
OPEN

ORIGINAL ARTICLE

Geobiological feedbacks and the evolution of
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Oxygen-dependent microbial oxidation of sulfur compounds leads to the acidification of natural
waters. How acidophiles and their acidic habitats evolved, however, is largely unknown. Using 16S
rRNA gene abundance and composition data from 72 hot springs in Yellowstone National Park,
Wyoming, we show that hyperacidic (pHo3.0) hydrothermal ecosystems are dominated by a limited
number of archaeal lineages with an inferred ability to respire O2. Phylogenomic analyses of 584
existing archaeal genomes revealed that hyperacidophiles evolved independently multiple times
within the Archaea, each coincident with the emergence of the ability to respire O2, and that these
events likely occurred in the recent evolutionary past. Comparative genomic analyses indicated that
archaeal thermoacidophiles from independent lineages are enriched in similar protein-coding genes,
consistent with convergent evolution aided by horizontal gene transfer. Because the generation of
acidic environments and their successful habitation characteristically require O2, these results
suggest that thermoacidophilic Archaea and the acidity of their habitats co-evolved after the
evolution of oxygenic photosynthesis. Moreover, it is likely that dissolved O2 concentrations in
thermal waters likely did not reach levels capable of sustaining aerobic thermoacidophiles and their
acidifying activity until ~ 0.8 Ga, when present day atmospheric levels were reached, a time period
that is supported by our estimation of divergence times for archaeal thermoacidophilic clades.
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Introduction

Hyperacidic environments (pHo3) are pervasive
landscape features, albeit isolated, and are com-
monly associated with volcanic systems or sulfide
ore deposits. These environments define the lower
pH limit for life, are major sources of economically
important metals and have the potential to contri-
bute to the pollution of natural waters (Johnson and
Quatrini, 2016). As such, hyperacidic environments
are of substantial interest to microbiologists, geoche-
mists, geologists and planetary scientists, and have
been subject to extensive research to understand the
processes that contribute to their formation and the
adaptations that allow for their habitation. Consider-
able research has been conducted on the role of
microbial activity in the formation of hyperacidic
waters (Johnson et al., 1993; Baker and Banfield,

2003). However, the events that led to the evolution
of acidophiles and their role in the generation of
acidic habitats are underexplored.

Two dominant processes are involved in the
formation of hyperacidic natural waters: magmatic
degassing that contributes hydrochloric, hydrofluo-
ric and sulfuric acid (from disproportionation of
sulfur dioxide and subsequent oxidation of hydrogen
sulfide or elemental sulfur) and the oxidation of
mineral sulfides that produces sulfuric acid
(Nordstrom et al., 2000). Common to both processes
are the oxidation of sulfur compounds, including
free sulfide (H2S), mineral sulfides (for example,
FeS2) or elemental sulfur (S0), and the concomitant
production of sulfate and protons. High-potential
oxidants capable of driving sulfide/S0 oxidation
include nitrate (NO3

−), ferric iron ions (FeIII) and O2

(Falkowski et al., 2008). Mechanisms of generating
NO3

− include lightning-catalyzed oxidation of atmo-
spheric dinitrogen and precipitation of nitrogen
oxides as NO3

−, a process that has been decreasing
in importance since 3.8 Ga (Navarro-Gonzalez et al.,
2001), and biological oxidation of ammonia, which
requires O2 (Godfrey and Falkowski, 2009).
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Likewise, the generation of FeIII requires either
abiological photo-oxidation of ferrous iron (FeII;
Braterman et al., 1983), which has been of negligible
importance after the onset of an ozonated atmo-
sphere following the Great Oxidation Event (GOE)
~ 2.5 Ga (Kim et al., 2013), or one of several
biological oxidative processes (Emerson et al.,
2010). Biological oxidation of FeII requires O2 or
NO3

− as an oxidant (Emerson et al., 2010) or FeII-
oxidizing phototrophic organisms (Widdel et al.,
1993). The involvement of phototrophic organisms
in FeIII generation in acidic environments is of
putative importance only in environments with
temperatures o56 °C—the upper temperature limit
for phototrophs in acidic (pHo4.0) environments
(Boyd et al., 2012). Thus, the remaining and most
likely oxidant capable of driving H2S/S0 oxidation
and the development of hyperacidic hydrothermal
ecosystems is atmospheric O2 rather than local O2,
given temperature constraints on photosynthesis.

Previous studies indicate that abiotic oxidation of
H2S with O2 can be extremely slow in aqueous
solutions with pH⩽ 6 (Chen and Morris, 1972; Zhang
and Millero, 1993; D’Imperio et al., 2008). Further, at
elevated pH (that is, in marine waters) where abiotic
oxidation of sulfide is quicker, rates can be several
orders of magnitude slower than biotic oxidation
(Luther et al., 2011), although biotic oxidation is not
always necessary to explain observed rates (Millero,
2001). Further, the rate of abiotic oxidation of S0 with
O2 is extremely slow (Nordstrom et al., 2005).
Finally, the growth of several sulfur-oxidizing,
aerobic thermoacidophiles results in the acidifica-
tion of the cultivation medium (Shivvers and Brock,
1973; Giaveno et al., 2013). These observations,
coupled with evidence for the widespread distribu-
tion of aerobic organisms capable of oxidizing both
H2S and S0 in acidic hot springs (Zillig et al., 1994;
Inskeep et al., 2013; Xie et al., 2014; Huber and
Stetter, 2015) and the capability of sulfur-oxidizing
organisms to acidify their environments, strongly
suggest that biological activity is involved in the
generation of many low-pH (o3.0) hydrothermal
ecosystems (Nordstrom et al., 2005; Nordstrom et al.,
2009; Johnson and Quatrini, 2016).

Here, we hypothesize that O2-dependent biological
oxidation of sulfur compounds in hydrothermal
ecosystems is dependent on a non-point source of
O2 and that the widespread development of low-pH
(o3.0) hot spring ecosystems could only have
occurred after O2 began to accumulate in the atmo-
sphere to levels capable of supporting and sustaining
aerobic biological activity ~ 0.8 Ga. As such, we
further hypothesized that the microorganisms that
dominate and are presumptively responsible for
forming acidic hot springs belong to recently evolved
lineages that incorporate aerobic metabolism to meet
energetic demands associated with their acidophilic
lifestyles. To begin to assess these hypotheses, we
measured microbial community abundances and
composition among geochemically diverse hot

springs in Yellowstone National Park (YNP), Wyom-
ing, USA, to determine the abundance of taxonomic
lineages found in thermal acidic springs. We then
investigated the evolutionary history of thermoaci-
dophiles using phylogenomic analyses of publicly
available genomes from cultured and uncultured
taxa. To better understand the adaptations that led to
increased acid tolerance, we used comparative
genomics to determine the protein complements
that differentiate thermoacidophiles from other
members of their higher-order lineages. Finally, we
present these results in context of changes in atmo-
spheric O2 over geologic time to evaluate the
hypothesis that both thermoacidophiles and the
habitats that they are putatively responsible for
generating are recent evolutionary and geologic
innovations, respectively.

Materials and methods

Spring temperature and pH were determined with a
portable pH meter and temperature-compensated
probe (WTW 3300i or 3110; WTW, Weilheim,
Germany) that was calibrated daily with standar-
dized buffer solutions. Hot spring sediments were
sampled from hot springs and DNA was extracted,
purified and quantified as previously described
(Colman et al., 2016). Quantitative PCR quantifica-
tion and bacterial/archaeal 16S rRNA gene amplifi-
cation and sequencing via the 454 Titanium platform
were also performed as previously described
(Hamilton et al., 2013). Raw untrimmed 454
sequence data are deposited in the NCBI SRA
database under SRA accession SRR3181942. Meta-
data for aerobic respiration capability were inferred
from the nearest cultivated isolate (or genomic
reference) and are provided in Supplementary
Table S1. Statistical analyses of quantitative PCR
data and community compositional differences in
relation to geochemical parameters were conducted
in the base R package v. 3.2.0 (R Core Team, 2015).

Available archaeal genomes were downloaded
from the NCBI genome portal and cross-referenced
against the JGI Integrated Microbial Genomes data-
base to ensure that representatives available in either
database were collected (Supplementary Table S2).
Genome completeness of each downloaded genome
was estimated based on the presence of 104 single-
copy archaeal-specific phylogenetic marker genes
using the Amphora2 software package (Wu and
Scott, 2012). Only genomes with 450% of the
phylogenetic marker genes present in the assembly
were included to reduce bias from low-coverage
genomes (n=584; median completion = 99%; 0.05
percentile completeness = 67%). Phylogenetic analy-
sis was conducted using a concatenated alignment of
the phylogenetic marker genes, with individual
alignment of each of the individual 104 gene data
sets using Clustal Omega v. 1.2 (Sievers et al., 2011).
The concatenated alignment was subjected to
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Maximum Likelihood (ML) analysis using RAxML
v. 8.2.4 (Stamatakis, 2014), specifying the LG protein
substitution model (PROTCATLG) and evaluation of
node support with 100ML bootstraps. pH optima
and the ability to respire O2 (facultative aerobe or
obligate aerobe) for cultivars, where available, were
collected from published cultivation data of isolates
from the same species (Supplementary Table S3).
For genomes representing uncultured species or
species without pH optima descriptions, environ-
mental pH (uncultured species) or culture conditions
(cultivars) were collected from published reports or
culture collections, where available (Supplementary
Table S3). Where pH ranges were only available, the
mean of the range of pH values tested for each
cultivar was used.

Proteins for all genomes were clustered into
protein bins using CD-HIT v. 4.6.5 (Fu et al., 2012)
at the 30% homology level after first clustering into
90% homology level bins, followed by a second
clustering at the 60% homology level. Protein bin
presence/absence was then normalized for each
genome to account for unequal protein bins/genome
using the ‘normalize.rows’ function of the R package
‘vegetarian’ (Charney and Record, 2012). The nor-
malized presence/absence table was then used to
construct NMDS plots using the ‘vegdist’ function for
distance matrix calculation and the metaMDS ordi-
nation function in the R package ‘vegan’ (Oksanen
et al., 2015). The ‘indval’ function of the labdsv R
package (Roberts, 2015) was used to identify ‘indi-
cator’ protein bins that were highly enriched in the
group of interest relative to other lineages in their
respective superphyla. The non-normalized pre-
sence/absence matrix of protein cluster bins among
genomes was used in the indicator analyses. ‘Indi-
cator values’ represent a measure of fidelity and
frequency within specified groups relative to others.
Phylogenetic groups were determined based on the
placement of genomes within the marker-gene
phylogeny and were referenced against published
phylogenies. The nomenclature of the DPANN
superphylum was used as in Castelle et al. (2015).
Enriched protein cluster bins for Thermoplasmatales
were identified as those with 40.87 indicator value,
which allowed for enriched bins to be missing in
13% (1/8 total) of the Thermoplasmatales genomes.
Enriched protein cluster bins for the Sulfolobales
were only considered with 40.90 indicator values.
Indicator analyses were conducted for the Thermo-
plasmatales and Sulfolobales separately while only
considering other members of either the Euryarch-
aeota or TACK superphyla, respectively. Protein
annotations were taken from the representative bin
sequence (as determined in CD-HIT) and augmented
by manual Conserved Domain Database searches of
protein sequences. Protein bins that were highly
enriched in the Thermoplasmatales and Sulfolobales
were analyzed phylogenetically as described above.
The nesting of the Thermoplasmatales within Sulfo-
lobales/Crenarchaeota was assessed by visually

inspecting the phylogenies and determining whether
the Sulfolobales/Crenarchaeota were paraphyletic
with respect to Thermoplasmatales protein
placement.

To estimate the time of divergence for the Sulfolo-
bales and Thermoplasmatales, a bacterial-rooted time
tree was constructed using a subset (n=100) of the
total archaeal taxa used in the above phylogenomic
analyses. Archaeal taxa were selected to reduce data
set size and computation time by including multiple
representatives of the major taxonomic orders present
in the full data set while removing taxa that were
phylogenetically redundant. Three bacterial taxa were
selected to represent an outgroup: Hydrogenobaculum
sp. Y04AAS1 (IMG genome ID: 642555132), Thermo-
crinis ruber (IMG genome ID: 2512875013) and
Thermotoga maritima MSB8 (IMG genome ID:
2519899531). Protein-coding genes for each bacterial
genome were surveyed for homologs of the 104
archaeal housekeeping genes using Amphora2. The
bacterial genomes consisted of 38.5%, 38.0% and
41.3% of the 104 archaeal housekeeping genes,
respectively. Although the inclusion of genomes in
the analysis that share o50% of the gene data set is
not ideal, there are no other taxonomic groups that can
serve as outgroups to the entirety of the archaeal
domain, Bacteria have been used elsewhere to root
whole-domain archaeal phylogenomic trees (Petitjean
et al., 2015) and empirical analyses indicate that as
little as 10–20% data inclusion in large protein
concatenations are needed to reconstruct accurate
phylogenies from whole genomes (Delsuc et al., 2005).

Individual housekeeping genes were then aligned
using Clustal Omega, concatenated and subjected to
ML analyses in RAxML, as in the archaeal-only
analyses described above. Node support was assessed
using resampling estimated log-likelihood bootstrap-
ping (Minh et al., 2013) as implemented in RAxML.
Divergence estimates for each node were then
estimated using the Reltime method (Tamura et al.,
2012) as implemented in MEGA7 (Kumar et al., 2016)
using the LG substitution model and only using
alignment positions with 450% coverage in the data
set (28 407 positions total). The divergence of Archaea
from Bacteria was calibrated with a maximum age
estimate as 3.83 Ga, which corresponds to the earliest
and perhaps most well-vetted date for evidence for
potential life on Earth via isotopically light graphite
inclusions in metasediments from Greenland (Mojzsis
et al., 1996; McKeegan et al., 2007). A minimum age
estimate of 3.46 Ga was used for the archaeal domain,
which is the earliest evidence for isotopically light,
microbially produced methane from methane-bearing
inclusions within hydrothermal deposits from
Australia (Ueno et al., 2006).

Results and discussion

The diversity, distribution and inferred physiologi-
cal characteristics of microbial populations
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inhabiting 72 representative hot spring environ-
ments in YNP that span a pH range of 2.1–9.6 and
a temperature range of 32.7–92.5 °C were determined
(Figure 1a and Supplementary Table S4). Quantita-
tive PCR of archaeal and bacterial 16 S rRNA genes
(as proxies for population sizes) revealed a transition
toward archaeal dominance in low-pH springs

(Figure 1b). Regression analyses of the log-
transformed ratio of archaeal to bacterial 16S rRNA
gene copies indicated a highly significant and
inverse relationship with pH (β=−0.22, adjusted
R2 = 0.29, P =6.42 x 10− 7; Supplementary Figure S1)
but no significant correlation with temperature
(β=0.00, adjusted R2 =− 0.01, P=0.83). A multiple
linear regression model incorporating both pH and
temperature reiterated that pH was primarily respon-
sible for the observed population ratios, whereas
temperature was of negligible influence (data not
shown). It should, however, be noted that many of
the springs sampled here (57/72) have temperatures
450 °C and thus the lack of an apparent effect of
temperature on archaeal dominance is likely related
to the generally limited sampling of low-temperature
hot springs. Analysis of variance tests of archaeal/
bacterial 16S rRNA gene copy quantitative PCR
ratios in relation to pH while parsing samples into
low/high-pH groups at thresholds ranging from pH
3.0 to 7.0 indicated that a pH 4.0 threshold best
segregated the data and supports the observation that
archaeal dominance is pronounced in springs with
pHo4.0 (Figure 1b, Supplementary Table S5 and
Supplementary Figure S2).

Although the number of 16S rRNA gene operons
present in a genome can vary and thus complicate
the estimation of population sizes via quantification
of their copy numbers (Acinas et al., 2004), 16S
rRNA gene copy numbers in archaeal genomes are
generally much lower than that of Bacteria (Acinas
et al., 2004). Moreover, a survey of 16S rRNA gene
operon copy numbers within the rrnDB operon
database (Stoddard et al., 2015) revealed that the
archaeal orders Sulfolobales, Desulfurococcales and
Thermoproteales (which are among the predominant
taxa reported in these springs; discussed below;
Supplementary Table S1) do not contain multiple
16S rRNA gene copies, whereas the predominant
bacterial orders (Aquificales, Thermales, Firmicutes
and Proteobacteria) all consist of genera with multi-
ple 16S rRNA gene operons. Consequently, our
estimates of bacterial population sizes via quantifi-
cation of 16S rRNA genes are likely to overestimate
true population sizes. Thus, qualitatively, our esti-
mates of archaeal predominance in low-pH springs
(as archaeal/bacterial population ratios) are likely to
underestimate true community dominance. Archaeal
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Figure 1 Temperature and pH of hot springs that were sampled
and the dominance of aerobic Archaea in acidic hot springs.
(a) Temperature and pH for spring samples (black circles; n=72)
are overlaid on temperature and pH of thermal features down-
loaded from the Yellowstone National Park Research Coordination
Network database (gray circles; n=7693). (b) The ratio of archaeal:
bacterial 16S rRNA genes from 72 YNP hot springs plotted as a
function of spring temperature and pH. Legend below x axis
provides size and color for corresponding ratio magnitude. (c) The
percentage of the archaeal community inferred to be capable of
aerobic respiration, based on physiological inference to the closest
related cultivar, nearest cultivated isolate or genome in springs
that yielded 16S rRNA gene sequence.
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population dominance over Bacteria has also been
observed in an acidic (pH ~2.5) New Zealand hot
spring when temperatures exceed ~ 65 °C (Ward
et al., 2017) and in the hottest and most acidic of
20 YNP hot spring metagenomes (Inskeep et al.,
2013). The major transition toward archaeal dom-
inance in springs with pHo4.0 is consistent with
cultivar-based inferences from globally distributed
environments, which suggest that Archaea have an
ecological advantage over Bacteria in acidic thermal
habitats (Valentine, 2007).

Pyrotag sequencing of archaeal 16S rRNA genes
recovered from the springs analyzed here and
physiological inference based on taxonomic identi-
ties suggest that the transition to archaeal dominance
in acidic hot spring ecosystems is accompanied by
an increased ability to integrate O2 respiration into
energy metabolism (Figure 1c). Linear regression
analyses indicated a significantly negative correla-
tion between the percent of the archaeal community
inferred to be aerobic and pH (β=−9.15, adjusted
R2 = 0.36, P=1.82× 10− 5), but no significant correla-
tion with temperature (β=− 0.53, adjusted R2 = 0.05,
P=0.09). Parsing samples into low/high-pH groups
at thresholds from pH 3.0 to 7.0 indicated that pH 4.0
best segregated the communities based on inferred
aerobic capacity and supports the observation that
communities in springs with pHo4.0 are dominated
by Archaea with aerobic respiratory physiologies
(Supplementary Table S6 and Supplementary
Figure S3). This trend is driven by an increased
prevalence of sequences with affiliation to organisms
in the Thermoplasmatales and Crenarchaeal-
associated lineages in the lowest pH springs, the
majority of which are capable of using O2 in energy
metabolism (Supplementary Table S1). In contrast to
lower-temperature acidic environments (that is, acid
mine drainages; Tyson et al., 2004), Bacteria did not
represent significant fractions of the acidophilic
microbial communities analyzed here. Although
acidophilic Bacteria can inhabit high-temperature
acidic springs (primarily aerobic Hydrogenobaculum
spp. of the Aquificales order), they are not dominant
where temperatures exceed ~75 °C (Supplementary
Table S1; Inskeep et al., 2013). These results are
consistent with the ubiquitous distribution and
dominance of largely aerobic Thermoplasmatales
and Crenarchaeota (particularly the Sulfolobales
order) in high-temperature acidic hot springs in
YNP and elsewhere (Inskeep et al., 2013; Xie et al.,
2014; Ward et al., 2017).

It has been previously suggested that Archaea
dominate the hottest and most acidic environments
because of key adaptations that allow them to cope
with chronic energy stress (Valentine, 2007). Our
data suggest an alternative, but not mutually exclu-
sive, explanation for archaeal dominance in acidic
geothermal systems. Here, the development of acidic
thermal waters is driven largely by microbially
mediated O2-dependent oxidation of S0 or H2S
(Nordstrom et al., 2005; Nordstrom et al., 2009) by

members of acidophilic lineages such as the Sulfo-
lobales, due in part to meet energetic demands
associated with habitation of these environments. It
follows that the dominance of these lineages in
acidic environments may result from the modifica-
tion of their local environment (that is, niche) in the
form of sulfuric acid production, thereby excluding
less well-adapted populations in a process of
geological–biological feedbacks like what has been
described as niche construction (Odling-Smee et al.,
1996). The process of niche construction allows for
the modification of an environment by the activity of
an organism, with the modified environment favor-
ing the fitness or selectivity of the modifying
organism and their progeny. In the case of extant
thermoacidophiles, it is possible that the biological
production of acidity may have resulted in the
development of slightly more acidic, high-
temperature niche space that promoted the radiation
of those organisms responsible for acidification, and
their respective lineages. Over time and through
successive generations, this process could have
manifested in divergence of acidophilic lineages
away from neutrophilic ancestors in a unidirectional
manner.

To examine further the role of O2 in the evolution of
acidophilic Archaea, we compiled publicly available
archaeal genomes (Supplementary Table S2), corre-
sponding pH optima (or culture conditions, for
cultivars) or environmental pH (for uncultured
organisms), and O2 usage data (for cultivars). Phylo-
genomic reconstructions using single-copy phyloge-
netic marker genes reveal that acidophily (pH optima/
environmental pH⩽3) is present in multiple archaeal
lineages and is particularly enriched in the Thermo-
plasmatales and Sulfolobales (Figure 2). Notably, all
acidophilic lineages, including the Thermoplasma-
tales and Sulfolobales, are nested among higher-order
neutrophilic and alkaliphilic lineages. This indicates
that acidophily is a derived physiological trait that
has evolved independently and multiple times from
neutrophilic or moderately acidophilic ancestors.
Although environmental surveys have detected addi-
tional uncultivated Archaea (for example, Micrarch-
aeota, Parvarchaeota, Thaumarchaeota-related and
Geoarchaeota) in acidic environments (Baker et al.,
2010; Kozubal et al., 2013; Beam et al., 2014),
they are all nested among largely uncultured
lineages that are also prevalent in circumneutral or
alkaline environments, suggesting that acidophily is a
derived trait in these lineages as well. In addition,
devolution of acidophilic lineages to moderately
acidophilic or neutrophilic sublineages is not
observed in our phylogenomic reconstruction, sug-
gesting that evolution toward an increased acidophily
has largely been a unidirectional evolutionary
process. Together, these observations suggest rela-
tively recent, multiple origins of acidophilic Archaea
(Figure 2).

Mapping of O2 use among available cultivars on
the archaeal phylogeny reveals predominance in the

Evolution of thermoacidophiles
DR Colman et al

229

The ISME Journal



Sulfolobales and Thermoplasmatales, pointing to the
importance of high-energy-yielding metabolisms in
adapting to and inhabiting acidic environments
(Figure 2). Indeed, analysis of temperature and pH
optima along with O2 usage of available archaeal
cultivars reveal that taxa with growth optima of pH
3.0 or less consistently exhibit the ability to respire
O2 (Figure 3). As oxygenic phototrophs are excluded
from acidic hot springs in YNP with temperatures
456 °C (Boyd et al., 2012), the O2 that supports
thermoacidophiles and most likely supported their
ancestors would have only been available through
diffusion from atmospheric sources (or as dissolved
O2 transported via groundwater). Although all
characterized acidophilic bacteria isolated to date
also exhibit aerobic metabolic capacity, only one
sulfur-oxidizing genus within the Aquificae (Hydro-
genobaculum) and another methanotrophic genus
(Methylacidiphilum) within the Verrucomicrobia are
known to grow optimally at ⩾60 °C, but neither are
known to grow optimally above 65 °C (Dopson,
2016). This suggests that Bacteria are of marginal
importance in the formation of high-temperature
acidic environments today and, by extension, the
geologic past.

Comparative genomics was used to identify
assemblages of protein-encoding genes that may
contribute to successful habitation of hyperacidic
habitats. Ordination of a dissimilatory matrix of
protein homolog distances encoded among archaeal
genomes revealed clustering of acidophile genomes
(Figure 4a and Supplementary Figure S4). This
indicates that the proteins encoded in acidophile

genomes are similar despite belonging to disparate
phylogenetic lineages. In addition, the proteins
encoded by Sulfolobales and Thermoplasmatales
genomes are, themselves, distinct from other groups
of the TACK and Euryarchaeota superphyla, respec-
tively (Figures 4b and c). These observations suggest
that phylogenetically distinct taxa may have con-
verged on similar protein-coding gene complements
during their diversification into acidic habitats.

To identify those protein complements that con-
tributed to the differentiation of acidophiles from
their higher-order lineages, protein bins were identi-
fied that demarcated the Thermoplasmatales and
Sulfolobales from the Euryarchaeota and TACK
groups, respectively. Predicted membrane-
associated permeases or transporters comprised
~25% of the protein bins that distinguished the
Thermoplasmatales from other euryarchaeotes
(Figure 5 and Supplementary Table S7). Of the 138
Thermoplasmatales-enriched bins, 32 were also
present in 450% of Sulfolobales genomes (Figure 5
and Supplementary Table S7), which is consistent
with observations that genomes from the Thermo-
plasmatales species Picrophilus torridus and Ther-
moplasma acidiphilum share significant homology
with Sulfolobus genomes (Ruepp et al., 2000;
Futterer et al., 2004). Many of the shared proteins
are permease- or membrane transport-related,
including amino acid and solute transporters/per-
meases (Supplementary Table S7), which supports
the assertion that these protein functions are essen-
tial for intracellular pH homeostasis and thus,
habitation of acidic environments (Baker-Austin

Figure 2 Phylogenetic placement of archaeal acidophiles, pH optima and corresponding O2 usage profiles. The Maximum Likelihood
tree was constructed using a concatenation of between 53 and 104 phylogenetic marker genes for 584 archaeal genomes (median n=103;
0.05 percentile n=70). Order-level (or above) lineages are collapsed in the tree. All nodes shown exhibited bootstraps495% except where
black boxes (470%) or gray boxes (o 70%) are shown. Scale bar shows expected number of substitutions per site. pH optima (scatterplot)
and O2 usage data (black/white heatmap on right, as a % of isolates that are aerobic) are given for each lineage where cultivars are
available. pH optima for cultivars are shown as circles, whereas environmental pH of reconstructed genomes or cultivation media pH
(non-optima) are shown as triangles.
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and Dopson, 2007). In contrast, the enrichment of
Thermoplasmatales-like proteins in Sulfolobales
members is not observed (Supplementary
Figure S5). These results suggest that the differentia-
tion of Thermoplasmatales from the Euryarchaeota
may be due, in part, to the acquisition of genes from a
Sulfolobales-like ancestor, but that the converse is
not supported.

Phylogenetic analysis of the Thermoplasmatales-
enriched bins indicates a nesting of Thermoplasma-
tales homologs within crenarchaeal outgroups in
most (65.6%) of the protein phylogenies (data not
shown). These data support the hypothesis that the
Thermoplasmatales, which are found in lower-
temperature springs when compared with Sulfolo-
bales, diverged from other Euryarchaeota due, at
least in part, to horizontal acquisition of genes from
an acidophilic crenarchaeal-like ancestor. This sce-
nario is consistent with the hypothesis that aerobic
sulfur-oxidizing Sulfolobales are responsible for the
formation of high-temperature acidic niche space
(for example, 465 °C), which may then facilitate the
generation of lower-temperature acidic niche space
for later diverging, less thermophilic acidophile
lineages, such as the Thermoplasmatales. The down-
stream physical location of Thermoplasmatales
(lower-temperature transects) relative to the
upstream physical location of the Sulfolobales
(higher-temperature transects) in hydrothermal sys-
tems may have contributed to the apparent unidirec-
tional transfer of genes from the Sulfolobales to the
Thermoplasmatales. Extensive horizontal gene trans-
fer (HGT; at the inter- and intra-specific levels) has
been documented in acidophiles (Whitaker et al.,
2005; Simmons et al., 2008; Schonknecht et al.,
2013) and may be a general mechanism by which
lineages acquire traits that allow for successful
adaptation to acidophilic environments.

Experimental evolution of Sulfolobus solfataricus
toward increased acidophily supports the hypothesis
that adaptation to a progressively more acidic
environment necessitates increased metabolic energy
yield, in part, to meet the increased biosynthetic
demands associated with oxidative stress (McCarthy
et al., 2016). Serial passage of S. solfataricus over 3
years into progressively more acidic culture condi-
tions resulted in a substantial decrease in the
minimum pH that supported growth (pH 0.60 for
evolved strain; pH 1.64 for parental strain). Tran-
scriptomic analyses of the derived and parental
strains showed that increased acid tolerance in
derived strains was accompanied with increased
expression of catabolic functions (for example, TCA
cycle genes) and anabolic functions (membrane
biosynthesis genes). Comparative analysis of the
genome of the derived and parental strain, however,
revealed only several point mutations in membrane-
related and transporter-associated genes (McCarthy
et al., 2016), suggesting that evolved acidophilic
strains differed primarily at the level of gene regula-
tion rather than at the level of acquisition of new traits
or trait variants. Adaptation toward increased acid-
ophily in the natural environment, however, might be
expected to be influenced more by HGT rather than
by single point mutations. For example, in open
natural systems it is possible that environmental DNA
from lysed cells, exogenous sources and viruses—the
latter of which are common in acidic hydrothermal
environments (Bolduc et al., 2015; Gudbergsdottir
et al., 2016) and in cultures of known acidophiles
(Hochstein et al., 2016)—may accelerate HGT and
diversification toward more acidic habitats. Indeed,
comparative genomic analyses performed here and
elsewhere (Ruepp et al., 2000; Futterer et al., 2004;
Schonknecht et al., 2013) underscore the importance
of HGT in the evolution of acidophilic lineages.

These collective observations prompt the intri-
guing question as to when thermoacidophiles and
their acidic habitats emerged. Aerobic organisms
within the Sulfolobales, such as S. solfataricus, grow
optimally at O2 concentrations between ~1.5% and
24% v/v corresponding to 0.87 and 13.9 mM O2 at
80 °C, respectively, whereas no growth is observed in
the absence of O2 (Simon et al., 2009). Oxygenation
of Earth’s atmosphere did not begin until after the
evolution of oxygenic photosynthesis, and oxygen
concentrations did not reach appreciable levels until
after the GOE between ~2.4 and 2.1 Ga. The timing
of the GOE is widely supported by paleosol evidence
indicating a substantial change in readily oxidized,
redox-sensitive compounds such as pyrite (FeS2) and
uraninite (UO2) in addition to the disappearance of
mass-independent sulfur-isotope fractionations
from the sedimentary rock record after this time
(Farquhar et al., 2000; Canfield, 2005). However, the
availability of atmospheric oxygen following the
GOE has only recently come into focus.

Accepted models have bounded atmospheric O2

somewhere between ~1% and 40% of present
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atmospheric levels during the mid-Proterozoic
(1.8–0.8 Ga) based on sulfur-isotope evidence for
anoxic deep oceans and paleosol chemical profiles,
and particularly those of Fe3+ (Rye and Holland,
1998; Canfield, 1998; Canfield, 2005; Lyons et al.,
2014). Emerging data arising from chromium (Cr)
isotopic records (documenting decreased Cr redox
cycling, which is a highly oxygen-sensitive process)
indicate that atmospheric oxygen levels likely
decreased after the GOE to levels that did not exceed
4~0.1% present atmospheric level during the mid-
Proterozoic (Frei et al., 2009; Planavsky et al., 2014;
Lyons et al., 2014; Cole et al., 2016). A final
increase in atmospheric oxygen to near present
atmospheric level during the late Proterozoic
(0.8–0.55 Ga) is evinced by multiple lines of geo-
chemical observations including carbon isotopic
analyses indicating high organic carbon burial rates
in ocean sediments (Knoll et al., 1986), and
increased Cr redox cycling (Frei et al., 2009; Cole
et al., 2016) among other observations (Canfield,
2005; Holland, 2006; Lyons et al., 2014). Thus, given
the above evidence, the nonlinear decrease in O2

solubility with increasing water temperature (Shock
et al., 2010), and the necessity for a non-point source
of oxygen availability in high-temperature acidic
springs (discussed above), it follows that aerobic
thermoacidophiles did not likely emerge until at the
earliest, the most recent rise of atmospheric O2 to
present atmospheric level in the latter period of the
mid-Proterozoic ~ 0.8 Ga.

An alternative hypothesis is that aerobic thermo-
acidophiles emerged before or during the GOE but
lost niche space during the intervening ~ 1.5 billion
years when atmospheric O2 plummeted and were
confined to refugia, only to re-emerge and radiate
~ 0.8 Ga. Others have hypothesized that the spike in
the abundance of Cr in sedimentary iron deposits
dated to the GOE or just after the GOE, along with a
lack of Cr redox cycling, could be explained by the
release of reduced Cr (III) from acid weathering of a
global terrestrial pyrite reservoir. It was hypothe-
sized that this weathering was driven by the activity
of low-temperature aerobic pyrite-oxidizing acido-
philes that could hypothetically have been present
during this time frame (Konhauser et al., 2011). The
above evidence for extremely low mid-Proterozoic
oxygen levels and the return of Cr abundances to pre-
GOE levels in multiple sedimentary records during
the mid-Proterozoic (Frei et al., 2009; Konhauser
et al., 2011; Cole et al., 2016) potentially supports the
aerobic acidophile niche-collapse hypothesis.

To assess whether one of the two above hypoth-
eses is supported via molecular dating of the
archaeal phylogeny, we constructed a bacterial-
rooted time tree using a subset of archaeal taxa
(n=100) from our phylogenomic data set. Using
maximum and minimum age estimates for the
divergence of all Archaea as 3.83 Ga (the age of the
earliest potential evidence for life based on isotopi-
cally light graphite inclusions; Mojzsis et al., 1996;
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McKeegan et al., 2007) and 3.46 Ga (the earliest
isotopic evidence for microbially produced methane;
Ueno et al., 2006), the Most Recent Common
Ancestor (MRCA) of the Sulfolobales was estimated
to diverge at 1.053 Ga (95% confidence interval (CI):
1.601–0.656 Ga), whereas the divergence date of the
MRCA of the Thermoplasmatales was estimated as
0.843 Ga (95% CI: 1.301–0.505 Ga; Supplementary
Figure S6). These dates are broadly consistent with
earlier estimates using smaller genomic data sets
(Battistuzzi et al., 2004) and provide further support
that aerobic thermoacidophiles radiated late in Earth
history and are coincident with estimates for the
timing of the mid-Proterozoic atmospheric rise in
oxygen at ~ 0.8 Ga. Moreover, the estimated radiation
of the Sulfolobales before that of the Thermoplasma-
tales provides additional support for the hypothesis
that the Thermoplasmatales may have adapted to
thermoacidophilic lifestyles, in part, because of HGT
from Sulfolobales-like ancestors that predominate at
higher-temperature hydrothermal settings (that is,
HGT occurring down temperature gradients, rather
than up gradient). However, it should be noted that
dating phylogenies, and particularly those of
Archaea, is problematic because of the lack of
available calibration points for lineages. Thus,
divergence estimates that are based on a single
calibration point should be treated tentatively.
Intriguingly, previous analyses have provided evi-
dence for the divergence of chemotrophic sulfur-
oxidizing Proteobacteria involved in the oxidation of
sulfides in marine sediments at a similar time frame
(0.64–1.05 Ga; Canfield and Teske, 1996). The late
Proterozoic divergence of these mesophiles is coin-
cident with the late Proterozoic rise in oxygen and
large-scale changes in the isotopic fractionation of

sedimentary sulfides that can be best explained by
the emergence of an oxidative sulfur cycle driven by
sulfide and sulfur-oxidizing non-photosynthetic Bac-
teria (Canfield and Teske, 1996). Whether the
consilience between our date estimates for the origin
of sulfur-oxidizing thermoacidophilic Archaea and
those for mesophilic marine sulfide and sulfur-
oxidizing Bacteria are coincidental, or rather, are
linked via HGT between Archaea and Bacteria is a
topic that is of interest for better understanding the
origins of both sulfur-oxidizing microbial lineages
and their role in the sulfur cycle.

Despite the suggestion that low-temperature meso-
philes may have been involved in the generation of
acidic environments following the GOE (Konhauser
et al., 2011), the likelihood that discretely distrib-
uted, highly oxygenated and high-temperature
refugia would have existed throughout the mid-
Proterozoic that could continuously support aerobic
thermoacidophiles certainly is low. Thus, our data
support the hypothesis for a Neoproterozoic origin
for archaeal thermoacidophiles. Taking into account
the role of biology in accelerating the kinetics of
reactions that lead to the acidification of hydrother-
mal waters, we contend that it is unlikely that
thermal acidic ecosystems, such as those found in
the YNP geothermal system, were widespread before
the emergence of aerobic sulfur-oxidizing thermo-
acidophiles. Rather, these observations more likely
suggest a recent emergence of thermoacidophiles
and their habitats, which may have arisen and
evolved in concert through a process of geological–
biological feedbacks over the past ~ 0.8 Ga. Finally,
confirmation of the emergence of thermoacidophilic
Archaea during the mid to late Proterozoic, either
through geological data or biological data, would
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provide a much-needed calibration point for
archaeal phylogenies, allowing for more accurate
molecular clock simulations to be conducted.

Conclusions

Acidic hydrothermal ecosystems in YNP are domi-
nated by Archaea, which is consistent with data from
other globally distributed hydrothermal systems (Xie
et al., 2014; Ward et al., 2017). Physiological
inference suggests that the transition to archaeal-
dominated acidic hydrothermal habitats is
accompanied by an increase in the ability to
integrate O2 into respiration, likely due, in part, to
meet the bioenergetic demands associated with
mitigating oxidative stress (McCarthy et al., 2016).
This observation, coupled to data indicating that the
generation of acidic environments typically requires
the O2-dependent oxidation of sulfur compounds,
suggests that thermoacidophilic Archaea and the
acidity of their habitats co-evolved after the emer-
gence of oxygenic photosynthesis. Further, we
hypothesize that these events may have taken place
through a series of geological–biological feedbacks in
a process that is similar to what has been described
as niche construction (Odling-Smee et al., 1996).
Although the process of niche construction may be
little explored in microbial ecology, it is likely a
widespread phenomenon in microbial evolution
considering how quickly microorganisms can influ-
ence the geochemical composition of their local
environments, the apparent ease by which they can
acquire new traits via HGT, and their relatively fast
rates of reproduction.

Phylogenomic analyses support these conclusions
and suggest that the evolution of acidophily in
Archaea has occurred independently in divergent
lineages relatively recently and was potentially
aided by HGT. Taken together, these results expand
our understanding of the ecological prevalence of
Archaea in hot springs and provide physiological
and evolutionary context for their current domi-
nance in these environments. Moreover, these
observations point toward a hypothesis of biological
modification of natural environments in shaping the
diversification of an organism’s progeny (that is,
niche construction), local co-inhabitants or down-
stream inhabitants (that is, facilitation). Further
laboratory experimentation of aerobic thermoacido-
philes is needed to assess how adaptation
toward increased acidophily affects ecological fit-
ness in the adapted and ancestral pH niches as well
as the potential impacts on incipient species
divergence.
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