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Abstract

The biodegradation of polymeric plastics using biological agents has gained increasing interest. Thermophilic bacteria
are particularly attractive as elevated temperatures weaken polymer structures, enhance substrate diffusion, and stimulate
enzyme activity, thereby accelerating degradation. This study examined the thermophilic microbial degradation of poly-
vinyl chloride (PVC) by isolating, screening, and characterising effective PVC-degrading bacteria from three Malaysian
hot springs. Sediment (50 g) and surface water (250 mL, 0—10 cm depth) were collected aseptically from three sites per
hot spring. Physicochemical parameters (pH, temperature, salinity) were measured in triplicate. Samples were enriched in
CFSM medium containing 0.1% (w/v) PVC powder and incubated at 55 °C for one week. Cultures were diluted and spread
on carbon-free synthetic medium (CFSM) agar with PVC for viable counts. Isolates were screened using clear zone and
bacterial adhesion to hydrocarbon (BATH) assays. Selected strains underwent 16 S rRNA sequencing, phylogenetic analy-
sis, and RNA secondary structure prediction. Paku hot spring exhibited the highest bacterial density (5.49+0.01 logie CFU/
mL), highest pH (6.40+0.22), and lowest temperature (37.87+1.21 °C), classifying it as a thermal neutral spring. Panchor
was a hyperthermal weak acid spring (pH 5.36+0.07; 42.33+1.01 °C), while Ayer Hangat was hyperthermal neutral with
the highest salinity (28.20-28.37 ppt). From 288 isolates, 264 produced clearance zones (10-25 mm). Hydrophobicity
analysis revealed 167 hydrophilic, 85 moderately hydrophobic, and 10 strongly hydrophobic isolates. Molecular identi-
fication confirmed Brevibacillus thermoruber (n=1) and Anoxybacillus rupiensis (n=9). In conclusion, the thermophilic
bacterial isolates from three Malaysian hot springs demonstrated preliminary indications of PVC-interacting capability via
clear zone formation and hydrophobicity. These isolates require further validation through quantitative degradation assays to
reveal the PVC-degrading potential, underscoring their promise for plastic biodegradation and environmental remediation.
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Introduction considerable attention in the research community. Biodegra-

dation is recognised as a promising, cost-effective and effi-
In recent years, the study of biodegradation and valorisa-  cient strategy for addressing the environmental challenges
tion of plastic polymer wastes using organisms such as bac-  posed by persistent polymer wastes (Havaei et al. 2025).

teria, fungi, thermophiles, and vermicompost has gained  This process involves the decomposition of recalcitrant,
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hazardous, and large polymer molecules by living organisms
under favourable conditions through physical, chemical,
or enzymatic mechanisms to convert them into non-toxic,
lower molecular weight oligomers and monomers that can
be returned into the biogeochemical cycle (Atanasova et al.
2021). Despite its potential, previous studies have shown
that the microbial degradation of synthetic polymers is often
slow and inconsistent, making it less viable for immediate
industrial applications compared to other waste manage-
ment strategies. Hence, there is ongoing research to identify
more efficient microbes and methods to tackle the bioaccu-
mulation of polymer waste.

Thermophilic bacteria, capable of thriving at 45-122 °C,
are promising candidates for plastic biodegradation (Toh et
al. 2023). They occur in diverse high-temperature environ-
ments, including geothermal systems, hydrothermal vents,
terrestrial hot springs, volcanoes, and even engineered sites
like composting facilities and steam plants (Orellana et al.
2018). Elevated temperatures weaken polymer structures,
increase organic compound diffusion, and enhance enzyme
turnover, while also lowering culture viscosity and limiting
contamination by mesophiles (Ahmed et al. 2018). Bio-
degradation typically initiates in the amorphous polymer
regions, where chain mobility is restricted at lower tem-
peratures (James-Pearson et al. 2023). The chain flexibil-
ity hypothesis suggests that higher temperatures increase
polymer mobility, improving enzyme—substrate interactions
and accelerating degradation (James-Pearson et al. 2023).
These combined factors underscore the advantages of ther-
mophiles in valorising recalcitrant polymers such as PVC
waste.

Thermophilic bacteria have shown considerable prom-
ise in biodegradation research, offering valuable insights
into their efficacy and underlying mechanisms. Thermo-
philic polymer bio-degraders have been isolated from
various environment, including hot springs (Valdez-Nuiez
and Rivera-Jacinto 2024), cow dung (Skariyachan et al.
2017), sewage treatment plants (Skariyachan et al. 2018),
compost (Dang et al. 2018), soil (Mahdi et al. 2016), col-
lection of microorganism (Jarerat and Tokiwa 2001), and
plastic waste disposal site (Hadad et al. 2005). These ther-
mophilic bacteria have demonstrated the ability to degrade
hydrocarbons such as crude oils (Meintanis et al. 2006), low
and high-density polyethylene (LDPE and HDPE) (Akarsu
et al. 2023), and polyethylene terephthalate (PET) (Valdez-
Nufiez and Rivera-Jacinto 2024). PVC is particularly dif-
ficult to degrade compared with other plastic such as PET or
polyethylene (PE) due to its chlorinated polymer structure
(Huang et al. 2025), which resists enzymatic attack and can
generate inhibitory chlorinated by-products during break-
down. The resistance of PVC arises from the incorporation
of chlorine within the polymer chain, which strengthens
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carbon—chlorine bonds, limits polymer flexibility, and can
result in the release of degradation products that suppress
microbial and enzymatic activity.

Despite the potential for biodegradation of PVC polymer
wastes due to its high amorphous content, which enhances
its susceptibility to enzymatic degradation by making it
more loosely packed and water-accessible, research on the
thermophilic biodegradation of PVC wastes remains scarce.
A recent study on PVC biodegradation using vermibacteria
from the guts of earthworms reported the highest chloride
production at 50.0 °C in the presence of sucrose and yeast
extract (Andleeb et al. 2025), suggesting the feasibility of
PVC biodegradation at elevated temperature with thermo-
philic bacteria. Although earthworm-associated microbiota
is typically mesophilic, the observed activity at elevated
temperature indicates the presence of thermotolerant bacte-
rial members or enzymes capable of functioning under near-
thermophilic conditions, thereby supporting the possibility
of extending PVC biodegradation strategies to thermophilic
systems. Nonetheless, bacterial PVC biodegradation under
mesophilic conditions remains limited, as PVC exhibits high
resistance to microbial attack despite its amorphous frac-
tion, owing to the absence of readily cleavable functional
groups commonly found in other plastics. Consequently,
thermophilic approaches employing elevated temperatures
are explored to enhance polymer chain mobility and improve
the accessibility of PVC to microbial and enzymatic action.
Hence, this study aimed to address the knowledge gap in the
thermophilic microbial biodegradation of PVC by isolating,
screening, and characterisation of the effective PVC-degrad-
ing bacteria from hot springs in Malaysia.

Materials and methods/methodology
Materials and chemicals

Vinyl chloride (polymer) powder (average degree of poly-
merisation=1000-1060) and solvents used for the enrich-
ment and clear zone assays was acquired from Nacalai
Tesque, Kyoto, Japan. The chemicals used in this study
are ACS grade and were purchased from Sigma-Aldrich
Merck (Darmstadt, Germany) and Thermo Fisher Scientific
(United Stated).

Sampling sites

The hot springs selected were Panchor hot spring
(1°15°14.8"N  110°27°04.4"E) and Paku hot spring
(1°25°06.5"N 110°11°55.9"E) from Sarawak, Borneo and
Ayer Hangat Village (6°25°20.4"N 99°48°45.9"E) from
Kedah as shown in Fig. 1.
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Fig. 1 Sampling sites for hot spring water and sediments. Red marks indicate the selected sampling sites in Langkawi, Kedah and Kuching, Sar-
awak. A, Ayer Hangat Village; B, Paku hot spring; C, Panchor hot spring; D, Satellite map of Malaysia.(Source: Map Maker)

Water and sediment soil sampling from hot springs

Approximately 50 g of sediment and 250 mL of surface
water samples (0—-10 cm depth) were aseptically collected
at three random locations from both the heat source and dis-
charge area of each hot spring (Leong et al. 2018). Physi-
cochemical parameters of the hot springs, including pH,
temperature, and salinity, were measured in triplicate on site
to characterise the native habitat of the PVC-degrading ther-
mophilic bacteria. Sediment samples were stored in sterile
bags, while water samples were collected in insulated ther-
mal to maintain their temperature during transport to the
laboratory for further analysis.

Media preparation

The medium employed for the enrichment, isolation, and
preservation of thermophilic bacterial strains was the

customized liquid carbon-free synthetic medium (LCFSM),
prepared in accordance with Maheswaran et al. (2024) as fol-
low (g/L of distilled water): ammonium nitrate (NH,NOs),
1.0; magnesium sulfate heptahydrate (MgSO,.7H,0), 0.2;
potassium dihydrogen phosphate (K,HPO,), 1.0; calcium
chloride, dihydrate (CaCl,.2H,0), 0.1; potassium chloride
(KCl), 0.15; yeast extract, 0.1 and micronutrients for 1.0 mg
L-1 of each of the following: iron(Il) sulfate hexahydrate
(FeSO,.6H,0), zinc sulfate heptahydrate (ZnSO,.7H,0)
and manganese sulfate (MnSO,).

Enrichment and isolation of PVC-degrading bacteria

About | g of sediment or 10 mL of water sample was inocu-
lated into 90 mL of 0.1% (w/v) PVC powder-supplemented
LCFSM in 250 mL Erlenmeyer flasks, prepared in triplicate
(Maheswaran et al. 2024). Negative controls included unin-
oculated LCFSM or LCFSM inoculated with sterile distilled
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water. Cultures were incubated at 55 °C, 100 rpm, for one
week, then serially diluted (up to 1072) in PBS and spread on
CFSM agar with 0.1% PVC powder. Plates were sealed with
plastic wrap and incubated at 55 °C for five days with a bea-
ker of distilled water to maintain humidity. Colony-forming
units (CFU) were counted, and single colonies were puri-
fied on CFSM agar. Pure isolates were preserved on CFSM
slants and in glycerol stocks for further analysis.

Screening of PVC-degrading bacteria
Clear zone assay

Thermophilic isolates were cultured in LCFSM with 0.1%
PVC powder to early stationary phase, adjusted to 0.5
McFarland at OD600 (UV-1900i Plus, Shimadzu). CFSM
agar plates (20 mL, 0.1% PVC) were sectioned and 8 mm
wells prepared, each inoculated with 100 pL of culture; ster-
ile LCFSM served as control. Isolates were also streaked on
PVC-supplemented plates. Following incubation at 55 °C
for 72 h, plates were stained with 0.1% Coomassie Brilliant
Blue R-250 (40% methanol, 10% acetic acid) for 20 min
and repeatedly de-stained. Clear zones were visualised
against the blue background and measured with callipers
(Gupta and Devi 2017).

Evaluation of cell hydrophobicity of the thermophilic
bacterial isolates

Cell surface hydrophobicity of thermophilic isolates was
assessed using a modified BATH assay (May et al. 2019).
Strains grown to early stationary phase in nutrient broth were
harvested (10,000 rpm, 15 min), washed thrice with PUM
buffer (hydrogen phosphate (K:HPOa, 17.0 g/L), potassium
dihydrogen phosphate (KH2PO., 7.26 g/L), urea (1.8 g/L),
and magnesium sulfate heptahydrate (MgSO+7 HO,
0.2 g/L); pH 7.1, 0.2 pm-filtered), and resuspended to ODaoo
= 1.0 (UV-1900i Plus, Shimadzu). Suspensions (1.5 mL)
were mixed with 0.3 mL n-hexadecane, incubated at 55 °C
for 10 min, homogenised 10 min, then incubated 1 h. After
phase separation (15 min), ODa4oo of the aqueous phase was
measured, with PUM as blank. Hydrophobicity (%) was
calculated as [(ODinitial — ODaqueous)/ODinitial] x 100.
Strains were classified as strongly hydrophobic (>50%),
moderately hydrophobic (20-50%), or hydrophilic (<20%).
All assays were triplicated, and results are mean values.

DNA extraction and full-length 16 S rRNA
sequencing

Isolates meeting both selection criteria as clear zone forma-
tion and cell surface hydrophobicity exceeding 50% were
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proceed to DNA extraction and full-length 16S rRNA gene
sequencing for taxonomic identification. About 0.25 mg
of thermophilic biomass was suspended in DNA/RNA
Shield and disrupted in 2.0 mL screw-cap tubes contain-
ing 0.1 mm glass beads by vortexing at maximum speed
for 30 min, followed by centrifugation (10,000 x g, 5
min). DNA was extracted from the supernatant using the
Zymobiomics DNA Extraction Kit (Zymo Research, USA).
DNA integrity and quality were assessed prior to sequenc-
ing by agarose gel electrophoresis and spectrophotomet-
ric analysis (A260/A280 and A260/A230 ratios), and only
samples showing intact high-molecular-weight DNA and
acceptable purity were used for downstream sequencing.
The 16S rRNA V1-V9 region was amplified with primers
27F (5’-AGRGTTYGATYMTGGCTCAG-3") and 1492R
(5’-GGYTACCTTGTTACGACTT-3"). PCR reactions (25
pL) contained 1 uL genomic DNA, 1x Rediant II PCR Mas-
ter Mix (Apical Scientific, Malaysia), and 0.25 uM of each
primer (Leong et al. 2020). Cycling was 95 °C (3 min), then
30 cycles of 95 °C (30 s), 50 °C (30 s), 72 °C (90 s), with
final extension at 72 °C (1 min). Amplicons were checked
on 1% agarose, purified with 0.6x SPRI beads, and prepared
using the LSK114 kit (Oxford Nanopore Technologies,
UK). Sequencing was performed on a Flongle R10.4.1 flow
cell for 24 h. Base calling, adapter trimming, and demul-
tiplexing were done with Dorado v0.8.3 (dna r10.4.1_
€8.2 400bps_sup@v5.0.0).

Consensus construction and phylogenetic analysis

Primer sequences were trimmed from the demultiplexed
reads using Cutadapt v4.6, with a maximum permissible
error rate of 0.15. After primer excision, the reads were
processed using NGSpeciesID v3.0 to produce full-length
16 S rRNA consensus sequences for each sample. These
consensus sequences were subsequently queried against
the GreenGene2 database employing Nucleotide Basic
Local Alignment Search Tool (BLASTn). The top BLASTn
hits, along with the retrieved 16 S rRNA sequences, were
aligned using MAFFT v7.0. The resulting alignment was
utilised to construct a maximum-likelihood phylogenetic
tree using FastTreeMP (-generalised time-reversible model
-nucleotide).

RNA secondary structures prediction

The RNA secondary structure of the identified thermo-
philic bacteria was predicted (Skariyachan et al. 2017). The
obtained 16 S rDNA sequences of the ten thermophilic bac-
terial isolates were folded using RNAfold web server ver-
sion 2.6.3 (http://rna.tbi.univie.ac.at//cgi-bin/RNAWebSuite
/RNAfold.cgi) to examine the predicted secondary structure
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and to analyse the structural stability in terms of Gibbs’s
free energy. Thel6S rDNA sequences were submitted to
the RNAfold web server, and the parameters such as fold-
ing constraints, dangling end options, modified bases, fold
algorithm and basic options were fixed and using the default
settings. The folding process was carried out using RNA
parameters (Andronescu Model) at 37 °C and under ionic
conditions of 1 M NaCl deprived of divalent ions.

Results

Water physicochemical parameters of the hot
springs

The Paku hot spring pool showed the highest pH
(6.40+0.22), whereas the Panchor source recorded the low-
est (5.36+£0.07; p<0.05) (Table 1). Temperature ranged
from 37.87+1.21 °C at Paku (the lowest) to 42.33+1.01 °C
at Panchor (the highest), with Paku differing significantly
from both Panchor (p=0.043) and Ayer Hangat Village
(»=0.001). Salinity was highest in Ayer Hangat Village
(28.37+0.06-28.20+0.10 ppt; p<0.05), contrasting with

near-zero values in Paku and Panchor. According to the clas-
sification of Simon et al. (2019), Paku is a thermal neutral
spring, Ayer Hangat Village a hyperthermal neutral spring,
and Panchor a hyperthermal weak acid spring.

PVC-degrading bacteria isolation

The thermophilic bacterial counts, expressed in log;, col-
ony-forming units per millilitre (log;, CFU/mL) for each
sampling site, are presented in Table 2. The mean differ-
ence in log;, CFU/mL at Ayer Hangat Village hot spring
was statistically significant at 0.05 level when compared
to both Panchor (»p=0.000, p<0.05) and Paku (p=0.005,
»<0.05) hot spring. Among the sites, SPK(SD)M1 exhib-
ited the highest log,, CFU/mL, with a count of 5.49+0.01
log,, CFU/mL, followed by SPK(SD)M2 with 5.38+0.01
log,, CFU/mL, and LAH(SD)B1 with 5.37+0.01 log,,
CFU/mL. Conversely, the site SPC(W)P3 exhibited the
lowest bacterial counts, with 4.01+0.06 log;, CFU/mL,
followed by SPK(W)M1 and SPC(SD)M2, which recorded
4.26+0.04 and 4.2940.06 log,, CFU/mL, respectively. The
mean difference in log;, CFU/mL between water and sedi-
ment samples collected was statistically significant at 0.05

Table 1 Water physicochemical parameters of Panchor, Paku and Ayer Hangat Village hot spring, Malaysia

Water Physicochemical Parameters Panchor hot spring Paku hot spring Ayer Hangat Village hot spring
Source Pool Source Pool Source Pool

pH 5.36+0.07 * 5.71+0.19% 6.15+0.11° 6.40+0.22° 6.26+0.05° 6.26+0.06 "

Temperature (°C) 4233+1.01% 3920+1.21°%  38.17+0.06° 37.87+0.06°  40.20£0.85%  40.78+0.55°

Salinity (ppt) 0.10+0.00 0.13+0.06 0.17+0.06 * 0.20+0.10 28.37+0.06°  28.20+0.10°

a Different lowercase letters within a row indicate significant differences among the sampling sites for pH, temperature and salinity (Tukey
HSD and Bonferroni post hoc tests: P<0.05); Each value represents the average (£ SE) of 3 replicates

Table 2 Bacterial counts expressed in log;, CFU/mL at 102 dilution factor after enrichment culture

Sample source Panchor hot Log,, CFU/mL Paku hot spring *

Log,, CFU/mL Ayer Hangat Village Log;, CFU/mL Total

spring hot spring °
Water SPC(W)M1 4.83+0.01 SPK(W)M1 4.26+0.04 LAH(W)J1 5.32+0.01 4.84+0.37%
SPC(W)M2 4.88+0.01 SPK(W)M2 4.64+0.02 LAH(W)J2 5.18+£0.01
SPC(W)M3 5.01+0.01 SPK(W)M3 4.40+0.03 LAH(W)J3 5.34+0.01
SPC(W)P1 4.47+0.02 SPK(W)P1 4.68+0.02 LAH(W)B1 5.19+0.01
SPC(W)P2 4.72+0.01 SPK(W)P2 5.01+0.01 LAH(W)B2 5.11+0.01
SPC(W)P3 4.01+0.06 SPK(W)P3 5.0540.03 LAH(W)B3 5.06+0.04
Sediment SPC(SD)M1 4.93+0.01 SPK(SD)M1 5.49+0.01 LAH(SD)J1 4.87+0.02 5.08+0.298
SPC(SD)M2 4.29+0.06 SPK(SD)M2 5.38+0.01 LAH(SD)J2 5.05+£0.02
SPC(SD)M3 4.75+0.01 SPK(SD)M3 4.93+0.01 LAH(SD)J3 5.16+0.02
SPC(SD)P1 5.33+0.01 SPK(SD)P1 5.26+0.02 LAH(SD)B1 5.37+0.01
SPC(SD)P2 4.77+0.02 SPK(SD)P2 5.15+0.01 LAH(SD)B2 5.20+0.01
SPC(SD)P3 5.36+0.01 SPK(SD)P3 5.03+0.02 LAH(SD)B3 5.04+0.01

Note: SPC, Sarawak Panchor hot spring; SPK, Sarawak Paku hot spring; LAH, Langkawi Ayer Hangat Village hot spring; W, water; SD, sedi-

ment; M, main source; P, Pool; J, Jantan; B, Betina

3 Mean difference in log,, CFU/mL at Ayer Hangat Village hot spring is statistically significant at 0.05 level when compared to both Panchor
and Paku hot spring using ANOVA Games-Howell post hoc test (equal variances not assumed from Levene test and further confirmed by equal-
ity of means using Welch test). B Mean difference in log,, CFU/mL is statistically significant at 0.05 level when compared to both water and
sediment samples. Each value represents the average (£ SE) of 3 replicates
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level. Subsequently, eight random bacterial colonies were
isolated and purified from each sampling sites by streaking
onto new CFSM agar plates supplemented with 0.1% (w/v)
PVC powder. A total of 288 thermophilic bacterial colonies
were isolated for further analysis.

Clear zone assay

In the present study, 264 out of 288 thermophilic bacterial
isolates tested demonstrated clear zone formation around the
bacterial colonies, confirming the PVC-decomposing capa-
bility of these bacterial strains. Figure 2A and C illustrated
examples of clear zone formation observed around the ther-
mophilic bacterial strains following the application of 0.1%
(w/v) Coomassie blue R-250 solution to the agar plates, indi-
cating the utilisation of PVC powder as the carbon source.
Figures 2D and F and 3 illustrate the measurement of the
clear zone size around the agar wells. As depicted in Fig. 3,
most clear zone sizes were predominantly ranged from 10
to 25 mm range, with a median size of 14.67 mm. The larg-
est clear zone was recorded by SPK(SD)P3(5), measuring
41.67+0.90 mm in diameter, followed by SPC(SD)M2(4)
at 28.00+0.87 mm, SPK(W)M2(2) at 27.67+0.42 mm,
SPK(W)M2(3) at 27.33+0.59 mm, and SPK(SD)P2(1) at
27.00+1.91 mm.

Evaluation of cell hydrophobicity

Figure 4 illustrates that approximately 95 thermophilic
bacterial isolates exhibited a cell hydrophobicity percent-
age exceeding 20%, as indicated in the labels. Among these
labelled isolates, those with higher cell hydrophobicity are

Fig. 2 Clear zone formation was
observed around the thermophilic
bacterial strains following the
application of a 0.1% (w/v) CBB
R-250 solution to the agar plates.
Ato C: clear zones of varying
intensity were noted in contrast to
the agar background surrounding
the streaking lines and bacte-

rial colonies; D to F illustrate
examples of clear zone measure-
ment around the agar well after
inoculated with standardised
thermophilic bacterial culture
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represented with thicker bar widths and higher radial label
positions. The degree of cell hydrophobicity is categorised
into three categories: strongly hydrophobic, moderately
hydrophobic, and hydrophilic, corresponding to percentage
adhesion values of >50%, 20-50% and <20%, respectively
(De Souza et al. 2019). In this study, 167 thermophilic bac-
terial isolates with cell hydrophobicity below 20% were
categorised as hydrophilic, 85 isolates as moderately hydro-
phobic, and 10 isolates with cell hydrophobicity percent-
ages exceeding 50% as strongly hydrophobic. The highest
cell hydrophobicity percentage was observed in SPK(SD)
M3(6), which demonstrated a 79.2% reduction in culture
turbidity, followed by SPK(W)M3(3) (77.15%), SPC(W)
M3(3) (76.95%), LAH(W)J2(4) (76.40%), LAH(W)J2(6)
(74.95%), and SPC(W)M2(3) (73.33%).

PVC-degrading bacteria identification

Total of 10 isolates with clear zone and cell hydrophobic-
ity percentages exceeding 50% were undergone molecular
identification. Full-length 16 S rRNA (V1-V9) sequencing
of ten isolates (1476—1477 bp) identified one Brevibacillus
thermoruber and nine Anoxybacillus rupiensis (Table 3).
Phylogenetic analysis (MAFFT alignment, FastTreeMP)
revealed polymorphic variations among the A. rupiensis
isolates (Fig. 4).

16 S rDNA gene sequence folding prediction

The 16S rRNA folding was predicted to assess the thermo-
dynamic stability of the gene sequence. The minimum free
energy (MFE), ensemble energy, MFE frequency, ensemble
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Fig. 3 Scatter plot for the size of clear zone formation around the agar
well inoculated with the thermophilic bacterial isolates. The size of the
clear zone formation recorded the median at 14.67 mm. The largest

diversity, and centroid energy of the predicted 16 S rRNA
structure are detailed in Table 4. The prediction reveals that
the Gibb’s free energy for the 16 S rRNA folding of thermo-
philic bacterial isolates, despite the absence of a minimum
free energy (MFE) representation due to a 0.000% MFE
frequency. This 0.000% ensemble frequency of the MFE
structure suggests that, although it is theoretically optimal,
this structure cannot be sampled under thermodynamic
equilibrium.

In this study, it was observed that the Gibb’s free
energy of 16 S rRNA folding for LAH(W)J2(4) was
the lowest, predicted at —601.440 kcal/mol This was
followed by SPC(W)M2(3) with a predicted value of
—596.400 kcal/mol and LAH(W)J2(8) at —=594.900 kcal/
mol. Interestingly, both LAH(W)J2(6) and SPK(SD)
M3(6) exhibited identical Gibb’s free energy of
—593.420 kcal/mol. Furthermore, the Gibb’s free energy
for LAH(WIJ3(6), SPC(SD)M1(5), SPC(SD)P3(4),
SPC(W)M3(3), and SPK(W)M3(3) was consistently pre-
dicted at —592.120 kcal/mol.

size of clear zone was observed in isolates SPK(SD)P3(5), followed by
SPC(SD)M2(4), SPK(W)M2(2), SPK(W)M2(3), and SPK(SD)P2(1).
Each value represents the average (+SD) of three replicates

Discussions

Physicochemical parameters such as temperature, pH, and
salinity are key determinants of bacterial community struc-
ture, as many taxa are restricted to specific ranges of these
factors (Ortega-Villar et al. 2024). Understanding these
natural conditions enables researchers to design culture
media and incubation systems that mimic hot spring envi-
ronments, which is essential for large-scale cultivation of
thermophiles.

Unlike typical freshwater hot springs, the Ayer Hangat
hot spring contains brackish to saline water due to its
coastal proximity and low elevation (3 m above sea level)
(Baioumy et al. 2015). Its salinity is considered rare among
global hot springs and has been linked to seawater intru-
sion through the Kisap thrust fault, resulting in elevated sul-
fate, sodium, magnesium, potassium, chloride, and calcium
compared with other Malaysian springs (Baioumy et al.
2015). The elevated salinity observed at Ayer Hangat Vil-
lage (28.20-28.37 ppt) (Table 1) may act as an additional
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Fig. 4 Bacterial cell hydrophobicity percentage of thermophilic bacte-
rial isolates. Thermophilic bacterial isolates with cell hydrophobicity
below 20% are not included in the labelling. Conversely, those isolates

selective pressure influencing the composition and diver-
sity of thermophilic microbial communities by osmotic
stress and altering microbial interactions (Gao et al. 2024).
Halotolerant thermophiles are likely favoured under these
conditions, which could affect both growth dynamics and
metabolic capabilities, including polymer degradation.
Consequently, isolates from high-salinity sites may possess
adaptive traits, such as enhanced extracellular enzymes,
that could influence PVC adhesion and biodegradation effi-
ciency. These physicochemical insights are critical for both
microbial ecology studies and the development of optimised
laboratory protocols for thermophilic bacteria.

@ Springer

exhibiting higher cell hydrophobicity are represented with a thicker
bar width and a higher radial label position

Spread plating of enriched cultures at a 1072 dilution
yielded relatively low bacterial counts on CFSM agar con-
taining 0.1% (w/v) PVC, suggesting limited thermophile
adaptation to PVC as a sole carbon source, consistent with
reports on the rarity of PVC-degrading thermophiles (Patil
and Bagde 2012). Sediment-enriched samples showed
slightly higher counts than water-enriched ones, likely due
to sediments providing organic matter, physical protection,
and stable niches for bacterial growth. Elevated incubation
also activated dormant thermophilic spores in sediments,
enhancing bacterial proliferation and organic matter miner-
alisation (Hubert et al. 2010).
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Table 3 Summary of top BLASTn hits against the GreenGenes2 data-
base

Thermophilic =~ BLASTn % % query  Accession
Bacterial Hit Identity coverage Number
Strains

LAH(W)J2(4)

Brevi- 96.307 97 VKIN01000044.1
bacillus
thermo-
ruber

LAH(W)J2(6)  Anoxy-  100.000 100 CP047158.1
bacillus
rupiensis

LAH(W)J2(8)  Anoxy- 99.932 100 CP047158.1
bacillus
rupiensis

LAH(WIJ3(6)  Anoxy- 100.000 100 CP047158.1
bacillus
rupiensis

SPC(SD)M1(5) Anoxy-  100.000 100 CP047158.1
bacillus
rupiensis

SPC(SD)P3(4) Anoxy- 100.000 100 CP047158.1
bacillus
rupiensis

SPC(W)M2(3) Anoxy- 97.563 100 CP047158.1
bacillus
rupiensis

SPC(W)M3(3) Anoxy- 100.000 100 CP047158.1
bacillus
rupiensis

SPK(SD)M3(6) Anoxy-

bacillus

rupiensis

100.000 100 CP047158.1

SPK(W)M3(3) Anoxy-  100.000 100 CP047158.1

bacillus
rupiensis

The clear zone assay provided an initial indication of
PVC-degrading potential among the thermophilic isolates,
with zones reflecting extracellular enzymatic activity on
polymer substrates. While this method is widely applied
for polymer degradation screening (Gupta and Devi 2017),

its interpretation is not straightforward. In this study, the
smallest zone observed measured 8 mm (Fig. 3); however,
clear zone formation can be influenced by technical arte-
facts. To minimize diffusion-related effects arising from
inoculum variability, all isolates were standardised to the
same cell density and inoculation volume prior to plat-
ing, and control plates without active cells were included
(Lihan et al. 2021). For instance, the use of CBB R-250
dye requires methanol, acetic acid destaining, which may
distort agar integrity or leave residual staining that con-
ceals faint halos (McDonald et al. 2024). The CBB R-250
assay was used as a qualitative, preliminary screening tool
rather than a definitive measure of PVC degradation. Fur-
thermore, as the dye binds non-specifically to all proteins,
and thus the formation of clear zones may reflect general
extracellular protein secretion withmedium components
rather than specific enzymatic activity associated with
PVC degradation (Stochaj et al. 2006). The resulting zones
size may therefore reflect protein composition rather than
actual polymer utilisation. Given these limitations, the
assay should be regarded as a preliminary tool, useful for
excluding non-active strains, but insufficient for quantify-
ing PVC degradation without complementary biochemical
or molecular validation.

PVC is well recognised for its strong hydrophobicity, a
property arising from its chemically inert C—C backbone
and low surface wettability (Xu et al. 2023). This charac-
teristic poses a major challenge for microbial colonisation,
as effective interaction with the polymer surface generally
requires bacteria to exhibit comparable levels of cell surface
hydrophobicity (Gupta and Devi 2019). Since microbial
degradation of plastics typically begins with adhesion and
subsequent biofilm formation (Amobonye et al. 2021), the
hydrophobicity of the bacterial cell surface is a key determi-
nant of degradation efficiency. Previous studies have shown
that reduced hydrophobicity often correlates with weaker

Table 4 Minimum free energy (MFE), ensemble energy, MFE frequency, ensemble diversity, and centroid energy of the predicted 16 S rRNA

secondary structure for ten thermophilic bacterial isolates

Thermophilic Strains  Molecular Identity Metric
MFE Energy Ensemble Energy MFE Fre- Ensemble Centroid
(kcal/mol) (kcal/mol) quency (%)  Diversity Energy
(kcal/
mol)
LAH(W)J2(4) Brevibacillus thermoruber ~ —571.190 —601.440 0.000% 292.770 —455.370
LAH(W)J2(6) Anoxybacillus rupiensis —560.180 —593.420 0.000% 311.440 —465.050
LAH(W)J2(8) Anoxybacillus rupiensis —561.680 —594.900 0.000% 312.480 —466.550
LAH(WJ3(6) Anoxybacillus rupiensis —558.860 —592.120 0.000% 312.610 —463.730
SPC(SD)M1(5) Anoxybacillus rupiensis —558.860 —592.120 0.000% 312.610 —463.760
SPC(SD)P3(4) Anoxybacillus rupiensis —558.860 —592.120 0.000% 312.610 —463.760
SPC(W)M2(3) Anoxybacillus rupiensis —564.650 —596.400 0.000% 255.400 —505.860
SPC(W)M3(3) Anoxybacillus rupiensis —558.860 —592.120 0.000% 312.610 —463.760
SPK(SD)M3(6) Anoxybacillus rupiensis —560.180 —593.420 0.000% 311.440 —465.050
SPK(W)M3(3) Anoxybacillus rupiensis —558.860 —592.120 0.000% 312.610 —463.760
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biofilm development, thereby limiting biodegradative
potential (De Souza et al. 2019; Maheswaran et al. 2024).

In this study, the BATH assay, using n-hexadecane as the
hydrocarbon phase, was applied to evaluate bacterial cell
surface hydrophobicity. A higher affinity for the hydrocar-
bon phase reflects stronger hydrophobic interactions and
a greater potential for stable attachment to hydrophobic
polymers (Kavitha and Bhuvaneswari 2021). The results
indicated that thermophilic isolates with hydrophobicity
above 50% were most suitable for subsequent biodegrada-
tion studies. Interestingly, several isolates such as SPK(SD)
P3(5), SPC(SD)M2(4), SPK(W)M2(2), SPK(W)M2(3), and
SPK(SD)P2(1) produced large zones in the clear zone assay
but displayed either hydrophilic or moderately hydropho-
bic characteristics in the BATH test (Fig. 4). Correlation
analysis was conducted to examine the association between
hydrophobicity values and clear zone diameters. The results
revealed a statistically significant, weak positive correlation
between the two variables (#=0.120, P=0.001; n=792).
This discrepancy suggests that while extracellular enzyme
activity can be detected in agar-based assays, effective col-
onisation and PVC surface degradation may be limited in
isolates with insufficient hydrophobicity. Therefore, only
strongly hydrophobic isolates were prioritised for further
biodegradation experiments, as their enhanced ability to
adhere and form biofilms on PVC surfaces is expected to
support more consistent degradation.

The thermophilic isolate LAH(W)J2(4) displayed 96.3%
identity with Brevibacillus thermoruber (Table 3), while
other isolates aligned closely with Anoxybacillus rupiensis,
albeit with varying identity percentages. Both species have
been increasingly recognised for their biodegradation and
bioremediation potential under elevated temperatures. B.
thermoruber has been reported to degrade lignin through
B-ketoadipate and benzoic acid pathways, with tempera-
ture being a key factor influencing efficiency (Niu et al.
2021). B. thermoruber demonstrated strong esterase activ-
ity, enabling the degradation of poly(e-caprolactone) (PCL)
by 63.6% within 28 days, supported by thermostable lipase
activity optimised at 55 °C (Atanasova et al. 2021). In addi-
tion to polymer degradation, B. thermoruber is also known
for producing thermostable enzymes such as keratinase and
fibrinolytic enzymes, as well as functioning as an exopoly-
saccharide producer (Zilda 2021), suggesting wide appli-
cations in biotechnology and bioremediation. Similarly, 4.
rupiensis has demonstrated versatility in pollutant removal,
particularly in the treatment of textile effluents and heavy
metals. Strains have achieved up to 83% dye decolourisa-
tion at 60 °C and a 75% reduction of hexavalent chromium
within 24 h (Gursahani and Gupta 2015). Genomic evidence
further supports its role in environmental remediation,
with genes encoding Azoreductases and metal resistance

@ Springer

determinants identified in (4) rupiensis TPH1 (Mishra et al.
2023). Taken together, the identification of (B) thermoru-
ber and A. rupiensis in this study underscores their potential
contribution to thermophilic biodegradation processes and
highlights their broader applicability in biotechnological
and environmental management strategies.

Generally, bootstrap values above 90% are considered
to indicate strong support, 70-90% moderate support, and
below 70% weak support. In this study, the phylogenetic
tree (Fig. 5) revealed consistently high bootstrap values for
most thermophilic isolates. For example, strains LAH(W)
J3(6), SPC(SD)M1(5), SPC(SD)P3(4), SPC(W)M3(3),
and SPK(W)M3(3) clustered with A. rupiensis (Acces-
sion CP047158.1-2) with 100% support, while LAH(W)
J2(8) showed 85% support to the same species. Similarly,
SPK(SD)M3(6) and LAH(W)J2(6) demonstrated strong
to moderate support (92%, 88%, and 77%) with different
A. rupiensis clusters. Interestingly, SPC(W)M2(3) shared
strong bootstrap values with both (4) rupiensis (76%)
and (B) thermoruber (100%), indicating close relatedness.
In line with this, LAH(W)J2(4) clustered with B. thermo-
ruber at 100% support and 97% with a specific accession
(VKINO01000044.1). The overall high bootstrap values con-
firmed the accuracy of molecular identification, while the
short branch lengths (0.000-0.001 substitutions per site)
indicated minimal genetic divergence among the isolates.
Such patterns are typical of closely related strains or intra-
species variants, reflecting low evolutionary distance. These
findings suggest that the thermophilic isolates identified in
this study are genetically conserved and reliably clustered
within (4) rupiensis and (B) thermoruber lineages, sup-
porting their taxonomic placement and potential functional
similarities.

The RNA secondary structure and Gibbs free energy anal-
ysis were not intended to directly predict PVC degradation
capacity but were used to assess the structural stability and
evolutionary adaptation of the identified thermophilic iso-
lates. The prediction of RNA secondary structures provides
valuable insights into bacterial adaptations to thermophilic
environments, particularly for rRNA and tRNA, which must
remain stable under high-temperature stress. Such structural
adaptations ensure ribosome integrity, efficient transla-
tion, and overall cellular survival at elevated temperatures
(Thomas et al. 2022). Thermophilic bacteria typically
exhibit rRNA and tRNA sequences with enhanced ther-
mal stability, reflected by increased melting temperatures,
higher fractions of paired nucleotides, and G—C rich regions
that resist denaturation (Jegousse et al. 2017). Lower Gibbs
free energy values reflect more stable rRNA conformations,
which are commonly associated with microbial survival and
translational efficiency under elevated temperatures (Liao et
al. 2021). Such thermal and structural stability is relevant
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to sustaining metabolic activity in thermophilic conditions
where PVC degradation is investigated.

Computational approaches predict the most stable RNA
conformations by minimising thermodynamic free energy.
Comparative analysis of 16 S rRNA secondary structures
among isolates can highlight molecular signatures of ther-
mophily, such as stable hairpins and conserved G—C stem
regions (Jegousse et al. 2017; Yang et al. 2025). However,
structural predictions are limited by algorithmic sampling,
kinetic folding barriers, and the existence of multiple near-
optimal conformations, often reflected in high ensemble
diversity. Ensemble free energy provides a more accurate
representation of RNA stability by considering all potential
secondary structures, while centroid structures capture con-
sensus folds, despite being less stable than minimum free
energy (MFE) conformations (Ashok et al. 2025).

Our findings indicate that 16 S rRNA structures with
lower Gibbs free energy exhibit stronger folding stability,
which may also reflect nucleotide resilience in novel ther-
mophilic organisms. Similar trends were reported in Bre-
vibacillus and Aneurinibacillus isolates, where Gibbs free
energy values correlated with thermotolerance (Skariyachan
et al. 2018). These structural insights not only deepen the
understanding of thermophilic adaptations but also hold
promise for identifying strains with potential in polymer

biodegradation. Given previous reports linking thermophiles
to plastic degradation (Maheswaran et al. 2024; Skariyachan
et al. 2018), genome-wide analysis of candidate strains will
be essential to confirm the presence of genes associated with
PVC biodegradation.

Although this study provides preliminary evidence of
PVC-interacting potential among thermophilic bacterial
isolates from three Malaysian hot springs, several limita-
tions must be acknowledged. First, although clear zone and
BATH assays are useful for high-throughput screening, they
are indirect degradation proxies. The clear zones can arise
from the release of non-specific protein or artefacts, and a
weak positive correlation is found between hydrophobic-
ity with zones (»=0.120, P=0.001; n=792), which limits
predictive capability unless direct measurement such as
gravimetric weight loss, FTIR, or SEM are employed. Sec-
ond, PVC powder was used instead of commercial films or
waste, which contain additives (plasticizers or stabilizers)
that could inhibit or alter microbial interactions, reducing
the material’s applicability in the real world. Third, enrich-
ment at 55 °C and short incubation periods may favour fast-
growers over true degraders, whereas low CFU on PVC
enriched media highlights adaptation challenges for recal-
citrant PVC. In addition, the small number of sequenced
isolates (n=10) and the lack of functional genomics might
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overlook strain variability and PVC-specific enzymes. Vari-
ables such as salinity gradients specific to individual sites
were treated as uncontrolled variables. These constraints
position this study as foundational screening, necessitating
quantitative degradation assays, enzyme characterisation,
and real-waste testing in follow-up studies.

Conclusion

This study addressed the knowledge gap in thermophilic
biodegradation of polyvinyl chloride (PVC) by isolat-
ing and characterising thermophilic bacteria from three
Malaysian hot springs. Physicochemical analyses of the hot
springs established baseline conditions for cultivating these
thermophiles, while enrichment cultures with PVC as the
sole carbon source enabled bacterial screening. Among the
288 isolates obtained, 264 demonstrated PVC-degrading
potential through clear zone formation. Hydrophobicity
assessment further narrowed the candidates to ten potential
PVC-degrading isolates, primarily identified as Anoxybacil-
lus rupiensis and Brevibacillus thermoruber via 16 S TRNA
sequencing and phylogenetic analysis. The stable RNA sec-
ondary structures, reflected by low Gibbs free energy val-
ues, underscored their thermal resilience. Collectively, these
findings highlight the potential of Malaysian hot spring
thermophiles as candidates for PVC biodegradation. While
this study focuses on preliminary screening, phylogenetic
identification, and characterisation of thermophilic isolates,
direct evidence of polymer degradation will be presented in
subsequent work, which will include quantitative analyses
of PVC breakdown and confirmation of enzymatic activity.
This study provides a foundation for identifying thermo-
philic isolates with potential PVC-interacting capabilities.
Future work will focus on genomic and proteomic charac-
terisation of key isolates to identify the enzymes responsible
for polymer interaction, followed by purification and func-
tional testing of these enzymes. Additionally, the applicabil-
ity of these thermophiles will be evaluated using real PVC
waste materials, moving beyond powdered PVC, to assess
their potential for practical biotechnological interventions in
plastic waste management.

Acknowledgements This work was supported by Bintulu Authority
Development, Malaysia (Grant numbers 6300964).

Author contributions All authors contributed to the study conception
and design. Material preparation, data collection and analysis were
performed by Seng Chiew Toh and Sui Sien Leong. The first draft of
the manuscript was written by Seng Chiew Toh and all authors com-
mented on previous versions of the manuscript. All authors read and
approved the final manuscript.

Funding Open access funding provided by The Ministry of Higher

@ Springer

Education Malaysia and Universiti Putra Malaysia. This work was
supported by Bintulu Authority Development, Malaysia (Grant num-
bers 6300964).

Data availability The datasets generated during and/or analysed dur-
ing the current study are available from the corresponding author on
reasonable request.

Declarations
Ethics approval Not applicable.

Declarations of Generative Al and Al-assisted technologies in the writ-
ing process The authors confirm that there was no use of artificial
intelligence (Al)-assisted technology for assisting in the writing or
editing of the manuscript and no images were manipulated using Al

Competing interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License,
which permits any non-commercial use, sharing, distribution and
reproduction in any medium or format, as long as you give appropri-
ate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if you modified the licensed
material. You do not have permission under this licence to share
adapted material derived from this article or parts of it. The images or
other third party material in this article are included in the article’s Cre-
ative Commons licence, unless indicated otherwise in a credit line to
the material. If material is not included in the article’s Creative Com-
mons licence and your intended use is not permitted by statutory regu-
lation or exceeds the permitted use, you will need to obtain permission
directly from the copyright holder. To view a copy of this licence, visit
http://creativecommons.org/licenses/by-nc-nd/4.0/.

References

Ahmed T, Shahid M, Azeem F, Rasul I, Shah AA, Noman M, Hameed
A, Manzoor N, Manzoor I, Muhammad S (2018) Biodegradation
of plastics: current scenario and future prospects for environmen-
tal safety. ESPR 25(8):7287-7298. https://doi.org/10.1007/s1135
6-018-1234-9

Akarsu C, Ozdemir S, Ozay Y, Acer O, Dizge N (2023) Investigation of
two different size microplastic degradation ability of thermophilic
bacteria using polyethylene polymers. Env Tech 44(24):3710-
3720. https://doi.org/10.1080/09593330.2022.2071638

Amobonye AE, Bhagwat P, Singh S, Pillai S (2021) Plastic biodegra-
dation: frontline microbes and their enzymes. Sci Total Environ
759:143536. https://doi.org/10.1016/j.scitotenv.2020.143536

Andleeb S, Munir M, Ali MI, Imdad K, Balachandar R, Mani RR,
Chandrasekaran M, Jones S, Radhakrishnan A, Chang SW,
Ravindran B (2025) Biodegradation of polyvinyl chloride using
vermibacteria under variable physicochemical conditions. J Haz-
ard Mater Adv 17:100571. https://doi.org/10.1016/j.hazadv.2024
100571

Ashok J, Pandi C, Nimmagadda P, Aruna S, Joshi P, Sangeetha A
(2025) Advancing secondary RNA structure analysis using free
energy minimization approaches. SSRN Electron J. https://doi.or
2/10.2139/ssrn.5110923

Atanasova N, Paunova-Krasteva T, Stoitsova S, Radchenkova N,
Boyadzhieva I, Petrov K, Kambourova M (2021) Degrada-
tion of poly(e-caprolactone) by a thermophilic community and


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1007/s11356-018-1234-9
https://doi.org/10.1007/s11356-018-1234-9
https://doi.org/10.1080/09593330.2022.2071638
https://doi.org/10.1016/j.scitotenv.2020.143536
https://doi.org/10.1016/j.hazadv.2024.100571
https://doi.org/10.1016/j.hazadv.2024.100571
https://doi.org/10.2139/ssrn.5110923
https://doi.org/10.2139/ssrn.5110923

World Journal of Microbiology and Biotechnology (2026) 42:113

Page 13 0f 14 113

Brevibacillus thermoruber strain 7 isolated from Bulgarian hot
spring. Biomolecules 11(10):1488. https://doi.org/10.3390/biom
11101488

Baioumy H, Nawawi M, Wagner K, Arifin MH (2015) Geochemistry
and geothermometry of non-volcanic hot springs in West Malay-
sia. J Volcanol Geotherm Res 290:12—22. https://doi.org/10.1016
/j.jvolgeores.2014.11.014

Dang TCH, Nguyen DT, Thai H, Nguyen TC, Hien Tran TT, Le VH,
Nguyen VH, Tran XB, Thao Pham TP, Nguyen TG, Nguyen QT
(2018) Plastic degradation by thermophilic Bacillus sp. BCBT21
isolated from composting agricultural residual in Vietnam. Adv
Nat Sci-Nanosci Nanotechnol 9(1):015014. https://doi.org/10.10
88/2043-6254/aaabaf

De Souza GM, Neto ERDS, Silva AMD, Iacia MVMDS, Rodrigues
MVP, Pereira VC, Winkelstroter LK (2019) Comparative study of
genetic diversity, virulence genotype, biofilm formation and anti-
microbial resistance of uropathogenic Escherichia coli (UPEC)
isolated from nosocomial and community acquired urinary tract
infections. Infect Drug Resist 12:3595-3606. https://doi.org/10.2
147/IDR.S228612

Gao L, Rao MPN, Liu YH, Wang PD, Lian ZH, Abdugheni R, Jiang
HC, Jiao JY, Shurigin V, Fang BZ, Li WJ (2024) Salinity-induced
changes in diversity, stability, and functional profiles of microbial
communities in different saline lakes in Arid Areas. Microb Ecol
87(1):135. https://doi.org/10.1007/300248-024-02442-8

Gupta KK, Devi D (2017) Isolation and characterization of low den-
sity polyethylene degrading Bacillus spp. from garbage dump
sites. World J. Pharm. Res. 6(11):609-617. https://doi.org/10.209
59/wjpr201711-9514

Gupta KK, Devi D (2019) Biodegradation of low density polyethylene
by selected Bacillus sp. Gazi Univ. J. Sci. 32(3):802—813. https://
doi.org/10.35378/gujs.496392

Gursahani YH, Gupta SG (2015) Hexavalent chromium reduction by
Anoxybacillus rupiensis isolated from hot water spring of Dhapoli,
Maharashtra, India. J. Pet. Environ. Biotechnol. 06(04):1000232.
https://doi.org/10.4172/2157-7463.1000232

Hadad D, Geresh S, Sivan A (2005) Biodegradation of polyethylene
by the thermophilic bacterium Brevibacillus borstelensis. J Appl
Microbiol 98(5):1093—1100. https://doi.org/10.1111/j.1365-2672
.2005.02553.x

Havaei M, Akin O, Locaspi A, John Varghese R, Minette F, Romers
E, De Meester S, Van Geem KM (2025) Beyond the landfill: a
critical review of techniques for End-of-Life Polyvinyl chloride
(PVC) valorization. Waste Manag 193:105—134. https://doi.org/1
0.1016/j.wasman.2024.11.023

Huang R, Meng J, Jiang X (2025) Degradation and utilization of poly-
vinyl chloride (PVC): Challenges and Opportunities toward a cir-
cular economy. https://doi.org/10.1016/j.gee.2025.10.010. GEE

Hubert C, Arnosti C, Briichert V, Loy A, Vandicken V, Jorgensen
BB (2010) Thermophilic anaerobes in Arctic marine sediments
induced to mineralize complex organic matter at high tempera-
ture. Environ Microbiol 12(4):1089-1104. https://doi.org/10.111
1/j.1462-2920.2010.02161.x

James-Pearson LF, Dudley KJ, Te’o VSJ, Patel BKC (2023) A hot
topic: thermophilic plastic biodegradation. Trends Biotechnol
41(9):1117-1126. https://doi.org/10.1016/j.tibtech.2023.03.016

Jarerat A, Tokiwa Y (2001) Degradation of poly(tetramethylene succi-
nate) by thermophilic actinomycetes. Biotechnol Lett 23:647-651

Jegousse C, Yang Y, Zhan J, Wang J, Zhou Y (2017) Structural signa-
tures of thermal adaptation of bacterial ribosomal RNA, transfer
RNA, and messenger RNA. PLoS One 12(9):¢0184722. https://d
oi.org/10.1371/journal.pone.0184722

Kavitha R, Bhuvaneswari V (2021) Assessment of polyethylene degrada-
tion by biosurfactant producing ligninolytic bacterium. Biodegrada-
tion 32(5):531-549. https://doi.org/10.1007/s10532-021-09949-8

Leong SS, Ismail J, Denil NA, Sarbini SR, Wasli W, Debbie A (2018)
Microbiological and physicochemical water quality assessments
of river water in an industrial region of the northwest coast of
Borneo. Water 10(11):1648. https://doi.org/10.3390/w10111648

Leong SS, Lihan S, Chia HC (2020) Virulence genes detection among
the antibiotic resistant Enterococcus faecalis isolated from bird
industry in Borneo. Pertanika J. Sci. & Technol 28(2):673-687

Liao ML, Dong YW, Somero GN (2021) Thermal adaptation of mRNA
secondary structure: stability versus lability. Proc Natl Acad Sci
U S A 118(45):€2113324118. https://doi.org/10.1073/pnas.21133
24118

Lihan S, Lee SY, Toh SC, Leong SS (2021) Plasmid-mediated antibi-
otic resistant Escherichia coli in Sarawak rivers and aquaculture
farms, Northwest of Borneo. Antibiotics 10:776. https://doi.org/1
0.3390/antibiotics 10070776

Mahdi MS, Ameen RS, Ibrahim HK (2016) Study on degradation of
Nylon 6 by thermophilic bacteria Anoxybacillus rupiensis 1r3
(JQ912241). Int j adv res biol sci 3(9):200-209. https://doi.org/
10.22192/ijarbs

Maheswaran B, Sebastin Raj J, Pandiyarajan P, Jaya Santhi R, Mythili
R, Ks V, Kim W, Karmegam N, Govarthanan M (2024) Polyure-
thane degradation by extracellular urethanase producing bacte-
rial isolate Moraxella catarrhalis strain BMPPS3. Environ Res
251:118631. https://doi.org/10.1016/j.envres.2024.118631

May HC, Yu J-J, Shrihari S, Seshu J, Klose KE, Cap AP, Chambers JP,
Guentzel MN, Arulanandam BP (2019) Thioredoxin modulates
cell surface hydrophobicity in Acinetobacter baumannii. Front
Microbiol 10:2849. https://doi.org/10.3389/fmicb.2019.02849

McDonald D, Jiang Y, Balaban M, Cantrell K, Zhu Q, Gonzalez A,
Morton JT, Nicolaou G, Parks DH, Karst SM, Albertsen M,
Hugenholtz P, DeSantis T, Song SJ, Bartko A, Havulinna AS,
Jousilahti P, Cheng S, Inouye M, Knight R (2024) Greengenes2
unifies microbial data in a single reference tree. Nat Biotechnol
42(5):715-718. https://doi.org/10.1038/s41587-023-01845-1

Meintanis C, Chalkou KI, Kormas K, Karagouni AD (2006) Biodeg-
radation of crude oil by thermophilic bacteria isolated from a vol-
cano island. Biodegradation 17(2):3-9. https://doi.org/10.1007/s
10532-005-6495-6

Mishra A, Kesarwani S, Jaiswal TP, Bhattacharjee S, Chakraborty S,
Mishra AK, Singh SS (2023) Decoding whole genome of Anoxy-
bacillus rupiensis TPH1 isolated from tatapani hot spring, India
and giving insight into bioremediation ability of TPH1 via heavy
metals and azo dyes. Res Microbiol 174(4):104027. https://doi.or
2/10.1016/j.resmic.2023.104027

Niu J, Li X, Qi X, Ren Y (2021) Pathway analysis of the biodegrada-
tion of lignin by Brevibacillus thermoruber. Bioresour Technol
341:125875. https://doi.org/10.1016/j.biortech.2021.125875

Orellana R, Macaya C, Bravo G, Dorochesi F, Cumsille A, Valencia R,
Rojas C, Seeger M (2018) Living at the frontiers of life: extremo-
philes in Chile and their potential for bioremediation. Front
Microbiol 9:2309. https://doi.org/10.3389/fmicb.2018.02309

Ortega-Villar R, Escalante A, Astudillo-Melgar F, Lizarraga-Mendiola
L, Vazquez-Rodriguez GA, Hidalgo-Lara ME, Coronel-Olivares
C (2024) Isolation and characterization of thermophilic bacteria
from a hot spring in the state of Hidalgo, Mexico, and geochemi-
cal analysis of the thermal water. Microorganisms 12(6):1066. ht
tps://doi.org/10.3390/microorganisms 12061066

Patil R, Bagde US (2012) Isolation of polyvinyl chloride degrading
bacterial strains from environmental samples using enrichment
culture technique. Afr J Biotechnol 11(31). https://doi.org/10.58
97/AJB11.3630

Simon N, Unjah T, Yusry M, Dzulkafli MA (2019) Physico-chemical
characterization and potential health benefit of the Hulu Langat
hot spring in Selangor, Malaysia. Sains Malays 48(11):2451—
2462. https://doi.org/10.17576/jsm-2019-4811-15

@ Springer


https://doi.org/10.3390/w10111648
https://doi.org/10.1073/pnas.2113324118
https://doi.org/10.1073/pnas.2113324118
https://doi.org/10.3390/antibiotics10070776
https://doi.org/10.3390/antibiotics10070776
https://doi.org/10.22192/ijarbs
https://doi.org/10.22192/ijarbs
https://doi.org/10.1016/j.envres.2024.118631
https://doi.org/10.3389/fmicb.2019.02849
https://doi.org/10.1038/s41587-023-01845-1
https://doi.org/10.1007/s10532-005-6495-6
https://doi.org/10.1007/s10532-005-6495-6
https://doi.org/10.1016/j.resmic.2023.104027
https://doi.org/10.1016/j.resmic.2023.104027
https://doi.org/10.1016/j.biortech.2021.125875
https://doi.org/10.3389/fmicb.2018.02309
https://doi.org/10.3390/microorganisms12061066
https://doi.org/10.3390/microorganisms12061066
https://doi.org/10.5897/AJB11.3630
https://doi.org/10.5897/AJB11.3630
https://doi.org/10.17576/jsm-2019-4811-15
https://doi.org/10.3390/biom11101488
https://doi.org/10.3390/biom11101488
https://doi.org/10.1016/j.jvolgeores.2014.11.014
https://doi.org/10.1016/j.jvolgeores.2014.11.014
https://doi.org/10.1088/2043-6254/aaabaf
https://doi.org/10.1088/2043-6254/aaabaf
https://doi.org/10.2147/IDR.S228612
https://doi.org/10.2147/IDR.S228612
https://doi.org/10.1007/s00248-024-02442-8
https://doi.org/10.20959/wjpr201711-9514
https://doi.org/10.20959/wjpr201711-9514
https://doi.org/10.35378/gujs.496392
https://doi.org/10.35378/gujs.496392
https://doi.org/10.4172/2157-7463.1000232
https://doi.org/10.4172/2157-7463.1000232
https://doi.org/10.1111/j.1365-2672.2005.02553.x
https://doi.org/10.1111/j.1365-2672.2005.02553.x
https://doi.org/10.1016/j.wasman.2024.11.023
https://doi.org/10.1016/j.wasman.2024.11.023
https://doi.org/10.1016/j.gee.2025.10.010
https://doi.org/10.1111/j.1462-2920.2010.02161.x
https://doi.org/10.1111/j.1462-2920.2010.02161.x
https://doi.org/10.1016/j.tibtech.2023.03.016
https://doi.org/10.1371/journal.pone.0184722
https://doi.org/10.1371/journal.pone.0184722
https://doi.org/10.1007/s10532-021-09949-8

113 Page 14 of 14

World Journal of Microbiology and Biotechnology

(2026) 42:113

Skariyachan S, Setlur AS, Naik SY, Naik AA, Usharani M, Vasist KS
(2017) Enhanced biodegradation of low and high-density poly-
ethylene by novel bacterial consortia formulated from plastic-
contaminated cow dung under thermophilic conditions. ESPR
24(9):8443-8457. https://doi.org/10.1007/s11356-017-8537-0

Skariyachan S, Patil AA, Shankar A, Manjunath M, Bachappanavar N,
Kiran S (2018) Enhanced polymer degradation of polyethylene
and polypropylene by novel thermophilic consortia of Brevibacil-
lus sps. and Aneurinibacillus sp. screened from waste management
landfills and sewage treatment plants. Polym Degrad Stab 149:52—
68. https://doi.org/10.1016/j.polymdegradstab.2018.01.018

Stochaj WR, Berkelman T, Laird N (2006) Staining membrane-bound
proteins with coomassie blue R250. Cold Spring Harb Protoc
2006(5):4544. https://doi.org/10.1101/pdb.prot4544

Thomas SE, Balcerowicz M, Chung B-W (2022) RNA structure medi-
ated thermoregulation: what can we learn from plants? Front
Plant Sci 13:938570. https://doi.org/10.3389/fpls.2022.938570

Toh SC, Lihan S, Leong SS, Lahuri AH, Woon WC, Ng WW (2023)
Enzymatic screening and genotypic characterization of thermo-
philic bacteria from the hot springs of Sarawak, Malaysia. Makara
J Sci 27(4):4. https://doi.org/10.7454/mss.v27i4.1449

@ Springer

Valdez-Nuiiez LF, Rivera-Jacinto MA (2024) Thermophilic bac-
teria from Peruvian hot springs with high potential appli-
cation in environmental biotechnology. Environ Technol
45(7):1420-1435. https://doi.org/10.1080/09593330.2022.21
43293

Xu'Y, Xian Z-N, Yue W, Yin C-F, Zhou N-Y (2023) Degradation of
polyvinyl chloride by a bacterial consortium enriched from the
gut of Tenebrio molitor larvae. Chemosphere 318:137944. https:/
/doi.org/10.1016/j.chemosphere.2023.137944

Yang S, Pham NT, Li Z, Baik JY, Lee J, Zhai T, Yu W, Hou B, Shang T,
He W, Duong-Tran D, Naik M, Shen L (2025) Advances in RNA
secondary structure prediction and RNA modifications: Methods,
data, and applications (arXiv:2501.04056). https://doi.org/10.485
50/arXiv.2501.04056. ArXiv:2501.04056v1

Zilda D (2021) Brevibacilus thermoruber: Thermophilic bacteria iso-
lated from hot spring with the promising potential as a biomol-
ecule producer. IOP Conf Ser : Earth Environ Sci 743(1):012002.
https://doi.org/10.1088/1755-1315/743/1/012002

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.


https://doi.org/10.1080/09593330.2022.2143293
https://doi.org/10.1080/09593330.2022.2143293
https://doi.org/10.1016/j.chemosphere.2023.137944
https://doi.org/10.1016/j.chemosphere.2023.137944
https://doi.org/10.48550/arXiv.2501.04056
https://doi.org/10.48550/arXiv.2501.04056
https://doi.org/10.1088/1755-1315/743/1/012002
https://doi.org/10.1088/1755-1315/743/1/012002
https://doi.org/10.1007/s11356-017-8537-0
https://doi.org/10.1016/j.polymdegradstab.2018.01.018
https://doi.org/10.1101/pdb.prot4544
https://doi.org/10.3389/fpls.2022.938570
https://doi.org/10.7454/mss.v27i4.1449

	﻿Identification and evaluation of thermophilic bacteria isolated from Malaysian hot springs with potential for plastic polyvinyl chloride degradation
	﻿Abstract
	﻿Introduction
	﻿Materials and methods/methodology
	﻿Materials and chemicals
	﻿Sampling sites
	﻿Water and sediment soil sampling from hot springs
	﻿Media preparation
	﻿Enrichment and isolation of PVC-degrading bacteria
	﻿Screening of PVC-degrading bacteria
	﻿Clear zone assay
	﻿Evaluation of cell hydrophobicity of the thermophilic bacterial isolates


	﻿DNA extraction and full-length 16 S rRNA sequencing
	﻿Consensus construction and phylogenetic analysis
	﻿RNA secondary structures prediction
	﻿Results
	﻿Water physicochemical parameters of the hot springs
	﻿PVC-degrading bacteria isolation



