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Heavy metal (HM)-contaminated soils impose severe stress on the environment, yet certain soil microbes exhibit
remarkable tolerance, revealing adaptive mechanisms in stress-adapted communities. Micro-eukaryotic communities
in such environments exhibit substantial transcriptional reprogramming to mitigate stress-induced cellular damage.
This study explores the molecular basis of HM stress adaptation based on transcript-level evidence using RNA-
Seq-based metatranscriptomics combined with comprehensive in silico characterization. Exp 525919, a highly
expressed transcript, was annotated against the UniProt proteome database using BLAST and was predicted as an
uncharacterized protein from Achlya hypogyna (ACHHYP_04605), showing 57% sequence identity and a significant
e-value (7.6e-24). Integrative analyses, including functional annotation, structural modeling, domain architecture,
and evolutionary conservation, suggest that Exp 525919 is a putative DnaJ/heat shock protein 40 (HSP40)-domain-
containing fragment, potentially associated with cellular protein quality control processes under HM stress conditions.
Secondary structure revealed a predominance of coil regions with interspersed B-strands and a central a-helix.
GO annotation predicted potential associations with transport, nucleic acid binding, and ribosomal association.
Structural modeling generated a high-confidence model (96% coverage, 99.5% confidence), consistent with
predicted chaperone-like proteins. Protein—protein interaction analysis revealed that the predicted uncharacterized
protein ACHHYP_04605 is closely associated with major molecular chaperones, including HSP70, DnaJ/HSP40,
and HSP90, suggesting its involvement in HSP70-centered stress-responsive networks. Network clustering revealed
a molecular chaperone architecture in which core protein folding components were identified as central network
hubs potentially associated with stress-adaptive responses. Overall, RNA-Seq-based metatranscriptomic analysis
identified transcriptionally responsive potential genes and pathways underlying HM tolerance in micro-eukaryotic
communities and provided a robust computational foundation for future experimental validation.

1. INTRODUCTION

Microbial tolerance to HMs is mediated by diverse adaptive mechanisms,

Heavy metals (HMs) constitute a class of persistent xenobiotics of
significant concern due to their non-biodegradable nature and long-
term ecological impacts [1]. Rapid industrialization has increased
HM contamination in soils through mining, electroplating, leather
tanning, textile processing, and improper waste disposal, leading
to heightened toxicity and disruption of soil functions [2]. Elevated
HM levels disturb cellular homeostasis, suppress growth, and trigger
oxidative stress across biological systems. Despite these adverse
effects, certain microorganisms demonstrate remarkable tolerance,
enabling them to survive and persist in heavily contaminated
environments [3].
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including extracellular metal chelation, restricted cellular uptake,
intracellular sequestration, efflux transport systems, and detoxification
of reactive oxygen species [4]. At the molecular level, stress-responsive
proteins, particularly heat shock proteins (HSPs), play a vital role in
maintaining protein stability, preventing aggregation, and promoting
cellular recovery under metal-induced stress [5]. Hexavalent chromium
[Cr(VI)] is recognized as a priority environmental pollutant due to its
high solubility, mobility, and carcinogenic nature [6]. Industrial effluents
enriched with Cr(VI) readily contaminate soils and groundwater, posing
serious threats to soil microbial communities and overall ecosystem
functioning [7]. Therefore, understanding microbial adaptive responses
to chromium stress is crucial for developing effective and sustainable
bioremediation strategies.

Extensive studies have been conducted on prokaryotic systems,
whereas micro-eukaryotes, an ecologically significant yet
understudied component of soil microbiomes, remain poorly
characterized, particularly in contaminated environments [8&].
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Their role in trophic interactions, nutrient cycling, and maintaining
ecosystem stability highlights the importance of understanding their
responses to HM stress [9]. However, methodological constraints have
historically limited their investigation. Advances in high-throughput
sequencing have revolutionized soil microbiome research, enabling
comprehensive analyses of both taxonomic composition and functional
activity [8,10,11]. In particular, metatranscriptomics provides direct
insight into actively expressed genes, offering a powerful approach for
elucidating stress-response pathways that cannot be captured through
DNA-based methods alone [12,13].

By selectively targeting eukaryotic mRNA, RNA sequencing (RNA-
Seq)-based metatranscriptomics facilitates the identification of novel
stress-responsive genes with potential biotechnological applications
[14]. Biocatalysts derived from metal-contaminated environments,
possessing unique functional traits, can act as biomarkers or be utilized
in bioremediation strategies, thereby contributing to the development
of metal-tolerant crop plants [15]. In this study, an uncharacterized
protein identified through RNA-Seq-based metatranscriptomic
analysis of Cr-contaminated soil was analyzed in silico to elucidate
its potential role in heavy-metal homeostasis. Particular emphasis
was placed on its involvement in stress-response pathways, including
HSPs, to better understand the molecular mechanisms underlying
microbial adaptation to metal-induced stress.

2. MATERIAL AND METHODS

2.1. Soil Sampling, Chromium Treatment, RNA Isolation

Soil samples were obtained from agroforestry fields in Kanpur, Uttar
Pradesh, India. To improve field representativeness for composite
sampling, four independent sites were selected. At each site, twenty
soil cores (0—10 cm depth) were randomly collected and combined in
equal proportions to form a composite sub-sample (CSS). The collected
samples were sieved to remove roots and debris, transported to the
laboratory at 4°C, and designated as CSS1-CSS4. Physicochemical
properties of the soil were assessed by measuring moisture content,
pH, electrical conductivity, organic carbon [16], total nitrogen [17],
phosphorous [18], and potassium [19]. Micronutrients such as Copper
(Cu), Iron (Fe), Manganese (Mn), and Zinc (Zn) were quantified
using flame atomic absorption spectrometry (AAS; PinAAcle 500,
PerkinElmer, USA), whereas HMs such as Cadmium (Cd), Lead
(Pb), and Chromium (Cr) were analyzed by inductively coupled
plasma mass spectrometry (ICP-MS; Agilent 7900, USA). Cr(VI) was
determined using the USEPA 3060A alkaline digestion method [20].

Equal amounts of CSS1-CSS4 were pooled to obtain a composite
soil sample, which was subsequently divided into control (KC) and
chromium-treated (KM) groups. For treatment, 30 g of soil was
amended with 10 ml of 0.85% NaCl containing 2-mM potassium
dichromate (K,Cr,0,), whereas control samples received NaCl alone.
The samples were incubated at room temperature for 30 minutes to
induce transcriptional responses [21]. Total RNA was extracted using
the RNeasy PowerSoil Total RNA Isolation Kit (Qiagen, Germany),
followed by DNase I treatment. To enhance transcript recovery and
reduce technical bias, each sample was extracted in triplicate and
subsequently pooled. RNA quality and quantity were evaluated using
agarose gel electrophoresis, NanoDrop ND-200, Qubit RNA HS assay,
and Agilent TapeStation 2200 before metatranscriptomics sequencing.

2.2. mRNA Enrichment,
Metatranscriptome Sequencing

Library Preparation, and

High-quality total RNA samples were subjected to mRNA enrichment
using the NEBNext Poly(A) mRNA Magnetic Isolation Module (New

England Biolabs, USA), following the manufacturer’s instructions.
Briefly, 1000 ng of total RNA was subjected to poly(A)+ mRNA
enrichment using the NEBNext Poly (A) mRNA Magnetic Isolation
Module. The enriched mRNA was processed directly according to the
manufacturer's protocol, proceeding through fragmentation and first-
strand cDNA synthesis without intermediate quantification. Libraries
were prepared using the NEBNext® Ultra™ I Directional RNA Library
Prep Kit (New England Biolabs, USA), PCR-amplified, purified, and
quantified with a Qubit fluorometer using the Qubit dsDNA HS assay
kit. Briefly, first- and second-strand cDNA synthesis were performed
via reverse transcription, and the resulting double-stranded cDNA was
purified using NEBNext Sample Purification Beads. End repair, 3’
adenylation, and ligation of [llumina-compatible adapters were carried
out as per the manufacturer’s protocol. The libraries were prepared
using a dual-index barcoding strategy. Sample KC was assigned
Index 1 (i7): TTCCAGGT; Index 2 (i5): CAGTGCTT, corresponding
to barcodes S736 and S543, respectively. Sample KM was assigned
Index 1 (i7): TACGGTCT; Index 2 (i5): TCCATTGC, corresponding
to barcodes S709 and S575, respectively. Final libraries were purified,
quantified using a Qubit fluorometer, and assessed for fragment size
distribution using the Agilent 2200 TapeStation.

Paired-end metatranscriptome sequencing (2 x 150 bp) was performed
on the Illumina NovaSeq 6000 platform (S1 flow cell), generating
approximately 25 million reads per sample. Raw reads were quality-
checked using FastQC v0.11.8 [22], and adapter and low-quality
sequences were removed using Trim Galore v0.4.01 [23]. Only reads
with Phred scores > Q30 were retained. High-quality reads were
assembled de novo using MetaSPAdes v3.15.2 [24], and contigs <200
bp were filtered using PRINSEQ v0.20.4 [25]. The raw sequencing
data have been deposited in the NCBI Sequence Read Archive under
BioProject accession number PRINA1177600.

2.3. Comparative Transcript-Abundance Analysis

Assembled contigs were clustered into representative transcripts
using CD-HIT v4.6 with a sequence similarity threshold of > 0.95
to minimize redundancy [26]. The clustered sequences from each
sample were subsequently merged to generate a final non-redundant
transcriptome assembly, which was further used as a reference for read
alignment and expression quantification. Processed reads from each
sample were aligned to this reference assembly using Bowtie2 [27],
and gene-level read counts were obtained from the aligned datasets.
Comparative assessment of gene expression was performed using the
DESeq R package [28], with read counts normalized by the library-
size-based method implemented in DESeq. Transcripts with log, fold
change (log,FC) > 1.5 were classified as comparatively upregulated in
the treated sample, whereas those with log,FC < —1.5 were classified
as comparatively downregulated, and transcripts with log,FC values
between —1.5 and 1.5 as relatively stable transcript abundance. The
log,FC threshold (+1.5) was used as an arbitrary exploratory cutoff for
comparative transcript-abundance analysis.

Upregulated uncharacterized transcripts were shortlisted for
further functional characterization. Contigs > 200 bp were retained
for downstream analysis and subjected to gene prediction using
MetaGeneMark v3.25 [29]. The predicted gene sequences were
annotated against the UniProt Proteome database using the DIAMOND
BLAST algorithm [30], and top-scoring hits were used to assign
UniProt identifiers. The identifiers were subsequently used to retrieve
associated metadata, including gene names, protein names, source
organisms, pathway information, and Gene Ontology (GO) terms such
as molecular function, biological process, and cellular component.
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2.4. In silico Characterization of the Selected Sequence

In particular, one predicted uncharacterized protein was selected for
in silico characterization from the pool of upregulated uncharacterized
proteins having a putative role in HM homeostasis. The selection was
based on its predicted molecular functions, including ATP binding,
HSP70 protein binding, metal ion binding, and unfolded protein
binding. Open reading frames (ORFs) were identified from the
uncharacterized protein sequence (Exp_525919) using the NCBI ORF
finder tool (https://www.ncbi.nlm.nih.gov/orffinder) [31]. Among
the predicted ORFs, the longest ORF located on the positive-sense
strand was selected for downstream sequence annotation and analysis.
Conserved motif identification was performed using MotifFinder
(https://www.genome.jp/tools/motif/) [32] to detect functionally
relevant sequence patterns. The selected ORF was further analyzed
for secondary structure prediction, membrane topology, and functional
features of the corresponding protein using the PSIPRED server
(https://bioinf.cs.ucl.ac.uk/psipred/) [33]. Structural modeling and
homology/analogy-based fold recognition were carried out using the
Phyre2.2 server (https://www.sbg.bio.ic.ac.uk/~phyre2/html/page.
cgi?id=index) [34] and AlphaFold (https://alphafold.com/) [35].
Protein family classification and conserved domain analysis were
conducted using InterProScan (https://www.ebi.ac.uk/interpro/about/
interproscan/) [36], which identified the InterPro entry IPR036869.
To assess evolutionary conservation, the ORF was queried against
the OrthoDB v12.2 (https://www.orthodb.org/) [37] database using
Achlya hypogyna as the reference organism. The hypothetical protein
ACHHYP_04605 was selected for subsequent analyses, including
group hierarchy assessment and functional prediction. Finally,
protein—protein interaction analysis of the selected ORF from the
organism A. hypogyna (ACHHYP_04605) was performed using
the STRING database v12.0 (https://string-db.org/) [75] to explore
potential functional associations and was visualized using Cytoscape
v3.10.4 (https://cytoscape.org/) [38].

3. RESULTS AND DISCUSSION

Microbial-mediated reduction is a key strategy for remediating Cr-
contaminated sites, converting toxic Cr(VI) to the less mobile Cr(III)
[39]. Cr-tolerant microbes like Aspergillus flavus, Cyberlindnera
fabianii, Wickerhamomyces anomalus, and Candida tropicalis
[40—42] survive under high Cr(VI) stress and actively contribute to
detoxification by enzymatically reducing toxic Cr(VI) to the less
toxic Cr(Ill) form, along with processes such as biosorption and
immobilization. Thus, microbial tolerance is a critical functional trait
that underpins effective chromium bioremediation.

RNA-Seq provides a powerful approach for comprehensive profiling of
actively expressed transcripts in complex microbiomes under defined
environmental conditions, thereby enabling functional interpretation
of microbial responses to environmental stressors [43]. In the present
study, RNA-Seq was employed to investigate transcriptional responses
of micro-eukaryotic communities inhabiting chromium-contaminated
soil following short-term exposure to toxic Cr(VI), with a focus on the
in-silico characterization of a metatranscriptome-derived heat shock-
like protein.

3.1. Soil Sample Characteristics and Metatranscriptomics
Sequencing Overview

Soil samples were collected from Kanpur, Uttar Pradesh, India.
Tannery wastewater is a well-documented source of chromium
contamination, and long-term percolation of untreated or partially
treated effluents has led to the accumulation of HMs in the soil

profile [44]. Consistent with this, heavy-metal analysis of the
sampling site revealed elevated concentrations of cadmium (28.27
mg/kg), lead (48.36 mg/kg), total chromium (1,074.12 mg/kg), and
hexavalent chromium (30.01 mg/kg), indicating substantial heavy-
metal contamination of the sampling site [45]. The exceptionally
high total chromium concentration strongly implicates tannery-
derived effluents as the primary contamination source. Owing to
the deteriorated soil quality, land use at the site has shifted from
food crops to the cultivation of shrubby ornamental plants [46]. The
soil sample was classified as sandy loam, and its physicochemical
properties are summarized in Table 1. Elevated levels of toxic
metals confirmed the contaminated status of the site and provided
the environmental context for evaluating chromium-induced
transcriptional responses. High-quality RNA was obtained from
both control and Cr(VI)-treated samples, with 260/230 and 260/280
absorbance ratios of ~2.03 and ~1.89, respectively, in both samples.
The RNA integrity number equivalent (RINe) values were above 8,
indicating suitability for metatranscriptomic analysis.

The final library concentrations were 1.93 ng/ul (KC) and 1.11 ng/ul
(KM), yielding a total of 19.3 ng and 11.1 ng library DNA, respectively,
in the final 10-ul volume. Equimolar pooling of the libraries was
performed, and the pooled library was normalized to 4 nM. Following
denaturation and dilution according to the Illumina NovaSeq 6000
protocol, the library was diluted to a final loading concentration of
150 pM and loaded onto the flow cell for paired-end sequencing.

Paired-end Illumina sequencing (2 x 150 bp) of mRNA-derived
c¢DNA libraries produced approximately 27.5 million reads for the
KC sample and 21.1 million reads for the KM sample. After quality
trimming with TrimGalore using a Phred score cutoff of 30, 26.9
million and 20.7 million high-quality reads were retained for KC and
KM, respectively. The percentage of adapter and low-quality base
removal was 1.98% in KC and 1.99% in KM. De novo assembly
using MetaSPAdes generated 3,716,782 contigs for KC and 2,368,668
contigs for KM after removing contigs < 200 bp. Further clustering to
remove redundancy resulted in 3,702,106 representative contigs for
KC and 2,352,027 contigs for KM.

Table 1. Physicochemical properties of the composite soil sample.

Compound soil sample

Physicochemical parameter [Mean + SD (n = 4)]

Moisture content (%) 11.34+0.74
pH 7.53 £0.66
Electrical conductivity (mS/cm) 1.13+0.85
Organic carbon (%) 0.64 +0.07
Nitrogen (%) 0.51+0.03
Phosphorus (mg/kg) 69.00 +4.16
Potassium (mg/kg) 36.50+7.19
Copper (mg/kg) 31.95+£5.62
Iron (mg/kg) 5520+ 7.84
Manganese (mg/kg) 24.70 £ 6.63
Zinc (mg/kg) 111.65 £ 16.68
Cadmium (mg/kg) 28.27 £ 8.65
Lead (mg/kg) 48.36 £9.69
Chromium (mg/kg) 1074.12 + 176.76
Chromium (VI) (mg/kg) 30.01 +4.26
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3.2. Transcript-Abundance Patterns Under Cr (VI) Exposure

In the present study, comparative assessment of gene expression
was employed as an exploratory approach to identify transcriptional
trends and putative functional pathways associated with Cr(VI)
exposure. As the analysis was based on a single pooled control
and a single pooled Cr(VI)-treated library without biological
replication, the results represent comparative transcript abundance
patterns rather than statistically robust differential expression. The
comparative metatranscriptomic analysis, therefore, provides a
preliminary snapshot of the overall early transcriptional response
of the soil microbial community in response to Cr(VI) exposure,
highlighting candidate genes and pathways for future validation.
A total of 145,209 transcripts were comparatively upregulated and
208,442 were comparatively downregulated in the treated sample
relative to the control, while 645,689 transcripts had relatively
stable transcript abundance. The predominance of downregulated
transcripts suggests a potential inhibitory effect of chromium toxicity
on gene expression, whereas differences in contig numbers may be
attributed to assembly-related factors. These inhibitory effects of
Cr(VI) are consistent with its strong oxidizing nature and impact on
cellular processes.

Conversely, the substantial number of upregulated transcripts indicates
activation of adaptive and stress-response mechanisms within the
micro-eukaryotic community. Several of the upregulated proteins
identified in this study are directly implicated in HM homeostasis.
Notably, these include HSPs [47], chromate transporters [48], ATP-
binding cassette (ABC) transporters [49], HM tolerance proteins
[50], sulfate transporters [51], P-type ATPases [52], metallothioneins
[53], aldehyde dehydrogenases [54], superoxide dismutase (SOD)
[55], cation diffusion facilitator transporters [56], oxidative stress-
associated Svfl-like proteins [57], and the metal transporter NRAMP1
[58,59] (Supplementary Material 1). These observed transcript-
abundance patterns may be consistent with the involvement of
processes associated with detoxification, stress tolerance, and metal
transport, as well as molecular chaperones and cellular protection,
enabling survival under chromium-induced stress. Collectively, these
findings indicate that short-term Cr(VI) exposure induces a substantial
shift in the metatranscriptomic landscape of soil micro-eukaryotes,
underscoring their sensitivity to HM contamination and their potential
role as bioindicators of soil health and environmental stress.

3.3. Metatranscriptomic Evidence for Chaperone-Driven
Stress Adaptation

Molecular chaperones constitute a complex client-regulatory network
that is essential for preventing protein misfolding and abnormal
aggregation, maintaining protein homeostasis, and safeguarding
cells against damage under continuously fluctuating environmental
conditions [60]. These molecular chaperones, commonly known as
HSPs, are proteins that interact with, stabilize, or assist other proteins
in achieving their native functional conformations [61,62]. Under
stress conditions, HSPs facilitate protein folding and maturation
while coordinating protein quality control and degradation pathways,
functions that are vital for maintaining cellular proteostasis [60,63,64].

In this study, transcripts associated with molecular chaperone
systems exhibited increased abundance under HM stress. RNA-
Seq-based metatranscriptomic analysis revealed the upregulation
of 1,069 transcripts associated with HSPs (Supplementary Material
2), indicating a widespread transcriptional activation of chaperone-
mediated stress response pathways. Several of these HSPs were of
microbial origin. For instance, Exp 735170 corresponds to heat

shock 70-kDa protein (TTHERM 00105110) from Tetrahymena
thermophila (Alveolata, SAR clade) and exhibited a ~20-fold increase
in expression. Similarly, Exp 409769, annotated a heat shock protein
Hsp90 family protein (DLAC 04639) from Tieghemostelium lacteum
(Amoebozoa) showed a 6-fold increase, while Exp 236413, predicted
heat shock protein HSP90 (TTHERM_00080030) from Tetrahymena
thermophila (Alveolata, SAR clade) showed a 4-fold increase in
expression.

The pronounced upregulation of HSPs highlights their protective
role in maintaining protein homeostasis under adverse conditions.
As molecular chaperones, HSP70 and HSP90 ensure proper protein
folding and prevent aggregation during HM, oxidative, and thermal
stress [47,65]. Heat shock proteins are conserved across all domains of
life and are classified according to molecular size. Their expression is
triggered by a variety of stressors, including HMs, where they function
not only in normal protein folding and assembly but also in the repair
and protection of stress-damaged proteins [66].

The predicted uncharacterized protein-coding genes represent an
unexplored component of the metatranscriptome with potential roles
in cellular adaptation. A total of 4,721 uncharacterized genes were
upregulated (Supplementary Material 3). Several of these genes of
micro-eukaryotic origin displayed predicted molecular functions
of their corresponding protein, such as metal ion binding, HSP70
binding, unfolded protein binding, and chaperone binding, as listed
in Supplementary Material 3. Furthermore, uncharacterized proteins
possessing ATP-binding and ATPase activities may contribute to HM
homeostasis, as ATP-dependent chaperones and ATPases are central to
maintaining cellular proteostasis under stress conditions. HM exposure
induces protein misfolding and oxidative damage, thereby activating
ATP-dependent protein folding machinery, including molecular
chaperones such as HSP70 and HSP90 [67,68]. AAA+ ATPases and
related ATP-binding proteins further contribute to stress adaptation
by facilitating protein quality control, unfolding, and degradation
pathways essential for cellular survival under metal stress [69]. The
high abundance and strong responsiveness of these uncharacterized
proteins suggest their potential involvement in cellular mechanisms
of HM tolerance.

3.4. In silico Analysis of Exp_525919

Among the predicted upregulated uncharacterized transcripts, the
transcript Exp 525919 was selected for in silico characterization
because of'its potential involvement in HM homeostasis. The annotated
Exp 525919 transcript corresponded to the ACHHYP 04605 gene
from 4. hypogyna, with a relatively high sequence identity (57%) and
a significant e-value (7.6e-24). Importantly, functional predictions of
the encoded protein indicated its involvement in key stress-associated
molecular functions, including ATP binding, HSP70 protein binding,
metal ion binding, and unfolded protein binding, all of which
are associated with HM homeostasis and chaperone-mediated
proteostasis. These features, along with its uncharacterized status,
made Exp 525919 a particularly compelling candidate for in-depth
analysis among the upregulated genes.

Sequence analysis indicated that Exp 525919 is 274 nucleotides
long and contains two open reading frames (ORFs) of 213 and 75
nucleotides. The longer ORF (213 nucleotides), encoding a 70 amino
acid polypeptide, was chosen for subsequent analyses due to its
higher coding potential. Domain analysis of this ORF using the Pfam
database identified a conserved Dnal C-terminal domain (PFO1556).
The DnaJ C domain was located between amino acid positions 2
and 67, with a highly significant independent E-value of 3.4 x 1071,
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strongly supporting its classification as a member of the HSP40
(Dnal) co-chaperone family. Due to its short length, Exp 525919
is likely to represent a partial domain or a divergent minimal co-
chaperone. Its size is more consistent with a DnaJ C-terminal/peptide-
binding domain-containing fragment. Nevertheless, small J-domain-
containing proteins or domain fragments have been reported to retain
partial functional relevance, although their precise roles often differ
from canonical HSP40 proteins [70].

3.5.Secondary Structure Prediction and Functional Annotation

PSIPRED-based analysis of the selected ORF of the uncharacterized
transcript (Exp_525919) showed that the predicted protein is
predominantly composed of coil regions, interspersed with multiple
B-strands and a distinct a-helical segment located in the central region
of the sequence, as illustrated in the sequence plot and cartoon model
(Fig. 1). Functional prediction using FFPred associated the protein
with specific GO terms supported by support vector machine (SVM)
reliability scores, offering insights into its potential biological roles,
molecular functions, and cellular localization. The analysis identified
transport as the most likely biological process, nucleic acid binding
as the principal molecular function, and ribosome association as
the predominant cellular component. A graphical overview of these
predictions is shown in Figure 2, while the complete list of predicted
functions along with their corresponding SVM reliability scores is
provided in Supplementary Table 1.

3.6. Structural Modeling and Three-Dimensional Structure
Prediction

To further investigate the structural features of the Exp 525919
encoded protein, homology- and analogy-based fold recognition was
performed using the Phyre2.2 server. The analysis successfully modeled
68 residues (96% of the sequence) with 99.5% confidence (Fig. 3),
based on the highest-scoring template c¢7zhsA , which showed 43%
sequence identity. The template corresponds to a chaperone protein
annotated as ubiquitin-like protein SMT3, DnaJ homolog subfamily
A member 2, derived from a three-dimensional reconstruction of the
cylindrical assembly of DNAJA2 (AG/F) imposing D5 symmetry. The
predicted structural model exhibited dimensions of 45.451 A x 27.162
A % 32.338 A, supporting a compact and ordered fold consistent with
putative chaperone proteins.

For structural interpretation using AlphaFold, a homologous
uncharacterized protein from 4. hypogyna (414 aa) was selected as a
structural proxy based on its significant alignment metrics, including
a high HSP (high-scoring segment pair score: 190), low E-value
(5.88412e-15), 59% sequence identity, 70% positives (45/64), and
absence of gaps (0%) and also because this hit was consistent with
our previous findings. The alignment was restricted to a ~ 60-70
aa region corresponding to Exp 525919. Therefore, only a partial
alignment was used for comparative structural inference. The 3D
structure was analyzed using AlphaFold-based predictions and
visualized per-residue confidence scores (pLDDT) and predicted
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Figure 3. Structural modeling and homology/analogy-based fold recognition using Phyre2.2 server. The predicted 3D structure was generated using the Phyre2.2

server, which employs homology and fold recognition approaches to model protein structures based on known templates. The predicted model covers 68 residues

(96% of the sequence) with 99.5% confidence based on the template c7zhsA  (43% sequence identity). Sequence-structure alignment and the resulting 3D model
indicate a compact, ordered fold consistent with chaperone proteins.

aligned error (PAE) matrix (Fig. 4). The 3D structure of the same shows comparatively higher confidence, whereas the remaining
homologous protein is colored by pLDDT, ranging from high (blue) regions represent portions of the homologous protein not covered
to low (red). The region corresponding to the Exp 525919 alignment by the short query sequence. The PAE heatmap of the homologous
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Figure 4. AlphaFold-based structural interpretation of a homologous protein used as a proxy for Exp 525919. (a) The PAE heatmap of the homologous A4.
hypogyna uncharacterized protein (414 aa) shows well-defined low-error regions corresponding to locally aligned segments with the Exp 525919 peptide
(~ 60-70 aa). The full matrix reflects the confidence of inter-residue positioning across the homologous full-length protein. (b) The 3D structure of the
same homologous protein colored by per-residue confidence scores (pLDDT), ranging from high (blue) to low (red). The region corresponding to the
Exp_525919 alignment shows comparatively higher confidence, whereas the remaining regions represent portions of the homologous protein not covered
by the short query sequence.
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Figure 5. Protein family classification and domain architecture using InterProScan.
The protein is classified within the chaperone J-domain superfamily and assigned to the DnaJ homolog subfamily A member 1/2-like family. The detected Dnal
C-terminal/peptide-binding domain suggests limited similarity to DnaJ/HSP40-related proteins and possible association with chaperone-related pathways; however,
co-chaperone activity cannot be inferred and requires experimental validation.

A. hypogyna uncharacterized protein (414 aa) shows well-defined Canonical HSP40 (Dnal) family proteins regulate HSP70 function

low-error regions corresponding to locally aligned segments with
the Exp 525919 peptide (~ 60-70 aa). The full matrix reflects the
confidence of inter-residue positioning across the homologous full-
length protein.

Collectively, these predictions suggest that Exp 525919, a putative
Dnal C-terminal/peptide-binding domain-containing fragment,
may function as a regulatory or protective protein, potentially
contributing to cellular homeostasis under environmental stress.

by stimulating its ATPase activity and facilitating its interaction
with nucleotide exchange factors, thereby controlling the ATP-
dependent chaperone cycle [71]. However, because Exp 525919
contains only a predicted DnalJ C-terminal/peptide-binding domain-
containing fragment and lacks evidence of a canonical J-domain, its
direct involvement in HSP70 ATPase regulation cannot be inferred.
Nevertheless, the presence of this domain suggests a potential
association with chaperone-mediated stress response processes and
protein homeostasis under Cr(VI) stress.
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3.7. Domain Architecture and Evolutionary Conservation of
Exp_525919 Encoded Protein

Protein family classification and conserved domain analysis using
InterProScan identified the protein as belonging to the chaperone
J-domain superfamily (IPR036869). More specifically, it was classified
as DnaJ homolog subfamily A member 1/2-like (IPR044713),
with family assignment as DNAJ-LIKE-2, isoform A-related (Fig.
5). Domain architecture analysis revealed the presence of a Dnal
C-terminal domain (Pfam PF01556) and an HSP40/Dnal] peptide-
binding domain (SUPERFAMILY SSF49493). Functional family
annotation further classified the protein as DnalJ subfamily A member
2 (FUNFAM G3DSA:2.60.260.20:FF:000003), reinforcing its role as
a co-chaperone within the HSP70 system.

Initially, Exp 525919 was annotated using UniProt BLAST and
was identified as an uncharacterized protein from A. hypogyna
corresponding to the ACHHYP 04605 gene with 57% identity and
7.6e-24 e-value. This relatively high level of identity, compared
to other hits, justified the selection of A. hypogyna as the most
appropriate reference organism for subsequent analyses. To further
assess evolutionary conservation, the ORF was searched against the
OrthoDB database using A. hypogyna as the reference organism.
This analysis identified several orthologous hypothetical proteins,
including ACHHYP_10603, ACHHYP_02934, ACHHYP_04605,
and ACHHYP_04602. Among these, ACHHYP_04605 was selected
for detailed analysis based on its more complete annotation and higher
sequence coverage. Functional predictions for this ortholog suggested
molecular functions such as ATP binding, HSP70 protein binding, heat
shock protein binding, metal ion binding, unfolded protein binding,
and protein-folding chaperone binding. The predicted biological role
was protein refolding, and the protein was inferred to localize to both
the nucleus and cytosol.

Consistent with these observations, InterPro entry IPR036869
confirmed its classification within the chaperone J-domain superfamily,
whose members serve as key regulators of the HSP70 chaperone
machinery. HSP70 systems are involved in a wide range of cellular
processes, including folding of nascent polypeptides, translocation
across organelle membranes, coordination of stress responses, and
targeting of proteins for degradation. Members of the HSP40 (Dnal)
family function as co-chaperones by interacting with HSP70 (DnaK)
and stimulating its ATPase activity, thereby stabilizing substrate-
bound conformations required for efficient protein folding [62,72].

Structurally, canonical DnaJ proteins comprise an N-terminal
J-domain, a glycine-rich region, a zinc-finger-like cysteine repeat
domain, and a C-terminal substrate-binding region. The J-domain,
formed by four o-helices, mediates interaction with the ATPase
domain of HSP70 and is essential for chaperone activity [73,74].
The identification of a DnaJ C-terminal/peptide-binding domain-
containing fragment in Exp 525919 suggests limited structural
similarity to components of the DnaJ/HSP40 protein family and a
possible association with chaperone-related stress response functions.
However, its functional relationship to canonical DnalJ co-chaperones
remains to be established.

3.8. Protein—Protein Interaction Analysis

The protein—protein interaction (PPI) network shows that the predicted
uncharacterized protein ACHHYP_ 04605 has strong predicted
associations with multiple molecular chaperones, predominantly
members of the HSP70 family, along with DnaJ/HSP40 and HSP90, as
listed in Table 2. The high interaction confidence scores (<0.81-0.90)
indicate a biologically meaningful functional linkage [75]. Such

clustering with well-characterized chaperones suggests a functional
association, as proteins involved in similar biological processes tend
to form highly interconnected modules within PPI networks [76,77].
The network was visualized in Cytoscape (Fig. 6).

Notably, ACHHYP 04605 shows interactions with several HSP70-
like proteins and HSP70 cognates, indicating its likely involvement
in protein folding, refolding, or stabilization pathways. Its association

Table 2. Predicted protein—protein interaction partners of ACHHYP_04605.
Predicted functional partners Score
ACHHYP_02356 HSP70-like protein 0.896

ACHHYP_10400 Heat shock 70 KDa protein; Belongs to the
heat shock protein 70 family

ACHHYP_11646 HSP70-like protein 0.844
ACHHYP_17465 Heat shock 70 KDa protein; Belongs to the

0.845

heat shock protein 70 family 0.842
ACHHYP_04460 HSP70-like protein; Belongs to the heat

. . 0.842
shock protein 70 family
ACHHYP_16337 Heat shock 70 KDa protein; Belongs to the 0841
heat shock protein 70 family ’
ACHHYP_14762 Heat shock cognate 70KDa protein 0.837
ACHHYP_14585 Dna J subfamily B protein 0.835
ACHHYP_14729 Heat shock cognate 70KDa protein 0.816
ACHHYP_05781 Heat shock protein 90 0.813

ACHHYP_14762

ACHHYP_10400

ACHHYP_04460

ACHHYP_17465

ACHHYP_14729

Figure 6. PPI analysis using the STRING database and visualized on
Cytoscape. STRING-based PPI network showing strong predicted
associations of ACHHYP_04605 with molecular chaperones, predominantly
HSP70, DnaJ/HSP40, and HSP90 family proteins, indicating functional
linkage within protein folding and stress-response pathways. The high
interaction confidence scores (=~0.81—0.90) indicate a biologically meaningful
functional linkage.
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ACHHYP_16337

ACHHYP_04460

ACHHYP_17465

ACHHYP 11646 l. aps ‘l - A

/ ACHHYP_14729

Figure 7. K-means clustering of the PPI network using the STRING
database. K-means clustering of the PPI network reveals distinct functional
modules, with core chaperone proteins forming densely connected clusters
and specialized co-chaperones occupying peripheral positions, supporting a

coordinated chaperone machinery.

with multiple HSP70 homologs and Dnal proteins suggests that it
may function as a chaperone client or accessory component within the
HSP70-centered stress response network. Furthermore, its interaction
with HSP90, a central regulator of multichaperone complexes,
supports a potential role in protein maturation and stabilization under
stress conditions [78].

Network-based functional inference approaches demonstrate that
uncharacterized proteins embedded within chaperone-rich modules
may suggest involvement in protein quality control and proteostasis-
related stress response [79,80]. Therefore, the interaction profile of
ACHHYP_04605 strongly supports its classification as a stress-
associated protein linked to cellular proteostasis, likely contributing
indirectly to tolerance against environmental stressors. Efficient
modulation of protein homeostasis by HSPs requires the coordinated
action of co-chaperones. Specific co-chaperones, including HSP40/
DNAJ proteins and HSP110-family proteins, modulate HSP70
substrate handling and proteostasis [81,82]. Protein—protein
interactions between HSPs and their co-chaperones precisely
control the quality-control machinery of client proteins, including
protein phosphorylation, ubiquitination, and other post-translational
modifications [83,84].

K-means clustering analysis revealed a structured organization of
chaperone and folding-related genes into distinct clusters (Fig. 7).
Nodes are grouped based on shared functional associations, with edge
density reflecting interaction strength. Cluster 1 (red) contained multiple
genes broadly associated with protein folding, forming a densely
connected subnetwork. Cluster 2 (green) consisted of genes encoding
core chaperone components, including HSP70 and HSP40/Dnal-related
proteins, which showed strong connectivity with both cluster 1 and other
nodes in the network. Cluster 3 (blue) was represented by a single gene,
ACHHYP_14585, annotated as a Dnal subfamily B protein, positioned
at the periphery yet maintaining links with central chaperone nodes. The
overall network topology indicates functional diversification within the
chaperone machinery, with core protein-folding components acting as

central hubs, while specialized co-chaperones contribute to adaptive
responses under HM-induced stress.

4. CONCLUSION

This study provides insights into the molecular basis of HM stress
adaptation in micro-eukaryotic communities based on transcript-
level evidence derived from RNA-Seq-based metatranscriptomics
with comprehensive in silico characterization. The identification and
functional annotation of the predicted upregulated uncharacterized
transcript Exp 525919, encoding a putative DnalJ/HSP40-domain-
containing fragment, highlights that it may contribute to ATP-
dependent protein quality-control systems that maintain cellular
homeostasis under chromium stress, as supported by the integration of
functional predictions, structural modeling, domain architecture, and
evolutionary conservation.

Furthermore, this work expands the functional aspect of a predicted
uncharacterized protein and demonstrates how computational
approaches can uncover novel components of stress-adaptation
pathways. However, due to the absence of biological replicates, the
observed expression patterns represent preliminary trends that require
validation through replicated transcriptomic approaches.

Protein—protein interaction analysis, inferred from homologous
protein networks, identified the predicted uncharacterized protein
ACHHYP_04605 as an interactor of major molecular chaperones,
including HSP70, Dnal/HSP40, and HSP90, indicating a likely role
in protein folding and quality control. Its association with multiple
HSP70 homologs suggests involvement in the HSP70-centered stress
response, potentially functioning as a chaperone client or accessory
factor, while its interaction with HSP90 supports a role in protein
maturation under stress conditions. Network-based inference further
classifies ACHHYP 04605 as a stress-associated element linked
to cellular proteostasis. K-means clustering revealed a modular
organization within the chaperone network, where core folding
components act as central hubs and specialized co-chaperones
contribute to adaptive stress responses. The model and associated
confidence metrics represent computational predictions and require
experimental validation. Collectively, these findings advance our
understanding of micro-eukaryotic resilience in contaminated
environments and provide a foundation for future experimental
validation and potential applications in bioremediation strategies.

Overall, the observed transcript-abundance patterns of predicted
chaperones and uncharacterized stress-responsive proteins highlight
the potential adaptive transcriptional response of micro-eukaryotic
communities to challenging environmental conditions. This
transcriptional reprogramming reflects adjustments in cellular and
metabolic processes that promote survival under altered environments.
RNA sequencing thus offers valuable insights into micro-eukaryotic
functional responses, revealing novel pathways and enzymes
with potential biotechnological applications while advancing our
understanding of their adaptive strategies under environmental stress.
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