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Summary

Geothermal springs are essentially unaffected by envi-
ronmental conditions aboveground as they are contin-
uously supplied with subsurface water with little
variability in chemistry. Therefore, changes in their
microbial community composition and function, espe-
cially over a long period, are expected to be limited but
this assumption has not yet been rigorously tested.
Toward closing this knowledge gap, we applied whole
metagenome sequencing to 17 water samples col-
lected between 2010 and 2016 from the Thermopyles
sulfur-rich geothermal springs in central Greece. As
revealed by 16S rRNA gene fragments recovered in
the metagenomes, Epsilonproteobacteria-related oper-
ational taxonomic units (OTUs) dominated most sam-
ples and grouping of samples based on OTU
abundances exhibited no apparent seasonal pattern.
Similarities between samples regarding functional
gene content were high, with all samples sharing
>70% similarity in functional pathways. These
community-wide patterns were further confirmed by
analysis of metagenome-assembled genomes (MAGs),
which showed that novel species and genera of the
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chemoautotrophic Campylobacterales order dominated
the springs. These MAGs carried different pathways
for thiosulfate or sulfide oxidation coupled to carbon
fixation pathways. Overall, our study showed that even
in the long term, functions of microbial communities in
a moderately hot terrestrial spring remain stable, pre-
sumably driving the corresponding stability in commu-
nity structure.

Introduction

Microbial communities of geothermal springs are of spe-
cial interest for understanding early life as they are con-
sidered analogues of the first habitable environments on
Earth (Konhauser et al., 2001; Damer and
Deamer, 2019). These habitats are dominated by several
thermophilic and hyperthermophilic species (Lépez-
Lépez et al., 2013) that mediate nutrient cycling
(e.g. carbon, nitrogen, and sulfur) (Falkowski
et al., 2008). The best-studied geothermal habitat is Yel-
lowstone National Park (YNP; USA) which contains
>14 000 of sites with geothermal activity, covering a wide
range of pH (2-10), temperature (40-92°C) and geo-
chemical properties (Nordstrom et al., 2005; Rye and
Truesdell, 2007; McCleskey et al., 2010). Most of these
sites exhibit temporal stability in these geochemical prop-
erties (Inskeep et al., 2013).

Several molecular studies of the microbial diversity pre-
sent in YNP hot springs have revealed the dominance of
uncultivated thermophilic archaea, Aquificales,
Chloroflexi, Chlorobi and Cyanobacteria at different sites
(Barns et al., 1994; Barns et al., 1996; Boomer
et al., 2002; Hiras et al., 2016; Hugenholtz et al., 1998;
Meyer-Dombard et al., 2005; Reysenbach et al., 2006;
Spieck et al., 2020; Toplin et al., 2008). Subsequent stud-
ies in YNP, including a large metagenomic survey
(Inskeep et al., 2013), tried to elucidate the geochemical
features that drive microbial diversity patterns and how
specific phylotypes are functionally differentiated from
each other based on electron donors such as hydrogen
or sulfide and electron acceptors. Other habitats that
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have been studied, including thermophilic springs in
Japan (Yamamoto et al., 1998; lino et al., 2010), Iceland
(Flores et al., 2008; Takacs-Vesbach et al., 2008; Tobler
and Benning, 2011), New Zealand (Childs et al., 2008)
and Kamchatka (Russia; Burgess et al., 2012; Wilkins
et al., 2019) were found to harbour similar microbial com-
munities. Most of these habitats exhibit high tempera-
tures (>65°C), and thus mainly consist of
hyperthermophilic communities.

Mesophilic sulfur-rich terrestrial springs, in particular,
are comparatively much less studied and understood.
Chemoautotrophic microbial communities use reduced
sulfur compounds contained in underlying geothermal
water to gain energy and fuel these systems. These com-
munities are important in sulfur cycling and carbon fixa-
tion, thus mediating the transfer of energy from the
geothermal source to other trophic levels (Hugler
et al., 2010). Most studies of mesophilic terrestrial springs
have analysed microbial community diversity and func-
tions in order to detect key community members and
functions performed in association with environmental or
geothermal parameters (Engel et al., 2004; Reigstad
et al., 2011; Headd and Engel, 2013; Chan et al., 2015).
However, although steady geochemical conditions imply
stability in microbial diversity and function, no study of
mesophilic terrestrial springs has been performed on a
temporal or seasonal scale. Temporal analysis is particu-
larly important for mesophilic springs since these sys-
tems typically receive soil or water inputs from other
sources (i.e. seawater or rainfall), in addition to ground-
water. It currently remains unknown whether these inputs
could influence major metabolic pathways and override
the major input from geothermal fluids.

Greece harbours many terrestrial springs due to the
geology of the country. The formation of terrestrial
springs is related to recent volcanic activity and active
tectonics for which magmatic and volcanic processes
along with the high mountain chains and active fault sys-
tems favour the rise of deep waters discharged at the
surface as geothermal springs (Lambrakis and Kallergis,
2005). Most springs are characterized by the mixing of
deep thermal reservoir water with meteoric water, while
coastal springs are also characterized by loss of heat via
the mixing of geothermal water with seawater and
freshwater.

The Thermopyles springs located in the eastern part of
mainland Greece (38°47'36.35"N/22°31'43.04”E) consist
of such typical coastal springs and comprise one of the
larger active geothermal systems in Greece (Fig. S1).
They are part of the Spercheios tectonic graben, which is
considered to be an extension of the Anatolia strike-slip
fault (Georgalas and Papakis, 1966; Marinos et al., 1973).
The activity of trending faults contributes to the uprise of
thermal water, which specifically for the Thermopyles

springs mixes with seawater or freshwater resulting in
lower temperatures (~40°C) compared with hyperthermo-
philic geothermal springs and pH values close to 6 (Duriez
et al., 2008). The system is rich in ammonia and hydrogen
sulfide produced by the reduction of sulfate originating
from the oxidation of sulfide minerals or directly from sea-
water (Lambrakis et al., 2014).

Very few studies have been conducted in the Thermo-
pyles and these were focused on geochemical features
and measurements of physicochemical properties
(Lambrakis and Kallergis, 2005; Verros et al., 2007; Duriez
et al., 2008; Lambrakis et al., 2014; Zarikas et al., 2014) or
the investigation of travertine deposits in association with
Cyanobacteria (Kanellopoulos et al., 2016). Investigation
of geochemical features has shown the increased concen-
tration of hydrogen sulfide mainly produced by pyrite oxi-
dation and reduced species of sulfates (Lambrakis and
Kallergis, 2005; Duriez et al., 2008). The microbial com-
munity of the Thermopyles has only been studied once
(Kormas et al., 2009) but this previous study was focused
on a cross-sectional comparison of populations to those in
springs in other parts of Greece and was based on SSU
rRNA gene clone libraries that provided only coarse
resolution.

Here we analyse shotgun metagenomes from 17 Ther-
mopyles samples collected during a 7-year period and in
different seasons along with environmental data to evalu-
ate (i) potential seasonal changes in microbial diversity
and function, (ii) the novelty of the microbial species that
are always prevalent in the community using 16S rRNA
and metagenome assembled genomes (MAGs) and
(iii) key metabolic functions that fuel the microbial com-
munities in terms of energy and carbon sources for fur-
ther biotechnological applications. Our findings suggest
that seasonal and temporal changes were not significant
in shaping microbial community composition and function
while microbial communities were characterized by sev-
eral novel species that have a key role in habitat
function.

Results
Microbial community structure of thermopyles

In the metagenomic datasets, a total of 887 602 individ-
ual reads encoding fragments of the 16S rRNA gene
were detected (Table S1). [Sample naming scheme: the
two letters and the two numbers reflect the month and
the year in which the sample was collected. For example,
AU13 represents a sample collected in August 2013].
Bacterial sequences predominated since only 0.05% of
the total 16S rRNA gene-carrying reads were assigned to
Archaea. The highest diversity as indicated by the Shan-
non index of 16S rRNA gene-based operational
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taxonomic units (or OTUs) was observed in the DE14
sample (5.7) while the lowest value was observed for
DE16 (3.61; Table S1). In terms of Chao richness, the
highest value was observed in MY16 (2875 OTUs) and
the lowest in FE15 (1136 OTUs). Good’'s coverage
values exceeded 0.98 for all samples indicating that
approximately 98% of the total OTUs were recovered by
sequencing. In total 5956 OTUs were observed in all time
points. Only 66% of these OTUs had a >97% identity
match against the SILVA database; the remaining OTUs
represented ‘novel’ taxa at this level (Table S1). These
novel OTUs comprised a substantial portion of the total
community, accounting for 16%—40% of the total reads,
depending on the sample considered (Table S1).

At the whole-genome level, the majority (60.9%—
93.5%) of the metagenomic reads assembled in contigs
longer than 500 bp (Table S1). The coverage of the
microbial community achieved by the corresponding
metagenomic dataset was also estimated based on the
redundancy of the reads using the Nonpareil algorithm
(Rodriguez-R and Konstantinidis, 2014), which confirmed
the relatively low complexity of all samples as evidenced
by coverage values ranging from 0.77 to 0.94 (Table 1).

The taxonomic composition was estimated based on
the short reads encoding 16S rRNA gene fragments
recovered in the metagenomes. Proteobacteria were the
most abundant phylum across all samples (Fig. S2).
Class level taxonomic distributions revealed the domi-
nance of Epsilonproteobacteria (>60% of total
sequences) in most samples, usually followed by
Gamma- or Alphaproteobacteria (Fig. 1A). [Note that the
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target of several recent studies and the proposal of a
separate phylum, Epsilonbacteraeota, has been
suggested (Waite et al., 2017). Since then, different data-
bases (e.g. SILVA) have followed this suggestion while
others have not (e.g. GenBank). In this study, different
databases were used for classification, but we chose to
use the GenBank classification of Epsiloproteobacteria
as a Class within the Proteobacteria phylum for consis-
tency with most earlier studies].

Out of the 5956 OTUs observed in all time points,
165 represented shared OTUs that were present in all
samples, comprising 18.14%—-91.64% (average 74.09%)
of the total 16S rRNA gene carrying reads per sample
(Table S1). Given the similar sequencing depth across
the samples (Table 1, S1) and overall high sequence
coverage (Table 1), the comparison of the number of
detected shared OTUs can provide a reliable picture of
the size and composition of the ‘core’ bacterial commu-
nity in the springs. This core bacterial community mainly
consisted of representatives of the Piscirickettsiaceae,
Sulfurovaceae and Campylobacteraceae families, and
the Halothiobacillus, Sulfurovum, Arcobacter, Sul-
furicurvum and Sulfurimonas genera. The relative abun-
dance of these core taxa did not exhibit any apparent
seasonal pattern (Fig. 1C).

More specifically, cluster analysis performed on the
similarities between the abundance distributions of all
identified OTUs in each sample (Morisita similarity;
Wolda, 1981) exhibited lack of seasonal patterns (sea-
sons were defined using either calendar days or climato-
logical parameters). Four major clusters (A-D) were

classification of Epsilonproteobacteria has been the observed, exhibiting high intra-cluster similarities

Table 1. Metagenomic dataset statistics associated with Thermopyles dataset.

WGS dataset statistics AP10 JN10 JIN11 DE11 MY12 DE12 AU13 DE13 MY 14

Total size (Gb) 3.47 3.31 3.54 2.24 2.37 3.17 3.02 3.84 2.82

# Predicted genes 44 818 92 624 40118 49 796 39 349 45 342 37 093 54 317 45 364

# Contigs 12 590 23409 9720 17 517 11372 11 625 11178 16 985 10 063

Average contig length 2867 3277 3512 2319 2842 3242 2611 2566 3802

Longer contig (bp) 186 023 250 868 138 677 104 928 186 610 239 545 204 647 240 475 240 302

Coverage (Nonpareil) 0.85 0.77 0.92 0.84 0.81 0.86 0.88 0.85 0.93

N50 3691 4791 5851 2521 3874 4658 3132 3067 7823

% Reads mapping on 36.16 20.60 38.01 21.79 32.99 37.40 38.83 34.87 36.06
abundant MAGs genes

WGS dataset statistics DE14 FE15 AP15 JN15 DE15 MY16 OC16 DE16

Total size (Gb) 3.35 1.70 3.34 3.24 3.28 411 2.7 3.48

# Predicted genes 112 357 16 152 31367 102 440 61816 80 003 35720 29 561

# Contigs 21625 4931 8295 24137 14613 22 072 8128 8011

Average contig length 4693 2591 3118 3603 3519 2988 3731 2994

Longer contig (bp) 260 721 240 237 229 951 269 767 240 362 240 890 691 025 164 877

Coverage (Nonpareil) 0.86 0.95 0.85 0.88 0.92 0.87 0.94 0.93

N50 10 965 2833 5336 5558 5519 4062 7697 4228

% Reads mapping on 17.01 45.62 34.44 25.59 35.64 32.35 38.99 38.92

abundant MAGs genes
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Fig 1. Taxonomic composition and cluster analysis of Thermopyles metagenomic datasets.
A. Taxonomic composition (class level) of the Thermopyles geothermal springs microbial communities.
B. Clustering of the Thermopyles samples based on 16S rRNA gene-based OTU (97% identity threshold) abundance profiles (Morisita

similarities).

C. Taxonomic composition of ‘core’ OTUs Thermopyles geothermal springs microbial communities.
D. Clustering of the Thermopyles samples based on seed subsystems abundance profiles (Morisita similarities).

(e.g. >85%) and including samples from different years
(e.g. JN11 vs. DE16; group A or JN10 vs. JN15; group
D), while only two samples (DE11, DE14) were <20%
similar to all the remaining samples (Fig. 1B). Further-
more, three clusters (A—C) exhibited inter-cluster similari-
ties >60% and they were dominated by Sulfurovum sp.-
related OTUs, implying the presence of a relatively stable
community across all of our samples (i.e. AP10-OC16),
occasionally interrupted by Piscirickettsiaceae-dominated
communities or the two outliers (Fig. 1B and C). Apart
from similarities in terms of taxonomic diversity, the size
of the microbial community remained stable during the
7 years as evidenced by DAPI counts ranging from
85 434 to 98 888 cells mI~" (Table S1).

Consistent with the results reported above based on
individual OTUs, our non-metric multidimensional scaling
(NMDS) (stress: 12.57%) analysis performed at the whole
community level based on the normalized abundances for

metagenome size of all identified OTUs revealed no mea-
sured environmental parameters (e.g. season, precipita-
tion, pH) to be significant for the ordination of the samples
(Fig. S3).

Microbial functional diversity and comparisons to other
habitats

The total assembly size for each metagenome (no co-
assembly was performed) ranged from 1.70 Gbp in FE15
to 4.11 Gbp in MY16, while N50 values ranged from
2521 bp in DE11 to 10 965 bp in DE14. Average contig
length ranged from 2318 bp (DE11) to 4692 bp (DE14),
while the largest contigs observed ranged from
104 928 bp (DE11) to 691 025 bp (OC16) (Table 1). The
number of predicted genes from the metagenomic
assemblies ranged from 16 152(FE15) to 112357

© 2020 Society for Applied Microbiology and John Wiley & Sons Ltd., Environmental Microbiology



(DE14) (Table 1), reflecting the underlying microbial com-
munity diversity of the samples.

Functional gene distributions were evaluated based on
the classification of genes in the subsystems hierarchical
annotation scheme of the SEED database, resulting in
13.94% (DE11) to 54.16% (AG13) of total reads mapping
on assembled genes that have SEED subsystems anno-
tations (Table S1). Cluster analysis performed on the
abundance distributions of different functions revealed
higher Morisita similarities than the taxonomic (OTUs)
similarities mentioned above, suggesting a greater num-
ber of shared functions among all samples (Fig. 1D).
Consistent with the taxonomic results, DE11 exhibited
the lowest functional similarities with the rest of the sam-
ples (<70%), while DE14 was more similar with the rest
of the samples compared with the taxonomic diversity
comparisons described above (Fig. 1B and D). Pairwise
comparisons, using DeSeq, of the functional distributions
between all Thermopyles samples revealed relatively
similar gene content with none of the 1114 identified sub-
systems exhibiting significantly different abundances
(Pagj > 0.05). However, when using p-values without cor-
rection for multiple samples, DE11 exhibited higher abun-
dances (p <0.05) of CO, fixation, metabolism of
aromatic compounds, ammonia assimilation, phages pro-
phages and transposable elements, sulfate reduction and
CRISPRs-related genes, and relatively lower abundance
of denitrification, dissimilatory nitrite reduction and nitrate/
nitrite  ammonification compared with the other
metagenomes (Fig. 2A). In general, these functions did
not exhibit any specific pattern regarding season or
month, similar to the OTU patterns mentioned above.

When comparisons were performed with other habitats
such as Kalamas River in Greece (sample kal2feb; Meziti
et al., 2016) and YNP in the USA (sample CIS_19;
Inskeep et al., 2013), several significant differences
(Pagj < 0.05) were observed in functional gene diversity
(Table S2, S3, Fig. 2B). Overall, Thermopyles samples
exhibited increased allelic diversity (i.e. a higher number
of distinct variants of the same protein function at the
97% amino-acid similarity threshold) compared with both
Kalamas and YNP for all genes involved in sulfur oxida-
tion pathways including all genes from the Sox pathway
(soxABCDXYZ) as well as genes for flagellar motility,
potassium homeostasis (potassium channel and efflux
system proteins genes) and the carboxysome (Rubisco
operon transcription regulators and activation proteins
involved in Calvin—Benson-Basham [CBB] cycle for CO,
fixation).

Flagellar motility genes are generally increased in springs
relative to riverine samples since microorganisms use motil-
ity to find the niche with the most favourable concentrations
of oxygen and nutrients. The relatively lower frequency of
flagellar motility genes found in the YNP samples could be
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attributed to the decreased water flow (i.e. samples were
collected mostly from bottom or suspended sediment) in
this ecosystem versus the samples from Thermopyles. Tax-
onomic analysis of the carboxysome-related genes showed
that they were classified in the Piscirickettsiaceae family
(Gammaproteobacteria), which also included many of the
core OTUs (Figs 1A and C). Indeed, it has been shown that
the CBB cycle is a common CO, fixation pathway for gam-
maproteobacterial autotrophs (Mangiapia and Scott, 2016);
this pathway was not present in the YNP sample analysed
here. Similarly, heat shock (dnaK) genes were increased in
Thermopyles populations compared with YNP. DnaK is
mainly found in Bacteria while it is detected only in some
groups of Archaea via lateral gene ftransfer events
(Gribaldo et al., 1999), explaining the low abundance of
dnaK genes in the archaeal-dominated YNP site compared
with Thermopyles.

Gene (allelic) diversity for CRISPR genes as well as
ferredoxin oxidoreductase homologues, which are impor-
tant in the reverse TCA cycle, often observed in sulfidic
and anaerobic environments dominated by
Epsilonproteobacteria and Archaea (Fig. 2B) was
increased in both Thermopyles and YNP compared with
Kalamas. Diversity in CRISPR-related genes was much
higher in Thermopyles where 160 different CRISPR
genes were detected in total including genes related to
cas1-9, Cmr3/4/6 and Csd1/2/5/7 gene families, whereas
in Kalamas only the Cas2-related proteins were detected.

Sulfur and nitrogen metabolism are of special interest
for the microbial ecology of Thermopyles due to the chemi-
cal composition of the groundwater feed (Lambrakis
et al., 2014), and thus the corresponding pathways were
examined in more detail using KEGG annotations. For sul-
fur metabolism, three pathways were assessed,
i.e. M00595 for thiosulfate oxidation by the Sox pathway
(soxABCDXYZ), M00596 for dissimilatory sulfate reduction
(DSR) and MO00176 for assimilatory sulfate reduction
(ASR) (Table S4). Most samples contained all genes of
the Sox pathway and partial detection was observed in the
rest, similar to the ASR pathway (Fig. 3B; Table S4). The
complete DSR pathway was detected in eight samples,
whereas partial detection was observed in three samples
and complete absence found in the rest. For the samples
in which partial detection was observed, the calculation of
genome equivalents (i.e. what fraction of total cells encode
the gene of interest assuming a single copy per genome)
showed that absence was probably due to low coverage
rather than true absence. Genome equivalent analysis
also showed higher abundance (3- to 50-fold) of soxCDY
genes relative to the rest of the genes of the pathway
(Table S5), implying that members of the community could
follow an alternative pathway for sulfur oxidation with the
absence of soxABZX as suggested previously for other
systems (Lahme et al., 2020).

© 2020 Society for Applied Microbiology and John Wiley & Sons Ltd., Environmental Microbiology
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Fig 2. Functional profiles of the Thermopyles microbial communities.

A. Subsystems (SEED database) with differences in abundance through time based on negative binomial test using DeSeq and p < 0.05 (not-

adjusted). Scale corresponds to log number of normalized reads.

B. Statistically significant differences in gene content (derived from the number of different genes that could be assigned to a subsystem)
between Thermopyles, Yellowstone and Kalamas samples based on negative binomial test using DeSEQ and pagj < 0.05 (pagi-values were
corrected for multiple testing; scale corresponds to normalized log number of different genes).

Regarding nitrogen metabolism, KEGG pathways
predicted to be present in the Thermopyles samples
included nitrogen fixation (nif, KEGG ID M00175), assimi-
latory nitrate reduction (ANR; KEGG ID M00531), as well
as dissimilatory nitrate reduction (DNR; KEGG ID
MO00530) pathways. Nitrogen fixation genes, nifHDK and
vnfH were present in all metagenomes except for FE15.
The DNR pathway was complete in all metagenomes
and ANR was complete in all metagenomes apart from
MY14 and DE14 in which gene nirA for the transforma-
tion of nitrite to ammonia was absent (Fig. 3C).

Among the total SEED subsystems detected in at least
one of the samples, 250 out of 1234 were common in all
the habitats analysed and were present in eight of the
Thermopyles samples. Genes coding for these proteins
were considered homologous and were further analysed

for their %G + C content. The %G + C content in Ther-
mopyles (53.6%) was significantly higher and lower than
the respective %G + C contents in Kalamas (47.2%) and
YNP (66.3%) (t-test, p < 0.0001). This finding agreed with
the hypothesis that %G + C content provides greater
thermotolerance to  microorganisms (Zheng and
Wu, 2010) since the Kalamas site exhibits the lowest
annual temperature (11°C) (Meziti et al., 2016) among
the three sites, and YNP the highest (78-80°C) (Inskeep
et al., 2013).

Novelty of the metagenome-assembled genomes. In
total, 78 good quality MAGs, defined as completeness
>70% and contamination (<10%), were recovered from
the 17 samples. After ANI pairwise comparisons, the
MAGs were grouped using a cutoff of 95% (threshold for

© 2020 Society for Applied Microbiology and John Wiley & Sons Ltd., Environmental Microbiology
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Fig 3. The abundance of MAGs and presence of specific pathways in metagenomes and MAGs.
A. Abundance of the identified bacterial populations (MAGs); scale: sequence depth coverage.

B. Presence/absence of specific pathways in different metagenomes.
C. Presence/absence of specific pathways in different MAGs.

DSR: dissimilatory sulfate reduction, ASR: assimilatory sulfate reduction, sqr: sulfide oxidoreductase, nifix: nitrogen fixation, DNR: dissimilatory
nitrate reduction, ANR: assimilatory nitrate reduction, denitr: denitrification, rTCA: reductive TCA cycle, CBB: Calvin-Benson—-Basham, PAAK:
Phosphate acetyltransferase-acetate kinase pathway; black boxes stand for full pathway, grey boxes for partial pathway and white for absence.

species) in 42 genomospecies (GSP) for further analysis
(Table S6). The best quality (i.e. highest completeness,
lowest contamination) MAG of each genomospecies was
used as a representative.

Our assessment using MiGA (Rodriguez-R et al., 2018)
revealed that many of the MAGs (15/42) belonged to
Epsilonproteobacteria followed by Alphaproteobacteria
(10), Gammaproteobacteria (9), Actinobacteria (4), Bacte-
roidetes (2) and Betaproteobacteria (1) (Table S6) consis-
tent with the 16S rRNA gene-based OTU results
mentioned above (Fig. 1A and C). The majority of the
Epsilonproteobacteria affiliated MAGs were only classified

to the order or class level compared with all previously
named species of isolates suggesting that they represent
novel families, not previously classified and with no
genome representatives. Results from GTDB-K classifica-
tions for the Epsilonproteobacteria MAGs were consistent,
showing that our MAGs probably represent novel genera
or families (Table S6). This finding partially agreed with
the 16S rRNA gene-based results that showed ~15% of
the epsilonproteobacterial classified OTUs belong to novel
genera and 8% of them to novel families (Table S1).

To better study the taxonomy and function of abundant
MAGs, 23 MAGs exhibiting high relative abundance

© 2020 Society for Applied Microbiology and John Wiley & Sons Ltd., Environmental Microbiology
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(Table 1, S7) and potential involvement in the sulfur cycle
based on their predicted gene content were chosen for
further investigation (Table 2; Fig. 3A). [MAGs naming
scheme: the first part reflects the closest relative of the
MAG and the second part the lowest taxonomic rank the
two share according to the MiGA TypeMAT/NCBI data-
base (p <0.1), i.e. C: class, O: order, F: family. G:
Genus, S: Species. For instance, we use
Sulfurimonas_O for a MAG that had a Sulfurimonas
sp. as the closest relative and was classified - at the low-
est level with statistical confidence - to the order
Campylobacterales].

Five of these MAGs (Sulfurovum_X) belonged to
closely related species exhibiting ANI similarities below
95% but above 72% among them (Table S8). The closest
relative of these MAGs was Sulfurovum lithotrophicum
NZ CP011308 (Jeon et al., 2017) exhibiting AAI similari-
ties between 52.68% and 63.05% based on MiGA
(Table 2); thus, they share only class or order with their
closest relative and represent a novel genus, if not family.
The Sulfurovum MAGs were dominant in most samples
with coverage and relative abundances exceeding 100x
and 20% of total community respectively (Fig. 3A;
Table S7), in agreement with the 16S rRNA gene-based
analysis of which OTUs represented the ‘core’ commu-
nity (Fig. 1C), showing Sulfurovum and Sulfurovaceae-
related OTUs to be highly abundant and core.

The rest of the MAGs were taxonomically classified
(p < 0.1) to Epsilonproteobacteria or Campylobacterales
having Sulfuricurvum, Arcobacter and Sulfurimonas gen-
era as best matches with their closest relatives to be Sul-
furicurvum  kujiense NC 014762T (Kodama and
Watanabe, 2004), Arcobacter sp. L NC 017192 (Toh
et al., 2011) and Sulfurimonas autotrophica NC 014506T
(Inagaki et al., 2003) respectively (Table 2). ANI values
between MAGs with the same closest relative varied from
71.14% to 90.32%, implying that they most likely repre-
sented distinct species of the same family or genus.
These findings highlighted the substantial intra-genus
diversity at Thermopyles for the above-mentioned gen-
era, similar to the Sulfurovum MAGs mentioned earlier
(Table S8), and in agreement with the 16S rRNA gene-
based core OTUs. The remaining MAGs were taxonomi-
cally classified to Brevundimonas, Halothiobacillus,
Thioclava, Stenotrophomonas, Thiotrhichales and
Betaproteobacteria (Table 2). Notably, taxonomic assign-
ments and persistence over time of most MAGs
(e.g. Epsilonproteobacteria, Thiotrichales and
Halothiobacillus) corroborated with 16S rRNA gene data,
further supporting the presence of a core community.

Key metabolic functions of the MAGs. The 23 abundant
MAGs (Table 2) suspected to be involved in the sulfur
cycle were examined for key energy pathways including

pathways for sulfur and nitrogen cycling as well as for
carbon fixation. In addition to the KEGG pathways for sul-
fur and nitrogen cycling mentioned above, pathways for
CO:, fixation, such as the reductive TCA cycle (M00173),
phosphate acetyltransferase-acetate kinase pathway
(M00579), the reductive pentose phosphate cycle
(M00165)/CBB, the dark and light Crassulacean acid
metabolism (M00168/9) and the reductive acetyl-CoA
pathway (M00377) were searched along with sulfide qui-
none reductase (sqr; E.C.1.8.5.4) for the oxidation of sul-
fide to elemental sulfur.

Using a similar approach and thresholds as mentioned
above for assembled contigs and genes, sqr was
detected in all Epsilonproteobacteria classified MAGs
indicating the potential for elemental sulfur formation.
Genes for the oxidation of thiosulfate by the Sox pathway
were partially observed in some Sulfurovum, Sul-
furicurvum, Arcobacter, Halothiobacillus, Thiomicrospira,
Hydrogenovibrio and Thioclava MAGs, while the com-
plete complex was observed only in Sulfurimonas_O
(Fig. 3C; Table S4), in agreement with previous studies
(Han and Perner, 2015). The absence of some genes
from the sox complex could be attributable to low com-
pleteness in some cases such as with the Sulfurovum_O,
Hydrogenovibrio_O, Thiomocrospira_O and Thioclava_G
MAGs. However, the absence of specific genes (soxCD)
in the Sulfuricurvum MAGs could indicate alternative
pathways as previously detected in Sulfuricurvum sp., in
which thiosulfate oxidation ends up with the accumulation
of sulfur globules or polysulfide (Friedrich et al., 2005; Fri-
gaard and Dahl, 2009).

Regarding DSR, only Sulfuriferula_C possessed the
complete pathway while no related genes were observed
in the other MAGs. For ASR, the complete pathway was
only detected in Thioclava, Arcobacter S and
Brevundimonas_Ga, whereas Sulfurimonas, Arcobacter,
Sulfuriferula_C, Halothiobacillus and Brevundimonas
MAGs possessed some genes of the pathway mostly lim-
ited to only the gene for the first step, that is the transfor-
mation of sulfate to adenosine 5' phosphosulfate (APS)
(Fig. 3B; Table S4). Aimost all of the MAGs possessed
the gene encoding the enzyme for sulfate
adenylytransferase (sat), one of the enzymes responsible
for the formation of APS in DSR and ASR, without
possessing any other enzymes of the pathway. In these
cases, both pathways were considered absent.

For nitrogen metabolism, the genes encoding the
enzymes for nitrogen fixation were detected in
Arcobacter and Sulfuriferula MAGs, along with the com-
plete DNR pathway (Table S4; Fig. 3b). The DNR path-
way was also present in Thioclava_G and a partial
pathway, missing the enzymes for the production of
nitrite, was present in Sulfurovum, Sulfuricurvum and Sul-
furimonas. The remaining MAGs possessed only a few or

© 2020 Society for Applied Microbiology and John Wiley & Sons Ltd., Environmental Microbiology
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no genes of the pathway. The ANR pathway was com-
plete only in Sulfuricurvum and genes for enzymes
catalysing the first step of ANR (i.e. the formation of
nitrite) were detected in Arcobacter_S, Thioclava_G,
Sulfurimonas_C and Thiotrichales MAGs (Fig. 3B). These
findings agree with previous studies showing that nitrate
can be used as an alternative electron acceptor for mem-
bers of the Sulfurovum, Sulfuricurvum, Sulfurimonas and
Arcobacter genera (Hamilton et al., 2015; Han and
Perner, 2015).

Finally, the TCA cycle was observed in all MAGs as
expected but the key genes for the reductive TCA
cycle, i.e. ATP citrate lyase; fumarate reductase and
2-oxoglutarate:ferredoxin oxidoreductase were observed
only in epsilonproteobacterial MAGs apart from
Arcobacter_C (Fig. 3C) indicating that these species
are capable of CO, fixation via the reductive TCA cycle.
On the other hand, the relatively abundant
gammaproteobacterial MAGs, Halothiobacilus_G,
Hygrogenovibrio_O, Thiomicrospira_O, Thioclava_G
were capable of CO, fixation via the CBB cycle. The lat-
ter three MAGs belong to Piscirickettsiales, which was
consistent with the increased carboxysome-related sub-
systems detected in the metagenomes analysis
(Fig. 2B). Finally, the genes encoding the phosphate
acetyltransferase-acetate kinase pathway were detected
in Sulfuriferula_C (Fig. 3B).

Correlation of MAG abundances with environmental
parameters. In general, only a few rather weak correla-
tions were observed between MAG relative abundances
and environmental parameters (Table S9). Most notably,
pH value was positively correlated with the abundance of
Sulfuricurvum_G, the temperature was negatively corre-
lated with  Sulfurovum_O and positively  with
Sulfurimonas_O abundances, while the conductivity was
positively correlated with Halothiobacillus abundance.
Several correlations in abundances were observed
between MAGs (Table S9), indicating possible synergis-
tic or antagonistic interactions. Canonical correspon-
dence analysis (CCA) confirmed the above-mentioned
results on differences in community composition charac-
terizing samples DE11 and DE14 as outliers also at the
MAG level, while pH and conductivity emerged as impor-
tant factors (p < 0.05) for the ordination of the samples
based on MAG abundances (Fig. S4).

Discussion. As mentioned above, Thermopyles are char-
acterized by high sulfide concentrations; hence it is
expected that sulfides are an important energy source for
autotrophic microorganisms (Porter et al., 2009; Han
et al., 2012; Rossmassler et al., 2016). Moreover,
Epsilonproteobacteria have been detected to be key
players in sulfur metabolism in sulfide-rich environments

(Han et al., 2012; Hamilton et al., 2015; Rossmassler
et al., 2016) and were also prevalent in the Thermopyles
samples collected in 2005 (Kormas et al., 2009). In
agreement with these expectations and previous results,
Epsilonproteobacteria were prevalent in our time series
and their relative abundances were largely unaffected by
environmental factors as revealed by 16S rRNA gene
and MAG data (Figs 1A and 3A). Furthermore, the pres-
ence of a relatively large number of core species, which
together made up, on average, about 75% of the total
communities sampled, revealed that Thermopyles micro-
bial communities are dominated by specific microbial
populations, which probably interact with each other (syn-
ergistically or competitively) and represent mostly novel
genera, if not novel families. A previous study of the YNP
geothermal hot springs also revealed the presence of
core communities despite a limited number of samples
used for analysis (three samples collected over 3 years;
De Ledn et al., 2013). A riverine ecosystem (in Kalamas;
Greece) in the same geographic area and studied with
similar methods and sequencing effort as the Thermo-
pyles showed temporal Morisita similarities <30%, and no
MAGs in high abundance (e.g. >10x coverage) in more
than one sample over a 3-year sampling period (Meziti
et al., 2016; Meziti et al., 2018). Although surface riverine
ecosystems are known to undergo more temporal distur-
bances and seasonal fluctuations than geothermal
springs and direct comparisons to geothermal springs
need to be interpreted with caution, these results do con-
trast with the high stability (>60% Morisita similarities
between most samples, Fig. 1B) and enrichment of
sulfur-oxidizing species in the Thermopyles (coverage
>10x over time, Fig. 3A).

Although it was expected that sulfur cycling—related
pathways would be prevalent in the Thermopyles, our
study represents the first actual documentation of preva-
lent microbially mediated processes related to sulfur and
thiosulfate oxidation as well as assimilatory and dissimila-
tory sulfate reduction in a terrestrial mesophilic sulfur-rich
geothermal spring. Our analysis also revealed a large
functional gene diversity, especially in terms of the num-
ber of distinct co-occurring variants (alleles) of specific
genes, for the relatively low taxonomic diversity detected
(Fig. 1B and D). Core functions that dominated Thermo-
pyles regardless of the prevailing environmental condi-
tions (Fig. 2A) compared with another (non-sulfur rich,
non-high temperature) freshwater habitat included
CRISPRs, sulfur oxidation and reductive TCA cycle-
related genes (Fig. 2B). These results also agreed with
previous results from similar habitats (Sikorski
et al., 2010; Lopez-Lopez et al., 2013). Increased diver-
sity of CRISPR-related genes, representing different Cas,
Cmr and Csc proteins, has also been detected in
Yumthang geothermal spring system (India) that exhibits
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similar physicochemical properties with Thermopyles
(Najar et al., 2020), CRISPR systems are considered
stress regulators since they represent defensive tools by
attacking viruses and plasmids (Louwen et al., 2014) and
are more abundant in thermophilic than mesophilic bacte-
ria, as has been shown in some environmental
(Makarova et al., 2006; Westra et al., 2019) and predic-
tive modelling studies (Weissman et al., 2019).

The prevalence of genes encoding proteins related to
flagellar motility agrees with results from other geothermal
habitats (Badhai et al., 2015) but the lower abundances in
sulfur-rich sediment sample from YNP pointed out the
importance of water chemistry characterizing different geo-
thermal springs (Inskeep et al., 2013). Similarly, the preva-
lence of carboxysome genes, related to Rubisco operon
transcription regulators and activation proteins, indicated
the importance of Piscirickettsiaceae-related genera in
CO; fixation via the CBB cycle, in addition to the reductive
TCA cycle, at the Thermopyles. This feature (CBB) was
absent from the YNP site, which could be attributable to
archaea dominating the YNP site (archaea do not use this
pathway for CO, fixation; Berg et al.,2010).

Furthermore, at the genome level, concurrent with pre-
vious data for mesophilic sulfide-rich habitats (Hamilton
et al., 2015), all the Epsilonproteobacteria MAGs
analysed possessed pathways for sulfur oxidation and
CO. fixation via the reductive TCA cycle. The presence
of complete or incomplete sulfur oxidation pathways in
the genome of the close relatives of the MAGs reported
here, coupled to the frequent co-presence of sulfide qui-
none reductase (sqr) genes, further corroborated the
metabolic versatility of Epsilonproteobacteria (Friedrich
et al., 2005; Frigaard and Dahl, 2009; Wright et al., 2013;
Hamilton et al., 2015; Han and Perner, 2015;
Rossmassler et al., 2016).

The presence of different pathways oxidizing different
sulfur compounds and producing either sulfate or elemen-
tal sulfur, along with correlation analysis results (Table S9;
Fig. S4), implied that synergistic or antagonistic relation-
ships between different populations could influence taxo-
nomic and functional diversity at the Thermopyles.
Another explanation for the high intra-genus species and
pathway diversity could be the ability to utilize alternative
sulfur oxidation pathways when conditions are
unfavourable or if different affinities of different alleles for
the same substrate exist. The importance of other environ-
mental factors that were not measured here (i.e. metal
concentrations) should be noted as a probable factor that
could be included in future studies to better explain the
prevalence of specific species at different time points.

Altogether, it appears that chemoautotrophic microbial
communities that mainly oxidize different reduced sulfur
compounds using oxygen or nitrate as electron acceptors
dominate the Thermopyles thermal springs. Although all
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epsilonproteobacterial sulfur-oxidizing MAGs detected in
this study probably consist of new genera that are mem-
bers of a new family, they are moderately or distantly
related to the genera Sulfurovum, Sulfuricurvum, Sul-
furimonas and Arcobacter (Table 2). Similar communities
have been observed in hyperthermophilic and mesophilic
sulfur-rich  environments in the past (Hamilton
et al., 2015; Hotaling et al., 2019; Huegler et al., 2010;
Rossmassler et al., 2016; Wright et al., 2013), but only
once in a terrestrial geothermal spring (Reigstad
et al., 2011) and cross-sectional (as opposed to a time
series of 7 years here) data. Notably, comparisons with
genomes from some of these studies (when available)
showed that even the (taxonomically) uncharacterized
Epsilonproteobacteria detected in these previous studies
(e.g. MAGs) were remotely affiliated with those recovered
here. This indicated, once more, that the bacteria preva-
lent in the Thermopyles are members of ‘novel’ genera
or families. Nonetheless, these novel taxa possess simi-
lar sulfur-oxidizing properties to known species, further
supporting a universal functional profile of
Epsilonproteobacteria in sulfur-rich environments.

The community composition of the two outlier samples
with respect to stable core community (DE11 and DE14;
Figs 1A and 3A, Fig. S1B) was the only deviation from
the stable, core taxa that characterized the Thermopyles
and could be attributed to environmental perturbations as
evidenced by the distinct conductivity and pH observed
in these samples, although the exact perturbation event
remains to be confirmed. For instance, the
Halothiobacillus MAG prevalence in DE11, along with its
positive correlation with conductivity, was further
supported by the known halotolerant character of
Halothiobacillus sp. not requiring salt in order to grow but
growing optimally when salt concentrations increase
(Sievert et al., 2000). Altogether, these findings point to a
saltwater intrusion event driving the composition of the
DE11 sample. Coverage and relative abundance for the
Halothiobacillus MAG along with 16S rRNA gene data
(Figs 1C and 3A; Table S6) support the hypothesis that
Halothiobacillus sp. is one of the core members of the
Thermopyles community that thrives when conditions are
favourable (i.e. increased conductivity) and remains at
low abundance during the rest of the time.

On the other hand, the increased rainfall prior to sam-
pling the DE14 sample, coupled with a decrease in the
pH of the sample and the 16S rRNA and MAG relative
abundance and coverage data showing decreased
Epsilonproteobacteria and increased Alpha-,
Betaproteobacteria and Actinobacteria abundances,
might indicate influences from the soil. The Sul-
furicurvum_Ga MAG dropped in abundance in MY14 and
DE14 samples, consistent with the positive correlation of
its abundance with pH as revealed by our data
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(Table S9). This is further supported by previous studies
showing that the type species of the genus, Sul-
furicurvum kujiense (Kodama and Watanabe, 2004), has
a pH range between 6 and 8 while it grows optimally at
pH 7 (Han et al., 2012). However, the prevalence of
Brevundimonas-related species in DE14 could not be
linked to the pH drop since Brevundimonas species are
alkalophiles, and this is further supported by their pres-
ence in alkaline thermal springs (Tekere et al., 2011;
Gupta et al., 2017). Hence, our findings overall are not
conclusive about the exact underlying cause of the
unique diversity observed in sample DE14, although it
was most certainly related to inputs from non-geothermal
sources.

Collectively, our results showed that the Thermopyles
microbial communities are mainly fuelled by chemo-
lithotrophic processes performed by core sulfide-oxidizing
bacterial taxa that persist over time. Short intervals might
be driven by changes in environmental parameters but
changes in taxonomy never override the persistence of
core functional gene potential. The outcome of this study,
that is, gene and genome sequences from ‘novel’ sulfur-
oxidizing bacteria, will be useful for the metagenomic
investigation of other, similar environments. Future stud-
ies could assist in further understanding of evolutionary
relationships and functionality of these and related micro-
bial communities.

Experimental procedures
Sample collection and processing

Samples were collected from the Thermopyles geother-
mal springs from June 2010 untili December 2016
(Table S1; Fig. S1). Water samples of 5 L were collected
in pre-sterilized dark polyethylene bottles from a seepage
point with visual water flow and bubbling. Upon return to
the lab and within 3 h, each sample was pre-filtered
through a sterile 180 pm mesh nylon filter (Millipore, Bur-
lington, MA, USA) to exclude sampling of microorgan-
isms attached to large particles, and then a volume of
1.8-4.5 L of filtrate from the pre-filtration was filtered
through a 0.2 pm isopore polycarbonate filter (Sartorius,
Goettingen, Germany) under mild vacuum (<100 mmHg)
to collect microbial biomass. Subsequently, filters were
folded aseptically, placed in sterile cryovials and stored
at —80°C until further processed. In situ measurements,
including temperature, pH and conductivity (Table S1),
were taken by a portable multisensor instrument
(WTW/Xylem, Rye Brook, NY, USA). Subsamples of
10-15 ml were fixed with 2% formaldehyde final concen-
tration and kept at 4°C in the dark for cell counts. These
subsamples were filtered to black Nuclepore filters (pore
size of 0.2 um) and stained with DAPI (0.1 ug mI~"). DNA

extraction was performed with the MoBio Power Soil kit
(MoBio, Carlsbad, CA, USA) following its standard proto-
col. For all samples, libraries were prepared using the
lllumina Nextera XT DNA library prep kit according to
manufacturer’s instructions, except that the protocol was
terminated after isolation of cleaned double-stranded
libraries. An equimolar mixture of the libraries was
sequenced on an lllumina HISEQ 2500 instrument (High
Throughput Sequencing Core, Georgia Institute of Tech-
nology) for 300 cycles (2 x 150 bp paired-end rapid run).
Adapter trimming and demultiplexing of sequenced sam-
ples was carried out by the instrument.

Metagenomic read sequence trimming and assembly

lllumina reads were trimmed using a Q = 20 Phred quality
score cut-off using SolexaQA++ (Cox et al., 2010) and only
timmed reads longer than 50 bp were considered for fur-
ther analysis. Metagenomic reads were assembled using
IDBA with default settings for metagenomes (Peng
et al., 2012). Protein-coding genes were predicted from
contigs longer than 500 bp using MetaGeneMark.hmm with
default parameters (Zhu et al., 2010). Sequencing and
assembly statistics for the metagenomic datasets are pro-
vided in Table 1. Metagenomic datasets have been depos-
ited in NCBI SRA under the bioproject PRINA611516.
Metagenomic reads carrying fragments of the 16S rRNA
gene were identified with Paralle-META (v.2.1)
(Su et al., 2012), and were subsequently processed for
OTU picking (>97% sequence identity threshold) and taxo-
nomic identification with SILVA128 database (Pruesse
et al, 2007) using MacQIME 1.8.0 and the
pick_closed_reference_otus.py script with default parame-
ters (Caporaso et al., 2010). However, this script cannot
detect novel diversity for sequences that do not match the
reference sequences at the threshold used. For this reason,
unassigned sequences were further analysed using mothur
1.35.0 (Schloss et al., 2009). Sequences were aligned and
classified using the SILVA 128 database following mothur's
instructions (cutoff = 80). Thus aligned sequences were
classified accordingly to higher taxonomic levels (i.e. Class,
Family, etc.) and OTUs were built using a 97% identity
threshold as described above. The relative abundance of
OTUs or taxa (phylum, class and genus level) in each
dataset was estimated based on the sum of the abun-
dances of the corresponding OTUs or taxa, normalized for
dataset size (i.e. total number of reads) using the DESeq
package version 1.26.0 (Anders and Huber, 2010).

Population genome binning

Contigs longer than 500 bp were binned into MAGs using
MaxBin v2.1.1 with default settings (Wu et al., 2014). In
each binning run, only contigs from the assembly of an
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individual sample were used (no co-assembly was per-
formed). CheckM and the MIGA web server (www.
microbial-genomes.org) were used to estimate complete-
ness and contamination of each MAG based on the
recovery of single-copy universal bacterial proteins
(Parks et al., 2015; Rodriguez-R et al., 2018). Recruit-
ment plots and coverage for MAG contigs and genes
were calculated using the ‘enveomics.R’ package v1.4.1
from the Enveomics Collection (Rodriguez-R and
Konstantinidis, 2016). Final MAGs are available through
http://enve-omics.ce.gatech.edu/data/ and in NCBI SRA
under the bioproject PRINA611516. The relative abun-
dance of MAGs was calculated as 100 x MAG qoverage X
(MAGgize(bp)/Metagenomeg;,e (bp)). Taxonomy of the
MAGs was estimated by MiGA with the NCBI Genome
(Prokaryotes) and TypeMAT databases containing all
quality controlled genomes from prokaryotic type material
contained in NCBI until June 2020 (MiGA online; June
2020). Genomes were also classified using GTDB-tK in
order to also include previously published MAGs for com-
parisons (Chaumeil et al., 2020).

Functional annotation of predicted genes and
determination of differentially abundant features

The predicted protein sequences encoded in the MAGs
and the assembled contigs were searched against
uniprot-TrEMBL(2018) to assign functional annotation
based on best matches, and =40% similarity, =60 bit-
score and =80% alignment length cutoffs for a match.
Predicted genes were further grouped in functional cate-
gories based on their best match against the SEED data-
base using the subsystems categories (Overbeek
et al.,, 2005) and the KEGG-orthology using Ghost-
KOALA (Kanehisa et al., 2016).

Metagenomic reads were mapped on the predicted
genes from the assembly using BLAT (Kent, 2002) with
at least 95% identity and 50% of query length aligned.
The abundance of each gene on each dataset was esti-
mated by the number of reads that mapped on the genes
with the above cutoffs (gene coverage) after normalizing
for gene length. The relative abundance of annotation
terms (subsystems) in each dataset was estimated based
on the sum of the abundances of the corresponding
genes, normalized for dataset size (i.e. total number of
reads). Differentially abundant categories between sam-
ples were identified with the DESeq package version
1.26.0 (Anders and Huber, 2010) using the binomial test
with a 0.05 adjusted p-value as a threshold for differential
abundance (Benjamini-Hochberg correction; (Benjamini
and Hochberg, 1995).

Diversity and similarity indices, multivariate and correla-
tion analysis. Shannon and Chao indices, and richness
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of observed OTUs were calculated using PAST (Hammer
et al., 2020). NMDS analysis and Cluster analysis using
Morisita similarities (Wolda, 1981) were performed as
described in Meziti et al. (2015). The significance of envi-
ronmental parameters for the ordination of the samples
was calculated using the function envfit of the R package
vegan. Spearman correlations between MAG abun-
dances and environmental factors were calculated using
the PAST software (Hammer et al., 2020). CCA between
MAG abundance and environmental parameters was per-
formed using the Vegan package in R (Oksanen
et al., 2019).

Comparisons to other metagenomes

Available protein-coding genes datasets from the
Kalamas River metagenomes in Greece (kal2feb; Meziti
et al., 2016) and YNP (CIS_19; Inskeep et al., 2013)
metagenomes were analysed and annotated similarly to
the Thermopyles datasets. These datasets were used to
compare microbial community function between the Ther-
mopyles and another freshwater environment in Greece
(Kalamas) and a geothermal spring in the United States
(Yellowstone). Comparisons between metagenomic
datasets were performed based on the gene counts of
the different functional annotation terms (subsystems).
To make these counts comparable between datasets,
protein sequences were first clustered using the CD-HIT
algorithm (Fu et al., 2012) with the following parameters:
S =97 (similarity threshold) and L = 0.5 (minimum length
coverage). Representative proteins from each cluster
were annotated based on their best match against the
SEED database. Comparisons between gene counts of
different subsystems were performed using DESeq as
described above.
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