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FIG 4 Recombinational hot spot in Rhodanobacter genomes that confers heavy metal resistance. The y axis shows the organism analyzed, and the x axis shows
the gene analyzed, with genes organized roughly in the direction of the leading strand of R. denitrificans. Cells colored red indicate genes that are present based
on annotation, yellow indicates truncated genes or unannotated conserved regions, and white indicates the absence of the gene.

also Fig. S7). R. denitrificans, Rhodanobacter sp. 115, and R. thio-
oxydans also contained an ars arsenic resistance operon (Fig. 5; see
also Fig. S7). Multiple instances of czc operon genes, copper resis-
tance genes (copAB and cueR), lead resistance genes (pbrA), and
uncharacterized heavy metal resistance genes were found
throughout the genomes, often in lineage-specific arrangements
(Fig. 4; see also Fig. S7). Of the strains isolated from wells FW104
and FW510, FW104_RS5 closely resembled R. denitrificans 2APBS1
and most of the other strains resembled Rhodanobacter sp. OR87
(Fig. 4). Only R. denitrificans 2APBS1, R. thiooxydans, and Rhod-
anobacter species 115 and FW104_R5 contained arsenate reduc-
tase genes while containing the conserved mercuric reductase
operon (Fig. 4).

DISCUSSION

The mechanism by which specific bacterial populations adapt to
intensive stress resulting from multiple environmental contami-
nants and extreme conditions remains an open question. Several
experimental analyses at the OF-IFRC sites suggest that nitrate
concentration, pHs, and heavy metal concentrations are the key
drivers of community structure and functions in contaminated
sites (30, 41), and many strains have been isolated from these sites
that show resistance to these particular environmental stresses
(28, 32, 37, 39, 52, 53). Comparative genomics analyses of the
Rhodanobacter genomes and the OR-IFRC groundwater metag-
enomes show that many of the genes identified as overabundant in
the contaminated-groundwater metagenome are present in most
of the Rhodanobacter strains. Some of these genes, such as the core
denitrification pathway genes, are vertically inherited, with no ev-
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idence of lateral gene transfer. Many metal resistance genes, in-
cluding czc and mercuric resistance genes, show evidence of
extensive lateral gene transfer and/or gene duplication in Rhod-
anobacter strains. An area of the Rhodanobacter pangenome
appears to be a recombinational hot spot that allows rapid acqui-
sition and accumulation of these genes in Rhodanobacter popula-
tions. Thus, the overabundance of putative resistance genes in the
contaminated-groundwater population can be attributed to a
combination of vertical inheritance, LGT, and GD in the domi-
nant Rhodanobacter population (Table 2).

However, it should be noted that the methods used for identi-
fying putative LGT events all use different strategies to detect re-
gions of the genome that deviate from the genomic background.
Of the 51 putative laterally transferred genes listed in Table S2 in
the supplemental material, 76.5% were identified as positive LGT
events by at least one of the programs used (Alien_Hunter, Dark-
Horse, and GOHTAM) and 39.2% were identified as positive LGT
events by at least two methods. Many of these genes are located in
operons, and thus, it can be assumed that if some of the genes
in the cluster were identified as laterally transferred, then all genes
in the cluster were likely laterally transferred as well. Additional
evidence supporting lateral transfer of these genes is their phylo-
genetic similarity to orthologs from organisms other than Rhod-
anobacter and the association of many of these genes in the Rhod-
anobacter genomes with mobile elements.

Based on the results of this work, a conceptual model was con-
structed to predict how Rhodanobacter populations adapted to
contamination and came to dominance in many of the OR-IFRC
contaminated-groundwater communities. Comparative genom-
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A) Pristine community

- High biodiversity

- Even distribution

- High natural abundance of
geochemical resistance genes
(e.g. czc)

Stressed community (exposure)
- Introduction of high chronic
concentrations of contaminants
(e.g. nitrate, heavy metals) and
reduction of pH
- Loss of species diversity
- Dominance by naturally
resistant populations
(Rhodanobacter, blue)

Stressed community (adapted)

- Aquisition of laterally transferred
resistance genes (e.g. czc)

- High diversity of metal resistance
genes in recombinational hotspot
of Rhodanobacter genomes (red dot)

- Duplication of some resistance
genes (e.g. mer)

FIG 5 A conceptual model of Rhodanobacter population dynamics in
contaminated-groundwater systems. Populations are distinguished by differ-
ent colors, with Rhodanobacter shown in blue. Fuzzy red dots indicate the
proposed recombinational hot spot in the Rhodanobacter pangenome. (A)
Background state with high biodiversity and low abundance of Rhodanobacter.
(B) Contaminated state with chronic exposure to uranium, nitrate, and low
pH in which the environment selects for Rhodanobacter. (C) Lateral transfer
and duplication of geochemical resistance genes (indicated by arrows) within
and between Rhodanobacter populations, which initiates subsequent rounds of
selection.

Lateral Gene Transfer in Groundwater Microbial Community

ics analyses of Rhodanobacter isolates suggest a selection-transfer-
selection dynamic by which populations of this particular genus
survive and thrive in these environments (Fig. 5 and Table 2). The
original community prior to contamination is highly diverse, con-
sisting of many different species with different abundances (rep-
resented by different colors in Fig. 5A). Following the introduc-
tion of contaminants, the community goes through an initial
round of selection in which only those species naturally resistant
to the contaminants survive (indicated by the increase in the num-
ber of Rhodanobacter populations, represented by blue in Fig. 5B).
In the case of Rhodanobacter, vertically inherited genes, such as
cytochrome cs55 genes, denitrification genes, and native metal re-
sistance genes like czc, may impart a selective benefit on these
populations (Fig. 5B). Simultaneous with or immediately follow-
ing contaminant introduction, the surviving populations take up
exogenous DNA from the environment that may allow rapid ad-
aptation to specific contaminant profiles (Fig. 5C). In the case of
Rhodanobacter populations, metal resistance genes, such as czc
and mercuric resistance operons, appear to be the primary targets
of lateral transfer and acquisition. Much of this activity appears to
occur in the identified recombinational hot spot of the Rhodano-
bacter pangenome. The process of lateral gene transfer is likely
ongoing, but once established by subsequent rounds of selection,
new populations of Rhodanobacter may emerge adapted to highly
specific niches within the contaminated-groundwater environ-
ment. This is consistent with some recent suggestions that ecolog-
ically determined gene transfer networks may exist in microbial
communities, allowing rapid sharing of niche-adaptive genes in
the flexible (or accessory) genome, and that these networks are
influenced by recombination rates within populations (12). The
exact nature of the vector for LGT is unknown, but circumstantial
evidence from the comparative genomics analyses and other work

TABLE 2 Lateral gene transfer and gene duplication events in Rhodanobacter species relevant to geochemical resistance in the FW106

contaminated-groundwater metagenome

Hypothesis Event®  Stressor Gene or product Representative CDS(s)?
1. No selection in response to presence of stressors, no VI None Housekeeping genes
LGT/GD
IIa. Selection in response to presence of stressors, no VI Heavy metals High-affinity Fe?*/Pb?* permease =~ R2APBS1_2568
LGT/GD VI Heavy metals Cytochrome cs55 R2APBS1_0257
IIb. Selection in response to lack of stressors, no GL Nitrate/nitrite Nitrate/nitrite transporter R2APBS1_2892
LGT/GD
IIIa. Selection in response to presence of stressors, LGT Heavy metals High-affinity Fe?*/Pb?* permease =~ R2APBS1_1742
LGT/GD predating contamination LGT Heavy metals (mercury) Mercuric resistance operon genes R2APBS1_1850-1856,¢
(original) R2APBS1_2076-2071,¢
R2APBS1_2095-2101¢
IIIb. Selection in response to presence of stressors, GD Heavy metals (mercury) Mercuric resistance operon genes R2APBS1_1850-1856,
LGT/GD following contamination (duplicates) R2APBS1_2076-2071,¢
R2APBS1_2095-2101¢
LGT Heavy metals (divalent ~ Co?*/Zn2*/Cd?* efflux genes R2APBS1_1735-1751
cations)
LGT Heavy metals (arsenic)  Arsenate reductase operon genes R2APBS1_1729-1733
LGT Nitrate/nitrite Clade 2b nitrate/nitrite transporters RhoFW510R12_08626
IV. Abundant genes that cannot currently be Unknown NiFe hydrogenase III (large and R2APBS1_2173-2174

characterized

small subunits)

a VI, vertical inheritance; LGT, lateral gene transfer; GD, gene duplication; GL, gene loss.
b The locus tags of representatives of the gene families in the reference genome R. denitrificans 2APBS1 are listed.

¢ It is unclear which is original and which are duplicates.
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suggests that viral and/or plasmid vectors are the primary means
of LGT. It remains to be seen if plasmids specific to Rhodanobacter
exist or if Rhodanobacter species are capable of conjugation. It
appears that Rhodanobacter may be a key node in such a network
in contaminated-groundwater environments.

A second interesting question regards whether the observed
LGT/GD events preceded contamination of the site or whether
these are recent changes specifically in response to contamination.
Some metal resistance genes, for instance, are conserved in most
of the strains, suggesting they were acquired prior to contamina-
tion. On the other hand, the OR-IFRC strains often show genomic
properties distinct from those of the reference strains isolated out-
side the OR-IFRC sites, particularly in terms of their complement
of metal resistance genes. While population structures are evident
in the OR-IFRC strains, it is still difficult to determine whether
these represent legacy (fixed in the population prior to contami-
nation) or opportunistic (fixed in the population following con-
tamination) events. While definitive evidence of lateral gene
transfer is difficult to identify by using sequence data alone, the
biogeography and population structures of Rhodanobacter within
and outside the OR-IFRC show compelling evidence of
contamination-driven lateral gene transfer and gene duplication.
In particular, the apparent duplication of mercuric resistance
operons in R. denitrificans species provides the best evidence to
date of a genome-scale evolutionary event specifically in response
to contamination.

Another interesting question is whether the proposed model of
Rhodanobacter may be extended to other bacterial populations at
the OR-IFRC sites. For instance, do other naturally resistant OR-
IFRC populations, such as Pseudomonas and Stenotrophomonas,
exhibit the same selection-LGT-selection dynamics as Rhodano-
bacter? If so, do these populations employ the same mechanisms
for accumulating these genes? Analysis of the OR-IFRC back-
ground groundwater metagenome from the OR-IFRC back-
ground site suggests a reservoir of mobile geochemical resistance
genes in groundwater communities (34). If multiple populations
in the contaminated-groundwater source zone are drawing from
the same pool of mobile genes, different OR-IFRC populations
might show similar LGT patterns. Alternatively, individual popu-
lation genome dynamics may affect the rate of gene transfer and
fixation in specific populations, which in turn might affect their
relative fitness in these environments. As more OR-IFRC genomes
become available, these hypotheses can be tested directly.

The results of this analysis help explain why Rhodanobacter
species are dominant in many OR-IFRC contaminated environ-
ments, but some questions remain. It is known, for instance, that
Rhodanobacter populations exist in uncontaminated background
communities, albeit in extremely low abundances. It is unknown
whether the introduction of contaminants allows opportunistic
Rhodanobacter populations to grow to dominance or whether
these environments are colonized by exogenous Rhodanobacter
populations. It is also not clear why Rhodanobacter populations
dominate certain contaminated environments and not others.
That is, do specific environments select specific populations, or
are the dominance patterns observed at the OR-IFRC the result of
stochastic effects (54—57)? Further study of this phenomenon may
help explain why other, seemingly equally adapted populations
are not able to outcompete Rhodanobacter at specific sites and vice
versa.

In conclusion, comparative genome analysis of Rhodanobacter
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isolates and metagenomes from contaminated-groundwater sites
clarifies the role and extent of LGT and GD in the accumulation of
geochemical resistance genes in the population. Metal resistance
genes in particular are highly susceptible to lateral transfer and
have accumulated in multiple Rhodanobacter species due to a pu-
tative recombinational hot spot in the Rhodanobacter pangenome.
This ability to rapidly acquire metal resistance genes via LGT likely
explains in part the ability of Rhodanobacter to dominate
uranium-contaminated sites.

MATERIALS AND METHODS

Comparison of Rhodanobacter 16S rRNA gene sequences to the OR-
IFRC 100-well-survey 16S rRNA gene data. One hundred wells from var-
ious areas selected in the OR-IFRC research area were recently sampled
for 16S rRNA gene sequence diversity (45). OR-IFRC sequences were
obtained using MiSeq as previously described (58). Aligned Rhodanobac-
ter 16S sequences were obtained from the Ribosomal Database (46). Rho-
danobacter and OF-IFRC samples were compared using BLASTn (47).
OR-IFRC sequences resulting in BLAST hits with >97% sequence iden-
tity were extracted and counted using ad hoc Perl scripts.

Abundance profiling of reference genomes and metagenomes.
Abundance profiles for the two metagenomes, available Rhodanobacter
genomes, and all available bacterial reference genomes based on COG
categories were downloaded from the IMG website (59-62). For other
Rhodanobacter genomes, the COG abundance information was extracted
directly from the associated GenBank files using ad hoc Perl scripts. Odds
ratios (OR) for each COG were calculated using the equation OR = (A/
B)/(C/D), based on the following contingency tables: A is the number of
genes in the genome/metagenome of interest assigned to COG category i,
B is the number of genes in the genome/metagenome assigned to all COG
categories, C is the number of genes from all sequenced bacterial genomes
assigned to COG category 7, and D is the number of genes from all se-
quenced bacterial genomes assigned to COG categories. Odds ratios and
significance tests were calculated using ad hoc Perl scripts. If C or D
equaled 0, the value was changed to 1 to allow for calculation. Each con-
tingency table was tested for significance using the x? test (df = 1; P =
0.05), and the right-tailed Fisher exact test (P = 0.05) was used to identify
COG categories overabundant in the selected genome/metagenome based
on all sequenced bacterial genomes. The In odds ratio values were plotted
as heat maps using R version 2.15.0 (63).

Rhodanobacter strain isolation, sequencing, assembly, and annota-
tion. Groundwater samples from wells FW104 and FW510 were collected
on 14 November 2012 and 26 November 2012, respectively. The samples
were shipped on ice overnight. Thirty-microliter aliquots of the ground-
water samples were streaked on Reasoner’s 2A (R2A) agar and tryptic soy
agar (TSA) plates. Samples from FW510 were streaked on R2A and TSA
plates amended with 125 uM Mn. Colonies developed within a week of
incubation at room temperature. Individual colonies were picked, re-
streaked for purity tests, and regrown in the corresponding liquid me-
dium. Overnight liquid cultures were used to extract DNA for 16S-based
identification.

In addition to the nine publicly available Rhodanobacter genomes (in-
cluding six OR-IFRC isolates) (24, 36), seven additional OR-IFRC strains
were isolated from wells FW104 (four from area 3) and FW510 (three
from Y12 West), which were sequenced using Illumina MiSeq at the In-
stitute for Environmental Genomics, University of Oklahoma. In total, 16
Rhodanobacter genomes (13 OR-IFRC strains and 3 reference strains)
were available for comparative analysis. DNA libraries were prepared us-
ing the Nextera DNA library preparation kit (Illumina, Inc., San Diego,
CA) according to the manufacturer’s protocol (October 2011 version).
Briefly, 50 ng DNA (20 ul at 2.5 ng/ul) was fragmented using 5 ul of
Tagment DNA enzyme with 25 ul of Tagment DNA buffer. Tagmentation
reactions were performed by incubation at 55°C for 5 min, followed by
purification of the tagmented DNA using the Zymo Clean &
Concentrator-5 kit (Zymo Research, Orange, CA). Purified DNA was
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eluted from the column with 25 ul of resuspension buffer. Illumina
adapter and index sequences were added to the purified tagmented DNA
(20 wl) by limited-cycle PCR (5 cycles) amplification with index 1 and 2
primers in a 50-ul reaction mixture volume according to the Nextera
protocol. Amplified DNA was purified using 30 ul of AMPure XP beads
(Beckman Coulter, Inc., Australia). The fragment size distribution of the
tagmented DNA was analyzed utilizing a 2100 Bioanalyzer with a high-
sensitivity DNA assay kit (Agilent Technologies, Santa Clara, CA). DNA
libraries, pooled in equal volumes, were normalized to 2 nM. Sample
libraries for sequencing were prepared according to the MiSeq reagent kit
preparation guide (Illumina, San Diego, CA). Briefly, the pooled sample
library (2 nM) was denatured by mixing 10 ul of the library and 10 ul of
0.2 N fresh NaOH and incubating for 5 min at room temperature. Nine
hundred eighty microliters of chilled Illumina HT1 buffer was added to
the denatured DNA and mixed to make a 20 pM library. The 20 pM library
was further adjusted to reach the desired concentration for sequencing:
for example, 625 wl of the 20 pM library was mixed with 375 ul of chilled
Mumina HT1 buffer to make a 12.5 pM library. The library for sequencing
was mixed with about 10% of the Phix library at the same concentration.
A 500-cycle version 2 MiSeq reagent cartridge (Illumina) was thawed for
1 h in a water bath, inverted 10 times to mix the thawed reagents, and
stored at 4°C for a short time until use. Sequencing was performed for 251,
12, and 251 cycles for forward, index, and reverse reads, respectively, on
the MiSeq instrument.

Read libraries were quality trimmed using Btrim (Btrim64 -S -q -t
<file> -0 <output> -a20 -w4-180) (64), and the resulting libraries were
assembled using SOAPdenovo (65) using a range of kmer sizes (37, 55, 67,
and 75 bp) (SOAPdenovo-127mer all -S <config> -K <kmer> -V -o
<prefix> -R). For each genome, the kmer size that minimized the num-
ber of contigs and scaffolds and maximized the Ny, lengths and the
lengths of the contigs and scaffolds was chosen for annotation (see Ta-
ble S3A in the supplemental material). Assembled sequences were up-
loaded to the IMG expert review pipeline for annotation (see Table S3B)
(66). Four of the strains (FW104-R5, FW104-T7, FW510-T8, and FW510-
R10) were assembled to draft quality, while the remaining three (FW104-
R3, FW510-R10, and FW510-R12) assembled poorly.

Phylogenetic tree construction. For most of the phylogenetic trees,
protein alignments were constructed in MEGA 5.2 (67) using Muscle
(68). The phylogenetic trees were constructed using the maximum-
likelihood method based on the JTT matrix-based model (69) using a
discrete gamma distribution with invariable sites allowed to model rate
differences among sites. To analyze the distribution of merA genes in the
OR-IFRC metagenomes, reference MerA protein sequences were ob-
tained for sequenced reference genomes (including all available strains of
Rhodanobacter) from GenBank. Only those sequences most closely corre-
sponding to true MerA enzymes based on previous studies were main-
tained (70). A reference tree was created in MEGA 5.1 (67). The evolu-
tionary history was inferred by using the maximum-likelihood method
based on the JTT matrix-based model (69). The tree with the highest log
likelihood (—12,814.2808) is shown. The initial tree(s) for the heuristic
search were obtained automatically by applying the Neighbor-Join and
BioNJ algorithms to a matrix of pairwise distances estimated using a JTT
model and then selecting the topology with superior log likelihood value.
A discrete gamma distribution was used to model evolutionary rate dif-
ferences among sites (5 categories [+ G, parameter = 1.1818]). The rate
variation model allowed for some sites to be evolutionarily invariable
([+1I], 5.0071% sites). The tree was drawn to scale, with branch lengths
measured in the number of substitutions per site. The analysis involved
199 amino acid sequences. All positions with less than 95% site coverage
were eliminated. That is, less than 5% alignment gaps, missing data, and
ambiguous bases were allowed at any position. There were a total of 144
positions in the final data set. The bootstrap consensus tree was derived
from 500 replicates (71). Branches corresponding to partitions that were
reproduced in less than 50% of bootstrap replicates were collapsed. Met-
agenome sequences corresponding to putative MerA proteins were iden-
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tified by BLASTp analysis (47). Because many of the metagenome frag-
ments did not overlap, a traditional phylogenetic tree could not be
constructed. Therefore, metagenome fragments were aligned to the refer-
ence alignment using the MAFFT multisequence alignment tool (72) us-
ing the following command: mafft --retree 0 --treeout --reorder
--localpair --weighti 0 --averagelinkage input. The final tree was format-
ted for publication using iTOL version 2 (73).

Detection of LGT events. Whole-genome alignments were prepared
using Mauve (74) to provide a reference visualization of LGT events. Four
complementary methods were used to identify putative LGT events: phy-
logenetic comparison (identifying deviations from the 16S tree), Alien-
_Hunter (interpolating variable motifs based on compositional bias),
DarkHorse (lineage probability index), and GOHTAM (local variations
of genome signatures). Putative LGT events were detected using the
GOHTAM software (50) with the sliding windows plus codon usage op-
tion and default options. Since the draft genomes consisted of multiple
contigs, all contigs were concatenated into a single sequence with appro-
priate adjustment of feature coordinates prior to GOHTAM analysis. The
complete (closed) R. denitrificans 2APBS1 genome was screened for the
presence of any candidate laterally transferred genes via Alien_Hunter
(49) and DarkHorse (48). The threshold score for the program Alien-
_Hunter was set as 20 instead of the default to minimize the number of
false positives after observing the distribution of the scores. The resulting
predictions were plotted, along with the genes involved in the denitrifica-
tion pathway, heavy metal resistance, integrases, and transposases, using
the program CGview (Fig. 1) (75). The program DarkHorse was built on
the GenBank nr database downloaded on 30 July 2012 and was run with
the default filtering threshold of 0.1 on two different “self” sequence def-
initions, (i) Genus: Rhodanobacter, and (ii) Species: R. sp. 2APBS]. Since
the Rhodanobacter GenBank nr data are composed of sequences from the
isolates from the same site that were found to display high similarity levels,
the genus Rhodanobacter was also selected as “self” to avoid false negatives.
A comparative distribution obtained upon using the different self terms is
shown in Fig. S1 in the supplemental material.

Nucleotide sequence accession numbers. The Rhodanobacter species
sequenced as part of this study were deposited in NCBI GenBank under
BioSample accession numbers SAMN02929088, SAMN02929136,
SAMNO02929138, SAMN02929139, SAMN02929141, SAMNO02929142,
and SAMNO02929143. The Whole Genome Shotgun projects have been
deposited at DDBJ/ENA/GenBank under the accession numbers
LVJP00000000-LVJV00000000. The versions described in this paper are
versions LVJP01000000-LVJV01000000. All other sequences have been
reported previously (1, 24, 34, 36). All sequences are also available
through the JGI IMG database (http://img.jgi.doe.gov/).

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at http://mbio.asm.org/
lookup/suppl/doi:10.1128/mBi0.02234-15/-/DCSupplemental.

Figure S1, TIF file, 1 MB.

Figure S2, TIF file, 0.9 MB.

Figure S3, TIF file, 1.1 MB.

Figure S4, TIF file, 1.5 MB.

Figure S5, TIF file, 2.7 MB.

Figure S6, TIF file, 1.9 MB.

Figure S7, TIF file, 1.1 MB.

Table S1, DOCX file, 0.02 MB.

Table S2, DOCX file, 0.01 MB.

Table S3, DOCX file, 0.01 MB.
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