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Abstract
Decades of research into the Bacteria and Archaea living in geothermal spring ecosystems have yielded great insight into the
diversity of life and organismal adaptations to extreme environmental conditions. Surprisingly, while microbial eukaryotes
(protists) are also ubiquitous in many environments, their diversity across geothermal springs has mostly been ignored. We
used high-throughput sequencing to illuminate the diversity and structure of microbial eukaryotic communities found in 160
geothermal springs with broad ranges in temperature and pH across the Taupō Volcanic Zone in New Zealand. Protistan
communities were moderately predictable in composition and varied most strongly across gradients in pH and temperature.
Moreover, this variation mirrored patterns observed for bacterial and archaeal communities across the same spring samples,
highlighting that there are similar ecological constraints across the tree of life. While extreme pH values were associated with
declining protist diversity, high temperature springs harbored substantial amounts of protist diversity. Although protists are
often overlooked in geothermal springs and other extreme environments, our results indicate that such environments can host
distinct and diverse protistan communities.

Introduction

Investigations of the Bacteria and Archaea living in geo-
thermal systems have been critical to our knowledge of the
diversity and history of life on Earth [1, 2]. Ecological
studies of these microbes have expanded our understanding
of adaptations to extreme environments [3], with basic

research into geothermal microbial communities having
contributed to advances in numerous fields, including
microbiology, biomedical diagnostics, and biotechnology
[4–6]. One of the most prominent examples is the devel-
opment of the heat-stable enzyme Taq polymerase [7] from
the thermophilic bacteria Thermus aquaticus isolated from
hot springs in Yellowstone National Park [8].

While the vast majority of microbiology research
in geothermal systems has focused on Bacteria
and Archaea, there has been little work investigating pro-
tistan diversity. Protists (e.g., microbial eukaryotes)
are ubiquitous, single-celled eukaryotic organisms with
diverse functional strategies. They are critical to
many ecosystem processes—yet their diversity and com-
munity dynamics remain overlooked in many environments
[9]. Surprisingly, although the Bacteria and Archaea
found in hot springs and other geothermal environments
have been extensively studied for decades, we know of no
comparable study of the protists (broadly defined here as
any microbial eukaryote excluding fungi) found in geo-
thermal springs. This is likely in part due to the persistent
paradigm that eukaryotic organisms are poorly suited
to life in extreme environments, despite increasing evidence
that protists are present and active in many of these unique
habitats.
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Early geothermal spring literature suggested thermo-
philic protists occur at temperatures up to at least 60 °C [10]
with more recent reports suggesting some protists may
survive at temperatures up to 70 °C [11]. Amoebae such as
Echinamoeba [12] and Naegleria [13] have been identified
as thermophilic, with growth optima up to 55 °C. Other
protists are also known to withstand acidic environments
[14, 15] and there have been detailed studies into a few
acid-associated microbial eukaryotes such as the alga
Cyanidium caldarium, which is known to thrive in acidic
environments up to 55 °C [16]. Other phototrophs, includ-
ing diatoms and chlorophytes, have been found in acidic
lakes and some Euglena may tolerate both high temperature
and acidity [17]. Despite these examples of “extremophilic”
protists, investigations into diversity across the eukaryotic
tree of life have been limited to a few geothermal springs
[18, 11]. Yet, we know from work conducted in other
environments, including soils and marine systems, that
protists are important contributors to ecosystem processes
as primary producers [19] predators, decomposers, and
parasites [20, 21]. Thus, we expect that these environments
likely harbor novel and diverse communities.

Geothermal springs also represent a unique system for
studying the factors that structure microbial eukaryotic
communities and the environmental constraints on eukar-
yotic diversity [22, 11]. Geothermal spring systems often
have extreme ranges in environmental conditions, including
temperature, pH, and salinity, that can vary independently
across spring features [23]. This makes them useful
for testing the relative importance of different environ-
mental factors in shaping ecological communities.
While temperature and pH are known to be strong drivers of
bacterial and archaeal community diversity and composition
in diverse environments [23–25], it is less clear to
what extent these factors structure protistan communities.
The relative importance of pH versus temperature is
also an open question as few protist studies cover wide
ranges of temperature and pH. Based on work conducted in
other systems, including soils (e.g., refs. 26, 27), we may
expect that the biogeographical patterns exhibited by
microbial eukaryotes may parallel those observed for bac-
teria, but it is unclear if this is true in geothermal
environments.

New Zealand geothermal systems are profuse and
diverse, with over 10,000 features in the Taupō Volcanic
Zone and including some of the world’s largest thermal
pools [28, 29]. We analyzed 160 geothermal spring samples
collected from features across the Taupō Volcanic Zone,
New Zealand to investigate the diversity and the relative
importance of environmental gradients in structuring proti-
stan communities. The sampled springs represent broad
environmental gradients (including temperatures and pH
levels that span nearly 50 °C and 8 pH units). We also

directly compared how bacterial and archaeal communities
[29] were structured across the same geothermal spring
samples to determine if micro-eukaryotes and prokaryotes
share similar community dynamics and environmental
constraints.

Results and discussion

Protistan community composition across
geothermal springs

Across all springs, we found a remarkably high number of
different protist lineages, with 1088 protistan phylotypes
identified, spanning diverse phylogenetic lineages (Fig. 1).
This level of diversity was unexpected, as previous geo-
thermal studies focused on a relatively small number of
springs have found only a few to dozens of unique protists
[11]. Further, our estimate of the overall species diversity is
likely an underestimate, as we performed several filtering
steps including: (1) clustering phylotypes at the >97%
sequence similarity level and (2) filtering out phylotypes
represented by fewer than 10 reads in a given sample. As
with bacterial and archaeal communities [2, 30], geothermal
environments harbor an unexpected amount of protistan
taxonomic and phylogenetic diversity.

Most spring communities were dominated by only
a few phylotypes (Fig. 1). While the diversity recovered in
individual geothermal springs ranged from 2 to 172
phylotypes, the median richness was 21 phylotypes per
spring. Unexpectedly, not a single major group was found
across all or even most springs, and 93% of all phylotypes
were found in less than 10% of springs with ~43% of
phylotypes only found in a single spring. Even the most
widespread phylotype (a ciliate, Oxytricha) was only found
in 65% of the springs surveyed. Given the very close dis-
tances between many of the sampled geothermal features
(some were just a few meters apart) we expected greater
overlap in protistan communities. This low level of overlap
across springs may in part be due to sequencing depth, as
rarefaction curves did not plateau. However, most protists
appear to generally be restricted in their distributions across
springs.

Geothermal spring samples were dominated by
Ciliophora (ciliates) which made up 57% of spring com-
munities on average (Supplementary Table 1). However,
this does not necessarily mean that most protistan cells in
the sampled springs were ciliates; the high rRNA gene
copy number in ciliates are known to over represent this
taxon in high-throughput data [21], thus ciliates are likely
overrepresented. Within Ciliophora, members of
the Trimyemidae and Oxytrichidae groups made up 14 and
9% of the 18S rRNA gene reads recovered across springs.
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Other dominant groups included Ochrophyta, Chlorophyta,
and Amoebozoa with average relative abundances of 15, 11,
and 5% respectively. We found many protistan groups
that have been previously been identified in geothermal
spring environments including phototrophic lineages such
as Cyanidium, Pinnularia, Chlamydomonas, Chlorella [31,
11] and a diversity of non-photosynthetic lineages
including Echinamoeba, Cyclidium, Platyophyra, Fronto-
nia, Ochromonas [18, 11]. However, within these lineages
we frequently found multiple novel phylotypes.
For example, within Echinamoeba we recovered 17 phy-
lotypes, with up to 7% sequence divergence from
previously known Echinamoeba. We also found many
lineages that were uncharacterized or not previously asso-
ciated with geothermal environments, as we explain in more
detail below.

New Zealand springs harbor novel diversity

We investigated to what extent the diversity of the most
abundant phylotypes in New Zealand geothermal springs
compares to known protist diversity (Supplementary Fig. 1
with references in Supplementary Table 2). We highlighted
eight clades that either had no known database representa-
tives or only included protists from other extreme envir-
onments, particularly within Amoebozoa, Alveolata,
Archaeplastida, and Stramenopiles (Supplementary Fig. 1).

As mentioned, the Amoebozoan clade containing Echi-
namoeba thermarum was of interest as it appears to be a
diverse group with an evolutionary adaptation to withstand
high temperatures. Additionally, a second Amoebozoan
clade contains phylotypes from this study, other geothermal
springs, and an amoeba recovered from hospital hot water
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Fig. 1 New Zealand geothermal springs harbor diverse protists. a
Phylogenetic tree of the 1088 protist phylotypes recovered across 160
geothermal springs. The tree is a conservative estimate of diversity as
it only includes phylotypes present (>10 reads) in a given sample. The
outer ring bars are scaled to show the relative abundance of each
phylotype. Ring and clade color indicate taxonomic group. For a few

taxa, clade membership did not reflect taxonomic assignment and no
corrections were made. bMost spring communities are dominated by a
few phylotypes and individual protist phylotypes are rarely found in
more than a few springs. (Top) The number of phylotypes found in
each spring. (Bottom) The number of springs in which each phylotype
occurred
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samples [32]. Within Alveolata, a potentially high
temperature-associated clade contains Trimyema minutum
thermophilium, an anaerobic ciliate recovered from high
temperature, shallow sea hydrothermal vents [33]. The
Stramenopiles clade containing Ochromonas may be
adapted to low pH as some Ochromonas species are known
to be acid associated [34], and the other nearest neighbors
were recovered from acidic environments (Supplementary
Fig. 1).

Environmental factors driving protistan diversity and
composition

Surprisingly, while pH explained the most variation in
Shannon diversity across springs, temperature was not
predictive of diversity. We ran multiple linear regression to
compare protist diversity with environmental variables, and
seven variables (pH, nitrate, Ba, and S; p < 0.5 and for
conductivity, H2S, and sulfate, p= 0.07–0.08) together
accounted for only 30% of the overall variability in diver-
sity (Supplementary Table 3). Of the measured variables,
pH was the most important (Supplementary Fig. 2). To
investigate the relationship between pH and diversity, we fit
a linear (R2= 0.15; p < 0.0001) model which revealed a
decline in diversity in the more acidic springs.

Previous studies investigating the temperature–diversity
relationship in protists are inconclusive, likely in part due to
individual studies having sampled a low number of springs.
For example, Brown and Wolfe [11] found the most protist
diversity of all of the sites they sampled in a few high
temperature and highly acidic lake samples in Lassen
Volcanic National Park although the authors suggest
diversity generally declined with decreasing pH and
increasing temperature. In our study, the lack of a sig-
nificant diversity–temperature relationship for protists sug-
gests that there may be more protist lineages than
commonly assumed [35] that are adapted to high tempera-
ture environments. In contrast to temperature, the reduction
of microbial diversity with decreasing pH is well recognized
across diverse environments [36, 15]. Protists living in
extremely acidic conditions likely require highly specialized
physiological adaptations and life history strategies to sur-
vive in these environments, which may be why only a few
protist phylotypes were recovered from highly acidic geo-
thermal springs.

Despite the considerable variability in the composition of
the protistan communities, composition across springs was
nevertheless moderately predictable from the measured
environmental conditions. Our results based on multiple
regression of pairwise distances in overall community
composition (model correlation with community dissim-
ilarity= .43 and MRM overall explanatory power: R2=
0.16) indicated that the composition of the geothermal

protistan communities was best predicted by three factors
(Supplementary Figs. 3, 4): pH (rM= 0.35; p < 0.001),
temperature (rM= 0.24; p < 0.001), and bicarbonate (rM=
0.22). Other environmental factors were also correlated with
community composition but did not contribute to the overall
power of the explanatory model (e.g., maximize correlation
with community dissimilarity). For example, conductivity
(e.g., salt tolerance, rM= 0.10; p < 0.01; Supplementary
Fig. 4) was moderately correlated with differences in
community composition, but inclusion of this variable in
our models did not improve overall model fit.

Our findings suggest that both temperature and pH
explain in part what types of protists are found in springs.
Amaral-Zettler [15] also found clustering of community
composition by pH across diverse aquatic environments,
despite low overall similarity between sites. Our finding that
protistan communities in high temperature springs are
generally different from those communities found in lower
temperature springs supports the hypothesis that these high
temperature springs (e.g., 50–65 °C) harbor unique com-
munities and that sequences recovered from high tempera-
ture springs likely originate from taxa living within the
springs, rather than allochthonous infall from nearby areas
with cooler temperatures.

Protistan lineages associated with environmental
conditions

To identify protistan lineages associated with specific
environmental conditions, we performed indicator species
analyses. We found strong preferences for specific pH and
temperature ranges for several protists (Fig. 2, with corre-
sponding information in Supplementary Table 4). For those
taxa that were found in at least ten springs (n= 134), we
identified 15 phylotypes that prefer hot springs, nine asso-
ciated with moderate to cooler temperature springs, five
with acidic conditions, and 12 with neutral to alkaline
springs (Figs. 2 and 3). Echinamoeba appear to be parti-
cularly well-suited to high temperature springs, as 60% of
the thermophilic taxa identified were members of this
group, consistent with Baumgartner et al. [12]. The most
abundant phylotype, an unknown phylotype related to Tri-
myema minutum thermophilum was also associated with
high temperature springs (Fig. 2 and Supplementary
Table 4; correlation with temperature: ρ= 0.55; p < 0.001
and indicator value= 0.43; p= 0.001). Some acidic phy-
lotypes were related to known acidophiles, such as Hypo-
trichia and Pinnularia (Bacillariophyta; [37, 38]). Our
analyses suggest that there are diverse protists associated
with extremes in pH and temperature, with strong phylo-
genetic clustering of the protists associated with hot springs
as 9 of the 15 identified are within the single genus Echi-
namoeba (Fig. 3).

The ecology and diversity of microbial eukaryotes in geothermal springs 1921



Direct comparisons to bacterial and archaeal communities

We investigated if bacterial and archaeal communities were
structured by similar drivers, and to what extent bacterial,
archaeal, and protistan community structures were related.
As with protists, we found pH to be the single most
important factor in predicting both variation in bacterial and
archaeal diversity (Supplementary Fig. 3 and Supplemen-
tary Table 2) and community composition across springs
(rM of pH= 0.59; p < 0.001; Supplementary Figs. 3 and 4).
These findings suggest that the environmental factors
shaping microbial community assembly may be more uni-
versal than previously thought.

As with our protist results, temperature explained no
additional variation in bacterial and archaeal Shannon
diversity across springs. Our finding that temperature does
not explain diversity patterns across the sampled geothermal
springs for either protists or prokaryotes differs from a
previous report of bacterial and archaeal communities,
where both temperature and pH explained differences in
diversity across geothermal soils ranging in temperature
from 7.5 to 99 °C [23]. We suspect this may be due to the

more restricted temperature range of this study (17.5 to
64.9 °C), and that the diversity of spring communities may
be more closely with temperature at its extremes.

We also found that protistan community composition
was moderately correlated with bacterial and archaeal
community composition (rM= 0.52, p < 0.001; Supple-
mentary Fig. 4), a pattern that is driven by shared envir-
onmental drivers, close associations across protists and
prokaryotes, or both. To further decipher the structure of the
associations between protistan, bacterial, and archaeal
communities across the temperature and pH gradient we
used network analyses of co-occurrence patterns (Fig. 4).
We recovered five groupings of taxa (e.g. network modules)
that represent clusters of bacterial and archaeal and protistan
taxa that share similar environmental preferences (acidic,
high temperature, alkaline-neutral, and moderate-cool tem-
perature). Recovering network modules (particularly the
high temperature and acidic clusters) independently vali-
dated our findings of specific protist lineages that are sen-
sitive to temperature and pH, as many of the protist
indicator taxa (Fig. 4) were clustered into modules with
bacteria that are known to persist in particular
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Fig. 4 The protistan, bacterial, and archaeal taxa that co-occur across
geothermal springs. Node size is proportional to abundance of taxa and
edge width corresponds to strength of co-occurrence (positive ρ value).
Gray nodes represent bacterial and archaeal taxa and white nodes
represent protistan taxa. Node outline colors indicate the five modules

(groups of co-occurring taxa) identified using the Louvain community
detection algorithm [55]. Node fill color designate protist taxonomic
groups that contain the phylotypes identified as indicators for a par-
ticular environmental condition (shown in Fig. 3). There are 138 nodes
(taxa) with 940 connections (edges)

Indicator

acidic

alkaline

moderate

hot

Fig. 3 Phylogenetic distribution
of the protist phylotypes
sensitive to temperature and pH
across springs. Clade markers
signify type for each taxon: red
is hot, blue is cold, yellow is
acidic, and green is alkaline
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environments. For example, four of the five protistan taxa
identified as acidic indicator taxa clustered in a module with
known acidophilic bacteria, including Acidithiobacillus and
Acidiphilium [39]. Likewise, taxa such as Echinamoeba and
Trimyema that we identified as being relatively more
abundant under high temperature conditions were found to
co-occur with known thermophilic bacterial lineages
including Thermus, a well-studied genus known for toler-
ating high temperatures [7] and Venenivibrio, a thermo-
philic genus of bacteria with a known temperature optimum
of 70 °C [40].

While it remains unclear to what extent protists con-
tribute to the ecological dynamics of springs, our findings
that bacterial, archaeal, and protistan communities are
strongly associated indicates the potential for interactions
between microbial taxa. As many of the protists identified
here are likely heterotrophic, protistan grazing may impact
bacterial and archaeal communities, as observed in other
environments [41, 42].

While the adaptive mechanisms which allow protists to
withstand such extreme acidic or high temperature envir-
onments remain unknown, we have identified lineages that
will be prime targets for future investigations. For example,
our work suggests that some Amoebozoa are adapted to
high temperatures. This information could be leveraged to
investigate if there are unique physiological adaptations
related to enabling life at extremes. We also found that
protistan communities were best predicted by pH and then
by temperature. Bacterial and archaeal composition was
also best predicted by pH across the same springs, sug-
gesting shared environmental drivers and ecological con-
straints. Although often overlooked in geothermal springs,
protists are present and diverse in these environments.

Materials and methods

Sample collection and characterization

Geothermal spring water samples from geothermal springs
were collected across the Taupō Volcanic Zone in New
Zealand between 2013–2015 as part of the 1000 Springs
Project (29, http://1000springs.org.nz). Our study utilized
160 geothermal spring samples, collected from 14 geo-
thermal systems across four districts in the North Island of
New Zealand; Taupō, Rotorua, Turangi, and Whakatane.
These 160 geothermal features represented very diverse and
often extreme physicochemical environments. Tempera-
tures ranged from 17.5 to 64.9 °C, the pH across springs
was 2.02 to 9.7 and geothermal features also had a broad
range in conductivity (salt content; 222–10,420 µS/cm), and
turbidity (water clarity; 0.1–484 FNU). The temperature and
pH profiles of some geothermal springs are known to

rapidly change thus, we note that the temperature measured
refers to the initial temperature measured at the start of
sample collection. A comprehensive suite of physico-
chemical parameters was measured for each spring. Details
on the specific water column sampling strategies, and sub-
sequent processing, storage and analytical methods are
provided in Supplementary Table 5.

Samples were immediately processed after collection
(within 2 h), either using a mobile laboratory on site
or at the GNS Science laboratory in Taupō. In brief, 2 l of
water were collected per sample and filtered using a peri-
staltic pump system with a Sterivex-GP 0.22 µm PES col-
umn filter (Merck Millipore) to capture biomass from the
water column. Filters were immediately cooled to 4 °C and
then stored at −20 °C prior to DNA extraction. Filter
extractions were performed at the Thermophile Research
Unit at the University of Waikato, using a modified CTAB
extraction protocol [43]. After extraction and sequencing,
remaining DNA was preserved and stored at room tem-
perature with DNAstable® following the manufacturer’s
protocols.

Molecular and bioinformatic analyses

To characterize the composition and diversity of protistan
communities across geothermal spring samples, we ampli-
fied a 516 bp fragment of the 18S rRNA gene using the
616*F/1132R primer set [44] modified with appropriate
Illumina adapters. This primer pair was selected as it
amplifies a phylogenetically informative gene region (the
V4–V5 hypervariable region) and likely exhibits few biases
against major protistan lineages [44]. Triplicate PCR reac-
tions were performed for each of the 160 extracted DNA
samples, and we included and sequenced multiple negative
controls per plate to check for possible contamination. PCR
products were cleaned with the MoBio Ultra Clean PCR
Clean-Up Kit. Next, we performed PCR-mediated Nextera
barcode ligation following the manufacturer’s instructions,
adding unique barcodes onto amplicons, to allow for mul-
tiplexed sequencing. Samples were normalized with the
SequalPrep Normalization Plate Kit (Invitrogen) prior to
sequencing on the Illumina MiSeq platform at the Uni-
versity of Colorado Next Generation Sequencing Facility,
running the 2×300 bp paired-end chemistry.

Sequences were demultiplexed with the custom Python
script “prep_fastq_for_uparse_paired.py” [45] and then
paired-end sequences were merged, quality filtered, and
clustered into phylotypes with the UPARSE pipeline [46].
When merging reads, we set a minimum overlap region of
20 bp and merged reads had to be more than 200 bp long.
The maximum allowed expected error frequency was set to
0.5 per sequence for quality filtering. Phylotypes were
clustered at ≥97% similarity and the merged raw reads were
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mapped to a de novo database at ≥97% similarity with
USEARCH (v7; [47]). This threshold for defining phylo-
types (≥97% sequence similarity) is not a specific estimation
of the species-level diversity of protists [48]. Rather, we
chose this threshold as it is a more conservative assessment
of protistan diversity than standard eukaryotic species
delineations (often considered ≥99%). We refer to the 97%
consensus sequences as “phylotypes”. All sequences were
dereplicated and phylotypes represented by only a single
read were excluded. We also removed highly divergent
sequences by filtering against the Protist Ribosomal
Reference database (PR2, v4.3; [49]), excluding phylotypes
with less than a 75% identity match. Taxonomy was
assigned with the RDP classifier [50] against the PR2
database. Reads assigned to bacteria, archaea, metazoa, and
embryophyta (land plants) were removed prior to down-
stream analyses, as here we focused specifically on protists.
We also removed fungi from the dataset as the fungal 18S
rRNA gene provides limited taxonomic and phylogenetic
resolution.

To ensure conservative estimates of the diversity and
number of phylotypes across geothermal features, we fil-
tered reads with no taxonomic assignment at broad taxo-
nomic levels (levels 2, 3, and 4; taxonomies in the PR2
database are unranked). To account for possible sequencing
bias, samples with less than 2700 identified protist reads
were excluded from analyses due to relatively low cover-
age. Estimates of diversity were highly correlated with and
without rarefaction (Pearson correlation= 0.99 and p <
0.0001) as were the patterns in pairwise community simi-
larity levels (Mantel statistic r= 0.97 and p < 0.001), thus
we used the unrarefied samples in all downstream analyses
to retain more phylotypes from deeply sequenced samples
(e.g., samples with more reads). All sequenced blanks
(multiple per 96-well plate) were well below the
2700 minimum read threshold. We also removed all phy-
lotypes with less than ten reads in a given sample to be
highly conservative in what phylotypes we consider “pre-
sent” in any given sample. Raw sequence data have been
deposited in the Sequence Read Archive (SUB2814786
with NCBI BioProject accession no. PRJNA392095) and
the phylotype tables with corresponding metadata and
consensus sequences for all phylotypes and co-occurrence
results used to create Fig. 4 are available via Figshare (doi:
10.6084/m9.figshare.5146378).

Data analyses

All statistical analyses were performed in R (R Core Team,
2015). To test for correlations between measured environ-
mental parameters we ran pairwise Pearson’s correlations
(Supplementary Fig. 5). As some of the 45 measured phy-
sicochemical factors were correlated, we reduced

collinearity by identifying highly correlated variables (r >=
0.600). Our final set of factors included 26 variables.

To investigate what environmental factors may drive
differences in protistan diversity (Shannon diversity index),
we ran a multiple linear regression model. Variables for the
model were selected using forward and backward stepwise
model selection with the Akaike information criterion (AIC)
as applied with the R function stepAIC [51]. To assess the
relative importance of the regressors, we used the relaimpo
package (v. 2.2–2; [52]) with the “lmg” model. We applied
a linear regression model to further investigate the rela-
tionship for the factor (pH) explaining the most variability
in diversity across springs.

Differences in microbial community composition were
determined by computing pairwise Bray-Curtis distances
from square-root-transformed relative abundances (Vegan
v2.4.1; [53]) and these dissimilarities were visualized using
nonmetric multidimensional scaling with three dimensions
(k= 3), 1000 random starts (trymax= 1000), and the pro-
portion of site pairs with no shared species was set to 0.1
(noshare= 0.1). 3D visualizations were made with plotly
(v4.5.2). To find the best explanatory environmental vari-
ables associated with community composition we first ran
“bioenv” in Vegan to identify the subset of variables (of the
26) that maximize the correlation with community dissim-
ilarity, and calculated the correlation of each identified
variables (pH, temperature, and bicarbonate) to community
composition with Mantel tests based on 5000 permutations.
We then performed multiple regression on distance matrices
with “MRM” in the Ecodist package (v 1.2.9, [54]) to
estimate the overall explanatory power of the model. We
recognize that our estimates of the relative abundance of
eukaryotes in a sampled environment are potentially biased
by focusing on the 18S rRNA gene as there can be sub-
stantial variation in the length and number of copies of this
gene across eukaryotic taxa [55]. For this reason, we con-
firmed that the pairwise dissimilarities between samples
calculated from relative abundances (using the Bray-Curtis
metric) were highly correlated with pairwise dissimilarities
calculated using a presence-absence metric (Jaccard dis-
tance) (Mantel statistic ρ= 0.9 and p < 0.0001).

We next sought to determine which specific protistan
taxa were preferentially found in acidic or alkaline springs
and in hot versus moderate temperature springs. We filtered
our taxa table to include only those taxa that were found in
at least ten springs to set a high minimum occurrence
threshold for these analyses. We then calculated indicator
values of protist phylotypes specific to temperature or pH
with the Dufrene-Legendre Indicator Species Analysis as
implemented in the labdsv package ([56], v1.8.0). For this
analysis, spring samples were divided into four temperature
categories (17.5–64.9 °C by 10–15 °C increments; tem-
perature <35 °C=moderate and >45 °C= hot) and two pH
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categories (pH < 5= acidic and >5= neutral alkaline). We
confirmed the fidelity of identified taxa by separately
investigating the abundance of taxa across the pH or tem-
perature range via Spearman’s correlations.

To assess the uniqueness of protists found in this study,
we compared the phylotypes (only including those occur-
ring in at least 10 springs) to sequences in the SILVA and
GenBank databases. Phylogenetic trees were built to assess
the extent to which specific lineages were uniquely repre-
sented in New Zealand geothermal springs. Nearest neigh-
bors were identified with the “search and classify” function
within the Silva Incremental Aligner (SINA v1.2.11) with
the top neighbor per query sequence. Additional neighbor
sequences were also manually added from Genbank as
many shorter-length protist sequences are not in the Silva
database. All trees were aligned using SINA with default
parameters [57]. After aligning, we trimmed gaps with tri-
mAl [58] with a gap threshold of 0.2. We used FastTree
with a GTR model of nucleotide evolution (v2.1.9; [59]) to
infer approximately maximum-likelihood phylogenetic trees
with an archaeon sequence included as the outgroup to root
trees. Visualization was done with Graphlan [60].

Finally, we compared the community structure of bac-
teria and archaea across 156 of the 160 springs for which we
obtained protistan community data. To do this, we obtained
bacterial and archaeal 16S rRNA gene sequence data from
the same spring samples [29], enabling us to make direct
comparisons. We first investigated whether bacterial and
archaeal communities were structured by similar environ-
mental factors as protistan communities. We assessed both
the factors that explain differences in Shannon diversity
across the springs and differences in community composi-
tion, with the same methods described above for the pro-
tistan communities. We then used network analyses to
identify co-occurrence patterns between bacterial, archaeal,
and protistan taxa and to identify environmental clusters.
For network inference, we created a Spearman’s rank cor-
relation matrix (including bacteria, archaea, and protists),
with an abundance threshold of 0.1% to remove poorly
represented taxa. The threshold for a correlation to be
considered robust was set at ρ > 0.3 and p-value < 0.0001.
The edge weights in the network were weighted by the
strength (ρ) of the correlation between two nodes (e.g.,
dependent on the number of times the two taxa co-occur).
Networks were visualized with Gephi [61]. To describe the
resulting community topology of the network, we identified
network modules with the Louvain community detection
algorithm [62].

Acknowledgements We thank Karen Houghton, Carlo Carere, Hanna-
Annette Peach and David Evans for assistance with sample collection
and Jessica Henley, Roanna Richards-Babbage, and Georgia Wakerley
for assistance with laboratory work. We thank Lauren Shoemaker,
Amber Churchill, and Manuel Delgado-Baquerizo for valuable

comments. This project was funded by an NSF Graduate Research
Fellowship, NSF EAPSI Fellowship, and Lewis and Clark Fund
Scholarship to AMO, and MBIE grant C05X1205 to JFP, SCC, and
MBS.

Author contributions AMO, NF, MBS, and SCC designed and per-
formed the research analyzed the data. AMO and NF wrote the
manuscript with aid from AW, MBS, SCC, and JFP.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

References

1. Pace NR. A molecular view of microbial diversity and the bio-
sphere. Science. 1997;276:734–40.

2. Hugenholtz P, Pitulle C, Hershberger KL, Pace NR. Novel divi-
sion level bacterial diversity in a Yellowstone hot spring. J Bac-
teriol. 1998;180:366–76.

3. Rothschild LJ, Mancinelli RL. Life in extreme environments.
Nature. 2001;409:1092–101.

4. Lowe SE, Jain MK, Zeikus JG. Biology ecology and biotechno-
logical applications of anaerobic bacteria adapted to environ-
mental stresses in temperature pH salinity or substrates. Microbiol
Rev. 1993;57:451–509.

5. Ferrer M, Golyshina O, Beloqui A, Golyshin PN. Mining enzymes
from extreme environments. Curr Opin Microbiol.
2007;10:207–14.

6. Goh KM, Kahar UM, Chai YY, Chong CS, Chai KP, Ranjani V,
et al. Recent discoveries and applications of Anoxybacillus. Appl
Microbiol Biotechnol. 2013;97:1475–88.

7. Chien A, Edgar DB, Trela JM. Deoxyribonucleic acid polymerase
from the extreme thermophile Thermus aquaticus. J Bacteriol.
1976;127:1550–7.

8. Brock TD, Freeze H. Thermus aquaticus gen nov. and sp. nov. a
nonsporulating extreme thermophile. J Bacteriol.
1969;98:289–97.

9. Bik HM, Porazinska DL, Creer S, Caporaso JG, Knight R, Tho-
mas WK. Sequencing our way towards understanding global
eukaryotic biodiversity. Trends Ecol Evolut. 2012;27:233–43.

10. Brock TD. Lower pH limit for the existence of blue-green algae:
evolutionary and ecological implications. Science.
1973;179:480–3.

11. Brown PB, Wolfe GV. Protist genetic diversity in the acidic
hydrothermal environments of Lassen Volcanic National Park
USA. J Euk Microbiol. 2006;53:420–31.

12. Baumgartner M, Yapi A, Gröbner-Ferreira R, Stetter KO. Culti-
vation and properties of Echinamoeba thermarum nov. sp., an
extremely thermophilic amoeba thriving in hot springs. Extre-
mophiles. 2003;7:267–74.

13. Ramaley RF, Scanlan PL, O’Dell WD. Presence of thermophilic
Naegleria isolates in the Yellowstone and Grand Teton national
parks. Thermophiles Biodiversity, Ecology, and Evolution. US:
Springer; 2001. p. 41–50.

14. Amaral-Zettler LA, Gomez F, Zettler E, Keenan BG, Amils R,
Sogin M. Microbiology: eukaryotic diversity in Spain’s River of
Fire. Nature. 2002;417:137–137.

15. Amaral-Zettler LA. Eukaryotic diversity at pH extremes. Front
Microbiol. 2013;3:441.

16. Brock TD. The genus Cyanidium. Thermophilic microorganisms
and life at high temperatures. New York: Springer; 1978; p.
255–302.

1926 A. M. Oliverio et al.



17. Sittenfeld A, Mora M, Oretega JM, Albertazzi F, Cordero A,
Roncel M, et al. Characterization of a photosynthetic Euglena
strain isolated from an acidic hot mud pool of a volcanic area of
Costa Rica. FEMS Microbiol Ecol. 2002;42:151–61.

18. Aguilera Á, Souza-Egipsy V, González-Toril E, Rendueles O,
Amils R. Eukaryotic microbial diversity of phototrophic microbial
mats in two Icelandic geothermal hot springs. Int Microbiol.
2010;13:21–32.

19. Levinsen H, Turner JT, Nielsen TG, Hansen BW. On the trophic
coupling between protists and copepods in arctic marine ecosys-
tems. Mar Ecol Prog Ser. 2000;204:65–77.

20. Wardle DA. The influence of biotic interactions on soil biodi-
versity. Ecol Lett. 2006;9:870–86.

21. Geisen S, Laros I, Vizcaíno A, Bonkowski M, de Groot GA. Not
all are free‐living: high‐throughput DNA metabarcoding reveals a
diverse community of protists parasitizing soil metazoan. Mol
Ecol. 2015;24:4556–69.

22. Reeder WH, Sanck J, Hirst M, Dawson SC, Wolfe GV. The Food
Web of Boiling Springs Lake Appears Dominated by the Het-
erolobosean Tetramitus thermacidophilus Strain BSL. J Euk
Microbiol. 2015;62:374–90.

23. Sharp CE, Brady AL, Sharp GH, Grasby SE, Stott MB, Dunfield
PF. Humboldt’s spa: microbial diversity is controlled by tem-
perature in geothermal environments. ISME J. 2014;8:1166–74.

24. Chiriac CM, Szekeres E, Rudi K, Baricz A, Hegedus A, Dragoş
N, et al. Differences in temperature and water chemistry shape
distinct diversity patterns in thermophilic microbial communities.
Appl Environ Microbiol. 2017;83:e01363–17.

25. Oliverio AM, Bradford MA, Fierer N. Identifying the microbial
taxa that consistently respond to soil warming across time and
space. Glob Change Biol. 2017;23:2117–29.

26. Ramirez KS, Leff JW, Barberan A, Bates ST, Betley J, Crowther
T, et al. Biogeographic patterns in below-ground diversity in New
York City’s Central Park are similar to those observed globally.
Proc R Soc B. 2014;281:20141988.

27. Dupont AÖC, Griffiths RI, Bell T, Bass D. Differences in soil
micro‐eukaryotic communities over soil pH gradients are strongly
driven by parasites and saprotrophs. Env Microbiol.
2016;18:2010–24.

28. Jones B, Renaut RW, Konhauser KO. Genesis of large siliceous
stromatolites at Frying Pan Lake Waimangu geothermal field
North Island New Zealand. Sedimentology. 2005;52:1229–52.

29. Power JF, Carere CR, Lee CK, Wakerley GLJ, Evans DW, Button
M, et al. Microbial biogeography of 1000 geothermal springs in
New Zealand. bioRxiv. 2018;247759

30. Barns SM, Fundyga RE, Jeffries MW, Pace NR. Remarkable
archaeal diversity detected in a Yellowstone National Park hot
spring environment. Proc Natl Acad Sci USA. 1994;91:1609–13.

31. Krienitz L, Bock C, Kotut K, Luo W. Picocystis salinarum
(Chlorophyta) in saline lakes and hot springs of East Africa.
Phycologia. 2012;51:22–32.

32. Ovrutsky AR, Chan ED, Kartalija M, Bai X, Jackson M, Gibbs S,
et al. Cooccurrence of free-living amoebae and nontuberculous
Mycobacteria in hospital water networks and preferential growth
of Mycobacterium avium in Acanthamoeba lenticulata. Appl
Environ Microbiol. 2013;79:3185–92.

33. Baumgartner M, Stetter KO, Foissner W. Morphological Small
Subunit rRNA and Physiological Characterization of Trimyema
minutum (), an anaerobic ciliate from submarine hydrothermal
vents growing from 28 °C to 52 °C. J Euk Microbiol.
2002;49:227–38.

34. Schmidtke A, Bell EM, Weithoff G. Potential grazing impact of
the mixotrophic flagellate Ochromonas sp.(Chrysophyceae) on
bacteria in an extremely acidic lake. J Plankton Res.
2006;28:991–1001.

35. Nealson KH. The limits of life on Earth and searching for life on
Mars. J Geophys Res: Planets. 1997;102(E10):23675–86.

36. Lauber CL, Hamady M, Knight R, Fierer N. Pyrosequencing-
based assessment of soil pH as a predictor of soil bacterial com-
munity structure at the continental scale. Appl Environ Microbiol.
2009;75:5111–20.

37. Packroff G, Woelfl S. A review on the occurrence and taxonomy
of heterotrophic protists in extreme acidic environments of pH
values ≤ 3. Hydrobiologia. 2000;433:153–6.

38. DeNicola DM. A review of diatoms found in highly acidic
environments. Hydrobiologia. 2000;433:111–22.

39. Macalady JL, Jones DS, Lyon EH. Extremely acidic pendulous
cave wall biofilms from the Frasassi cave system, Italy. Environ
Microbiol. 2007;9:1402–14.

40. Hetzer A, McDonald IR, Morgan HW. Venenivibrio stagnispu-
mantis gen. nov. sp. nov. a thermophilic hydrogen-oxidizing
bacterium isolated from Champagne Pool Waiotapu, New Zeal-
and. Int J Syst Evol Microbiol. 2008;58:398–403.

41. Hahn MW, Höfle MG. Grazing of protozoa and its effect on
populations of aquatic bacteria. FEMS Microbiol Ecol.
2001;35:113–21.

42. Sherr EB, Sherr BF. Significance of predation by protists in
aquatic microbial food webs. A Van Leeuw J Microb.
2002;81:293–308.

43. Archer SDJ, McDonald IR, Herbold CW, Cary SC. Character-
isation of bacterioplankton communities in the meltwater ponds of
Bratina Island Victoria Land Antarctica. FEMS Microbiol Ecol.
2014;89:451–64.

44. Hugerth LW, Muller EE, Hu YO, Lebrun LA, Roume H, Lundin
D, et al. Systematic design of 18S rRNA gene primers for deter-
mining eukaryotic diversity in microbial consortia. PLoS One.
2014;9:e95567.

45. Leff JW. 2016. https://github.com/leffj/helper-code-for-uparse
Accessed March 2017.

46. Edgar RC. UPARSE: highly accurate OTU sequences from
microbial amplicon reads. Nat Methods. 2013;10:996–8.

47. Edgar RC. Search and clustering orders of magnitude faster than
BLAST. Bioinformatics. 2010;26:2460–1.

48. Nebel M, Pfabel C, Stock A, Dunthorn M, Stoeck T. Delimiting
operational taxonomic units for assessing ciliate environmental
diversity using small‐subunit rRNA gene sequences. Env Micro-
biol Rep. 2011;3:154–8.

49. Guillou L, Bachar D, Audic S, Bass D, Berney C, Bittner L, et al.
The Protist Ribosomal Reference database (PR2): a catalog of
unicellular eukaryote small sub-unit rRNA sequences with curated
taxonomy. Nucleic Acids Res. 2012;41:D597–604.

50. Wang Q, Garrity GM, Tiedje JM, Cole JR. Naive Bayesian
classifier for rapid assignment of rRNA sequences into the new
bacterial taxonomy. Appl Environ Microbiol. 2007;73:5261–7.

51. Venables WN, Ripley BD. Modern Applied Statistics with S. New
York: Springer; 2002.

52. Grömping U. Relative importance for linear regression in R: the
package relaimpo. J Stat Softw. 2006;17:1–27.

53. Oksanen J, Blanchet FG, Kindt R, Legendre P, Minchin PR,
O’hara RB. 2016 Vegan: community ecology package R package
version 2.4-1. https://CRAN.R-project.org/package=vegan.
Accessed November 2016.

54. Goslee SC, Urban DL. The ecodist package for dissimilarity-
based analysis of ecological data. J of Stat Softw. 2007;22:1–9.

55. Gong J, Dong J, Liu X, Massana R. Extremely high copy numbers
and polymorphisms of the rDNA operon estimated from single
cell analysis of oligotrich and peritrich ciliates. Protist.
2013;164:369–79.

56. Roberts DW, Roberts MD. Package labdsv: Ordination and
Multivariate Analysis for Ecology. 2016; R package version 1.8.0.

The ecology and diversity of microbial eukaryotes in geothermal springs 1927

https://github.com/leffj/helper-code-for-uparse


57. Pruesse E, Peplies J, Glöckner FO. SINA: accurate high-
throughput multiple sequence alignment of ribosomal RNA
genes. Bioinformatics. 2012;28:1823–9.

58. Capella-Gutiérrez S, Silla-Martínez JM, Gabaldón T. trimAl: a
tool for automated alignment trimming in large-scale phylogenetic
analyses. Bioinformatics. 2009;25:1972–3.

59. Price MN, Dehal PS, Arkin AP. FastTree 2–approximately
maximum-likelihood trees for large alignments. PloS ONE.
2010;5:e9490.

60. Asnicar F, Weingart G, Tickle TL, Huttenhower C, Segata N.
Compact graphical representation of phylogenetic data and
metadata with GraPhlAn. PeerJ. 2015;3:e1029.

61. Bastian M, Heymann S, Jacomy M. Gephi: an open source soft-
ware for exploring and manipulating networks. ICWSM.
2009;8:361–2.

62. Blondel VD, Guillaume JL, Lambiotte R, Lefebvre E. Fast
unfolding of communities in large networks. J Stat Mech.
2008;2008:P10008.

1928 A. M. Oliverio et al.


	The ecology and diversity of microbial eukaryotes in geothermal springs
	Abstract
	Introduction
	Results and discussion
	Protistan community composition across geothermal springs
	New Zealand springs harbor novel diversity
	Environmental factors driving protistan diversity and composition
	Protistan lineages associated with environmental conditions
	Direct comparisons to bacterial and archaeal communities

	Materials and methods
	Sample collection and characterization
	Molecular and bioinformatic analyses
	Data analyses
	Compliance with ethical standards

	ACKNOWLEDGMENTS
	References




