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Evidence for Niche Partitioning Revealed by the Distribution of Sulfur
Oxidation Genes Collected from Areas of a Terrestrial Sulfidic Spring
with Differing Geochemical Conditions

Brendan Headd,>? Annette Summers Engel®

Department of Earth and Planetary Sciences, University of Tennessee, Knoxville, Tennessee, USA%; Department of Geology and Geophysics, Louisiana State University,
Baton Rouge, Louisiana, USA®

The diversity and phylogenetic significance of bacterial genes in the environment has been well studied, but comparatively little
attention has been devoted to understanding the functional significance of different variations of the same metabolic gene that
occur in the same environment. We analyzed the geographic distribution of 16S rRNA pyrosequences and soxB genes along a
geochemical gradient in a terrestrial sulfidic spring to identify how different taxonomic variations of the soxB gene were natu-
rally distributed within the spring outflow channel and to identify possible evidence for altered SoxB enzyme function in nature.
Distinct compositional differences between bacteria that utilize their SoxB enzyme in the Paracoccus sulfide oxidation pathway
(e.g., Bradyrhizobium, Paracoccus, and Rhodovulum) and bacteria that utilize their SoxB enzyme in the branched pathway (e.g.,
Chlorobium, Thiothrix, Thiobacillus, Halothiobacillus, and Thiomonas) were identified. Different variations of the soxB genes
were present at different locations within the spring outflow channel in a manner that significantly corresponded to geochemical
conditions. The distribution of the different soxB gene sequence variations suggests that the enzymes encoded by these genes are
functionally different and could be optimized to specific geochemical conditions that define niche space for bacteria capable of

oxidizing reduced sulfur compounds.

Nearly all transformations within the sulfur cycle are con-
trolled by biosphere processes. In environments with oxic-
anoxic interfaces, sulfide is a ubiquitous electron donor that is
generated primarily by sulfate-reducing microorganisms. The re-
moval of sulfide through microbial oxidation is an important geo-
chemical and ecosystem process (1-6); however, resolving the
spatial, functional, and temporal relationships among bacteria
that control the oxidative reactions of the sulfur cycle has been
hampered by an overreliance on the 16S rRNA gene to serve as a
proxy for microbial metabolism. Combining functional gene
analysis with 16S rRNA phylogenies (7-13) can improve the res-
olution of potential microbially mediated geochemical reactions
occurring in the environment. There are several enzymatic sys-
tems that have been associated with the oxidation of reduced sul-
fur compounds (14-16), with the sulfur oxidation (Sox) system
being widespread among photosynthetic and nonphotosynthetic
bacteria (14, 15, 17).

The Sox system is comprised of four enzyme complexes
(SoxXA, SoxYZ, SoxB, and SoxCD) that are responsible for the
oxidation of hydrogen sulfide, thiosulfate, elemental sulfur, and
sulfite to sulfur intermediates or sulfate (14) in at least two path-
ways. The Paracoccus sulfur oxidation (PSO) pathway catalyzes
the oxidation of thiosulfate to sulfate without the formation of
sulfur intermediates using the SoxCD enzyme complex (18-21).
The branched pathway, which lacks the SoxCD complex, catalyzes
the oxidation of reduced sulfur compounds to intermediate sulfur
compounds that are deposited as intra- or extracellular sulfur
globules, most commonly as polysulfides (14-16, 22, 23).

The presence/absence of the soxB gene has been used as a
marker for the Sox system in environmental bacteria and for phy-
logenetic studies of sulfur-oxidizing bacteria (10-12, 15, 24-26).
Biochemical modeling and analysis of Sox enzymes has focused on
a few laboratory bacterial strains (19, 27-30), and a mechanism by
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which the enzymes of the Sox system oxidize reduced sulfur sub-
strates has been proposed based on spectrometry (31), modeling
(32), and crystallization (29) of the Paracoccus pantotrophus SoxB
and SoxYZ enzymes and crystallization of the SoxB enzyme from
Thermus thermophilus (30). The mechanism is based on the sub-
strate being thiosulfate, which binds to the SoxYZ enzyme (with
the aid of the SoxXA enzyme) and remains bound to the SoxYZ
enzyme when the sulfone sulfur is hydrolytically cleaved by the
SoxB enzyme (30). Whether or not other reduced sulfur com-
pounds can be oxidized in this way is unclear from the literature.
However, reconstituted Sox systems of P. pantotrophus have been
shown to oxidize different reduced sulfur substrates with different
affinities (particularly hydrogen sulfide and sulfite) (19-12).
Moreover, Ogawa et al. report that the Sox component of Chloro-
bium tepidum, which does not possess a SoxCD complex, could
oxidize sulfide and sulfite (33). Mutant strains of C. tepidum de-
void of a soxB gene showed partial growth on media containing
only sulfide relative to the wild type (34), suggesting that the soxB
gene is important for function of the Sox enzyme complex in
oxidizing reduced sulfur compounds other than thiosulfate.
There is a wide range of amino acid diversity among Sox genes
from both cultured and environmental samples. For instance, Pe-
tri et al. (24) compared partial-length amino acid sequences of 14
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FIG 1 (A) Geochemical and microbiological characterization of Rattlesnake Spring, Oklahoma. White arrows designate geochemical and biological sampling
locations. (B) Sulfide (black) and dissolved-oxygen (blue) concentrations along the sampling transect. (C) Taxonomic classifications of the 16S rRNA pyrose-

quences collected from the sampling locations in Rattlesnake Spring.

bacterial soxB genes and found the sequences were 41 to 98%
similar to one another. This variability among soxB genes calls into
question whether different Sox gene variations encode function-
ally equivalent Sox enzymes or if the sequence diversity yields Sox
enzymes with different substrate preferences and reaction rates
and/or that are optimized to different geochemical conditions.
Further support for this comes from experiments done with the
SoxB enzyme of Allochromatium vinosum (A. vinosum does not
possess the SoxCD complex) that would not function with SoxXA,
SoxYZ, and SoxCD enzyme complexes of P. pantotrophus, despite
the SoxXA and SoxYZ enzyme complexes of A. vinosum function-
ing with the SoxB enzyme of P. pantotrophus (35). This work sug-
gests that there is something different about the SoxB enzyme for
bacteria that utilize the branched pathway versus those utilizing
the PSO pathway. However, the extent to which the Sox system
hasbeen investigated to determine how these differences are man-
ifested in environmental settings is incomplete.

As such, it is possible that in environmental systems where
several sulfur-oxidizing bacterial taxonomic groups occupy the
same habitat (10, 12, 15, 24-26), Sox gene differentiation could
support niche partitioning hypotheses (36). Specifically, we hy-
pothesize that niche space for sulfur-oxidizing bacteria is readily
defined by genetic variations in functional genes that alter enzy-
matic function at specific geochemical conditions. Therefore, the
purpose of this study was to examine soxB gene diversity along a
sulfidic spring geochemical gradient comprised of phylogeneti-
cally different, putative sulfur-oxidizing bacteria to identify how
variations of soxB genes were naturally distributed. We also set out
to identify possible evidence for altered SoxB enzyme function in
nature. Although focused on one sulfur oxidation pathway, the
results from this study expand our current knowledge of soxB gene
diversity in natural settings and demonstrate that soxB gene se-
quences vary with geochemical conditions.
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MATERIALS AND METHODS

Site description, geochemical characterization, and sample collection.
The main study spring, Rattlesnake Spring, emanates from fractured
Ordovician limestone bedrock just north of the Bromide fault near Bro-
mide, Oklahoma, where there is a complex of six private, sulfidic springs
(34°25'4"N, 96°29'40"W). The source of the springs is not known, but
other sulfidic springs in the Arbuckle Mountains have been traced to a
mixture of meteoritic water and brine within the underlying Arbuckle-
Simpson aquifer (37-39). All of the springs in the study area have outflow
channels at least 5 m long, well-defined geochemical gradients within the
outflow channels, and microbial mats. Approximately 2 ml of wet biolog-
ical material was collected aseptically at each sampling location (described
below) and placed on ice for transport.

The flow rate at the orifice was 15 cm/s, and the water depth was ~5
cm. Water depth was greatest in the upper reach of the outflow channel for
the first ~5.5 m, where microbial mats filled the water column and coated
rock surfaces, sediment, and vegetation (e.g., leaves and branches that fell
into the channel) (Fig. 1A). At 1.6 m, a thick white microbial mat prolif-
erated at a carbonate ledge. At ~5.5 m from the orifice, the white micro-
bial mat began to dissipate as the outflow channel increased in width,
from ~3.7 m to as much as 7.5 m. This widening caused the water depth
to decrease to <1 cm and flow rate to become unperceivably slow. At 9.5
m, there was no visual evidence of white microbial mats; instead, patchy,
thin, brown-to-olive-green biofilms were associated with muddy sedi-
ment alongside algal mats and vegetation until the last practical sampling
point 14 m downstream (Fig. 1A). It is important to note that our main
efforts focused on sampling mats horizontally along the flowpath, and we
did not attempt to account for any vertical stratification within the mats,
biofilms, and sediments.

The spring was sampled in July and October 2010, and water and
microbial mat samples were collected at the five transition points along
the outflow channel. pH, temperature, and specific conductance were
measured in the field using standard electrode methods (40). Total dis-
solved sulfide and dissolved oxygen were measured in the field using the
methylene blue and rhodazine D colorimetric methods, respectively, us-
ing CHEMetrics chemistries (Calverton, VA) (40). Water was filtered
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through 0.22-pm polyvinylidene fluoride filters into separate bottles for
anions and acid-preserved metals for major ion determination. In the
laboratory, ion concentrations were determined using a dual-column
Dionex ICS-3000 reagent-free ion chromatograph. Standard checks were
accurate within *2 standard deviations, except for fluoride, sodium, and
calcium (*3 standard deviations). Alkalinity as total titratable bases, and
representing bicarbonate (HCO;™) concentration based on the pH
and concentration of titratable bases in the fluids, was determined in the
field from water passed through 0.2-pm-pore-size filters by endpoint
titration using 0.1 N sulfuric acid to pH 4.3 (40).

DNA extraction from the microbiological materials was done in
duplicate for each sample, utilizing the PowerSoil DNA isolation kit
(MO BIO Laboratories, Carlsbad, CA) according to the manufac-
turer’s instructions. Extractions were stored in Tris-EDTA (TE) buffer
at —20°C until use.

454 pyrosequencing and analysis of 16S rRNA genes. DNA extrac-
tions were purified and 16S rRNA genes sequenced by Research and Test-
ing Laboratories (RTL) (Lubbock, TX) using massively parallel bacterial
tag-encoded FLX amplicon pyrosequences (P TEFAP), as described previ-
ously (41, 42), with the forward primer 28F (5'-TTTGATCNTGGCTCA
G-3') and reverse primer 519r (5'-GTNTTACNGCGGCKGCTG-3').
Following sequencing, all failed sequence reads, low-quality score se-
quences (<20), and nonbacterial ribosomal sequences were removed. Py-
rosequences from July and October were combined into a single data set
to provide an assessment of the alpha diversity for each sampling location.
Barcodes and adaptors were trimmed, and the resulting sequences were
aligned in the Ribosomal Database Project (RDP) pipeline (http://pyro
.cme.msu.edu) (43). Pyrosequences from each sample were checked for
chimeras using Bellerophan (44) and UCHIME (45), and potential chi-
meric sequences were removed from the data set. Taxonomy was assigned
using the RDP classifier (46). Sequences with <80% similarity were clas-
sified as unidentified bacteria, and proteobacterial sequences with <85%
similarity were classified as unidentified Proteobacteria. Only sequences
with at least 94% similarity were identified to the genus level. The RDP
classifier does not classify sequences to the species level. 16S rRNA pyro-
sequences were clustered using the RDP complete linkage clustering pro-
gram (43) at a 96% cutoff to define operational taxonomic units (OTUs)
and to calculate rarefaction curves (see Fig. S1 in the supplemental mate-
rial). Shannon diversity scores (H') were calculated using the RDP Shan-
non index and Chaol estimator, including evenness (E).

soxB gene amplifications, cloning, and sequencing. soxB genes were
PCR amplified from DNA extractions for each sample using the soxB693F
(5'-ATCGGNCARGCNTTYCCNTA-3") and soxB1446B (5'-CATGTCN
CCNCCRTGYTG-3") primers (24). After optimization of reagent con-
centrations, annealing temperature, and product fragment length, ampli-
fications were done with 50 ng of DNA and 5 U/pl Taqg DNA polymerase
(5'; ThermoFisher Scientific) and executed using an MJ Research Dyad
Disciple thermal cycler for 25 cycles under the following conditions after
a hot start for 5 min at 94°C: denaturation for 30 s at 94°C, annealing for
30 s at 55°C, and elongation for 1 min at 72°C, followed by a final exten-
sion at 72°C for 10 min. Target-size (~750 bp) products were excised
from 1.5% Tris-acetate-EDTA (TAE) low-melt agarose electrophoresis
gels and purified with a Promega Wizard miniprep DNA purification kit
(Madison, WI) according to the manufacturer’s instructions. Sequences
were cloned using the Invitrogen TOPO Top 10F cloning kit according to
the manufacturer’s instructions (Carlsbad, CA). Clones with plasmids
containing correct-sized inserts were lysed in TE buffer at 96°C for 10 min,
and insert screening was done by Tris-borate-EDTA (TBE) agarose gel
electrophoresis. Fragments of the correct size were sequenced with the
manufacturer primers M13(—20) (5'-GTAAAACGACGGCCAGT-3")
and M13(—24) (5'-AACAGCTATGACCATG-3") by the High-Through-
put Genomics Unit at the University of Washington in Seattle, WA.

soxB sequence phylogeny and analysis. Sequences of anomalously
short length and poor quality (i.e., containing N's) were removed from
the data set prior to subjecting sequences to BLAST searches in GenBank
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(http://www.ncbi.nlm.nih.gov/) to identify and remove non-soxB genes.
Taxonomic affinities of soxB genes were determined using a BLAST search
that excluded uncultured/environmental microorganisms.

soxB DNA sequences were translated into amino acid sequences. Se-
quences were manually aligned to both published soxB amino acid align-
ments (30) and to one another to account for differences not present in
previously published alignments. The program CD-HIT was utilized to
cluster the soxB DNA sequences and translated amino acid sequences into
OTUs using 90, 80, and 70% cutoffs (DNA sequences were not clustered
below 80%, because CD-HIT does not allow for DNA clustering below
75%) (47, 48). We chose an 80% cutoff for analysis to preserve soxB gene
taxonomic signatures within OTUs and to allow for greater variation
among the amino acid sequences comprising the resulting OTUs that
could result in functional differences in the SoxB enzymes.

The alignment of translated soxB genes representing OTUs and se-
quences from NCBI was verified in ClustalW (49) prior to being truncated
to the same length (270 residues) and used to reconstruct a phylogenetic
tree using maximum likelihood under the WAG +G (1.69) +1(0.01) +F
(0.081) amino acid substitution model (50) based on testing different
models in Mega5 (51).

Translated sequences that contained nonsense mutations when trans-
lated remained in the OTU data set but not the phylogenetic analyses,
because these sequences were considered to represent alternative soxB
gene sequences since amplification occurred, even if for nonfunctional
enzymes or possibly resulting from sequencing error(s). This occurred in
approximately 8% of the sequences. Without full-length gene sequences
to compare these sequences to, it was difficult to assess what the true
reading frame for the gene was or to assess the significance of nonsense
mutations. Most of the nonsense mutations were due to a single-base-pair
insertion or deletion that caused a frameshift mutation; this could have
resulted from sequencing error. Many of these sequences clustered as an
OTU containing only one sequence, which had little impact on the full
data set.

Statistical analysis. Abundance data from the pyrosequence and soxB
OTU diversity data were normalized for each sample to evaluate correla-
tions of soxB gene diversity and geochemistry. To correct skewness in the
environmental data, variables were log,,(x + 1) transformed (52). Using
PAST software (version 2.14) (53), relationships between major taxo-
nomic groups and environmental factors (e.g., pH, sulfide, etc.) were
analyzed by stepwise canonical correspondence analysis (CCA) to se-
quentially remove the least important variables and maximize correla-
tions between principal axes and linear combinations of environmental
variables (54). Permutation tests were carried out. For all analyses, a P
value of <0.05 was considered significant.

NCBI sequence submissions and nucleotide sequence accession
numbers. The raw pyrosequence reads are available at the NCBI Sequence
Read Archive under study number SRA057273. soxB gene sequences re-
sulting from this study were deposited in GenBank under accession num-
bers JX471149 to JX471559.

RESULTS
Geochemical zonation along the stream channel. Rattlesnake
Spring (Fig. 1A) was sampled on five different occasions begin-
ning in 2010, and ion concentrations did not vary significantly
over the time period (unpublished data). Decreasing dissolved
sulfide and increasing dissolved oxygen geochemical profiles were
measured along the outflow channel (Fig. 1B). pH continually in-
creased downstream, while alkalinity (as HCO; ) increased to its
maximum concentration at 1.6 m and then decreased downstream
(Table 1). Temperature increased downstream, likely due to solar
heating. In general, anion and cation concentrations were relatively
stable, except for ammonium, which increased downstream.
Community composition based on 16S rRNA data. Presence/
absence results at the levels of phyla and class (and genera, where
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TABLE 1 Representative geochemical composition of transect sample locations along an outflow stream from Rattlesnake Spring, Bromide,

Oklahoma*
Dissolved .. .
Alkalinit 1/1it

Sample Temp Dissolved O, sulfide Conductivity alinity (mmol/liter)

distance (m) pH (°C)  (mwmol/liter) (wmol/liter) (mS) HCO, Li Na NH,"” K Mg Ca Sr F Cl Br SO,
0 (orifice) 6.85 20.7 4.4 181.8 7.14 4.7 0.41 51.0 3.54 2.02 0.46 258 0.15 0.17 66.3 0.07 3.44
1.6 7.16 20.7 90.9 118.7 7.60 5.0 0.41 489 3.51 2.04 0.46 258 0.15 0.08 70.8 0.09 3.44
5.5 7.48 21.0 149.4 19.7 7.61 4.7 0.53 48.3 3.49 2.00 0.46 25.8 0.15 0.17 66.1 0.08 3.36
9.5 7.64 22.0 175.6 BD® 7.61 4.6 0.43 49.0 4.64 2.04 0.46 258 0.15 0.17 66.7 0.09 3.43
14 (end) 7.78 25.0 156.6 BD 6.08 4.4 0.43 48.1 4.34 2.00 0.46 258 0.15 0.17 654 0.08 3.35

“ Data are the average readings from the spring in July and October 2012.
b BD, below the limit of detection for the instrument.

classification was possible) were collated from the 60,279 pyrose-
quences that comprised 3,092 OTUs (Fig. 1C and Table 2; also see
Table S1 in the supplemental material). Although there were some
general differences between the July and October pyrosequence
data sets, as evidenced from the diversity indices (Table 2) and
rarefaction curves for each sample (see Fig. S1), the overall distri-
bution of major taxa at each sampling point along the transect and
OTUs formed from pyrosequences were similar from both data
sets. Therefore, pyrosequences from July and October were com-
bined for each sampling location and provided a semiquantitative
assessment of the alpha diversity for each region of the spring
outflow channel. Relative abundances of different microbial com-
munities shifted along the flowpath, and each location was dom-
inated by distinct groups. The orifice was dominated by Chlorobi,
Chloroflexi, Gammaproteobacteria, and Epsilonproteobacteria,
which are groups that have putative sulfur-based metabolisms. At
the genus level (e.g., greater than 94% similarity according to the
RDP classifier), 93% of Chlorobi pyrosequences could be identi-
fied as belonging to Chlorobium spp., 51% of the gammaproteo-
bacterial sequences could be identified as belonging to Desulfo-
capsa spp., 28% of gammaproteobacterial pyrosequences could be
identified as belonging to Thiothrix spp., and 39% could be iden-
tified as belonging to the genus Thiofaba. At =94% sequence sim-
ilarity, 91% of Chloroflexi pyrosequences were related to Chloro-
flexi spp. and 77% of Epsilonproteobacteria were related to
Sulfurovum spp. Among the Cyanobacteria, only 7% were identi-
fiable to the genus level, but at =94% sequence similarity, 79% of
Cyanobacteria sequences were related to the group I Cyanobacteria
(from 21 to 93% sequence similarity) (see Table S1). At 1.6 m,
86% of all pyrosequences were related to Thiothrix spp., which
formed 13 prominent OTUs (i.e., having more than 100 se-
quences) and 46 minor OTUs. At 5.5 m, 36% of all pyrosequences

were related to Thiothrix spp., and 27% formed a single OTU
related to an unidentified Gammaproteobacteria related (at only
18 to 64% similarity) to the genus Zymobacter. Although Alpha-
proteobacteria were generally unidentifiable to the genus level at
both 9.5 and 14 m, representation among Alphaproteobacteria and
Betaproteobacteria increased from 9.5 to 14 m, in addition to se-
quences identified as eukaryotic chloroplasts (Fig. 1C) primarily
from Bacillariophyta (41% of cyanobacterial sequences at 9.5 m
and 20% at 14 m) and Streptophyta (47% of cyanobacterial se-
quences at 9.5 m and 40% at 14 m). The dominant genus from the
Betaproteobacteria at 9.5 and 14 m was Thiobacillus.

soxB gene sequence clusters. There were 411 soxB sequences
in the final data set (Table 2; also see Fig. S1 in the supplemental
material) that ranged in length from 499 to 783 bp (mean, 723 bp)
and from 166 to 261 amino acid residues (mean, 241 residues).
The percent sequence similarity to the closest soxB relatives varied
among identified taxa. Most sequences had 70 to 85% sequence
similarity to their closest relatives according to a BLAST search,
but some soxB genes related to the genera Thiothrix, Chlorobium,
and Bradyrhizobium had higher sequence similarities of 88 to
96%. At 80% sequence identity, 32 OTUs (12 were singletons)
formed from soxB DNA sequences (Fig. 2A), but 58 soxB amino
acid OTUs were generated (35 OTUs were singletons) (Fig. 2B).
DNA-based (Fig. 2A) or amino acid (Fig. 2B) clustering generated
similar soxB gene distributions of taxonomic groups along the
outflow channel, with only minor differences in the numbers of
OTUs between the two data sets.

Diversity of soxB gene groups compared to 16S rRNA gene
diversity. There were distinct phylogenetic associations, some
supported by high bootstrap values, to known strains from the
genera Thiobacillus, Thiomonas, Chlorobium, Allochromatium,
Thiothrix, and Halothiobacillus that utilize the branched pathway

TABLE 2 Separate and combined 16S rRNA and soxB gene sequence data from July and October 2010, including diversity indices used in this study

for 16S rRNA genes

16S rRNA data No. of soxB sequences
July 2010 October 2010
Sample No. of No. of Chaol estimate No. of No. of Chaol estimate
distance (m) sequences OTUs (range) H' E  sequences OTUs (range) H' E Total H' July October Total
0 (orifice) 5,485 517 894 (783-1,052) 4.1 0.6 8,205 144 193 (168-245) 1.7 0.3 13,690 3.6 35 25 60
1.6 2,873 119 156 (136-196) 2.1 04 9997 167 220 (194-271) 24 0.5 12,870 2.6 44 83 127
5.5 3,920 197 293 (252-364) 23 04 7,886 512 782 (703-895) 3.6 0.6 11,806 3.6 52 71 123
9.5 6,065 358 612 (527-738) 29 0.5 6,640 814 1,273 (1,160-1,423) 5.1 0.8 12,705 4.6 22 14 36
14 (end) 3,962 777 1,383 (1,239-1,572) 52 0.8 5,246 407 649 (568-771) 41 07 9208 5.1 48 17 65
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FIG 2 soxB gene clustering of DNA-based gene sequences (A) and translated amino acid sequences (B) using an 80% cutoft.

(14), and to Rhodovulum, Paracoccus, and Bradyrhizobium that
utilize the PSO pathway (14) (Fig. 3). OTUs were affiliated with
specific genera associated with a particular Sox pathway and were
found at definite locations along the outflow channel, almost to
the exclusion of being retrieved from anywhere else along the out-
flow channel. For example, this is evident for Chlorobium from the
orifice or the Rhodovulum-like soxB genes from 14 m (Fig. 2B). All
of the retrieved soxB genes from 1.6 m, the location of thick white
mats, were affiliated with Thiothrix. Most soxB genes at 5.5 m were
related to Gammaproteobacteria, specifically Thiothrix (16S rRNA
genes as well) and Halothiobacillus, while soxB genes related to
Thiobacillus-like groups were restricted to the downstream por-
tion of the outflow channel (Fig. 2A and B). The largest OTU,
comprised of Thiobacillus-like soxB gene sequences, were 84 to
87% similar to previously described Thiobacillus soxB genes (re-
ferred to as Thiobacillus group 1), but there were several other
OTUs affiliated with Thiobacillus with less sequence similarity (re-
ferred to as Thiobacillus group 2) (Fig. 2B).

Some soxB gene sequences related to the alphaproteobacterial
genera Paracoccus, Bradyrhizobium, and Rhodovulum were re-
trieved throughout the channel, but most sequences were identi-
fied from downstream samples where sulfide was undetectable.
16S rRNA gene pyrosequences affiliated with Alphaproteobacteria
were largely unidentifiable to the genus level, so no 16S rRNA gene
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pyrosequences could be linked to the genera Rhodovulum, Para-
coccus, or Bradyrhizobium that would confirm taxonomic identi-
ties of the soxB genes. Phylogenetically, the soxB genes from these
genera were also weakly related to previously characterized iso-
lates or environmental clones (Fig. 3), which suggested that these
OTUs could be related to different, potentially novel, groups. To
highlight this taxonomic question, we refer to these OTUs as Rho-
dovulum-, Paracoccus-, and Bradyrhizobium-like.

There was some discrepancy between the distributions of 16S
rRNA and soxB genes for the genera Halothiobacillus, Thiofaba,
and Thiobacillus. Both Halothiobacillus and Thiofaba belong to the
family Halothiobacillaceae. Phylogenetically, representative soxB
genes formed a clade with moderately low bootstrap values with
Halothiobacillus (Fig. 3), but this is because there were no Thiofaba
soxB genes within the NCBI database for comparison, and we
regard this taxonomic assignment as putative. Therefore, phylo-
genetically, we clustered these sequences as Halothiobacillaceae
(Fig. 3).

Additionally, because of poor similarity to previously charac-
terized soxB genes, one soxB DNA OTU was comprised of genes
that were affiliated with Halothiobacillus and Thiobacillus, but all
translated amino acid sequences in the OTU were closely related
to Halothiobacillus. All of the genes in this OTU possessed a 30-bp
insertion in the linking loop region that no other soxB sequences
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FIG 3 Phylogenetic tree of translated soxB sequences from clones that represent distinct OTU groups obtained from Rattlesnake Spring. Taxonomic identifi-
cation for each of the OTU groups is color coded for comparison to Fig. 2 and 4. Accession numbers for clones from this study, environmental clones previously
identified from other investigations, and cultured isolates are shown in brackets. Topology was inferred using maximum likelihood under the WAG+G+I1+F
method for amino acid substitution (G = 1.69,1 = 0.01, and F = 0.081). Bootstrap values of major branch points are shown.

retrieved in our study possessed, except for other Halothiobacillus
soxB genes. The Thiobacillus soxB genes obtained from the NCBI
database do not possess this additional 30-bp insertion in the link-
ing loop; only Halothiobacillus soxB genes do. All of the sequences
contained an additional 30-bp insertion and Thiobacillus 16S
rRNA sequences were generally confined to the downstream
stream reach, but sequences associated with this OTU were found
primarily upstream. Because of this, these soxB genes most likely
are related to Halothiobacillus.

Distribution of 16S rRNA and soxB gene OTUs in relation to
habitat geochemistry. The relationships between geochemistry,
particularly related to substrate (e.g., sulfide and oxygen) concen-
trations, and the distribution of microbial groups along the out-
flow channel were verified by CCA using 16S rRNA and soxB gene
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sequence diversity (Fig. 4A and B, respectively). Almost 100% of
the variance could be described by two axes of the final CCA,
although only a best global P value of 0.06 following 10,000 Monte
Carlo permutations could be obtained for any stepwise iteration
of the geochemistry and 16S rRNA gene sequence data sets, which
would be considered insignificant. CCA axis 1 (58.0% of the vari-
ance) was positively correlated with sulfate and negatively cor-
related with alkalinity, whereas CCA axis 2 (38.1% of the vari-
ance) was positively correlated with dissolved oxygen and pH
and negatively correlated with sulfide concentrations (Fig. 4A).
The CCA triplot verified the notable associations among 16S
rRNA genes designated to taxonomic groups and presence/
absence results along the outflow channel related to environ-
mental conditions (Fig. 4A). Specifically, Chloroflexi, Chlorobi,
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FIG 4 (A) Triplot generated from canonical correspondence analysis of 16S rRNA genes from Rattlesnake Spring showing the relationships among five
physicochemical variables, noted as labeled vectors, sampling location along the spring-stream transect, and ordination of 16S rRNA gene sequences (10,000
Monte Carlo permutations; global P value of 0.06). (B) Triplot generated from canonical correspondence analysis of soxB genes from Rattlesnake Spring showing
the relationships among five physicochemical variables, noted as labeled vectors, sampling location along the spring-stream transect, and ordination of soxB gene

sequence OTUs (10,000 Monte Carlo permutations; global P value of 0.03).

Cyanobacteria, Deltaproteobacteria, and Epsilonproteobacteria,
found predominately near the orifice, were positively corre-
lated with sulfide and sulfate concentrations. Gammaproteo-
bacteria positively correlated with alkalinity, as well as to the
1.6- and 5.5-m sample locations, but the ordination of se-
quence groups affiliated with the Alphaproteobacteria, Betapro-
teobacteria, and Eukaryota from downstream sampling loca-
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tions (9.5 and 14 m) positively correlated with dissolved
oxygen and pH but negatively with sulfide concentrations
(Fig. 4A).

In contrast, nearly all of the relationships among soxB OTU
distribution to geochemistry along the stream transect could be
significantly explained with two axes (global P value of 0.03 fol-
lowing 10,000 Monte Carlo permutations) (Fig. 4B). CCA axis 1
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(57.1% of the variance) strongly and positively correlated with
sulfide concentration and alkalinity and strongly but negatively
correlated with pH. CCA axis 2 (42.0% of the variance) positively
correlated with dissolved oxygen concentration and negatively
with sodium concentration, which served as a proxy for conduc-
tivity (although adding the conductivity parameter decreased the
significance of the CCA when included; data not shown). The
ordination of soxB OTUs designated to taxonomy strongly corre-
lated with location along the outflow channel, as well as with en-
vironmental variables. For instance, the orifice was correlated
with the ordination of Chlorobium, Thiomonas, and the Halothio-
bacillus OTUs and one Bradyrhizobium-like OTU, which also all
correlated with sulfide and sodium concentration vector direc-
tions. This Bradyrhizobium-like OTU may be only distantly re-
lated to the other Bradyrhizobium-like soxB genes in the spring,
because not only was it phylogenetically distinct from the other
Bradyrhizobium-like soxB OTUs (Fig. 3), it also did not correlate
with the location or environmental parameters of other Bradyrhi-
zobium-like OTUs from the outflow channel on the CCA (Fig. 4).
The other Bradyrhizobium-like OTUs were tightly ordinated with
other OTUs for PSO pathway taxa (e.g., Rhodovulum-like and
Paracoccus-like), as well as with the 14-m sampling location,
where these groups were more abundant and negatively correlated
with the vector direction for sulfide. Thiothrix and Thiobacillus
s0xB OTUs each formed their own clusters on the CCA, with Thio-
thrix correlated with the ordination of the 1.6- and 5.5-m loca-
tions where the microbial mats were thickest and dominated by
Thiothrix pyrosequences. Similarly, the Thiobacillus OTUs were
correlated with the 9.5-m location ordination on the CCA, which
was where Thiobacillus pyrosequences were abundant. Both of
these soxB OTU groups were strongly correlated with sulfide and
dissolved oxygen concentrations, although Thiothrix OTUs were
more strongly and positively correlated with sulfide than Thioba-
cillus OTUs.

soxB gene sequence variations. The translated portion of the
soxB gene sequenced contained three of the five active-site His
residues (His*"*, His**’, and His**°) as well as Val*'®, Arg*'®, and
Trp*". The His residues, Arg*'®, and Trp*'” were almost entirely
conserved in all of the translated soxB genes sequenced, with the
primary exception being that there were some altered active-site
locations caused by frameshift mutations. As shown in Fig. 5,
there were compositional differences specific to soxB amino acid
sequences associated with the two Sox pathways. In many se-
quences, a Phe residue replaced the Val*'® position. There were
also distinct compositional similarities and differences in amino
acid variability across OTUs (i.e., Thiothrix versus Chlorobium
soxB genes), such that all of the soxB genes whose closest relatives
were known to utilize the branched pathway had similar residues
that were distinct from those of groups that utilize the PSO path-
way (Fig. 5). For example, Fig. 5A shows a residue having a neutral
nonpolar amino acid with hydrocarbon or sulthydral functional
groups for the branched pathway taxa compared to a nonpolar
amino acid with an aromatic functional group for PSO pathway
taxa. Similarly, a neutral amino acid possessing a nonpolar side
chain was evident for branched pathway taxa, but different neutral
amino acids possessed a polar side chain for PSO pathway taxa
(Fig. 5B). Downstream of two of the active-site His residues (297
and 299) (Fig. 5C), all soxB genes associated with the branched
pathway possessed four to five more amino acids than those of the
PSO pathway (between residues 308 and 309 in T. thermophilus).
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The soxB gene-linking helix generally varied from OTU to OTU as
well, particularly for Halothiobacillus (Fig. 5). Halothiobacillus-
like soxB genes possessed 10 additional amino acids not found in
other soxB genes retrieved from the spring.

DISCUSSION

Microbially mediated geochemical reactions in the sulfur cycle are
responsible for the oxidation and reduction of sulfur compounds,
production of stored sulfur compounds and volatile phases, and
mineralization of organosulfur compounds. Among the microbial
groups capable of oxidizing reduced sulfur compounds, multiple ox-
idation pathways can co-occur in many habitats (for examples, see
references 14, 17, 22, and 25). However, investigations of the spatial
and functional diversity of a single metabolic gene utilized in different
pathways have not been done. Such investigations could uncover
controls between functional diversity and niche partitioning among
sulfur-oxidizing bacteria within a habitat. This study focused on
identifying possible evidence for altered SoxB enzyme function from
different groups of putative sulfur-oxidizing bacteria in a single hab-
itat with variable substrate concentrations.

16S rRNA pyrosequencing captured the major groups of sul-
fur-oxidizing bacteria, occupying the microbial mats and sedi-
ments at Rattlesnake Spring, though the taxonomic resolution was
poor below the phylum and class levels. Of the known sulfur-
oxidizing groups at the orifice, predominately Chlorobi, Chloro-
flexi, Epsilonproteobacteria, and Gammaproteobacteria, only the
16S rRNA genes of the anoxygenic phototrophs were identifiable
to the genus level (i.e., Chlorobium and Chloroflexus). The genera
of all other potential sulfur oxidizers at the orifice could not be
identified or were very few in number in the whole data set (<50
sequences). The presence of Cyanobacteria at the sulfidic condi-
tions at the orifice was somewhat unexpected but is not without
precedence. Cyanobacteria have been shown to switch from oxy-
genic photosynthesis to anoxygenic photosynthesis in the pres-
ence of H,S (55-57). As has been reported by others (15), the
primers used for soxB amplification did not amplify soxB genes of
Epsilonproteobacteria or Chloroflexi. To our knowledge, Chloro-
flexi members do not possess Sox genes. Because the soxB diversity
among Epsilonproteobacteria remains unknown and this group
made up a large portion of the diversity in the microbial mats at
the orifice (see Table S1 in the supplemental material), the missing
data highlight that there is even more niche partitioning possible
than our results currently reveal. At 1.6 and 5.5 m, the dominant
putative sulfide-oxidizing group was Thiothrix spp., which is
known to possess Sox genes (15). At 9.5 and 14 m, Thiobacillus
spp. were the most dominant (i.e., identifiable) putative sulfide
oxidizers. Thiobacilli are aerobic and anaerobic sulfide-oxidizing
bacteria known to possess Sox genes (58). At 14 m, the gamma-
proteobacterial pyrosequences were dominated by the genus
Aeromonas, whose members generally are not associated with sul-
fide oxidation and are ubiquitous in aquatic environments (59).
Because there were no intact microbial mats growing within the
water column between 9.5 and 14 m, these groups likely are asso-
ciated with the sediments.

The spatial distribution of 16S rRNA-based OTUs, particularly
those affiliated with microbial groups capable of oxidizing re-
duced sulfur compounds, generally correlated with the spatial dis-
tribution of soxB-based OTUs from Rattlesnake Spring. More-
over, the spatial distribution of soxB OTUs significantly correlated
with geochemical gradients along the outflow channel (Fig. 4),
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FIG 5 Representative soxB amino acid sequences from the major OTUs in Rattlesnake Spring: Thiothrix OTU 0 (Thx 0), Thiobacillus OTU 2 (Thb 2),
Chlorobium OTU 3 (Chl 3), Halothiobacillus OTU 5 (Hal 5), Thiomonas OTU 12 (Thm 12), Halochromatium OTU 13 (Hch 13), Paracoccus OTU 8 (Par 8),
Bradyrhizobium OTU 4 (Bra4), Rhodovulum OTU 1 (Rho 1), and T. thermophilus HB27 (Thm). The black circles denote amino acids in the active site of the soxB

enzyme. The solid black boxes outline key residues between the PSO pathway
dotted black lines are utilized in the branched pathway, while the soxB enzyme:

and branched pathway. The soxB enzymes of the amino acid sequences above the
s of the sequences below the dotted black line are utilized in the PSO pathway. (A)

A conserved methionine in the branched pathway and a phenylalanine in the PSO pathway. (B) A conserved glycine in the branched pathway and either a
threonine or serine in the PSO pathway. (C) The branched pathway sequences all possess four to five more amino acids than the PSO pathway soxB genes in this
region of the gene. (D) A polar (threonine), polar (asparagine), nonpolar (alanine) motif in the branched pathway and a variable nonpolar (leucine or isoleucine),
nonpolar (alanine), polar (serine or threonine) motif in the PSO pathway. (E) A conserved nonpolar glycine residue and a perfectly conserved nonpolar valine
residue in branched pathway soxB genes and a conserved, polar serine residue and a perfectly conserved, positively charged arginine residue in the PSO pathway.
(F) A conserved leucine in the branched pathway and an isoleucine in the PSO pathway. (G) Conserved leucine and alanine residues, followed by two variable
residues in the branched pathway and of isoleucine and glycine, followed by a lysine/threonine in the PSO pathway; however, these residues were not conserved
in all of the Bradyrhizobium-like soxB genes. (H) A conserved glutamine residue in the branched pathway and an aspartic acid residue in the PSO pathway. (I) A
glutamic acid, arginine, and aspartic acid motif in the PSO pathway that is not conserved in the branched pathway.

and the closest relatives of the soxB genes, even with low sequence
similarities to known microbial groups, offer clues as to how the
Sox enzymes are utilized metabolically. As such, soxB genes (and
thereby the SoxB enzymes) may be optimized to the geochemical
conditions in which the bacterium resides. soxB genes associated
with the branched pathway were retrieved throughout the outflow
channel, whereas genes for the PSO pathway were more common
downstream. There was a distinct divide among branched path-
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way soxB genes upstream and downstream of 5.5 m (i.e., high H,S
correlated with Chlorobium, Thiothrix, Thiomonas, and Halothio-
bacillus versus low H,S correlated with Thiobacillus and Halochro-
matium). Only the Thiothrix soxB genes cross this divide (and an
OTU comprised of two sequences that are distantly related to
Halothiobacillus), but the numbers are low and likely due to pieces
of Thiothrix-dominated white mats being dislodged and carried
downstream.
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Comparison of soxB genes from Rattlesnake Spring to the soxB
gene of T. thermophilus, which has a crystalized SoxB enzyme,
indicated where differences in the amino acid sequences were oc-
curring within the SoxB enzyme. The translated soxB amino acid
compositional differences for all Rattlesnake Spring OTUs (e.g.,
Thiothrix OTU 0 versus Thiothrix OTU 7, Thiothrix OTU 0 versus
Chlorobium OTU 3, etc.) were too numerous to list, but notable
amino acid compositional differences were predominately related
to whether the taxa utilize the branched versus PSO Sox pathway.
Because T. thermophilus possesses a soxC and soxD gene, it would
be expected that this organism uses the PSO pathway. However,
the T. thermophilus soxB gene shares similarities with both the
branched pathway and PSO pathway (Fig. 5), and phylogeneti-
cally itis only distantly related to other PSO pathway bacteria (15).
Most notably, T. thermophilus does not possess the additional four
to five amino acids that the branched pathway genes have, but it
does share many compositional differences with other branched
pathway soxB genes (Fig. 5). When mapped onto the SoxB enzyme
structure of T. thermophilus, most of the amino acid sequence
differences in the soxB genes from Rattlesnake Spring are found on
the outer portion of the enzyme, generally away from the active
site. Although changes in the outer structure of the enzyme might
seem unlikely to induce a functional change in an enzyme, previ-
ous findings suggest that it is possible (60, 61) and that even a
single-amino-acid change can alter an enzyme’s capabilities (62—
64). For instance, the substitution of six amino acids (Ala, Asp,
Cys, Lys, Phe, and Ser) was found to lead to improved environ-
mental stability in the serine protease from Bacillus amyloliquefa-
ciens that allowed the proteases to resist inactivation under higher
temperatures and alkalinity (65).

The increased presence of the soxB genes associated with the
PSO pathway downstream indicate a preference for, and availabil-
ity of, thiosulfate in this region of the spring, because thiosulfate
has been shown as a substrate for this pathway (14, 17), and the
sulfide concentration in this region of the spring was undetectable
(Table 1). Many laboratory studies of bacterial genera that utilize
the PSO pathway have been noted to prefer thiosulfate in labora-
tory studies over other reduced sulfur compounds (66-68). How-
ever, organisms having the branched pathway can also oxidize
thiosulfate, and it is likely that the Thiobacillus soxB genes found
downstream alongside the PSO pathway soxB genes could be uti-
lizing thiosulfate as a substrate. Upstream, specifically from the
orifice to 5.5 m, thiosulfate is likely available, but the H,S concen-
tration is high enough that it is likely being utilized as a substrate.
All of the bacterial genera affiliated with the soxB genes of the
branched pathway in Rattlesnake Spring consist of strains that
have been reported to oxidize sulfide as well as thiosulfate (4, 34,
69-72). The mechanism whereby SoxB could oxidize a substrate
such as sulfide is unclear, because the current model relies on
thiosulfate as a substrate and requires a sulfone sulfur, but mech-
anisms have been proposed (30). Because reconstituted Sox sys-
tems can oxidize sulfide or other reduced sulfur compounds (19—
21), this suggests that the Sox system does so in natural systems as
well, regardless of the presence of other sulfide-oxidizing meta-
bolic systems (i.e., sulfide-quinone reductase). Actual protein ex-
pression experiments need to be done to verify these findings to
determine if the different soxB gene variations found in Rattle-
snake Spring do encode functionally different enzymes. We hy-
pothesize that many of the amino acid compositional differences
(particularly insertions/deletions) found in the soxB genes from
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Rattlesnake Spring could induce structural and thereby functional
changes in the SoxB enzymes. The functional differences may only
be minor, such that there is a slightly stronger preference for one
substrate over another or a difference in rate of reactions, but these
differences could be utilized to explain the distribution of bacterial
groups within Rattlesnake Spring (i.e., niche partitioning) as well
aslead to an improved understanding of the Sox system in natural
systems. The version of a soxB gene that a bacterium possesses
does not necessarily govern the distribution of that bacterium,
because numerous biological and geochemical parameters prob-
ably influence the biogeographic location and distribution of bac-
teria in the environment. However, this does not preclude the
soxB genes (and thereby the SoxB enzymes) from being optimized
to the geochemical conditions in which the bacterium resides.

Collectively, our results indicate that the SoxB enzymes are
optimized to a range of specific geochemical conditions, and the
spatial distribution of the different soxB gene variations along the
outflow channel at Rattlesnake Spring could be indicative of niche
partitioning among the bacteria that oxidize reduced sulfur com-
pounds. The degree to which SoxB enzymes may be functionally
different is the subject of our ongoing and future work, specifically
to isolate and express full-length soxB, soxA, soxX, soxY, and soxZ
genes to test the functionality of the different variations of Sox
genes within the spring outflow channel under various geochem-
ical conditions. The functionality of all of the Sox enzymes is par-
ticularly important to resolve, as the individual Sox enzymes are
heavily reliant on the other enzymes in the pathway (e.g., SoxYZ
requires the assistance of SoxXA, and SoxYZ serves to provide the
reduced sulfur substrate to SoxB and SoxCD when present). We
hypothesize that the distribution of the other Sox genes within
Rattlesnake Spring will be similar to the distribution of the soxB
genes, and that they will encode functionally different enzymes
that are optimized to different, and specific, geochemical condi-
tions. It seems improbable that the most efficient enzyme systems
have been characterized in laboratory-grown strains to date, and
that it is more likely that nature has a full spectrum of enzyme
systems for all biologically compatible geochemical conditions.
The identification and characterization of gene variations that en-
code functionally different enzymes could lead to bioremediation
and bioengineering advances.
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