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Abstract. Hot springs are natural habitats for thermophilic and hyper thermophilic microorganisms with optimal
growth temperatures. This study was conducted using a metagenomic approach to analyze the microbial
communities of Nglimut hot spring soils, Mount Ungaran. This study used an exploratory observational method.
A total of ten samples of hot spring sediment soil were taken purposively in Nglimut hot spring, Mount Ungaran.
A total of 600 grams of hot spring sediment soil samples were used for chemical analysis and 50 grams of samples
for metagenomic analysis based on 16S rRNA V3-V4 gene marker regions. The total microbiota sequences
analyzed in this study were 103,889 OTUs, consisting of 98,603 Bacteria OTUs and 5,286 Archaea OTUs. At the
phylum level, all DNA sequences of soil microbiota bacteria identified 53 phyla, dominated by Proteobacteria
(19.42%), Chloroflexi (17.21%), Nitrospirota (13.76%), Bacteroidota (7.67%) and Firmicutes (7.33%). At the
order level, 305 bacterial orders were found, dominated by Nitrospirales (12.35%), Burkholderiales (7.99%),
Rhizobiales (5.77%), Ignavibacteriales (4.06), and Anaerolineales (3.92%). A total of nine archaea phyla were
identified in the hot spring soil, dominated by Crenarchaeota (85.13%), Nanoarchaeota (7.13%) and Halobacterota
(5.58%). At the order level, 15 archaea orders were identified, dominated by Nitrosopumilales (64.08%),
Nitrososphaerales (14.39%), Woesearchaeales (7.24%), Bathyarchaeia (6.15%), and Methanosarciniales (5.07%).
The bacteria that dominate the soil of hot springs are bacteria that can survive at high temperatures (thermophilic)
and are able to utilize sulfur. The presence of archaea in hot spring soil helps increase the activity of sulfate-
reducing bacteria in sulfur-containing soils.
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INTRODUCTION Babalola (2019) revealed that soil microbes,
including archaea, bacteria, fungi, and protists are
Soil microbial diversity refers to the variety —associated with many aspects of soil quality and
and abundance of microorganisms present in soil  health. Plant composition and diversity influence
ecosystems. It includes the various species, the structure and activity of soil microbial
genera, and functional groups of bacteria, archaea, ~communities, suggesting a complex relationship
fungi, protozoa, and other microorganisms that between plants and microbes in ecosystem
inhabit the soil (Baliyarsingh et al., 2017). dynamics (Liu et al., 2022). Soil microbes,
Microbial diversity is an important aspect of soil including pathogenic microbes, are important
health and plays an important role in various soil  regulators of plant community dynamics and plant
processes and functions (Nannipieri et al., 2017).  diversity and determine plant abundance. Overall,
Soil is considered one of the most biologically  soil microbes are considered important drivers of
diverse types of ecosystems. Soil ecological plant diversity and productivity in terrestrial
functions are largely determined by the activities ecosystems (van der Heijden et al., 2008).
of soil microorganisms and regulated by relevant Hot springs are natural habitats for
interactions between genes and corresponding thermophilic and hyper thermophilic microor-
strains. Microorganisms operate at the center of ganisms with optimal growth temperatures
biological characteristics, biogeochemical pro- of >40 °C and >90 °C, respectively (Lischer et al.,
cesses, and soil ecology (Ma et al., 2018). 2020). Enzymes obtained from thermophilic
Research conducted by Odelade and microorganisms have proven to be very valuable
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as biocatalysts for industrial and biotechnological
purposes. Temperatures in hot springs usually
exceed the limits of eukaryotic life (close to
60 °C), which limits the life of bacteria and
archaea (Zeldes et al., 2015). Each hot spring
differs in terms of its temperature, chemical
composition, and temperature or light gradient.
Hot springs consist of several habitats, such as
thermal fluids, microbial mats (horizontally
stratified microbial communities), and sediments
(Rozanov et al., 2017). Thermophilic archaea,
including members of the Thermoproteales order,
are found in sulfur-rich soils (Satoh et al., 2013).
Sulfur-oxidizing bacteria such as Sulfobacillus
and Acidithiobacillus are known to inhabit hot
springs with high sulfur content, obtaining energy
from the oxidation of sulfur compounds (Hidayat
etal., 2017). In addition, sulfate-reducing bacteria
such as Desulfurella and Desulfobacter may
contribute to sulfur metabolism. Syntrophic
interactions  between  microorganisms  are
common, with some bacteria performing sulfur
oxidation while others utilize byproducts (Plugge
et al., 2011). A wide variety of microbial strata
develop in geothermal hot springs and form
unique  microbial ecosystems that are
physiologically and phylogenetically diverse
(Tamazawa et al., 2012). By identifying the
specific phyla that inhabit hot spring soils, it is
possible to better understand the functional roles
of these microorganisms and their contribution to
the overall ecosystem dynamics of hot spring soils
(Baldrian, 2017).

In the environment, microbial communities
play an important role in ecosystem function and
are involved in many important processes such as
nutrient cycling and biodegradation (Gupta et al.,
2016). As the most active element of the soil
ecosystem, microbes can quickly respond to
anthropogenic stresses, making them possible
indicators of soil quality and health (Rahman et
al., 2021). This study was conducted using a
metagenomic approach to analyze the microbial
communities of Nglimut hot spring soils, Mount
Ungaran. The data generated in this study can be
used as a marker of microbiota stability in hot
spring soil ecosystems.

METHODS

This study was conducted using an
exploratory observational method to identify the
composition of microbial communities and the
diversity of hot spring sediment soil. Sediment soil
samples were collected from Nglimut hot spring,
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Mount Ungaran, which is located in Gonoharjo
Village, Limbangan Subdistrict, Kendal Regency,
Central Java, Indonesia (S07°09'30.8"E110°19'
59.4"). Soil samples were taken during the dry
season.

Sampling of hot spring soil sediment was
carried out at 10 points with a distance between
points of 1 m starting from the source of the hot
spring towards the water flow. At each point, 500
grams were taken at a depth of 1-10 cm from the
ground surface. Sediment soil samples of hot
spring that have been taken from the location are
carried out physics and chemicals analysis in the
form of measuring temperature, humidity, color,
and soil texture.

Sedimentary soil samples from hot springs
were taken to the laboratory and stored in a
refrigerator at -20°C. Then the next day, samples
from each sampling point were put into one
container. The soil samples were then thoroughly
combined (polled) until homogeneous. After
being mixed, 50 grams of samples were put into a
250 ml test tube for metagenomic analysis. Then,
600 grams of samples were taken for chemical
compound analysis. Soil chemical analysis
includes the content of C-organic matter, N-total,
K-available, P.Os, Ca-dd, Mg-dd, Na-dd, Fe, and
S with standard methods.

DNA Isolation and Next Generation
Sequencing (NGS)

Microbial genomes were extracted from
production field soil and hot spring soil samples
using the QlAamp ZymoBIOMICS™ DNA Mini
Kit according to the manufacturer's manual.
Extracted DNA was stored in a -20°C freezer. Soil
microbial diversity and abundance were analyzed
based on 16S rRNA V3-V4 gene marker regions.
DNA amplification used the Illumina HiSeq 2500
platform for 20 cycles. The primers used were
forward primer 338F (5’-GGACTACHVGGGT
WTCTAAT-3") and reverse primer 806R (5°-
GGACTACHVGGG TWTCTAAT-3") (Holm et
al., 2019) that bind to the barcode, which is a
sequence of eight specific bases in each sample.

Sequencing Data Analysis

Metagenomic analysis of the 16s rRNA soil
microbial was performed using QIIME2 (Ver.
2019.4) (Caporaso et al., 2010). The paired-end
files were demultiplexed using the demux plugin.
Quality control was then performed on each
sample using the Dada2 plugin (Callahan et al.,
2016). The abundance and diversity index values
were analyzed with 5 diversity indices namely
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Shannon (Shannon & Weaver, 1949), Simpson
(Simpson, 1949), Chaol (Chao, 1984), ACE, and
Observed OTUs (DeSantis et al., 2006).
Furthermore, taxonomic preparation was carried
out based on the Greengenes 13 8 99% OTU
database (Bokulich et al., 2018). Heatmap
preparation using the heatmap plugin and taxa
barplot preparation using Microsoft Excel 2010
(Susanti et al., 2024).

Data analysis

Data obtained from each test were analyzed
descriptively. Analysis of microbial abundance
and diversity of each microbiome was associated
with soil chemical and physical parameters.

RESULTS AND DISCUSSION

The microclimate conditions of the Nglimut
hot spring have a neutral pH (7.04), 57% humidity
and relatively high temperature (61°C) (Table 1).
The physical condition of the hot spring soil is
gravelly clay textured and watery because it is
located in a river flow, and is brownish yellow in
color. The characteristics of the soil texture cause
the source of substrate and nutrients for bacterial
growth to be not as much as in production land.
The microbial population in the rhizosphere soil
layer is influenced by the organic matter content
of the soil. Soil conditions that lack organic matter
cause the microbial population to tend to be low
(Wahyuni et al., 2016). The vegetation found in
the hot spring soil is dominated by moss and ferns.

Based on the results of chemical analysis, the
sulfur component was detected quite high (7.86%)
(Table 1). The high sulfur content of this study is
in line with the results of previous studies. The
results of Hamzah et al.'s (2013) study showed
that sulfur levels in several hot springs in Malaysia

ranged from 6.25 to 12.86 mg/L. Sulfur levels in
hot springs at Foot of the Mountain in Sedoa
Village, North Lore District, Poso Regency ranged
from 4.5-9 mg/L (Pogoa & Tahril, 2021). Sulfur
components are needed in soil but in ideal
amounts. Sulfur acts as a component of essential
amino acids (cystine, cysteine, methionine) that
play a role in chlorophyll formation and protein
synthesis. Most of the sulfur in the soil comes
from decomposed organic matter and elemental
sulfur (sulfur powder/stone) from volcanic
activity. Water-soluble sulfur will be immediately
absorbed by plants because this element is needed
especially in young plants (Narayan et al., 2023).

The P2Os content in the Nglimut hot spring
soil of Mount Ungaran was 323 ppm (Table 1),
lower than that in the production soil of Mount
Ungaran (410 ppm) (Susanti et al., 2024). The
presence of phosphate in hot spring soil is greatly
influenced by the presence of phosphate-
solubilizing microorganisms. Bacteria dominate
about 50% as phosphate solubilizers, and most
phosphate-solubilizing microorganisms are found
in the rhizosphere (Kalayu, 2019). The rhizospere
microorganisms include the order Rhizobiales. In
line with the P,Os content, the relative number of
the Rhizospere order in this study was 5.77%
(Figure 2A), less than in the production soil of
Mount Ungaran (13.17%) (Susanti et al., 2024).
The amount of Ca-dd in hot spring soil was
16.36% (Table 1), higher than the production soil
of Mount Ungaran (10.07%) (Susanti et al., 2024).
The amount of Ca has a high correlation with the
abundance of the Firmicutes phylum (Najar et al.,
2022). The genus Anoxybacillus which is
included in the Firmicutes phylum is able to utilize
various heavy metals such as Cu, Mn, Ni, Pb, Zn
and Ca (Rawat & Joshi, 2019).

Table 1. The physics and chemical data of Nglimut hot spring, Mount Ungaran, Indonesia

Physics Parameter Value Chemical Parameter Value
pH 7.01 C-organic (%) 1.46
Moisture (%) 57 N-total (%) 0.12
Temperature (°C) 61 K-available (ppm) 132
Texture Gravelly clay P>0s (ppm) 323
Color Yellowish-brown Ca-dd (cmol/kg) 16.36
Mg-dd (cmol/kg) 4.44
Na-dd (cmol/kg) 0.38
Fe (ppm) 1.98
S (%) 7.86
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Metagenomic Analysis Results

The total microbiota sequences analyzed in
this study were 103,889 OTUs (Operational
Taxonomic Unit) (Table 2), consisting of 98,603
Bacteria OTUs and 5,286 archaea OTUs. The
number of OTUs in the hot spring microbiota is
greater than in the productive land of Mount
Ungaran, which is 66,124 OTUs (Susanti et al.,
2024). The findings show that the Bacteria domain
is more dominant than the Archaea domain in hot
spring soils. This is consistent with research that
the Bacteria domain has the highest relative
abundance in soil ecosystems. Despite their
relatively small numbers, Archaea also play an
important role in nutrient cycling and the soil
ecosystem. Some Archaea can be involved in
nitrogen, methane, and sulfur cycles, and have the
ability to survive in extreme environmental
conditions (Jung et al., 2020). The presence of
archaebacteria is as important as eubacteria.
According to Jaffe et al. (2023), archaebacteria
play an important role in environments that have
minimal oxygen content. Under these conditions,
the increased metabolism of archaebacteria will
lead to increased decomposition and turnover of
organic matter thus releasing some carbon into the
environment (Wang et al., 2014). According to
Naitam and Kaushik (2021), archaebacteria are
also involved in the biogeochemical cycle in the
rhizosphere of rice plants through organic matter
decomposition and nutrient formation.

The abundance-based coverage estimator
(ACE) and Chaol index values showed that the
microbiome in the hot spring soil was highly
abundant. The diversity value of hot spring soil is
relatively high, as shown by the Shannon index
and Simpson index values in Table 2. The high
diversity of microbiota in hot spring soil shows
that extreme soil conditions still allow the life of
various microorganisms that are able to adapt to
these conditions. Hot springs have higher sulfur
content and temperature (Table 1). Certain types
of bacteria are able to survive in the extreme
conditions of hot spring soil because they are able
to utilize sulfur content and survive at high
temperatures, so there are more diverse species
(Zhou et al., 2016). Certain types of bacteria can
survive the extreme conditions of hot spring soils
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because they are able to utilize sulfur content and
survive at high temperatures. They have special
adaptations to survive and thrive in these extreme
environmental conditions (Kochhar et al., 2022).

Table 2. Diversity index
Sequencing Results and Diversity

. Value
Indices
Operational taxonomic unit (OTUs) 103889
Observed-species 3338
Shannon Index 9187
Simpson Index 0.994
Chaol Index 3836532
ACE (abundance-based coverage 3788722
estimator)
Good’s coverage 0.990

At the phylum level, all DNA sequences of
soil microbiota bacteria identified 53 phyla. The
five microbial phyla that dominated the hot spring
soil were Proteobacteria (19.42%), Chloroflexi
(17.21%), Nitrospirota (13.76%), Bacteroidota
(7.67%) and Firmicutes (7.33%) (Figure 1A).
Proteobacteria are a very diverse microbial
phylum and can be found in various environments
including hot spring soils. The phylum Proteo-
bacteria also dominates and plays a role in soil
fertility in Rubber-Canna (Hevea brasiliensis-
Canna indica) agroforestry soils (Sasaerila et al.,
2024). Some members of Proteobacteria can break
down sulfur compounds and help in sulfur cycling
which is important for soil ecosystems (Wang et
al., 2021). The Chloroflexi phylum has a
dominance of 17.21% in hot spring soil.
Chloroflexi has an important role in oxidizing and
metabolizing sulfur compounds in hot spring soils.
Some species of the phylum Chloroflexi such as
Chloroflexus aurantiacus and Oscillochloris
trichoides can oxidize sulfur compounds and
contribute to the sulfur cycle (George et al., 2020).
In addition, some microbes in the phylum
Chloroflexi can produce the enzyme sulfur
dioxide hydrogenase which plays a role in the
breakdown of sulfur dioxide compounds
(Wasmund et al., 2017). Because of its ability to
utilize sulfur, the Chloroflexi phylum is abundant
in hot spring soils.
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Figure 1. Relative abundance (%) of bacteria (A) and archaea (B) phylum from Nglimut hot spring,

Mount Ungaran, Central Java, Indonesia

The abundance of Nitrospirota in hot spring
soil in this study reached 13.76% (Figure 1A).
Nitrospirota has the ability to perform complete
ammonia oxidation (comammox) in an environ-
ment with mesothermal conditions (Koch et al.,
2019). The thermophilic comammox Nitrospira
can survive and thrive at relatively high
temperatures ranging from 36 to 80°C (Zhang et
al., 2023). Comammaox Nitrospira grows ideally at
50-60°C (Koch et al., 2019). This is in accordance
with the temperature data on hot spring soil (61°C)
which has an ideal temperature for Nitrospirota
growth so that the bacteria are abundant in hot
spring soil. Its ability to metabolize nitrogen,
thermal adaptation, and oxidative stress in
extreme places confirm its ability to survive in the
hot spring (Bayer et al., 2021).

At the order level, the bacterial community in
the hot spring soil in this study found 305 orders.
The six highest orders were Nitrospirales
(12.35%), Burkholderiales (7.99%), Rhizobiales
(5.77%), Ignavibacteriales (4.06), Anaerolineales
(3.92%), RBG-13-54-9 (3.68%) and Cloroplast
(2.16%). Other orders such as Baciallales,
MBNT15, Gaiellales, and Clostridiales were each
found at less than 2% (Figure 2A). Nitrospirales,
including the genus Nitrospira, are chemolitho-

100 -
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£
8 60 1 = Anaerolineales
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04
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autotrophic nitrite-oxidizing bacteria (NOB) that
are widely distributed in the environment,
including hot springs (Daims et al., 2016). These
microorganisms obtain energy through nitrite
oxidation and CO. fixation, and can perform
alternative energy metabolism and complete
ammonia oxidation (comammox Nitrospira)
(Mueler et al., 2023).

The Burkholderiales order in Korean hot
springs was found to have 128 OTUs (Panda et al.,
2016), while in this study 7791 OTUs were found
(relative abundance of 7.99%) (Figure 2A).
Meanwhile, in hot spring water from Bantang
(China), the relative abundance of the
Burkholderiales order was identified as reaching
10.58% (Fang & Yan, 2022). Bacteria in the order
Burkholderiales have been reported to be involved
in pathogen suppression, and may play a role in
soil nitrogen fixation (Aguirre-von-Wobeser et
al., 2018). In addition, Burkholderiales also act as
a degrader of organic compounds, such as
pentachlorophenol and dichlorophenoxyacetate as
pesticide chemicals. Pentachlorophenol is widely
found in fungicides, herbicides, and biocides, so it
is classified as the most toxic chlorophenolic
pollutant in the environment (Tong et al., 2015).

100
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Figure 2. Relative abundance (%) of bacteria (A)and archaea (B) order from Nglimut hot spring
Mount Ungaran, Central Java, Indonesia
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In soil, the Rhizobiales order (5.77%; Figure
2A) plays a role in nitrogen fixation (Jones, 2015).
The Rhizobiales order is widely categorized as a
group of P-solubilizing and N-fixing bacteria. The
phosphate-solubilizing bacteria group plays a role
in increasing the availability of P in the soil so that
it is easily absorbed by plants while N-fixing
bacteria use N as a source of growth (Timofeeva
et al., 2023). Bacteria dominate about 50% as
phosphate  solubilizers, while fungi only
contribute 0.5%. And most phosphate-solubilizing
microorganisms are found in the rhizosphere
(Kalayu, 2019).

Order Anaerolineales (3.92%, Figure 2A) is a
thermophilic microbe (Moreno et al., 2023),
because it can survive in hot spring ecosystems.
Thermophiles are divided into three, namely
moderate  thermophiles  (optimum  growth
temperature 50-60°C), extreme thermophiles
(optimum growth temperature 60-80°C), and
hyperthermophiles (optimum growth temperature
80-110°C) (Gupta et al., 2014). According to Lee
et al. (2022) thermophilic bacteria can produce
thermostable enzymes (proteolytic, lipolytic and
amylolytic) that allow bacteria to survive at high
temperatures. In the hot springs in this study, the
temperature reached 61°C (Table 1), so it still
supports the growth of Anaerolineales. In pro-
duction land, Anaerolineales can act as a
decomposer of organic matter (Wright & Lima,
2021). As reported by Ji et al. (2018), the number
of Anaerolineales is very abundant in the process
of straw decomposition.

Order Gaiellales (<2%; Figure 2A) can cause
damage to the surrounding ecosystem through
biological processes such as the chlorination effect
on pentachlorophenol (Li et al., 2019). The results
of the study by Liang et al. (2021) showed that
Gaiellales are abundant in environments with
acidic conditions. Hot spring sediment soil in this
research has a pH value of 7.01 which is included
in neutral pH (Table 1), causing the abundance of
Gaiellales to be not too high at 1.72% (Figure 2A).

A total of nine archaea phyla were identified
in the hot spring soil, dominated by Crenarchaeota
(85.13%), Nanoarchaeota (7.13%) and Halo-
bacterota (5.58%). Other phyla such as Eury-
archaeota, Thermoplasmatota, Aenigmarchaeota,
Altiarchaeota, Micrarchaeota, and Hydrotherm-
archaeota were each found at less than 1% (Figure
1B). Some Crenarchaeota species can assist in the
degradation of organic compounds such as amino
acids and carbohydrates in hot spring soils (Song
etal., 2010). The presence of Crenarchaeota in hot
spring soils (85.13%; Figure 1B), can affect the
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composition and activity of other bacteria and
fungi in the soil (Koéhler et al., 2023). The
presence of Crenarchaeota can increase the
activity of sulfate-reducing bacteria in sulfuric
soils (Balk et al., 2015). Nanoarchaeota (7.13%;
Figure 1B) are small cells that depend on other
archaeal cells for their growth and replication.
Nanoarchaeota were originally discovered in
marine hydrothermal environments and hot
springs. Species in the order Nanoarchaeota are
obligate ectobionts, with different host species
(Munson-McGee et al., 2020).

At the order level, the archaebacteria
community in the hot spring soil microbiota in this
study found 15 orders, dominated by Nitroso-
pumilales (64.08%), Nitrososphaerales (14.39%),
Woesearchaeales (7.24%), Bathyarchaeia (6.15%)
and Methanosarciniales (5.07%). Other orders
were each found at less than 1% (Figure 2B).
Nitrosopumilales (64.08%; Figure 2B) are
thermophilic archaea (Jia et al., 2014). The water
and soil temperatures at the hot springs in this
study were 61°C (Table 1), thus supporting the
growth of thermophilic bacteria. Nitrosopumilales
is mesophilic to moderately thermophilic, capable
of aerobically oxidizing ammonia, and some of
them are able to use urea as a substrate. The
Nitrosopumilales is also autotrophic, fixing CO-
via the 3-hydroxy-propionate/4-hydroxybutyrate
pathway (Qin et al., 2016). The relative abundance
of the Nitroso-sphaerales in this study was 14.39%
(Figure 2B). Nitrososphaerales is mesophilic
(Araujo et al., 2018), shows chemolitho-
autotrophic  metabolism  through ammonia
oxidation and CO; fixation (Kerou et al., 2015),
and is able to oxidize ammonia to obtain energy
(Mutschlechner et al., 2020). Ammonia oxidizing
bacteria play a role in the nitrification process,
releasing NO3; and NO; which can be used by
plants (Hu et al., 2014).

The abundance of Woesearchaeales in the hot
spring in this study was 7.24% (Figure 2B).
Woesearchaeales can live in various environments
such as groundwater (Castelle et al., 2015),
surface water (Ortiz-Alvarez & Casamayor,
2016), activated sludge (Xu et al., 2017), and
wetlands (Long et al., 2016). Woesearchaeales
have the ability to activate carbon and hydrogen
metabolism in low oxygen conditions (Castelle et
al., 2015). According to Liu et al. (2018), oxygen
availability is one of the determining factors in the
abundance of Woesearchaeales. The Methano-
sarcinales order includes anaerobic methanogens,
so it is found in large numbers in low-oxygen
environments (Crevecoeur et al., 2016). Oxygen
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in the environment is limited because the soil is
always flooded, greatly supporting the growth of
anaerobic microbes (Hu et al., 2013). The an-
aerobic decomposition process of organic matter
by Methanosarcinales produces methane gas
(Buan, 2018). Synthesizing methane is a necessity
for methanogenic microbes, carried out to save
energy using the Wolfe Cycle (Thauer, 2012).
The important findings of this study are the
characteristics of the microbial community in the
Ngimut hot spring of Mount Ungaran and its role
in the ecosystem. The microbial community can
be further used to understand the dynamics and
adaptation of microbes, the reciprocal relationship
between microbes and the environment, and to
find microbial enzymes that can be utilized for
industry, agriculture and the environment.

CONCLUSION

The hot spring soil microbiota is more
dominated by the Bacteria domain than the
Archaea domain. The bacteria that dominate the
soil hot springs are bacteria that can survive at
high temperatures (thermophilic) and are able to
utilize sulfur. The presence of archaea in hot
spring soil helps increase the activity of sulfate-
reducing bacteria in sulfur-containing soils. It is
necessary to further explore the thermophilic
enzymes produced by microbes in hot springs for
the development of modern biotechnology.
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