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KEY POINTS

Gene sequences affiliated with Cyanobacteria and sequences affiliated with algae
were both identified in ten mildly acidic hot springs

Cyanobacterial sequences were much more abundant than algal sequences, and
algae appeared to be inactive in most of the springs when sampled

The springs are derived from meteoric water and are prone to changes in pH
and temperature that affect the activity of microbial populations

ABSTRACT

Microbial oxygenic photosynthesis in thermal habitats is thought to be per-
formed by Bacteria in circumneutral to alkaline systems (pH > 6) and by Eu-
karya in acidic systems (pH < 3), yet the predominant oxygenic phototrophs
in thermal environments with pH values intermediate to these extremes have
received little attention. Sequencing of 16S and 18S rRNA genes was performed
on samples from twelve hot springs in Yellowstone National Park (Wyoming,
USA) with pH values from 3.0 to 5.5, revealing that Cyanobacteria of the genus
Chlorogloeopsis and algae of the genus Cyanidioschyzon (phylum Rhodophyta)
coexisted in ten of these springs. Cyanobacteria were detected at pH values
as low as 3.0, challenging the paradigm of Cyanobacteria being excluded below
pH values of 4.0. Cyanobacterial 16S rRNA genes were more abundant than
rhodophyte 18S rRNA genes by up to 7 orders of magnitude, with rhodophyte
template abundance approaching that of Cyanobacteria only at the most acidic
sites. Light-driven carbon fixation was observed at two sites where chlorophyll
a was detected but not at two other sites where chlorophyll a was not detected.
Collectively, these observations suggest that many of the rhodophyte 185 rRNA
gene sequences were from inactive cells. Fluctuations in the supply of meteoric
water likely contributes to physicochemical variability in these springs, leading
to transitions in photosynthetic community composition. Spatial, but perhaps
not temporal, overlap in the habitat ranges of bacterial and eukaryal oxygenic
phototrophs indicates that the notion of a sharp transition between these lin-
eages with respect to pH is unwarranted.



PLAIN LANGUAGE SUMMARY

Photosynthesis evolved in the Bacteria and was transferred to the Eukarya.
Photosynthetic microbes from each domain have different habitat ranges with
respect to temperature and pH, the limits of which may be reached in geother-
mal environments. Cyanobacteria are thought to be excluded from acidic hot
spring environments where algae are the dominant photosynthetic microbes,
whereas Cyanobacteria are predominant in neutral to basic hot spring environ-
ments. We characterized photosynthetic microbes in Yellowstone hot springs
with intermediate pH values (3-6). Cyanobacteria and algae coexisted in ten
of the twelve hot springs studied, but Cyanobacteria were more abundant by
1-7 orders of magnitude. Observations including photosynthetic carbon uptake,
pigment (carotenoid and chlorophyll) distributions, and culturing collectively
suggested that algae were inactive in these hot springs at the time of sampling in
the summer. These hot spring waters are derived from rainwater and snowmelt,
with inputs of gases from the hydrothermal system leading to their moderately
acidic pH and moderate temperatures. As a result, the springs are chemically
dilute and susceptible to changes in pH and temperature caused by fluctuations
in fluid supplies that may lead to the springs crossing habitat range boundaries
of Cyanobacteria or algae on seasonal or other timescales.
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INTRODUCTION

Microbial photosynthesis dominates primary production in most aquatic envi-
ronments. To date, photosynthetic organisms have been detected among a lim-
ited number of bacterial and eukaryal taxa, but have yet to be identified within
the Archaea (Blankenship, 2014). In aquatic environments, bacterial and eu-
karyal microbes performing oxygenic photosynthesis commonly coexist in the
same habitat. For example, diatoms often occur together with Cyanobacteria
(i.e., Prochlorococcus and Synechococcus) in oligotrophic ocean regions (Biller
et al., 2015). In contrast, terrestrial hot springs span temperatures and chemi-
cal conditions, such as pH, that cross the boundaries of the habitat ranges for
specific groups of oxygenic phototrophs, making them ideal habitats to assess
how transitions between lineages occur with respect to their physicochemical
environment. The distribution of hot springs with respect to pH exhibits a
bimodal distribution (Figure 1), which has been demonstrated in Yellowstone
National Park (YNP) and elsewhere (Brock, 1971; 1978; Nordstrom et al., 2009;
Amenabar et al., 2015). This distribution is a consequence of two prevailing
buffering systems, with alkaline hot springs being bicarbonate buffered and
acidic systems being sulfuric acid buffered. As detailed below, the distribution
of bacterial and eukaryal lineages of oxygenic phototrophs in hot springs has
been suggested to generally track with this bimodal distribution in spring pH,
with Cyanobacteria dominating circumneutral to alkaline (pH > 6) springs and
eukaryotic algae dominating acidic (pH < 3) springs.



Recent efforts to catalog the distribution of photosynthetic microbes with re-
spect to extremes of physical and chemical conditions in YNP hot spring habitats
have confirmed an upper temperature limit for photosynthesis of ~73°C that is
reached in alkaline environments, while acidic environments exhibit a lower tem-
perature maximum of ~56°C (Boyd et al., 2010; 2012; Cox et al., 2011; Hamilton
et al., 2012). The upper temperature limit in alkaline locations is reached only
by certain strains of Cyanobacteria of the genus Leptococcus (Brock, 1967; Brock
and Brock, 1968; Meeks and Castenholz, 1971; Brock, 1978); until recently these
strains were classified as constituents of the genus Synechococcus (Walter et al.,
2017; Salazar et al., 2020). Leptococcus isolates from alkaline hot springs exhibit
several phylotypes, each with highly specialized temperature niches (Peary and
Castenholz, 1964; Allewalt et al., 2006; Becraft et al., 2011). At cooler temper-
atures, which are encountered farther downstream in outflow channels of alka-
line hot springs, phototrophic diversity generally increases (Podar et al., 2020)
and other bacterial phototrophs flourish, including other Cyanobacteria such
as Mastigocladus laminosus (Miller et al., 2006; Miller et al., 2009), Calothriz
spp. (Jahnke et al., 2004; Smythe et al., 2016), and Leptolyngbya spp. (Reyes et
al., 2013), and anoxygenic phototrophic bacteria (Madigan, 2003) including the
Firmicute Heliobacterium modesticaldum (Kimble et al., 1995; Stevenson et al.,
1997), the Acidobacterium Chloracidobacterium thermophilum (Bryant et al.,
2007; Tank and Bryant, 2015), and filamentous anoxygenic phototrophs such
as Chloroflexus aurantiacus (Bauld and Brock, 1973; Pierson and Castenholz,
1974; Brock, 1978) and Roseiflexus sp. (Boomer et al. 2002). Molecular surveys
suggest that Roseiflerus sp. can predominate over C. aurantiacus in a variety
of hot spring systems (van der Meer et al., 2010; Hamilton et al., 2019).

In contrast to alkaline systems, photosynthetic communities in acidic environ-
ments are dominated by eukaryal phototrophs. About fifty years ago, Doemel
and Brock surveyed acidic hot springs extensively and concluded that one species
of red algae (phylum Rhodophyta), Cyanidium caldarium, was the only photo-
synthetic organism present above 40°C at locations with pH values below 4
(Doemel, 1970; Doemel and Brock, 1970; 1971; Brock, 1978). This conclusion
is based on the absence of other algae growing above 40°C, together with ob-
servations of an apparent lack of Cyanobacteria below pH values of 4 in both
thermal and non-thermal environments (Brock, 1973). Below 40°C a variety of
other algae are also commonly present, including strains of Chlorella, Chlamy-
domonas, Euglena, Zygogonium, and diatoms (Doemel and Brock, 1971; Boyd
et al., 2009). With the advent of molecular biology and its application to hot
spring environments, it is now evident that the organism studied by Doemel
and Brock in acidic, aquatic environments was Cyanidioschyzon merolae of the
order Cyanidiales within the phylum Rhodophyta (Toplin et al., 2008), which
has been reported to be the only species of this algal lineage found in aquatic
environments (Skorupa et al., 2013). The upper temperature limit for these al-
gae, and thus for photosynthesis in general in acidic conditions, is 56°C (Doemel
and Brock, 1970).

This dichotomous view of microbial oxygenic phototrophs in hydrothermal en-



vironments — that algae dominate acidic springs and Cyanobacteria dominate
circumneutral and alkaline springs — has been left largely untested in the half-
century since the observations of Brock and colleagues. Cyanobacteria have been
observed under moderately acidic, thermal conditions at pH values as low as 4
(Brock, 1973), while Cyanidioschyzon isolates from YNP can grow at pH values
approaching 5, above which no growth is observed (Doemel and Brock, 1971).
Based on these observations, the habitat ranges for algae and Cyanobacteria in
thermal environments overlap with respect to pH. Indeed, Brock observed both
Cyanobacteria and algae present at pH values between 4 and 5 in a mixing zone
created when the effluent from alkaline springs (Clearwater Springs) meets the
acidic Obsidian Creek in YNP (Brock, 1973; 1978). Nevertheless, studies to date
have not yielded adequate data to further investigate the potential coexistence
of algal and cyanobacterial photosynthesis in thermal environments, in spite
of several of these studies including sample locations within the pH range 4-5.
While Doemel (1970) noted Cyanobacteria in locations where Cyanidioschyzon
were absent based on microscopic observation, it is quite possible Cyanobacte-
ria could have gone unnoticed, especially at sites where algae were predominant.
Later studies focusing on Cyanidiales relied on sequencing of 18S rRNA and
RuBisCO large subunit (rbcL) genes of cultures (Toplin et al., 2008) or ampli-
fied and sequenced rbcL genes from natural samples using Cyanidiales-specific
primers (Skorupa et al., 2013). Hamilton et al. (2012) examined the habitat
range of chlorophototrophs by characterizing the distribution and diversity of
dark-operative protochlorophyllide oxidoreductase subunit L (chlL), which is in-
volved in (bacterio)chlorophyll biosynthesis (Chew and Bryant, 2007). However,
this gene is not present in Cyanidioschyzon and it was therefore not possible
to determine the distribution and abundance of these algae using ChIL. The
composition of phototrophic communities in YNP hot springs has also been ex-
amined using metagenomic techniques or amplification of ribosomal genes, but
most studies either exclusively examined circumneutral and alkaline sites or did
not investigate Eukarya (Ross et al., 2012; Swingley et al., 2012; Klatt et al.,
2013; Jiang and Takacs-Vesbach, 2017; Hamilton et al., 2019; Bennett et al.
2020). In contrast, Schuler et al. (2017) recovered algal sequences along with
those associated with Cyanobacteria from hot spring locations with pH values
of ~6, but these were affiliated with Chlorophyta rather than with Rhodophyta.

A compilation of reported observations of algae and Cyanobacteria at tempera-
tures above 40°C is depicted in Figure 2 with respect to the pH and temperature
of the sample locations. It can be seen that separate observations of algae and
Cyanobacteria have been made in springs with pH values between 4 and 5,
yvet the data in this pH range are sparse, exacerbated by the rarity of ther-
mal features within this pH range (Brock, 1971; 1978; Nordstrom et al., 2009;
Amenabar et al., 2015), as illustrated in Figure 1. Therefore, in this study hot
springs in YNP were identified that fall within a pH range of approximately
3 to 6 with temperatures conducive to photosynthesis (see Figure 2). These
springs and the microbial mats that inhabit them were targeted for detailed
investigations of the physical and chemical constraints that shape the habitat



range of bacterial and eukaryal oxygenic phototrophs, including the source of
fluids that source these springs to inform hypotheses regarding their susceptibil-
ity to temporal (e.g., seasonal) variability. Sequencing of 16S and 18S ribosomal
RNA genes (targeting Bacteria and Eukarya, respectively) was integrated with
analyses of pigments, arguably the most obvious examples of gene expression by
phototrophic organisms, to evaluate the composition of phototrophic microbial
communities and offer insights into the metabolic state (i.e., likely active or
inactive) of specific phototrophic populations at the time of sampling. Several
sites with pH values below 4 were included to further examine the transition
from putatively algae-only photosynthetic systems to those also likely to contain
Cyanobacteria, as there is a growing body of observations of Cyanobacteria in
acidic, low temperature environments (Steinberg et al., 1998; Hamilton et al.,
2012; Hao et al., 2012; Urbieta et al., 2015; Hamilton et al., 2019) that challenge
the paradigm of Cyanobacteria being excluded below a pH of 4 (Brock, 1973).
Ultimately, the underlying hydrological and geochemical processes yielding en-
vironments of intermediate pH, in combination with competition for fulfilling
similar metabolic niche space, may have facilitated niche differentiation between
these two lineages of oxygenic phototrophs at the edges of their habitat ranges.

METHODS

Sample collection. Samples for DNA, pigment, and elemental analysis were
collected with sterilized spatulas or forceps, placed in sterile specimen contain-
ers, and then aliquoted to cryovials that were immediately frozen in the field
by storing them in insulated containers with dry ice. Samples designated for
DNA extraction contained 0.8 mL of sucrose lysis buffer (Mitchell and Takacs-
Vesbach, 2008). Upon return from the field each day, DNA and pigment samples
were transferred to dry shippers previously charged with liquid nitrogen (approx-
imately -150°C) and transferred to a -80°C freezer upon return to the laboratory
for storage until sample processing. Samples for elemental analysis were stored
at -20°C at the end of each sampling day and maintained at that temperature
until analysis.

Water sampling and field measurements were conducted using previously de-
scribed methods (Shock et al., 2010; Leong et al., 2021) as closely as possible
to the site of and immediately prior to biological sample collection. Measure-
ments of pH were performed with a WTW pH meter (model 3300i or 3110) and
temperature-compensated WTW probes constructed with a gel electrolyte that
were calibrated daily at ambient temperature with buffered pH solutions. Cor-
rected pH values were calculated based on charge balance as described in the
Supplementary Materials. Specific conductivity (é.e., conductivity normalized
to 25°C) and temperature were measured using a YSI model 30 meter. Dis-
solved oxygen and total dissolved sulfide were determined colorimetrically (Hach
HRDO and methylene blue methods, respectively) in the field using a Hach 2400
or 2800 portable spectrophotometer and Hach reagents on unfiltered water sam-
ples immediately upon collection. Hach spectrophotometers and reagents were
also employed for the measurement of aqueous silica (silicomolybdate method)



using 0.2 micron-filtered water samples, described below.

Water samples for laboratory analyses were filtered with a series of Supor (Pall
Corporation) filters to 0.2 microns and preserved in bottles designated for vari-
ous analyses. Samples for stable isotope determinations of water were collected
in 30 mL Qorpak square bottles with polymer-lined caps to ensure gas-tight stor-
age and sealed with no headspace. The bottles were rinsed with deionized water
and dried prior to use; water isotope samples were stored at room temperature
(~23°C) until analysis. Samples for ion chromatography (2 per site) were filtered
into 30 mL high-density polyethylene (HDPE) bottles that had been soaked and
rinsed with multiple aliquots of deionized water, frozen at -20°C at the end of
each sampling day, and kept frozen (-20°C) until analysis. Samples for dissolved
inorganic carbon (DIC) were sealed with no headspace in acid-washed 40 mL
amber glass vials with black butyl rubber septa and stored at 4°C upon return
to the laboratory and until analysis. The filtering apparatus consisted of a 140
mL plastic syringe and caulking gun to facilitate filtering. Sample water was
collected in 1 L. HDPE bottles and loaded into the syringe via plastic tubing
and a 3-way stopcock. The entire apparatus was rinsed with three aliquots of
sample prior to filtering into sample bottles.

Geochemical analyses. Concentrations of major anions (F-, CI', SO,%, NOy")
and major cations (Lit, Nat, K*, Ca?*, Mg?*, NH, ") were determined on sepa-
rate Dionex DX-600 ion chromatography systems using suppressed conductivity
detection as described in detail in the Supporting Information. Analyses of DIC
were conducted using an OI Analytical Wet Oxidation Total Organic Carbon
analyzer coupled to a Thermo Delta Plus Advantage mass spectrometer as pre-
viously described (Havig et al., 2011) based on the methods of St-Jean (2003).
Stable isotopic ratios of water were determined on a Los Gatos Research water
isotope analyzer (model DLT-100) that employs off-axis integrated cavity out-
put spectroscopy as previously described (Meyer-Dombard et al., 2015), with
drift accounted for according to van Geldern and Barth (2012).

DNA extraction and ribosomal gene sequencing. Samples preserved for
DNA extraction were thawed and mat material (~0.5 g) was transferred asep-
tically to Lysing Matrix E tubes supplied with the FastDNA Spin Kit for Soil
(MP Biomedicals, Santa Ana, CA, USA). Extraction was performed according
to the manufacturer’s instructions except that 250 pL of the phosphate buffer
was replaced by 250 uL of tris-buffered phenol (pH 8; Sigma-Aldrich, St. Louis,
MO, USA), which is a slight modification of previously described procedures
(Boyd et al., 2007). Extracted DNA was quantified using the PicoGreen dsDNA
assay kit (Invitrogen, Carlsbad, CA, USA) and a Mx3005P QPCR System (Ag-
ilent Technologies, Inc., Santa Clara, CA, USA) operating in quantitative plate
read mode with the FAM filter set (492 nm excitation; 516 nm emission).

Bacterial 16S rRNA and eukaryal 185 rRNA genes were amplified via poly-
merase chain reaction (PCR) from ~5 ng of genomic DNA using primers
1100F/1492R (annealing temperature of 55°C) and ATF/570R (annealing
temperature of 42°C), respectively, as previously described (Hamilton et al.,



2013). All 14 DNA extracts yielded eukaryal 18S rRNA gene amplicons while
13 of the 14 DNA extracts (exception being RS5-2012) yielded bacterial 16S
rRNA gene amplicons. Amplicons were purified using the Promega Wizard
PCR purification system (Madison, WI), quantified via the Qubit DNA Assay
kit (Life Technologies, Grand Island, NY) and a Qubit 2.0 Fluorometer (Life
Technologies), and sequenced using an Ion Personal Genome Machine (Life
Technologies).

Post-sequencing processing was performed with Mothur (ver. 1.25.1; Schloss et
al., 2009) as previously described (Hamilton et al., 2013). Briefly, primers and
adapters were removed from the raw sequences, the sequences were trimmed
based on a PHRED score of > 25, and the raw bacterial 16S rRNA and eu-
karyal 18S rRNA gene libraries were trimmed to a maximum length of 215
and 195 bases, respectively. Remaining sequences were subjected to a filter-
ing step using the quality scores file to remove sequences with anomalous base
calls. Unique sequences were aligned using the SILVA database (Quast et al.,
2014) and sequences were trimmed using a defined start and end site based on
inclusion of 75% of the total sequences; those that started before or after these
defined positions were removed without further consideration. The resulting
unique sequences were pre-clustered to remove amplification and sequencing er-
rors and chimeras were identified and removed using UCHIME (Edgar et al.,
2011). Operational taxonomic units (OTUs) were assigned at a sequence simi-
larity of 95% (Eukarya) or 97% (Bacteria) using the furthest-neighbor method.
The remaining sequences were randomly sub-sampled in order to normalize the
total number of sequences in each library. This processing resulted in a to-
tal normalized library size of 861 bacterial rRNA gene sequences and 3307 eu-
karyal 18S rRNA gene sequences for each amplicon pool that was sequenced.
Sequences were classified using the Bayesian classifier (Wang et al., 2007) and
the RDP database (Cole et al., 2013), with manual verification using BLASTn
(https://blast.ncbi.nlm.nih.gov). Raw untrimmed sequence and quality score
files along with a mapping file have been deposited in the NCBI SRA database
under the accession number SRR2147823.

Inorganic carbon uptake assays. Total DIC uptake was assessed using slight
modifications to methods described previously (Boyd et al., 2009), with proce-
dures detailed in the Supporting Information. Briefly, sealed microcosms con-
taining a slurry of mat material and hot spring water were injected with 5.0 pCi
(10 pM final concentration) of radiolabeled sodium bicarbonate (NaH4COj).
Triplicate microcosms were wrapped in foil (dark) and triplicate microcosms
were allowed access to light (light). A separate series of triplicate light and
dark assays was amended with HgCl, to a final concentration of 500 pM as a
killed control. Microcosms were incubated in the hot spring for < 60 minutes
and then frozen on dry ice. In the lab, microcosms were thawed, acidified, and
filtered; the filters were then dried and their radioactivity measured via liquid
scintillation counting. Rates of carbon assimilation based on the 4C tracer were
calculated by multiplying the uptake of '4C-labeled substrate by the total effec-
tive concentration of the substrate (}*C-labeled substrate + native substrate)



using an isotopic discrimination factor of 1.06, following the approach of Lizotte
et al. (1996). Rates measured in the light and dark treatments were corrected
by subtracting the activity measured in the respective killed controls.

Pigment analyses. Pigments were analyzed by high performance liquid
chromatography-diode array detection-mass spectrometry (HPLC-DAD-MS)
using procedures described in detail in the Supporting Information. To summa-
rize, samples were allowed to thaw and transferred to Lysing Matrix A tubes
(MP Biomedicals), centrifuged to remove excess water, and then subjected to
ballistic bead beating with multiple aliquots of 7:2 acetone:methanol (v/v).
Aliquots (50 L) of the pooled extracts were then injected onto a YMC
Carotenoid C-30 reverse phase column (3 x 250 mm x 5 pm particle size)
and eluted using a solvent gradient of methanol-methyl tert-butyl ether-water
modified from that described by Sander et al. (1994) using a Thermo Surveyor
HPLC system. Chromatograms were collected at 360, 475, and 665 nm using
the photodiode array to track carotenoids and chlorophylls. The column
eluate was then directed into a Thermo Quantum Discovery MAX triple
quadrupole mass spectrometer equipped with an atmospheric pressure chemical
ionization (APCI) probe operated in positive ion scanning mode with ionization
parameters based on those of van Breemen et al. (2012).

Pigment analyte peaks in the diode array chromatograms were assigned tenta-
tive identifications by synergistic comparison of visible absorption spectra and
molecular ions obtained from the mass spectra. These data are reconciled with
respect to the retention time of the analyte peaks and knowledge of the elution
profile for common carotenoids on the C30 stationary phase (Sander et al., 1994).
In the case of carotenoids, the spectral fine structure, specifically the %III/II
value and the presence or absence of a cis-peak, are particularly important for
making identifications (Britton, 1995). In the case of cis-isomers, the relative
height of the cis-peak is especially useful at distinguishing isomers (Muller et
al., 1997). Semi-quantitative comparison for specific pigments was performed
using integrated peak areas from the diode array chromatograms and normal-
ized per gram dry mass of the sample after extraction and total solvent volume
used. Quantitative results for chlorophyll ¢ and -carotene were obtained using
response factors at 665 nm and 475 nm, respectively, determined using a series
of pigment solutions prepared using 7:2 acetone:methanol and authentic sam-
ples of each pigment obtained commercially (Sigma-Aldrich). As a proxy for
the amount of biomass present in each sample, these results were then further
normalized per gram N using the nitrogen content of the samples designated for
elemental analysis (reported in Table S1), which were processed and analyzed
for total carbon and nitrogen as previously described (Havig et al., 2011).

Enrichment culturing and microscopy. A mineral salts medium for en-
richment of oxygenic phototrophs was designed using the geochemical data for
RN1-2012. Inoculum was collected at RN1 on July 13", 2013 aseptically as
described above, placed into 15 mL Falcon tubes, and stored at ambient tem-
perature in the dark. The base medium was prepared with the composition



described in Table S2, adjusted to a pH of 4.5 with 3.6 M sulfuric acid, and
autoclaved. Medium (15 mL) was added aseptically to 18 x 150 mm crimp-
top tubes (anaerobic-style tubes; sterilized at 160°C overnight), inoculated with
mat material (~1 g), and crimp sealed with autoclaved butyl rubber septa. An
aliquot (0.5 mL) of the headspace (air) was removed and replaced with 0.5 mL of
carbon dioxide (~2% final CO, headspace concentration). Tubes were incubated
in a clear glass-covered water bath at 46 + 2°C under incandescent lighting (18
nmol photons st m™2 in the 400-700 nm range).

Microscopy of cultures was performed on a Zeiss Axioplan 2 imaging microscope
equipped with a Zeiss X-cite 120 fluorescence light source and an AxioCam
HRc camera. Filaments suspended in medium were removed aseptically with a
sterile 1 mL plastic syringe and needle and were prepared for microscopy as wet
mounts. Cells were observed and imaged using a 100x oil immersion objective
lens. Autofluorescence of phycocyanin was observed using Zeiss filter set 14
(excitation 510-560 nm; emission > 590 nm).

Quantitative PCR. Quantitative PCR was performed with the SsoAdvanced
Universal SYBR Green Supermix (BioRad, Hercules, CA, USA) according to
the manufacturer’s protocol, and assayed on a CFX Connect detection system
(BioRad) using the aforementioned primers. Reactions were performed in trip-
licate, with 500 nM forward and reverse primer, in a final reaction volume of
20 L using the following cycling conditions: initial denaturation at 98°C (0.5
minute), followed by 35 cycles of denaturation at 98°C (0.5 minute), anneal-
ing and elongation at specified temperature (1 minute), and eventually a melt
curve of 65-95°C in 0.5°C steps at 5 seconds/step. Control reactions contained
no template DNA. Plasmids containing inserts of each amplicon were used as
standards as prepared and reported previously (Hamilton et al., 2013).

RESULTS AND DISCUSSION

Study sites. Moderately acidic hot springs with visibly pigmented biofilms
were identified within the Rabbit Creek thermal area of the Midway Geyser
Basin and adjacent to Imperial and Spray Geysers in the southwestern portion
of the Lower Geyser Basin in YNP. Twelve sites were studied between July 2011
and July 2012; two locations were sampled in both years to begin to evaluate
temporal variability in their geochemistry and microbial communities. When
sampled, the sites had moderately to mildly acidic pH values (3.0-5.5) and
moderate temperatures (49-70°C) as reported in Table 1 (for reference, neutral
pH decreases from 6.63 to 6.35 over the temperature range 50-75°C; Bandura
and Lvov, 2006). The conductivities ranged from 59 to 914 pS/cm (Table S3),
indicating that the springs are dilute in comparison to other YNP hot springs
(see Amenabar et al., 2015). The springs range in size from ~20 cm to several
meters in diameter and are generally closely surrounded by grasses and other
terrestrial vegetation. Sampling dates and GPS coordinates for each site are
reported in Table S3 and photographs of each site appear in the Supporting
Information.



Geochemistry of moderately acidic hot springs. Concentrations of major
solutes for the 14 hot spring samples are reported in Table 1. The sulfate and
chloride concentrations appear in Figure 3, along with data for local meteoric
water and for hot springs and other waters from throughout the YNP hydrother-
mal system. Many of the study sites are dilute with respect to these solutes and
appear in the center-left portion of the plot; only some low-temperature surface
waters from Secret Valley are more dilute than those of this study (McCleskey
et al., 2009). Evaporation of approximately 80% of the local meteoric fluid
(0.7 log units) could lead to the observed chloride compositions of many of the
moderately acidic springs, which are among the lowest encountered in YNP hot
springs. However, evaporation cannot explain the intermediate sulfate concen-
trations observed. Thus, a hydrothermal vapor-phase component containing
hydrogen sulfide is invoked from which most of the sulfate is derived via sulfide
oxidation (Fournier, 2005; Nordstrom et al., 2009), with the observed chloride
concentrations representing a combination of evaporation of the meteoric water
component and minor amounts of shallow water-rock reactions. Ratios of chlo-
ride to fluoride are also particularly low in many of the study sites (Table 1),
likely due to a vapor-phase contribution of hydrogen fluoride to these hot spring
fluids (Deng et al., 2011). Being derived from meteoric water and hydrothermal
vapor, these hot springs can be classified as MG-type hot springs (meteoric plus
gas) using the categorization of Nordstrom et al. (2009), as are many other
acidic hot springs in YNP. Yet, these sites must be considered extreme cases
of this type with large meteoric components, as the chloride concentrations for
many of the springs are below 1 mg/L (< 28 M), sulfate is often below 100
mg/L (< 1 mM), and they are less acidic than the majority of YNP springs
in this category. These springs are similar in major solute composition to the
gas-rich, high-temperature Smokejumper Hot Springs (Lindsay et al., 2019).

Several spring waters were appreciably higher in chloride concentration than the
others, indicating additional fluid components from sources in addition to mete-
oric water and hydrothermal vapor. The study sites are all in close proximity to
alkaline hot springs, suggesting the possibility that mixing of the deeply sourced
hydrothermal fluid feeding the alkaline springs is contributing small amounts of
chloride and other solutes to the moderately acidic springs. This deep hydrother-
mal fluid is theorized to have 310-400 mg/kg chloride, with subsurface processes
possibly changing chloride concentrations before mixing (Fournier, 2005). It is
likely that mixing occurs in the shallow subsurface where the plumbing systems
of proximal springs are partially connected. For example, site FF1 is approxi-
mately 100 meters from an alkaline hot spring, while site IG3 is only about 5
meters from the main source of Spray Geyser (pH = 8.0). Given their proximity,
solutes from Spray Geyser may also reach IG3 via aerosol deposition. In con-
trast, mixing with fluids enriched in chloride at site RN3 is possibly a surface
process, as this small pool is adjacent to the outflow channel of a circumneutral
hot spring with a pH of ~6. Nevertheless, these springs are more dilute than
some moderately acidic springs described elsewhere in YNP (Macur et al., 2013;
Colman et al., 2016; Jiang and Takacs-Vesbach, 2017; Payne et al., 2019).
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The stable isotopic compositions (?H and 180) of the hot spring waters in
this study are depicted in Figure 4A. The data trend away from the local me-
teoric water line (Kharaka et al., 2002; Holloway et al., 2011) with a slope of
approximately 3, typical of other hot springs experiencing non-equilibrium evap-
oration (Nordstrom et al., 2009). The 2H and 80 values correlate with sulfate
concentrations (Figure 4B; only 2H shown), though no analogous correlation
exists for chloride concentrations. One interpretation of this correlation with
sulfate is that the isotopic composition depends most strongly on the amount
of hydrothermal vapor-phase input, because the mixing of hot gas with cold,
oxygenated meteoric water at or near the surface both generates sulfate and pro-
vides heat that drives evaporation. This correlation offers additional evidence
for mixtures of meteoric water and hydrothermal vapor leading to moderately
acidic hot springs waters. Site IG3 does not follow this trend, indicating that
a different mechanism is required to yield the observed sulfate concentration,
which greatly exceeds that of the other samples (see below).

Ribosomal gene sequences. Sequencing of 16S rRNA gene amplicons from
the 14 microbial mat samples revealed that 11 contained OTUs affiliated with
Cyanobacteria (Figure 5A). In these samples, Cyanobacteria represented from
< 1% to 85% of the total sequences, nearly all of which were most closely related
(88-100% sequence similarity; most abundant OTUs 99-100% sequence similar-
ity) to Chlorogloeopsis sp. Greenland 5, an isolate from an alkaline, high-salinity
hot spring in Greenland (Roeselers et al., 2007). Observations and reports of
successful culturing of Chlorogloeopsis morphotypes have been briefly reported
for springs with pH values of ~4-5.5 in other areas of YNP (Castenholz, 1978;
1996) and Chlorogloeopsis was also the dominant cyanobacterial phylotype in
DNA sequences of stromatolite samples obtained from a hot spring with a pH
of ~6 in YNP (Berelson et al., 2011; Schuler et al. 2017). Site RS1 also con-
tained a 16S rRNA gene OTU affiliated with the genus Synechococcus (i.e.,
Leptococcus) representing 15% of the cyanobacterial sequences (9% of the total
sequences) in that sample. The sample associated with RS5 in 2012 is not shown
in Figure 5, since the amount of DNA obtained from this sample was quite low
(2.5 ng/uL), and the extract failed to yield 16S rRNA gene amplicons (but did
yield 185 rRNA gene amplicons, see below). Anoxygenic phototrophs were also
detected in most samples, including two samples having sequences associated
with Chloracidobacterium thermophilum, as discussed in the Supporting Infor-
mation.

Sequencing of eukaryal 18S gene amplicons revealed the presence of sequences
affiliated with the algal phylum Rhodophyta in 13 of the 14 samples, includ-
ing the 11 samples that also contained Cyanobacteria (Figure 5B). Nearly all
rhodophyte OTUs were most closely related (97-100% sequence similarity) to
Cyanidioschyzon merolae 10D, which other studies have identified as the most
common Cyanidiales phylotype in acidic, aquatic environments at YNP (Toplin
et al., 2008; Skorupa et al., 2012). The relative abundance of Cyanidioschy-
zon sequences was quite variable, ranging from < 1% to nearly 100% of 18S
rRNA gene sequences in these samples. Surprisingly, very few chloroplast se-
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quences were detected in the 16S rRNA gene libraries and only in IG2 were
they associated with Cyanidioschyzon. Two samples with pH values below 4
(FF1, IG1) yielded sequences associated with Cyanidioschyzon but yielded no
cyanobacterial sequences. Several algal mats dominated by Cyanidioschyzon in
YNP with pH values of ~3 have received considerable attention including those
at Nymph Creek (Ferris et al., 2005; Boyd et al., 2012) and Dragon Spring (Lehr
et al., 2007; Boyd et al., 2012), thus this study extends sequencing observations
of Cyanidioschyzon populations to higher pH. Green algae (Chlorophyta) were
also detected at 8 of the sites, representing < 1-35% of the 18S rRNA gene se-
quences, rivaling Cyanidioschyzon in abundance in some samples. Most chloro-
phyte OTUs were affiliated with the Chlamydomonadales, the Chaetophorales,
the Trebouxiophyceae, and the Chlorellales. One sample not shown in Figure 5
(RS5-2012), which failed to yield any 16S rRNA gene amplicons, only yielded
18S rRNA gene sequences affiliated with Ranunculales, an order of angiosperms,
rather than with microbial eukaryotes. Sequences associated with fungi and
other non-phototrophic microbial eukaryotes are discussed in the Supporting
Information.

Carbon fixation assays. To demonstrate active photosynthesis by the mi-
crobial communities inhabiting hot springs within this pH range, dissolved in-
organic carbon (DIC) fixation assays were completed at 4 of the study sites at
the time of sampling in the presence and absence of light. As shown in Fig-
ure 6, greater DIC uptake rates were observed in the light than in the dark in
microcosms from RS1 and RS2, indicating light-driven carbon uptake (photoau-
totrophy) was occurring at the time samples were collected from these springs.
In contrast, rates of DIC uptake were low in experiments conducted with mat
biomass collected from FF1 and RS5-2012 and the rates were not different be-
tween light and dark treatments, signifying that light-driven carbon uptake was
not occurring when these springs were sampled.

Photoautotrophs employ DIC both as a carbon source and an electron acceptor,
but do so differently depending on the speciation of the DIC. All sample-site
pH values were lower than the pK, for carbonic acid, implying that DIC con-
centrations (Table S1) are dominated by aqueous carbon dioxide, as indicated
by speciation calculations. At the highest pH values encountered in this study,
ratios of aqueous carbon dioxide to bicarbonate approach unity, but at lower
pH, aqueous carbon dioxide dominates by up to 3 orders of magnitude. While it
has been suggested that aqueous carbon dioxide may be less bioavailable than
bicarbonate, particularly for bacterial phototrophs (Hamilton et al., 2012; 2019),
it seems unlikely that populations could sustain significant biomass using only
bicarbonate at the acidic sites in this study. Indeed, the substrate eventually
fixed by RuBisCO in the Calvin cycle (i.e., the reductive pentose phosphate cy-
cle) is carbon dioxide (Berg, 2011), and under acidic conditions Cyanidioschyzon
appears to rely on free membrane diffusion of carbon dioxide which undergoes
an intracellular accumulation mechanism (Zenvirth et al., 1985). Cyanobacte-
ria in this pH regime may also primarily employ aqueous carbon dioxide as an
inorganic carbon source for photoautotrophy. Nevertheless, it is possible that
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the ability to more effectively utilize one substrate or the other may affect niche
differentiation among different groups of microbial photoautotrophs in interme-
diate pH environments.

Pigment compositions of biofilms. The major chlorophyll type in all
samples was chlorophyll a, the major chlorophyll found in Cyanobacteria
and Rhodophyta. Every sample also had significant quantities of compounds
related to chlorophyll a, including chlorophyll a’ (epimer at the 132 carbon,
using TUPAC numbering), pheophytin a and its 132 derivatives, including its
epimer (pheophytin «’), allomer, and pyrolyzed product (pyropheophytin a),
and pheophorbide a as depicted in Figure 7A. The presence or absence of
chlorophyllide a, the magnesium-containing analogue of pheophorbide a, was
more ambiguous, as analyte peaks with retention times and absorbance spectra
consistent with this compound were often present, but none yielded mass
spectra expected for chlorophyllide a. In contrast to the other sites, samples
FF1 and RS5-2012 did not yield any intact chlorophyll a; the major chlorophyll
molecules present were pheophorbide a and pyropheophytin a, respectively,
with smaller amounts of pheophytin a and other derivatives. It follows that
most of the chlorophyll present at these sites had been demetallated and further
degraded and likely was not present in active cells at the time of sampling.

Evidence for low amounts of chlorophylls possessing a chlorophyll b chro-
mophore, including pheophytin b, was found in three of the sites (FF1, IG1,
IG2). Chlorophyll b is found in the Chlorophyta as well as in land plants,
both of which also synthesize chlorophyll a (Blankenship, 2014). There was
no evidence of intact chlorophyll b, so it is unlikely that these compounds
were derived from active cells. While Chlorophyta 18S rRNA gene sequences
were present in these samples, sequence abundances were very low in FF1 and
IG1 and no pigment peaks exhibiting a chlorophyll b chromophore were found
in samples from sites with the highest Chlorophyta abundance. Thus, the
observed chlorophyll b derivatives do not correlate with Chlorophyta sequence
abundance and the observed chlorophyll b derivatives may be derived largely
from exogenous plant matter. Compounds related to bacteriochlorophyll a,
including Zn-bacteriochlorophyll a, were detected in some samples and are
discussed in the Supporting Information.

Carotenoids are present in photosynthetic microbes as accessory light-harvesting
pigments and for UV-protection (Blankenship, 2014). The relative abundances
of major carotenoids in the fourteen samples are shown in Figure 7B. The com-
mon carotenoids -carotene and zeaxanthin ((3R,3’R)- , -carotene-3,3’-diol) were
present in all samples and are among the most abundant carotenoids. Both
carotenoids are known to be present in cultures of C. merolae (Cunningham et
al., 2007) and Chlorogloeopsis fritschii (Evans and Britton, 1983), close relatives
of the dominant phototrophs in these springs. The majority of the samples exhib-
ited a relatively constant zeaxanthin: -carotene ratio of ~0.3, while five samples,
including the three most acidic samples, deviate from this trend with greater
relative amounts of zeaxanthin (Figure 8). This deviation may indicate that
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C. merolae synthesizes zeaxanthin to a greater extent than does Chlorogloeopsis
and are more abundant in these samples. Sample RS5-2012 also exhibited a
slightly larger ratio, but the amounts of both carotenoids in this sample were
the lowest of those analyzed (Table S5) and there is no evidence of microbial
phototrophs at this site in 2012 in the sequencing or carbon uptake results.

-cryptoxanthin, a mono-hydroxylated analog of zeaxanthin and its putative
biosynthetic precursor, was present at two sites (IG1, IG2) where Cyanobacteria
were either absent or not very abundant. While -cryptoxanthin is known to
occur as a minor carotenoid in both C. merolae (Cunningham et al., 2007)
and Chlorogloeopsis fritschii (Evans and Britton, 1983), its occurrence at only
IG1 and IG2 leads to the hypothesis that -cryptoxanthin is associated with
algae in these springs, rather than Cyanobacteria. Detectable abundances of -
cryptoxanthin are consistent with larger relative amounts of zeaxanthin at these
acidic sites and active biosynthesis of zeaxanthin. As a corollary, the lack of -
cryptoxanthin at the other sites where C. merolae sequences were observed likely
indicates that algae were inactive at those sites when sampled. In particular, -
cryptoxanthin was absent at site FF1, where the only putative phototroph was C.
merolae yet the chlorophyll composition and lack of light-driven carbon fixation
indicate that photosynthesis was not occurring under the conditions observed at
this site. This observation confirms the relationship of inactive algae and a lack
of -cryptoxanthin and therefore supports the idea that -cryptoxanthin may be
a sensitive indicator of active C. merolae populations.

The ketocarotenoid echinenone ( , -carotene-4-one) was abundant at nearly all
sample sites where cyanobacterial 16S rRNA gene sequences were found, with
the exception of IG2, where cyanobacterial OTU abundances were relatively low.
Echinenone was also absent from pigment analyses from sites without Cyanobac-
teria, suggesting this carotenoid is largely derived from the Chlorogloeopsis spp.
present at these sample sites and not from C. merolae. Smaller amounts of
canthaxanthin, a carotenoid similar to echinenone where both rings possess 4-
keto groups, were present in the same samples, suggesting canthaxanthin is also
associated with the Cyanobacteria at these sites. Indeed, echinenone is a ma-
jor carotenoid in C. fritschii cells, with traces of canthaxanthin present as well
(Evans and Britton, 1983). The lack of echinenone and canthaxanthin at 1G2
may indicate that Cyanobacteria were not active there when sampled.

Enrichment culturing and microscopy. The geochemical data for RN1-
2012 were used to design a mineral salts medium for enrichment of oxygenic
phototrophs from this site. Incubation of the enrichment in the light at 46°C
resulted in the growth of green filaments at the headspace/water interface. Pho-
tomicrographs of these filaments after 27 days of incubation are shown in Figure
9. Fluorescence microscopy under green light demonstrated the presence of the
protein-bound accessory pigment phycocyanin throughout each vegetative cell
(Figure 9c,d). Terminal heterocysts lacking phycocyanin were also evident on
one of the filaments (Figure 9a,c). These observations are consistent with micro-
scopic observation of Chlorogloeopsis from other hot springs (Castenholz, 1978;
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1996). No evidence for unicellular, phycocyanin-containing Cyanidioschyzon
was observed in the culture samples. Successful enrichment of Cyanobacteria
and a lack of enrichment of Cyanidioschyzon from RN1 offer further support for
Chlorogloeopsis being active photosynthetic members of the microbial commu-
nities of moderately acidic hot springs.

Abundances of Cyanobacteria and algae. To estimate and compare the
abundances of Cyanobacteria and rhodophyte algae within the photosynthetic
communities of each spring, quantitative PCR was performed on samples
for which sufficient DNA was obtained (Table S8). For these samples, the
ratio of 16S to 18S rRNA gene templates was used to correct the ratio of
cyanobacterial to rhodophyte OTUs, as shown in Figure 10. Since the genomes
of both Chlorogloeopsis fritschii 9212 (Dagan et al., 2013) and C. merolae
10D (Matsuzaki et al., 2004), which represent nearly all the cyanobacterial
and rhodophyte OTUs, respectively, each indicate three copies of ribosomal
genes within the genome, no correction for copy number per cell was employed.
Cyanobacteria were more abundant than Rhodophyta in all sites analyzed
and Rhodophyta only approached the abundance of Cyanobacteria in the two
most acidic sites examined (IG2, IG3). Yet, even in these sites, Cyanobacteria
were more abundant by at least an order of magnitude. Cyanobacteria in
the other sites exceeded Rhodophyta by 3 to 7 orders of magnitude. These
results further substantiate indications from the combination of pigment,
carbon uptake, and sequence data indicating that Cyanidioschyzon were not
significant contributors to light-driven primary production at most sites when
these springs were studied.

Dynamics of moderately acidic hot spring photosynthetic communi-
ties. As described above, hot springs with moderately acidic pH values are
dilute and poorly buffered, which is itself a consequence of the derivation of
these hot spring fluids largely from meteoric water, a major contributor to hy-
drothermal fluids in YNP (Hurwitz and Lowenstern, 2014). It is likely that tem-
poral fluctuations in meteoric water availability are extensive, with the greatest
contributions of meteoric water occurring during the winter and spring due to
snowmelt. Such fluctuations would change the relative contributions of mete-
oric water and hydrothermal vapor to the hot spring, overwhelming the limited
buffering capacity of the fluid and changing the pH. Moreover, as the vapor-
phase component increases, additional heat may be added to the system, espe-
cially at times of low meteoric water input, resulting in a higher steady-state
temperature that can drive additional evaporation, causing lower water levels.
It follows that temporal fluctuations in the chemical and physical characteristics
of such hot springs may be reflected in the temporal dynamics of the composi-
tion and activity of the microbial communities they host, as has been observed
in other hot spring systems (Macur et al., 2004; Lacup et al., 2007; Schubotz et
al., 2013; Briggs et al., 2014; Wang et al. 2014; Colman et al., 2021).

Observations of these study sites over several years offer preliminary insights
into the dynamics of moderately acidic hot springs. Of particular interest is
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site IG3, a small (~20 cm diameter) pool near Spray Geyser. This spring is
presumably closely related to the “small pool near Spray Geyser” studied by
Doemel over fifty years ago which had the highest pH reported for an aquatic
environment hosting Cyanidioschyzon (Doemel, 1970). Modern observations
of this site include pH measurements as high as 4.8 (unpublished data), yet
at the time of sampling the pH was 2.98. A hailstorm occurred just prior to
sampling, which increased the volume of the hot spring and allowed for collection
of a complete geochemical sample set. Nevertheless, the aqueous geochemistry
indicates the hot spring fluid differs considerably from meteoric water, with
the highest concentrations of dissolved solutes (except for oxygen, chloride, and
silica) of all samples in this study. In particular, the anomalously high nitrate
concentration (221 M) suggests a significant contribution from soil or sediment
pore water where nitrate may be produced via microbial nitrification, a process
for which there is growing evidence in geothermal environments (Dodsworth
et al., 2011). Given the shallow water depth (~2 cm), it is possible that the
sediments were disturbed during sampling. Alternatively, it is possible that the
hydrology of this hot spring is such that recharge of meteoric water during a
rain event leads to an increased flow into the hot spring from the surrounding
or underlying sediments that become saturated. Extensive evaporation due
to its especially small volume and shallow depth likely caused the observed
enrichments of the major solutes, which may accumulate in sediment pore water.

Two of the study sites were sampled in both 2011 and 2012. In 2011, site RS5
yielded sequencing and pigment results, as well as biofilm carbon and nitrogen
contents (Table S1), that were comparable to the other sites in the area, while
in 2012 the abundances of dissolved oxygen, pigments, and biofilm carbon and
nitrogen were substantially lower. No intact chlorophyll a was observed, nor
was light-driven carbon fixation, indicating that photosynthesis was not occur-
ring at the site in 2012. While carbon uptake was not assessed in 2011, the
presence of chlorophyll a and differences in the other data above suggest an
active photosynthetic population at this time. Most notably, the temperature
increased from 56.8°C in 2011 to 70.3°C in 2012, which likely exceeded the upper
temperature limit of the phototrophs observed in 2011. The water level in the
spring was noticeably lower in 2012 and the chloride concentration had more
than doubled, consistent with a change in the extent of evaporation relative to
the fluid supply into the hot spring, though with no change in the water iso-
topic ratios (Table S3). The sulfate concentration was lower in 2012 and the pH
had increased, suggesting a decrease in the vapor-phase component of the hot
spring fluid compared to 2011. These observations suggest that the heat flux
and temperature of moderately acidic hot springs may not be simply correlated
to vapor-phase input as hypothesized above, but rather could indicate that hy-
drothermal vapor may to some extent serve as an indirect heat source without
contributing sulfate or other gas-derived solutes. The observed balance between
spring fluid flux and evaporative loss is therefore controlled by a complex and
dynamic interplay among the local water table, the meteoric water supply, and
the flow of the vapor-phase gases.
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In contrast to site RS5, site RN1 had putatively active photosynthetic popu-
lations in both years of sampling and the water chemistry had not changed
appreciably during the year between sampling events (Figure S2). The tem-
perature had increased from 51.6°C in 2011 to 57.4°C in 2012, yet in spite of
the temperature increase, Cyanidioschyzon represented a larger fraction of the
eukaryotic sequences in 2012 than in 2011. Chlorophyta sequences were also ob-
served in 2012 when the temperature was higher, but not in 2011. Nevertheless,
the absence of -cryptoxanthin suggests Cyanidioschyzon were not active during
either sampling. The temperature in 2012 exceeds the known upper temperature
limit for these algae (56°C; Doemel and Brock, 1970), further substantiating that
these algae were inactive. Nevertheless, the increase in the relative abundance of
sequences associated with Cyanidioschyzon and the appearance of Chlorophyta
suggest that these algae may have been active members of the photosynthetic
community at some point during the intervening time between sampling, which
includes periods of cooler ambient temperatures and surficial snow input. In the
headwaters of the aforementioned Obsidian Creek, diatoms were the dominant
algae during periods of snowmelt runoff, but transitioned to Cyanidioschyzon as
snowmelt declined and the runoff of acidic hot springs became the major fluid
source, resulting in higher temperatures and lower pH that apparently favored
Cyanidioschyzon (Doemel, 1970). Here, a similar seasonal transition could be
occurring with opposite effect, where the decline in snowmelt input in the sum-
mer could have led to an increase in temperature that exceeded the limits of
the Cyanidioschyzon population but were amenable to Chlorogloeopsis. Culture
assays inoculated with samples collected in July 2013 resulted in the enrichment
of Chlorogloeopsis but apparently not Cyanidioschyzon.

Activity of photosynthetic populations. Ribosomal gene sequencing in-
dicated the presence of DNA associated with oxygenic phototrophs from both
the Bacteria and the Eukarya in many of the moderately acidic hot springs
studied here, and the preponderance of the other data enables some conclusions
about the activity of these photosynthetic populations. The observation of -
cryptoxanthin at only two sites suggests that these may be the only sites where
Cyanidioschyzon were active when sampling occurred. Site FF1 is particularly
noteworthy in that no light-driven carbon fixation was observed, demonstrating
that the algae here were photosynthetically inactive or were heterotrophic, as
Cyanidioschyzon is known to be capable of organic carbon uptake (Doemel and
Brock, 1971; Sato and Moriyama, 2007). Furthermore, very few chloroplast
sequences were identified in the 16S rRNA gene libraries, suggesting that algal
chloroplasts had undergone degradation, as illustrated by the observations of
chlorophyll degradation products. The temperature at FF1 as well as those
at IG1, RN1-2012, RN3, RS3, and RS5-2011 exceeded 56°C when sampled,
which is the known upper temperature limit for Cyanidioschyzon. Curiously, -
cryptoxanthin was observed at IG1, suggesting algae were active in spite of the
elevated temperature. Perhaps the temperature had only recently, or briefly,
exceeded the upper temperature limit of the algae and this biosynthetic inter-
mediate was still present.
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In addition to temperature, pH, sulfide, and light can constrain the activity of
Cyanidioschyzon populations. Sulfide concentrations were relatively low at each
of the sample sites and within the documented sulfide concentration range of
YNP phototrophs (Cox et al., 2011). Nevertheless, sulfide could at times disfa-
vor algal populations, as algae in acidic hot spring environments were found to
be less tolerant of sulfide than thermophilic Cyanobacteria (Boyd et al., 2012).
The upper pH limit for Cyanidioschyzon exists between a pH value of 4 and
5 (Doemel and Brock, 1971), thus pH seems to favor Cyanobacteria at many
of the sites. The pH for samples RS1, RS3, RS4, and RS5-2012 all exceeded
5, suggesting that the algae were inactive when these sites were sampled, as
the low relative abundances of algae, low zeaxanthin: -carotene ratios, and un-
detectable -cryptoxanthin in these samples also suggest. It was observed that
Cyanidioschyzon isolates can lower the ambient pH in culture toward their opti-
mum pH (Ascione et al., 1966; Doemel and Brock, 1971; Lowell and Castenholz,
2013), which was hypothesized to offer advantages in certain natural settings
(Lowell and Castenholz, 2013). Moderately acidic springs are poorly buffered,
often small in size, and likely have low fluid fluxes, making them habitats where
microbially mediated pH shifts may occur in nature. However, indications of
inactive algae at many of the sites do not support the utility of this phenomenon
at these sites, which if feasible would offer Cyanidioschyzon a competitive ad-
vantage over Cyanobacteria. Finally, UV irradiation associated with full sun-
light during the long photoperiods of the summer has been associated with
Cyanidioschyzon mat decline observed at Dragon Spring in Yellowstone (Lehr
et al., 2007). Though many of the springs studied here likely experience greater
shading than does Dragon Spring, it is possible that light intensity during the
summer could be a factor leading to the apparent lack of algal activity in the
springs at the time of sampling.

Cyanobacteria were present at many of the sites and were likely responsible for
photosynthetic activity at these sites except those where algae were hypothe-
sized to be active (IG1 and IG2). In contrast to Cyanidioschyzon, Cyanobacteria
are not likely to be constrained by an upper pH limit at these sites, and it has
been suggested that the upper temperature limit for the Chlorogloeopsis spp.
present in YNP is near 63°C (Kallas and Castenholz, 1982; Castenholz, 1996),
indicating temperature may also favor Cyanobacteria at the physicochemical
conditions observed during sampling. Additionally, the presence of Cyanobac-
teria below pH values of 4 at several sites further challenges the validity of this
lower pH limit for Cyanobacteria. In spite of reports of a sharp lower pH limit
for Chlorogloeopsis spp. of 4.5 (Kallas and Castenholz, 1982), these Cyanobacte-
ria overwhelmingly outnumbered Cyanidioschyzon at site RS5 in 2011 when the
pH was 3.82. Intriguingly, Cyanobacteria exceeded Cyanidioschyzon by over an
order of magnitude at IG2 and IG3, both of which had pH values well below 4
(3.33 and 2.98, respectively). While Cyanobacteria may not have been active
at IG2 given the lack of detectable echinenone and canthaxanthin, IG3 offers
an opportunity to assess the extent to which Cyanobacteria exhibit metabolic
activity below a pH of 4.
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Though detected in many of the samples, the upper temperature limit for Chloro-
phyta is likely close to 42°C, which is the upper temperature limit for a ther-
motolerant strain of Chlorella (Sorokin, 1967). A significant decrease in pho-
tosynthetic activity by Chlamydomonas reinhardtii occurs from 45-47°C that
is likely insufficient for growth (Tanaka et al., 2000), whereas a temperature
of 39°C is apparently lethal to Chlamydomonas acidophila (Gerloff-Elias et al.,
2006). Since the ambient spring temperature exceeded 47°C in each location
yielding Chlorophyta sequences, Chlorophyta may have been inactive at the
time of sampling and may instead be relics of a time when conditions were dif-
ferent, possibly earlier in the year when the temperature was cooler or when
the water level was lower and they established populations on the moist walls
of the hot spring. The inactivity of these populations is supported by the lack
of detection of intact chlorophyll b.

CONCLUSIONS

The collective observations presented here illustrate spatial overlap in the habi-
tat range of Cyanobacteria of the genus Chlorogloeopsis and algae of the genus
Cyanidioschyzon. However, it is unclear to what extent active populations over-
lap temporally in hot springs. The data offer snapshots of these photosyn-
thetic communities and the geochemical conditions in which they live, both of
which appear to be undergoing continuous and dynamic change. For example,
site RS5 harbored a putatively active photosynthetic community at the begin-
ning of this study, but neither sequences associated with microbial phototrophs
nor light-driven carbon uptake were observed one year later when the temper-
ature was notably higher, apparently exceeding the habitat range boundaries
of Chlorogloeopsis and Cyanidioschyzon. More broadly, the ubiquity of Cyani-
dioschyzon sequences across the hot springs sampled raises fundamental ques-
tions concerning the role these populations have in these communities, given
the numerical dominance of Cyanobacteria. Cyanidioschyzon sequences were
observed at site FF1, but these were not associated with photosynthetically
active cells and the temperature was in excess of the upper temperature limit
for Cyanidioschyzon. These observations suggest that conditions in this spring
were amenable to growth of these algae in the recent past, but an increase in
temperature brought about by apparent changes in the supplies of meteoric wa-
ter and hydrothermal vapor led to the physicochemical conditions of the spring
moving outside of the habitat range of this organism. It follows that the Cyani-
dioschyzon sequences from many of the other springs examined here may also
be remnants of populations that were previously active when physicochemical
conditions such as temperature and pH were different, whereas the conditions
observed at the time of sampling in the summer characterize niche space occu-
pied by Chlorogloeopsis. Input of snowmelt during the winter and spring, as well
as lower ambient temperatures, may lead to lower hot spring temperatures and
yield favorable conditions for Cyanidioschyzon that do not persist into the sum-
mer. However, the limited temporal observations included here illustrate that
the perceived fluctuations in the supplies of meteoric water and hydrothermal
gases are likely much more complex than simple seasonal transitions.
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Acidic hot springs arise from the oxidation of sulfur species to sulfuric acid by
oxygen, which only became possible after oxygenic photosynthesis by Cyanobac-
teria became widespread (Colman et al., 2018). The evolution of algae is also
traceable to Cyanobacteria via the evolution of the chloroplast through endosym-
biosis (Rodriguez-Ezpeleta et al., 2005), which is hypothesized to have facilitated
the development of acidophilic algae such as Cyanidioschyzon by shielding the
photosynthetic apparatus from extracellular chemical conditions with cytosol
(Brock, 1973). Thus, Cyanobacteria are intrinsically rooted in the evolution
both of acidic habitats and the photosynthetic microbes that inhabit them, but
the transition from habitats dominated by photosynthetic microbes of one do-
main to those dominated by the other across pH remains inadequately described,
particularly for thermal environments that exist at habitat range boundaries.
While there are limited observations of the coexistence of algae and Cyanobac-
teria in hot spring environments, it was thought that a sharp lower limit for
Cyanobacteria exists at a pH value of 4 (Brock, 1973; 1978). However, the
presence of gene sequences and carotenoids associated with Cyanobacteria in
springs studied here with pH values well below 4 suggests an underappreciated
role for Cyanobacteria in these acidic habitats. Moreover, the chemically dilute
waters of moderately acidic hot springs are poorly buffered against pH changes
that may exceed the tolerances of either Cyanobacteria or algae on a variety
of timescales. Ultimately, there appears to be spatial overlap in the habitat
ranges of algae and Cyanobacteria and key attributes defining these ranges such
as temperature and pH are temporally dynamic, resulting in a blurry transition
between eukaryotic and prokaryotic oxygenic photosynthesis with respect to pH
rather than a sharp demarcation.
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Sample pH?® Temp. O, YH,S Si0, F  CI SO, NO; NH,* Lit Nat KT
°C M M mM pM pM pM M M M pM M
FF1 3.28 64.4 22 1.7 24 45 150 1488 0.5 119 23.7 1663 442
IG1 400 57.0  (31)® (0.5) (49 13 10 1255 0.3 98 49.4 1944 252
1G2 3.33 4838 56 0.1 5.7 44 30 1218 0.1 5.4 27.8 1214 380
1G3 2.98 53.6 84 5.5 2.7 291 378 5089 221 426 117 3902 1567
RN1-2011 4.62 574 50 1.6 4.3 22 15 195 3.8 19 3.0 234 131
RN1-2012 5.02 51.6 113 0.1 3.2 2T 15 197 0.6 11 2.8 260 135
RN2 4.55 55.5 (113)  (0.5) 4.6 18 14 276 3.1 25 1.5 325 174
RN3 4.02 59.8 59 1.2 3.2 89 685 638 0.4 54 46.2 1431 288
RS1 5.07 54.0 41 0.6 4.1 84 28 601 0.2 11 2.7 747 445
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Sample pH? Temp. O, YH,S Si0, F  CI SO, NO; NH,+* Lit Nat KT
RS2 4.30 49.3 138 5.1 4.4 76 12 533 0.3 7.4 3.9 625 321
RS3 5.42  60.8 34 (3.7) 48 93 13 476 1.3 28 1.6 844 260
RS4 5.54  51.0 72 1.1 4.0 101 16 275 1.7 4.1 1.3 603 257
RS5-2011  3.82  56.8 109 0.5 3.6 74 15 470 1.1 19 1.5 479 256
RS5-2012  5.13  70.3 25 2.4 4.0 66 39 379 1.1 12 1.8 562 284

@ Corrected pH, see Supporting Information. P Data in parentheses were esti-

mated from measurements at the site from other years.
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Figure 1. Abundance of thermal features in Yellowstone National Park with
respect to the pH of their waters. Data were obtained from a survey (n = 7693)
of Yellowstone hot springs (www.rcn.montana.edu). Springs are binned every
0.5 pH units and plotted at the midpoint of each pH interval.
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Figure 2. Observations of the presence of Cyanobacteria (filled circles) and
algae (open symbols) in thermal aquatic environments with respect to in situ
temperature and pH compiled from the literature (Doemel, 1970; Brock, 1973;
Papke et al., 2003; Toplin et al., 2008; Boomer et al., 2009; Meyer-Dombard
et al., 2011; Hamilton et al., 2012; Loiacono et al., 2012; Klatt et al., 2013;
Schubotz et al., 2013; Skorupa et al., 2013; Schuler et al., 2017; Hamilton et al.,
2019; Bennett et al., 2020). For algae, circles indicate sequencing-based confir-
mation of their presence while triangles indicate confirmation via microscopy or
culturing; all data indicating the presence of Cyanobacteria are from sequencing-
based analyses. Red crosses denote samples from this study. Empirical ‘fringe’
curves for Cyanobacteria (dashed line) and algae (dotted line) are drawn that
encompass the data. The Cyanobacteria curve is not extended below a pH of 4
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due to insufficient data from previous studies to define limits for Cyanobacteria
below this pH. The algae fringe is drawn as a line and not extended above a pH
of 4.5 owing to the lack of data from previous studies for algae from thermal
environments above this pH. In cases where multiple observations were made
of the same system, such as in outflow channels, only the highest temperature
observation is plotted. Similarly, the highest temperature is plotted when a
temperature range is reported for a particular sample location.
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Figure 3. Distribution of sulfate and chloride compositions of waters from
the Yellowstone National Park (YNP) hydrothermal system. The 14 samples
included in this study (red crosses) are plotted along with analyses of YNP
hot springs, geysers, and hydrothermally influenced surface waters derived from
United States Geological Survey (USGS) open-file reports (filled circles) for
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samples taken throughout YNP from 2001-2013 (McCleskey et al., 2004; Ball
et al., 2006; Ball et al., 2010; McCleskey et al., 2014). The composition of local
meteoric water (open circle) is shown at the mean concentrations of sulfate and
chloride reported by the National Trend Network of the National Atmospheric
Deposition Program for 2012 analyses of precipitation at Tower Falls, YNP
(http://nadp.sws.uiuc.edu/data/ntn/); the evaporation trend for this water is
plotted across the diagram as a dashed line.
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Figure 4. (A) The isotopic composition of hydrogen ( 2H) in hot spring waters
relative to the isotopic composition of oxygen ( *0) in the same waters. The
14 samples in this study are plotted as red crosses along with data derived from
USGS reports (open circles) for samples taken throughout YNP from 2001-
2013 (McCleskey et al., 2004; Ball et al., 2006; Ball et al., 2010; McCleskey et
al., 2014). The local meteoric water line is plotted for reference (Kharaka et
al., 2002; Holloway et al., 2011). (B) Correlation of the isotopic composition
of hydrogen ( 2H) of the 14 hot spring waters in this study with their sulfate
concentrations. Site IG3 is indicated with an arrow plotted at its 2H value, but
its sulfate value is off scale. The least-squares regression line is shown (R? =
0.82); IG3 is not included in the regression.
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Figure 5. Phylum-level taxonomic composition of bacterial 16S (A) and eu-
karyal 185 (B) rRNA gene sequences. Data are expressed in percent of total
abundance of reads and arranged left to right by increasing pH of the hot spring
waters where samples were collected for analysis. Operational taxonomic units
(OTUs) representing less than 0.1% of total OTUs are not included. Sequence
data for sample RS5-2012 are not shown as no bacterial 165 rRNA gene am-
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plicons were obtained and the only eukaryal 185 rRNA gene sequences were
affiliated with Streptophyta. Though not visible in this depiction, Cyanobacte-
ria are present in IG2 (0.23% relative abundance) and Rhodophyta are present
in RS4 (0.03% relative abundance).
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Figure 6. Rates of dissolved inorganic carbon (DIC) incorporation into biomass
observed under light and dark conditions for four of the study sites measured
using a radiolabeled inorganic carbon tracer. The left scale applies to RS1 and
RS2, while the scale on the right applies to RS5 and FF1. Rates were measured
in July 2012. Rates were corrected by subtracting the activity measured in
corresponding light or dark killed-control microcosms.
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Figure 7. Relative abundances of chlorophyll a and its derivatives (A) and
major carotenoids (B) in mat samples collected from hot springs in Yellowstone
National Park, as determined from integrated peak areas in chromatograms ob-
tained at 665 nm (A) and 475 nm (B) using a diode array detector. Samples are
arranged from left to right by increasing pH of the hot spring waters where sam-
ples were collected for analysis. As an approximation, the relative abundance of
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pheophytin and its derivatives (i.e., all magnesium-free chlorophyll derivatives)
were corrected by multiplying by the ratio of molar absorptivities of the Q, ab-
sorption maxima for chlorophyll @ to pheophytin a reported by Kobayashi et al.
(2006) to reflect the weaker absorbance of demetallated chlorophylls. Similarly,
the carotenoid relative abundances were corrected by multiplying by the ratio of
the molar absorptivity for -carotene to that of each carotenoid using the molar
absorptivities reported by Britton (1995) using light petroleum as solvent.
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Figure 8. The mole ratio of the carotenoid zeaxanthin to the carotenoid -
carotene as a function of hot spring pH, using data reported in Table S7. Se-
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lected samples are discussed in the text.

d

Figure 9. Photomicrographs of filaments from an enrichment culture inocu-
lated with material collected from site RN1 on July 13", 2013 under bright
field (a,b) and green (c,d) light. Scale bars in each image are 20 pm.
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Figure 10. Ratio of the abundance of 16S rRNA genes affiliated with Cyanobac-
teria to the abundance of 185 rRNA genes affiliated with Rhodophyta (plotted
on a logarithmic scale) as a function of pH of the sample locations. The ra-
tio was calculated using the template abundances of 16S and 18S rRNA genes
(Table S8) multiplied by the relative abundance of OTUs affiliated with each
taxonomic group (i.e., those affiliated with Cyanobacteria and those affiliated
with Rhodophyta). Sites are labeled above each point.
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