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Abstract

Geothermal ecosystems are underexplored reservoirs of microbial diversity with significant
biogeochemical and biotechnological implications. This study presents a high-resolution metagenomic
analysis of thermophilic microbial communities in the hot mud of Linow Lake, a tropical geothermal
system in Indonesia’s Wallacea Zone a region straddling the Pacific and Mediterranean volcanic cirques.
Using 16S rRNA gene sequencing and co-occurrence network analysis, we identified a microbial
community dominated by Proteobacteria (65% Burkholderiaceae, 24.6% Corynebacteriaceae), with
novel, unclassified taxa (0.1%), highlighting the site’s unique biodiversity. Network analysis revealed
tightly clustered functional guilds, suggesting metabolic syntrophy in sulfur cycling and organic matter
degradation under extreme temperature (50-98 °C) and acidic (pH 2-4) conditions. Notably, the
dominance of Burkholderia and Corynebacterium genera implies adaptive strategies for heavy metal
resistance and bioactive compound synthesis. These findings underscore the ecosystem’s role in global
biogeochemical cycles and its untapped potential for industrial applications, including thermostable
enzyme production and bioremediation. Our work bridges critical gaps in understanding tropical
geothermal microbiomes and positions Linow Lake as a key site for exploring microbial evolution and
bioprospecting in multi-stress environments.
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INTRODUCTION

North Sulawesi, Indonesia, holds
unique scientific significance as part of the
Wallacea Zone a biogeographic transition region
between Asia and Australasia and is crossed
by two global volcanic cirques (the Pacific and
Mediterranean).’? This combination of geological
factors creates a geothermal ecosystem with
extreme physicochemical characteristics, such as
variations in temperature, pH, and mineral content
not found in other regions.® Transition zones
like Wallacea tend to harbor endemic microbial
communities with unique metabolic adaptations,
including sulfur oxidation and heavy metal
reduction capabilities.* Metagenomic research
in this area has the potential to uncover new
bacterial taxa and genes encoding thermostable

enzymes not yet recorded in global databases.*
Furthermore, the complex interactions between
the two volcanic systems may trigger the evolution
of distinct metabolic pathways, such as syntrophy
between thermophilic microbes.>®

The dominance of phyla such as
Proteobacteria and Actinobacteria in the hot
springs of North Sulawesi indicates their potential
in heavy metal bioremediation and bioactive
compound production.” Furthermore, co-
occurrence network analysis can reveal microbial
functional guilds that play a role in stabilizing
geothermal ecosystems.® These findings not
only contribute to mapping global microbial
diversity but also open up opportunities for
industrial applications, such as the development
of thermostable enzymes for bioprocessing and
biomining. Thus, metagenomic research in North

Figure 1. Research Location and Sampling of Hot Mud in the Geothermal Area of Lake Linow, Tomohon, North

Sulawesi, Indonesia
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Table 1. Physicochemical characteristics of hot mud samples from Lake Linow at different sampling stations

Parameter Station | Station Il Station Il
In situ conditions (field measurement)

Temperature (°C) 90 110 90
Color Black-grey Black Black-grey
Texture Semi-solid Semi-solid Semi-solid
Salinity 0.3 1.4 1.5
Laboratory conditions (after transport)

Temperature (°C) 37.3 36.0 37.3
pH 7.08 7.10 8.35
Dissolved oxygen (mg L?) 7.16 7.40 7.69
Color Black Brown Black
Texture Semi-solid Semi-solid Semi-solid

Sulawesi plays an important role in exploring
potentially untapped microbial resources in a
highly active geodynamic region.

Geothermal ecosystems, such as Lake
Linow in Indonesia, are extreme environments
rich in unique microbial diversity with special
adaptations to high temperatures, acidity, and
extreme mineral content.® Previous research by
the authors found nine bacterial isolates with
thermostable lipase activity from Lake Linow’s
hot mud.® The microbial communities in these
environments play a key role in biogeochemical
cycles, including sulfur, carbon, and heavy
metal cycling, which impact overall ecosystem
productivity.® However, most previous geothermal
research has focused on temperate locations
such as Yellowstone or Iceland, while tropical
geothermal ecosystems like Lake Linow remain
underexplored.!2 Metagenomic studies in
this environment are not only important for
understanding microbial ecology but also open up
opportunities to discover thermostable enzymes
and bioactive compounds with potential industrial
applications.®

16S rRNA gene-based metagenomic
analysis has become a standard approach
for characterizing microbial communities in
extreme environments.!* However, most studies
focus solely on taxonomic composition without
exploring interactions between microbes through
co-occurrence network analysis, which can reveal
mutualistic or competitive relationships within
communities. Co-occurrence networks enable
the identification of functional guilds, groups of

microbes that collaborate to perform specific
ecological functions, such as the degradation
of complex compounds or sulfur oxidation.>1®
This approach is particularly relevant for the
geothermal environment of Lake Linow, where
microbial interactions are thought to be key to
community resilience to environmental stress. In
this study, we employed a metagenomic approach
combined with co-occurrence network analysis to
decipher the bacterial profile of hot mud from the
Lake Linow geothermal area.

MATERIALS AND METHODS

Research location

Hot mud samples from the Lake Linow
exploration area in Tomohon. Samples were taken
from three locations (Figure 1). Metagenomic
analysis was conducted at the 1% BASE Laboratory,
Axil Scientific Pte. Ltd., Singapore. Total genomic
DNA isolation was conducted at the Molecular
Biology Laboratory, Faculty of Mathematics and
Natural Sciences, Manado State University.

Research Procedures
Hot Mud Extraction

Sampling was conducted in the
geothermal area of Lake Linow (1.270°N
124.827°E), Tomohon City, North Sulawesi,
Indonesia. Prior to sampling, in situ measurements
of physicochemical parameters were conducted,
including temperature, pH, electrical conductivity,
and total dissolved solids. In addition, major
dissolved minerals and metals were quantified to
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characterize the geochemical conditions of the
sampling sites (Table 1). The parameters observed
were temperature and pH. The temperature
parameter was measured using a thermometer
inserted into the mud and left for 1 minute. The
pH parameter was carried out using a pH meter
paper dipped in the water surface. Mud samples
were taken from the boiling mud area, at a
depth of 50 cm from the mud surface and then
preserved in a thermos. The mud samples were
then taken to the Molecular Biology Laboratory,
Faculty of Mathematics, Natural Sciences and
Earth Sciences, Manado State University for total
bacterial genomic isolation.'”®

Total DNA genomics extraction

Total genomic DNA from the hot mud
was extracted using the Power Soil DNA Isolation
Kit (MO BIO Laboratories, Carlsbad, CA, USA).
The procedure followed the manufacturer’s
standard protocol. The extraction results
were then quantitatively analyzed using a
Nano Drop and PicoGreen Assay to dsDNA
2000 spectrophotometer (Thermo Scientific,

1st Stage PCR

PCR Clean-Up

Reagents
Ampure XP Beads
Fresh 80% EtOH
RSB

OQutput
Post-PCR Plate

|

2nd Stage PCR

Wilmington, DE, USA). The concentration of
extracted genomic DNA was quantified using the
Quant-iT™ PicoGreen® dsDNA assay (Thermo
Fisher Scientific), following the manufacturer’s
instructions. Briefly, PicoGreen dye, which
selectively binds to double-stranded DNA, was
mixed with diluted DNA samples, and fluorescence
intensity was measured using a fluorescence
microplate reader. DNA concentrations were
calculated based on a standard curve generated
from known dsDNA standards.

Genomic DNA concentration was
primarily quantified using the Quant-iT™
PicoGreen® dsDNA assay, which is less affected by
protein, RNA, or reagent contaminants. Nanodrop
spectrophotometry was used only as a preliminary
quality control tool to assess absorbance ratios
(Figure 2).

PCR reaction

The initial PCR reaction was prepared
in 50 pL using Q5 Hot Start High Fidelity PCR 2X
Master mix according to the standard two-step
protocol recommended by the manufacturer.

PCR Clean-Up 2

Reagents
re XP Beads
Fresh 80% EtOH
RSB
Output
Post-PCR Plate

Library Quantification and
Normalization

Library Denaturing and MiSeq

Sample Loading

Figure 2. 16S rRNA gene amplification using the 2" stage PCR method
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The reaction mixture consisted of 25 pL Q5 High-
fidelity 2x master mix, 2.5 pL each of 10 uM
forward and reverse primers, 5 uL DNA template
and 15 plL Nuclease-free water. The reaction
started with an initial denaturation at 98 °C for
30 seconds followed by 35 cycles: 98 °C for 10
seconds, 68 °C for 1 minute, a final extension at 68
°C for 2 minutes and, finally, a hold at 4. The quality

and quantity of PCR products were measured
by TapeStation 4200 by Agilent Technologies
PicoGreen and Nanodrop. All successful PCR
products were then purified using AMPure XP
beads according to the lllumina metagenomic
sequencing preparation protocol (Table 2).

A second-stage PCR reaction involving
the addition of dual indices (Nextera XT i7 index

Table 2. Extraction and purification of total genomic DNA from Lake Linow Hot Mud

No. Sample PicoGreen Nanodrop A260/  A260/ Description
(ng/ul) (ng/ul) A280 A230
1 A2 20.4 23.21 1.54 0.25 Metagenomic sequencing

continued

Table 3. Quality of PCR product amplicon library

Sample Concentration (ng/ulL) Pass/Fail
PicoGreen Nanodrop
RN 75 550.18 Pass
A2 22.4 24.44 Pass
[bpl L3 (L) B6 .
10000 I ¢ S—
2000 —
3500 —
2500 o—.
1500 —
1000 e
600 p—
400 [y -
230 —
100 —
A5 S« e—

Figure 3. Sample Electrogram of PCR visualization of 165
rRNA gene in V3 and V4 areas

and Nextera XT i5 index) was prepared in 50 uL
batches. The reaction mixture included 5 pL of the
first step PCR product, 5 puL each of Nextera XT i7
and Nextera XT i5 index, 25 uL of high-fidelity 2x
master mix Q5, and 10 pL of nuclease-free water
(Table 2 and Table 3). The reaction began with
an initial denaturation at 95 °C for 3 minutes,
followed by 8 cycles of 95 °C for 30 seconds,
55 °C for 30 seconds, and 72 °C for 30 seconds,
followed by a final extension at 72 °C for 5 minutes
before holding at 40 °C. The quality and quantity
of the final product were assessed using Agilent
Technologies’ TapeStation 4200, PicoGreen, and
gPCR. These samples were normalized to 4 nM and
then pooled in equal volumes at 5 pL to yield a final
4 nM batch. The final pooled library was diluted
and then denatured to a loading concentration of
4 pM with a 10% spiked-in PhiX control according
to the protocol from lllumina and paired-end
generated in 2x300 bp format from MiSeq
(Figure 3).

Metagenomic sequencing

Metagenomic sequencing was performed
at 1% BASE Axil Scientific Pte. Ltd., (20-0200922-
D) 41 Science Park Road, #04-08, The Gemini,
Singapore Science Park I, Singapore. Amplicon
Generation: Librarian barcoded V3 amplification
was prepared using a two-step lllumina PCR
protocol. The first stage of PCR amplification
included the generation of PCR products targeting
the V3 and V4 regions, followed by a second stage
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of PCR amplification performed with a sample-
specific Illumina Nextera XT primer. A universal
primer set targeting the V3 and V4 regions, with
Illumina overhang adapters added at the 5' and 3'
ends, was used.

The V3-V4 hypervariable regions
of the 16S rRNA gene were amplified using
universal primers with Illumina adapter overhang
sequences. The forward primer sequence
(341F) was 5'-TCGTCGGCAGC GTCAGATGTGTAT
AAGAGACAGCCTACGGGNGGCWGCAG-3'
and the reverse primer sequence (805R)
was 5'-GTCTCGTGGGCTCGGAGATGTGTATA
AGAGACAGGACTACGVGGGTATCTAATCC-3'.

Table 4. Construction of 16S rRNA Library

Bioinformatics analysis

Adapter sequences were processed
using BBmap and merged using BBMerge from
the packaged BBTools suite. Chimeras were then
filtered using a search against the Greengenes
database. All QC reads were clustered into
Operational Taxonomic Units (OTUs) using UCLUST
(de novo) at a similarity of 0.97. Representative
sequences were extracted from each OTU for
taxonomic assignment using UCLUST against
the Greengenes database (release gg_13_8_99).
Before taxonomic and diversity analyses, singletons
and doubletons were removed, and samples were
rarefied to the lowest number of reads among all
samples.’® An internal reference normalization
control (RN), provided by the sequencing facility,
was included to monitor library preparation and

Sample Library PicoGreen  Molarity =~ Pass/  sequencing performance and was not derived from
Size (ng/Ul)  (Nm)Qper  Fail  environmental samples.
Method
A2 607 24.8 89.8 Pass
8
o |
e 3
g
k_Bacteriap_Protecbacteria
k__Bacteriap__| C_
k__Bacteria.p__| c_ o_|
k_Bacteriap_ o s kst |
k_Bacterap_ S .
k_ Bacteriap__Frmicutes
k__Bacteria.p__Firmicutes.c__Bacli
k_ Bacteria.p_ | c_Baclio_ |
k__Bacteria.p_ ia.c_ ia.0_ Acti 1_C I
k__Bacteria.p__Actinobacteria
k_Bacteria.p_ Actinobacteria.c_Adtinabacieria
k__Bacteria.p__/ c_. ia.o__Act
k__Bacteria.p__| a.c |
k__Bacteria.p_| ac_| o
k_Bacteriap_ o .y oy

s

Figure 4. Family level phylogeny of metagenomic sequencing results of bacteria from hot mud
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RESULTS

Extraction and purification of genomic DNA from
hot mud

Total genomic DNA extraction was
successfully performed using hot mud samples
from the Lake Linow geothermal area in Tomohon.
The genomic DNA concentration obtained was
20.4 ng/ul as measured by PicoGreen. Meanwhile,
the genomic DNA concentration measured by
Nanodrop was 23.21 ng/ul. DNA quantity suitable
for metagenomic sequencing was confirmed using
PicoGreen assay and successful PCR amplification
of the 16S rRNA gene (Table 1).

Successful amplification of the 16S rRNA
gene in the V3 and V4 regions was demonstrated
by electrophoresis, which showed a stable band
in well B6 (Figure 3). Visualization of the 16S
rRNA gene amplicon determined the need for
metagenomic PCR.

Amplicon library quality of PCR products
The results of 16S rRNA gene amplification
of the V3 and V4 regions measured with PicoGreen

k_Bacteriap_| ac_J jao_| x Wobachia
k_Bacteriap_ Protecbacteria.c_ Aiphaprotecbacteria
k_Badteriap_| o o
k_Bacteriap_| ;) o_| i
k_Bacteriap_ Fimicutes.c_ Bacli.o_Bacllales.{__Planococcaceae
k_Bacteriap_Frmicutes.c_ Back o_ Bacllales.{_ Planococcaceae.g
k_Bacteria p_ Firmicutes
k_Bacteriap_ Frmicutes.c_ Back
k_Badteriap_Frmicutes.c_ Backi.o_ Baclales
k_Bacteriap_| ia.c_ ia.0_ Acti 1
k_Bacteriap_J - Acti o_J 1 ¢
k__Bacteria.p__Actinobacteria
k_Bacteria.p_ Actinobacteria.c_ Adtinobacteria
k_Bacteriap_ Adts o fa.0_J
k_Bacteria.p_ Protecbacteria.c_ Betaproteobacteria
k_Badteriap_| | jao_|
k_Bacteriap_| ;| | |
k_Bacteriap_| c_| )_E 1!

3

showed a concentration of 22.4 ng/ul, while
measurements with Nanodrop showed 24.44 ng/
ul (Table 2). Based on metagenomic sequencing
requirements, metagenomic sequencing can be
continued (Table 3). Quality assessment of 16S
rRNA gene libraries prepared for Illumina MiSeq
sequencing. Library size and concentration were
evaluated using TapeStation 4200 and PicoGreen
assay. Libraries meeting lllumina sequencing
requirements were classified as Pass. RN denotes
an internal reference normalization control
provided by the sequencing facility and is not a
biological sample.

16S rRNA library construction

The libraries were prepared using the
Illumina 16S metagenomics library prep kit, and
their quality and quantity were determined using
the Agilent Tapestation 4200 and PicoGreen.
The 16S rRNA library size was 607 bp with a
concentration of 24.8 ng/nL, and was declared
suitable for metagenomic sequencing. Library size
(bp) was determined using Agilent TapeStation

A
or
Aoy 10100

Figure 5. Genus level phylogeny of metagenomic sequencing results of bacteria from hot mud
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4200 and represents the average fragment length
of the 16S rRNA V3-V4 amplicon libraries.

Metagenomic sequencing and cluster generation

read in metagenomic sequencing was 37,498,026.
Cluster generation and a summary of the
metagenomic sequencing implementation of mud
from the geothermal area of Lake Linow, Tomohon

Metagenomic sequencing was performed  are shown in Table 4 and Table 5.

in four reads. The total number of nucleotides
At _ Burkholderiaceae
Eﬂ ,/\\,fisurkholdenaceae
YA f__Pseudomonadaceae
E YA X t__Planococcaceae
i A X f__Staphylococcaceae

L\ X f__Corynebacteriaceae
| E A X {__Corynebacteriaceae

X t__Isosphaeraceae

A\. f__Caulobacteraceae

Abundance
a.

[\gABurkho\deria
| Eﬁ Agv_ Burkholderia
A g__Pseudomonas
[ AR
" AN X g__Staphylococcus

—] et

A % g__Corynebacterium
—F F— A X g__Corynebacterium
g

Ly

. 1
® 2
@ o2
@ 15625

b.

Figure 6. Phylogenetic tree based on 16S rRNA gene (a). Family level (b). Genus level. Colored symbols represent
different bacterial families (a) and genera (b), while symbol size indicates relative abundance based on read counts.
Triangles denote dominant taxa, whereas crosses represent less abundant taxa. Bootstrap values (>70%) are shown
at internal nodes

OTU co-occurence network of the 100 most abundant OTUs (jaccard =0.5, max distance =0.5)

® Phylum
@ p__Actinobacteria
@ p__Chloroflexi
@ p_ Firmicutes
@ p__Planctomycetes
@ p__Proteobacteria
® NA

4

Figure 7. OTU co-occurrence network results from metagenomic analysis of hot mud
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Metagenomic bacterial grouping

Based on metagenomic analysis using
the 16S rRNA gene, 15 families were found, with
the largest number of species belonging to the
Proteobacteria family (Figure 4).

Metagenomic analysis at the genus level
yielded 19 bacterial genera. The genera with the
largest number of species were Proteobacteria,
Alphaproteobacteria, Burkholderia, Actinobacteria,
Corynebacterium, and Planocococaceae (Figure 5).

Family and genus level phylogeny from
metagenomic results

The phylogenetic tree resulting from
metagenomic analysis is shown at the family and

genus levels. Both the genus and family levels show
two monophyletic groups. Based on abundance,
Corynebacterium (Family) and Corynebacterium
(Genus) show the highest abundance. The
Caulobacteraceae and Isosphaeraceae families
have not yet been identified as genera based
on gene bank data. The family- and genus-
level phylogenetic trees (Figure 6) highlight the
dominance of Burkholderiaceae and Burkholderia,
as reflected by both clustering patterns and symbol
size.

The co-occurrence network of the 100
most abundant OTUs (Operational Taxonomic
Units) in the metagenomic analysis of hot mud
from the geothermal area of Lake Linow is shown

Table 5. Metagenomic sequencing and cluster generation

Run summary for Sample A2

Level Yield Projected Total Aligned Error Rate Intensity %>=Q30
Total (G) Yield (G) (%) (%) Cycle 1

Read 1 5.02 5.02 6.46 2.76 69 76.65

53 Read 2 (1) 0.12 0.12 0 0 370 85.9

Read 3 (1) 0.12 0.12 0 0 459 88.98

Read 4 5.02 5.02 6.28 3.28 70 66.99

Non-indexed Total 10.05 10.05 6.37 3.02 70 71.82

Total 10.28 10.28 6.37 3.02 242 72.18

Total Reads Passing Filtered (PF) Reads Total % Reads Identified (Pf)

37.498.026 33.483.944 86.90

Sample ID Sample Name % Reads Identified (PF)

10461-1 A2 0.97

_

Unassigned 0.05% [

Figure 8. Krona results of metagenomic analysis of Hot Mud from Lake Linow
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in Figure 7. Each node in the network represents
one OTU (a group of microbes based on the
similarity of certain 16S rRNA gene sequences).
The lines between the dots (edges) indicate the co-
occurrence relationship between these OTUs. This
network shows how various microbes associate
with each other in a particular environment.
Connecting lines can indicate: Mutualistic/
symbiotic relationships, Overlapping ecological
niches and Metabolic dependencies. The color
distribution indicates which phylum is dominant
in the metagenomic analysis of hot mud, namely
Proteobacteria. Groups of closely connected nodes
may indicate functional guilds or groups of closely
interacting microbes.

Ahierarchy-based interactive visualization
was used to display the microbial community

composition from metagenomic analysis of hot
mud from the Linow Lake Geothermal Area.
The area or color in each segment indicates the
relative proportion of a taxon in the sample. The
genus Burkholderia (65%) dominated the hot mud
metagenomic results, although approximately
0.05% of the bacteria were not yet recorded in
the NCBI gene bank (Figure 8).

Bacterial composition at family level

The family level composition of
metagenomic analysis results based on the 16S
rRNA gene, hot mud samples found 0.1% of the
Unassigned bacterial population, which means it
has not been recorded or identified in the world’s
bacterial taxonomy system. The bacterial database
based on the 16S rRNA gene has been stored in

Legend Taxonomy % %

I Unassigned:Other:Other:Other:Other 0.1% [0.4%

-k_A h, :p__Eury c__N b :f _Methanobacteriaceae 0.0% | 0.1%
k_B ia;p__Acid ia;c__Acidob. 6:0__iii1-15:f 0.0% 0.0%

I <__Bacteria;p__Acti ia;c__A b ia;o__Actinomy f__Actinopolysporaceae 0.0% 0.0%

I <__Bacteria;p__Acti ;oA ia;0__A Y f Corynebacteriaceae 12.3% [24.6%] -[
k_B iap_A iaic_A b ia;o__A ¥ {_Dermatophilaceae 0.0%
k__Bacteria;p__A b ia;c__A ia;o__A :f_Intrasporangiaceae 0.0% 0,0%
k__Bacteria;p__Actinob ia;c__Actinobacteria:o__Acti y les:f Micrococcaceae

_ k__Bacteria;p__A iaic__A b. ia:o__A Y f_Nocardicidaceae

- k__Bacteria;p__A ia;c__A ia;o__A y f Pseudonocardiaceae

I «__Bacteria;p__A ia;c__Ci iia;o__Coriobacteriales:f _Coriobacteriaceae

- k__Bacteria;p__| c__| iiaio__F iales:f [Weeksellaceae]

J | k__Bacteria;p__ Cl fiexi;c__Th iajo__f
- k__Bacteria;p__C c_Th ia;o__JG30-KF-CM4S:f

k__Bacteria;p__Firmicutes;c__Bacilli;o__Bacillales:Other

| k__Bacteria;p__Firmicutes;c__Bacilli;o__Bacillales:f _Bacillaceae
__Bacillales:f _Planococcaceae

Staphylococcaceae

-k Bacteria;p__Firmicutes;c__Bacilli
k__Bacteria;p__Fi Bacilli

iC.

k__Bacteria;p__Firmicutes;c__| Clostndua o__Clostridiales:Other

I «<__Bacteria;p__Firmicutes:c__Clostridia:o__Clostridiales:f _Lachnospiraceae
I «__Bacteria;p__Firmicutes;c__Clostridia;o__ Closmduales £ Rummocoocaceae

P k__Bacteria;p__Pl

Y ;__F

Isosphaeraceae

f Pirellulaceae

:f _Planctomycetaceae

Caulobacteraceae

f_Bartonellaceae

- k__Bacteria;p__ Pl Y Pt ia;o__F

I «__Bacteria;p__Planctomy c_ Pl ycetia:o__Pi Y

P «__Bacteria;p__Proteob a:c__Alphaproteob ia;o__Caulob les:f
- k_B ia;p_ P iazc__Alphap b iazo__|

I <__Bacteria;p_ P iazc__Alphap b ia;o__Rhizobi

f_Bradyrhizobiaceae

I <__Eacteria;p_ P :c__Alphap: b ia;o__Rhodospirillales:f _Acetobacteraceae 0.0% [
B «<_ Bacteria;p_P P bacteria;o__ if _Rickettsiaceae 482% 0.0% |
I <__Bacteria;p__P b p ia;o__Sphing dales:;f_Sphingomonadaceae 0.0% 0.0% [
I <__Bacteria:p_ P p b. ia;o__Burkh f_Burkholderiaceae 32.5% [65.0%]
-u Bacteria:p__ P b. proteob o__Burkholderiales;f _Comamonadaceae 0.0% | 0.0%
I «<__Bacteria;p__Proteob proteobacteria:o Methylophllales f _Methylophilaceae 0.0% 0.0% [
- k__Bacteria;p__P P o__| iales:f Neisseriaceae 0.1% 0.0% [
k__Bacteria:p__P: b ia;Other;Other 0.0% 0.0%
k__Bacteria:p__P: e b ia:o__A d. f__Aeromonadaceae 0.0% 0.0%
k__Bacteria;p__P :c_G P b ;0__Enter Enterobacteriaceae 0.0% 0.1%
I «__Bacteria:p__P: ia;c__G o_Pa f_Pasteurellaceae 00% 0.0% |
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the NCBI gene bank. A total of 65% belongs to
the Burkholderiaceae family; 24.6% belongs to
the Corynebacteriacea family; 7.6% belongs to
the Planococcaceae family; 1.9% belongs to the
Caulobacteraceae family; 0.5% belongs to the
Pseudomanadaceae family and 0.1% belongs
to the Methanobacteriaceae family. Thus, the
Burkholderiaceae family is the dominant bacterial
family in hot mud samples from the geothermal
area of Lake Linow (Figure 9).

Bacterial composition at genus level

The genus level composition of
metagenomic analysis results based on the
16S rRNA gene, found 0.1% of the Unassigned
bacterial population, which means it has not been
recorded or identified in the world’s bacterial
taxonomy system. The bacterial database based
on the 16S rRNA gene has been stored in the NCBI
gene bank. A total of 24.6% are included in the

Legend Taxonomy

I Un:ssigned:Other:Other:Other:Other:Other

Corynebacteriaceae genus; 7.6% are included in
the Planococcaceae family but there is no precise
data on the genus group; 1.9% are included in the
Caulobacteraceae family and there is no precise
data on the genus group; 65% are included in
the Burkholderia genus; 0.1% are included in the
Methanobacterium genus. Thus, the Burkholderia
family is the dominant bacterial genus in hot mud
samples from the geothermal area of Lake Linow
(Figure 10).

DISCUSSION

Based on metagenomic analysis using
the 16S rRNA gene, 15 bacterial families were
found in hot mud samples from the geothermal
area of Lake Linow, with the Proteobacteria family
as the most dominant group. The dominance
of Proteobacteria indicates high adaptation to
extreme environments.?**! These Proteobacteria
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are known to have a wide metabolic diversity,
including chemolithotrophy and the ability
to survive in hot conditions and high sulfur
content.?? Several genera in Proteobacteria, such
as Thiobacillus and Acidithiobacillus, are often
found in geothermal environments due to their
ability to oxidize sulfur and iron compounds,?
which may play a role in the biogeochemical
cycle in Lake Linow. Furthermore, the presence of
other families such as Firmicutes and Chloroflexi
indicates the presence of thermophilic and
anaerobic microbes that play a role in organic
matter decomposition and the carbon cycle in
these hot environments.*

Thermophilic bacteria, including some
Proteobacteria, have evolved mechanisms to
thrive at high temperatures.”® These adaptations
involve maintaining membrane stability,
protecting nucleic acids, and ensuring protein
functionality.?®*” Thermophilic proteins exhibit
enhanced stability compared to mesophilic
counterparts, achieved through specific amino
acid compositions that minimize biosynthesis
costs and optimize chaperone activity.”® Some
thermophiles, such as those in the genus
Thermus, have been metabolically engineered
to grow anaerobically, expanding their potential
applications.? Thermophilic cyanobacteria
serve as models for studying heat tolerance in
photosynthetic organisms, offering insights into
molecular mechanisms of thermoadaptation.?
The ability to withstand high temperatures
often correlates with metal resistance, making
thermophiles valuable for various industrial
processes, including bioremediation of heavy
metal-contaminated environments.>°

These results also reveal the potential
for complex microbial interactions in the hot mud
ecosystem of the Linow Lake geothermal area.
The dominance of Proteobacteria may correlate
with nutrient availability and physicochemical
conditions, such as low pH and high temperature,
which are common in geothermal areas. The
presence of families such as Actinobacteria
and Planctomycetes suggests a role in the
degradation of complex organic compounds and
the nitrogen cycle. Further analysis using functional
prediction or complete metagenomic sequencing
approaches could reveal more details about
the active metabolic pathways, as well as their

biotechnological potential, such as thermostable
enzymes or bioremediation applications. These
findings strengthen our understanding of microbial
diversity in Indonesia's geothermal ecosystems and
their contribution to biogeochemical processes.
Metagenomic analysis of Lake Linow hot mud
samples revealed 19 bacterial genera, dominated
by the Proteobacteria (class Alphaproteobacteria)
and Burkholderia, consistent with findings
in other geothermal environments.?*? The
genus Burkholderia is widely recognized as
a group of bacteria that adapts to a wide
range of environments, including extreme
conditions such as high temperatures.®® The
genus Burkholderia is known for its adaptability
to diverse environments, including extreme
conditions like high temperatures. Burkholderia
species can survive in a variety of habitats, from
soil and water to plant tissues. Although most
Burkholderia species are mesophilic, some
members exhibit thermophilic or thermotolerant
properties.

The abundant presence of Alpha-
proteobacteria suggests an important role in the
sulfur and carbon cycles, supported by their diverse
metabolic capabilities, including chemosynthesis
and adaptation to thermophilic conditions.*® The
genus Burkholderia, known for its ability to degrade
complex organic compounds and resistance to
heavy metals, indicates potential bioremediation
in these extreme environments. One example of a
member of the genus Burkholderia is Burkholderia
thermophila. Burkholderia thermophila grows
optimally at temperatures of 50-55 °C; this
bacterium possesses genes encoding thermally
stable chaperone proteins (e.g., Hsp60).3¢ In
addition, Actinobacteria and Corynebacterium,
often associated with the production of
bioactive compounds and adaptation to acidic
environments,* as well as Planococcaceae, a group
of heat-resistant Gram-positive bacteria that play
a role in the decomposition of organic material.

The identified genus composition
reflects microbial adaptation to the extreme
physicochemical conditions of Lake Linow,
characterized by high temperatures
(68-95 °C), acidic pH (2.2-3.4), and elevated
sulfur-related minerals (Table 1). The dominance
of Proteobacteria and Alphaproteobacteria is
consistent with studies in Yellowstone (USA) and
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Iceland hot springs,* indicating the functional
conservation of geothermal microbes globally. The
presence of Actinobacteria and Planococcaceae
strengthens the hypothesis that this environment
harbors genetic diversity for thermostable
enzymes and antibacterial compounds.394°
The discovery of the genus Corynebacterium,
typically associated with soil and the rhizosphere,
suggests possible gene flow from the surrounding
environment.** Further studies through whole-
genome sequencing and metabolomic analysis
may reveal specific adaptation mechanisms and
potential biotechnological applications, such as
biomining or industrial enzyme production. These
results provide a basis for further exploration
of geothermal microbial diversity in Indonesia,
which remains underexplored compared to other
locations worldwide.

16S rRNA gene-based metagenomic
analysis of Lake Linow's thermal mud
revealed a unique microbial composition,
dominated by Burkholderiaceae (65%),
followed by Corynebacteriaceae (24.6%),
Planococcaceae (7.6%), Caulobacteraceae
(1.9%), Pseudomonadaceae (0.5%), and
Methanobacteriaceae (0.1%), with 0.1% of
the population unclassified (Unassigned). The
dominance of Burkholderiaceae is in line with
findings in other acidic geothermal environments,
where this group plays a role in sulfur cycling
and adaptation to heavy metals.*>** The high
abundance of Corynebacteriaceae, known to
produce bioactive compounds, suggests potential
bioprospecting for pharmaceutical applications.**
The presence of 0.1% "Unassigned" sequences
indicates the possibility of new taxa that have
not been recorded in the reference database,
emphasizing the importance of exploring microbial
diversity in Indonesia's geothermal ecosystems
which are still underexplored.

Co-occurrence network analysis of
the 100 most abundant OTUs in Lake Linow's
thermal mudflats revealed a complex microbial
community structure, dominated by the phylum
Proteobacteria (indicated by the node color
distribution). The observed relationship patterns,
including highly clustered node groups, suggest
the presence of ecologically interacting microbial
functional guilds, likely related to sulfur and carbon
cycling in geothermal environments. This finding

aligns with research from Yellowstone Hot Springs
(USA) that reported that Proteobacteria form a
strong co-occurrence network module, driven by
a metabolic dependence on sulfur compounds and
high temperatures.* The mutualistic relationships
among OTUs within this group may reflect
metabolic syntrophy, as observed in hydrogen
sulfide-producing microbial consortia.*® The
presence of overlapping ecological niches between
Proteobacteria OTUs and other phyla such
as Actinobacteria and Chloroflexi (different
colored nodes) indicates resource partitioning
or collaboration in the degradation of complex
organic matter.

CONCLUSION

Metagenomic analysis of Lake Linow’s
hot mud revealed a unique microbial community
dominated by the phylum Proteobacteria,
particularly the families Burkholderiaceae (65%)
and Corynebacteriaceae (24.6%), with important
roles in sulfur cycling, adaptation to extreme
conditions (high temperature, acidity, and heavy
metals), and potential for bioactive compound
production. The co-occurrence network revealed
complex interactions among OTUs, including
mutualistic relationships, ecological niche
partitioning, and metabolic interdependence,
forming functional guilds related to organic matter
degradation and inorganic compound oxidation.
The presence of 0.1% “unassigned” sequences
indicates the possibility of new, unidentified taxa,
emphasizing the importance of further exploration
using whole-genome sequencing approaches.
These findings not only enhance our understanding
of Indonesia’s underexplored geothermal microbial
diversity but also highlight its biotechnological
potential, such as thermostable enzymes from the
Planococcaceae and Actinobacteria groups, heavy
metal bioremediation by Burkholderiaceae, and
bioactive compounds from Corynebacteriaceae.
Further studies with metatranscriptomic and
metabolomic analyses are needed to uncover
the specific interaction mechanisms and practical
applications of these microbial communities.
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