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INTRODUCTION

Green sulfur bacteria (GSB) constitute a closely related group of photoautotrophic and thiotrophic
bacteria with limited phenotypic variation. They typically oxidize sulfide and thiosulfate to sulfate
with sulfur globules as an intermediate. Based on genome sequence information from 15
strains, the distribution and phylogeny of enzymes involved in their oxidative sulfur metabolism
was investigated. At least one homolog of sulfide:quinone oxidoreductase (SQR) is present
in all strains. In all sulfuroxidizing GSB strains except the earliest diverging Chloroherpeton
thalassium, the sulfide oxidation product is further oxidized to sulfite by the dissimilatory sulfite
reductase (DSR) system. This system consists of components horizontally acquired partly
from sulfide-oxidizing and partly from sulfate-reducing bacteria. Depending on the strain, the
sulfite is probably oxidized to sulfate by one of two different mechanisms that have different
evolutionary origins: adenosine-5"-phosphosulfate reductase or polysulfide reductase-like
complex 3. Thiosulfate utilization by the SOX system in GSB has apparently been acquired
horizontally from Proteobacteria. SoxCD does not occur in GSB, and its function in sulfate
formation in other bacteria has been replaced by the DSR system in GSB. Sequence analyses
suggested that the conserved soxJXYZAKBW gene cluster was horizontally acquired by
Chlorobium phaeovibrioides DSM 265 from the Chlorobaculum lineage and that this acquisition
was mediated by a mobile genetic element. Thus, the last commmon ancestor of currently known
GSB was probably photoautotrophic, hydrogenotrophic, and contained SQR but not DSR or
SOX. In addition, the predominance of the Chlorobium-Chlorobaculum-Prosthecochloris lineage
among cultured GSB could be due to the horizontally acquired DSR and SOX systems. Finally,
based upon structural, biochemical, and phylogenetic analyses, a uniform nomenclature is
suggested for sgrgenes in prokaryotes.

Keywords: horizontal gene transfer, metabolism evolution, green sulfur bacteria, purple sulfur bacteria, sulfide:quinone
oxidoreductase, flavocytochrome ¢, SOX enzyme system, dissimilatory sulfite reductase

and Prosthecochloris and at least 88% sequence identity when

Green sulfur bacteria (GSB; order Chlorobiales) are strictly anaero-
bic, photosynthetic bacteria that predominantly oxidize reduced
sulfur compounds for photoautotrophic growth (Overmann, 2000,
2008; Garrity and Holt, 2001). They occur in anoxic, aquatic envi-
ronments where light and sulfide coincide. They utilize predomi-
nantly sulfide, thiosulfate, biogenic and abiogenic sulfur globules,
and H,, as electron donors to support photoautotrophic growth
(Brune, 1989; Frigaard and Dahl, 2009). One characterized GSB,
Chlorobium ferrooxidans, utilizes Fe** as electron donor and does
not grow on reduced sulfur compounds (Heising et al., 1999).
Based on isolated strains that have been characterized, GSB
form a phylogenetically and physiologically coherent group
(Imhoff, 2003, 2008). Following a recent proposal to reor-
ganize the GSB nomenclature, the GSB currently comprise
only four genera: Chlorobium (Chl.), Chlorobaculum (Cba.),
Prosthecochloris (Ptc.), and Chloroherpeton (Chp.; Imhoff,
2003). The genus Pelodictyon (Pld.), previously used for some
GSB, has been abandoned. Available SSU rRNA sequences from
cultured GSB exhibit relatively little variation: there is at least
92% sequence identity among Chlorobium, Chlorobaculum,

Chloroherpeton is included. GSB constitute the only cultured
members of the order Chlorobiales, and the phylum Chlorobi
was proposed based on GSB (Garrity and Holt, 2001; Imhoff,
2008). Until Ignavibacterium album was isolated, the closest
cultured relatives of the GSB were members of the Bacteroidetes
(Tino et al., 2010). I. album is a non-phototrophic relative of
GSB (about 82-83% SSU rRNA sequence identity with GSB;
Iino et al., 2010), whose genome has recently been sequenced to
reveal more about the physiology and evolution of this organ-
ism. Metagenomic sequence data derived from microbial mats
of hot springs in Yellowstone National Park suggest that these
mats harbor other uncharacterized relatives of GSB (Klatt et al.,
2011; Liu et al., 2011). Preliminary analyses suggest that these
organisms are photoheterotrophs that are physiologically distinct
from well-studied Chlorobiales (Bryant et al., 2011).

The genome sequences of 15 strains of GSB are currently avail-
able (Table 1). Twelve of these genome sequences are publicly
available', one other has been completed (Ptc. bathyomarinum Ty
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Vent), and two are at the draft stage (Ptc. phaeum CIB 2401 and
Cba. limnaeum DSM 1677; Bryant et al., 2011). Three of these
strains were previously referred to as members of the Chlorobium
(Prosthecochloris sp. BS1, Ptc. phaeum CIB 2401, and Ptc. bathy-
omarinum Ty Vent). However, phylogenetic sequence analyses of
SSU rRNA and protein-encoding genes of these strains clearly
show that they are more closely related to members of the genus
Prosthecochloris than to members of the genera Chlorobium and
Chlorobaculum (see below).

A defining feature of GSB as a group is their ability to oxidize
inorganic sulfur compounds for photoautotrophic growth. The
metabolic reactions involved in this dissimilatory sulfur metabolism
are complex and have not yet been described in detail (Figure 1;
Frigaard and Dahl, 2009). However, genome sequence information
has provided significant insights into this metabolism, including
which genes are likely to be involved and how they have evolved
(Eisen et al., 2002; Chan et al., 2008; Frigaard and Bryant, 2008;
Sakuraietal.,2010). Several enzymes from GSB have been identified
using this information that have, or may have, a role in thiotrophic
growth (e.g., Hanson and Tabita, 2001; Ogawa et al., 2008; Azai et al.,

2009; Chan et al., 2009; Holkenbrink et al., 2011). Using genome
sequence analysis, we have investigated the distribution of putative
sulfur metabolism genes in all currently available genomes of GSB.

MATERIALS AND METHODS

SEQUENCE DATA AND ANALYSIS

Genome sequencing and annotation of GSB strains Cba. limnaeum
DSM 1677, Ptc. bathyomarinum Ty Vent, and Ptc. phaeum CIB 2401
are currently being performed in ourlaboratories . Genome sequence
information of PSB strains Ectothiorhodospira (Ect.) haloalkaliphila
ATCC 51935, Marichromatium (Mch.) purpuratum DSM 1591,
Thiococcus (Tco.) pfennigii 4520, Thiocystis (Tcs.) violascens DSM
198, Thiodictyon sp. Cad16, Thioflavicoccus (Tfc.) mobilis8321,and
Thiorhodospira ( Trs.) sibirica ATCC 700588 was obtained from Joint
Genome Institute, U.S. Department of Energy?. Genome sequence
information from other bacteria was retrieved from GenBank’.
Sequence analysis was performed primarily using tools available at

*http://www.jgi.doe.gov/

*http://www.ncbi.nlm.nih.gov/
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FIGURE 1 | Overview of the putative pathways of oxidative sulfur
metabolism in GSB. All oxidative enzyme systems shown in the periplasm
(SOX, SQR, and FCC systems) as well as extracellular sulfur globules contribute
to a putative pool of oligosulfides (HS; and possibly organic R-S -H). Complete
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oxidation of this pool to sulfate is dependent on the DSR system. No strain of
GSB have all the reactions shown here. See text for further details. (Based on
Eisen et al., 2002; Frigaard and Bryant, 2008; Frigaard and Dahl, 2009; Sakurai
etal.,, 2010; Holkenbrink et al., 2011.) MK, menaquinone.
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the National Center for Biotechnology Information* (NCBI) and at
Integrated Microbial Genomes® (IMG). Analyses were performed
locally primarily using the following software: MEGA 4 (sequence
alignment and phylogenetics®; Tamura et al., 2007), Artemis 12.0
(sequence viewing and manipulation; Wellcome Trust Sanger
Institute, Hinxton, UK’; Carver et al., 2008), FGENESB (sequence
annotation; Softberry, Mount Kisco, NY, USA®), and ActivePerl 5.10
(ActiveState Software, Vancouver, BC, Canada®). Prediction of sig-
nal peptides was performed using SignalP'’; Emanuelsson et al.,
2007) and PRED-TAT"}; Bagos et al., 2010). Promoter regions were
predicted using FGENESB and BPROM") and manually edited.
The sequence logo of the sox promoter region was generated using
WebLogo" version 2.8.2 (Crooks et al., 2004).

RESULTS
PHYLOGENY OF RIBOSOMAL RNA AND CORE METABOLIC FUNCTIONS
Analyses of the SSU rRNA gene and several cellular core proteins
in the GSB strains with sequenced genomes revealed an overall
congruent phylogeny (Figures 2A,B), which was in agreement
with previous analyses performed on a smaller number of strains
(Bryant et al, 2011). These analyses strongly supported the
recent reclassification of GSB into four genera (Imhoff, 2003):
Chlorobium, Chlorobaculum, Prosthecochloris,and Chloroherpeton.
Chloroherpeton was consistently the earliest diverging genus
within the Chlorobiales, Prosthecochloris was a sister clade to
the Chlorobium/Chlorobaculum lineage, and Chlorobium and
Chlorobaculum were the most closely related genera.
Phylogenetic analyses were made on selected enzymes func-
tioning in several key metabolic processes in GSB. For example,
analysis of PetB, the cytochrome b subunit of the Rieske—cyto-
chrome b electron-transfer complex (PetB/CT0303; the locus
tags for proteins from Cba. tepidum are provided to facilitate
identification), showed that this enzyme is present in all strains
and that its phylogeny is congruent, at least at the genus level
(Figure 2C), with that of the SSU rRNA (Figure 2A) and with
a phylogeny based on the concatenation of several proteins rep-
resenting various house-keeping functions of these organisms
(Figure 2B). Therefore, PetB was most likely present in the last
common ancestor of the investigated GSB, and the petB gene prob-
ably has not undergone horizontal transfer (at least not between
members of different genera). Identical analyses and conclu-
sions were made for the following enzymes, which are present
in the genomes of all sequenced strains of GSB: ATP-citrate lyase
subunit 2 (AclA/CT1088), type I NADH dehydrogenase (con-
catenated NuoDHLMN/CT0769,CT0770,CT0774-CT0776),
ferredoxin-NAD(P)* reductase (FNR/CT1512), RuBisCO-like

*http://www.ncbi.nlm.nih.gov/
*http://img.jgi.doe.gov/
Shttp://www.megasoftware.net/
“http://www.sanger.ac.uk/
Shttp://linux1.softberry.com/
*http://www.activestate.com/
http://www.cbs.dtu.dk/services/SignalP/
http://www.compgen.org/tools/PRED-TAT/
http://linux1.softberry.com
Phttp://weblogo.berkeley.edu/

protein (RLP/CT1772), and nitrogen fixation (concatenated
NifAHDKENB/CT1529,CT1533,CT1536-CT1540; data not
shown). (Chp. thalassium ATCC 35110 has two nif gene sets:
one encoding [Mo—Fe]-nitrogenase and one encoding Fe-only
nitrogenase; the latter was probably horizontally acquired.)
Similar observations have previously been made with the Fenna—
Matthews—Olson antenna protein (FMO/CT1499; Alexander et al.,
2002; Imhoff, 2003) and magnesium chelatase large subunits
(BchH/CT1957, BchS/CT1955, BchT/CT1295; Gomez Maqueo
Chew etal.,2009). The same is true for the phylogeny of the HupSL
[Ni—Fe]-hydrogenase (HupL/CT0777; data not shown), except that
the hupSL genes have been lost in a few strains (Table 1).

Type I NADH dehydrogenase is the enzyme that normally
couples oxidation of NADH to the reduction of menaquinone
(or another isoprenoid quinone, depending on the organism)
and thereby produces a transmembrane proton gradient (Yagi
and Matsuno-Yagi, 2003; Sazanov and Hinchliffe, 2006; Efremov
et al., 2010). The bacterial enzyme normally has 14 subunits,
NuoABCDEFGHIJKLMN. With the exception of Chp. thalassium,
all GSB have lost three subunits, NuoE, NuoF, and NuoG (Frigaard
et al., 2003), which function in binding and oxidation of NADH
(Yagi and Matsuno-Yagi, 2003; Sazanov and Hinchliffe, 2006;
Efremov et al., 2010). Phylogenetic analysis suggests that the loss
occurred after divergence of Chloroherpeton spp., because both Chp.
thalassium and the earlier diverging I. album have all 14 subunits
(data not shown). This loss could have important consequences for
the electron-transfer function of this enzyme and is likely to repre-
sent a major physiological difference between Chloroherpeton spp.
and other GSB, which could impact the oxidative sulfur metabolism.

In summary, phylogenetic analyses strongly support the divi-
sion of the GSB into only four genera: Chlorobium, Chlorobaculum,
Prosthecochloris,and Chloroherpeton. In addition, the observations
support the notion that the last common ancestor of extant, cul-
tured GSB was an anaerobic bacteriochlorophyll-containing photo-
autotroph capable of N, fixation, H, uptake,and CO, fixation by the
reverse TCA cycle. Finally, these metabolic functions do not appear
to have been exchanged by horizontal gene transfer in members
of this clade. In contrast, many sulfur metabolism enzymes were
apparently not present in the last common ancestor of extant GSB,
and the genes encoding this metabolism have undergone extensive
horizontal exchange with other bacterial phyla (see below).

SULFIDE:QUINONE OXIDOREDUCTASES

All characterized sulfide:quinone oxidoreductases (SQR) are
single-subunit flavoproteins that are associated with the cytoplas-
mic membrane (Shahak and Hauska, 2008; Frigaard and Dahl,
2009). Based on the protein structure, a recently proposed clas-
sification identified six distinct types (numbered I through VI) of
SQR homologs (Marcia et al.,2010). We propose a coherent genetic
nomenclature that distinguishes among these SQR homologs in
GSB and other organisms (Table 1; Figure 3). This nomenclature
is necessary to identify clearly the multiple types of sqr genes often
found in the same strain (Demerec et al., 1966).

We propose the gene designation sqrA for the type I SQR orthologs,
which are typically found in Cyanobacteria, Proteobacteria,
and Aquificaceae. This category includes the functionally well-
characterized SQRs in Oscillatoria limnetica (AAF72962; Bronstein
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YP 910912 Chlorobium phaeobacteroides DSM 266

YP 002017410 Chlorobium clathratiforme DSM 5477 / BU1
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YP 378711 Chlorobium chlorochromatii CaD3
YP 001999326 Chlorobaculum parvum DSM 263 / NCIB 8327
NP 661207 Chlorobaculum tepidum TLS
Chlorobaculum limnaeum DSM1677 ORF2429
rosthecochloris sp Ty Vent ORF1935
YP 001960378 Prosthecochloris sp BS1
YP 002016439 Prosthecochloris aestuarii DSM 271
Prosthecochloris phaeum CIB 2401 ORF0366

YP 001995391 Chloroherpeton thalassium ATCC 35110
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FIGURE 2 | Phylogenetic trees of ribosomal RNA and core metabolism
enzymes of GSB. (A) SSU rRNA gene; rooted with Flavobacterium johnsoniae.
(B) Concatenation of the following house-keeping proteins (with the protein
name in Cbha. tepidumTLS in parenthesis): RNA polymerase subunit beta
(RpoB/CT0155), alanyl-tRNA synthetase (AlaS/CT0166), translation initiation
factor IF-2 (InfB/CT0241), DNA gyrase subunit B (GyrB/CT2263), molecular
chaperone DnaK (CT0643), F F, ATP synthase subunit o (AtpA/CT2033),
preprotein translocase subunit SecY (CT2169), cell division protein FtsZ
(CT0030), phospho-N-acetylmuramoyl-pentapeptide-transferase (MraY/
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CT0037), recombinase A (RecA/CT1930); rooted with Chloroflexus aurantiacus
J-10-fl. (C) Cytochrome b subunit of the Rieske-cytochrome b electron-transfer
complex (PetB/CT0303); rooted with Geobacter sp. M18. All trees are made
using the neighborjoining method and the Jukes—Cantor (nucleotides) or
Jones-Taylor-Thornton (amino acids) substitution model. All positions
containing alignment gaps and missing data were eliminated only in pairwise
sequence comparisons. Bootstrap support of branches in percentage based on
1000 replications are shown; branches with bootstrap values less than 50%
were collapsed.

et al., 2000), Rhodobacter capsulatus (CAA66112; Schiitz et al.,
1999), and Aquifex aeolicus (NP_214500; Niibel et al., 2000; Marcia
et al., 2009). No GSB strain has a type I SQR (i.e., SqrA).

We propose the gene designation sqrB for the type II SQR
orthologs, which include SQR homologs identified in eukaryotes
such as the functionally characterized SQR in Schizosaccharomyces
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1001~ Thiococcus pfennigii TPF0393
Thioflavicoccus mobilis 8321 ThimoDRAFT 1720
Thiodictyon sp CAD16 G2A10RF0572
Marichromatium purpuratum Marpur1725
Thiodictyon sp CAD16 G2A10RF5002
YP 003444098 Allochromatium vinosum DSM 180
Thiocystis violascens ThiviDRAFT 0135
YP 003892602 Sulfurimonas autotrophica DSM 16294
[ Ignavibacterium album IGNA1101
700[ 100L—— Thiorhodospira sibirica ThisiDRAFT 0159
YP 001997268 Chloroherpeton thalassium ATCC 35110
YP 002018228 Chlorobium clathratiforme BU1
ZP 01385816 Chlorobium ferrooxidans DSM 13031
YP 379190 Chlorobium chlorochromatii CaD3
99100~ YP 001129658 Chlorobium phaeovibrioides DSM 265 Type IV
YP 374004 Chlorobium luteolum DSM 273
87 NP 661023 CT0117 Chlorobaculum tepidum TLS Il
100~ Chlorobaculum limnaeum DSM1677 ORF2551 :
72-YP 001997689 Chlorobaculum parvum NCIB 8327 :
ZP 07687043 Oscillochloris trichoides DG6
Prosthecochloris sp CIB 2401 ORF2541
94— YP 002016810 Prosthecochloris aestuarii DSM 271
Prosthecochloris sp Ty Vent ORF2504
YP 001960804 Prosthecochloris sp BS1
YP 001131201 Chlorobium phaeovibrioides DSM 265
YP 375931 Chlorobium luteolum DSM 273
YP 001944405 Chlorobium limicola DSM 245
100L-vp 912981 Chlorobium phaeobacteroides DSM 266
100 AAF72962 Oscillatoria limnetica str Solar Lake [l
AAF72963 Aphanothece halophytica [ll
L[ NP 214500 Aquifex aeolicus VF5 ll
54 ABF71988 Acidithiobacillus ferrooxidans QXS1 [l Type I sqrA
[ _99@52227 Thiobacillus denitrificans DSM 807
& CAAB6112 Rhodobacter capsulatus DSM 155 [l
95— Chlorobaculum limnaeum DSM1677 ORF 1639
NP 661978 CT1087 Chlorobaculum tepidum TLS Il
YP 001998618 Chlorobaculum parvum NCIB 8327
ZP 01385814 Chlorobium ferrooxidans DSM 13031
YP 375032 Chlorobium luteolum DSM 273
NP 213539 Aquifex aeolicus VF5
YP 001996408 Chloroherpeton thalassium ATCC 35110
93 100] — YP 484673 Rhodopseudomonas palustris HaA2 Type VI Squ
Thiococcus pfennigii TPF3716
Thioflavicoccus mobilis 8321 ThimoDRAFT 0575
Thiodictyon sp CAD16 G2A10RF4496
Marichromatum purpuratum Marpur0581
YP 003443166 Allochromatium vinosum DSM 180
82— Thiocystis vioascens ThiviDRAFT 0700
—1%':3HSLAAcidianus ambivalens [l
NP 394588 Thermoplasma acidophilum DSM 1728
99 Ignavibacterium album IGNA0172
YP 003891564 Sulfurimonas autotrophica DSM 16294 Type V SqrE
ZP 05293376 Acidithiobacillus caldus ATCC 51756
NP 661769 CT0876 Chlorobaculum tepidum TLS
100% vP 001998488 Chlorobaculum parvum NCIB 8327
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FIGURE 3 | Phylogenetic tree of sulfide:quinone oxidoreductase (SQR) SqrB clade had a signal peptide for the twin-arginine translocon (data not
homologs. Tree construction details were as in Figure 2, except that the shown). The only other sequence in the tree that encoded a signal peptide of
tree is unrooted. The clade of FccB/SoxF homologs is expanded in Figure 4A.  any predictable type (Emanuelsson et al., 2007) was the eukaryotic SQR type
SQR activity has been demonstrated for proteins marked with a filled box. Il from the lugworm Arenicola marina (data not shown). Sequences from
Proteins marked with a boxed “S"” had a signal peptide. All proteins in the GSB are shown in green; sequences from PSB are shown in purple. See text
FcceB/SoxF homologs clade (see Figure 4A) and proteins from PSB in the for details.
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pombe (NP_596067; Van de Weghe and Ow, 1999) and SQR
homologs in the bacteria Staphylococcus aureus (YP_415550) and
Chloroflexus aurantiacus (YP_001637460). No GSB strain has a
type II SQR (i.e., SqrB).

We propose that the gene designation sqrC should be reserved
for the group of SQR homologs that were assigned as type III by
Marcia etal. (2010). These proteins are the only SQR homologs for
which no representative has yet been shown to exhibit SQR activity.
The sulfide oxidation activity of a Cba. tepidum mutant lacking a
type III protein (CT1025/NP_661917) was not significantly lower
than that of the wild type (Holkenbrink, 2010).

We propose the gene designation sqrD for type IV SQR, which
includes the SQR that is responsible for most of the SQR activity in
Cba. tepidum (CT0117/NP_661023; Chan et al., 2009; Holkenbrink
etal., 2011). Orthologs of SqrD are also present in Proteobacteria
and Actinobacteria. Phylogenetic analyses show that structure class
IV splits into two paralogous clades, and we propose the designation
sqrX for the second of these (see Figure 3). Examples of the SqrX
family are present in about half of the sequenced GSB strains (e.g.,
YP_001944405 in Chlorobium limicola DSM 245) and thiotrophic
Aquificaceae.

We propose the gene designation sqrE for type V SQR, which
designates homologs of the functionally characterized SQR in the
archaeon Acidianus ambivalens (3H8L; Brito etal., 2009). Cba. tepi-
dumhas an SqrE homolog (CT0876/NP_661769), although no SQR
activity has been demonstrated for this protein (Chan et al., 2009).

We propose the gene designation sqrF for type VI SQR, which
includes homologs of an SQR that has been functionally character-
ized in Cba. tepidum (CT1087/NP_661978; Chan et al.,2009). SqrF
is important for growth of Cba. tepidum at high sulfide concentra-
tions (24 mM). Orthologs of SqrF are also present in thiotrophic
Proteobacteria and Aquificaceae.

In summary, no GSB strain characterized to date has SQR
enzymes belonging to structure classes I (SqrA) or II (SqrB),
and enzymes of structure class V (SqrE) were only found in two
Chlorobaculum spp. (Table 1). All GSB have at least one SQR
homolog of structure class IV (SqrD or SqrX) or structure class
VI (SqrF; Table 1), which generally appear to be characteristic for
thiotrophic bacteria and archaea (Figure 3; Marcia et al., 2010).
Because the types of SQR (111, 1V, and VI) in Chp. thalassium are the
earliest diverging SQR sequences in GSB in their respective clades
(Figure 3), these types of SQR may have been present in the last
common ancestor of the GSB investigated here.

Similar to most GSB, all PSB of the Chromatiaceae investi-
gated (Alc. vinosum DSM 180, Mch. purpuratum DSM 1591, Tco.
pfennigii 4520, Tcs. violascens DSM 198, Tfc. mobilis 8321, and
Thiodictyon sp. Cad16) have both SqrD and SqrF (Figure 3).
In contrast and unlike other PSB and GSB, all PSB of the
Ectothiorhodospiraceae investigated ( Ect. haloalkaliphila ATCC
51935, Hlr. halophila SL1, and Trs. sibirica ATCC 700588) have
SqrB (Figure 3). The only exception to this pattern is Trs. sibirica,
which contains both SqrB and SqrD (Figure 3). It is striking
that the type of SQR in all of these PSB is clearly correlated
with the location of the sulfur globules produced by the organ-
isms: SqrD-containing strains (i.e., all Chromatiaceae) produce
intracellular sulfur globules and SqrB-containing strains (i.e.,
all Ectothiorhodospiraceae) produce extracellular sulfur glob-

ules. Trs. sibirica has both SqrB and SqrD, and this organism
has been reported to produce both intracellular and extracel-
lular sulfur globules (Bryantseva et al., 1999). In addition, only
PSB that deposit intracellular sulfur globules (Chromatiaceae
and Trs. sibirica) have homologs of the sulfur globule proteins
SgpA and SgpB, which are absent from other PSB and from all
GSB (data not shown). Described bacterial SQR sequences in
general do not contain an N-terminal signal peptide (Shahak
and Hauska, 2008; Marcia et al., 2010). Nevertheless, SqrA from
Rhodobacter capsulatus and Aquifex aeolicus, which do not have
an N-terminal signal peptide, are associated with the cytoplas-
mic membrane with the sulfide-binding site in the periplasm
(Schiitz et al., 1999; Marcia et al., 2009). It has been suggested
that these proteins are translocated by an unknown mechanism
that depends on a motif at the C-terminus of the SqrA polypep-
tide (Schiitz et al., 1999). Surprisingly, all SqrB sequences of the
Ectothiorhodospiraceae investigated here (Ect. haloalkaliphila, Hir.
halophila, and Trs. sibirica; Figure 3) had a signal peptide for the
twin-arginine translocation (TAT; see Materials and Methods),
which indicates that these proteins are translocated across the
cytoplasmic membrane using the TAT pathway for proteins that
require cytoplasmic assembly of a cofactor and folding prior to
translocation. This implies that the active site of SqrB proteins
also most likely resides in the periplasmic space. In conclusion,
different types of SQR polypeptides are apparently targeted by
different mechanisms. Furthermore, at least based on the nine
PSB genomes analyzed here, the location of the deposited sulfur
globules in PSB can be predicted by the type of the SQR that is
present (SqrB or SqrD). This interpretation does not extend to
GSB, because all GSB have type IV SQR (SqrD/SqrX) and not
SqrB, and GSB produce only extracellular sulfur globules. The
difference(s) responsible for SQR targeting and sulfur deposition
between the PSB and GSB systems is currently not understood.

With respect to other phototrophic bacteria, purple non-sulfur
bacteria and Cyanobacteria typically have SqrA and members of
the Chloroflexi typically have SqrB.

FLAVOCYTOCHROME C AND SOXF HOMOLOGS

Flavocytochrome ¢ in GSB and PSB consists of a large, sulfide-
binding, flavoprotein subunit (FccB) and a small, ¢-type cyto-
chrome subunit (FccA; Kusai and Yamanaka, 1973; Brune, 1989;
Reinartz et al., 1998). Although the exact physiological function is
still debated, the enzyme is located in the periplasm and appears
to be involved in oxidative sulfur metabolism. In Alc. vinosum this
complex is encoded by fccAB (Reinartz et al., 1998). The homol-
ogous genes in Paracoccus pantotrophus and other bacteria are
denoted soxEF (Friedrich et al., 2008). Here, we denote the genes
fccAB if they occur in phototrophic sulfur bacteria (i.e., GSB or
PSB) and soxEF in all other organisms. Almost all GSB have fccAB
genes encoding flavocytochrome ¢ (Table 1). The fccAB genes do
not cluster with sox genes in GSB, as is the case in P. pantotrophus
and many other bacteria that contain sox genes (Friedrich et al.,
2008). GSB that contain soyYZ genes may be considered to be an
exception to this observation (Table 1). The soyYZ genes encode
a putative, periplasmic SoyYZ complex that is paralogous to the
SoxYZ complex, and SoyYZ may be involved in sulfur chemistry
that does not involve either the SoxAX or SoxB proteins (Frigaard
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and Bryant, 2008). When the soyYZ genes are present in a GSB
strain, they always form the cluster soyYZ-fccAB, which strongly
suggests that a functional link exists between FccAB and SoyYZ.

Some GSB encode an additional homolog of FccB/SoxF that we
denote as Sox]. Some authors have denoted this protein as SoxF
(Ogawaetal.,2010) or SoxF2 (Verte etal.,2002). However, we prefer
to denote this protein as Sox] to distinguish it clearly from SoxF that
is a subunit of the SoxEF/FccAB flavocytochrome ¢ (see previous
paragraph). The soxJ gene in GSB invariably occurs in a conserved
cluster of sox genes (soxJXYZAKBW; see below) that notably does not
include an fccA/soxEhomolog. Monomeric SoxJ/CT1015 protein is
readily isolated from Cba. tepidum and has been shown to enhance
thiosulfate oxidation in vitro by a SOX enzyme system reconsti-
tuted from SoxAXK, SoxYZ, and SoxB isolated from Cba. tepidum
(Ogawaetal., 2010). SoxF isolated from P. pantotrophusalso stimu-
lates thiosulfate oxidation by a reconstituted enzyme system of Sox
proteins isolated from P. pantotrophus (Friedrich etal., 2008). Thus,
based on genetic and biochemical evidence, Sox] in GSB appears
to enhance thiosulfate oxidation by the SOX system. FccB and Sox]J
from GSB have high sequence similarity and do not form obvi-
ous, monophyletic groups in a phylogenetic analysis (Figure 4A);
therefore, they are distinguished primarily on the basis of genetic
context (see above). However, when combined, all FccB and Sox]
sequences from GSB form a monophyletic group (Figure 4A). This
suggests that the horizontal transfer of an ancestral gene into the
GSB lineage (probably as fccAB) only happened once and that Sox]J
arose by duplication of FccB after this transfer to the GSB.

SOX ENZYME SYSTEM
Orthologs of some genes that encode the well-characterized,
thiosulfate-oxidizing Sox enzyme system in P. pantotrophus (soxX-
YZABCDEFGH,; Friedrich etal., 2005,2008) were readily identified
in seven of the GSB genomes (Table 1). All GSB capable of growth
on thiosulfate contain sox genes. However, in agreement with previ-
ous observations (Eisen et al., 2002; Frigaard and Bryant, 2008), the
50xCD genes that encode the essential SoxCD component of the
reaction mechanism in P. pantotrophus were absent from all GSB
genomes. The soxgenes in GSB consistently occurred in a conserved
cluster of eight genes, which were identical to the clusters originally
identified in Cba. thiosulfatiphilum DSM 249 (Verté et al.,2002) and
Cba. tepidum (Eisen et al., 2002). Because of their presence in this
conserved cluster, two of the genes have been renamed soxJ (CT1015
in Cba. tepidum TLS; referred to as soxF2 in Cba. thiosulfatiphilum
DSM 249 by Verté et al., 2002) and soxK (CT1020 in Cba. tepidum
TLS; referred to as orf6 in Cba. thiosulfatiphilum DSM 249 by Verté
etal.,2002). Sox] is a flavoprotein that is homologous to FccB/SoxF
(described above). SoxK is a component of the trimeric SoxAXK
complex isolated from Cba. tepidum and is essential for efficient
thiosulfate oxidation when using Sox enzymes isolated from Cba.
tepidum that are reconstituted in vitro (Ogawa et al., 2008). The
presence of soxK in various bacteria is correlated with the occur-
rence of a SoxAX complex that comprises a monoheme SoxA and
a monoheme SoxX; P. pantotrophus and many other bacteria have
a diheme SoxA (Ogawa et al., 2008).

Among all sox-containing bacteria for which genome sequence
data is currently available, the gene organization of the sox cluster
in GSB (soxJXYZAKBW) is unique. Sequence analysis of the sox

region in GSB suggested that there is only one promoter and that
this promoter is located upstream of the sox/ gene (Figure 5). This
observation suggests that the soxJXYZAKBW cluster probably is
transcribed as a single mRNA. Consistent with this interpretation,
transcription profiling shows that mRNA levels for all of the genes
of this cluster are about 10-fold more abundant in cells growing
on thiosulfate than on sulfide.

THIOSULFATE UTILIZATION MAY BE ENCODED BY A MOBILE GENETIC
ELEMENT

A phylogenetic tree of concatenated Sox proteins from GSB is shown
in Figure 4B. The eight proteins encoded by the soxJXYZAKBW
cluster in GSB had largely congruent phylogeny (data not shown),
which suggests that the cluster has been inherited intact in all GSB
strains. The phylogeny of the Sox proteins within the Chlorobium
and Chlorobaculum lineages (Figure 4B) was congruent with the
cellular core phylogeny (Figure 2) with one exception: the ChL
phaeovibrioides DSM 265 Sox proteins grouped with the Sox pro-
teins of the Chlorobaculum lineage (Figure 4B). This suggests that
the sox cluster was horizontally transferred from a Chlorobaculum
strain to an ancestor of Chl. phaeovibrioides DSM 265. It is also
evident that the sox promoter region in Chl phaeovibrioides DSM
265 is more similar to the sox promoter region in Cba. parvum
DSM 263 than to the promoters in other GSB strains (Figure 5).

Figure 6 shows a comparison of syntenic regions of the genome
in Chl. phaeovibrioides DSM 265 (sox*) and the very closely related
Chl. luteolum DSM 273 (sox™). A global comparison of these two
strains suggested that these were the two most similar GSB among
the 15 sequenced strains (Bryant et al., 2011). Figure 6 reveals that
the sox genes in Chl. phaeovibrioides DSM 265 reside on an 11-kb
island that is terminated by imperfect repeats (22—23 bp in length).
Moreover, this island occurs in a region of the genome not other-
wise related to sulfur metabolism. This 11-kb “sox island” harbors
genes encoding a transposase, an integrase, and an RNA-directed
DNA polymerase (reverse transcriptase), all of which are indica-
tive of a mobile genetic element. The terminal imperfect inverted
repeats suggest that the island was mobilized by the transposase.
Integrase and reverse transcriptase usually do not occur on the same
mobile element but the observation that the genes are located on
a fragment flanked by inverted repeats suggests that they have the
same origin. Reverse transcriptase occurs in a variety of mobile
elements including retroviruses and bacterial retrons, suggesting
that the mobile element could have been propagated via an RNA
stage. No systems of this type, nor RNA or DNA viruses, have yet
been characterized in GSB.

A 15-kb plasmid (accession number NC_002095) isolated from
Cba. thiosulfatiphilum DSM 249 was reported to encode thiosulfate
utilization when transformed into Chl. limicolaDSM 245 (Méndez-
Alvarez et al., 1994). However, this plasmid does not contain sox
genes and it is not clear how this plasmid could encode thiosulfate
utilization (Frigaard and Bryant, 2008).

DSR ENZYME SYSTEM

The dissimilatory sulfite reductase (DSR) system is essential for
oxidation of sulfur globules in Cba. tepidum (Holkenbrink et al.,
2011) and Alc. vinosum (Dahl et al., 2005). Most GSB strains
contain dsr genes that occur as a single conserved gene cluster
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FIGURE 4 | Phylogenetic trees of oxidative sulfur metabolism enzymes. Tree
construction details are as described for Figure 2. Sequences from GSB are shown
in green; sequences from PSB are shown in purple. (A) FccB/SoxF/SoxJ homologs
(the designation SoxJ is used if the gene is part of a soxJXYZAKBI cluster in GSB;
the designation FccB is used if the gene is part of a fccAB cluster in GSB or PSB; the
designation SoxF is used if the gene is part of a soxEF cluster in organisms other
than GSB and PSB). The question mark indicates an unnamed protein. All proteins in
the tree except the root had a signal peptide for the twin-arginine translocon (data
not shown). The tree is rooted with Cfx. aurantiacus SqrB. (B) Concatenation of

ZP 04584090 Sulfurihydrogenibium yellowstonense SS5

SoxXYZAKB proteins (CT1016-CT1021 in Cba. tepidum). The three is rooted with the
same proteins from Oceanospirillum sp. MED92. (C) Adenosine-5"-phosphosulfate
reductase alpha subunit (AprA). The three is rooted with a homologous protein from
Ammonifex degensii. Proteins marked with a boxed “M" indicate that the organism
has AprM; proteins marked with a boxed “Q" indicate that the organism has Qmo
proteins. (D) Polysulfide reductase-like complex 3 (PSRLC3). The three is rooted
with a homologous protein from Sulfurihydrogenibium yellowstonense. The
PSRLC3 protein from Chl. phaeovibrioides DSM 265 used here was constructed by
restoring a frameshift mutation in the gene (Table 1). See text for details.
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dsrNCABLUEFHTMKJOPVW (Table 1). One exception is Chl. fer-
rooxidans DSM 13031, which lacks all dsr genes and most other
genes related to oxidative sulfur metabolism (Table 1). This is con-
sistent with the observation that this organism does not grow on
reduced sulfur compounds (Heising et al., 1999). The only other
strain that lacks all dsr genes is Chp. thalassium ATCC 35110, which
has been reported to “slowly” consume sulfur globules (Gibson
et al., 1984; see Discussion for further details). Cba. parvum DSM
263 has a single cluster of dsr genes (dsrNCABLUTMKJOPVW),
which lacks the dsrEFH genes. This strain accumulates sulfur glob-
ules and does not produce sulfate when grown on sulfide (Kelly,
2008), which strongly suggests that the dsrEFH gene products are
essential for a functional DSR system.

With respect to gene organization, the dsr gene cluster in Cba.
tepidum is split and the dsrCABL genes are duplicated: dsrNCAB-
LUTMKJOPVW (CT2251-CT2238) and dsrCABLEFH (CT0851—
CTO0857; Eisen et al., 2002). Although the current draft genome
sequence of Cba. limnaeum DSM 1677 does not allow a definitive
view of the gene organization, it appears that this organism also
has all dsr genes, but that the dsr genes are split and duplicated in
the same manner as in Cba. tepidum. Interestingly, the dsr gene

-35 region -10 reg|on
TLS GATTTTTTGTCTTTGATTTGCATTTATGTGA-GCGTAMAARAGCGGT. . 168 bp .ATG
DSM 249 .ATTTTTTTCTCTTTGA--CGCATTTATGTGAAGTGTAAAAAAGAGGT... 168 bp ..ATG
DSM 1677 ..GATTTTTTCTCT[TCAG--CGCGTTTATATGA-GTGTAAAAAAGAGGT... 167 bp ..ATG
DSM 263 ..GTAAATTTGCAAGTGATTCG- - - TTATATAG-CCACATAATICATATA... 120 bp ..ATG
DSM 265 ..GCATAATTGGTGCTTATTCG- --TTATATAA-CTGCATAATCATATA.. 119 bp ..ATG
DSM 5477 ..TGGTATTTCTCTTTATTATATAAATATACAA-CTATATAATTATCTA... 178 bp ..ATG
caD3 .TTGTGATTCTCTAACATTTCTAC- TATATAG-TTATATAAQTTCAAT... 154 bp ..ATG
CIB 2401 ..AAGGTTTTAGGGCGTTTCTCTG--GCCCCGG-TGGTATAGTTGTTCA.. 152 bp ..ATG

FIGURE 5 | Prediction of the promoter region of the sox gene cluster in
GSB. The regions shown are upstream of the soxJ gene; the soxJ ATG start
codon is indicated to the right.

cluster in Cba. parvum DSM 263 is identical to the longest cluster
in Cba. tepidum (dsrNCABLUTMKJOPVW). Thus, the clustering
of dsr genes is irregular in all investigated Chlorobaculum strains.
One possible evolutionary scenario is that the canonical GSB
dsr cluster (dsrNCABLUEFHTMKJOPVW) split into two clus-
ters (dsrNCABLUTMKJOPVW and dsrCABLEFH) in a common
ancestor of the investigated Chlorobaculum strains and that Cba.
parvum DSM 263 subsequently lost the short cluster and thereby
the ability to oxidize sulfur globules. Cba. parvum DSM 263 is
naturally transformable and apparently has an active homolo-
gous recombination system that may have facilitated this loss
(Ormerod, 1988).

ARE SOXCD AND DSR MUTUALLY EXCLUSIVE?

The SOX system in GSB only partially oxidizes thiosulfate
(Figure 1), whereas the SOX system in P. pantotrophus and many
other bacteria completely oxidizes thiosulfate to sulfate (Friedrich
etal.,2008). This difference is dependent on the presence of SoxCD
in P. pantotrophus, which is absent from GSB. Complete oxidation
of sulfur compounds to sulfate in GSB requires the DSR system
(Figure 1; Holkenbrink et al., 2011).

We surveyed 1429 publicly available genome sequences' for sox
genes using BLASTP and known Sox protein sequences as queries.
The retrieved sequences were then evaluated by sequence compari-
son, phylogenetic analysis, and gene clustering analyses to identify
bona fide Sox proteins. We used the criterion that all Sox proteins
of a given function must form a monophyletic clade, for which the
clade was defined by a small number of query sequences.

The genomes were surveyed for SoxA/SoxB using BLASTP
and the following query sequences (Meyer et al., 2007; Friedrich
et al,, 2008): YP_917913/YP_917914 (Paracoccus denitrificans
PD1222), YP_144681/YP_144683 (Thermus thermophilus HB8),
YP_487970/YP_487967 (Rhodopseudomonas palustris HaA2),
YP_727992/YP_727989 (Ralstonia eutropha H16), NP_767651
(SoxA; Bradyrhizobium japonicum USDA 110), and NP_214237
(SoxB; Aquifex aeolicus VF5). The outgroup in phylogenetic
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FIGURE 6 | The sox gene island in Chl. phaeovibrioides DSM 265. (A) Alignment of syntenic regions in Chl. luteolum DSM 273 and Chl. phaeovibrioides DSM
265. (B) Details of the sox gene island terminal sequences and insertion site. Genes marked in gray are not related to sulfur metabolism. Shades of gray indicate
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analyses of SoxA and SoxB was ZP_03609782 (Campylobacter rectus
RM3267) and ZP_02950408 ( Clostridium butyricum 5521), respec-
tively. In total, 127 genomes were identified that contained both
soxA and soxB (56 Alphaproteobacteria, 26 Betaproteobacteria,
15 Gammaproteobacteria, 8 Epsilonproteobacteria, 8 Aquificales,
5 Chlorobiaceae, 5 Thermaceae, 3 Deltaproteobacteria, and 1
Magnetococcussp.). (Magnetococcusis member of the Proteobacteria
whose subdivision affiliation is not resolved.) These genomes
were then surveyed for SoxC/SoxD using BLASTP and the fol-
lowing query sequences (Friedrich et al., 2008): YP_917915/
YP_917916 (Paracoccus denitrificans PD1222), YP_144677/
YP_144676 ( Thermus thermophilus HB8),YP_487966/YP_487965
(Rhodopseudomonas palustris HaA2), YP_727998/YP_841734/
YP_727997/YP_841733 (Ralstonia eutrophaH16),and NP_770156/
NP_772761/NP_770157/NP_772760 (Bradyrhizobium japonicum
USDA 110). Sequences that were more related to the homologous
SorAB sulfite:cytochrome coxidoreductase were eliminated. SorA/
SorB queries used: AAF64400/AAF64401 (Starkeya novella DSM
506; Kappler et al., 2000) and YP_003892083/YP_003892084
(Sulfurimonas autotrophica DSM 16294). We found that most
genomes (about 100 of the 127 genomes investigated) encoded
SoxC and SoxD.

The DSR enzyme subunits DsrA and DsrB that function in
sulfur oxidation (oxDsrAB) can be identified by sequence analy-
sis, because these sequences form a monophyletic clade, which
is clearly separated from the group of paralogous enzymes that
function in sulfate reduction (redDsrAB; Loy et al., 2009). The
127 genomes that encoded SoxA and SoxB were surveyed for DsrA
and DsrB using BLASTP and known DsrA and DsrB sequences
as queries (Loy et al., 2009). The oxDsrA/oxDsrB queries used
were NP_661746/NP_661747 (Cba. tepidum TLS),YP_003443222/
YP_003443223 (Alc. vinosum DSM 180), and YP_866063/
YP_866064 (Magnetococcus sp. MC-1). The redDsrA/redDsrB
queries used were YP_967975/YP_967974 (Desulfovibrio vulgaris
DP4), YP_001114514/YP_001114513 (Desulfotomaculum redu-
cens MI-1), and NP_069259/NP_069260 (Archaeoglobus fulgidus
DSM 4304). The obtained DsrA and DsrB sequences were easily
identified and classified by sequence comparison and phyloge-
netic analysis. None of the 127 genomes that encoded SoxA and
SoxB also encoded redDsrAB, which indicated that no sulfate-
reducing bacterium has the SOX system. In contrast, oxDsrAB
genes were present in 15 of the genomes that encoded SoxA and
SoxB. None of these 15 genomes also encoded soxCD. Thus, this
survey showed that SoxCD and DSR are mutually exclusive.
Specifically, these 15 organisms were: five strains of GSB (Table 1),
Allochromatium vinosum DSM 180, Halorhodospira halophila
SL1, Thioalkalivibrio sp. HL-EbGR?7, Sideroxydans lithotrophi-
cus ES-1, Thiobacillus denitrificans ATCC 25259, Beggiatoa sp.
PS, Candidatus Vesicomyosocius okutanii HA, Candidatus Ruthia
magnifica str. Cm, Magnetospirillum magnetotacticurn MS-1, and
Magnetococcus sp. MC-1.

Interestingly, some SoxAB-encoding genomes encode nei-
ther SoxCD nor DsrAB (e.g., all of the eight strains of Aquificales
examined including Aquifex aeolicus VF5 (Ghosh et al., 2009),
Hyphomonas neptunium ATCC 15444, Cupriavidus metallidurans
CH34, and Ralstonia pickettii 12D). These organisms must use an
unknown mechanism to regenerate the SOX system.

OXIDATION OF SULFITE

Although GSB cannot grow on sulfite (Frigaard and Dahl, 2009),
the DSR system presumably produces sulfite, which must be
oxidized (Figure 1). None of the 16 genomes listed in Table 1
encode homologs of the SorAB sulfite dehydrogenase (AAF64400/
AAF64401) known from Starkeya novella (Kappler et al., 2000).

One-third of the analyzed GSB strains encode adenosine-5-
phosphosulfate (APS) reductase (APR; Table 1; Figure 4C; AprAB/
CT0865-CT0864 in Cba. tepidum TLS). This APR probably functions
in sulfite oxidation and may be coupled with ATP sulfurylase (Sat)
and the membrane-bound QmoABC oxidoreductase as depicted in
Figure 1 (Frigaard and Dahl, 2009). These enzymes are encoded by a
sat-aprBA-qmoABC gene cluster that is conserved in all GSB that have
these genes (Table 1). None of the GSB investigated encodes the puta-
tive membrane-bound oxidoreductase AprM found in Alc. vinosum
DSM 180 (Hipp etal., 1997). Deletion of the entire sat-aprBA-qmoABC
gene cluster in Cba. tepidum TLS does not prevent the mutant strain
from growth on sulfide and from producing sulfate (Holkenbrink,
2010). This observation suggests that even if APR functions in sulfite
oxidation in GSB, it is not the only mechanism that oxidizes sulfite in
Cba. tepidum TLS. One such possible mechanism is that sulfite reacts
abiotically with oligosulfides to form thiosulfate, which subsequently
is oxidized by the SOX system (Holkenbrink et al., 2011).

Polysulfide reductase-like complex 3 (PSRLC3) is a putative sulfite
dehydrogenase that is found in some GSB (YP_910613 and YP_910614
in Chl. phaeobacteroides DSM 266; Frigaard and Bryant, 2008). In all
Chlorobium strains (expect Chl. limicola DSM 245) the genes encod-
ing PSRLC3 are located immediately upstream of the dsr gene cluster
(Frigaard and Dahl, 2009; data not shown), consistent with a functional
link between PSRLC3 and oxidative sulfur metabolism. Sequence anal-
ysis showed that all sulfur-oxidizing GSB have either APR or PSRLC3,
except Chl. chlorochromatii CaD3 that has both enzymes (Table 1).
Analysis of the PsrA-like subunit of PSRLC3 showed that the phylog-
eny (Figure 4D) is congruent, at least at the genus level, with that of
cellular core genes (Figure 2). This suggests that PSRLC3 was present
in the last common ancestor of the investigated GSB.

Like the GSB, PSB apparently do not use a single mechanism to
oxidize sulfite. Alc. vinosum DSM 180 has APR that apparently is
coupled with the putative membrane-bound oxidoreductase AprM
(Hipp et al., 1997). Among the PSB examined here, three strains
encode AprABM (Alc. vinosurm DSM 180, Tco. pfennigii 4520, Tfc.
mobilis8321) and two strains encode AprAB-QmoAB ( Thiodictyon
sp. Cad16, Tcs. violascens DSM 198; Figure 4C). Sat, AprAB, and
QmoAB were not found in any of the Ectothiorhodospiraceae ( Ect.
haloalkaliphila ATCC 51935, HIr. halophila SL1, Trs. sibirica ATCC
700588) or Mch. purpuratum DSM 1591. SorAB and PSRLC3 have
not yet been found in any PSB strain.

DISCUSSION

The congruent phylogenies of rRNA sequences and conserved house-
keeping functions provide a solid foundation for understanding the
evolution of the GSB lineage (Figures 2A,B). A selection of genes
encoding physiological traits characteristic of GSB had overall con-
gruent phylogenies with the rRNA and house-keeping functions,
at least to the genus level (Figure 2C; and examples mentioned in
Section “Results”). This suggests that these physiological functions
were present in the last common ancestor of known extant GSB and
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were passed on only by vertical descent. This includes elements of
phototrophy, carbon fixation, nitrogen fixation, and hydrogen uptake
(although a few strains have apparently lost their hup genes). Most
of the genes encoding components of oxidative sulfur metabolism
in GSB, on the other hand, have very different evolutionary histories.

The DSR system is not present in the earliest diverging GSB
(Chp. thalassium) and appears to have been acquired by horizon-
tal gene transfer, in part from other sulfide-oxidizing organisms
and in part from sulfate-reducing organisms, after divergence of
Chloroherpeton (Sander et al.,2006). It is not clear from the literature
how, or whether, sulfide is oxidized to sulfate in Chp. thalassium
(Gibson et al., 1984). The question arises because the DSR system
is essential for this process in other GSB (Holkenbrink et al., 2011).
It is also not clear how the sulfite produced by the DSR system is
oxidized. A single sulfite oxidation mechanism present in all thio-
trophic GSB or PSB has not been identified. Phylogenetic analyses
suggest that the putative sulfite dehydrogenase PSRLC3 was present
in the last common ancestor of the investigated GSB (Figure4D). It
isan attractive hypothesis that the APR system replaced the PSRLC3
in sulfite oxidation by horizontal gene transfer in a few GSB strains
and that this acquisition was selected for due to increased energy
conservation in the APR pathway as compared to the PSRLC3 path-
way (Figure 1). A genetic transfer mechanism of the sat-apr-qgmo
genes has not been identified but a similar cluster of genes with high
sequence similarity occurs in sulfate-reducing bacteria that typically
co-occur with GSB in favorable habitats (Meyer and Kuever, 2007).

The SOX system for thiosulfate oxidation is widespread among very
divergent organisms (Meyer et al., 2007). Formation of thiosulfate in
the environment occurs under various conditions, such as by mixing of
sulfideand O, (abiotic formation) and as a byproduct of sulfide oxida-
tion in GSB and PSB (Holkenbrink et al., 2011). The SOX system is
present only in some GSB strains and appears to have been acquired by
horizontal gene transfer from members of the Proteobacteria (Meyer
etal.,2007),and subsequently exchanged horizontally within the GSB
lineage (Figure 4B). The SOX system in most organisms other than
GSB and PSB includes the SoxCD complex, which together with other
Sox components allows complete oxidation of one molecule of thio-
sulfate to two molecules of sulfate in the periplasm while producing
reduced cytochrome c. However, SoxCD is not part of the SOX system
in GSB and PSB, in which the DSR system completes the oxidation
of the sulfane moiety of thiosulfate. The DSR-dependent mechanism
presumably conserves more of the chemical energy available to the
organism, because the reducing equivalents from the sulfane moi-
ety are recovered as reduced isoprenoid quinones in the cytoplasmic
membrane. In addition, chemical energy may be conserved by sub-
strate-level phosphorylation by the APR system (Figure 1). If DSR-
dependent thiosulfate oxidation indeed conserves more energy than
SoxCD-dependent thiosulfate oxidation, this may explain why loss
of soxCD genes has occurred in bacteria that contain both the SOX
and DSR systems. Our genome sequence analyses showed that loss
of the soxCD genes has occurred independently in unrelated DSR-
containing organisms with divergent Sox systems, including GSB, PSB,
the betaproteobacterium Thiobacillus denitrificans ATCC 25259, and
the divergent proteobacterium Magnetococcus sp. MC-1.

The current collection of cultured GSB strains exhibits very lim-
ited physiological variation (Imhoff, 2003). Limited success and
approaches to isolation of axenic cultures could explain part of this

observation. However, many cases have been described where the
GSB that are found in environmental studies of lakes and sediments
(where one expects to find GSB), are similar to cultured strains (at
least at the level of SSU rRNA sequence similarity, e.g., Koizumi et al.,
2004; Manske et al., 2005; Alexander and Imhoff, 2006; Gregersen
etal., 2009). Therefore, it is likely that these strains contain the DSR
system. The DSR system provides GSB with an improved utilization
of reduced sulfur compounds that is likely to be advantageous in
sulfide-limited and energy-limited environments (Holkenbrink et al.,
2011). Although the DSR system appears to allow GSB to prosper in
certain environments, the DSR system may not be important to GSB-
like organisms in environments with high sulfide concentrations or
to organisms that participate in symbioses with microbes that reduce
elemental sulfur. The former reason may in part explain why Cba.
parvum has lost three essential genes (dsrEFH) and can no longer
oxidize elemental sulfur (Table 1). GSB that can grow by oxidation of
Fe** or H, as the sole electron donor also do not need DSR (Heising
etal.,1999). Chp. thalassiumis another GSB that thrives without DSR,
although the ecophysiology of this organism is not yet described in
detail (Gibson et al., 1984). It would be very interesting to know (i) if
there are phototrophic relatives of GSB without DSR that are meta-
bolically important community members; (ii) under which environ-
mental conditions such GSB thrive; and (iii) the detailed metabolism
and ecophysiology of such GSB. Cultivation-independent approaches
(including metagenomics) and novel approaches to isolation of pure
cultures may provide information on these issues.

CONCLUSION

The phylogenetic analyses presented here and elsewhere (Sander etal.,
2006; Meyer and Kuever, 2007; Meyer et al., 2007; Frigaard and Bryant,
2008; Frigaard and Dahl, 2009; Loy et al.,2009) strongly suggest that the
currently known and characterized GSB have obtained many of their
oxidative sulfur metabolism genes by horizontal gene transfer from a
variety of chemotrophic bacteria that either oxidize sulfur compounds
or reduce sulfur compounds. In addition, certain steps in the oxida-
tive sulfur metabolism in some GSB appear to have been replaced
with pathways that we hypothesize improve conservation of chemi-
cal energy by introducing substrate-level phosphorylation reactions
and increased transmembrane proton transfer (e.g., DSR replacing
SoxCD in thiosulfate oxidation and APR putatively replacing PSRLC3
in sulfite oxidation). Although progress has been made in understand-
ing the enzymes and pathways involved in oxidative sulfur metabolism
in GSB, many essential aspects are still not understood. This includes
the mechanisms for formation and consumption of sulfur globules,
sulfite oxidation, and SQR-independent sulfide consumption. The
rapidly increasing amount of genome sequence information for both
GSBand PSB will surely improve our understanding of these processes.
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