism) under electron acceptor
limitation [11], (iii) uncoupling of energy conservation pathways [11],
and (iv) adopting a “multivorous” diet by scavenging and metabolizing
a broader range of carbon sources simultaneously [12].

The majority of the information on the adaptation of micro-
organisms to energy limitation comes from pure culture experi-
ments of aerobic or facultatively anaerobic microorganisms of
biotechnological importance [11, 12]. There have been few efforts
to characterize how natural populations adapt to the low-energy
life in the marine subsurface in situ [13–16], and results from such
studies are often difficult to interpret due to the ecological
complexity of the study systems. Previous studies of SRM grown
under controlled conditions of sulfate or electron donor limitation
focused primarily on characterizing high-affinity uptake kinetics
for the limiting substrate [17–25]. However, the physiological
changes and molecular “rewiring” involved in the adaptation of
SRM to substrate limitation remain a black box to be explored.
Our study aimed to understand how SRM in marine sediments

adapt to substrate limitation, using the SRM Desulfobacterium
autotrophicum HRM2 as a model organism. D. autotrophicum is a
marine, complete oxidizer (which oxidizes the organic electron
donor to CO2) from the deltaproteobacterial family, Desulfobac-
teraceae [26]. The genome of D. autotrophicum has been
sequenced and annotated [27], which, along with a proteomic
analysis [28], offers a detailed genetic map of its metabolic
potential. According to cultivation-independent analyses, Desul-
fobacteraceae dominate the SRM communities across the
different geochemical zones in coastal marine sediments, includ-
ing sulfate-rich surface sediments and the sulfate-depleted
subsurface [29–31]. D. autotrophicum efficiently takes up sulfate
at both mM and µM ambient concentrations, suggesting the
presence of several sulfate uptake systems with different affinities
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[32, 33], in agreement with the similar dual sulfate uptake kinetics
observed in marine sediments [34]. We established a chemostat
system for cultivating D. autotrophicum and used replicated
steady-state cultures for chemical and transcriptomic analyses of
its physiology when growing under substrate limitation. This
allowed us to isolate the effects of electron donor (lactate) and
electron acceptor (sulfate) limitation on its metabolism, including
determining the apparent half-saturation uptake constants (Km)
for both substrates.

MATERIALS AND METHODS
Cultivation
D. autotrophicum HRM2 (DSM 3382T) was grown anaerobically at 25 °C in a
bicarbonate-buffered basal mineral medium [21] with sulfate as electron
acceptor and lactate as electron donor and carbon source. Cells were
grown either in batch (200mL serum bottles) or continuous culture
(chemostat) mode as described below. For sulfate-limitation experiments
the culture medium contained 10.5 ± 0.2 mM lactate and 3.5 ± 0mM
sulfate, while for lactate-limitation experiments the medium contained
2.0 ± 0.1 mM lactate and 9.3 ± 0.4 mM sulfate (Table S1).

Chemostat operation
A 2 L glass bioreactor (Glasgerätebau Ochs; Bovenden, Germany) was used
for continuous culturing. The reactor was sparged with a N2/CO2 gas mix
(80:20) to maintain anaerobic conditions and operated under stirring at 200
rpm. The temperature (25 °C) was controlled by a water jacket and a cryostat
bath (Lauda; Lauda-Königshofen, Germany) and monitored with a tempera-
ture probe (Mettler Toledo; Columbus, Ohio, USA). The pH of the reactor was
monitored with a pH electrode (Mettler Toledo) and was maintained at 7.05
± 0.05. The influent (medium) and the effluent (waste) were pumped with a
turnover of 0.26 d−1 in the bioreactor with a peristaltic pump (Watson-
Marlow; Falmouth, UK) with Viton (DuPont; Wilmington, Delaware, USA)
pump tubing. Each experiment was performed twice and until steady-state
was reached (Figs. S1, S2). Steady state was approached after four total
volume changes where the optical density (OD600), cell numbers (determined
by using a BürkerTürk counting chamber), and residual substrate concentra-
tions were stable. Any volume changes following steady state were
considered a biological replicate (Figs. S1, S2). The lactate-limited chemostat
was operated as a semi-open system, where part of the headspace was
flushed out, while the sulfate-limited chemostat was operated as a closed
system. The flushing removed sulfide and other gasses from the lactate-
limited chemostat, the liquid phase nonetheless contained at least 0.4mM
sulfide and potential pH effects caused by the flushing were counteracted by
the continuous pH adjustment.

Analytical procedures
Samples were periodically removed from batch and chemostat cultures in
order to determine the concentration of different chemical species. Routinely
lactate, acetate, succinate, formate, pyruvate, propionate, butyrate, acetoin,
glucose, fumarate, glycerol, and ethanol were measured by high-pressure
liquid chromatography (>100 μM) [35], while low lactate/acetate concentra-
tions (<100 μM) were measured by two dimensional ion chromatography-
mass spectrometry [36] (Table S2). Sulfate was measured by suppressed ion
chromatography (limit of detection 0.5 µM) in samples sparged with CO2 to
strip off hydrogen sulfide [37]. Sulfide concentrations were determined
spectrophotometrically at 670 nm in zinc-preserved samples by the methylene
blue method with a detection limit of 0.5 µM [38].

Transcriptomic analysis
Samples (200mL) from duplicate chemostat cultures at steady state were
collected directly into sterile vials containing an equal volume of the RNA-
stabilizing reagent RNA Later (Merck; Kenilworth, New Jersey, USA). Preserved
cells were harvested by centrifugation at 10,000 rpm for 20min and pellets
were immediately stored at −80 °C. The cell pellets were resuspended in 3.5
ml phenol-chloroform-isoamyl alcohol and RNA was extracted with the
MoBio RNA PowerSoil Total RNA Isolation kit (Qiagen; Hilden, Germany). All
samples were subsequently treated with Turbo DNase (Ambion; Austin,
Texas, USA) to remove any residual DNA contamination. The absence of DNA
contamination was confirmed by qPCR quantification of 16S rRNA gene copy
numbers [39]. Removal of rRNA (Ribo-zero magnetic kit; Illumina; San Diego,
California, USA), library preparation (TrueSeq Stranded Total RNA kit; Illumina),
and sequencing (HiSeq2500, SR50 reads, Illumina) were performed with a
commercial service (DNASense, Aalborg, Denmark). The resultant reads (>22
million per sample) were mapped onto the genome of D. autotrophicum
HRM2 (accession number NC_012108) with BBmap version 34.94 with default
mapping parameters. The subsequent data analysis (described in detail in SI
Materials and Methods) was performed as described previously [40]. The
most highly expressed genes were identified and ranked by converting
mapping data into reads per kilobase pair per million (RPKM). The average
coverage was 22× and 166× for the sulfate replicates and 23× and 181× for
the lactate replicates per run. Pearson correlation coefficients (r) of gene
expression levels of replicate samples were between 0.87 and 0.81 indicating
good reproducibility (Fig. S3). The transcriptome sequence data have been
deposited in the Sequence Read Archive under accession numbers
SRX8129177–SRX8129180.

Comparative genomics
The closed genomes of 41 sulfate-reducing bacteria and 5 sulfate-reducing
archaea (Table S3) were manually examined for the presence of two-
component regulatory systems associated with putative sulfate transpor-
ters as identified by the transcriptomic analyses of D. autotrophicum.
Homologs of the putative sulfate transporters or other proteins of interest
were identified by blastp search. All analyses were performed with the
IMG/MER online database (accessed November 2020) [41].

RESULTS AND DISCUSSION
Steady-state growth under lactate or sulfate limitation
D. autotrophicum was grown in the chemostat with a doubling time
of 4 days and a dilution rate of 0.26 d−1 at 25 °C under lactate-
limitation (excess sulfate) or sulfate limitation (excess lactate). This
dilution rate constitutes 34% of the maximal growth rate of D.
autotrophicum (0.755 d−1) when grown in batch culture under
similar conditions. Steady state was reached after 16 days of growth
in the chemostats (four volume changes), after which point residual
substrate concentrations remained constant (Figs. S1, S2). Under
lactate limitation, lactate was completely oxidized to CO2 as
confirmed by (i) the 2:3 stoichiometry (Eq. 1) between lactate and
sulfate consumption and (ii) the sub-µM steady-state concentra-
tions of both residual lactate and acetate (Table 1).

2CH3CHOHCOO
� þ 3SO2�

4 ! 6HCO�
3 þ 3HS� þ Hþ (1)

Complete lactate oxidation yields 12 electrons, while the
reduction of sulfate to sulfide requires 8 electrons. In agreement,
at steady state the cells reduced on average 1.5mol of sulfate for

Table 1. Stoichiometry of lactate and sulfate utilization during steady state in chemostat cultures grown under either sulfate or lactate limitation.

Steady state CR Lac CR Sulf CR Acet Sulf Used Lac Used S:L csSRR csLOR

LSR1 0.64 μM (0.08) 6.4 mM (0.1) 0.7 μM (0.2) 3.3 mM (0.1) 1.9 mM (0.1) 1.7 1.9 (0.1) 1.1 (0.1)

LSR2 <0.23 μM 6.2mM (0.4) <0.19 μM 2.6mM (0.4) 2.1 mM (0) 1.3 1.6 (0.2) 1.3 (0)

SSR1 5mM (0) 4.7 μM (0) 2.2 mM (0.9) 3.6 mM (0.1) 5.9 mM (0.1) 0.6 1.1 (0) 1.8 (0)

SSR2 4.1 mM (0.2) 2.6 μM (1.3) 3.0 mM (0.1) 3.5 mM (0) 6.3 mM (0.2) 0.5 1.59 (0.2) 2.9 (0.2)

LSR lactate steady-state replicate run, SSR sulfate steady-state replicate run, CR Lac lactate residual concentration, CR Sulf sulfate residual concentration, CR Acet
acetate residual concentration, S:L sulfate: lactate ratio, csSRR cell-specific sulfate-reduction rate (fmole per cell per day), csLOR cell-specific lactate oxidation
rate (fmole per cell per day), () st dev of the mean of steady-state samples at different volume changes.
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every mol of lactate oxidized (Table 1). The Km for lactate uptake was
calculated using the modified Monod model: μ= μmax · S/(Km+ S),
where μmax is the above-mentioned maximum specific growth rate
determined in batch culture, μ is the specific growth rate in the
chemostat which equals the dilution rate of the chemostat, and S is
the residual steady-state substrate concentration in the chemostat.
The Km for lactate (1.2 μM) in D. autotrophicum was considerably
lower than the few previously reported lactate Km values for SRM
isolates (16 and 49 µM; Table 2) and is the first reported such Km
value for a marine SRM isolate. The residual steady-state concentra-
tion of lactate ranged from 0.6 μM to below the detection limit of
0.23 μM (Table 1). These concentrations are well below the lactate
concentrations measured in marine sediments from Aarhus Bay
(Denmark), Godthåbsfjord (Greenland), and the Baltic Sea (Table 3,
Fig. S4). In all these sediments, lactate is present within a narrow
concentration range of 0.9–3.0 µM with a mean of 1.6 µM (±0.6).
Lactate is the most widely used substrate by known cultivated SRM
[42] and sediment slurry experiments have demonstrated that when
sulfate reduction is inhibited there is an almost complete inhibition
of lactate turnover [43]. Our observed Km value for lactate suggests
that SRM could potentially control the in situ lactate concentration.
Under sulfate limitation, the steady-state concentration of sulfate

was 4.7 and 2.6 µM during the two runs (Table 1). A similarly low
residual sulfate concentration of 2 µM was also described previously
in batch experiments with thermophilic freshwater SRM isolates [44].
The Km for sulfate in D. autotrophicum (3 μM) is similar to the
reported Km values for marine sediments and for previous batch
culture experiments with D. autotrophicum [32, 34]. The concentra-
tion of sulfate in marine sediments decreases with depth from a
seawater value of 28mM at the sediment–water interface to a
background of around 10 μM below the SMTZ [3]. SRM maintain
active sulfate reduction over this entire concentration range
[3, 29, 31]. Even though the calculated csSRR (cell-specific Sulfate
Reduction Rate) of the D. autotrophicum chemostat culture is tenfold
higher (Table 1) than the csSRR inferred for marine surface
sediments (0.1 fmol cell−1 day−1) [ref. 7, 29], the residual substrate
concentrations for lactate and sulfate fall within the range of in situ
substrate concentrations, rendering our continuous culture repre-
sentative of substrate limitation in marine sediments.

Stoichiometry under sulfate limitation
Even though D. autotrophicum is a complete oxidizer under lactate
limitation, we observed the accumulation of 2–3mM acetate
under sulfate limitation (Table 1). According to the expected

stoichiometry shown in Eq. (2) [45] during the incomplete
oxidation of 1 mol lactate in SRM of the Desulfovibrio genus, 0.5
mol sulfate is reduced and 1mol acetate is produced.

2CH3CHOHCOO
� þ SO2�

4 ! 2CH3COO
� þ 2HCO�

3 þ HS� þ Hþ

(2)

However, we observed the accumulation of 3 ± 0.1 mM acetate,
instead of the expected 6.2 ± 0.2 mM for the incomplete oxidiza-
tion of 6.2 ± 0.2 mM of lactate and reduction of 3.6 ± 0.1 mM
sulfate (Tables 1, S1). No nongaseous products were detected
(≥0.1 mM) other than acetate.
One possible explanation for this discrepancy could be the

presence of a heterogeneous population in the chemostat, where a
fraction of the cells grew via sulfate reduction and complete lactate
oxidation (Eq. 1), while another fraction grew via lactate fermenta-
tion. According to this scenario, and based on the substrate
stoichiometries observed, we would expect that the 3.6/3.5mM
(SSR1/SSR2) sulfate, which was reduced, would consume 2.4/2.3mM
(SSR1/SSR2) of lactate by its complete oxidation, while the remaining
of the used lactate, 3.5/4mM (SSR1/SSR2), would be converted
completely to acetate (Table 1; Eq. 3).

CH3CHOHCOO
� þ H2O ! CH3COO

� þ CO2 þ 2H2 (3)

The measured 2.2/3 mM (SSR1/SSR2) acetate still differed from
the expected 3.5/4 mM (SSR1/SSR2) values according to this

Table 2. Substrate affinity constants for lactate-utilizing sulfate-reducers.

Organism µ (d−1) KmLac (µM) KmSulf (µM) B/Ca F/Mb Reference

Desulfovibrio desulfuricans 8.6 49 ND C F [17]

Desulfovibrio desulfuricans ATCC 5575 9.2 16 ND C F [22]

Desulfovibrio desulfuricans ATCC 5575 8.3 ND 19 C F [23]

Desulfovibrio desulfuricans 1.6c ND 5 B F [85]

Desulfovibrio vulgaris (Marburg) 5.5 ND 10 C F [19]

Desulfovibrio vulgaris (Hildenborough) 0.83c ND 32 B F [86]

Desulfovibrio sapovorans 0.8c ND 7.3 B F [86]

Desulfovibrio salexigens 2.8c ND 77 B M [86]

Desulfobacter postgatei ND ND 200 B M [20]

Thermodesulfobacterium sp. strain JSP 3.1c ND 3 B F [44]

Thermodesulfovibrio sp. strain R1Ha3 0.9c ND 3 B F [44]

Desulfobacterium autotrophicum 0.8c ND 8 B M [32]

Desulfobacterium autotrophicum 0.3 1.2 3 C M This study
aB/C: batch (B) or continuous (C) culture.
bF/M: freshwater (F) or marine (M).
cMaximum specific growth rate in batch cultures.

Table 3. In situ lactate concentrations in marine sediments.

Sampling site Lactate (µM)a Reference

M1 station, Aarhus Bay 2.08 (0.6) [36]

M5 station, Aarhus Bay 1.30 (0.7) This study

S3, Godthåbsfjord, Greenland 0.93 (0.4) This study

S6, Godthåbsfjord, Greenland 1.16 (0.8) This study

S8, Godthåbsfjord, Greenland 0.90 (1.0) This study

M59C, Baltic Sea 2.96 (2.6) This study

M63E, Baltic Sea 1.65 (1.6) This study

M56C, Baltic Sea 1.72 (1.5) This study

The depth concentration profiles can be found in Fig. S4.
() Standard deviation of the mean.
aAverage value across different depths.
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scenario. Even though D. autotrophicum can ferment lactate in the
absence of a terminal electron acceptor, we propose that the
observed discrepancy in the expected stoichiometry is due to
electron acceptor/nutrient limitation. This is a previously char-
acterized response known as “overflow” metabolism [11].
“Overflow” metabolism has been observed in unicellular

organisms, when grown in the presence of high electron donor
concentrations, and is due to inefficient metabolic pathways and
the spilling of energy resources [46]. Saccharomyces cerevisiae,
Escherichia coli, Bacillus subtilis, and Klebsiella aerogenes incomple-
tely oxidize glucose via energy-spilling catabolic pathways at high
glucose concentrations and fully oxidize glucose at low glucose
concentrations [46]. E. coli accumulates acetate in the presence of
oxygen when the rate of glucose consumption is too high due
to the enzymatic limitation of the tricarboxylic acid cycle. As a
result, the carbon flux from acetyl-coenzyme A is directed to
acetate instead of entering the tricarboxylic acid cycle, thereby
accumulating metabolic intermediates to maintain the cell’s redox
balance [47].
We therefore propose that, under sulfate limitation, the rate of

lactate consumption in D. autotrophicum is greater than its
capacity to reoxidise the reduced equivalents generated,
resulting in “overflow” metabolism and rerouting of carbon
metabolism. Approximately 50% of the lactate is incompletely
oxidized to acetate, while the other 50% is directed through the
Wood–Ljungdahl Pathway (WLP) and oxidized to CO2 with the
excess reducing equivalents converted to H2 (electron sink) as
described in Eq. (4).

2CH3CHOHCOO
� þ SO2�

4 þ 4H2O ! CH3COO
� þ 4HCO�

3 þ HS� þ 2Hþ þ 4H2

(4)

The marine thermophilic SRM, Archaeglobus fulgidus, similarly
switch from complete to incomplete lactate oxidation upon
sulfate limitation in chemostat experiments [24]. A metabolic
switch was also observed in Desulfovibrio alaskensis; under
sulfate excess, pyruvate was completely oxidized to acetate,
while under sulfate limitation pyruvate was oxidized to acetate
and reducing equivalents in the form of H2 [48]. In our
experiments this scenario is further supported by the observed
lactate:sulfate ratio (0.6) and the absence of additional non-
gaseus products other than acetate (Tables 1, S1). Moreover, the
cell-specific lactate oxidation rate was higher under sulfate
limitation than under lactate limitation, as well as higher than
the csSSR under sulfate limitation (Tables 1, S1), further
supporting the “overflow” hypothesis.
Noguera et al. proposed the presence of two electron transport

pathways that operate simultaneously in Desulfovibrio sp. Accord-
ing to their presented model, one mechanism transports the
electrons generated from lactate oxidation directly through
membrane-bound electron carriers to sulfate, while the second
mechanism involves H2 [49]. Odom and Peck [50] originally
suggested the involvement of H2 in the transport of electrons
from the organic donor to sulfate in SRM. Lupton et al. [51] further
argued that H2 is produced as a spilling reaction in SRM when the
production of electrons from an organic donor exceeds the rate at
which these electrons can be taken up by the sulfate-reduction
pathway. The model presented by Noguera et al. estimated that
48% of the electrons transported from lactate to sulfate involved
H2 production, which further supports our observed stoichiome-
tries under sulfate limitation.

Energetics of substrate limitation
Under lactate limitation, the free energy available at steady state
for sulfate reduction was estimated to be −81 to −76 kJ mol−1

sulfate (Table S1). The estimated free energy was lower during
sulfate limitation (Eq. 4), estimated to be −28 to −33 kJ mol−1

sulfate (Table S1) under otherwise similar conditions. The

estimated free energy under sulfate limitation is consistent with
laboratory-based (33–43 kJ mol−1 sulfate) [52] and in situ observa-
tions (31 kJ mol−1 sulfate) [37]. This may identify the minimum
energy requirement for sulfate reduction and suggests that the
observed substrate stoichiometry of the sulfate-limited chemo-
stats are under thermodynamic control. The existence of dual
electron transport pathways, allowing for hierarchical routing of
the carbon metabolism, could be key to the adaptation and
survival over a wide range of sulfate concentrations observed for
SRM. We propose that the metabolic “switch” from complete
lactate oxidation under excess sulfate to incomplete lactate
oxidation and “overflow” metabolism under sulfate limitation is
under thermodynamic regulation in response to the in situ sulfate
concentration, as predicted by Noguera et al.

Transcriptional response to substrate limitation
We employed a transcriptomic approach to identify the metabolic
pathways involved in the response of D. autotrophicum to lactate
or sulfate limitation. The majority of the D. autotrophicum genes
did not alter their pattern of expression during steady-state
growth under the two tested conditions (Fig. 1A). The use of
chemostat-grown cells minimized gene expression effects that
could be due to differences in growth rate, growth phase, or
transition stage between the two tested conditions [53]. Following
normalization of transcript abundances by conversion to RPKM
values to account for differences in sequence library size and gene
length, and a strict statistical analysis (p < 0.001), we identified 24
and 79 genes that were ≥2-fold overexpressed under lactate and
sulfate-limitation, respectively (Fig. 1B). The differentially over-
expressed genes clustered on the same or on neighboring
operons (Table S4), as expected for genes under the control of
the same transcriptional regulators or involved in the same
functions [54].
The top 20 most highly expressed genes were the same under

both lactate and sulfate limitation, with the exception of the lldP, a
L-lactate permease encoding gene, that was only highly expressed
under lactate-limitation (Table S5). Several of the highly expressed
genes are involved in the sulfate-reduction pathway. The
dissimilatory reduction of sulfate to sulfide is a multistep process
with an initial ATP-dependent activation of sulfate to adenosine-
5′-phosphosulfate (APS) by ATP sulfurylase (sat), followed by the
reduction of APS to sulfite by APS reductase (aprAB), and finally
the reduction of sulfite to sulfide by dissimilatory sulfite reductase
(dsrAB) and the protein DsrC (dsrC), all of which were highly
expressed (Table S5). The genes of this pathway are among the
most highly and constitutivly expressed genes in SRM [42, 45, 55].
Besides the genes for sulfate reduction, several genes involved in
electron-transfer processes were highly expressed, including
rubrerythrin, flavodoxin, and FeS-proteins and a cytochrome
(Table S5). The latter cytochrome (HRM2_42360) is a putative
class III cytochrome c that in cytochrome-rich SRM like D.
autotrophicum, along with other multiheme cytochromes, acts as
electron shuttles between soluble periplasmic hydrogenases and
several membrane complexes [28]. In other Desulfobacteraceae
constitutive expression of similar proteins (50% identity) sug-
gested a key role in general energy metabolism [28], possibly
acting as shuttle for electrons between the different alternative
energy generating pathways allowing for higher metabolic
flexibility [42, 56].
A gene (HRM2_17810) encoding an ATP synthase F0 subcomplex C

subunit, which forms the rotor of the ATP synthase, was highly
expressed under both lactate and sulfate-limited growth (Table S5) as
a high number of c subunits is required for a functional F0 rotor [57].
Upregulation of genes encoding for the F0 beta subunit was observed
under sulfidogenic metabolism when compared to syntrophic
metabolism in D. vulgaris [58]. We did not observe any significant
change on the expression of the ATP synthase F0 subunits between
lactate limitation and sulfate limitation which suggests that D.
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autotrophicum did not switch to lactate fermentation under sulfate-
limitation.
Interestingly, two genes encoding for cold-shock DNA-binding

proteins were also among the highest expressed genes (Table S5).
Cold-shock proteins CspL and CspB function as RNA chaperones and
are key for adaptation to cold and to survival at stationary phase in
Bacillus subtilis [59]. Since the optimum growth temperature for D.
autotrophicum is 25–28 °C [26, 60], we speculate that the high
numbers of transcripts for cold-shock proteins are related to a low
substrate availability response commonly encountered at stationary
phase [59].

Lactate-limitation specific response. In D. autotrophicum, lactate is
oxidized to pyruvate by lactate dehydrogenase (ldhAB), while
pyruvate is oxidatively decarboxylated by pyruvate:ferredoxin
oxidoreductase (Por) to acetyl-CoA, which is then completely
oxidized to CO2 via the WLP [27, 28]. During steady-state growth
under lactate limitation the genes encoding for lactate transpor-
ters, lactate dehydrogenases, and pyruvate:ferredoxin oxidore-
ductases (Fig. 1A) were not differentially expressed, in agreement
with a previous proteomic study suggesting their constitutive
expression irrespective of the electron donor source [28, 45].
However, HRM2_28740 encoding a proton-driven monocarbox-
ylate transporter was fourfold upregulated (Table S4). Even
though, HRM2_28740 is annotated as a oxalate/formate anti-
porter, it shares 29% identity with a lactate transporter
(Sfum_3364) from Syntrophobacter fumaroxidans, suggesting a
possible role for HRM2_28740 in lactate transport under lactate
limitation (Fig. 2).
The previously identified genes of the WLP were not differentially

expressed under lactate limitation (Fig. 1A). We identified a fivefold
increase for two putative methylene-tetrahydrofolate reductase
(metF) genes (HRM2_30860, MetF3; HRM2_30900, MetF4) and a
threefold increase for a putative acetyl-CoA synthetase (AcsA1,
HRM2_28720) (Fig. 2). The transcript abundance for metF3/4 (RPKM
922/839) was significantly higher compared to the metF1 (RPKM
124) and the transcript abundance for acsA1 (RPKM 3329) was
higher compared to the cdhDE (RPKM 2386/2780) under lactate
limitation (Tables S6, S7). This suggests that these isoenzymes may
prevent WLP reversal, channeling all the acetyl-CoA through the
WLP and thereby avoiding acetate build-up in the cell and loss via
excretion.
The differential overexpression during lactate limitation of genes

encoding for high-affinity branched-chain amino acid transporters
and genes encoding for enzymes of (i) the leucine degradation
(or biosynthesis) pathway (2-isopropylmalate synthase, LeuA2/A3;

acetolactate synthase, IlvH/G; dihydroxy-acid dehydratase, IlvD) and
(ii) the deamination of cysteine to pyruvate (D-cysteine desulhydrase,
DcyD2) suggest that branched amino acids can act as alternative
energy/carbon sources for D. autotrophicum in the environment
(Fig. 2, Table S4). Two out of the three branched amino acids (leucine
and isoleucine) are ketogenic; they can be degraded directly to acetyl-
CoA, which can be “fed” to the WLP [61]. Upregulation of genes
encoding such amino acid transporters may be a general response to
electron donor limitation. We reanalysed the transcriptomic data for
Desulfovibrio alaskensis [48] growing in chemostats under pyruvate
limitation in the presence of excess of sulfate and found an amino
acid transporter was among the most highly (8-fold) overexpressed
genes (Table S8). Overexpression of high-affinity branched-chain
amino acid transporter-encoding genes was also observed in glucose-
limited cultures of E. coli [62, 63]. The genome of D. autotrophicum
encodes for several extracellular or membrane-associated proteases
that were expressed under the tested conditions (Table S9),
suggesting that protein degradation is important for adaptation to
energy-limitation in D. autotrophicum.

Sulfate limitation-specific response. Under sulfate limitation we
observed the overexpression of four genes encoding for universal
stress proteins (Table S4). Universal stress proteins are expressed in
response to various unfavorable conditions including sulfate
starvation [64]. Three (HRM2_40210-40220, HRM2_46590) out of
the four overexpressed genes are similar (30% amino acid identity)
to UspA-encoding genes from D. vulgaris, predicted to modulate the
cell’s response to growth phase transition and nutrient limitation
[65]. Thus, the overexpressed uspA genes in D. autotrophicum could
mediate the response to sulfate-limitation.
We also observed an eightfold overexpression of a gene encoding

a putative acetyl-CoA synthetase (Acs, HRM2_46160) (Fig. 2,
Table S4). Eleven paralogs of acetyl-CoA synthetase (acs) genes
have been identified in the genome of D. autotrophicum [27],
allowing D. autotrophicum to respond to changing environmental
conditions by using different isoenzymes [27, 28, 66]. The Acs
paralogue HRM2_46160 was not detected in the proteome of D.
autotrophicum when batch cultures were grown on 8 different
electron donors with excess sulfate, including autotrophic growth
[28], thereby suggesting a unique role for this paralogue during
sulfate limitation.
Under low sulfate concentrations, D. autotrophicum switches to

incomplete oxidation, lactate is oxidized to pyruvate, which in turn is
oxidatively decarboxylated to acetyl-CoA, thereby increasing the
intracellular acetyl-CoA level [67]. A putative pyruvate dehydrogen-
ase complex (HRM2_47610, HRM2_47620, and HRM2_47640) was
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5- to 8-fold overexpressed under sulfate limitation, possibly in
response to the excess lactate and the high lactate turnover
rates observed (Tables 1, S4). The transcript abundance of
HRM2_47610, HRM2_47620, and HRM2_47640 were significantly
higher compared to the constitutive pyruvate:ferredoxin oxidor-
eductases [28] PorA4 and PorB2 (Tables S6, S5). Moreover,
pyruvate dehydrogenases are dependent on NAD+ while
pyruvate:ferredoxin oxidoreductases are ferredoxin dependent,
suggesting that the switch is related to redox balancing [68]. As the
uptake of lactate exceeds the cell’s capacity to catabolize it,
the system is balanced by the conversion of acetyl-CoA to acetate
and its excretion to the environment (Fig. 2), in agreement with
our observed stoichiometries under sulfate limitation (Table 1).
Similar flux-sensing responses have been described in E.coli during
“overflow” metabolism, allowing the cell to recognize metabolic
“bottlenecks” by integrating information on the available substrates
and transcriptionally or post-translationaly regulate several function-
ally different isoenzymes, depending on the growth condition such
as the amount of electron donor or acceptor available [69].
A soluble cytoplasmic hydrogenase (HRM_26580, HydA2) was

overexpressed (6-fold) under sulfate-limitation (Fig. 2, Table S4). The
[FeFe] family hydrogenase is located upstream and co-transcribed
with a NADPH-dependent oxidoreductase (HRM2_26590) that
could interact with HydA along with ferredoxin for the production
of H2 (Fig. 2, Table S4). A similar electron-bifurcating [FeFe]
hydrogenase has been described in Thermotoga maritima, which
catalyzes the formation of H2 with reduced ferredoxin only in the
presence of NADH [70]. Constitutive hydrogenases in SRM could
produce H2 whenever an imbalance occurred between reductants
produced and consumed in the cell [71]. Genes encoding for a
periplasmic hydrogenase (HysAB; HRM2_11680-690) were highly
expressed under both conditions and has been previously detected
in the proteome of D. autotrophicum during chemolithotrophic

growth [28]. Overexpression under sulfate limitation of the
bifurcating [FeFe] hydrogenase HydA offers further evidence that
SRM operate dual pathways in response to sulfate availability,
driving the release of electrons as H2 when sulfate availability is
limited [48, 49, 71].

Electron-transfer components. The electron-transfer pathways of
sulfate respiration are incompletely understood despite significant
advances [56, 72], not least for D. autotrophicum [27, 28]. D.
autotrophicum’s genome encodes for two Rnf complexes (mem-
brane-localized ferredoxin:NAD+-oxidoreductase) and a Nqr com-
plex (Na+-potential forming NADH:quinoneoxidoreductase), both
of which were expressed under the tested conditions (Fig. 2) and
believed to be involved in energy conservation (H+/Na+-based
bioenergetics) in SRM [28, 56]. Soluble electron transfer compo-
nents such as heterodisulfide reductases (HDR) can be found in
nearly all SRB genomes. The highest numbers of HRD are found in
the genomes of metabolically versatile SRM such as D. auto-
trophicum and encode for 15 heterodisulfide reductase (HDR)
paralogues [27]. HDR are key enzymes in methanogens and other
anaerobes, catalyzing electron-bifurcation reactions by a complex
consisting of a HDR and a F420-nonreducing hydrogenase (Mvh)
[73]. In SRM they are predicted to be involved in energy
conservation though flavin-based electron bifurcation, but their
exact role remains unclear [74]. Under lactate-limitation, a gene
encoding for a soluble heterodisulfide reductase paralogue (hdrL3,
HRM2_30890) was fivefold overexpressed (Table S4). The HdrL3-
encoding gene is located downstream of the MvhD7- encoding
gene (HRM2_30880), most likely forming a HdrL3/MvhD7 complex
(Table S4, Fig. 2). HdrL is a fusion heterodisulfide reductase
originally described in D. autotrophicum, with a previously
uncharacterized role in electron cycling [28]. The genes encoding
the HdrL3/MvhD7 complex are found on the same transcriptional
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unit as two methylene-tetrahydrofolate reductase genes (metF3/4)
from the WLP, suggesting a possible role for the HdrL3/MvhD7
complex in the transfer of electrons from the WLP to the sulfate-
reduction pathway under lactate limitation (Fig. 2, Table S4).
During sulfate limitation we observed a 13-fold overexpression

of a gene (HRM2_03190) encoding the membrane-bound multi-
domain HdrF1 protein previously proposed to be involved in
electron transfer with the menaquinone pool and energy
conservation [28, 74] (Table S4). Similarly, we observed a 5-fold
overexpression of the HdrA3- and MvhD4-encoding and co-
transcribed genes (Fig. 2, Table S4) [75]. We speculate that the
HdrA3/MvhD4 complex plays an important role in cytoplasmic
electron transfer during sulfate limitation as it was not detected in
earlier differential proteomic analyses of D. autotrophicum under
eight different substrates present in excess [28]. Another set of
genes, overexpressed (13-fold) under sulfate-limitation and in
close proximity to the hdrF1 encoding gene, is a paralog of
glycerol-3-phosphate dehydrogenase (GlpAB) (Fig. 2, Table S4).
GlpAB is involved in cytoplasmic FADH reoxidation, while the
generated electrons are transferred to the membrane menaqui-
none pool via the similarly overexpressed membrane quinone
reductases, MqrA1 (HRM2_03200) and MqrA2 (HRM2_07780) [28]
(Fig. 2, Table S4). Overexpression of the GlpAB and MqrA1/A2
encoding genes could be linked to the “overflow metabolism” in
the presence of excess electron donor The remaining major
electron-transfer protein complexes encoded in the D. autotro-
phicum genome [27, 28] were expressed to similar levels when
comparing the two tested conditions (Table S7). The presence of
HDR complexes that are differentially expressed between sulfate
excess and sulfate limitation supports the idea that different

electron-transfer pathways operate in SRM in response to changes
in the environment.

The molecular basis of dual sulfate uptake kinetics. The most
highly differentially-expressed (136-fold) gene under sulfate
limitation encodes for cysZ (HRM2_38150), a TSUP (Toluene
Sulfonate Uptake Permease) family putative sulfate transporter
(Fig. 3, Table S4). Downstream, three more genes (nadC1-3) with a
putative sulfate transport function were also highly (9 to 19-fold)
overexpressed under sulfate limitation (Fig. 3, Table S4). Similarly,
among the most highly overexpressed genes of D. alaskensis [48]
under sulfate limitation was a NadC encoding gene (12-fold)
offering further evidence for the key role of this family of
transporters in low sulfate environments (Table S8). The ability of
D. autotrophicum to switch to a high-affinity sulfate uptake system
under sulfate-limitation has been previously described [32, 76].
The genome of D. autotrophicum encodes three paralogues of the
SulP family, five paralogues of the NadC/DASS family, a member of
the CysP family, and ten paralogues of the CysZ/TSUP family of
sulfate transporters (Fig. 4A) [33]. Among the five paralogues of
NadC, two were constitutively expressed, as previsoulsy shown by
qPCR [32]. Moreover, two out of the three SulP paralogues were
constitutively expressed and one appeared to be induced
(twofold) by excess sulfate (Figs. 3, 4A). Putative SulP and NadC
sulfate transporters have been consistently recovered in proteo-
mic and transcriptomic studies of SRM grown under sulfate excess
[28, 45, 63, 77], confirming a key role for SulP and NadC
transporters in high sulfate environments.
A TSUP family putative sulfate transporter was also upregulated

(2.5-fold) in D. alaskensis grown under sulfate excess (Table S7). Our
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results support earlier in silico predictions that TSUP transporters
have a key role in the uptake of sulfate in SRM [33]. TSUP family
transporter-encoding genes are abundant in SRM and they are the
only putative sulfate transporters to be present in all SRM genomes
examined, including bacterial and archaeal genomes [33]. Moreover,
we recently described the presence of a TSUP family putative sulfate
transporter on a plasmid of a marine SRM that exhibited high
similarity to subseafloor-recovered metagenomic sequences, sug-
gesting that TSUP high-affinity sulfate transporters might be
important for survival under extreme sulfate limitation [78]. Previous
“omics” approaches in SRM did not detect the overexpression of
TSUP family gene transcripts or proteins. This further confirms that

their expression is linked to sulfate limitation since the majority of
previous studies were carried in excess of sulfate, detecting mainly
the overexpression of SulP family transporters [28, 45, 63, 77]. Sulfate
transporters are poorly characterized in SRM and our results on
differential expression under highly controlled conditions offer a
novel insight into the identity and regulation of sulfate transporters
in SRM.
Most of the putative sulfate transporters were closely located, and

in some cases co-transcribed, with TCR genes (Table S4). We
examined the genomes of other SRM for the presence of TCR
systems in close proximity to putative sulfate transporters and
observed more examples, among a polyphyletic group of SRM from
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freshwater and marine environments, where TCR can be found
flanking TSUP and NadC/DASS family-encoding genes (Fig. 4B,
Table S8). Several TCR systems have been identified in the model
SRM, Desulfovibrio vulgaris, with putative roles, among others, in
potassium and phosphate limitation response [79, 80].
The overexpressed TCR-encoding genes (Table S4) contain either

a DNA-binding output domain, placing them in the nitrogen
regulatory protein C (NtrC) family of response regulators, or CheY
output domains, facilitating direct protein-protein interactions for
chemotaxis [79]. Moreover, the putative NtrC family sensor kinases
encoded by HRM2_38130, HRM2_38220, and HRM2_38250 share 32,
36, and 34% identity, respectively, with ZraS from E. coli, while the
putative CheY family response regulators encoded by HRM2_38210
and HRM2_38240 shared 40 and 38% identity, respectively, with the
E. coli ZraR (Table S4). ZraS and ZraR are part of a TCR system in E.
coli that senses Zn2+ (ZraS) activating the regulation (ZraR) of genes
involved in zinc homeostasis or protection against zinc toxicity [81].
Based on the proximity of these TCR systems and their conserved
co-location across SRM genomes we therefore propose that,
similarly in D. autotrophicum, TCR systems can sense changes in
the sulfate concentration, regulate gene expression, and conse-
quently affect the physiological response to sulfate limitation

CONCLUSION
D. autotrophicum responds to electron acceptor availability by
switching between complete and incomplete lactate oxidation
(“overflow”metabolism) and upregulating the expression of genes
encoding transporters with high affinity for the limiting substrate.
Both responses have been previoulsy described as key adapta-
tions to low-energy life in marine sediments. Similarly, the C/N
ratio controls the fate of nitrate in pure culture experiments and
in situ [82, 83]. Low C/N ratios favor denitrification (electron donor
limitation) as this process yields more energy per C oxidized
compared to ammonification, while high C/N ratios (electron
acceptor limitation) favor ammonification as this process yields
more energy per nitrate reduced [82, 83]. Electron donor
concentration also affects the metabolism of Thiomicrospira sp.
CV0, that oxidizes sulfide with nitrate to sulfate at low in situ
sulfide concentrations and to sulfur at high sulfide concentrations
[84]. Diversity of carbon utilization and “overflow” metabolism
may be critical for survival in low-energy environments such
as marine sediments. SRM are able to oxidize the products
of primary fermentation completely in the upper sulfate-rich
marine sediments, while they likely switch to “overflow” metabo-
lism (incomplete oxidation) releasing reducing equivalents to co-
existing partners (i.e., methanogens) when sulfate becomes
limited.
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