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The Sembawang Hot Spring in Singapore lies at the foot of a major regional
geological feature called the Bentong-Raub Suture Zone. Amid an extensively
managed surface geothermal park, an undisturbed hot spring emerges with
source water at 61°C, pH 6.8, and 1mg/L dissolved sulfide. A small main pool at
the source supported orange-green benthic flocs, whereas the outflow channel
with gradually less extreme environmental stress supported extensive vivid green
microbial mats. Microscopy revealed that cyanobacterial morphotypes were
distinctin flocs and mats at several intervals along the environmental gradient, and
we describe a spiraling pattern in the oscillatorian cyanobacteria that may reflect
response to poly-extreme stress. Estimation of diversity using 16S rRNA gene
sequencing revealed assemblages that were dominated by phototrophic bacteria.
The most abundant taxa in flocs at 61°C/1mg/L sulfide were Roseiflexus sp. and
Thermosynechococcus elongatus, whilst the mats at 45.7-55.3°C/0-0.5mg/L
sulfide were dominated by Oscillatoriales cyanobacterium MTP1 and Chloroflexus
sp. Occurrence of diverse chemoautotrophs and heterotrophs reflected known
thermal ranges for taxa, and of note was the high abundance of thermophilic
cellulolytic bacteria that likely reflected the large allochthonous leaf input. A
clear shift in ASV-defined putative ecotypes occurred along the environmental
stress gradient of the hot spring and overall diversity was inversely correlated to
environmental stress. Significant correlations for abiotic variables with observed
biotic diversity were identified for temperature, sulfide, and carbonate. A network
analysis revealed three putative modules of biotic interactions that also reflected
the taxonomic composition at intervals along the environmental gradient. Overall,
the data indicated that three distinct microbial communities were supported
within a small spatial scale along the poly-extreme environmental gradient. The
findings add to the growing inventory of hot spring microbiomes and address an
important biogeographic knowledge gap for the region.

cyanobacteria, Chloroflexia, extremophile, heat stress, hot spring, photosynthesis,
polyextremophile, thermophile
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1. Introduction

Hot springs are created when subsurface tectonic or volcanic
activity heats water that rises to the surface. Temperatures range from
40°C to boiling and this restricts the biology of hot springs to a unique
group of microorganisms called thermophiles that grow obligately
under such conditions (Shu and Huang, 2022). The thermal gradient
in hot springs is often accompanied by other stressors such as low/
high pH, dissolved sulfide and other minerals, and oligotrophic
Thus,
polyextremophiles adapted to multiple abiotic challenges. At the

conditions. some thermophiles may be considered
highest temperatures from approximately 70-80°C to boiling
temperatures, specialized communities dominated by Aquificae,
Crenarcheaota, and Proteobacteria occur in water and sediments (Shu
and Huang, 2022), and as conspicuous streamers (Purcell et al., 2007).
At lower temperatures diversity is driven largely by pH for aquatic
(Power et al., 2018) and microbial mat communities (Fecteau
etal., 2022).

The neutral/alkaline-chloride hot springs have been particularly
well studied because they support abundant thermophilic
photosynthetic microbial mats at temperatures <75°C, and they are
usually characterized by their dominant cyanobacterial taxa. From
~60-75°C mats support a thin surface layer of the unicellular
cyanobacterial genera Synechococcus and/or Thermosynechococcus,
which have been extensively studied at Yellowstone National Park
(YNP) in the United States, e.g., Klatt et al. (2011), Podar et al. (2020),
and Kees et al. (2022). Beneath this surface layer much of the mat
biomass comprises Chloroflexia and other heterotrophic and
autotrophic bacteria and archaea (Martinez et al., 2019). Mats at lower
temperatures from ~45 to 60°C are dominated by phylogenetically
diverse filamentous cyanobacteria along with other bacteria including
Chloroflexia and other archaeal lineages also occur in most mat types:
Some mats have a very broad thermal tolerance and are encountered
across this thermal range which can be dominated by the genus
Fischerella (Lacap et al., 2007; Alcorta et al., 2018); and diverse taxa
within the Oscillatoriales including sulfide-tolerant ecotypes
(Castenholz and Utkilen, 1984; Podar et al., 2020). At lower
temperatures of ~45-50°C mats support higher diversity of
cyanobacteria including some facultative thermophiles, e.g., Calothrix,
Leptolyngbya and Nostoc (Rozanov et al., 2017).

Evidence for endemism and allopatric speciation has been
for hot spring
cyanobacteria (Papke et al., 2003), and numerous phylogenetic studies

identified across intercontinental distances
have shown that geographically separated hot spring mats support
novel lineages of thermophilic bacteria and archaea, e.g., Jing et al.
(2005, 2006) and Lau et al. (2006, 2009). It is therefore reasonable to
assume that interrogation of previously undescribed hot springs may
yield novel insight that will help to advance the collective knowledge
on thermophilic microbial diversity. A regional knowledge gap occurs
for southeast Asia where despite a large number of hot springs, few
have been described using next generation molecular ecological
approaches. Microscopy and DNA fingerprinting studies of hot spring
mats in the Philippines and Thailand have described highly diverse
Fischerella, Synechococcus and other cyanobacteria (Jing et al., 2005;
Sompong et al., 2005; Lacap et al., 2007). These findings combined
with studies in neighboring regions, e.g., China (Tang et al., 2018;
Keshari et al., 2022), India (Subudhi et al., 2018), and Japan (Nakagawa
and Fukui, 2002); and a recent bioinformatic meta-analysis of hot
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spring cyanobacterial genomes (Alcorta et al., 2020), suggest that a
large unexplored level of taxonomic diversity awaits description for
the region.

Sembawang Hot Spring in Singapore has a long history of cultural
use and has been described geochemically (Zhao et al., 2001), but its
conspicuous photosynthetic microbial mats have yet to be biologically
characterized. Exploratory geological drilling and hydrogeological
analysis of boreholes up to 100 m in depth indicated a neutral pH and
low carbonate groundwater source rising up through granite fault
fractures up to 3,000m in depth to discharge surface water at
approximately 70°C (Zhao et al., 2001). Water reaches the surface in
a managed park setting where a borehole supplies geothermally heated
water for human recreational use. The surrounding parkland supports
a single undisturbed spring that erupts in tropical topsoil to form a
small pool (the source) which then flows out into a narrow stream (the
channel). This creates a clearly defined gradient of aqueous
geochemical stressors that comprises temperature and sulfide, and this
supports photosynthetic microbial flocs and mats. Here we describe
the microbial diversity of these flocs and mats along the poly-extreme
environmental gradient, the correlation with abiotic environmental
variables, and potential biotic interactions. The findings are discussed
in terms of understanding how microbial mats assemble in response
to thermal and sulfide stress, and their contribution to a growing
global inventory of thermophilic microbial diversity.

2. Materials and methods
2.1. Field sampling

The Sembawang Hot Spring lies in a park managed by Singapore
National Parks (GPS N 1.434460, E 103.822000). Sampling was
conducted at the undisturbed hot spring in March 2022 under
National Parks permit NP/RP21-126-1 (Figure 1A). All sampling was
conducted using sterilized equipment and persons wore surface-
sterilized nitrile gloves and forearm coverings. Biomass was collected
from four locations at approximately 5°C increments along the
gradient with 10 replicates per location. This included the flocs
growing in the geothermal source water at 61.4°C (Figure 1B) and
mats growing along the geothermal channel at 45.7-55.3°C
(Figure 1C). The collected biomass was placed into screw-cap tubes
containing 0.5 mL RNA-later (Thermofisher) nucleic acid preservative
solution. Samples were stored on ice in darkness during transport to
the laboratory and stored at ~20°C until processed within 2 weeks of
collection. Abiotic variables relevant to photosynthetic microbial mats
were measured in the field as follows: temperature, pH, conductivity
(hand-held probes, Hach), alkalinity, carbonate, iron, nitrate, nitrite,
phosphate, and sulfide (colorimetric assays, Hach).

2.2. Microscopy

The samples were analyzed using confocal microscopy for
morphological characterization and through 16S rRNA gene amplicon
sequencing for taxonomic diversity estimation. Confocal laser
scanning microscopy was performed on a Zeiss LSM900 inverted
confocal microscope. Intact and live wet mat and floc samples
approximately 1-2 mm? were transferred from the sample tube and
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FIGURE 1

55.3°C, scale bar 10mm.

(A) Sembawang Hot Spring, (B) Floc growth in geothermal source water at 61.4°C, scale bar 20mm, (C) Mat growth in geothermal channel at 45.7-

sandwiched using glass coverslips. 3D laser scanning confocal was
performed with a voxel size of 0.265 pm x 0.265 pm x 1.5 pm by using
a Plan-Apochromate 10x/0.45 objective for a 638.90 pm x 638.90 pm
sample area at a speed of 0.87 ps/pixel. A 488 nm diode laser was used
as an excitation light and signal was collected at 500-700 nm.

2.3. DNA sequencing

DNA extraction from biomass samples was carried out using the
Qiagen Powerlyzer Powersoil kit with modifications developed by our
lab to optimize recovery from photosynthetic microbial mats. The
modifications included a manual grinding step prior to extraction
using a sterile a pestle and an extended initial lysis step at 70°C for
10 min after the addition of the lysis buffer solution C1, in order to
maximize DNA recovery from cyanobacteria that have thick cell walls.
The extracted DNA was quantified using the Qubit 1x dsDNA HS
Assay Kit (Thermo Fisher), and then processed for amplicon
sequencing (Illumina Novaseq PE250, paired end sequencing yielding
2x 250bp reads). Taxonomic diversity was estimated using 16S rRNA
gene amplicon sequencing of the V4 region, using the following
primers: 515F (GTGCCAGCMGCCGCGGTAA) and 806R
(GGACTACHVGGGTWTCTAAT) (Caporaso et al., 2012). This
primer pair was selected because despite the biases that are inherent
in any set of primers, these V4 primers have been widely used in
microbial ecology and thus they allow broad comparisons to be made
(Thompson et al., 2017). The DADAZ2 (release 1.26) workflow was
used to process and analyze the raw sequence reads into amplicon
sequence variants (ASVs) (Callahan et al,, 2016), and the ASVs were
taxonomically annotated using the SILVA 138.1 database (Quast et al.,
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2013). Any ASVs that remained taxonomically unassigned at class
level were grouped as ‘Others’

2.4. Statistical analysis

All statistical analyses were performed in the R environment,
version 4.2.2 (R Core Team, 2021). Alpha diversity indices for the
ASVs including Chao 1 richness, Shannon’s index (H), the Gini-
Simpson’s Index (1-D), and Pielou’s evenness (J) were calculated using
the vegan package version 2.6-4 (Oksanen et al., 2020). A one-way
ANOVA testing was used to assess if alpha diversity varied significantly
across the four locations and a post hoc pairwise comparison using the
Tukey’s Honest Significant Difference (HSD) was conducted to further
assess which locations varied significantly. For further analysis, only
those ASV's with relative abundances >1% in at least one sample were
retained. Patterns of beta diversity for ASVs were robust across
multiple taxonomic levels and plots are shown variously at ASV, Class,
or Phylum level for visual clarity. The ComplexHeatmap package
(release 3.16) (Gu et al., 2016; Gu, 2022) was used to display relative
abundances of taxa at the phylum and class levels. The indicspecies
package version 1.7.12 (De Caceres et al., 2010) using the multipatt
command with the “r.g” function was used to identify ASVs with a
mean relative abundance >5% which significantly contributed to
differences in taxonomic composition between locations using
measures of correlation and abundance. The strength of compositional
variations was assessed using permutational Multivariate Analysis of
Variance (perMANOVA) on the Bray-Curtis pairwise community
dissimilarity distances with the adonis function in vegan. Any
significant variations in beta diversity assessments were then

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1189468
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

George et al.

represented on a non-metric multidimensional scaling (NMDS)
ordination plot. The Envfit function in vegan was used to conduct
multiple regressions of abiotic variables against ordination axes for
biotic data, in order to infer potential influence of abiotic variables on
community composition. The variables having a significant impact
(p-value £0.001) were then fitted onto the NMDS plot. A network
analysis of microbial associations at the hot spring was conducted and
displayed with the NetCoMi package version 1.1.0 (Peschel et al.,
2021). The Pearson’s correlation between ASVs was used as an
association measure which was normalized using the Centered
Log-ratio Transformation (CLR) method to avoid compositional
effects inherent with sequencing data. The data was then “signed”
transformed into dissimilarities to better emphasize strong positive
correlations (i.e., higher edge weights than strong negative
correlations). The resultant dissimilarities were used for generation of
the microbial network.

3. Results and discussion
3.1. Site description

Cohesive but unstructured microbial mats occurred attached to
rock surfaces in the flowing channel from 45.7-55.3°C, 0-0.5mg/L
sulfide, whilst at the highest temperature (61.4°C) and sulfide
concentration (1 mg/L) at the source the biomass comprised poorly
cohesive benthic flocs (Figure 1). Carbonate was slightly elevated at
the source (80 mg/L) compared to the channel (40 mg/L), but we did
not identify this as a major stressor to microbial communities. Other
measured variables were consistent along the geothermal gradient: pH
(pH 6.8), alkalinity (40 mg/L), phosphate (100 ng/L), with undetectable
nitrate, nitrite, or iron levels. The high conductivity (1,900-1,925 pS)
along the geothermal feature relative to surrounding terrestrial aquatic
habitats has been attributed to seawater mixing with subsurface water
(Zhao et al., 2001), although the conductivity was not unusually high
compared with other hot springs, e.g., Upin et al. (2023). We therefore
identified a poly-extreme gradient comprising temperature (45.7-
61.4°C), and sulfide (0-1mg/L) (Supplementary Table S1).

3.2. Morphological characterization of
mats and flocs

Thermophilic photosynthetic microbial mats have traditionally
been categorized according to their cyanobacterial composition,
we therefore first conducted morphological observation of
cyanobacteria using laser confocal microscopy (Figure 2). The lowest
temperature (45.7°C) sulfide-free location supported diverse
filamentous and wunicellular cyanobacterial morphotypes. At
51-55.3°C and 0.3-0.5mg/L sulfide oscillatorian cyanobacterial
morphotypes were dominant. At 61.4°C and 1mg/L sulfide
cyanobacteria were less abundant and dominated by unicellular
Synechococcus-like morphotypes, although fragmented filamentous
cyanobacteria were also present. An interesting observation was the
spiral filamentous aggregations of the oscillatorian cyanobacterial
morphotypes. This growth pattern (also known as doughnuts) has
been observed in vitro for other oscillatorian cyanobacteria resulting
from restricted movement and reflective of its interaction with the
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immediate environment (Sato et al., 2014). A study on spiraling in the
aquatic cyanobacterium Arthrospira platensis revealed that thermal
and UV stress increased spiraling and this morphological change
together with increased production of an unidentified 52kDa
periplasmic protein resulted in increased tolerance to thermal and UV
stress along with enhanced photochemical yield (Ma and Gao, 2009).
We therefore hypothesize that this feature may also reflect a response
to the poly-extreme stress gradient in Sembawang Hot Spring, with a
qualitative estimation that spiraling was observed more frequently in
samples under elevated stress, i.e., at higher temperature and sulfide,
and attachment to a rock substrate which may impose restrict
movement of the filaments (Figure 2). This study did not conduct
microscopy of Chloroflexia that are common components of hot
spring microbial mats and are also known to be motile. Since mats are
usually dominated by these two phototrophic bacterial groups, it is
possible that motility may play an important role in facilitating mats
to physically respond to stress exposure along micro-habitat gradients
in hot springs.

3.3. Estimation of taxonomic diversity in
mats and flocs

Diversity estimation using high throughput sequencing of the V4
region of the 16S rRNA gene revealed a highly diverse community
(3,540 ASVs overall, with 1,063 ASVs in the most diverse sample A4
at 45.7°C, and 475 AVSs in the least diverse sample D9 at 61.4°C)
across the environmental gradient of the hot spring (Figure 3). A
significant inverse correlation with the gradient of temperature and
sulfide stress was observed for: Species richness (using Chao 1 to
estimate species number) (one-way ANOVA p =<0.001, post hoc
Tukey p =<0.05), Shannons Index (i.e., diversity estimated with
emphasis on rare taxa) (one-way ANOVA p =<0.001, post hoc Tukey
p =<0.05), Gini-Simpson Index (i.e., diversity estimated with emphasis
on common taxa) (one-way ANOVA p =0.004, post hoc Tukey
p =<0.01), and Pielou’s Eveness (i.e., how equally the taxa are
represented) (one-way ANOVA p =<0.001, post hoc Tukey p =<0.01).
Thus, indicating a trend toward a less diverse and more specialized
community with increasingly poly-extreme stress (i.e., decreased
richness with increased dominance). The decrease in species richness
with increasing thermal stress has been observed for other geothermal
springs and our observations are consistent with this well-established
phenomenon, e.g., Nakagawa and Fukui (2002) and Miller et al.
(2009), although we also note that for some hot spring systems the
relationship between diversity and thermal stress was not linear (Lau
et al., 2006; Podar et al., 2020).

To gain further insight on the dominant taxa in the community
we focused subsequent analysis on ASVs comprising >1% relative
abundance. These resolved taxonomically into 18 phyla, comprising
27 bacterial
Supplementary

classes and one archaeal class (Figure 4,
Table S2, S1).

We acknowledge that primer bias may have affected our estimations

and Supplementary Figure
however this is an inherent problem with any PCR-based
interrogation. Overall, the Cyanobacteria were most abundant in mats
between 45.7 and 55.3°C, whilst in the flocs at 61.4°C the Chloroflexia
were most abundant. Among the classes that support heterotrophic
and chemoautotrophic taxa the Bacteroidia and Gammaproteobacteria
were most abundant in mats whilst in flocs the Ignavibacteria were

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1189468
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

George et al. 10.3389/fmicb.2023.1189468
FIGURE 2
Confocal laser scanning microscopy showing three-dimensional organization of cyanobacterial filamentous and unicellular morphotypes within mats
at 45.7-55.3°C and floc at 61.4°C. Arrows denote spiraling structures of oscillatorian morphotypes. Scale bar 20mm.

most abundant. Other classes displayed less abundant representation.
In order to identify the ASVs that were most influential in explaining
the different assemblages between sample locations we conducted
multiple correlation analysis (Indicspecies) while excluding ASVs with
relative abundance <5% in at least one sample, to identify taxa that
were significantly different in occurrence/abundance between
locations (p =<0.05; Figure 5). The patterns in occurrence are
described in detail below.

The most abundant ASVs belonged to photosynthetic bacteria
within the
cyanobacteria the filamentous novel Oscillatoriales cyanobacterium
MTP1 (ASVO0) (Hallenbeck et al., 2016) was most abundant in mats,
whereas in the flocs at highest stress levels it was largely replaced by

Cyanobacteria and Chloroflexia. Amongst the

unicellular Thermosynechococcus elongatus (ASV4) as the dominant
oxygenic photoautotroph and this was consistent with our microscopy
observations. Other cyanobacteria (ASV45, Geitlerinema, ASV87 and
ASV 98 Leptolyngya, and ASV24 Fischerella) occurred at low
abundance and their distribution reflected a preference for lower
temperatures. For the Chloroflexia, distinct low and high temperature/
sulfide ecotypes for both Chloroflexus (ASV18 and ASV32) and
Roseiflexus (ASV3 and ASV21) were suggested from the abundance
patterns of the ASVs. At the highest temperature another Chloroflexia
ASV, Candidatus Chloroploca (ASV10) was also elevated in abundance.
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Other photosynthetic bacterial groups such as the Chlorobi had low
relative abundance (<1%).

The abundance of phototrophic bacteria suggested that the
major source of primary production in this system is via bacterial
photoautotrophy, and this has been shown to be achieved by both
cyanobacteria and Chloroflexi in hot spring microcosms using
isotope incorporation experiments (Schuler et al., 2017; Bennett
et al., 2020). Some Cyanobacteria are also capable of dinitrogen
assimilation and so they may be important routes for nitrogen input
to the system. Some well-known nitrogen-fixing hot spring
cyanobacteria, i.e., Fischerella, have been shown to fulfill the
nitrogen requirements of mat communities (Estrella Alcaman et al.,
2015), however at the Sembawang Hot Spring they occurred at very
low abundances (<1%) at the time of sampling. Although we noted
that qualitative microscopy observations from sampling at other
times of year suggest Fischerella may at times become temporarily
more abundant in Sembawang mats, as observed for free-floating
cyanobacterial mats in tropical locations subject to seasonal
monsoon rains (Lacap et al., 2007). Some Synechococcus ecotypes
have also been demonstrated to carry out nitrogen fixation under
specific environmental conditions, e.g., temperatures above 60°C,
anoxic conditions, and low light (Steunou et al., 2006), and so
we speculate that some of the ecotypes we encountered in this study
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may be capable of nitrogen fixation although this requires further
testing and evaluation.

Among the non-phototrophic groups, some weakly thermophilic/
thermotolerant ASVSs were important in defining the difference in
community between 45.7°C and higher temperatures, including
Anaerolineae OLB13 (ASV22), Microvirga sp. (ASV30), Myxococcaceae
taxon (ASV16), Paludibaculum sp. (ASV35), and an unidentified
Alphaproteobacteria taxon (ASV15). The OLB13 and Paludibaculum
taxa suggest fermentative heterotrophy may be important at this
lowest temperature, whilst Microvirga is an aerobic chemoheterotroph
with weakly thermophilic ecotypes (Li et al., 2020). The abundant
ASVs encountered at 45.7°C are also common taxa in soil
microbiomes (Thompson et al., 2017), and so they may also indicate
recruitment from mesophilic surroundings. At mid-range
temperature/sulfide levels the non-phototrophic taxa were dominated
by  thermophilic =~ chemolithoautotrophic  taxa including
Methylacidiphillaceae and Hydrogenophillaceae taxa (ASV2, ASV7), as
well as aerobic chemoorganotrophs including the widely distributed
Rayneia orbicola (ASV5) (Albuquerque et al., 2018), and the
cellulolytic taxon Telmatocola sp. (ASV13) (Rakitin et al., 2021).

The most abundant non-phototrophic taxa at the highest
temperature/sulfide level were Ignavibacterium album (ASV6),

Frontiers in Microbiology

Thermodesulfovibriona sp. (ASV12), and a Hydrogenophillaceae
bacterium (ASV7) (Figure 5). Ignavibacterium album is known for
thermophilic anaerobic cellulose degradation (Lino et al., 2010),
and so this and the occurrence of other putatively cellulolytic ASV's
at lower temperatures, e.g., Fervidobacterium riparium (ASV155),
Telmatocola sp. (ASV13) suggested cellulose may be an important
substrate in hot springs such as Sembawang where we observed
large allochthonous input of leaves and wood from the surrounding
tropical forest. In the flocs it may also in part reflect their
co-occurrence with Thermosynechococcus since related taxa have
been shown to produce cellulose as a component of their glycocalyx
and cell wall (Podosokorskaya et al., 2011; Zhao et al,, 2015). The
abundant Thermosdesulfovibriona and
ASVs  reflected the
chemolithoautotrophic pathways to the community at the highest

hydrogen
Hydrogenophillaceae importance of
temperature/sulfide levels. Also of note was the recovery of
Nanoarchaeaota (Woesarchaeales ASV68) in flocs at the highest
temperature/sulfide levels. This group possesses greatly reduced
genomes and cell sizes, large membrane-associated proteins
implicated in attachment to other prokaryotic cells and occur
attached to larger archaeal cells and so they are likely to represent
taxa with parasitic lifestyles (Wurch et al., 2016).
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3.4. Beta diversity patterns in mats and
flocs

Visualization of beta diversity using Bray Curtis dissimilarities
using NMDS ordination indicated the differences in assemblage
composition along the gradient (Figure 6). A significant difference
occurred between mats in the lower channel with least environmental
stress and the flocs at the source with highest poly-extreme stress
(one-way permANOVA, p =<0.001), but a lack of significant
difference between mats in intermediate conditions. This indicated
that three potential communities occupied the hot spring
environmental gradient. The ordinations also highlighted the value of
cyanobacterial ASVs in delineating mat types at lower temperature
with 45.7°C supporting Leptolyngya in mats, and at 51-55.3°C
comprising Oscillatoriales MTP1 mats. This was followed by a shift
toward Chloroflexia ASV diversity as a more relevant indicator of
community shift at higher temperatures from 55.3 to 61.4°C with
Thermosynechococcus elongatus as the sole cyanobacterium at the
highest temperature.

The correlation of abiotic variables with beta diversity indicated
that temperature, sulfide, and carbonate concentrations were
significant factors (p =<0.001; Figure 6). Temperature is a well-
established stressor in hot springs from many locations, e.g., Nakagawa
and Fukui (2002), Lau et al. (2006), Miller et al. (2009), and Podar
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et al. (2020). The sulfide levels encountered in our study may
be considered moderate to high for circum-neutral hot springs with
values up to 1 mg/L (approximately 29.3 uM), when compared to a
survey of over 400 YNP hot springs (Boyd et al., 2012). Some hot
spring cyanobacteria display sensitivity to sulfide at levels as low as
0.15mg/L (approximately 4.4 pM) (Castenholz, 1976), although others
and particularly oscillatorian cyanobacteria are notably sulfide-
tolerant (Castenholz and Utkilen, 1984; Martin-Clemente et al., 2022).
Among the Chloroflexi some taxa may tolerate up to millimolar levels
(Kawai et al.,, 2019). In a study using in situ microcosms at YNP acidic
and neutral hot springs, for the neutral hot spring (68.6°C, pH 7.12,
S, <150 nM) addition of sulfide to microcosms at a final concentration
of 5pM had no impact on light-driven carbon fixation in mats
dominated by Synechococcus and Roseiflexus (Boyd et al., 2012).
Interestingly, the reduction in dissolved sulfide in hot springs with
distance from source has been shown to decrease by more than can
be explained through abiotic processes alone, and so biological sulfide
oxidation may also be important in defining such gradients (Cox
etal., 2011).

In addition to abiotic influence on community structure, biotic
interactions between taxa can also be important determinants.
We therefore conducted a network analysis of Pearson correlations
for taxa co-occurrence to visualize potential relationships
(Figure 7). This showed three distinct modules with strong positive
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Bubble plot of identified ASVs at >5% relative abundance that were significant (p =<0.05) in explaining differences in occurrence/abundance between
mats at 45.7-55.3°C and flocs at 61.4°C. Size of circles represents the relative abundance of taxa. Concentric circles indicate values for individual
samples. ASV names in green font denote Cyanobacteria, and those in orange font denote Chloroflexia. ASV identities were assigned using the SILVA

correlations of association between taxa, with module A clustered
around ASVs occurring at the most extreme conditions in the
source pool at 61.4°C and 1.0mg/L sulfide, whilst module B
comprised AVSs from 51-55.3°C and 0.3-0.5mg/L sulfide, and
module C generally clustered around ASVs from the lowest
(45.7°C) The
associations within modules and relatively few inter-module

temperature sulfide-free location. distinct
interactions further reinforced that they represented three distinct
communities along the poly-extreme gradient at Sembawang Hot
Spring. The network analysis identified five hub ASVs for the high-
(ASV3), a
denitrifying Anaerolineaceae taxon (ASV20), two Ignaviabcterium
albans (ASV6, ASV31), and Thermodseulfovibrio (ASV58). This

indicated that anoxygenic phototrophy and anaerobic metabolism

temperature module, comprising Roseiflexus

may be important in benthic flocs. The association of
cyanobacterial AVSs in the two lower temperature modules,
namely Oscillatoriales cyanobacterium MTP1 (ASV0) and
Geitlerinema (ASV45) in module B, and two Leptolyngya (ASV87,
ASV98) in module C were congruent with the ordinations of
community dissimilarity and further supported the delineation of
thermophilic mats by their cyanobacterial taxa. The Fischerella
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ASV (ASV 24) displayed few connections and this may reflect its
low relative abundance in mats at the time of sampling.

3.5. Comparison of different mat layers

A further observation was made that some but not all mats had a
distinct brown layer beneath the green mat that was in direct contact
with the rock substrate. This was not observed for flocs on submerged
rocks. We hypothesize from visual observations that the brown mat
layers were micro-oxic or anoxic but this was not measured.
We compared the diversity in the brown layers to that of the
corresponding green mat directly above (Figure 8). This revealed that
brown mats had lower abundance of taxa belonging to the
Cyanobacteria and Bacteroidia, and elevated relative abundance of
Chloroflexia and Gammaproteobacteria. Similar layers observed in
mats from hot springs at YNP were also dominated by Roseiflexus
(Thiel et al., 2016). The Chloroflexia reflected those present in the
upper green mat layer, but this group is known to display considerable
physiological plasticity spanning photoautotrophy, photoheterotrophy;,
and heterotrophy (Hanada, 2014), hence they may perform different
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and maximum magnitude of correlation of the samples to the respective

roles in the green and brown mat layers. The Gammaproteobacteria
included several Thiobacillus ASVs that are autotrophs capable of
oxidizing hydrogen sulfide present in the hot spring water (Wang
etal., 2018).

3.6. Adaptation of phototrophic bacteria to
hot springs

The limits of thermophily in circum-neutral pH hot springs for
the Cyanobacteria and Chloroflexota are well-established from
numerous studies in various regions, e.g., Nakagawa and Fukui
(2002), Lau et al. (2006), Miller et al. (2009), and Podar et al. (2020).
A recent study has also identified the potential influence of thermal
fluctuation on cyanobacterial fitness in hot springs (Hamilton and
Havig, 2022). Both the Cyanobacteria and Chloroflexia also include
known sulfide-tolerant ecotypes and this must also be viewed as an
adaptive advantage in hot springs where sulfide is a common
stressor: Sulfide is generally toxic to cyanobacterial primary
metabolism because it inhibits cytochrome c oxidase and irreversibly
affects the oxygen binding center in photosystem II (Miller and
Bebout, 2004). Sulfide-adapted Oscillatoria species such as those
encountered in our study have been shown in vitro to have a sulfide
resistant photosystem II that accounts for oxygenic photosynthesis
under high sulfide (Martin-Clemente et al., 2022), and other
cyanobacteria may facultatively shift from oxygenic to anoxygenic
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photosynthesis using sulfide as an electron donor and using only
photosystem I (Cohen et al., 1975; Hamilton et al., 2018). The
distribution of Chloroflexi in hot springs may occur independently
from sulfide levels (Hamilton et al., 2019). Hot spring Chloroflexus
displayed sulfide dependent anoxygenic photosynthesis (Madigan
and Brock, 1975), but strains were also capable of sulfide-dependent
oxygenic photosynthesis using the 3-hydroxypropionate pathway for
C fixation (Kanno et al., 2019). This versatility to perform oxygenic
and anoxygenic photosynthesis is likely responsible for the success
of these taxa in hot springs. Isotopic incorporation studies have
indicated that the relative activity of Cyanobacteria and Chloroflexia
is dependent on temperature, with lower temperatures favoring
oxygenic photosynthesis and anoxygenic photosynthesis at higher
temperatures (Bennett et al., 2020). It is also likely that the two
physiologies are linked, with evidence that glyoxylate and lactate are
exchanged in mats where both photosynthetic pathways occur (Kim
etal., 2015).

4. Conclusion

This study has added to the growing global inventory of hot
spring microbiomes by characterizing the diversity and
interactions in photosynthetic microbial mats and flocs along an
environmental stress gradient of temperature and sulfide at
Sembawang Hot Spring. The data highlighted the importance of
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Cyanobacteria at lower temperatures and sulfide levels and
Chloroflexia at higher temperatures and sulfide levels in
circumneutral pH hot springs. The clear response of diversity to
abiotic stressors and the occurrence of discrete groups of taxa
that three
photosynthetic mat communities arise within the Sembawang Hot

sharing biotic interactions suggest distinct
Spring habitat. The identification of abundant thermophilic
cellulolytic bacteria warrants further research on their ecological
role and potential applications. Overall, the findings highlight the
need for conservation of hot spring features across environmental
gradients in order to maintain the unique biodiversity of their
microbiomes. Interesting avenues for future research include
measurement of how thermophilic microbial diversity responds
to broader poly-extreme environmental gradients across wider
biogeographic ranges, and the extent to which the tropical climate
and geothermal variation result in temporal variation in
communities. This will allow improved estimates of resilience in

hot spring microbial communities.
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