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Genomic variation in microbial populations
inhabiting the marine subseafloor at deep-sea
hydrothermal vents
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Jill M. McDermott#’, Jeff S. Seewald* & Julie A. Huber® '#

Little is known about evolutionary drivers of microbial populations in the warm subseafloor of
deep-sea hydrothermal vents. Here we reconstruct 73 metagenome-assembled genomes
(MAGSs) from two geochemically distinct vent fields in the Mid-Cayman Rise to investigate
patterns of genomic variation within subseafloor populations. Low-abundance populations with
high intra-population diversity coexist alongside high-abundance populations with low genomic
diversity, with taxonomic differences in patterns of genomic variation between the mafic Piccard
and ultramafic Von Damm vent fields. Populations from Piccard are significantly enriched in
nonsynonymous mutations, suggesting stronger purifying selection in Von Damm relative to
Piccard. Comparison of nine Sulfurovum MAGs reveals two high-coverage, low-diversity MAGs
from Piccard enriched in unique genes related to the cellular membrane, suggesting these
populations were subject to distinct evolutionary pressures that may correlate with genes
related to nutrient uptake, biofilm formation, or viral invasion. These results are consistent with
distinct evolutionary histories between geochemically different vent fields, with implications for
understanding evolutionary processes in subseafloor microbial populations.
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arine exploration over the last 40 years has resulted in
remarkable discoveries regarding the extent, diversity,
and function of life in the deep ocean. Studies focused
on chemosynthetic ecosystems at hydrothermal vents" % and
active microbes buried in sediments kilometers beneath the
seafloor® # have greatly enhanced our understanding of the
intimate connections between the biosphere and geosphere.
Despite this advancing knowledge about life in the deep ocean,
our understanding of microorganisms in the rocky oceanic crust
and the fluids flowing through it remains limited due to the
difficulties of accessing these subseafloor habitats.
Low-temperature hydrothermal fluids venting at the seafloor
provide access to subseafloor environments and can be analyzed to
infer microbial and geochemical processes occurring in the
oceanic crust®8, Geochemical environments within hydrothermal
systems range from mafic systems with reduced, low pH, metal-,
and sulfide-enriched fluids to ultramafic systems with high pH,
hydrogen-, and organic-enriched fluids’. The mixing of hydro-
thermal fluids with seawater in subseafloor environments creates
physiochemical gradients that support diverse microbial com-
munities. Marker gene surveys have revealed distinct population
structures both within!®-13 and between!#~1° vent fields that are
consistent with variations in fluid geochemistry. However, we have
limited knowledge of the evolutionary processes influencing
microbial communities in the marine subsurface. Examination of
genomic variation within microbial populations can provide
insights into the evolutionary and ecological factors that drive
diversification, but few studies have focused on genomic variation
of microbial populations in the deep sea, despite the fact that the
subseafloor is a unique environment for the study of evolution due
to its extreme habitats, variations in dispersal rates, metabolic
innovation, and novel taxa!”> 1%, Recent work examining genomic
variation in microbes inhabiting subseafloor sediments revealed
no evidence for changing rates of genome diversification or
selection with depth!”, but studies investigating patterns of
selection and variation in microbial populations have not been
carried out within and across hydrothermal environments.
Previous work suggests that the genomes of hydrothermal vent
microorganisms are extensively variable. Hydrothermal vent
metagenomes are enriched in mobile genetic elements, which

may represent a means of adapting to the dynamic, gradient-
driven vent environment?” 2!, Comparative genomic studies of
Thiomicrospira from Lost City?2, Pyrococcus furiosus from Vul-
cano Island®®, and Lebetimonas from fluid venting at an actively
erupting deep-sea volcano?* reveal extensive genome rearrange-
ment, gene gain and loss, evidence of horizontal gene transfer,
and abundant genomic islands. While individual studies have
focused on genome variation within a few specific taxa within
vent settings, we do not know whether specific taxa exhibit more
strain-level variation than others in the vent environment, or the
extent to which divergent strains are partitioned across niches
according to their genomic features.

The Mid-Cayman Rise, an ultraslow spreading ridge in the
Caribbean Sea, offers an ideal natural laboratory in which to
investigate genomic variation in microbial populations inhabiting
distinct subseafloor habitats. The Mid-Cayman Rise hosts two
geologically distinct vent fields: Piccard, a 4950 m deep mafic-
hosted vent field that is the deepest vent field discovered to
date*®?’, and Von Damm, an ultramafic-hosted site that is
located about 20 km from Piccard on a nearby massif, at a depth
of about 2350 m?® 2%, Previous geochemical studies have shown
that end-member hydrothermal fluids at Piccard are acidic and
enriched in dissolved sulfide and hydrogen®”> *. In contrast, end
member hydrothermal fluids at Von Damm are less acidic,
contain lower levels of dissolved sulfide, and have substantially
higher concentrations of dissolved hydrocarbons relative to
Piccard®”> 2830, These geochemical differences appear to strongly
influence microbial community structure. Microbial communities
in Von Damm diffuse fluids have greater richness and more
metabolic diversity than those found at Piccard, with very little
overlap in the phylotypes present at each system'®. Thus, the
proximally located Piccard and Von Damm vent fields present a
unique opportunity to examine population dynamics and pan-
genomic variation across both distant and closely related micro-
bial lineages in two geochemically distinct hydrothermal systems.

Here, we use metagenomic sequencing and binning strategies
to recover highly complete metagenome-assembled genomes
(MAGs) and examine genomic variation within subseafloor
microbial populations. By examining of patterns of fine-scale
genomic variation within and between populations, we show that

Table 1 Information about samples collected from each venting site
Sample Year Vent field Vent name T (°C) Cells/ml pH Mg # reads in Shannon-Wiener
name (mmol/ meta-genome Index (16S rRNA
kg) mapping)

Shannon-Wiener

Index (bins)
FS841 2012 Von Damm Old Man Tree 14 NC 589 14 53,842,644 189.83 NA
FS842 2012 Von Damm Ravelin #2 86 NC 6.26 15.8 64,300,743 175.35 0.64
FS844 2012 Von Damm Shrimp Hole 50 269E+05 755 471 103,787,346 145.76 2.05
FS848 2012 Von Damm Ginger Castle 47 1.08E+05 6.65 373 77,333,359 105.03 0.693
FS849 2012 Von Damm Main Orifice 109 297E+04 713 474 26,061,468 186.84 NA
FS851 2012 Piccard Hot Chimlet, BVM 106 5.45E+04 6.98 522 75,912,423 140.51 NA
FS852 2012 Piccard Shrimp Canyon, BVM 44 520E+04 6.45 491 37,753,638 63.08 NA
FS854 2012 Piccard Marker X-19 at BV #4, 18 727E+04 6.79 512 140,664,299 91.66 1.97

BVM
FS856 2012 Piccard Shrimp Gulley #2, BSM 108 140E+05 6.66 50.9 104,123,722 78.42 1.79
FS866 2013 Von Damm Near Main Orifice 130 3.72E+05 6.01 273 24,088,594 168.83 173
FS872 2013 Von Damm Shrimp Hole 30 1.54E+05 7.61 53.0 40,397,883 159.81 NA
FS874 2013 Von Damm Twin Peaks 140 4.02E+05 6.00 155 65,834,175 4536 1.10
FS877 2013 Von Damm Shrimp Buttery 131 1.81E+05 6.22 273 152,063,932 107.02 1.10
FS879 2013 Von Damm Hot Cracks #2 29 112E+05 691 48.0 24,723,930 80.57 1.04
FS881 2013 Von Damm Old Man Tree 14 9.41E+04 6.01 19.0 167,339,253 163.11 1.93
BSM: Beebe Sea mound, BVM: Beebe Vents mound, BWM: Beebe Woods mound, NC: not counted, NA: not applicable
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the evolutionary histories of microbial populations from different
taxa differed between two distinct geochemically distinct hydro-
thermal vent fields.

Results
General characterization of fluid samples and metagenomic
data sets. We collected four diffuse flow hydrothermal fluid
samples from Piccard in 2012, and from Von Damm we collected
five samples in 2012 and six in 2013 (Table 1). The sample
temperatures ranged from ~18°C to 140°C, with magnesium
concentrations ranging from 14-53 mmol/kg, reflecting the high
variability in mixing of seawater with hydrothermal fluid in the
subseafloor. Fluid pH ranged from 5.9 to 7.6 (Table 1).
Metagenomic library preparation and high-throughput
sequencing resulted in 25-178 million high-quality paired-end
reads for each sample (Supplementary Data 1). Phylogenetic
analysis of metagenomic reads mapping to 16S ribosomal RNA
(rRNA) genes indicated that most samples were dominated by
Epsilonproteobacteria, with Sulfurovum appearing as the most
abundant taxon in this group among almost all samples
(Supplementary Fig. 1). The community composition of these
samples indicated that Von Damm had higher overall diversity
than Piccard (average Shannon-Wiener Index for each sample of
138.9 and 93.4, respectively) (Supplementary Fig. 1).

Binning of metagenomic contigs. We reconstructed a total of 73
vent-specific MAGs manually refined and quality-controlled from
12 metagenomes from both Piccard and Von Damm (Supple-
mentary Fig. 2; Supplementary Data 2) with a minimum com-
pleteness of 70% and maximum redundancy of 10%. The varying
number of MAGs we recovered from each sample (Supplemen-
tary Fig. 2) was most likely due to different sequencing depths
and distinct levels of strain-level diversity among samples, which
likely caused differences in metagenome assembly and binning.
Nevertheless, we were able to recover highly complete MAGs
from 12 different metagenomes spanning 17 archaeal and bac-
terial phyla. We reconstructed a higher number of MAGs from
Von Damm compared to Piccard, and the average diversity of the
MAGs per sample was roughly equivalent between vent fields
(average Shannon-Wiener Index for Von Damm samples = 1.28,
average for Piccard samples =1.88) (Table 1; Supplementary
Fig. 2). We recovered MAGs from eight bacterial and four
archaeal phyla in samples from Von Damm. The most commonly
identified taxa among Von Damm MAGs included Aquificales,
Thermoprotei, and Thiotrichales. We reconstructed MAGs from
six bacterial phyla and one archaeal phylum at Piccard, many of
which are Epsilonproteobacteria.

The average coverage of each MAG varied greatly, ranging
from ~10x to over 2000x (Fig. 1; Supplementary Data 2). The
MAGs with the highest normalized coverage in Piccard were
from the genus Sulfurovum. In contrast, the MAGs with the
highest coverage at Von Damm included Pseudomonadales,
Thiotrichales, Aquificales, Methanomicrobia, and Thermoprotei
(Fig. 1; Supplementary Data 2).

Analysis of genomic variation. We analyzed the nature and
extent of genomic variation within the microbial populations
represented by each MAG by searching for variants among the
reads that mapped to each MAG. The density of single-nucleotide
variants (SNVs) varied widely across MAGs (Supplementary
Data 2; Fig. 1). We did not observe a direct relationship between
SNVs/kbp and coverage, which is consistent with previous stu-
dies®! and indicates that increased sequencing depth did not bias
SNV analyses by including more variant reads (Supplementary
Data 2). Different MAGs from the same metagenome with the
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same taxonomic affiliation may either represent different strains
within that taxon, or they may represent different parts of the
same “pangenome” of that taxon within the sample.

The MAG-averaged majority allele frequencies, or the percent
of reads mapping to a given site that contain the majority SNV,
varied widely among MAGs (Fig. 1; Supplementary Data 2;
Supplementary Fig. 3). Higher frequencies indicate that a
majority allele dominates over minor alleles, whereas frequencies
closer to 50% suggest that the alleles occur in fairly even
abundance. Although most MAGs had a distribution of allele
frequencies around 50-60%, others had a distribution weighted
heavily toward a high majority allele frequency, with the bulk of
SNVs at ~80% allele frequency (Supplementary Fig. 3). This
included a putatively assigned Thiothrix MAG from Ravelin #2
and a putative Pseudomonadales MAG from Twin Peaks, both at
Von Damm, as well as putative Sulfurovum MAGs from Marker
X-19 at BV#4 and Shrimp Gully #2, both at Piccard. The vast
majority of SN'Vs we observed were biallelic (only two different
bases were observed at that position in the population).

To accurately determine the proportion of SNVs that were not
synonymous (i.e., resulting in changes to the amino-acid
sequence) in our MAGs, we used a recently introduced strategy
for the characterization of “single-amino acid variants” (SAAVs)
32, Dividing the number of SAAVs by the total number of SNVs
in a given MAG offers a similar measure to calculate the ratio of
synonymous and nonsynonymous SNPs within a genome (i.e.,
pN/pS); however, here we counted amino-acid variants only if the
read sugporting the variant mapped to the entire codon
context®’. We observed that on average, MAGs across various
taxa from Piccard had a higher SAAV/SNV ratio than those from
Von Damm, and the difference between the logs of the means of
the distributions was statistically significant (¢-test, p: 0.0005)
(Fig. 2a). We observed a consistent trend within specific taxa for
which multiple MAGs from the same taxon were present in both
vent fields, though the trend was only significant for Thiotrichales
(p: 0.0002), which had SAAV/SNV ratios ranging from 0.23 to
031 in Von Damm and 0.35-0.39 in Piccard (Fig. 2b).
Methanococci showed a similar trend, with SAAV/SNV ratios
ranging from 0.21 to 0.25 in Von Damm and 0.28-0.29 in
Piccard, but we did not have enough MAGs to determine whether
the trend was significant (Fig. 2¢). In Sulfurovum, the difference
in the distributions between the MAGs from the two vent fields
was not significant (¢-test, p: 0.18); however, the two MAGs with
the highest coverage had the highest SAAV/SNV ratio of all the
Sulfurovum MAGs (Fig. 2d; Table 2).

Genomic variation within Sulfurovum MAGs. To more closely
examine patterns of heterogeneity within a specific and abundant
taxonomic group, we focused on five Sulfurovum MAGs from
Von Damm and four Sulfurovum MAGs from Piccard (Table 2).
We observed no evidence of biogeographic differentiation among
Sulfurovum strains based on a phylogenetic tree created from the
alignment of 37 single-copy universal marker genes (Fig. 3a).
Calculation of average nucleotide identity (ANI) among all nine
Sulfurovum MAGs indicated that two pairs of MAGs
(FS954_Bin99 and FS856_Bin37 from Piccard, and FS854_Bin9
and FS881_Bin43 from Piccard and Von Damm, respectively)
were over 98% identical and therefore most likely represented the
same species (Fig. 3b). Mapping of metagenomic reads to the
MAGs indicated that while each Sulfurovum MAG recruited
reads primarily from the vent field from which they were
recovered, several MAGs recruited reads from both Piccard and
Von Damm (Supplementary Fig. 4).

To compare metabolic and functional potential, we searched
for the presence and absence of key metabolic genes in all of the
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metagenome

Sulfurovum MAGs (Supplementary Table 1). Keeping in mind
that the absence of key metabolic genes in our MAGs may not
necessarily be equivalent to their absence in the actual genome
due to the partial recovery of genomes from the environment
(completeness of Sulfurovum MAGs ranged from 74 to 97%;
Table 2), we focused on whether there were large-scale trends in
the presence or absence of these key metabolic genes. We
included Sulfurovum lithotrophicum ATCC BAA-797%3, Sulfur-
ovum sp. AR, and Sulfurovum sp. NBC37-1%° in the
comparison. These three previously sequenced Sulfurovum
genomes showed some variation in the presence and absence of
these key genes, consistent with previous work showing that the
genomes of deep-sea Epsilonproteobacteria exhibit a high degree
of metabolic plasticity®>. However, we did not observe clear
patterns in the presence or absence of key metabolic genes across
vent fields (Supplementary Table 1).

4 |18:14

Because the key metabolic genes comprised a small percentage
of the total genome, we created a cluster dendrogram based on
overall gene presence/absence (Fig. 3c). Again, we observed no
clear biogeographic distinctions between MAGs from Piccard and
Von Damm. However, two MAGs from Piccard exhibited distinct
genomic patterns compared to all the others. These two MAGs,
FS854_Bin99 and FS856_Bin37, isolated from Shrimp Gulley #2
and X-19 at BV#4 respectively, had higher coverage, lower SNV
density, and elevated SAAV/SNV ratios relative to all other
Sulfurovum MAGs (Supplementary Fig. 5). These two abundant
Sulfurovum populations were isolated from two different vent
sites in Piccard vent field that were located about 50 m apart. One
MAG (FS854_Bin99) occurred in high abundance in both X-19 at
BV#4 and Shrimp Gulley #2, while the other (FS856_Bin37) was
found primarily in Shrimp Gulley #2. These MAGs fell together
into the same clade in the phylogenetic tree generated from
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Table 2 Sulfurovum bins identified in all metagenomic samples
Vent field Vent name Sample Bin SNVs/ Majority SAAVs/  Mean Total length % %
number kbp allele Freq. SNVs coverage of bin (bp) Complet Redundancy
Von Damm  Shrimp Hole FS844 Bin_43 1.95 0.8027 0.2999 246.65 1,918,793 97.12 1.44
Von Damm  Shrimp Hole FS844 Bin_13 13.16 0.7860 0.2009 33.50 1,767,871 92.81 576
Von Damm  Old Man Tree FS881 Bin_43 18.80 0.8005 0.2814 112.98 1,943,705 90.65 2.88
Von Damm  Old Man Tree FS881 Bin_45 1n.19 0.8024 0.2683 273.02 1,736,799 79.86 1.44
Von Damm  Near Main Orifice FS866 Bin_31 37.36 0.8147 0.28%94 71.35 1,835,174 74.82 4.32
Piccard Mkr X-19 at BV #4, BVM FS854 Bin_99 4.00 0.7845 0.3898 2441.16 1,870,573 92.09 216
Piccard Shrimp Gulley #2, BSM FS856 Bin_37 4.66 0.8001 0.3600 1059.15 1,934,456 94.24 4.32
Piccard Mkr X-19 at BV #4, BVM FS854 Bin_7 5.06 0.6777 0.2750 18.97 1,625,685 90.65 5.76
Piccard Mkr X-19 at BV #4, BVM  FS854 Bin_9 13.84 0.7946 0.2651 120.29 1,826,106 75.54 4.32
single-copy universal genes (Fig. 3a) and shared an ANI of 99.9% Discussion

(Fig. 3b). Moreover, their gene content was more similar to each
other than to all other Sulfurovum MAGs (Fig. 3¢c). We were able
to identify 310 gene clusters that were shared between these two
high-abundance MAGs and absent from all others (Fig. 4;
Supplementary Data 3). Among these uniquely shared gene
clusters, we observed a statistically significant enrichment of
genes that belong to the COG category “cell wall/membrane/
envelope biogenesis” (99% confidence interval) as well as “signal
transduction mechanisms” (90% confidence interval) and “func-
tion unknown” (93% confidence interval) (Fig. 4).

NATURE COMMUNICATIONS | 8:1114

To understand the evolutionary processes occurring within
the subseafloor at deep-sea hydrothermal vents, we used
MAGs as windows into microbial population diversity
and differentiation from two adjacent but geologically
distinct deep-sea hydrothermal vent sites. Our analysis
of intra-population  genomic  diversity  across  the
ultramafic-hosted Von Damm and mafic-hosted Piccard vent
fields revealed key differences in differential patterns within
and between subseafloor microbial populations between the two
vent fields.
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We observed differences in community membership between
Piccard and Von Damm and higher taxonomic diversity in Von
Damm vent field, consistent with previous findings showing
higher microbial diversity at Von Damm as assessed by 16S rRNA
gene amplicon sequencing'®. These results indicated that there
were important differences in community structure between these
vent fields. Our examination of coverage, SNV variation, SAAV
variation, and allele frequency within each MAG allowed us to
determine whether these differences were manifested at the level

6 NATURE COMMUNICATIONS | 8:1114

of population genomic heterogeneity across taxa at Piccard and
Von Damm. In both vent fields, we observed variation in SNV
density across taxonomically diverse MAGs, which was consistent
with other environmental microbial studies that also observed a
high degree of variation in genomic heterogeneity across archaeal
and bacterial populations'® 31,

However, we also observed distinct patterns of population
genomic heterogeneity that may reflect distinct evolutionary
dynamics operating on different microbial populations. Several
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MAGs possessed very few SNVs and had high majority allele
frequency (corresponding to the upper left corner of Fig. 1).
These MAGs generally had high coverage, suggesting that these
microbial populations consisted of specific variants that not only
grew to high abundance relative to the entire microbial
community, but also dominated the population of closely related
strains. While they may represent recent migrants into a
population, the high abundance of many of these populations is
likely more indicative of a clonal expansion. In the Von Damm
vent field, these MAGs included Pseudomonadales and
Thiotrichales. In contrast, the MAGs showing this pattern in
Piccard vent field were putatively assigned as Sulfurovum. We
hypothesize that the populations represented by these MAGs
recently underwent a genome-wide purge of genomic diversity
due to a clonal expansion resulting from ecological selection.
This observation and interpretation is similar to that observed in
natural microbial populations over time in a freshwater lake,
where metagenomic binning was also used’. MAGs that
had a high majority allele frequency and high coverage but
slightly higher SNV density (moving toward the upper right
portion of Fig. 1), such as several Epsilonproteobacteria MAGs in
Piccard and several Thermoprotei or Sulfurovum MAGs in
Von Damm, most likely represented populations that
underwent clonal expansions in the more distant past and had
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more time to accumulate SNVs in the population. Alternatively,
they may represent populations in which the introduction
of mutations occurs at a higher rate compared to other
populations.

In contrast, several populations displayed markedly different
patterns of population genomic heterogeneity. The MAGs in the
lower left portion of Fig. 1 had low coverage, a more even
diversity of allele variants, and low SNV density, suggesting that
these MAGs represent genetically heterogeneous microbial
populations that were rare in the community at the time of
sampling and were not under strong selection. If conditions were
to change such that a specific variant is favored, that variant may
then begin to grow in relative abundance and skew the dis-
tribution of allele frequencies from more even (~50%) to more
uneven (~80-90%). We would expect these MAGs to move from
the lower left corner to the upper left corner of Fig. 1, and then
accumulate SN'Vs with time, therefore moving to the upper right
corner of Fig. 1. We observed very few MAGs with high SNV
density and low majority allele frequency (which would occupy
the lower right portion of Fig. 1). However, it is currently unclear
whether this reflects true biological trends or whether it is an
artifact resulting from the assembly or binning process, in which
highly heterogeneous sequences cannot be assembled or clustered
into MAGs.
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The relative abundance of SAAVs vs. SNVs in a MAG gives an
indication of the proportion of variants in a population that affect
phenotype. As a result, the SAAV/SNV ratio, like pN/pS, can
indicate the strength of selection operating on a population. The
significant difference in the overall means of the distribution of
SAAVs/SNVs for MAGs recovered from Piccard and Von Damm
suggests that, on average, purifying selection is stronger at the
Von Damm vent field and/or that positive selection is stronger at
Piccard vent field among the populations we observed. We cannot
exclude the possibility that non-random recovery of different taxa
from each vent field may have biased these results. However, our
data showed that this trend was internally consistent within
Thiothrichales, and we observed similar trends within other taxa
as well. While we cannot identify the precise environmental
conditions causing these patterns in the ratio of SAAVs to SNVs,
previous work has shown that Von Damm vent field has greater
metabolic energy availability and is more geochemically and
taxonomically diverse'® 28, whereas Piccard vent field is char-
acterized by higher pressure, lower energy availability, and lower
geochemical and microbial diversity compared to Von Damm.
Thus, we observed distinct patterns of genome heterogeneity
within microbial populations from different taxa, which may
correspond to the differences in environmental conditions
between Piccard and Von Damm.

Previous work has shown that the Sulfurovum genus exhibits
substantial microdiversity in hydrothermal environments!!"> 3¢,
and it has been hypothesized that this microdiversity results from
steep geochemical gradients®”. Our recovery of multiple Sulfur-
ovum MAGs from samples at the Mid-Cayman Rise confirms this
microdiversity. Moreover, through analysis of variation at the
level of single nucleotides, we were able to show that two specific
Sulfurovum populations from Piccard were characterized by high
coverage and low SNV density ratios compared to all other Sul-
furovum MAGs, possibly indicating that they were subject to
distinct ecological or evolutionary pressures compared to other
Sulfurovum populations. Moreover, these two MAGs had rela-
tively high SAAV/SNV ratios, indicating a slightly higher abun-
dance of nonsynonymous substitutions relative to other
Sulfurovum MAGs. Recent work examining SNV-level variation
in microbial populations distinguished between old, diverse
populations and young, low-diversity populations that recently
underwent a selective sweep>®. Older populations have had time
to accumulate SNV mutations and purifying selection has acted
to remove nonsynonymous mutations, whereas young, low-
diversity populations that have more recently undergone a purge
of genomic diversity have fewer SNVs and more nonsynonymous
mutations®®. Previous work shows that these old, diverse popu-
lations also tend to maintain their genomic diversity over the
course of several years®" 3, Thus, the two high-abundance Sul-
furovum populations at Piccard appear to have undergone clonal
expansions or selective sweeps in the more recent past compared
to the other Sulfurovum populations, which may represent older,
more diverse populations that have had time to accumulate
genomic variation.

Characterization of conserved single-copy genes as well as their
pangenome showed that these two high-abundance, low diversity
Sulfurovum populations were very similar to each other, sug-
gesting they possessed genomic features in common enabling
them to rapidly grow to high abundance in their respective
habitats. We identified multiple gene clusters distinguishing these
two closely related populations from the other Sulfurovum
populations. While any of these genes may have provided a
selective advantage to the lineages represented by these MAGs,
their uniquely shared pangenome was enriched in genes related to
cell wall and cell membrane functions, including genes related to
membrane proteins, ion channels, and glycosyltransferases. While
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we cannot definitively state that the presence of these unique
genes was responsible for the high abundance of these two Sul-
furovum populations, the gain or loss of genes related to outer
membrane or polysaccharide modification has been previously
observed in other microbial lineages, including in vent Epsilon-
proteobacteria, in which a glycosyltransferase cluster formed part
of the variable genome in Lebetimonas from NW Rota-1 sea-
mount?*, Outside of the hydrothermal vent environment, variable
genes related to cellular membrane processes have been observed
in Haloarchaea®, Salinibacter®’, SAR11*!, and Prochlorococcus*>.
It is possible that modification, gain, or loss of genes related to the
outermost cell surface is subject to strong selection because it acts
as the first layer of interaction between a cell and its environment.
For example, the removal of outer membrane proteins can
deprive viruses of binding sites, potentially allowing the viral host
to evade viral infection.

Understanding patterns of natural genomic variation is crucial
to understanding how microbial populations evolve. Overall, we
show that in two geologically distinct vent fields, low-abundance,
high-diversity microbial populations co-existed alongside high-
abundance, low-diversity populations that appeared to be under
selection or had recently undergone a clonal expansion. We show
that the taxa displaying these patterns of population heterogeneity
differed between vent fields, suggesting that different taxa were
under selection in the mafic-hosted Piccard vent field compared
to the ultramafic-hosted Von Damm. In Piccard, two specific
Sulfurovum populations appeared to have recently undergone a
sweep or expansion, and we show that these patterns may be
linked to the presence of genes related to outer membrane
modification. Thus, through these analyses we can begin to reveal
the evolutionary dynamics governing microbial populations
inhabiting the subseafloor environment.

Methods

Sample collection. We collected diffuse flow hydrothermal fluid samples during
cruises aboard the R/V Atlantis in January 2012 (FS841-FS856) and the R/V Falkor
in June 2013 (FS866-FS881) (Table 1). The 2012 samples were collected using the
Mat sampler*®’ deployed from the ROV Jason, and the 2013 samples were collected
with the SUPR version 2 sampler** deployed from the HROV Nereus. We pumped
~3-61 of fluid through 0.22 um Sterivex filters (Millipore), flooded the filters with
RNALater (Ambion) and sealed them with Luer Caps, stored the filters in sterile
Falcon tubes, and froze them at —80 °C. Further details of sample collection and
preservation are described in Reveillaud et al.'®, along with details of chemical
analysis for pH and magnesium.

Microbial community DNA preparation and sequencing. We extracted total
genomic DNA from half of the Sterivex filter as described in Akerman et al.!?
Briefly, 1.85 ml of DNA extraction buffer (0.1 M Tris-HCI, 0.1 M Na,-EDTA, 0.1 M
NaH,PO,, 1.5 M NaCl, and 1% cetyltrimethylammonium bromide) was added to
the Sterivex filters, followed by DNA extraction as described in Huber et al.*> We
prepared the metagenomic libraries as described in Reveillaud et al.', using the
Ovation Ultralow Library DR multiplex system (Nugen) following manufacturer’s
instructions. We sequenced all libraries on an Illumina Hi Seq 1000 at the W.M.
Keck Facility in the Josephine Bay Paul Center at the Marine Biological Laboratory.
All libraries were sheared at 175 bp using a Covaris S-series sonicator, yielding
paired-end reads with a 30 bp overlap. For assembly, we filtered raw reads using the
quality filtering technique recommended by Minoche et al.*® using the illumina-
utils package*” v1.4.4 using the program “ju-filter-quality-minoche.” For mapping,
we merged and filtered reads also using the illumina-utils package*” using the
program “iu-merge-pairs” with the flag “~enforce-Q30-check”, and removed
sequences with more than two mismatches in the overlapping region with the
program “iu-filter-merged-reads.” This resulted in ~170 bp long high-quality reads.

Taxonomic distribution of metagenomic samples. We determined the relative
abundance of different taxa in each metagenome by mapping the reads of each
sample to the Silva SSU and LSU Parc databases (release 111)* % followed by
mappin% of matching reads to the Greengenes 13_5 16S rRNA database®. We used
Bowtie2”! v.2.2.9 for mapping using default settings and local alignment. Reads
that mapped were classified using mothur using classify.seqs with the Silva 16S
rRNA database, using a cutoff of 50.
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Metagenome assembly, mapping, and binning. We assembled metagenomic
reads using idba-ud® v1.1.2 with default settings. We only included contigs of at
least 1000 bp in length to ensure robust contig clustering based on tetra-nucleotide
frequency and coverage. We mapped the metagenomic reads of each sample to the
assembled contigs using bwa aln v0.5.5>* with default settings. We used anvi’'o
v2.1.0°° to manually organize the metagenomic contigs of each sample into
metagenomic bins based on tetra-nucleotide composition and relative coverage of
each contig across all samples. To estimate the completion and redundancy of
metagenomic bins, anvi'o used PRODIGAL® v2.6.2 to identify open reading
frames in our contigs, and HMMER®’ v3.1b2 to search for their occurrence in two
collections of single-copy core genes for bacteria®® and archaea®®. Using these
estimates, we marked 73 metagenomic bins as MAGs using a threshold of <10%
redundancy and >70% completion. We did not include MAGs that are known to
be native to background deep seawater in our analysis.

We determined the taxonomy of each MAG using PhyloSift®’, using “phylosift
all” with the “~isolate” and “-besthit” flags. We compiled the concatenated protein
alignments created by PhyloSift to create maximum likelihood phylogenetic trees
using RAXML v.7.2.8%! using the “rapid bootstrap” method with 100 bootstraps
and the “PROTGAMMAAUTO” model of rate heterogeneity. We designated
Marinobacter adhaerens HP15 (a Gammaproteobacterium) as the outgroup to root
the Sulfurovum tree. We visualized the trees using the Interactive Tree of Life
website (ITOL) (itol.embl.edu)®2.

To calculate ANI, we used the Python3 package pyani (https://github.com/
widdowquinn/pyani), which calculates ANI between two genomes following the
methods described by Richter et al.> We used the “-anib” flag, which uses
BLASTN to align 1020 nt fragments of the input FASTA files to calculate ANI
among all Sulfurovum MAGs.

Gene calling, annotation, and comparison of MAGs. For functional-based
comparison, we used the JGI-IMG®* 9 pipeline to call and annotate open reading
frames (ORFs) in contigs from each MAG using the KEGG database. We included
four reference Sulfurovum sequences that were also in the JGI-IMG database for
comparison of key metabolic genes (Sulfurovum sp. AR, Sulfurovum sp. NBC7-1,
Sulfurovum G1, and Sulfurovum lithotrophicum ATCC BA797). For sequence-
based comparison, we used the Integrated Toolkit for the Exploration of microbial
Pangenomes (ITEP)® to conduct MCL clustering and comparison of ORFs that
had been identified using the RAST pipeline®”. We clustered ORFs using an
inflation value of 2 and a maxbit score of 0.3. We used RPSBLAST to compare a
representative sequence from each ORF cluster against NCBI's Conserved Domains
Database to obtain the COG annotation for each ORF with a maximum e-value of
le—05. We used ITEP to generate a presence-absence matrix of all gene clusters
among all Sulfurovum MAGs. We converted this presence-absence matrix into a
dissimilarity matrix and then created a cluster dendrogram using the “hclust” and
“plot” functions using default parameters in R 3.3.3%. To cluster based on patterns
of gene presence/absence among the MAGs, we created a binary gene presence/
absence table in ITEP®® and then used this to create a distance matrix in R® using
the “dist” function with default parameters. We used this distance matrix to create
a hierarchical clustering dendrogram in R as described above. We used a non-
parametric statistical analysis of the distribution of samples®® to determine whether
there was a significant enrichment of specific gene types in the uniquely shared
genes among Sulfurovum MAGs using 500 repetitions and a sample size of 200. We
report enrichments within a 90% confidence level and above.

Single-nucleotide and single-amino acid variant analyses. We used anvi'o 2.1.0
to identify and profile single-nucleotide variants (SNVs) in our MAGs based on
mapping of the metagenomic reads from the sample from which the MAG was
recovered. Anvi'o relies on a heuristic to identify SNVs that sets a minimum
baseline that varies as a function of coverage depth in order to minimize the impact
of sequencing or mapping error™ (the URL http://merenlab.org/2015/07/20/
analyzing-variability/ gives access to a tutorial). We normalized coverage by
dividing coverage depth by the total number of reads in the metagenome. We
reported allele frequencies based on the frequency of the majority allele. We
required all positions to have a minimum coverage of 10 in order to be included in
SNV calculations, and only counted positions in which the minimum departure
from the consensus (calculated as the total number of reads not matching the
consensus divided by the total number of mapped reads) was 0.05. Violin plots of
allele frequency were created using the Seaborn Python visualization library based
on matplotlib”®,

We used anvi’o to calculate the number of single-amino acid variants (SAAVs)
per MAG using the —engine AA option in the program “anvi-gen-variability-
profile,” which reports amino-acid variants that were computed during the
profiling of mapping results by the program anvi-profile with the inclusion of the
flag --profile-AA-frequencies. For each codon position in open reading frames, the
SAAV characterization framework of anvi’o employs only short reads that map to
all three codons in a given context, which reduces the impact of noise due partial
mappings and spurious inflation of SAAVs by maintaining the physical linkage of
bases in a given short read®?. We used the “car” and “gdata” packages in R 3.3.3 to
calculate statistical significance of the difference of means in SAAV/SNV
distributions among MAGs in Piccard and Von Damm using the Welch two-
sample ¢-test.
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We use the term “single-nucleotide variants” (SNVs) rather than the more
common term “single nucleotide polymorphisms” (SNPs) because “SNP” is
generally used to identify single base pair variants between fully sequenced
genomes in the same population, which represent different alleles. Here, we
identify variation by mapping metagenomic reads to a metagenomic MAG. While
the stringency of mapping used here should ensure that we identify reads from the
same population, it is possible that some mapped reads are from more distantly
related members of the microbial community that are not part of the same
population. We therefore use the term “SNVs” to denote single base pair
differences, but operationally they are equivalent to SNPs.

Data availability. Metagenomic reads are deposited under study accession code
PRJEB15541 in the EMBL-EBI European Nucleotide Archive (ENA) database. The
anvi’o merged profiles and contigs databases for the metagenomic data and
metagenomic MAGs are available on Figshare (figshare.com/projects/Mid-Cay-
man_Rise_Metagenome_Assembled_Genomes/20783) for re-analysis using anvi’o
v2.1.0. The authors declare that all other data supporting the findings of the study
are available in this article and its Supplementary Information files, or from the
corresponding author upon request.

Received: 19 July 2017 Accepted: 30 August 2017
Published online: 24 October 2017

References

1. Cavanaugh, C. M., Gardiner, S. L., Jones, M. L,, Jannasch, H. W. & Waterbury, J. B.
Prokaryotic cells in the hydrothermal vent tube worm Riftia pachyptila Jones:
possible chemoautotrophic symbionts. Science 213, 340-342 (1981).

2. Corliss, J. B. et al. Submarine thermal springs on the Galapagos Rift. Science
203, 1073-1083 (1979).

3. Inagaki, F. et al. Exploring deep microbial life in coal-bearing sediment down to
~2.5 km below the ocean floor. Science 349, 420-424 (2015).

4. Jorgensen, B. B. & Boetius, A. Feast and famine—microbial life in the deep-sea
bed. Nat. Rev. Microbiol. 5, 770-781 (2007).

5. Jannasch, H. W. in Seafloor Hydrothermal Systems: Physical, Chemical, Biological,
and Geological Interactions (eds Humpbhris, S. E., Zierenberg, R. A., Mullineaux, L.
S. & Thomson, R. E.) 273-296 (American Geophysical Union, USA, 1995).

6. Huber, ]J. A. & Holden, J. F. in Magma to Microbe: Modeling Hydrothermal
Processes at Oceanic Spreading Ridges (eds Lowell, R. P., Seewald, J. S.,
Metaxas, A. & Perfit, M. R.) 215-231 (American Geophysical Union, USA,
2008).

7. Butterfield, D. A. et al. in The Subseafloor Biosphere at Mid-Ocean Ridges (eds
Wilcock, W. S. D., DeLong, E. F., Kelley, D. S., Baross, J. A. & Cary, S. C.)
269-290 (American Geophysical Union, USA, 2004).

8. Von Damm, K. L. in Mid-Ocean Ridges (eds German, C. R, Lin, J. & Parson, L.
M.) 285-304 (American Geophysical Union, USA, 2004).

9. Amend, J. P., McCollom, T. M., Hentscher, M. & Bach, W. Catabolic and
anabolic energy for chemolithoautotrophs in deep-sea hydrothermal systems
hosted in different rock types. Geochim. Cosmochim. Acta 75, 5736-5748
(2011).

10. Flores, G. E. et al. Inter-field variability in the microbial communities of

hydrothermal vent deposits from a back-arc basin. Geobiology 10, 333-346 (2012).

. Huber, J. A. et al. Microbial population structures in the deep marine biosphere.
Science 318, 97-100 (2007).

12. Akerman, N. H., Butterfield, D. A. & Huber, J. A. Phylogenetic diversity and

functional gene patterns of sulfur-oxidizing subseafloor Epsilonproteobacteria
in diffuse hydrothermal vent fluids. Front. Microbiol. 4, 185 (2013).

13. Perner, M. et al. In situ chemistry and microbial community compositions in
five deep-sea hydrothermal fluid samples from Irina II in the Logatchev field.
Environ. Microbiol. 15, 1551-1560 (2013).

14. Flores, G. E. et al. Microbial community structure of hydrothermal deposits
from geochemically different vent fields along the Mid-Atlantic Ridge. Environ.
Microbiol. 13, 2158-2171 (2011).

15. Takai, K. et al. Variability in the microbial communities and hydrothermal fluid
chemistry at the newly discovered Mariner hydrothermal field, southern Lau
Basin. J. Geophys. Res. Biogeosci. 113, G02031 (2008).

. Reveillaud, J. et al. Subseafloor microbial communities in hydrogen-rich vent
fluids from hydrothermal systems along the Mid-Cayman Rise. Environ.
Microbiol. 18, 1970-1987 (2016).

17. Biddle, J. F. Prospects for the study of evolution in the deep biosphere. Front.

Microbiol. 2 (2012).

18. Spang, A. et al. Complex archaea that bridge the gap between prokaryotes and
eukaryotes. Nature https://doi.org/10.1038/nature14447 (2015).

19. Starnawski, P. et al. Microbial community assembly and evolution in
subseafloor sediment. Proc. Natl Acad. Sci. USA 201614190 https://doi.org/
10.1073/pnas.1614190114 (2017).

1

—

1

N

| DOI: 10.1038/541467-017-01228-6 | www.nature.com/naturecommunications 9


https://github.com/widdowquinn/pyani
https://github.com/widdowquinn/pyani
http://merenlab.org/2015/07/20/analyzing-variability/
http://merenlab.org/2015/07/20/analyzing-variability/
https://doi.org/10.1038/nature14447
https://doi.org/10.1073/pnas.1614190114
https://doi.org/10.1073/pnas.1614190114
www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

2

[=1

2

—

2

N

23.

24.

25.

2

(=2}

27.

28.

29.

30.

3

—

32.

3

@

34.

35.

36.

37.

3

el

39.

40.

4

—_

42.

43.

44.

45.

46.

. Brazelton, W. J. & Baross, J. A. Abundant transposases encoded by the

metagenome of a hydrothermal chimney biofilm. ISME J. 3, 1420-1424
(2009).

. Anderson, R. E. R. E,, Sogin, M. L. & Baross, J. A. Evolutionary strategies of

viruses and cells in hydrothermal systems. PLoS ONE 9, 109696 (2014).

. Brazelton, W. J. & Baross, ]. A. Metagenomic comparison of two

Thiomicrospira lineages inhabiting contrasting deep-sea hydrothermal
environments. PLoS ONE 5, 13530 (2010).

White, J. R., Escobar-Paramo, P., Mongodin, E. F., Nelson, K. E. & DiRuggiero, J.
Extensive genome rearrangements and multiple horizontal gene transfers in a
population of Pyrococcus isolates from Vulcano Island, Italy. Appl. Environ.
Microbiol. 74, 6447-6451 (2008).

Meyer, J. L. & Huber, J. A. Strain-level genomic variation in natural populations
of Lebetimonas from an erupting deep-sea volcano. ISME J. 8, 867-880
(2014).

German, C. R. et al. Diverse styles of submarine venting on the ultraslow
spreading Mid-Cayman Rise. Proc. Natl Acad. Sci. USA 107, 14020 (2010).

. Connelly, D. P. D. D. P. et al. Hydrothermal vent fields and chemosynthetic biota

on the world’s deepest seafloor spreading centre. Nat. Commun. 3, 620

(2012).

Reeves, E. P., McDermott, J. M. & Seewald, J. S. The origin of methanethiol in
midocean ridge hydrothermal fluids. Proc. Natl Acad. Sci. USA 111, 5474-5479
(2014).

McDermott, J. M., Seewald, J. S., German, C. R. & Sylva, S. P. Pathways for
abiotic organic synthesis at submarine hydrothermal fields. Proc. Natl Acad. Sci.
USA 112, 7668-7672 (2015).

Hodgkinson, M. R. S. et al. Talc-dominated seafloor deposits reveal a new class
of hydrothermal system. Nat. Commun. 6, 10150 (2015).

McDermott, J. M. Geochemistry of Deep-Sea Hydrothermal Vent Fluids from the
Mid-Cayman Rise, Caribbean Sea (Massachusetts Institute of Technology,
Cambridge, 2015).

. Bendall, M. L. et al. Genome-wide selective sweeps and gene-specific sweeps in

natural bacterial populations. ISME J. https://doi.org/10.1038/ismej.2015.241
(2016).

Delmont, T. O. et al. The global biogeography of amino acid variants within a
single SAR11 population is governed by natural selection. bioRxiv doi: https://
doi.org/10.1101/170639 (2017).

. Inagaki, F., Takai, K., Nealson, K. H. & Horikoshi, K. Sulfurovum

lithotrophicum gen. nov., sp. nov., a novel sulfur-oxidizing
chemolithoautotroph within the epsilon-Proteobacteria isolated from Okinawa
Trough hydrothermal sediments. Int. J. Syst. Evol. Microbiol. 54, 1477-1482
(2004).

Park, S.-J. et al. Draft genome sequence of the sulfur-oxidizing bacterium
‘Candidatus Sulfurovum sediminum’ AR, which belongs to the
Epsilonproteobacteria. J. Bacteriol. 194, 4128-4129 (2012).

Nakagawa, S. et al. Deep-sea vent epsilon-proteobacterial genomes provide
insights into emergence of pathogens. Proc. Natl Acad. Sci. USA 104,
12146-12150 (2007).

Huber, J. A. et al. Isolated communities of Epsilonproteobacteria in
hydrothermal vent fluids of the Mariana Arc seamounts. FEMS Microbiol. Ecol.
73, 538-549 (2010).

Meier, D. V. et al. Niche partitioning of diverse sulfur-oxidizing bacteria at
hydrothermal vents. ISME J. 1-14 https://doi.org/10.1038/ismej.2017.37
(2017).

. Shapiro, B. J. How clonal are bacteria over time? Curr. Opin. Microbiol. 31,

116-123 (2016).

Cuadros-Orellana, S. et al. Genomic plasticity in prokaryotes: the case of the
square haloarchaeon. ISME J. 1, 235-245 (2007).

Pefia, A. et al. Fine-scale evolution: genomic, phenotypic and ecological
differentiation in two coexisting Salinibacter ruber strains. ISME J. 4, 882-895
(2010).

. Zaremba-Niedzwiedzka, K. et al. Single-cell genomics reveal low recombination

frequencies in freshwater bacteria of the SAR11 clade. Genome Biol. 14, R130
(2013).

Kashtan, N. et al. Single-cell genomics reveals hundreds of coexisting
subpopulations in wild Prochlorococcus. Science 344, 416-420 (2014).

Breier, J. A., Gomez-Ibanez, D., Reddington, E., Huber, J. A. & Emerson, D. A
precision multi-sampler for deep-sea hydrothermal microbial mat studies. Deep
Sea Res. Part I Oceanogr. Res. Pap. 70, 83-90 (2012).

Breier, J. A. et al. A suspended-particle rosette multi-sampler for discrete
biogeochemical sampling in low-particle-density waters. Deep Sea Res. Part I
Oceanogr. Res. Pap. 56, 1579-1589 (2009).

Huber, J. A., Butterfield, D. A. & Baross, J. A. Temporal changes in archaeal
diversity and chemistry in a mid-ocean ridge subseafloor habitat. Appl. Environ.
Microbiol. 68, 1585-1594 (2002).

Minoche, A. E., Dohm, J. C. & Himmelbauer, H. Evaluation of genomic high-
throughput sequencing data generated on Illumina HiSeq and Genome
Analyzer systems. Genome Biol. 12, R112 (2011).

|18:14

47. Eren, A. M., Vineis, J. H., Morrison, H. G. & Sogin, M. L. A filtering method to
generate high quality short reads using illumina paired-end technology. PLoS
ONE 8, 66643 (2013).

48. Quast, C. et al. The SILVA ribosomal RNA gene database project: improved
data processing and web-based tools. Nucleic Acids Res. 41, D590-D596 (2013).

49. Pruesse, E. et al. SILVA: a comprehensive online resource for quality checked
and aligned ribosomal RNA sequence data compatible with ARB. Nucleic Acids
Res. 35, 7188-7196 (2007).

50. DeSantis, T. Z. et al. Greengenes, a chimera-checked 16S rRNA gene database
and workbench compatible with ARB. Appl. Environ. Microbiol. 72, 5069
(2006).

51. Langmead, B. & Salzberg, S. L. Fast gapped-read alignment with Bowtie 2. Nat.
Methods 9, 357-359 (2012).

52. Schloss, P. D. et al. Introducing mothur: open-source, platform-independent,
community-supported software for describing and comparing microbial
communities. Appl. Environ. Microbiol. 75, 7537-7541 (2009).

53. Peng, Y., Leung, H. C. M., Yiu, S. M. & Chin, F. Y. L. IDBA-UD: a de novo
assembler for single-cell and metagenomic sequencing data with highly uneven
depth. Bioinformatics 28, 14201428 (2012).

54. Li, H. & Durbin, R. Fast and accurate short read alignment with Burrows-
Wheeler transform. Bioinformatics 25, 1754-1760 (2009).

55. Eren, A. M. et al. Anvi'o: an advanced analysis and visualization platform for
‘omics data. Peer] 3, e1319 (2015).

56. Hyatt, D. et al. Prodigal: prokaryotic gene recognition and translation initiation
site identification. BMC Bioinformatics 11, 119 (2010).

57. Eddy, S. R. Accelerated profile HMM searches. PLoS Comput. Biol. 7, 1002195
(2011).

58. Campbell, J. H. et al. UGA is an additional glycine codon in uncultured SR1
bacteria from the human microbiota. Proc. Natl Acad. Sci. USA 110, 5540-5545
(2013).

59. Rinke, C. et al. Insights into the phylogeny and coding potential of microbial
dark matter. Nature 499, 431-437 (2013).

60. Darling, A. E. et al. PhyloSift: phylogenetic analysis of genomes and
metagenomes. Peer] 2, €243 (2014).

61. Stamatakis, A. RAXML-VI-HPC: maximum likelihood-based phylogenetic
analyses with thousands of taxa and mixed models. Bioinformatics 22,
2688-2690 (2006).

62. Letunic, I. & Bork, P. Interactive Tree of Life v2: online annotation and display
of phylogenetic trees made easy. Nucleic Acids Res. 39, W475-W478 (2011).

63. Richter, M. & Rossello-Mora, R. Shifting the genomic gold standard for the
prokaryotic species definition. Proc. Natl Acad. Sci. USA 106, 19126-19131 (2009).

64. Markowitz, V. M. et al. IMG ER: a system for microbial genome annotation
expert review and curation. Bioinformatics 25, 2271-2278 (2009).

65. Markowitz, V. M. et al. IMG: the integrated microbial genomes database and
comparative analysis system. Nucleic Acids Res. 40, D115-D122 (2011).

66. Benedict, M. N., Henriksen, J. R., Metcalf, W. W., Whitaker, R. J. & Price, N. D.
ITEP: an integrated toolkit for exploration of microbial pan-genomes. BMC
Genomics 15, 8 (2014).

67. Aziz, R. K. et al. The RAST Server: rapid annotations using subsystems
technology. BMC Genomics 9, 75 (2008).

68. R Core, T. R: A Langu age and Environment for Statistical Computing (2013).

69. Rodriguez-Brito, B., Rohwer, F. & Edwards, R. A. An application of statistics to
comparative metagenomics. BMC Bioinformatics 7, 162 (2006).

70. Hunter, J. D. Matplotlib: a 2D graphics environment. Comput. Sci. Eng. 9,
90-95 (2007).

Acknowledgements

We would like to thank Chip Breier, Leslie Murphy and the captains and crew of R/V
Atlantis and R/V Falkor as well as ROVs Jason and Nereus for assistance with sample
collection and preparation. We would also like to thank Ben Tully and Ramunas
Stepanauskas for providing invaluable comments on the manuscript, and Andy Poppick
for assistance with statistical analyses. R.E.A. was supported by a NASA Postdoctoral
Fellowship with the NASA Astrobiology Institute. This work was supported by a NASA
Astrobiology Science and Technology for Exploring Planets (ASTEP) grant NNX-327
09AB75G and a grant from Deep Carbon Observatory's Deep Life Initiative to J.A.H. and
J.S.S., and the NSF Science and Technology Center for Dark Energy Biosphere
Investigations (C-DEBI). Ship and vehicle time in 2012 was supported by the NSF-OCE
grant OCE-1061863 to J.S.S. Data collected in this study in 2013 is based upon

work supported by the Schmidt Ocean Institute during cruise FX008-2013 aboard R/V
Falkor. This is C-DEBI Contribution 387.

Author contributions

RE.A. and J.A.H. designed the study. J.R., ER., JM.M,, J.S.S. and J.A.H. collected the
samples. J.M.M. and J.S.S. performed geochemical measurements and analysis. J.R. and
ER. extracted and purified DNA and prepared metagenomic libraries for sequencing.
R.E.A. filtered, assembled, binned, annotated, and analyzed metagenomic data. A.M.E.
designed software for metagenomic binning and assisted with analysis. RE.A. and J.A.H.

| DOI: 10.1038/541467-017-01228-6 | www.nature.com/naturecommunications


https://doi.org/10.1038/ismej.2015.241
https://doi.org/10.1101/170639
https://doi.org/10.1101/170639
https://doi.org/10.1038/ismej.2017.37
www.nature.com/naturecommunications

ARTICLE

integrated data and drafted the manuscript. J.R., A.MLE. and ].S.S. contributed con-
structive edits. All authors reviewed the results and approved the manuscript.

Additional information
Supplementary Information accompanies this paper at doi:10.1038/s41467-017-01228-6.

Competing interests: The authors declare no competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

|18:1114

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2017

| DOI: 10.1038/541467-017-01228-6 | www.nature.com/naturecommunications 1


http://dx.doi.org/10.1038/s41467-017-01228-6
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Genomic variation in microbial populations inhabiting the marine subseafloor at deep-sea hydrothermal vents
	Results
	General characterization of fluid samples and metagenomic data sets
	Binning of metagenomic contigs
	Analysis of genomic variation
	Genomic variation within Sulfurovum MAGs

	Discussion
	Methods
	Sample collection
	Microbial community DNA preparation and sequencing
	Taxonomic distribution of metagenomic samples
	Metagenome assembly, mapping, and binning
	Gene calling, annotation, and comparison of MAGs
	Single-nucleotide and single-amino acid variant analyses
	Data availability

	References
	Acknowledgements
	Author contributions
	ACKNOWLEDGEMENTS
	Competing interests
	ACKNOWLEDGEMENTS




