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Abstract Hot springs are natural habitats for thermophilic
Archaea and Bacteria. In this paper, we present the metage-
nomic analysis of eight globally distributed terrestrial hot
springs from China, Iceland, Italy, Russia, and the USA
with a temperature range between 61 and 92 ◦C and pH
between 1.8 and 7. A comparison of the biodiversity and
community composition generally showed a decrease in
biodiversity with increasing temperature and decreasing pH.
Another important factor shaping microbial diversity of the
studied sites was the abundance of organic substrates. Sev-
eral species of the Crenarchaeal order Thermoprotei were
detected, whereas no single bacterial species was found
in all samples, suggesting a better adaptation of certain
Archaeal species to different thermophilic environments.
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Two hot springs show high abundance of Acidithiobacillus,
supporting the idea of a true thermophilic Acidithiobacillus
species that can thrive in hyperthermophilic environments.
Depending on the sample, up to 58 % of sequencing reads
could not be assigned to a known phylum, reinforcing the
fact that a large number of microorganisms in nature, includ-
ing those thriving in hot environments remain to be isolated
and characterized.
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Introduction

Hot springs are the natural niches for thermophilic (opti-
mal growth temperature >50 ◦C) and hyperthermophilic
(OGT >80 ◦C) organisms, usually limited to Archaea,
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Bacteria, and their viruses. Early biodiversity studies of hot
springs were performed by isolation of individual organisms
in laboratory cultures [23]. With the invention of Sanger and
later, high throughput sequencing technologies, it became
possible to directly sequence total genomic DNA from
an environmental sample, including species that have not
been obtained in laboratory cultures. This “metagenomic”
approach has become a standard method for characteriz-
ing the biodiversity, genome contents and inferred functions
of bacterial and Archaeal communities [32]. Metagenomic
sequencing has been applied to a diversity of microbial com-
munities, including surface soils and fresh or marine waters,
where an enormous previously undetected biodiversity has
been revealed [6, 33, 38].

In the past years, several metagenomic studies focused
on the microbial community structure and function of ter-
restrial hot springs. Among these, geothermal systems in
Yellowstone National Park (YNP) have been the most stud-
ied. Two recent studies describing 12 geochemically distinct
YNP geothermal ecosystems identified major environmen-
tal determinants of a large number of thermophilic microbial
lineages [10, 12], while a study focusing on phototrophic
microbial mat communities from 60 and 65 ◦C regions
in YNP resolved dominant chlorophototrophic populations
and allowed the discovery and characterization of pre-
viously unknown community members [14]. Apart from
cellular organisms, viral populations in YNP geothermal
systems have also been investigated, which permitted the
discovery of novel thermostable DNA polymerases [26]. In
all the cases, Sanger sequencing was employed generating
from one to a few dozens of Mbp sequence data per site.
Generally, studies from YNP showed a correlation between
the increase of environmental temperature and a decrease in
species richness [11, 25].

Pyrosequencing of 16S ribosomal RNA (rRNA) genes
present in a community has been used extensively for biodi-
versity analysis [42]. A comprehensive survey of 37 samples
encompassing broad temperature (55–93 ◦C) and pH ranges
(pH 2.5–9.4) from the Rehai and Ruidian geothermal fields
in the Yunnan Province, China, revealed the dominance
of the bacterial phylum Aquificae or the Archaeal phy-
lum Crenarchaeota in Rehai samples and Ruidian water
samples while higher diversity was revealed from Ruidian
sediment samples with a higher abundance of uncultivated
lineages [7]. Pyrosequencing of 16S rRNA genes from two
hot springs of the Azores showed a high abundance of het-
erotrophic bacterial genera like Caldicellulosiruptor, Dic-
tyoglomus, and Fervidobacterium and the exclusive occur-
rence of Crenarchaeota dominated by the family Desulfuro-
coccaceae and Thermoproteaceae in one spring (92 ◦C, pH
6) while the Chemolithoautotrophic genus Acidithiobacillus

and the heterotrophic Acidicaldus dominated the other
spring (51 ◦C/pH 3) [36]. Studies of thermal springs in
Kamchatka also showed different community compositions
depending on temperature and pH values [2, 45]. A recent
16S pyrosequencing study on Actinobacteria also showed
that the community composition within this genus largely
depends on the environmental temperature [44].

Previous metagenomic projects on hot environments
have been limited to either single hot springs or multiple
springs from the same region. In this paper, we describe
the metagenomes of eight hot springs from Italy, Iceland,
China, Russia, and Yellowstone National Park (YNP), USA,
with temperatures ranging from 61 to 92 ◦C and a pH
range from 1.8 to 7.0. These sites were sampled for total
metagenomic DNA sequencing as part of the international
project Hotzyme1, which aims at identifying thermostable
hydrolytic enzymes derived from hot springs. The aim of
the present metagenomic analysis is to assess and compare
the prokaryotic community structures of the eight different
thermophilic environments and relate them to geographical
location and environment as well as temperature and pH of
the hot springs. We also investigate differences in the amino
acid composition between the samples as a means of ther-
mostability of protein structures, and describe functional
categories of predicted proteins.

Materials and Methods

Sample Collection

Table 1 lists sample names, location of the hot springs, as
well as temperatures and pH values at the sampling point. A
description of the hot spring, sampling procedure, and DNA
extraction for each site is included in the supplementary
document.

Sequencing

Total genomic DNA was extracted from the eight samples
and sequenced either by Roche/454 Titanium FLX (samples
Sun Spring, It3, NL10, and CH1102), or Illumina HiSeq
using 2 × 100 bp paired end sequencing to ∼1 Gbp depth,
with DNA cut to an average fragment length of 170 nt
(samples It6, Is3-13, Is2-5S, and Ch2-EY65S).

1http://www.hotzyme.com

http://www.hotzyme.com
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Table 1 Sample locations, temperature, and pH

Sample name T in ◦C pH Site

Ch2-EY65S 65 7.0 Eryuan, China

Sun Spring 61–64 5.8–6.0 Uzon Caldera, Russia

It6 76 3.0 Pozzuoli, Italy

It3 86 5.5 Pisciarelli, Italy

Is2-5S 85–90 5.0 Grensdalur, Iceland

Is3-13 90 3.5–4.0 Krı́suvı́k, Iceland

CH1102 79 1.8 YNP, USA

NL10 92 3.0–4.0 YNP, USA

Assembly and Mapping

Paired-end Illumina reads were first merged with the pro-
gram Flash [21] to generate longer fragments by using
the overlap between the first and second read in each pair.
The merged and remaining unmerged read pairs were used
as input to Meta-Velvet v1.2 and assembled into con-
tigs. Several assemblies with k-mer values between 31 and
71 were performed and contigs longer than 200 nt from
all individual assemblies for one sample were merged into
one final combined assembly by first clustering them by
99 % identity using cd-hit [19] and then overlapping
them using Minimus2 [39]. The four 454-sequenced sam-
ples were each assembled into contigs using Newbler [22],
Mira [4], and Celera [27] assemblers, and the contigs
and singletons longer than 200 nt of each assembly were
merged into one combined assembly using cd-hit and
Minimus2 as above.

The original reads of each sample were mapped back to
the assemblies using BWA [18] (no seeding and allowing up
to 10 mismatches) for Illumina reads and BWA-MEM [17]
for 454 reads, followed by counting the number of uniquely
mapped (and properly paired reads) per contig.

Taxonomic Abundance Estimation

For estimating species abundances, we will assign reads to
taxa using MEtaGenome ANalyzer (MEGAN) [8, 9], which
assigns individual input sequences (genomic reads or con-
tigs) to nodes in the National Center for Biotechnology
Information (NCBI) taxonomic tree based on the align-
ment to a reference sequence database of known organisms.
Therefore, the contigs of the Illumina assemblies as well
as the reads of the 454-sequenced samples were aligned to
GenBank’s Non-Redundant Protein Database (NR ver.2013-
01-12) using Rapsearch2 [47] with an E value cutoff of
10−3. The 454 reads were clustered (using 99 % sequence
identity) with cd-hit-454 prior to the alignment in

order to reduce the bias introduced by artificial sequencing
duplicates to the taxonomic abundance estimates [41].

After the alignment to the NR database, the Illumina con-
tigs and 454 reads were assigned to nodes in the NCBI
taxonomic tree using MEGAN v4.7 (parameters: MinSup-
port = 5, MinScore = 50, TopPercent = 10, WinScore = 0,
and MinComplexity = 0). MEGAN uses a least common
ancestor (LCA) algorithm to assign sequences to nodes at
species level, or to a higher taxonomic level if there are
not enough unambiguously assigned sequences to support
a node. Rarefraction curves for each sample were calcu-
lated based on rarification of reads using MEGAN with
the phylogenetic tree collapsed on genus level. Subsam-
pling was done on 10, 20, . . ., 100 % of the assigned
sequences and repeated 20 rounds for each percentage and
then the average number of genera per round is used for each
percentage category. This analysis includes all taxa with
assigned sequences, including Bacteria, Archaea, viruses,
and unclassified sequences.

The number of assigned reads per taxonomic node was
used as direct abundance estimate for the 454-sequenced
samples It3, Sun Spring, NL10, and CH1102. For the four
Illumina-sequenced samples, the number of mapped reads
per contig was used as an abundance estimate for a given
node in the taxonomy (instead of numbers of contigs per
node). For estimating the total number of species in a
given sample, the number of leaves at the phylogenetic tree
expanded on species level was determined. In rare cases,
MEGAN could not assign sequences to a species, but only
to a genus. Therefore, the counts possibly underestimate
the total amount of species in a sample, because sequences
assigned to a node on genus level might be derived from
more than one species belonging to this genus, but could not
be unambiguously assigned to any of those by MEGAN.

16S Ribosomal RNA

While we use all available genome sequences for estimating
the taxonomic abundances, we are also interested in detect-
ing 16S rRNA sequences in the assembled contigs, in order
to complement the taxonomic assignments and compari-
son between samples. To this end, assembled contigs were
aligned to the full SILVA SSU Reference Database ver.111
[31] using BLAST [1]. BLAST matches with alignment
length >400 nt, bit score >400 and pairwise identity >60 %
were retained and clustered by 99 % sequence identity. Full
length 16S sequences from the database with at least one
reported BLAST alignment were extracted from the SILVA
SSU Reference Alignment and the centroid sequences from
each cluster of identified 16S sequences were inserted to
the alignment using SINA [30]. Phylogenetic trees for each
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sample were inferred by the GTR+CAT20 model using
FastTree2 [29]. A combined tree was inferred from an
combined alignment of all identified 16S rRNA sequences
across all samples, which was used to cluster samples using
the UniFrac metric [20].

Clustering of Metagenomes

Principal component analysis was performed on the relative
abundances of bacterial and Archaeal phyla as calculated
by MEGAN using the vegan library in R [5]. The envi-
ronmental parameters were fitted to the ordination using the
envfit function of the vegan package.

Alignment-free clustering of the samples based on com-
paring k-mer profiles using the dS

2 dissimilarity measure
[13] was used as a further method to compare the sam-
ples genomic signatures. Distance matrices were calculated
using values of k from 5 to 9 and samples were clus-
tered using Unweighted Pair Group Method with Arithmetic
Mean (UPGMA) .

Analysis of Amino Acid Composition and Protein Function

Assemblies of each sample were uploaded to the MG-RAST
web server [24] for de novo gene prediction and anno-
tation of protein function using SEED assignments [28].
Within MG-RAST, the contigs were compared to the SEED
sequence database using the MG-RAST default alignment
settings (max. E-value = 1 e− 5, min. identity = 60 %, min.
alignment length = 15). Principal coordinate analysis using
relative abundances of SEED subsystems was calculated
using the normalized Bray-Curtis dissimilarity measure.

To measure a potentially differential usage of amino
acids depending on the environment, we also compared
amino acid profiles between the samples. For that, we
counted the frequencies of individual amino acids from pre-
dicted open reading frames by MG-RAST, and generated
a profile of relative amino acid abundances for each sam-
ple. Principal component analysis on the amino acid profiles
was again done using vegan in R. Similar to the proto-
col in [46], all possible non-trivial 220–22 combinations of
the 20 amino acids were generated and the sum of the rel-
ative fractions of each combination was correlated with the
temperature from each sample.

Results

Assembly and Biodiversity Analysis

The assemblies for the Illumina-sequenced samples com-
prise between 24,274 (It6) and 160,953 (Ch2-EY65S) con-
tigs (Table 2). Accordingly, the N50 values range between

3270 and 828 nt, respectively. As all of the Illumina data sets
had ∼1 GBp of sequencing depth, assemblies with shorter
contigs are due to lower sequencing coverage because of a
possibly higher biodiversity in the sample. Assemblies of
454 reads range between 9560 contigs (N50 = 4699 nt) for
It3 and 193,319 contigs (N50 = 460 nt) for Sun Spring. The
average GC-content across all contigs (Suppl. Fig. S21) in
each assembly ranges from 40.76 % (NL10) to 50.40 %
(It6).

The number of reads that are mapped to Illumina con-
tigs that have at least one Rapsearch alignment to the
NR database ranges between 42 % (Ch2-EY65S) and 80 %
(Is3-13) of all raw reads (Table 2). Similarly, between 52 %
(NL10) and 94 % of the cleaned 454 reads have at least one
reported NR alignment. These aligned reads are the basis
for estimating relative species abundances using MEGAN.
Table 2 also shows the percentage of reads that are assigned
to Bacteria and Archaea for each sample.

The number of predicted 16S rRNA fragments from the
assembled contigs ranges from only 6 sequences in NL10
up to 73 sequences in Ch2-EY65S. Supplementary Table
A.1 shows the location and length of the predicted 16S
sequences (centroid sequence per cluster) in each sam-
ple and the corresponding subject sequence with highest
sequence identity from the SILVA database.

To examine the possible influence of contamination, we
counted the number of reads that are assigned to any of the
genera previously found to be contaminants as listed in [37].
Most samples have less than 1 % of reads assigned to these
genera, except samples Is2–5S (2.4 %) and Is3–13 (4.2 %).

Sample Characteristics

Archaea dominate the microbial community in CH1102,
NL10, and It3 samples, whereas Bacteria predominate in
samples Ch2-EY65S, Sun Spring, and It6 as well as the two
Icelandic samples Is2-5S and Is3-13 (Table 2).

Figure 1 shows the relative abundance of assigned bac-
terial and Archaeal phyla in each sample. Crenarchaeota
are the dominant Archaeal phylum in all samples, except
Ch2-EY65S and Sun Spring, where Euryarchaeota are more
abundant. Only a few bacteria are identified in CH1102 and
It3, whereas It6 and Is3-13 are dominated by Proteobacteria,
especially Gammaproteobacteria. A higher diversity was
observed in the sites with high organic content Ch2-EY65S
from China, Sun Spring from Kamchatka, and Is2-5S from
Iceland, which contain many more different bacterial phyla.
However, the number of observed phyla within this group
decreases with increasing temperature from 60 ◦C in Sun
Spring to 85 ◦C in Is2-5S, and the small decrease of pH from
7.0 for Ch2-EY65S to 5.0 for Is2-5S.

Rarefraction curves on genus level generally show a flat-
tening from 80 to 100 % of sampled sequences (Suppl.
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Table 2 Number of raw sequencing reads per sample, contig statistics of the assemblies, and number of contigs/reads that could be aligned to
GenBank protein database NR

Illumina-sequenced samples

Sample name Raw reads Contigs N50 Contigs w/ NR match Mapped reads Reads assigned

to Bacteria to Archaea

Ch2-EY65S 10,360,000 160,953 828 125,688 4,330,676 3,123,653 72.1 % 836,385 19.3 %

It6 10,060,000 24,274 3,270 21,534 6,748,124 5,305,457 78.6 % 1,189,914 17.6 %

Is2-5S 10,330,000 107,549 1212 82,969 6,683,715 4,218,855 63.1 % 2,140,858 32.0 %

Is3-13 10,050,000 34,651 1453 27,815 8,062,259 6,378,355 79.0 % 1,585,580 19.7 %

454-sequenced samples

Sample name Raw reads Contigs N50 Cleaned reads Reads w/ NR match Reads assigned

to Bacteria to Archaea

Sun Spring 666,054 193,319 460 499,743 293,022 159,222 54.3 % 73,017 24.9 %

CH1102 1,604,079 15,306 5667 1,093,096 945,599 1818 0.2 % 911,577 96.4 %

It3 876,681 9560 4699 674,766 643,433 2610 0.4 % 621,248 96.6 %

NL10 420,726 61,182 545 261,641 144,401 17,880 12.4 % 83,869 58.1 %

The last columns show the number of reads assigned to Bacteria or Archaea by MEGAN, where 100 % would be the number of mapped reads
for Illumina and the number of reads with NR match for 454, respectively. Remaining reads are assigned to Viruses or Eukaryotes, or could not
be assigned

Fig. S19). Samples with high diversity (Is2-5S, Ch2-EY65S,
and Sun Spring) show a slightly lower loss of genera
with decreasing sequence count compared to those sam-
ples having low diversity. This means that, given the limited
sequencing depth, less abundant species are likely to be
underrepresented, especially in samples with one highly
dominant species or genus, such as It6.

CH1102 (79 ◦C/pH 1.8)

This site in YNP, which has the lowest pH of all eight sam-
ples, is almost exclusively comprised of Archaea (96.4 %
of reads), with only very few bacterial species identified by
MEGAN (0.2 % of assigned reads), e.g., Hydrogenobac-
ulum and Geobacillus thermoleovorans (Suppl. Fig. S2).
Most reads within the Archaea domain are assigned
to Sulfolobaceae (85 %), which are mostly made up
of Sulfolobus and Acidianus species. Five full length
and three fragment 16S rRNA sequences were pre-
dicted from the contigs, including two sequences closely
matching to Stygiolobus and Acidianus (Suppl. Fig. S1).
One full-length 16S sequence shows 96 % identity to
Nanoarchaeum.

NL10 (92 ◦C/pH 3.0–4.0)

The second site from YNP has 58.1 % of reads assigned
to Archaea and 12.4 % to Bacteria, with most of other

reads assigned to viruses (21 %) or not being assigned
by MEGAN. Similar to CH1102, Sulfolobaceae are the
dominant Archaeal family (32 %), followed by Thermo-
proteales (9 %) and Acidilobales (2 %). 2 % of reads are
also assigned to Nanoarchaeota (Suppl. Fig. S4). Aquificae
(9 %) make up the majority of bacterial reads. Two of the
six predicted 16S rRNA sequences show high similarity to
Nanoarchaeum, with the remaining sequences being closely
related to Sulfurihydrogenibium and Sulfolobus species
(Suppl. Fig. S3).

Ch2-EY65S (65 ◦C/pH 7.0)

This hot spring in China has 72.1 % of reads assigned to
Bacteria and 19.3 % to Archaea. Unlike sites with higher
temperatures, Euryarchaeota are the most abundant Archaea
(11 %), comprising mostly Methanomicrobia (5 %) and
Archaeoglobacae (3 %). The most abundant bacterial phy-
lum is Thermotogae (14 %), followed by Firmicutes and
Dictyoglomi. Surprisingly, 29 % of bacterial reads could
not be assigned to a phylum within the domain Bacte-
ria. While the relative abundance of Bacteria is generally
higher than in other samples, only few genera stand out, e.g.,
Dictyoglomus (7 %), Thermodesulfovibrio (7 %), Thermo-
toga (7 %), and Fervidobacterium (5 %) (Suppl. Fig. S6).
Because of the low N50 of the assembly, most of the 73 pre-
dicted 16S sequences appear only as fragments. Most of the
sequences are matched with uncultured bacteria annotated
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in the SILVA database. A few fragments matching to Fer-
vidobacterium and Thermodesulfovibrio are also recovered
(Suppl. Fig. S5).

Sun Spring (61–64 ◦C/pH 5.8–6.0)

The hot spring from Kamchatka has most reads assigned to
Bacteria (54.3 %), of which 40 % could not be assigned to a
phylum, which is similar to the Chinese sample. Also, 7 %
of reads are assigned to ”unclassified Bacteria” according to
the GenBank annotation. The most abundant bacterial phyla
are Proteobacteria (5 %), mostly comprised of Deltapro-
teobacteria, and Firmicutes (5 %), mostly comprised of
Clostridia. Archaea make up 29 % of reads, with Eur-
yarchaeota (11 %), and Crenarchaeota (4 %) being the most
abundant. However, no single Archaeal genus is highly
abundant among those. Again, almost a third of Archaeal
reads are not assigned to a specific phylum by MEGAN
(Suppl. Fig. S8). The high diversity at this site is also
reflected by the higher number of predicted 16S rRNA frag-
ments (58 sequences). However, more sequences are full
length, compared to Ch2-EY65S. Most of the sequences
show closest similarity to sequences annotated as envi-
ronmental samples or uncultured bacteria in SILVA, but
also many entries belonging to uncultured Archaea in the
Crenarchaeotic group (Suppl. Fig. S7).

It6 (76 ◦C/pH 3.0)

From this Italian sample taken from Pozzuoli, 78.6 % of
reads are assigned to Bacteria and 17.6 % to Archaea. The
most abundant phyla are Proteobacteria (72 %) and Ther-
moprotei (15 %). Proteobacteria are mostly comprised of
the genus Acidithiobacillus (64 %) and a smaller number
of Firmicutes (4 %). Archaea are comprised of Crenar-
chaeota (15 %), with Acidianus hospitalis being the most
abundant species (4 %), and Euryarchaeota (3 %), with
2 % of the reads assigned to Ferroplasma acidarmanus
(Suppl. Fig. S10). Ten distinct 16S rRNA sequences are
predicted from the assembly (Suppl. Fig. S9), with two
sequences assigned to Acidithiobacillus, three to Sulfolobus,
and two to Sulfobacillus species. One predicted full length
16S sequence shows 99.8 % identity to Ferroplasma acidar-
manus.

It3 (86 ◦C/pH 5.5)

The sample from Pisciarelli (Italy) almost exclusively con-
tains Archaea (96.6 %), with 50 % of reads assigned
to Acidianus hospitalis, which is also the most abundant
Archaeal species in It6 from Pozzuoli. Pyrobaculum species
(32 %) make up most of the remaining Archaea (Suppl.
Fig. S12). Three of the nine identified 16S rRNA sequences

were found to be >98 % identical to Acidianus species,
including one full length match to Acidianus hospitalis W1
16S rRNA with >99 % identity. Three of the 16S rRNA
sequences have highest identity to Pyrobaculum species
(Suppl. Fig. S11).

Is2–5S (85 ◦C, pH 5)

This sample from a high temperature pool in Iceland com-
prises 32.9 % Archaeal and 62.1 % bacterial reads (Suppl.
Fig. S14). Bacteria in this sample are largely comprised of
Aquificae (29 %), with most abundant species Thermocri-
nis albus (14 %) and Sulfurihydrogenibium azorense (7 %).
Crenarchaeota are the dominant Archaeal phylum, making
up 25 % of all reads. The most abundant Archaeal species
belong to the Pyrobaculum genus (13 %). In total, 42 16S
rRNA sequences are predicted from the contigs (Suppl.
Fig. S13), with many of them having >99 % similarity
to database sequences. Similar to the Chinese and Russian
samples, most of the matching sequences in SILVA are also
annotated as uncultured species.

Is3–13 (90 ◦C/pH 4.0)

The second sample from Iceland was also taken from a pool
with very high temperature and comprises 79 % bacterial
and 19.7 % Archaeal reads (Suppl. Fig. S16). Proteo-
bacteria is the dominant phylum, comprising Gamma-
(57 %) and Betaproteobacteria (13 %). Within this phy-
lum, Acidithiobacillus (52 %) is the most abundant genus.
The Archaeal community is largely composed of Ther-
moproteales (13 %), with Thermoproteus tenax (12 %)
being the most abundant species, and Sulfolobales (3 %).
Among the 11 predicted 16S rRNA sequences, three full-
length sequences had high identity to Thermoproteus tenax,
Stygiolobus, and Hydrogenobaculum. Also, one 16S frag-
ment shows 99.2 % identity to Acidithiobacillus (Suppl.
Fig. S15). In this sample, 4.2 % of reads are assigned to gen-
era of Proteobacteria that are known contaminants, mostly
Pseudomonas and Acinetobacter, for which we also find a
16S rRNA fragment.

Sample Comparison and Clustering

Figure 2 shows the number of observed Archaeal and bacte-
rial species in each sample (numbers on the diagonal), here
defined as number of leaves in the MEGAN tree expanded
on species level (see Materials and Methods). The lower tri-
angular part of the matrix shows the overlap of sample pairs,
i.e., the number of species which are found in both samples,
whereas the upper triangle denotes the symmetric differ-
ence between pairs of samples, i.e., the number of species
found in either of the samples, but not in both of them. The
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A: Thaumarchaeota

A: Parvarchaeota

A: Nanohaloarchaeota

A: Nanoarchaeota

A: Korarchaeota

A: Euryarchaeota

A: Crenarchaeota

Fig. 1 Phylum level abundances. Relative abundance of Archaeal and bacterial phyla in all samples. Percentages of unassigned reads and reads
assigned not to Archaea or Bacteria (i.e., Eukaryots, Viruses, etc.) are shown in gray

samples from Russia and China show the highest number of
species, followed by Is2-5S. A high overlap between sam-
ples Ch2-EY65S, Sun Spring, and Is2-5S can be observed
in both Archaeal and bacterial components. The samples It6
from Italy and Is3-13 from Iceland have the lowest diver-
sity. Generally, a lower diversity is observed with increasing
temperature and very low pH.

Principal component analysis (PCA) of the relative phy-
lum level abundances from MEGAN showed a grouping
of the eight samples into three clusters (Fig. 3a). The first
cluster contains Ch2-EY65S, Sun Spring, and Is2-5S, with
the samples from China and Kamchatka being very close
together. The high diversity in these three samples sepa-
rates them from the other five samples. The second cluster
contains NL10, CH1102, and It3. They are separated from
the others by high Archaeal content, dominated by highly

abundant Crenarchaeota. Samples CH1102 and It3 with
high abundance of Crenarchaeota are very close together,
whereas NL10 differs due to higher abundance of Nanoar-
chaeota and Bacteria in this sample. The third cluster is
formed by the remaining two samples It6 and Is3-13 and is
separated from the other two clusters by the high abundance
of Proteobacteria, especially Acidithiobacillus.

Clustering based on the pairwise comparison of k-mer
profiles resulted in the same clustering for all values of
k = 5 . . . 9 when using the dS

2 metric (Fig. 3c). The same
three clusters of samples (including their internal struc-
ture) as in the PCA of relative phylum abundances can be
observed.

At last, one can ask which species can find a niche easily
in the eight different thermophilic environments, by extract-
ing those species that have assigned sequences in most
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Fig. 2 Diversity of a Archaea and b Bacteria. The diagonal shows the
number of assigned species per sample. For pairs of samples X and Y ,
the lower triangle shows the number of species that are found in both

samples (X ∩ Y ) and the upper triangle shows the number of species
that are exclusively contained in one or the other of the two samples
(X \ Y ∪ Y \ X)

samples (regardless of their relative abundance). Archaeal
species that are found in all eight samples are Thermo-
plasma volcanium, Ferroplasma acidarmanus, Sulfolobus
tokodaii, Sulfolobus acidocaldarius, Sulfolobus solfatari-
cus, Sulfolobus islandicus, Metallosphaera yellowstonensis,
Metallosphaera sedula, and Acidianus hospitalis. While the
first two belong to Thermoplasmatales, the rest belongs to
the family Sulfolobaceae. No single bacterial species com-
mon for all eight samples was found, however, the bacterial
species found in six of the eight samples (usually exclud-
ing It6 and Is3-13) are Ammonifex degensii, Salinibacter
ruber, Sulfurihydrogenibium azorense, Hydrogenobaculum
sp. Y04AAS1, Hydrogenobacter thermophilus, and Aquifex
aeolicus. Except for the first two, all species belong to the
order Aquificales. On the other hand, 572 bacterial and
58 Archaeal species are reported exclusively in one of the
samples, with most of them belonging to Ch2-EY65S, Sun
Spring, or Is2-5S. Suppl. Fig. S18 shows how many species
occur in a given number of samples.

The number of 16S rRNA fragments or full length
sequences varies between the samples depending on the
diversity. While, for example, only six and eight 16S
sequences are found in the contigs of NL10 and CH1102,
respectively, we find more than 50 sequences in Ch2-EY65S
and Sun Spring. Using the UniFrac distance metric for clus-
tering (Fig. 3d) of samples based on the combined 16S
tree (Suppl. Fig. S17), we find one cluster containing Sun
Spring, Ch2-EY65S, and Is2-5S, which is separated from

the other samples, in which It3 is clustered together with
Is3-13, whereas CH1102 and NL10 form a third cluster.
Sample It6 is separated from these two clusters as well. Gen-
erally, the distances between all sample pairs are quite large,
CH1102 and NL10 are closest together. However, no pair
of samples shows a significant (P < 0.05) Bonferroni-
corrected P -value from the UniFrac test for significance of
difference between samples. This is likely due to the small
amount of 16S sequences in most of the samples, because
UniFrac is generally designed for 16S amplicon sequencing
experiments. However, the UniFrac clustering resembles the
clusters observed from phylum abundances and the k-mer
profiles regarding the grouping of Ch2-EY65S, Sun Spring,
and Is2-5S as well as CH1102 and NL10.

Amino Acid Composition

Between 18,903 (It3) and 209,197 (Sun Spring) open read-
ing frames were annotated in the contigs by MG-RAST,
which were used to obtain amino acid frequency profiles.
Principal component analysis on global amino acid pro-
files (Suppl. Fig. S20a) groups the samples similarly to
the grouping based on relative phylum abundances. Sample
Ch2-EY65S is a bit further away from Sun Spring and Is2-
5S, and closer to It3 and the YNP samples. Relative abun-
dances of single amino acids are not significantly correlated
with temperature in our data set, with Tyr (R = 0.6) and Val
(R = 0.54) having the highest correlation coefficient. After
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Fig. 3 Clustering of samples. a Clusters observed by principal com-
ponent analysis based on relative abundance estimates of Archaea and
Bacteria using MEGAN .b Principal component analysis of amino acid
composition separated by bacterial (suffix -B) and Archaeal (suffix

-B) contigs. c UPGMA clustering by pair-wise k-mer profile similari-
ties calculated by the dS

2 metric. The same clustering is observed using
k = 5 . . . 9). d UniFrac clustering based on the combined 16S rRNA
tree.

enumerating the 220–22 combinations of amino acids and
correlating their total fraction in the meta-proteomes with
the sample’s environmental temperature, the set {A, F, H,
I, K, L, N, P, Q, R, V, Y} has the highest correlation coef-
ficient of R = 0.99. When counting the occurrences of
individual amino acids in all sets having R > 0.9, the
five top ranking amino acids are Val (V), Tyr (Y), Leu (L),
Ile (I), Alanin (A). In reverse, the set {C, D, E, G, M, S,

T, W} has highest negative correlation (R = − 0.99)
with temperature. Most occurring amino acids among all
sets with R ≤ − 0.9 are Ser (S), Glu (E), Lys (K), Phe
(F), and Gly (G). When separating Archaeal and bacterial
contigs, as defined by MEGAN assignments, and compar-
ing the profiles again using PCA, we observe a grouping
that roughly separates the Archaeal and bacterial domains
(Suppl. Fig. S20b). When fitting environmental parameters
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Fig. 4 SEED subsystem (level 1) classification of predicted protein features using MG-RAST. Bars show the relative fraction of those protein
features that could be assigned to a SEED subsystem

to the ordination (Fig. 3b), it can be observed that prin-
cipal component 1 (accounting for 75.7 % of variation
between the profiles) reflects the GC content of the contigs
(Suppl. Fig. S21) and component 2 shows a weak correspon-
dence to the temperature variable, describing only 10.6 %
of variation between the profiles. When counting how often
individual amino acids occur among the sets with highest
correlation (R > 0.9), we find that Tyr (Y), Val (V), Leu
(L), and Ile (I) occur most often in Archaea, while Lys (K),
Ala (A), Leu (L), and Val (V) occur most often in Bacteria.

SEED classification of proteins

The MG-RAST gene caller predicted between 13,225 (It3)
and 202,213 (Sun Spring) protein-coding features from the
assembled contigs, and from those, between 9,111 (It3)
and 97,875 (Ch2-EY65S) could be assigned to SEED sub-
systems. Similar to the GenBank protein annotation using
MEGAN, more unidentified proteins are found in the sam-
ples Sun Spring and Ch2-EY65S, while the Italian and
Icelandic samples have the majority of predicted features
assigned to a SEED function. Figure 4 shows the fraction
of features assigned to each of the 27 SEED subsystems
per sample. Clustering-based subsystems as well as protein
metabolism and carbohydrates were the most abundant level
1 SEED subsystems in most samples. Notably, in NL10, the
subsystem phages, prophages, transposable elements, and
plasmids is most abundant, due to the high amount of viral
sequences.

Principal component analysis of samples based on
assignments of features to the level 1 SEED systems using
MG-RAST revealed similar clustering of samples compared
to the clustering using the MEGAN taxonomy. The three
samples Ch2-EY65S, Sun Spring, and Is2-5S are clustered
together, while It6 and Is3-13 are separated from CH1102,
NL10, and It3 (Suppl. Fig. S22).

Discussion

From our eight samples, we observed a general decrease
in microbial community diversity with increasing environ-
mental temperature and decreasing pH value, which is in
accordance with previous hot spring metagenomic analy-
sis [16, 25, 44]. Furthermore, previous studies showed that
a high environmental temperature in combination with low
pH values is associated with a high abundance of Archaea in
the microbial community [12]. It is not immediately obvi-
ous why this is the case given the wide (metabolic) diversity
present within bacterial taxa. It is tempting to speculate that
fundamental differences in membrane and cell wall struc-
ture between Bacteria and Archaea contribute to Archaea
dominance in low pH, high temperature environments. The
reported diversity numbers can be considered to be a lower
bound on the species richness, because rare species, espe-
cially in samples with few dominant species, (e.g., CH1102
and It3) would only be captured by very deep sequencing
protocols.
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The clustering of samples by community structure or
sequence composition did not show an effect of geographic
location on the microbial structure, although a clustering of
YNP samples as well as Chinese and Russian samples was
observed. This can, however, be explained by the similarity
of the hot springs, where the YNP samples both have high
temperature and low pH, and the Chinese/Russian samples
both have lower temperature and medium pH, as well as
an influx of organic materials. Thus, community structure
is largely determined by a combination of environmental
parameters, rather than geographical distance. However, a
very high abundance of a single species or members of the
phylum will influence clustering of samples based on phy-
lum level abundances. The YNP sample CH1102 and the
Italian sample It3 are both almost exclusively comprised
of Crenarchaeota and therefore overlap in the phylum level
clustering, even though It3 has a much higher pH of 5.5,
compared to the CH1102 pool pH of 1.8. The second YNP
sample NL10 only contains 48 % sequences assigned to
Crenarchaeota, while Viruses and Bacteria make up 21 %
and 12 %, respectively. Previous surveys from other acidic
and sulfidic hot springs in YNP also showed a dominance
of Crenarchaeota, especially Sulfolobaceae species, as in
CH1102 and NL10 [10]. The moderately acidic pool It3
has 30 % reads assigned to Pyrobaculum species, which
also corresponds to other moderately acidic pools in YNP
[10].

The two samples It6 (76 ◦C/pH 3) from Italy and Is3-
13 (90 ◦C/pH 3.5–4.0) from Iceland are largely comprised
of species belonging to the bacterial genus Acidithiobacil-
lus, with 64 and 52 % of assigned reads, respectively. In
both cases, the largest fraction of reads are assigned to
Acidithiobacillus thiooxidans. In the assemblies, we find
three partial 16S rRNA sequences, which have >99 %
identity to known Acidithiobacillus species (Suppl. Fig. S9
and Suppl. Fig. S15). Acidithiobacillus species are known
to be acidophilic mesophiles, however, members of this
genus have recently been observed in a hydrothermal spring
(51 ◦C/pH 3) of the Azores [36], in a highly acidic river
metagenome (59 ◦C/pH 1) from Argentina [43] and a ther-
moacidophilic hot pool (70 ◦C/pH 3.5–4) at the Mutnovsky
volcano, Kamchatka [45]. Thus, the high abundance of
Acidithiobacillus sequences in our two high temperature hot
springs suggests the existence of a true thermophilic species
within the Acidithiobacillus genus. Similarly in sample It6,
we find the presence of the acidophile Ferroplasma acidar-
manus in the metagenome, although in low abundance, and
a full length 16S RNA with >99 % identity to known Fer-
roplasma species was identified. Ferroplasma species have
also been observed in the 59 ◦C/pH 1 river metagenome
[43], which supports the existence of a thermophilic repre-
sentative of the otherwise mesophilic genus in the It6 hot
spring.

The three sites Sun Spring in Kamchatka, Ch2-EY65S
from China, and Is-5S from Iceland show a much higher
bacterial diversity than the other sites, which can be
explained by the availability of various organic materials.
Additionally, Sun Spring and Ch2-EY65S have only moder-
ate temperature and neutral pH, which was also associated
with high diversity in the Ruidian geothermal field in China
[7]. These two sites are also the two samples with the
largest amount of reads with no match to the NR database
(Sun Spring: 43 %, Ch2-EY65S: 58.5 %), and both have
a relatively large proportion of sequences that cannot be
assigned to any bacterial or Archaeal phylum by MEGAN
(Fig. 1), because of the large divergence to the known
sequences.

Previous studies identified differences in the amino
acid composition between mesophiles and thermophiles [3,
40], which originates at differences in genomic GC con-
tent as well as changes of relative frequencies of certain
amino acids that affect the thermal stability of the protein
[34, 35]. In our samples, which are all in the tempera-
ture range for thermophiles, the change in global amino
acid composition between the eight samples is less pro-
nounced compared to the change between mesophiles and
thermophiles. However, our analysis exclusively on ther-
mophiles also shows that genomic GC content accounts for
most variability of amino acid profiles, while temperature
has a much smaller effect, similar to the observation in
[15].

While a comparison between mesophiles and ther-
mophiles, [46] found that the sum of relative abundances
of Ile, Val, Tyr, Trp, Arg, Glu, and Leu shows highest
correlation with environmental temperature, we found the
combination of Ala, Phe, His, Ile, Lys, Leu, Asn, Pro,
Gln, Arg, Val, and Tyr to be highest correlated with tem-
perature. When looking at particular amino acids among
sets with highest correlation coefficient, most pronounced
were increases of Val, Tyr, Leu, Ile, and Ala and the
decrease of Ser, Glu, Lys, Phe, and Gly, which were also
indicated previously [34]. Val and Tyr also show high-
est correlation when considering only single amino acid
abundances. Generally a substitution of smaller chained
aromatic and polar amino acids for larger ones corre-
lated positively with the increase of environmental tem-
perature (e.g., an increase of aromatic Tyr or polar Arg
with concomitant decrease of Phe or Ser and Glu was
observed). These changes trace the enhancement of ther-
mostability due to formation of more van der Waals
interactions by large amino acid side chains with other
residues.

PCA clustering of samples by global amino acid com-
position (Suppl. Fig. S20a) generally reproduced phyloge-
netic clustering of the microbial communities on phylum
level (Fig. 3a). At this, no temperature- or pH-dependent
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clustering was revealed by PCA, indicating that adapta-
tion to higher temperatures or extreme pH values weakly
influences the global amino acid composition of proteins
in extremophiles from different thermal habitats. Repro-
duction of phylogenetic clustering of organic-rich sites
Sun Spring, Ch2-EY65S, and Is2-5S by global amino acid
composition indicates that substrate variety is an envi-
ronmental factor that influences the structure of proteins
in extremophiles (alongside pH and temperature condi-
tions). Separation of Archaeal and bacterial contigs revealed
stronger correlation of major amino acid substitutions with
temperature increase in Archaea (Suppl. Fig. S20b) than
in Bacteria. This presumably indicates better adaptation of
Archaea in the studied microbial communities to elevated
temperatures and, probably, to sharp fluctuations of temper-
ature, typical for hot springs of volcanic origin. However, it
should be noticed, that the observed difference may reflect
the prevalence of Archaea among the indigenous microflora
of sampled hot springs and regular inflow of mesophilic
microorganisms, dominated by Bacteria, from the environ-
ments surrounding the hot springs. Nonetheless, in case of
phyla-based clustering of organic-rich hot springs there is
a negative correlation between Archaea/Bacteria ratio and
diversity. The lower the ratio, the higher is the diversity
(Fig. 2). Accordingly, with the increase of temperature from
61 to 65 ◦C and further to 85–90 ◦C (in Sun Spring, Ch2-
EY65S, and Is2-5S, respectively) the Archaea/Bacteria ratio
increases (in a row of 0.22, 0.26, and 0.35) with a lowering
of the diversity from 961 to 409 species. This trend reflects
stronger response of Archaea to the evolutionary pressure
of elevated temperatures which shrinks the total microbial
diversity and selects for more thermostable organisms lead-
ing to the predominance of Archaea at hyperthermophilic
conditions. Clearly, the trend is more pronounced when
comparing the environments with high variety of organic
substrates and, as a consequence, higher microbial diver-
sity, as is the case for these three locations. In case of
other studied hot springs with significantly lower species
richness there is no correlation between Archaea/Bacteria
ratio and the overall microbial diversity—whether due to
the predominance of Archaea in phylogenetically clus-
tered communities of It3, CH1102 and NL10 springs, or
due to the influence of other environmental parameters
leading to the predominance of Proteobacteria in clus-
tered communities of hot moderately acidic springs It6 and
Is3-13.

Data availability

Metagenome assemblies of all eight samples are publicly
available at MG-RAST (http://metagenomics.anl.gov/) from
following accession numbers:

Sample Name MG-RAST Accession nr.

Is3-13 4583585.3
It6 4529716.3
It3 4529718.3
NL10 4529719.3
CH1102 4529720.3
Is2-5S 4530143.3
Ch2-EY65S 4530144.3
Sun Spring 4544453.3
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