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In anaerobic environments, mutually beneficial metabolic interactions between microorganisms (syntrophy) are essential for
oxidation of organic matter to carbon dioxide and methane. Syntrophic interactions typically involve a microorganism degrad-
ing an organic compound to primary fermentation by-products and sources of electrons (i.e., formate, hydrogen, or nanowires)
and a partner producing methane or respiring the electrons via alternative electron accepting processes. Using a transposon gene
mutant library of the sulfate-reducing Desulfovibrio alaskensis G20, we screened for mutants incapable of serving as the elec-
tron-accepting partner of the butyrate-oxidizing bacterium, Syntrophomonas wolfei. A total of 17 gene mutants of D. alaskensis
were identified as incapable of serving as the electron-accepting partner. The genes identified predominantly fell into three cate-
gories: membrane surface assembly, flagellum-pilus synthesis, and energy metabolism. Among these genes required to serve as
the electron-accepting partner, the glycosyltransferase, pilus assembly protein (tadC), and flagellar biosynthesis protein showed
reduced biofilm formation, suggesting that each of these components is involved in cell-to-cell interactions. Energy metabolism
genes encoded proteins primarily involved in H2 uptake and electron cycling, including a rhodanese-containing complex that is
phylogenetically conserved among sulfate-reducing Deltaproteobacteria. Utilizing an mRNA sequencing approach, analysis of
transcript abundance in wild-type axenic and cocultures confirmed that genes identified as important for serving as the electron-
accepting partner were more highly expressed under syntrophic conditions. The results imply that sulfate-reducing microorgan-
isms require flagellar and outer membrane components to effectively couple to their syntrophic partners; furthermore, H2 me-
tabolism is essential for syntrophic growth of D. alaskensis G20.

Anaerobic oxidation of organic compounds, such as alcohols
and fatty acids, is thermodynamically unfavorable when pro-

tons or carbon dioxide are used as the electron acceptor, unless the
H2 partial pressure or formate concentration, respectively, can be
maintained at extremely low concentrations (1). Thus, complete
degradation of organic matter in methanogenic and some other
anaerobic systems requires a microbial consortium composed of
two or more microbial species to oxidize the carbon and subse-
quently remove hydrogen (2–5). This synergistic interaction be-
tween different microorganisms is defined as syntrophy. The term
was first coined in anaerobic, sulfur-oxidizing phototrophic co-
cultures (6) but was experimentally verified when the methano-
genic, archaean Methanobacterium bryantii strain MOH was sep-
arated from an ethanol-oxidizing partner, both of which were
present in a culture called Methanobacillus omelianskii, which at
the time was believed to be a pure culture (7). This work estab-
lished the general syntrophic model of two microorganisms mu-
tualistically cooperating by transferring electrons from one spe-
cies to the other through H2 and/or formate (8). However, direct
electron transfer via nanowires has also been described (9). Re-
gardless of the electron transfer mechanism, the keystone of syn-
trophy requires that the metabolic interactions be mutually ben-
eficial (10). Such is the case in many anaerobic environments
where the degradation of alcohols, fatty and alicyclic acids, and
aromatic compounds is thermodynamically possible only when
the electron-accepting partner maintains very low H2 or formate
concentrations (11). Because these compounds are only degraded
by syntrophic consortia under methanogenic conditions, the net

free energy available from the overall reaction, which is typically
small, must be shared between both partners (9, 12–15).

To date, syntrophic organisms have been shown to be either
strictly fermentative (e.g., Syntrophus aciditrophicus and Syntroph-
omonas wolfei) or those capable of syntrophy in the absence of a
terminal electron-accepting process (e.g., Geobacter and Desulfo-
vibrio) (9, 16). The electron-accepting organisms are often meth-
anogens (3), but sulfate-reducing (16) and fumarate-reducing or-
ganisms (9) have been shown to function efficiently with H2

and/or formate-producing syntrophic metabolizers. Sulfate-re-
ducing bacteria acting as syntrophic electron acceptors are found
in bioreactors treating waste streams containing sulfate (17–20)
and are likely also present in many other anaerobic environments
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in which both methanogenesis and sulfate reduction occur to-
gether.

Since syntrophic growth is energetically restrictive, the syn-
trophic partners must adapt to take advantage of this energy-lim-
ited, ecological niche. Several studies detected significant altera-
tions in global gene expression of Desulfovibrio species when
comparing the lifestyles of a sulfate reducer (with lactate and sul-
fate) to a syntrophic electron donor (lactate) with a methanogen
as the electron-accepting partner (16, 21). Microarray and real-
time PCR analyses have revealed a functionally unknown, yet
transcriptionally active gene set in Desulfovibrio vulgaris Hilden-
borough, consisting of three colocated genes, which may be in-
volved in the lifestyle change of D. vulgaris from sulfate respiration
to syntrophic metabolism (22). Two of these protein-coding genes
contain an iron-sulfur cluster-binding/ATPase domain, while the
third encodes an MTH1175-like hypothetical protein. Further-
more, under syntrophic conditions D. vulgaris mutants signifi-
cantly elevate transcription for genes coding a number of hydro-
genases and membrane associated electron transfer functions,
including Coo, Hmc, Hyd, and Hyn (21). Mutations in the genes
encoding the latter four enzymes impaired or severely limited the
ability of D. vulgaris to grow as the syntrophic electron-donating
partner but had little effect on growth in axenic cultures. Similarly,
20 mutants in Desulfovibrio alaskensis were identified which were
attenuated in the ability to grow as electron-donating partner (16,
23). Genes involved in electron transfer functions, including hyd
(Fe-only hydrogenase), qrc (quinone reactive complex), cyc (cyto-
chrome c3), and hyp (NiFe hydrogenase maturation), were shown
to be important, as well as a number of other functional and reg-
ulatory genes. Many of these mutants were deficient in motility as
well as syntrophic growth. Although these studies highlight the
genes necessary for Desulfovibrio to function in the role of syn-
trophic electron producer, little is known of genes necessary for
syntrophic growth where Desulfovibrio accepts electrons and re-
spires sulfate.

In order to most efficiently transfer electrons in the form of H2,
small interspecies distances are desirable and are facilitated by the
formation of cell aggregates (12). In anaerobic wastewater treat-
ment systems, the formation of aggregates is common (13). Syn-
trophic cultures also can transfer electrons directly between the
two species using filamentous structures (9). Aggregates of pure
cultures of D. vulgaris occurring in biofilms show a flagellum-like
structure, which appears to connect cells together (12, 14). The
composition of the latter filaments have not been identified nor
has a role for flagella been proven in the syntrophic interaction.

In a previous study, we described a transposon mutant library
of 5760 mutants in D. alaskensis G20 created using a mini-Tn10
transposon-bearing plasmid (24). Here, we use the library to iden-
tify genes that are important for syntrophic growth of D. alaskensis
as the electron acceptor with S. wolfei as the electron donor (17–
20). The mutant screen and subsequent gene expression studies
allowed us to identify genes necessary for syntrophic interactions.
A focus was on the importance of flagella and the role of H2 and
formate using enzymes.

MATERIALS AND METHODS
Medium components and culture growth. A lactate-sulfate (LS) medium
was used to grow D. alaskensis G20 and its mutants axenically. Each liter of
medium contained 2.0 ml of vitamin solution, 12.5 ml of metal solution,
25 ml of 1 M HEPES, 1.0 g of yeast extract, 16.1 g of NaSO4·10H2O, 5.79 g

of sodium lactate, 1.97 g of MgSO4·7H2O, 0.088 g of CaCl2·2H2O, 0.383 g
of K2PO4, 1.07 g of NH4Cl, and 0.62 ml of 0.1% resazurin, and the pH was
adjusted to 7.2. The vitamin solution contained (per liter) 2 mg of biotin,
2 mg of folic acid, 10 mg of pyridoxine HCl, 5 mg of thiamine HCl, 5 mg
of riboflavin, 5 mg of nicotinic acid, 5 mg of calcium D-(�)-pantothenate,
5 mg of cyanocobalamin, 5 mg of p-aminobenzoic acid, 5 mg of thioctic
acid, and 10 mg of mercaptoethanesulfonic acid. Metal solution con-
tained (per liter) 12.8 g of nitrilotriacetic acid, 0.42 g of FeSO4·7H2O, 0.1
g of MnCl2·4H2O, 0.17 g of CoCl2·6H2O, 0.02 g of CuCl2·2H2O, 0.21 g of
ZnSO4·7H2O, and 0.01 g of Na2MoO4·2H2O. Media were prepared using
strict anaerobic procedures (25). Anoxic media (10 ml) were dispensed
into serum tubes under N2 and 0.1 ml of 7% sodium bicarbonate and 0.15
ml of 2.5% cysteine-HCl were added after autoclave sterilization. D.
alaskensis transposon mutants were grown axenically in LS media with the
addition of 1,050 �g of kanamycin sulfate/ml.

A crotonate minimal medium was used to grow S. wolfei and S. acidit-
rophicus axenically (26). Each liter of media contained 50 ml of Pfennig I
(10.0 g/liter K2HPO4), 50 ml of Pfennig II (8.0 g/liter NaCl, 8.0 g/liter
NH4Cl, 6.6 g/liter MgCl2·2H2O, 1.0 g/liter CaCl2·2H2O), 5.0 ml of metal
solution, 10.0 ml of vitamin solution, 1 ml of 0.1% resazurin, and 0.4 g of
crotonic acid. The metal and vitamin solutions are described above. Se-
rum bottles with 100 ml of crotonate medium were prepared with a N2/
CO2 (80/20 [vol/vol]) headspace and reduced with 1.0 ml/liter of 2.5%
cysteine-HCl–2.5% sodium sulfide solution. A butyrate-sulfate minimal
medium was used to grow cocultures of G20 and S. wolfei, and a similar
benzoate-sulfate medium was used to grow G20-S. aciditrophicus cocul-
tures. Media were prepared as for crotonate-minimal medium except 6.6
g/liter NaSO4·10H2O and 2.2 g/liter sodium butyrate or 1.7 g/liter sodium
benzoate were substituted for crotonate. When cocultures were grown for
RNA-seq analysis, 0.01% yeast extract was added to provide higher
growth yields. Cultures of D. alaskensis G20, S. aciditrophicus, and S. wolfei
were all grown at their optimal temperature of 37°C. Growth was moni-
tored weekly using a Spec21 spectrophotometer to determine optical den-
sity at 600 nm (OD600).

Screening of G20 mutants in coculture with S. wolfei. A mutant li-
brary of 5,760 D. alaskensis G20 mutants providing 1.5-fold coverage of
total genes was prepared with a mini-Tn10 transposon-bearing plasmid as
described in previous work (24). The transposon was shown to insert
randomly. To screen for syntrophic growth deficiency, butyrate medium
was inoculated with 0.5 ml of washed cells of each mutant of D. alaskensis
(to remove the antibiotic) and 1 ml of a late-log to early-stationary-phase
culture of S. wolfei grown on crotonate. Growth was monitored weekly
and individual mutants with normal syntrophic growth formed cocul-
tures, which increased in OD600 by �0.1, which was approximately one
doubling during a 2- to 3-week growth period. Mutants that exhibited an
increase of �0.05 (final OD600) in coculture with S. wolfei were considered
to be growth deficient and chosen for further study. Mutants identified
during the initial screening were retested in coculture to verify that they
were truly deficient in coculture growth. Mutants were then grown in LS
medium with or without yeast extract to distinguish mutations related to
syntrophy versus those with nutritional or other physiological defects.
Mutants that grew poorly in pure culture were not chosen for further
study.

Identifying the transposon insertion location. Total DNA from an
overnight culture of each D. alaskensis syntrophy mutant was extracted
with a Qiagen DNeasy kit and a two-round arbitrary PCR was performed
(24). The PCR products were sequenced and compared to the D. alasken-
sis genome (accession no. NC_007519) using BLASTN.

Morphological analysis of flagella mutants. The parent strain G20
and the flagella (flhA) mutant were grown on the semisolid 0.1% LS agar
inoculated with a drop of culture to grossly compare relative motility.
Plates were incubated at 37°C in an anaerobic growth chamber with an
N2:H2 (95:5) atmosphere. Phase-contrast microscopy was also used to
determine whether the parent strain and flagella mutants were motile by
observing motility in several fields. To determine whether flagella mutants
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exhibited a structural phenotype, cultures were prepared for scanning
electron microscopy by allowing the culture to grow in the presence of
glass slides for 30 h. Slides were rinsed with phosphate-buffered saline
(PBS; pH 7.2) and immersed in 4% paraformaldehyde in 50 mM sodium
cacodylate buffer (pH 7.0) overnight. The slides were then rinsed in water,
dehydrated through an ethanol series, and dried using a critical point
dryer (Tousimis Autosamdri 814). Samples were then sputter coated with
silver and examined on a Zeiss Neon dual-beam-field emission scanning
electron microscope. Three fields were photographed.

Quantification of biofilm production. LS media (15 ml with 1,050 �g
of kanamycin/ml added to the mutant culture tubes) were prepared and
dispensed into serum tubes, which contained one half of a microscope
slide. Individual tubes were then inoculated with the parent strain of G20,
flhA, fliF, and tadC mutants and grown to early stationary phase (20 h).
Slides were then harvested, rinsed briefly with PBS buffer, and then sub-
merged in a 0.1% crystal violet solution for 10 min. Excess crystal violet
was removed from slides with distilled water and then slides were placed
into a 20-ml ethanol-acetone (4:1) solution overnight to leach crystal
violet adhered to cells and biofilm attached to the slide. Crystal violet was
quantified spectrophotometrically at 580 nm. The relative quantity of
biofilm formation was expressed as the OD580 of the destain solution/the
OD600 of the culture at 20 h. Significant differences in biofilm formation
between mutants and the parent strain were determined by using the
Student t test.

Operon analysis of flagellar genes. Operon analysis was done to de-
termine whether transposon insertions interrupted transcription. Total
RNA was extracted from the parent strain, and flhA, and fliF mutants
using the Qiagen RNeasy kit. Pure cultures grown for 12 h were chilled in
a dry ice-ethanol bath, harvested by centrifugation at 4°C, and stabilized
with Qiagen RNAprotect reagent. The RNAprotect protocol 1 was fol-
lowed with enzymatic lysis of cells using lysozyme. RNA was treated with
an Ambion Turbo DNA-free kit, and a PCR control reaction was per-
formed to ensure there was no DNA contamination. Purity and adequate
yield was confirmed spectrophotometrically. First-strand cDNA synthesis
was performed using a Fermentas RevertAid kit with gene-specific prim-
ers covering the entirety of the flhA and fliF mutants’ operons (Table 1).
Primers were designed to span the gaps between each gene in the operon.
PCR was performed with the parent strain RNA and each primer set to
determine first whether all genes were expressed on each operon and
whether the genes were on the same operon. A PCR was then performed
on the gaps for the respective operons of flagellar flhA and fliF mutants to
determine whether the transposon insertion affected the expression of
other genes in the operon.

Transcriptional analysis of parent and mutant cultures with RNA-
seq. Pure cultures of D. alaskensis, S. wolfei, and S. aciditrophicus and
cocultures of S. wolfei with D. alaskensis and S. aciditrophicus with D.
alaskensis were grown as described above to mid-log phase in 10-ml tubes.
The different syntrophic electron producers were used because they have
been shown capable of shuttling electrons differentially (26). After 2 to 3
weeks of initial growth, 2 ml of each coculture was transferred to a tube

with 10 ml of medium. The 2- to 3-week incubation and transfer were
repeated twice, several tubes were pooled, and 20 ml of the pooled cocul-
tures was used to inoculate a serum bottle containing 100 ml of either
butyrate-sulfate or benzoate-sulfate media for S. wolfei-D. alaskensis and
S. aciditrophicus-D. alaskensis, respectively. The transfers continued every
2 to 3 weeks with growth determined visually. At each of four subsequent
transfers, 80 ml was recovered for RNA extraction, and 20 ml was used for
the next transfer. Frozen cells from each coculture were pooled, and RNA
was extracted with a Qiagen RNeasy kit. DNA was removed with an Am-
bion Turbo DNA-free kit, and a MicrobeExpress kit was used to deplete
rRNA. RNA was ethanol precipitated into Tris-EDTA buffer prior to
rRNA removal. Purified RNA concentration was quantified by using
NanoDrop (Thermo Scientific). RNA was shipped on dry ice to the Uni-
versity of Georgia Genomics facility for 100-bp single-end sequencing
with Illumina HiSeq.

Processing Illumina reads and genome mapping. The transcriptome
of D. alaskensis G20 and mutant cultures were passed through a previously
described pipeline (27). Briefly, each growth condition was represented by
a single RNA sample consisting of single samples of pure cultures and
pooled cocultures, which were processed independently whereby cDNA
reads generated were screened for quality and trimmed using Sickle
(https://github.com/ucdavis-bioinformatics/sickle.git). Single-end reads
were then mapped with BWA v.06.0 (28, 29) using default settings to
described genes from the parent strain D. alaskensis G20 genome (IMG
object ID 637000095). Gene abundance was extracted from BAM files
with SAMtools v0.1.18 (29). Individual gene abundance was normalized
to the number reads recruited to protein coding genes.

RESULTS
Identification and characterization of syntrophy mutants. Sev-
enteen genes in D. alaskensis G20 were identified as necessary for
syntrophic growth as the electron-accepting partner with S. wolfei
as the electron-producing partner (Table 2). These genes were not
necessary for growth of G20 in pure culture on lactate and sulfate.
Coculture growth curves of mutants and parent strain G20 show
the relative growth deficiencies observed for some of the mutants
identified (Fig. 1). The lack of coculture growth for the mutants is
reproducible. Some of the mutants shown appeared to be growing
much slower than the parent strain, while others had little detect-
able growth. We found that some mutants, which were not able to
grow with S. wolfei, grew well with S. aciditrophicus (Fig. 1B; e.g.,
flhA and tadC), indicating that some of the genes will not have a
important phenotypic effect with all electron-donating syntrophs.
However, not all mutants were tested with S. aciditrophicus.

Strain G20 genes necessary for syntrophic growth with S. wolfei
had annotated functions that fell into five functional categories:
glycosyltransferases, flagellum and pilus synthesis, energy metab-
olism, cell wall/membrane synthesis and transport, and gene reg-

TABLE 1 Primers used for gap analysis to determine whether transcription of all of the genes in the operon occurred

Gap (genes)

Primer sequence (5=–3=)

Forward Reverse

Gap BC (flgB and flgC) TCGTCCACGGCGAAGATCAGGT TATGGCCCGCCGCCTATGGT
Gap CE (fligC and fliE) GACCTCGCAGCGCGGGTATC TCCACTCTCGGTTCCGGCGT
Gap EF (fliE and fliF) AGTGATGGAAGCGTACCGCGAAC CGACCACAGTCAGGCCGACG
Gap FG (fliF and fliG) CACCGGCGAAGAGCGTCTGG GGCACGGTGTCCAGTTCGACC
Gap GH (fliG and fliH) GCGCGGCCACCATGATCAGA GGGCTTCTTCACGCAGCCGT
Gap HI (fliH and fliI) ACACCCCCGCGGTGGAGGATA GGCGCCCAGAGGCGCTTTTA
Gap RB (fliR and flhB) GCAGATGAACCTGCTGATGA GCCATGGTCACAAAGGTTTT
Gap AB (flhB and flhA) GCCTTGTATAGGCAGGTGGA GGTAACCAGCAGAAGCGAAG
Gap AF (flhA and flhF) CAGCTGCTCCAGAGGTTTCT GCCATGATGTGCCCTTTTAT
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ulation (serine phosphatase). Mutants involved with flagellum
and pilus synthesis and biofilm formation (glycosyltransferase
genes) were tested further for potential phenotype changes. Mi-
croscopic visualization showed that the flhA and fliF mutants had
little to no motility. When grown without shaking on H2 and
sulfate, the parent strain formed a turbid layer on the surface,
which was not observed with the flhA mutant, indicating that the
mutant is unable to move toward the source of H2. Scanning elec-
tron microscopy (SEM) confirmed the absence of flagella in flhA
and fliF mutants (see Fig. 2 for the flhA mutant), whereas flagella
were clearly visible on cells of the parent strain in pure culture

(Fig. 2) and in coculture with S. wolfei (Fig. 3). To determine
whether the transposon eliminated downstream expression of
genes in the flh and fli operons, we performed gap analysis, ampli-
fying non-protein-coding regions of RNA transcripts. The flhA
gene mutant is in the third gene of an operon with the first four
genes involved in flagellar biosynthesis. The fliF mutation is in the
fourth gene in a seven-gene flagellar protein operon. The first
three gaps in the flh operon and the six gaps in the fli operon were
PCR amplifiable from cDNA, indicating that mutants were capa-
ble of generating full transcripts despite the transposon insertion.
Thus, all genes in these two operons are expressed, although an

TABLE 2 D. alaskensis G20 genes identified as important for syntrophic growth as the electron-accepting partnera

Gene type and locus tag Gene annotation
H2-SO4

2�

growth

Expression fold change in G20b

Coculture with
S. aciditrophicus

Coculture with
S. wolfei

Pure culture
on H2-SO4

2�

Surface assembly genes
Dde_0215 Glycosyl transferase, group 2 family protein �� 0.659 0.193† –0.28†
Dde_0439 Glycosyl or glycerophosphate transferase ��� 3.06** 1.85* 0.04
Dde_0590 Cardiolipin synthase ��� 0.393† 0.11† 0.068†

Flagellum and pilus assembly genes
Dde_0353 FliF flagellar ring protein ��� 3.88** 2.02** 0.323
Dde_0380 FlhA flagellar biosynthesis protein �� 2.79** 1.80* –0.19
Dde_2365 TadC, Flp pilus assembly protein ��� ND ND 1.22*†

Energy metabolism genes
Dde_0582 Electron transport complex RnfD � 0.494 2.02** 1.21*
Dde_0585 Electron transport complex RnfA – 0.413 1.91* 1.37*
Dde_0604 Pyruvate phosphate dikinase ��� –0.51 0.36† 0.0004†
Dde_0653 High-molecular-weight cytochrome c – –1.34* –0.67 0.82
Dde_0681 Fe-S cluster hydrogenase component ��� 4.52** 3.51*† 2.29**†
Dde_2281 Iron-only hydrogenase � –0.079 –1.99† 2.87**
Dde_2933 Qrc-quinone reactive complex – –0.893 –0.27 0.966*

Miscellaneous genes
Dde_0304 Glyoxylase family protein ��� 0.032† 1.20* 0.321†
Dde_2611 Putative lipoprotein ��� –0.983 0.51 –0.038
Dde_3047 Serine phosphatase ��� 3.75** 2.88* 0.041†
Dde_3305 Choline glycine betaine transporter ��� –0.035 –0.08 –0.249

a Genes are grouped into their functional categories. Whether each mutant was able to grow on H2-sulfate is indicated by the relative amount of growth compared to the parent
strain with a “�” indicating no detectable growth and “���” indicating growth equivalent to that of the parent strain.
b The relative RNA expression of individual genes in coculture with S. wolfei, with S. aciditrophicus, or in pure culture on H2-sulfate is given relative to growth in pure culture on
lactate-sulfate. Fold regulation values were calculated as the log10(normalized reads for S. aciditrophicus, S. wolfei, or hydrogen-grown G20/normalized reads for G20 lactate-
sulfate). †, value calculated with both normalized read values below 1; *, gene abundance that was one sigma unit from the mean; **, gene abundance that was two or more sigma
units from the mean, i.e., putatively significant. ND, not determined.

FIG 1 Growth curves of G20 parent strain and mutants in coculture with S. wolfei (A) and S. aciditrophicus (B). Results for the parent strain D. alaskensis (Œ),
flhA mutant (–), fliF mutant (�), tadC mutant (Œ), rnfA mutant (�), and rnfD mutant (�) are shown.
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insertion in one of the genes (flhA or fliF, respectively) disrupted
the cell’s ability to assemble a functional flagellum. Significantly
decreased biofilm production in flhA, tadC, and glycosyltrans-
ferase mutants relative to the parent strain was also observed (Fig.
4). Similarly, we observed by SEM a dearth of extracellular poly-
meric substance in the flhA mutant compared to parent strain
biofilms (Fig. 2).

Energy metabolism mutants identified under syntrophic
growth conditions fell into two primary categories based on
whether or not the mutant grew on H2-sulfate in pure culture
(Table 2). Although several of these mutants have been described
previously (iron-only hydrogenase and Qrc-quinone reactive
complex (16, 23), we also identified a putative multiprotein com-
plex needed for growth of D. alaskensis G20 as the electron-accept-
ing partner. Mutation to the gene Dde_0681, annotated as an
4Fe-4S cluster hydrogenase component was incapable of syn-
trophic coupling. Pure culture growth experiments showed that
the mutant grew at a lower growth rate on H2 or lactate with
sulfate than the wild-type strain, but its growth rate was similar to

that of the wild-type when thiosulfate or sulfite were the electron
acceptors (Fig. 5). Upon further inspection, this gene is within a
putative operon (Dde_0678-83) containing genes annotated as a
molybdopterin and selenocysteine containing 4Fe-4S cytochrome
protein, a formate dehydrogenase gamma subunit (membrane
spanning), and two nonduplicated rhodanese-like proteins. Ho-
mologous operons are found in many other sequenced Desulfo-
vibrio species listed on the IMG website (see Fig. S1 in the
supplemental material). The molybdopterin, cytochrome, and
rhodaneses are likely translocated to the periplasm and linked to
the membrane, since signal peptides were identified in all three
genes and membrane-spanning helices were detected in the cyto-
chrome and rhodanese protein sequences (Dde_0679). The first
rhodanese gene (Dde_0679) contains three rhodanese pfams in its
deduced amino acid sequence, suggesting a true rhodanese pro-
tein. In contrast, the second rhodanese gene (Dde_0678) does not
contain a transmembrane helix and only contains a single rhoda-
nese domain and a single thioredoxin-like superfamily domain in
its deduced amino acid sequence. The formate dehydrogenase

FIG 2 SEM images of glass slide biofilms formed by G20 (A) and the flhA mutant (B).
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gamma subunit does not contain a signal peptide but has four
predicted transmembrane helices. The putative Fe-S hydrogenase
subunit did not contain either membrane components or signal
peptides.

In addition to this putative complex, the syntrophic mutant
screen also identified several previously studied energy usage
genes, including the Fe-only hydrogenase mutant, the quinone
reactive complex (qrc) mutant (16, 23) and the high-molecular-
weight cytochrome c complex (hmc) mutant (30). Fe-hydrogenase
hmc and qrc mutants, in addition to being syntrophically deficient,
had little to no growth with H2/SO4

2� in the present study, al-
though the parent strain is capable of growing on H2 or formate
with sulfate (Table 2). Previously, Fe-hydrogenase (hyd), and qrc
mutants were also shown to be deficient in growth on formate plus
sulfate (16). We also identified two mutants in the rnf operon. Rnf
is an electron transfer protein that has been shown in several bac-
teria to couple the oxidation of reduced ferredoxin to the reduc-
tion of NAD� (31, 32). This process has been shown to generate a
Na� ion gradient in Acetobacterium woodii and a proton gradient

in Clostridium ljungdahlii (33). The need for Rnf in Desulfovibrio
coupled to the inability of the rnf mutant to grow on H2 suggests
that Rnf may be involved in a pathway for H2 metabolism.

Expression of genes identified in parent strain G20 under
syntrophic conditions. Expression profiling using RNA-seq anal-
ysis was done to confirm whether the genes identified as impor-
tant for syntrophy as the electron-accepting partner were tran-
scriptionally active and abundant under syntrophic growth in the
parent strain G20. Among the 17 genes identified during the syn-
trophy screen, six were induced �2-fold during syntrophic
growth, in most cases under both syntrophic coculture conditions
(Table 2). These included one of the glycosyltransferase genes
(Dde_0439), flagellar protein genes (Dde_0353 and Dde_0380),
rnfD (Dde_0582), the hydrogenase component gene (Dde_0681),
and the serine phosphatase gene (Dde_3047) (Table 2). Due to
limitations in sequencing of multiple replicates, a traditional sta-
tistical analysis could not be performed. To identify potentially
significantly, upregulated genes, we calculated z-scores for all
genes under each condition. All six of these genes were greater

FIG 3 SEM image of a syntrophic culture of S. wolfei with G20 (A) and the flhA mutant (B).
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than two sigma units from the mean z-scores, indicating that these
genes are most likely significantly more expressed during syntro-
phy and are among the most highly expressed genes under syn-
trophic conditions.

Based on the results from the screening studies, we investigated
transcription of several putative operons, specifically those in-
volved in flagellar proteins, chemotaxis, biofilm and cell surfaces,
energy metabolism, and hydrogen and formate consumption.
This allowed us to explore the role of genes related to those iden-
tified during the mutant screen. The results are presented for the
expression of the putative operons to simplify the presentation of
the results (Table 3). The most dramatically upregulated group of
genes were the flagellum structural and biosynthesis genes, sug-
gesting an important role for flagella during syntrophy. Moreover,
a variety of chemotaxis-related genes are �2-fold upregulated,
indicating an involvement of chemotaxis during syntrophic
growth. Several biofilm and cell surface genes were also upregu-
lated. This includes several glycosyltransferase operons, as well as
a highly expressed phage shock protein gene, perhaps involved in
dealing with stress (34).

The most highly differentially expressed region of the genome
during syntrophic growth was the region from Dde_3523 to
Dde_3530. This region encodes an alcohol dehydrogenase, the
heterodisulfide reductase complex, and a putative FAD, the sel-
enocysteine-containing NAD�-binding protein complex. The al-
cohol dehydrogenase has previously been shown necessary for
ethanol-dependent growth in D. vulgaris (35). This gene is situ-
ated next to a large heterodisulfide reductase operon that is also
highly upregulated (45- to 105-fold). Without additional infor-
mation, it is difficult to say why these genes are highly upregulated.
It is possible that the physiological change associated with slow
growth or with the decreased level of yeast extract could have
induced these changes, or that ethanol is an interspecies interme-
diate during syntrophic growth.

Hydrogen and formate are important electron transport me-
tabolites for S. wolfei and S. aciditrophicus (26). However, under
syntrophic conditions, the D. alaskensis Fe-only hydrogenase was
downregulated (Table 3) but this operon was highly expressed in
axenic H2-SO4 growth. The Ni-Fe-Se hydrogenase was the most
transcriptionally abundant periplasmic hydrogenase during ax-
enic growth on H2. However, of the three periplasmic hydroge-
nases only the two Ni-Fe hydrogenases (Dde_2137-38, Dde_3754-
56) were significantly upregulated when cells were grown

syntrophically. No significant upregulation of the hmc operon was
detected, but it was transcriptionally active under all growth con-
ditions, suggesting this cytochrome is important in metabolism of
strain G20. When grown syntrophically the formate dehydroge-
nases are likely involved in formate oxidation, as this is a primary
electron shuttle for both S. wolfei and S. aciditrophicus. One of four
predicted fdh operons in strain G20 was upregulated during syn-
trophic growth (Dde_0715-18), as well as a nearby formate dehy-
drogenase formation protein (Dde_0706-09), indicating the im-
portance of formate oxidation during syntrophy.

DISCUSSION

Syntrophic growth typically involves electron transfer, typically
mediated by H2 and formate (36–39). Because most organisms
growing syntrophically can use or produce both H2 and formate, it
has been difficult to determine which compound is preferred for
electron transfer. H2 has traditionally been thought to be the elec-
tron transfer currency. However, the use of formate facilitates
electron transfer at much higher rates, due to its much higher
diffusivity in aqueous solutions (39). Several studies have pro-
vided either chemical evidence (38), proteomic (40), or transcrip-
tional (26, 41) support for a contribution of formate uptake, along
with H2 uptake during methanogenic syntrophic interactions.
Several of the aforementioned studies used Methanospirillum
hungatei in coculture with the S. wolfei or Syntrophobacter fumar-
oxidans. The results suggest that M. hungatei can adjust for differ-
ent relative levels of formate and H2 produced. Here, we present
evidence that the same is true for D. alaskensis during syntrophic
growth with both S. wolfei and S. aciditrophicus.

Our results showed that all hydrogenases were transcription-
ally active under both axenic and syntrophy growth experiments
(Table 3). The two Ni-Fe (Dde_2137-38, Dde_3754-56) and the
Ni-Fe-Se (Dde_2134-35) hydrogenases were more abundant than
the iron-only hydrogenase during syntrophic growth. However,
the two Ni-Fe hydrogenases were markedly more abundant under
syntrophic conditions than in axenic cultures, where the Ni-Fe-Se
hydrogenase was most abundant. Pure culture studies with D.

FIG 4 Relative amounts of biofilm formation by flhA (Dde_0380), tadC
(Dde_2365), and glycosyltransferase (Dde_0215) mutants involved in cell sur-
face component production.

FIG 5 Growth of the parent strain of D. alaskensis (�) and the Dde_0681
mutant (�; FeS-binding protein) with different combinations of electron do-
nors and acceptors.
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vulgaris showed that expression of the Ni-Fe hydrogenase did not
vary with different H2 levels in the headspace and when one of the
two Ni-Fe hydrogenases was functionally disrupted, there was lit-
tle influence on growth (42), providing evidence that the Ni-Fe

and Ni-Fe-Se hydrogenase may be functionally equivalent in pure
cultures. Studies in D. vulgaris determining protein levels as well as
activity have shown that the Ni-Fe-Se hydrogenase can be the
most abundant periplasmic hydrogenase in the cell under a variety

TABLE 3 Relative expression of D. alaskensis G20 operons involved in specific cellular functions that were highly expressed during syntrophya

Operon range Operon annotation

Expression fold change vs axenic G20 Avg normalized expression

Coculture with
S. aciditrophicus

Coculture
with S. wolfei

On
H2-SO4

2�

S. aciditrophicus
coculture

Lactate
SO4

2�

Flagellum-related genes
Dde_0350-56 Fli flagellar components 18.74 5.76 1.19 31.7 1.69
Dde_0378-86 Flh flagellar biosynthesis proteins 2.32 1.35 0.82 8.65 3.72
Dde_1119-20 Fli flagellar components 5.33 2.05 1.09 9.98 1.87
Dde_1501 Flagellin 4.53 1.63 0.69 7.03 1.55
Dde_1502 Flagellin 3.08 1.9 1.27 57.5 18.6
Dde_1570 Flagellin 21.7 8.6 4.24 28.8 1.32
Dde_1709 Flagellin 10.14 3.91 1.06 62.8 6.2
Dde_2705-08 Fli flagellar protein 3.7 1.06 0.9 5.85 1.58
Dde_3149-59 Flg flagellar components operon 11.0 3.54 1.09 22.2 2.02
Dde_3582-90 Fli flagellar biosynthesis proteins 6.35 3.06 1.04 8.21 1.29

Chemotaxis-related genes
Dde_0281 Chemotaxis protein 2.29 0.68 0.70 7.63 3.33
Dde_0369 Methyl-accepting chemotaxis protein 2.37 0.23 0.89* 1.40 0.59
Dde_1322 Methyl-accepting chemotaxis protein 1.69 1.27* 1* 1.05 0.62
Dde_1665 Methyl-accepting chemotaxis protein 2.07 1.57 1.68 3.25 1.57
Dde_2411 Chemoreceptor protein A 1.82 1.87 1.23 1.89 1.04
Dde_2814 Methyl-accepting chemotaxis protein 1.56 1.63 1.22 1.32 0.85
Dde_2857 Chemoreceptor protein A 2.19 2.06 1.32 27.1 12.3
Dde_2968 Methyl-accepting chemotaxis protein 2.03 2.22 0.93* 1.34 0.66

Biofilm-, pilus-, and cell
surface-related genes

Dde_0215-17 Glycosyltransferase 2.22 1.09 0.84 3.11 1.40
Dde_0337 Glycosyltransferase, group 1 family 2.01 0.53 0.68* 2.04 1.01
Dde_0425–28 Glycosyltransferase operon with a GDP-

fucose synthetase
3.97 1.45 0.72 4.65 1.17

Dde_0438-39 Glycosyl or glycerophosphate transferase 13.97 6.03 1.14 24.3 1.74
Dde_0590 Cardiolipin synthase 1.32* 1.08* 1.05* 0.98 0.75
Dde_3224-26 Phage shock protein 25.7 33.4 1.03 23.1 0.90
Dde_2358-70 Tad pilus operon 2.6* 1.7* 0.95* 0.30 0.12

Alcohol dehydrogenase-
heterodisulfide reductase

Dde_3523 Alcohol dehydrogenase, iron-containing 260.3 60.81 11.60 118.7 0.46
Dde_3524-30 Heterodisulfide reductase 79.8 12.2 4.5 7.61 0.095

Hydrogenases
Dde_0656-57 Fe-S cluster binding proteins 10.78 4.24 1.87
Dde_0081-82 Hydrogenase (Fe-only) 0.87 0.93 10.5 0.25 0.29
Dde_2134-35 Hydrogenase (Ni-Fe-Se) 0.78 1.23 3.79 7.59 9.69
Dde_2137-38 Hydrogenase (Ni-Fe) 43.56 47.13 5.17 12.5 0.29
Dde_3754-56 Hydrogenase (Ni-Fe) 5.92 3.30 1.10 0.76 0.13

Formate dehydrogenases
Dde_0678-83 Rhodanese/formate dehydrogenase/

oxidoreductase operon
22.39 11.58 3.43 2.68 0.12

Dde_0706-09 Formate dehydrogenase formation
protein

8.90 6.81 2.66 4.74 0.53

Dde_0715-18 Formate dehydrogenase operon 46.07 31.33 6.05 17.8 0.39
a The relative expression for multiple gene operons was determined as the average change for all of the genes in the operon when grown with S. wolfei, with S. aciditrophicus, or in
pure culture on H2-sulfate relative to growth in pure culture on lactate-sulfate. *, a ratio calculated where both samples being compared have low expression (�1 normalized read)
values.
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of growth conditions (43). We also observed high levels of the
Ni-Fe-Se hydrogenase in pure and cocultures (Table 3). However,
we observed a �40-fold increase in expression levels of one of the
Ni-Fe hydrogenases during syntrophic growth, increasing its
mRNA concentration above that of the Ni-Fe-Se hydrogenase.
Since the major periplasmic hydrogenases all are capable of reduc-
ing the same cadre of electron carriers and the Ni-Fe and Ni-Fe-Se
behave similarly in terms of forward and backward activity (44),
the increased abundance of Ni-Fe hydrogenase in syntrophy cul-
tures suggests that it may have a unique function during syn-
trophic growth. Although we cannot fully explain the expression
behavior of the Ni-Fe hydrogenase genes, we speculate that the
binding affinities for hydrogen by their proteins may be higher
than for the Ni-Fe-Se hydrogenases. Some Ni-Fe hydrogenases
have been shown to have very high H2 binding affinities (Km 	 30
to 130 nM) (45). Thus, under syntrophic conditions where the
fermentative partner is inhibited quickly by H2 accumulation
(46), a high-affinity hydrogenase would maintain sufficiently low
hydrogen partial pressures and thereby keep its partner’s metab-
olism uninhibited by thermodynamic constraints.

Although no specific formate dehydrogenases were identified
as essential to syntrophic coupling, we did identify a novel operon
(Dde_0683-Dde_0678) containing an fdh gamma subunit that
was needed for syntrophic growth and was highly upregulated
under syntrophic conditions. Interestingly, the operon structure
is highly conserved among sulfate-reducing Deltaproteobacteria
but is not universally present among genome sequenced members
of this group (see Fig. S1 in the supplemental material).
Dde_0682/0683 is predicted to be a selenocysteine-containing
molybdopterin oxidoreductase. Dde_0683 has the signal peptide
and also a domain for cytochrome cbb3. Dde_0682 has the molyb-
dopterin-binding domains and FeS clusters as do many molyb-
dopterin oxidoreductases. Interestingly, this operon contains two,
putative rhodanese genes (Dde_0678/0679), which could func-
tion as thiosulfate reductases. The presence of the two genes, one
of which contains a single sulfane-binding domain (Dde_0678),
suggests a potential role as sulfane transferases. Dde_0681 is the
FeS protein that likely links the catalytic unit (Dde_0682/0683
gene products) to the membrane protein (Dde_0680 gene prod-
uct, cytochrome b). Almost all of the homologous membrane sub-
units are annotated as the formate dehydrogenase gamma sub-
unit, since the transmembrane-helix sequences are conserved and
were first described in the Fdh. The physiological data suggest that
this complex may be involved in the reduction of sulfate under
both heterotrophic and autotrophic conditions. However, more
work is necessary to fully elucidate this novel, operon’s function.

Previous work has shown cellular aggregation is commonplace
in methanogenic systems (21) and, in our parent strain syntrophy
cocultures, we observed similar small, visible aggregates. How-
ever, flagellum mutants did not produce a similar phenotype, sug-
gesting that flagella are integral components of syntrophic cell
aggregates (Fig. 2) (12). Expression experiments show that expres-
sion of flagellin gene encoding the main protein in flagella in-
creased by 3- to 20-fold (Tables 1 and 2) during syntrophic growth
relative to pure culture growth. Although gene expression does
not directly equate to proportionate amounts of protein, this
marked increase in expression of flagellin and related proteins by
the “hydrogen user” suggests a specific role for flagella under syn-
trophic conditions. Given the increased abundance of chemotaxis
genes under syntrophy conditions (Table 3), increased produc-

tion of flagella would facilitate chemotaxis to the syntrophic part-
ner. Once a partner cell is located, the increased flagellum produc-
tion could be used to maintain specific distances for efficient
interspecies electron transfer, via H2 or formate, and sustained
production (30) would help stabilize the subsequent biofilm. Al-
though our data do not specifically address cell-to-cell communi-
cation, strain G20 could initiate syntrophic coupling via the fla-
gella, as previous work has shown that syntrophic systems respond
transcriptionally to the presence of flagella (47). However, more
work is needed to elucidate whether these communication mech-
anisms are present in G20.
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