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Two strains of sulfate-reducing bacteria (J.5.4.2-L4.2.8T and J.3.6.1-H7) were isolated from a pyriteforming enrichment culture and were compared phylogenetically and physiologically to the closest
related type strain Desulfovibrio sulfodismutans DSM 3696T . The isolated strains were vibrio-shaped,
motile rods that stained Gram-negative. Growth occurred from 15 to 37 ◦ C and within a pH range of
6.5–8.5. Both strains used sulfate, thiosulfate, sulﬁte, and dimethyl sulfoxide (DMSO) as electron acceptor when grown with lactate. Lactate was incompletely oxidized to acetate. Formate and H2 were used
as electron donor in the presence of acetate. Dismutation of thiosulfate and pyrosulﬁte was observed.
The two new isolates differed from D. sulfodismutans by the utilization of DMSO as electron acceptor,
82% genome-wide average nucleotide identity (ANI) and 32% digital DNA-DNA hybridization (dDDH),
thus representing a novel species. The type strain of the type species Desulfovibrio desulfuricans Essex6T
revealed merely 88% 16S rRNA gene identity and 49% genome-wide average amino acid identity (AAI) to
the new isolates as well as to D. sulfodismutans. Furthermore, the dominance of menaquinone MK-7 over
MK-6 and the dominance of ai-C15:0 fatty acids were observed not only in the two new isolated strains
but also in D. sulfodismutans. Therefore, the deﬁnition of a new genus is indicated for which the name
Desulfolutivibrio is proposed. We propose for strains J.5.4.2-L4.2.8T and J.3.6.1-H7 the name Desulfolutivibrio sulfoxidireducens gen. nov. sp. nov. with strain J.5.4.2-L4.2.8T deﬁned as type strain. In addition,
we propose the reclassiﬁcation of Desulfovibrio sulfodismutans as Desulfolutivibrio sulfodismutans comb.
nov.
© 2020 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction
The dissimilatory reduction of sulfate to sulﬁde is carried out by
a polyphyletic group of anaerobic sulfate-reducing microorganisms
(SRM [30]). Other sulfur species, i.e. elemental sulfur, thiosulfate,
sulﬁte, as well as organosulfur compounds like dimethyl sulfoxide (DMSO) can also be used by various SRM species as electron
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acceptors [13,36,37]. Their broad metabolic versatility makes SRM
important participants in the turnover of organic matter in anoxic
environments [30,34,37,54].
Until recently, a large group of SRM was classiﬁed to belong to
the genus Desulfovibrio with the nomenclatural type being Desulfovibrio desulfuricans [4,17]. All members of the genus Desulfovibrio
contain the desulfoviridin type of dissimilatory sulﬁte reductase,
are obligate anaerobes, and occur in anoxic habitats of aquatic
environments (freshwater, brackish, and marine), as well as in
animal intestines, manure and feces [11,21]. Additional hallmark
traits of Desulfovibrio species are the use of sulfate and other sulfur
compounds as electron acceptors and the incomplete oxidation of
simple organic molecules to acetate. Organic compounds such as
fumarate or malate can be fermented [11]. In addition, some representatives are able to reduce nitrate for energy metabolism [21]
and oxygen as a de-toxiﬁcation mechanism [10]. A few strains of
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Desulfovibrio species such as Desulfovibrio sulfodismutans ThAc01T
and Desulfovibrio desulfuricans CSN are able to grow by dismutation
of thiosulfate and/or (pyro-)sulﬁte to sulfate and sulﬁde [1,19,41].
The genus Desulfovibrio belongs to the family Desulfovibrionaceae, which was proposed by Kuever et al. [20] and currently
includes nine genera with validly published names: Desulfovibrio
[17], Desulfocurvus [16], Desulfocurvibacter [42], Desulfohalovibrio
[42], Bilophila [2], Lawsonia [25], Desulfobaculum [56], Pseudodesulfovibrio [6] and Halodesulfovibrio [40]. However, it is known that
the genus Desulfovibrio is paraphyletic, which resulted in recent
proposals of new genera in the family Desulfovibrionaceae [11]
and the reclassiﬁcation of many former members of the genus
Desulfovibrio into newly proposed genera with validly published
names [6,9,40,42]. Consequently, an extensive reclassiﬁcation of
this genus is being debated [11], which is based on the genomeinferred taxonomy proposed by Parks et al. (2018) [33] but so far
does not include all type strains due to missing genome data.
The present study describes two sulfate-reducing strains,
J.5.4.2-L4.2.8T (DSM 107105T ) and J.3.6.1-H7 (DSM 106783) that
were isolated from a pyrite-forming enrichment culture [47].
Whole-genome comparisons of J.5.4.2-L4.2.8T , J.3.6.1-H7 and D. sulfodismutans DSM 3696T with the type strain of the type species D.
desulfuricans Essex6T (DSM 642) indicated a separation from the
genus Desulfovibrio. Physiological and phylogenetic characterization identiﬁed the two new isolates as a novel species, for which we
propose the name Desulfolutivibrio sulfoxidireducens gen. nov. sp.
nov.. Furthermore, we suggest reclassiﬁcation of D. sulfodismutans
to Desulfolutivibrio sulfodismutans.
Material and methods
Isolation of strains from enrichment cultures
Strains J.5.4.2-L4.2.8T and J.3.6.1-H7 were isolated from an
anaerobic enrichment culture initially inoculated with digested
sewage sludge from a sewage plant in Constance, Germany [47]. The
enrichment was divided into duplicates after several transfers (>20)
and strains J.5.4.2-L4.2.8T and J.3.6.1-H7 were isolated each from
one of the duplicates by dilution-to-extinction cultivation in the
mineral base of DSM medium 641 with lactate (28 mM) or hydrogen (1 bar overpressure), sulfate (18 mM) and yeast extract (1 g L–1 ),
respectively. If not stated otherwise, isolates were subsequently
cultivated at 28 ◦ C in anoxic, bicarbonate-buffered, sulﬁde-reduced
freshwater mineral medium prepared as described by Widdel and
Pfennig [53] with modiﬁcations described by Thiel et al. [47]. The
substrate combination used for subsequent cultivation was 10 mM
lactate with 10 mM sulfate.
DNA extraction and genome sequencing
Whole genome sequence analysis was performed for strains
J.5.4.2-L4.2.8T and J.3.6.1-H7 as well as for D. sulfodismutans DSM
3696T using a hybrid sequencing strategy involving long-read
PacBio and short-read Illumina sequencing technologies. DNA
was isolated using Qiagen Genomic-tip 100/G kit (Qiagen, Hilden,
Germany). For subsequent genome sequencing, a SMRTbellTM template library was prepared according to instructions from Paciﬁc
Biosciences (Menlo Park, CA, USA), following the “Procedure &
Checklist – Greater Than 10 kb Template Preparation”. Brieﬂy, for
preparation of 15 kb libraries 8 g genomic DNA was sheared
using g-tubesTM from Covaris (Woburn, MA, USA) according to
the manufacturer’s instructions. DNA was end-repaired and ligated overnight to hairpin adapters applying components from the
DNA/Polymerase Binding Kit P6 from Paciﬁc Biosciences. Reactions were carried out according to the manufacturer’s instructions.

BluePippinTM Size-Selection for DNA fragments greater than 4 kb
was performed according to the manufacturer’s instructions (Sage
Science, Beverly, MA, USA). Conditions for annealing of sequencing primers and binding of polymerase to puriﬁed SMRTbellTM
template were assessed with the Calculator in RS Remote (Paciﬁc
Biosciences). The same DNA extracts were used to prepare sequencing libraries on the Illumina platform using the Nextera XT DNA
Library Preparation Kit (Illumina, San Diego, USA) with modiﬁcations according to Baym et al. [3]. Samples were sequenced on the
NextSeqTM 500 with 300 cycles (2 × 150 bp).
Genome assemblies were performed by applying the
RS HGAP Assembly.3 protocol included in the software SMRT
Portal version 2.3.0 using default parameters, with the exception
of D. sulfodismutans DSM 3696T , where the genome size was
artiﬁcially adjusted to 10 Mbp. In all cases the assemblies resulted
in single circular chromosomes with one additional 51 kb (57 kb)
plasmid in D. sulfodismutans DSM 3696T and strain J.3.6.1-H7. The
chromosome was circularized and artiﬁcial redundancies at the
ends of the contigs were removed and adjusted to dnaA as the
ﬁrst gene. Error-correction was performed by mapping Illumina
short reads onto ﬁnished genomes using Burrows-Wheeler Aligner
bwa 0.6.2 in paired-end (sampe) mode [22], with default settings
and subsequent variant and consensus calling using VarScan
2.3.6 (Parameters: mpileup2cns –min-coverage 10 –min-reads2
6 –min-avg-qual 20 –min-var-freq 0.8 –min-freq-for-hom 0.75
–p-value 0.01 –strand-ﬁlter 1 –variants 1 –output-vcf 1 [18]).
Automated genome annotation was carried out using the NCBI
Prokaryotic Genome Annotation Pipeline PGAP [46].
Genome sequences were deposited at the NCBI GenBank
database under the accession numbers CP045504-CP045508.
Sequences of the 16S rRNA genes were submitted separately under
the accession numbers MN596860-MN596862.

Phylogenomic analyses
Genome wide average nucleotide identity (ANI) and average
amino acid identity (AAI) analysis were done with the calculator
developed by Rodriguez-R and Konstantinidis [38], using default
settings (ANI: minimum length of 700 bp, minimum identity of 70%
and minimum alignments of 50 with a window size of 1000 bp and
200 bp steps; AAI: minimum length of 0 aa, minimum identity of
20%, minimum score of 0 bits and minimum alignment of 50). The
amino acid sequences of coding regions in the genome of D. sulfodismutans DSM 3696T were inferred using GeneMarksS-2 [23]
with default settings. Pairwise and genome-wide digital DNA-DNA
hybridization (dDDH) values were calculated with GGDC 2.1 [26] as
implemented in the Type (Strain) Genome Server (TYGS) available
under https://tygs.dsmz.de [27].
Genome sequences of J.5.4.2-L4.2.8T , J.3.6.1-H7 and D. sulfodismutans DSM 3696T were phylogenomically placed based on
a concatenated alignment of 120 conserved single-copy genes
with the method implemented in the GTDB-Tk toolkit (v1.02, [7])
using the Genome Taxonomy Database (GTDB) (release 89 [33]).
Concatenated protein alignments were used to infer maximum
likelihood phylogenetic trees using IQ-Tree [31] and the best-ﬁt
model LG + F + R5 as selected by the ModelFinder [15] in IQ-Tree.
Node support was tested using the ultrafast bootstrapping [12]
based on 1000 trials. For comparison, a 16S rRNA gene sequence
analysis was performed. A maximum likelihood tree was calculated using RAxML v8.2.12 [44] on the Cyber Infrastructure for
Phylogenetic Research (CIPRES) webserver [29] (www.phylo.org).
The RAxML tree was inferred from 1404 unambiguously aligned
nucleic acid positions from the bacterial 16S rRNA genes. No conservation ﬁlter was applied. The GTR-GAMMA distribution model
of substitution rate heterogeneity was used for calculation and an
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extended majority rule (MRE)-based bootstrap analysis was performed, which stopped automatically after 654 replicates.
Chemotaxonomy
Respiratory lipoquinones and polar lipids of strains J.5.4.2L4.2.8T and J.3.6.1-H7 as well as of D. sulfodismutans DSM 3696T
were extracted from 100 mg of freeze-dried material using a
two-stage method [48,49]. Respiratory lipoquinones were initially extracted, and the remaining aqueous-methanolic phase and
cell debris further extracted by the addition of chloroform and
methanol to recover the polar lipids. Respiratory lipoquinones were
then separated by thin layer chromatography eluted from the TLC
plates and analyzed by reverse phase HPLC as described previously
[48,49]. Polar lipids were recovered into chloroform and identiﬁed
by two-dimensional thin layer chromatography [48–50]. Cellular
fatty acid patterns were determined from cells grown to stationary
phase. The preparation and extraction of fatty acid methyl esters
from biomass and their subsequent separation and identiﬁcation
by gas chromatography was done as reported elsewhere [14,28].
Gram staining was performed [45] using isopropanol as decolorant. For Gram typing, cell pellets were collected from 15 mL
cultures by centrifugation at 13,000×g for 10 min. Thereafter, the
Gram structure of the cell wall was tested by mixing the pellets
with 5−10 L 3% KOH. Catalase activity was tested by treatment of
freshly collected biomass with a freshly prepared 3% (v/v) solution
of H2 O2 . Cytochrome oxidase activity was tested with Bactident®
Oxidase stripes (Merck KGaA, Darmstadt, Germany) in cell pellets from 10 mL of 7 days old cultures following the instructions
provided. Presence of desulfoviridin was veriﬁed in 30 times concentrated cell suspensions obtained by centrifugation at 13,000×g
for 10 min from 15 mL culture samples, and re-suspended in 500 L
medium. Cells were lysed by ultrasonic probe disruption (UP50H,
Hielscher Ultrasonics GmbH, Teltow, Germany) with a frequency of
30 kHz at 80% amplitude. Cell suspensions were mixed with 10 L
of 1 M NaOH solution and checked for red ﬂuorescence at 366 nm
UV light.
Morphological characterization
All images were taken using cells grown with sulfate plus lactate. Shape and motility of cells were examined by phase-contrast
microscopy with a ZEISS Axiophot microscope and a 1.3 EC PlanNEOFLUAR objective (Carl Zeiss AG, Oberkochen, Germany). Cell
length and width were measured for ca. 100 cells for J.5.4.2L4.2.8T and J.3.6.1-H7, respectively, using the software FIJI [39].
Scanning electron microscopic images (SEM) were obtained from
glutaraldehyde-ﬁxed cells on poly-lysine coated glass slides as
described previously [47]. Transmission electron microscopy (TEM)
was performed on 7× copper formvar/carbon coated grids (200
square mesh, Plano GmbH Wetzler, Germany) that had been
glow-discharged previously in a PlasmaCleaner (Nanolab, Harrick
PDC-32G2, Harrick Plasma Ithaca NY, USA) under oxygen atmosphere with 45 s mid power of plasma. Ten L culture sample
was ﬁxed with 2.5% glutaraldehyde directly on the grid for 5 min.
Samples were washed three times for 5 s in drops of doubledistilled water. Negative staining was performed in two steps in
2% (w/w) uranyl acetate in water with incubation times of 5 and
45 s, respectively. Excess ﬂuid was removed and samples were airdried. Images were taken on a Zeiss TEM 912 Omega (Carl Zeiss AG)
at 80 kV with a TRS 2k wide-angle slow-scan CCD camera for TEM
(Tröndle Restlichtverstärker Systeme, Moorenweis, Germany).
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Growth experiments
Growth was monitored by optical density measurements at
600 nm (OD600 ) with a Camspec M107 spectrophotometer (Leeds,
United Kingdom) ﬁtted with a tube holder to measure OD600
directly in anoxic growth tubes. Growth experiments testing temperature, pH and salt tolerance were performed in triplicates in
25 mL growth tubes with 10 mM sulfate and 10 mM lactate as substrates and incubated at 28 ◦ C in the dark. If not stated otherwise,
cultures were grown in 15 mL anoxic freshwater medium according to Widdel and Pfennig [53]. Growth was tested at pH 4.5–10 at
increments of 0.5 pH-values in freshwater medium buffered with
20 mM acetate and 20 mM Tris−HCl in addition to 30 mM bicarbonate buffer. The latter was excluded when growth was tested for pH
9–10 to avoid precipitation of carbonates. Different pH values were
adjusted by addition of 1 M HCl or 1 M NaOH. Growth was followed
at temperatures ranging from 4 to 60 ◦ C. Salt tolerance was tested
for NaCl concentrations of 1, 7 and 20 g L–1 mimicking freshwater,
brackish and marine salt concentrations, respectively [53].
Strains J.5.4.2-L4.2.8T and J.3.6.1-H7 were tested for growth with
various substrates at 10 mM ﬁnal concentration, if not indicated
otherwise. Growth was tested with sulfate as electron acceptor
and either acetate, propionate, butyrate, lactate, ethanol, fructose
or glucose as carbon and electron source. Sulfate reduction with formate or H2 (79% v/v in headspace) was tested with 2 mM acetate
as carbon source. In addition to sulfate, nitrate, iron(III) oxidehydroxide (FeO(OH)), trimethylamine N-oxide (TMAO), thiosulfate,
DMSO, and sulﬁte (5 mM) were tested as electron acceptors with
lactate as carbon and electron source. Reduction of polysulﬁdes or
elemental sulfur was tested with both formate or H2 as electron
donor and 2 mM acetate as carbon source. The polysulﬁde stock
solution was prepared anoxically from 10 g Na2 S × 9 H2 O and 3 g S◦
mixed in 100 mL sterile and anoxic double-distilled water. Roughly
0.1 mL of this polysulﬁde solution was added to 15 mL medium.
This resulted in an end concentration of approx. 9 mM polysulﬁdes
if saturation with sulfur is assumed. In growth experiments testing elemental sulfur, roughly 20 mg S◦ were added to tubes and
autoclaved at 108 ◦ C before medium and inoculum were added. Dismutation reactions were tested with pyrosulﬁte (Na2 S2 O5 , 5 mM),
thiosulfate (10 mM), elemental sulfur (again roughly 20 mg S0 per
growth tube, autoclaved at 108 ◦ C before the addition of medium),
and polysulﬁdes (approx. 9 mM). Whenever the electron donor
could not be used as carbon source, 2 mM acetate was added with
the exception of pyrosulﬁte incubations where 4 mM acetate were
added. Testing for dismutation of thiosulfate and pyrosulﬁte was
conducted in DSM medium 503.
If the turbidity of insoluble substrates inﬂuenced OD600 measurements (e.g. in FeO(OH)-containing samples), growth was
monitored with cell counts of DAPI-stained cells. Cells were ﬁxed
in freshly prepared 4% paraformaldehyde solution for 3 h and resuspended in a 1:1 mixture of ethanol and phosphate buffered
saline (PBS; 130 mM NaCl, 5% (v/v) phosphate buffer (40 mM
NaH2 PO4 , 160 mM Na2 HPO4 ), pH 7.2). Ten L of cell suspension was mixed with 20 L 0.1% low melting agarose and dried
on glass slides (PTFE Diagnostic Slides, Thermo Scientiﬁc, Braunschweig, Germany). Cells were stained with 15 L of 1 g mL–1
4 ,6-diamidino-2-phenylindole (DAPI) for 10 min in the dark.
Stained slides were washed in double-distilled water and dried at
room temperature. Cell density was recorded with an epiﬂuorescence microscope (see above) with a mercury UV lamp as excitation
source (OSRAM Photo Optic, Munich, Germany). Cells were counted
automatically as described by Thiel et al. [47].
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Table 1
Pairwise comparison of strains J.5.4.2-L4.2.8T (1), J.3.6.1-H7 (2), D. sulfodismutans
DSM 3696T (3), and D. desulfuricans Essex6T (4).
Strain comparison

16S rRNA gene
identity (%)

ANI (%)

AAI (%)

dDDH* (%)

1/2
1/3
2/3
1/4
2/4
3/4

99.94
98.18
98.25
88.86
88.79
88.50

99.40
82.23
82.26
75.44
75.52
74.20

99.07
78.48
78.45
48.95
48.89
48.84

94.6
32.5
32.3
13.0
13.0
13.1

Table 2
Genome characteristics of strains J.5.4.2-L4.2.8T (1), J.3.6.1-H7 (2), and D. sulfodismutans DSM 3696T (3).
Strain

1

2

3

NCBI Accession #
Genome size (bp)
Chromosome size (bp)
Plasmid size (bp)
DNA GC content (mol%)
Genes (total)
Genes (coding)
Genes (RNA)
tRNA genes
rRNA genes (operons)
ncRNAs
Pseudogenes

CP045508
4,155,851
4,155,851

CP045506
4,781,124
4,723,211
57,913
63.69
3774
3582
51
51
6 (2)
4
131

CP045504
4,440,214
4,388,462
51,752
63.57
4008
3869
70
50
6 (2)
14
69

64.07
3645
3498
61
51
6 (2)
4
86

Results and discussion
Morphology
Cells of strains J.5.4.2-L4.2.8T and J.3.6.1-H7 were curved rods
of roughly 2.5–6.5 m length and 0.6 m width (Fig. 1A, B) with
a single polar ﬂagellum, and were highly motile (Fig. 1A, C). Gram
staining was negative. The addition of KOH to cell pellets did not
result in cell lysis as expected for Gram-negative bacteria.
Phylogenetic and genomic characterization
Phylogenetic analysis of the nearly complete 16S rRNA gene
sequences identiﬁed strains J.5.4.2-L4.2.8T and J.3.6.1-H7 as members of the family Desulfovibrionaceae (order Desulfovibrionales,
class Deltaproteobacteria, Fig. 2A). Both strains shared 99.94% 16S
rRNA gene sequence identity (Table 1). The closest relative of both
strains was D. sulfodismutans DSM 3696T [1] showing 98.18% and
98.25% sequence identity to strains J.5.4.2-L4.2.8T and J.3.6.1-H7,
respectively (Table 1). All three strains formed a stable clade in a 16S
rRNA gene maximum likelihood tree (Fig. 2A). The second-closest
relative was Desulfovibrio fructosivorans JJ [32], which shared
94.47% and 94.40% sequence identity to strains J.5.4.2-L4.2.8T and
J.3.6.1-H7, respectively, but branched off in a sister clade in the 16S
rRNA gene tree (Fig. 2A). There was only a distant phylogenetic
relatedness to the type strain of the type species D. desulfuricans
Essex6T with 16S rRNA gene sequence identity values of 88.50%
and 88.86% to D. sulfodismutans DSM 3696T and the novel isolate
J.5.4.2-L4.2.8T , respectively (Table 1). The currently recommended
threshold for separating species and genera by 16S rRNA gene similarities are 98.7% [43] and 94.5% [55], respectively. Consequently,
a reclassiﬁcation into a novel genus was indicated.
Closed high-quality genome sequences of Q60 (<1 Error/Mbp)
were obtained for strains J.5.4.2-L4.2.8T and J.3.6.1-H7 as well as
for D. sulfodismutans DSM 3696T . The genomic features of the three
strains are summarized in Table 2. The genomic GC contents of
D. sulfodismutans DSM 3696T , strains J.5.4.2-L4.2.8T and J.3.6.1-H7
were slightly higher (63.6–64.1 mol%) than typically observed in

Desulfovibrio species that usually range from 48.0 to 63.1 mol%
[11]. To evaluate the genetic relatedness of strains J.5.4.2-L4.2.8T
and J.3.6.1-H7 to the type strain of D. sulfodismutans, pairwise
ANI and AAI values between all protein-coding genes were calculated. While the newly isolated strains J.5.4.2-L4.2.8T and J.3.6.1-H7
shared an ANI value of 99.4%, a comparison between the novel
strains and the type strain of D.sulfodismutans resulted in ANI values
of 82.2–82.3% (Table 1), which is below the currently recommended
species threshold of 96.5% [52]. In addition, we also calculated
AAI values to resolve differences at the taxonomic rank of genera
as recommended by [38]. Both AAI values (78.5%; Table 1) conﬁrmed that the isolated strains and D. sulfodismutans DSM 3696T
belong to the same genus. Comparison of J.5.4.2-L4.2.8T , J.3.6.1H7 and D. sulfodismutans DSM 3696T with D. desulfuricans Essex6T
resulted in AAI values of 48.8–49.0%, which is below the threshold of 65% recommended for the delineation of genera. This was
further supported by a stable clade of strains J.5.4.2-L4.2.8T , J.3.6.1H7, and D. sulfodismutans DSM 3696T in both the 16S rRNA gene
and GTDB-based phylogenomic trees, respectively, which clustered
clearly distinctly from D. desulfuricans Essex6T (Fig. 2). In addition,
relative evolutionary divergence (red) values of 0.79 for strains
J.5.4.2-L4.2.8T , J.3.6.1-H7, and D. sulfodismutans DSM 3696T indicated a new genus according to the GTDB taxonomy as well [33]. In
summary, the newly isolated strains should be classiﬁed as a novel
species and a novel genus to which D. sulfodismutans also belongs.
Comparison of estimated digital DNA-DNA hybridization
(dDDH) values via the GBDP method ‘coverage’ and formula d6
[26] showed 94.6% hybridization between strains J.5.4.2-L4.2.8T
and J.3.6.1-H7, but only 32.5% and 32.3% hybridization of the two
strains to D. sulfodismutans DSM 3696T , respectively (Table 1). This
is far below the commonly used threshold of 70%, conﬁrming the
two isolate strains to be members of a novel species.
Chemotaxonomy
Strains J.5.4.2-L4.2.8T and J.3.6.1-H7 tested positive for the
desulfoviridin type of dissimilatory sulﬁte reductase. Testing for
catalase as a defense mechanism against oxidative stress was positive. However, both strains tested negative for the presence of
cytochrome oxidase. MK-7 was the major respiratory quinone
in all three strains. Strains J.5.4.2-L4.2.8T and J.3.6.1-H7 differed
slightly from D. sulfodismutans DSM 3696T in the composition of
menaquinones, with negligible amounts of MK-6 (0–0.7%) as compared to 3.2% MK-6 in D. sulfodismutans DSM 3696T . This is in
contrast to the dominance of menaquinones with six isoprenologues in other Desulfovibrio taxa, including the nomenclatural type
D. desulfuricans [8]. The absence of stereospeciﬁc, terminally saturated menaquinones (MK-5(V-H2 ), MK-6(VI-H2 ), MK-7(VII-H2 ))
is an additional distinguishing feature that indicates the taxonomic novelty of this group. The fatty acid pattern of all three
strains examined in this study are given in Table 3. The newly
isolated strains J.5.4.2-L4.2.8T and J.3.6.1-H7 as well as D. sulfodismutans DSM 3696T contained branched-chain and straight-chain
fatty acids, but in all three strains ai-C15:0 was the predominant
fatty acid. This is in contrast to the fatty acid pattern reported for
D. desulfuricans, the nomenclatural type of the genus Desulfovibrio,
where the dominant fatty acids are i-C15:0 , i-C17:0 and iC17:1 cis7
[51].
The polar lipids of strains J.5.4.2-L4.2.8T and J.3.6.1-H7 as well
as D. sulfodismutans DSM 3696T were similar, comprising phospholipids, an aminolipid, and small amounts of one glycolipid in
D. sulfodismutans DSM 3696T and three glycolipids in the two
new strains (Supplementary Fig. 1). All three strains contained
phosphatidylglycerol, phosphatidylethanolamine, diphosphatidylglycerol, and an aminolipid that was not characterized further.
Although an ornithine-based lipid has been reported in D. gigas [24],
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Fig. 1. Scanning electron microscopy (A) and phase contrast image (B) of strain J.5.4.2-L4.2.8T grown with sulfate and lactate. Scale bars represent 5 and 2 m, respectively.
(C) Transmission electron microscopic image of cell wall and ﬂagellum of strain J.5.4.2-L4.2.8T after negative staining with uranyl acetate. Scale bar indicates 200 nm.

Fig. 2. Phylogeny of strains J.5.4.2-L4.2.8T and J.3.6.1-H7. (A) Maximum likelihood tree of 16S rRNA genes as based on 1404 unambiguously aligned nucleic acid positions.
The scale bar indicates the expected number of substitutions per site. Bootstrap support for ≥90% (closed circles) is shown at respective branching points and derived from
654 replicates. (B) Maximum likelihood tree of 120 conserved single copy proteins used to infer the GTDB-taxonomy established by Parks et al. [33]. The scale bar indicates
the expected number of substitutions per site. Ultrafast bootstrap support of ≥95% is shown by closed circles at the respective branching points and derived from 1000
replicates. Respective sequences of Desulfohalobium retbaense DSM 5692T , Desulfonatronovibrio hydrogenovorans DSM 9292T , and Desulfovermiculus halophilus DSM 18834T
were used as outgroup.

that lipid contains 3−OH fatty acids which should appear in the
total cellular fatty acids but are absent in all three strains examined
here, suggesting that their aminolipids do not have this structure.
Physiology
Strains J.5.4.2-L4.2.8T and J.3.6.1-H7 are mesophilic bacteria
with the best growth observed at 37 ◦ C and temperature limitations
below 15 ◦ C and above 37 ◦ C (Table 4). At 42 ◦ C, the next-higher
temperature tested after 37 ◦ C, growth was not observed anymore.
Growth was always observed with salt concentrations resembling
freshwater, brackish or marine water, although it was weaker at
marine salt concentrations (20 g L–1 , Table 4). Strains J.5.4.2-L4.2.8T
and J.3.6.1-H7 grew at neutral to slightly alkaline pH of 6.5–8.5. An
optimum was not pronounced in either of the strains, but highest
OD600 values were measured at pH 6.5 for J.5.4.2-L4.2.8T and pH 7.0
for J.3.6.1-H7. Strain J.3.6.1-H7 initially did not grow at pH 6.5, but
grew to OD600 of 0.16 after 27 days, which is comparable to values
for J.5.4.2-L4.2.8T at pH 6.5 after 13 days. At pH values above 8.5, we

observed precipitation of medium salts, which may have impaired
growth of the cultures.
Substrates tested with sulfate as electron acceptor and alternative electron acceptors are listed in Table 4. Strains J.5.4.2-L4.2.8T
and J.3.6.1-H7 grew neither autotrophically with H2 /CO2 (79/21%)
nor with acetate as electron donor. Both strains grew on formate
or H2 /CO2 in the presence of acetate, although growth on formate
was much slower. Lactate was incompletely oxidized to acetate. For
growth on lactate and sulfate, doubling times of 39 and 37 h were
measured, respectively, and lactate consumption corresponded to
acetate production in a 1:1 ratio. Besides sulfate, also thiosulfate,
sulﬁte, and DMSO were used as electron acceptors (Table 4). Growth
on elemental sulfur or polysulﬁdes as electron acceptor was not
observed. Dismutation was tested with thiosulfate, pyrosulﬁte, sulfur, and polysulﬁdes in the presence of 2 or 4 mM acetate as carbon
source. Growth by dismutation of thiosulfate and pyrosulﬁte was
indicated by OD increase and the formation of sulﬁde and sulfate
after the ﬁrst transfers (data not shown). However, stable growth
by dismutation for at least three transfers could only be observed
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for strain J.5.4.2-L4.2.8T with pyrosulﬁte and for strain J.3.6.1-H7
with thiosulfate as substrate. Interestingly, growth by dismutation
of thiosulfate or pyrosulﬁte ceased after the second or third transfer
for D.sulfodismutans DSM 3696T , respectively. This stands in contrast to its original description as D.sulfodismutans ThAc01T , which
was isolated by dismutation of sulfur compounds [1]. We interpret
these results as loss of metabolic traits during long-term preservation in the culture collection. No growth occurred by dismutation of
polysulﬁdes or elemental sulfur (Tables 4). No growth was observed
with the sugars fructose and glucose or with the short-chain fatty
acids propionate and butyrate. Nitrate, FeO(OH) and TMAO were
not used as alternative electron acceptors. In conclusion, the substrate spectrum of the newly isolated strains J.5.4.2-L4.2.8T and
J.3.6.1-H7 differs from D.sulfodismutans DSM 3696T mainly in their
ability to use DMSO as electron acceptor. Furthermore, D. sulfodismutans was described not to grow on formate and only weakly on
H2 /CO2 [1], whereas the two isolates grew rapidly on H2 /CO2 and
were able to use formate as electron donor (Table 4).

Table 3
Cellular fatty acid compositions of the novel strains J.5.4.2-L4.2.8T (1) and J.3.6.1-H7
(2) as compared to the related type strain D. sulfodismutans DSM 3639T (3) and the
type strain of the type species of the genus Desulfovibrio, D. desulfuricans Essex6T (4).
Values are percentages of total fatty acids. Major fatty acids (>5% of total amount)
are given in bold; fatty acids that were detected only in trace amounts (<1.0% of
the total amount) in all samples are not shown. Abbreviations: –, not detected;
tr, trace amounts (<1.0% of the total amount); c, cis isomer; cyclo, cyclopropane
ring-containing fatty acid; dma, dimethyl acetal; i and ai indicate iso- and anteisobranched fatty acids, respectively. Note that this is standard IUPAC nomenclature,
numbering the position of the double bond from the carboxyl end, rather than from
the more commonly used nomenclature where numbering is from the (straight
chain) aliphatic end.
Strain
Fatty acid

1

2

3

4

i-C14:0
i-C15:1 Fa
i-C15:0
ai-C15:0
i-C15:0 dma
i-C16:1 Ha
i-C16:0
C16:1 c9
C16:0
i-C17:1 c7
ai-C17:1 c7
i-C17:0
ai-C17:0
C17:0 cyclo
i-C18:1 Ha
C18:0

3.0
tr
1.9
56.5
–
1.2
8.1
1.2
5.3
3.4
5.5
2.5
4.0
–
3.7
tr

5.4
–
8.2
44.6
–
1.8
10.2
tr
3.2
4.5
4.3
6.2
5.1
–
3.9
1.2

1.7
tr
9.8
47.1
–
1.7
9.2
tr
6.1
7.2
3.9
6.3
3.7
1.6
–
tr

–
1.2
33.1
2.3
1.4
1.0
1.6
1.7
4.8
35.1
tr
10.6
tr
–
–
tr

a

Conclusions
The phylogenetic, chemotaxonomic, and physiological results
showed that the two new isolates J.5.4.2-L4.2.8T and J.3.6.1-H7
represent a novel species and form, together with D. sulfodismutans DSM 3696T , a new genus. J.5.4.2-L4.2.8T and J.3.6.1-H7 differed
from D. sulfodismutans by the utilization of DMSO as electron acceptor, ANI values of 82%, and dDDH values of 32%, which is in support
of a new species delineation. This was further supported by the
polar lipid proﬁle of the three strains, which differed by having

Positions of double bonds were not determined.

Table 4
Morphological and physiological characteristics of strains J.5.4.2-L4.2.8T (1), J.3.6.1-H7 (2), D. sulfodismutans DSM 3696T (3), and D. desulfuricans Essex6T (4). All presented
strains showed a vibrio-shaped morphology and were motile by means of a unipolar ﬂagellum. Entries for D. sulfodismutans DSM 3696T were taken from Bak and Pfennig
(1987) or obtained in the present study (indicated by a ). Entries for D. desulfuricans Essex6T were taken from Bak and Pfennig, 1987 [1], Postgate and Campbell, 1966 [35],
Brauman et al., 1990 [5], Kuever et al., 2015 [21], Devereux et al., 1990 [9], Jonkers et al., 1996 [13]. If 2 or 4 mM acetate were supplied as carbon source for assimilation, this
was indicated by (+ Ac). Activity with absence of growth after 2–3 transfers is indicated by (+). NA stands for data not available.
Characteristics

1

2

3

4

Cell size (m)
Temperature range (◦ C)
Temperature optimum (◦ C)
pH range
pH optimum
NaCl range (g L–1 )
NaCl optimum (g L–1 )

0.6 × 2.4–6.4
15–37
37
6.5–8.5
6.5
1–20
1–7

0.6 × 2.5–6.6
15–37
37
6.5–8.5
7.0
1–20
1–7

0.75 × 2.5–3.5
15–45
35
6.8–8.2
7.3
1–20
1–7

0.5–0.8 × 2.4–6.4
28–44
30–36
4.5–8.7
7.2–7.8
0–24
0–1

Electron donors with sulfate
Acetate
H2 (+CO2 & Ac)
H2 (+ CO2 )
Formate (+ Ac)
Propionate
Butyrate
Fructose
Glucose
Lactate
Ethanol

–
+
–
+
–
–
–
–
+
+

–
+
–
+
–
–
–
–
+
+

–
+
–
–
–
–
–
NA
+
+

–
+
–
+
–
–
–
NA
+
+

Dismutation
Thiosulfate (+ Ac)
Pyrosulﬁte (+ Ac)
Elemental sulfur (+ Ac)
Polysulﬁde (+ Ac)

(+)
+
–
–

+
(+)
–
–

(+)a
(+)a
–
NA

–
NA
NA
NA

Alternative electron acceptors
Sulﬁte
Thiosulfate
DMSO
TMAO
Nitrate
FeOOH
Elemental sulfur
Polysulﬁde

+
+
+
–
–
–
–
–

+
+
+
–
–
–
–
–

+
+
–a
–a
–a
NA
–
–

+
+
NA
NA
+
(+)
–
–
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Table 5
Description of Desulfolutivibrio sulfoxidireducens gen. nov., sp. nov. and description of Desulfolutivibrio sulfodismutans (Bak and Pfennig 1988) comb. nov.
Genus name
Species name

Desulfolutivibrio
–

–
Desulfolutivibrio sulfoxidireducens

Genus status
Genus etymology

gen. nov.
L. pref. de, from; L. n. sulfur, sulfur; N.L. pref.
desulfo-, desulfuricating (preﬁx used to
characterize a dissimilatory sulfate-reducing
prokaryote); L. neut. n. lutum, mud; L. v. vibro,
to set in tremulous motion, move to and from,
vibrate; N.L. masc. n. vibrio, that which
vibrates, and also a genus name of bacteria
possessing a curved rod shape (Vibrio); N.L.
masc. n. Desulfolutivibrio, sulfate-reducing
vibrio from mud.
Desulfolutivibrio sulfoxidireducens
–
–
–

–
–

Type species of the genus
Speciﬁc epithet
Species status
Species etymology

Description of the new taxon and
diagnostic traits

Gram-negative, motile, vibrio-shaped rods. No
spore formation. Mesophilic organisms with
optimal growth between pH 6.5–7.0. Salt
concentrations of 1, 7 and 20 g L–1 are
tolerated, but growth is weaker at 20 g L–1
NaCl. Desulfoviridin type of dissimilatory
sulﬁte reductase. Catalase positive. Major
respiratory quinone is MK-7 with no or little
amounts of MK-6. Predominant fatty acid is
ai-C15:0. Predominant polar lipids are
phosphatidylglycerol,
phosphatidyl-ethanolamine and an
unidentiﬁed aminolipid. The genomic GC
content ranges from 63.6 to 64.1 mol%. Organic
substrates are incompletely oxidized to
acetate. Sulfate, thiosulfate, and sulﬁte are
used as electron acceptors. Growth by
dismutation of pyrosulﬁte or thiosulfate with
acetate as carbon source is possible.

Country of origin
Region of origin
Date of isolation (dd/mm/yyyy)
Source of isolation

–
–
–
–

Sampling date (dd/mm/yyyy)
Latitude (xx◦ xx xx N/S)
Longitude (xx◦ xx xx E/W)
Altitude (meters above sea level)
16S rRNA gene accession nr.
Genome accession number
[RefSeq; EMBL; . . .]
Genome status
Genome size
GC mol%
Number of strains in study
Source of isolation of non-type
strains
Information related to the Nagoya
Protocol
Designation of the Type Strain

–
–
–
–
–
–

Strain Collection Numbers

–
–
–
–
–
–
–
–

–
sulfoxidireducens
sp. nov.
N.L. neut. n. sulfoxidum, sulfoxide; L. part.
adj. reducens, bringing or leading back,
used to mean ’reducing’; N.L. part. adj.
sulfoxidireducens, sulfoxide reducing.
Gram-negative, vibrio-shaped cells with
2.5–6.5 m length and 0.6 m width. Cells
are highly motile, with a unipolar
ﬂagellum. Growth occurs at temperatures
from 15 to 37 ◦ C, with best growth at 37 ◦ C.
The pH range is 6.5–8.5 with an optimum
at 6.5–7.0. Salt concentrations of 1, 7 and
20 g L–1 are tolerated, but growth is weaker
at 20 g L–1 NaCl. Respiration of sulfate,
thiosulfate, sulﬁte, and DMSO was
observed. Lactate was incompletely
oxidized to acetate. Molecular hydrogen
supports growth in the presence of acetate,
CO2 , and sulfate. No growth was observed
with TMAO as electron acceptor or by
dismutation of polysulﬁdes and elemental
sulfur. Growth by dismutation of
pyrosulﬁte (5 mM) and thiosulfate
(10 mM) was variable and dependent on
the strain. The type strain could
sustainably grow by dismutation of
pyrosulﬁte, but not thiosulfate. Bacteria
possess a desulfoviridin-type dissimilatory
sulﬁte reductase and show catalase
activity. MK-7 was the major respiratory
quinone with negligible amounts of MK-6.
The predominant fatty acid was ai-C15:0.
Polar lipids are comprised of
phosphatidylglycerol,
phosphatidylethanolamine,
diphosphatidyl-glycerol, one aminolipid,
and three glycolipids.
Germany
Konstanz
05/04/2018
Pyrite-forming anaerobic enrichment
culture J5
09/1995
47◦ 40 37.8 N
9◦ 08 27.3 E
405
MN596861, MN596862
GenBank: CP045506, CP045508
Complete
4156 kbp, 4781 kbp
64.07, 63.69
2
Pyrite-forming anaerobic enrichment
culture J3
Not applicable.
T

J.5.4.2-L4.2.8
DSM 107105T = NBRC 113990T
DSM 106783 = NBRC 113989

–
Desulfolutivibrio sulfodismutans
(Bak and Pfennig 1988)
–
–

–
sulfodismutans
comb. nov.
L. neut. n. sulfur sulfur; L. pref dis
apart; L. pres. part. adj. mutans that
which changes; N.L. part. adj.
sulfodismutans dismutating sulfur
compounds.
Basonym: Desulfovibrio
sulfodismutans Bak and Pfennig
1988

Desulfolutivibrio sulfodismutans
was introduced as Desulfovibrio
sulfodismutans by Bak and Pfennig,
1987 [1]. In addition to traits given
for the genus the following
characteristics were determined:
The major respiratory quinone was
MK-7 (96.8%), with minor amounts
of MK-6 (3.2%). The predominant
fatty acid was ai-C15:0. No growth
was observed with DMSO or TMAO
as electron acceptor. Growth by
dismutation of thiosulfate (10 mM)
or pyrosulﬁte (5 mM) ceased after
the 2nd and 3rd transfer,
respectively.
Germany
Konstanz
09/1985
Freshwater mud sampled from a
ditch near Constance, Germany
–
–
–
–
MN596860
GenBank: CP045504
Complete
4440 kbp
63.57
1
–
Not applicable.
–
DSM3696 = ATCC 43913 = VKM
B-1764
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only one glycolipid in D. sulfodismutans DSM 3696T in contrast to
three glycolipids in the two new strains. The nomenclatural type
of the genus Desulfovibrio, D. desulfuricans Essex6T , had only 88%
16S rRNA gene identity and genome-wide AAI values of 49% to the
new isolates as well as to D. sulfodismutans DSM 3696T , which is
in support of a new genus delineation. This was further supported
by the fatty acid patterns of strains J.5.4.2-L4.2.8T and J.3.6.1-H7
as well as D. sulfodismutans DSM 3696T , which were dominated by
the straight-chain fatty acid ai-C15:0 . This is in contrast to the fatty
acid pattern of D. desulfuricans Essex6T , where the dominant fatty
acids were reported to be i-C15:0 , i-C17:0 and i-C17:1 c7 [43]. The type
species of the genus is Desulfolutivibrio sulfoxidireducens. The taxa
protologues are given in Table 5.
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