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Climate change is expected to affect terrestrial ectotherms worldwide, including
land snails, which are often characterized by limited dispersal capacity and high
sensitivity to environmental fluctuations. Heat shock proteins of the 70 kDa family
(HSP70) are highly conserved molecular chaperones involved in protein folding,
cellular homeostasis and responses to environmental stress. Despite their biolo-
gical importance, the diversity and evolution of HSP70 genes remain poorly
explored in terrestrial gastropods. Here, we performed the first genome-based
characterization of HSP70 genes in the Cuban painted snail Polymita picta, an
endemic species of high conservation concern. Using sequence homology
searches, conserved domain screening and comparative analyses, we identified
ten non-redundant candidate HSP70 loci distributed across five genomic scaf-
folds, yielding ten predicted HSP70 protein sequences. The predicted proteins
exhibited the characteristic physicochemical properties, conserved domains and
motif architecture expected for cytosolic HSP70 proteins. Phylogenetic analyses
grouped all P. picta sequences with cytosolic HSP70 homologues from other
mollusks, whereas HSC70, HSP75 and HSP78 proteins formed distinct lineages.
Pairwise sequence comparisons revealed high levels of amino acid conservation
among paralogs, while Ka/Ks analyses indicated strong purifying selection across
all sequence pairs. These results provide the first overview of the HSP70 repertoire
currently identifiable in the P. picta genome and establish a molecular framework
for future studies on stress physiology, gene expression and the evolutionary
diversification of heat shock proteins in terrestrial mollusks.
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1 Introduction

Ectothermic organisms such as terrestrial mollusks are highly
susceptible to fluctuations in temperature and humidity due to their
limited dispersal capacity and physiological dependence on envi-
ronmental conditions (Staikou et al., 2024; Noble et al., 2025).
Habitat degradation, drought, and increasing temperatures consti-
tute major threats affecting survival, reproduction, and longevity in
terrestrial gastropods (Nicolai and Ansart, 2017). To cope with
environmental stress, these organisms have evolved a wide range of
physiological, cellular, and molecular responses, including aestiva-
tion, changes in tissue structure, mucus production, pigmentation,
and the induction of molecular chaperones (Scheil et al., 2012;
Schweizer et al., 2019; Tull et al., 2020).

Despite numerous studies addressing thermal effects on mor-
phology and physiology in land snails, investigations focused on
molecular mechanisms remain comparatively scarce (Schweizer
et al., 2019). Among the molecular systems involved in cellular
stress responses, the heat shock protein 70 (HSP70) family repre-
sents one of the most extensively studied groups of molecular
chaperones. HSP70 proteins are ubiquitous and highly conserved
across all domains of life (Singh et al., 2025). Based on molecular
weight and functional characteristics, heat shock proteins are
classified into several families, including small HSPs, HSP40,
HSP70, HSP90, and HSP110 (Singh et al., 2025).

Within the HSP70 superfamily, several functionally distinct
proteins have been described, including inducible HSP70s (also
named HSPA1A), constitutively expressed HSC70s (also referred to
as HSPA8/cognate heat shock protein), the predominantly consti-
tutive mitochondrial HSP75 (HSPA9/mortalin/GRP75), and the
endoplasmic reticulum HSP78 (HSPAS5/BiP/GRP78), which per-
forms essential housekeeping chaperone functions but can also be
induced under endoplasmic reticulum stress; all of these proteins
are characterized by a highly conserved N-terminal ATPase domain
(Wang et al., 2021; Shao et al., 2022). More divergent lineages such
as HSPA12A [heat shock protein family A (Hsp70) member 12A]
and HSPA12B possess an unusual ATP-binding domain and show
substantial sequence divergence from canonical HSP70 proteins
(Han et al,, 2003). Although HSPA12 proteins have recently been
investigated in marine mollusks (i.e. Hu et al., 2022; Lu et al., 2024),
their diversity and evolutionary relationships remain poorly under-
stood across most gastropod lineages.

The HSP70 family plays essential roles in protein folding,
proteostasis, protein translocation, and the prevention of protein
aggregation (Wentink et al.,, 2026). In addition, HSP70 proteins
participate in cellular responses to a wide range of environmental
and physiological stressors (Singh et al., 2025). Structurally, canon-
ical HSP70 proteins contain three major domains: a highly con-
served N-terminal nucleotide-binding domain (NBD), a substrate-
binding domain (SBD), and a variable C-terminal domain involved
in co-chaperone interactions and subcellular targeting (Ciesielski
et al,, 2023; Melikov and Novak, 2024). In eukaryotic cells, HSP70
proteins have been reported in the cytoplasm, nucleus, endoplasmic
reticulum, and mitochondria, with their subcellular localization
largely determined by specific sequence motifs (Rosenzweig
et al., 2019).
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Until now, HSP70 proteins in terrestrial mollusks have been
studied predominantly through protein expression analyses, par-
ticularly in Mediterranean species (e.g., Di Lellis et al., 2014; Staikou
et al., 2024). The increasing availability of molluscan whole-genome
assemblies has recently enabled genome-wide investigations of
HSP70 gene families, revealing substantial variation in gene copy
number, genomic organization, and evolutionary diversification
among species (e.g. Hu et al,, 2022; Zheng et al., 2023; Lu et al,
2024; Kim et al., 2024; Wu et al., 2025; Wang et al., 2025). However,
comparable genome-wide studies remain scarce in terrestrial mol-
lusks, and to our knowledge, have not been reported for Neotropical
terrestrial gastropods.

In the Cuban archipelago, the genus Polymita Beck, 1837
comprises six endemic tree snail species: P. muscarum, P. versicolor,
P. venusta, P. sulphurosa, P. brocheri, and P. picta (Gonzalez-Guillén,
2021). These species are internationally recognized for their remark-
able shell color polymorphism and are of considerable interest to
evolutionary biologists and conservation practitioners (Alfonso and
Berovides, 1993). All species of Polymita are considered threatened
and are listed in Appendix I of the Convention on International
Trade in Endangered Species (CITES, 2025; Maceira-Filgueira, 2016).
Recently, genomic resources for P. picta have become available
through the sequencing of its mitochondrial and nuclear genomes,
providing new opportunities for evolutionary and comparative
genomic research (Lewis et al., 2025; Reyes-Tur et al., 2025).

The aim of this study was to identify and characterize members
of the HSP70 gene family in the recently assembled genome of
Polymita picta. Specifically, we investigated their genomic distribu-
tion, physicochemical properties, conserved motifs, evolutionary
relationships, and patterns of sequence divergence. To our knowl-
edge, this represents the first genome-based characterization of
HSP70 genes in a Neotropical terrestrial gastropod and provides a
molecular framework for future studies linking HSP70 evolution
and expression with responses to environmentally relevant stressors
in land snails.

2 Materials and methods

2.1 Genome-wide identification of HSP70
family members in the Polymita picta
genome

The identification of HSP70 family members in P. picta was
based on sequence-homology and conserved-domain analyses,
following approaches previously applied to molluscan genomes
(Hu et al,, 2022; Lu et al,, 2024). Initial homology screening was
performed using an earlier working version of the P. picta genomic
dataset, whereas genomic coordinates and all final sequence anal-
yses reported in this study refer to the subsequently established
genome assembly v4665_2 (BioProject PRINA1250545; GenBank
WGS accession JBOZOB000000000.1).

A genome-wide TBLASTN v2.12.0 search was performed
against the initial genomic dataset using 1,064 molluscan HSP
protein sequences downloaded from NCBI as queries (downloaded
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3 December 2024), using default search parameters. The search
produced 78,994 raw alignments. Matches were filtered using an E-
value threshold of < 1 x 10" and amino-acid identity > 90%,
resulting in 1,286 genomic alignments involving 472 of the original
molluscan query proteins.

The 472 molluscan query proteins associated with the retained
genomic alignments were subsequently screened for the character-
istic HSP70 domain using hmmscan from HMMER v3.4 (Finn et al.,
2011) against the Pfam-A database (El-Gebali et al., 2019). Matches
to the HSP70 family profile hidden Markov model PF00012 were
retained at an E-value threshold of < 1 x 107°. Significant domain
matches were parsed from the domtblout output and deduplicated,
identifying 304 PF00012-positive molluscan query proteins. Thus,
these 304 records represented HSP70-domain-containing query
proteins associated with genomic TBLASTN hits, rather than 304
independently predicted P. picta HSP70 proteins.

Additional conserved-domain assessment was performed using
the NCBI Batch Conserved Domain Search (CD-Search) against the
Conserved Domain Database (CDD; Lu et al., 2020), using an E-
value threshold of < 1 x 107°. This analysis was used as an additional
assessment of HSP70-family assignment among the query-associ-
ated records. Because multiple homologous molluscan query pro-
teins frequently matched the same or overlapping genomic regions,
the number of query-associated records was not interpreted as the
number of HSP70 loci in the P. picta genome.

Candidate genomic regions identified in the initial dataset were
subsequently mapped and curated against the established P. picta
genome assembly v4665_2. Recurrent and overlapping matches
supported by different molluscan HSP70 queries and mapping to
the same genomic interval were consolidated as evidence for the
same candidate region, whereas spatially distinct genomic positions
were retained as separate candidate loci. Following preliminary
consolidation and sequence assessment, candidate HSP70 regions
were remapped to assembly v4665_2 to establish their final genomic
locations. This mapping and subsequent curation resolved ten non-
redundant candidate HSP70 loci: six located on scaffold
ptg0008111_1 and one each on scaffolds ptg0047911_1,
ptg0106611_1, ptgd188701_1, and ptg018978l_1. Genomic regions
were additionally examined manually using Integrative Genomics
Viewer (IGV) v2.19.3 (Thorvaldsdottir et al., 2013).

Distinct candidates were retained when they occupied separate
genomic positions and supported plausible HSP70 coding sequences.
Because population-level or haplotype-resolved analyses were not
performed, potentially allelic relationships among highly similar
sequences could not be formally assessed. The retained candidates
are therefore conservatively referred to as ten non-redundant geno-
mic HSP70 loci based on their distinct positions in assembly v4665_2.
These loci were subsequently subjected to sequence extraction, ORF
assessment, and downstream characterization.

2.1.1 Identification of HSPA12-like sequences

Because HSPA12A and HSPA12B are highly divergent mem-
bers of the HSP70 superfamily and have been reported in molluscan
genomes (e.g., Hu et al., 2022; Lu et al., 2024), an additional targeted
search was conducted to assess the presence of HSPA12-like
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sequences in P. picta. This search was performed independently
of the primary HSP70 identification pipeline described above and
directly against genome assembly v4665_2.

Representative molluscan HSPA12A and HSPA12B protein
sequences retrieved from NCBI were used as queries in
TBLASTN searches using BLAST+ v2.16.0 (Camacho et al,
2009). Matches with an E-value < 1 x 10 were retained and
inspected for candidate HSPA12-like loci (Supplementary Data 1:
http://doi.org/10.5281/zen0do.20664956). This complementary
search was specifically intended to detect divergent HSP70-super-
family sequences that might not have been recovered by the
stringent identity threshold applied during the primary screening.

2.1.2 Full-length sequence extraction and
translation from genomic data

The ten non-redundant HSP70 loci retained after genomic map-
ping and curation were extracted from the P. picta genome assembly
v4665_2. Their genomic coordinates were recorded in BED format,
including scaffold, start and end positions, and strand orientation
(Supplementary Data 2: http://doi.org/10.5281/zenodo.18494202).
The final set comprised six loci on ptg0008111_1 and four dispersed
loci located on ptg0047911_1, ptg0106611_ 1, ptg0188701_1,
and ptg0189781_1.

Genomic sequence extraction and subsequent strand-aware pro-
cessing were performed using BEDTools v2.30.0 (Quinlan and Hall,
2010) and custom R scripts (R Core Team, 2022). The genomic
intervals corresponding to the ten retained loci were used as the
reference coordinates for downstream extraction and translation.

To facilitate recovery of complete coding sequences, each
candidate region was extended in a strand-aware manner by 50
bp at the 5’ end and 500 bp at the 3’ end. Sequences located on the
negative strand were reverse complemented before translation. For
each strand-oriented sequence, the three forward reading frames
were evaluated. ORF selection prioritized a methionine-initiated
ORF and, among plausible alternatives, the longest coding sequence
with the fewest internal stop codons. The resulting ORFs were
manually assessed together with the surrounding genomic sequence
to identify plausible HSP70 coding sequences. Candidates lacking
sufficient genomic and sequence support for assignment to the
HSP70 family were excluded, whereas locus-specific sequence
features, including apparent truncations or premature stop
codons, were retained and reported when supported by the genomic
sequence. The final predicted sequences, genomic coordinates, and
strand orientations were retained for downstream analyses
(Supplementary Data 3: http://doi.org/10.5281/zenodo.16744586).

Custom R scripts used for genomic sequence extraction, strand-
aware extension, reading-frame evaluation, ORF selection, and
protein translation were developed and refined with the assistance
of ChatGPT (GPT-5.5, OpenAl, San Francisco, CA, USA). All
generated code, outputs, and methodological decisions were subse-
quently reviewed, verified, and modified by the authors before
implementation. This workflow was used to recover predicted
HSP70 coding sequences associated with the ten curated genomic
loci and was not intended to reconstruct complete exon-intron
gene models.

frontiersin.org



Gordillo-Pérez et al.

2.2 Physicochemical characterization of
Polymita picta HSP70 proteins

The physicochemical properties of the predicted P. picta HSP70
proteins (PpHSP70), including amino acid length, molecular weight
(MW), theoretical isoelectric point (pI), instability index (II),
aliphatic index (AI) and grand average of hydropathy (GRAVY),
were calculated using the ExPASy ProtParam (Gasteiger et al.,
2005). Subcellular localization and protein-sorting signals were
predicted using DeepLoc 2.0 (Thumuluri et al., 2022). Signal
peptide prediction was performed using SignalP v5.0 (Almagro
et al., 2019). Conserved motifs were identified using MEME
(Multiple Expectation Maximization for Motif Elicitation) within
the MEME Suite (Bailey et al., 2015), with a maximum number of
motifs set to 21 following the approach of Lu et al. (2024).

2.3 Motif analysis in Polymita picta HSP70
proteins and comparative sequences

A total of 34 protein sequences were included in motif analyses,
comprising the 10 predicted HSP70 proteins from P. picta and
representative HSP70 sequences from Biomphalaria glabrata,
Ostrea edulis, Magallana gigas, Mya arenaria, Aplysia californica,
Dreissena polymorpha, and Crassostrea virginica, together with one
HSP70 sequence from Drosophila melanogaster. To facilitate com-
parisons among HSP70 subfamilies, sequences annotated as cyto-
solic HSP70, HSC70, HSP75, and HSP78 were included
(Supplementary Data 4: https://doi.org/10.5281/zenodo.
16744775). Species and sequences were selected based on the
availability of annotated reference sequences representing the
major HSP70 subfamilies included in the comparative analysis.
The positions of the identified motifs were subsequently mapped
onto the conserved structural architecture of HSP70 proteins to
determine their association with the nucleotide-binding domain
(NBD), its constituent subdomains (IA, IB, IIA, and IIB), the
substrate-binding domain (SBD), and the C-terminal region
(Supplementary Data 5: https://doi.org/10.5281/zenodo.
21901174). Structural assignments were based on previously de-
scribed HSP70 domain organization (Zhang et al., 2014).

2.4 Homology assessment and gene
duplication analyses

Potential gene duplications were identified using two criteria: (i)
amino acid sequence similarity greater than 70% and (ii) coverage of
at least 70% of the longer sequence by the shorter aligned sequence
(Yang et al,, 2008; Lu et al.,, 2024). Protein sequences were aligned
using MAFFT v7 (Katoh and Standley, 2013) and imported into R
using the Biostrings package (Pages et al., 2026). Sequence metadata,
including scaffold identity and strand orientation, were parsed from
FASTA headers and stored in a structured data frame.

Pairwise sequence comparisons were performed among all
PpHSP70 proteins. Amino acid identity was calculated as the
proportion of identical residues relative to the total alignment
length using custom R scripts. Patterns of sequence evolution
among the predicted PpHSP70 coding sequences were assessed
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through pairwise Ka/Ks analyses using KaKs_Calculator v3.0
(Zhang, 2022). The corresponding protein sequences were aligned
using MAFFT v7, and the protein alignment together with the
corresponding coding sequences was submitted to PAL2NAL
(Suyama et al., 2006) to generate a codon-aware nucleotide align-
ment. The resulting alignment was converted to AXT format, and
all 45 pairwise comparisons among the ten PpHSP70 sequences
were analyzed using the GY-HKY method, with HKY as the
nucleotide substitution model. Ka/Ks ratios < 1, = 1, and > 1
were interpreted as being consistent with purifying selection,
neutral evolution, and positive selection, respectively.

2.5 Phylogenetic analysis

For phylogenetic analyses, the identified P. picta HSP70 pro-
teins were aligned together with the same set of comparative HSP70
sequences used for motif analyses to ensure consistency among
comparative datasets. The major heat shock 70-kDa protein from
Drosophila melanogaster was included as an external reference
sequence and used to root the tree.

The best-fit amino acid substitution model was selected using
ModelFinder implemented in IQ-TREE v2.3.6 under the “-m MFP”
option (Kalyaanamoorthy et al., 2017). Maximum-likelihood phy-
logenetic reconstruction was subsequently performed using IQ-
TREE (Nguyen et al., 2015; Minh et al., 2020).

Branch support was assessed using ultrafast bootstrap approx-
imation (UFBoot) and the Shimodaira-Hasegawa approximate
likelihood ratio test (SH-aLRT) with 10,000 replicates each
(Guindon et al.,, 2010; Hoang et al., 2018). Nodes with UFBoot
values > 95 and SH-aLRT support values > 80 were considered
strongly supported (Cruz-Laufer et al.,, 2025). Phylogenetic trees
were visualized and edited using FigTree v1.4.4.

3 Results

3.1 Genome-wide identification and
physicochemical profiling of heat shock
proteins 70 kDa in Polymita picta

The initial TBLASTN search using 1,064 molluscan HSP
protein sequences recovered 78,994 alignments against the initial
P. picta genomic dataset. Filtering at an E-value < 1 x 10" and
amino-acid identity > 90% retained 1,286 genomic alignments
involving 472 of the original molluscan query proteins. HMMER
screening subsequently identified 304 of these query proteins
containing the HSP70 domain PF00012. Because multiple homol-
ogous molluscan query proteins frequently matched the same or
overlapping genomic regions, these query-associated records were
not interpreted as independent P. picta HSP70 loci. Candidate
genomic regions were therefore consolidated according to genomic
position and subsequently mapped and curated against genome
assembly v4665_2. This procedure resolved ten non-redundant
candidate HSP70 loci, which yielded ten predicted HSP70 protein
sequences following sequence extraction and ORF assessment.
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The ten predicted HSP70 proteins were located at distinct
genomic positions and were named consecutively PpHSP70_1 to
PpHSP70_10. Information associated with each identifier included
scaffold, start and end coordinates, and strand orientation, with
genomic positions reported in the text using 1-based coordinates
e.g., PpHSP70_1_ptg0008111_1:167165-168904 (—) (Supplementary
Data 6: http://doi.org/10.5281/zenodo.16744894).

The ten predicted HSP70 proteins were distributed across five
genomic scaffolds (Figure 1). PpHSP70_1 to PpHSP70_6 were
clustered within scaffold ptg0008111_1, where four loci occurred
on the negative strand and two on the positive strand. The
remaining four loci were located individually on scaffolds
ptg0047911_1, ptg0106611_1, ptg0188701_1, and ptg0189781_1.

A targeted search using representative molluscan HSPA12A
and HSPA12B proteins recovered 56 significant TBLASTN matches
against the P. picta genome assembly v4665_2. The strongest
matches were concentrated within scaffold ptg008348]1_1 and
showed high similarity to gastropod HSPA12A proteins. The
highest-scoring hit corresponded to HSPAI2A from Physella
acuta, exhibiting 92.0% amino-acid identity across 350 aligned
0.0; bit score = 680). Similarly, HSPAI2A
from Biomphalaria glabrata showed 91.7% identity across 350

residues (E-value =
amino acids (E-value = 0.0; bit score = 677). Additional significant
matches were recovered using HSPA12A sequences from Berghia
stephanieae (86.0% identity) and Haliotis discus (77.8% identity), as
well as HSPA12B sequences from Babylonia areolata (77.8%
identity). Most high-confidence matches mapped to a restricted
genomic region within scaffold ptg008348l_1, supporting the pre-
sence of at least one HSPA12-like locus in the current assembly.
HSPA12-like sequences were not included among the ten predicted
HSP70 proteins retained for downstream analyses because they
were identified through the independent targeted search described
in Section 2.1.1.

The ten predicted HSP70 proteins ranged from 635 to 672
amino acids in length, with an average length of approximately 641
amino acids (Table 1). Molecular weights ranged from 69,305.92 to
73,549.12 Da, with an average of 69,725.06 Da. The theoretical
isoelectric points (pI) ranged from 5.58 to 5.80 (mean = 5.67),
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FIGURE 1
Scaffold distribution of predicted Polymita picta heat shock protein
70 kDa (HSP70) loci.
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indicating a generally acidic character. All proteins exhibited
negative GRAVY values (-0.47 to —0.38; mean = —0.44), indicating
an overall hydrophilic character. The instability index ranged from
28.23 to 30.69 (mean = 29.24), classifying all proteins as stable
according to ProtParam criteria. The aliphatic index ranged from
79.43 to 84.32 (mean = 81.15), values comparable to those reported
for other molluscan HSP70 proteins (Table 1).

Most P. picta HSP70 proteins were predicted to be primarily
localized in the cytoplasm, with prediction scores ranging from 0.47
to 0.78 (mean = 0.73) (Supplementary Data 7: https://doi.org/
10.5281/zenodo.16745227). However, two proteins, PpHSP70_3
and PpHSP70_8, contained nuclear localization signals (NLS),
suggesting potential dual localization in the cytoplasm and nucleus.
Additionally, PpHSP70_7 exhibited a predicted peroxisomal tar-
geting signal and showed lower cytoplasmic probability (0.47)
together with elevated probabilities for the endoplasmic reticulum
(0.52), Golgi apparatus (0.47), and lysosome/vacuole (0.46).
Predicted mitochondrial and plasma membrane localization prob-
abilities were generally low across all proteins (mean < 0.34).

Signal peptide prediction using SignalP 5.0 indicated that none of
the PpHSP70 proteins possessed a classical N-terminal signal peptide
for secretion through the Sec/SPI pathway. All sequences were
classified as “OTHER” with high confidence (mean OTHER proba-
bility = 0.9975 + 0.0003) (Supplementary Data 8: https://doi.org/
10.5281/zenodo.16745405). Correspondingly, SP (Sec/SPI) probabil-
ities were consistently low across all proteins (mean SP probability
= 0.0025 + 0.0003), indicating that none of the identified proteins
are likely to be secreted through the classical secretory pathway.

3.2 Motif analysis of HSP70 family in
Polymita picta and comparative sequences

A total of 21 conserved motifs were identified across the dataset,
revealing differences in motif architecture among the major HSP70
subfamilies (Figure 2; Supplementary Data 5). Mitochondrial
HSP70 proteins (HSP75) shared a unique N-terminal motif
(motif 21) that was absent from all other sequences. HSP75 proteins
also contained motif 18 within the ATPase region of the nucleotide-
binding domain (NBD), whereas HSP78 proteins exhibited a
distinct motif architecture in the corresponding region. Neither
motif 18 nor motif 21 was detected in the cytosolic HSP70 proteins,
including all P. picta sequences.

The three HSC70 proteins lacked motif 15 within the substrate-
binding domain (SBD), whereas this motif was consistently present
in the ten predicted P. picta HSP70 proteins and the inducible
HSP70 sequence from D. melanogaster. Minor differences were
observed in two short motifs (~8 amino acids) located near the IA
actin-like ATPase subdomain of the NBD and in the central region
of the SBD. Sequence alignment (Supplementary Data 9: https://
doi.org/10.5281/zenodo.16746341) indicated that these differences
corresponded primarily to scattered amino acid substitutions, most
of which involved conservative substitutions.

Sequence comparisons were standardized using the conserved
EEVD motif as a reference endpoint. Only PpHSP70_7 contained a
C-terminal extension of 30 residues downstream of the EEVD motif
before the stop codon. In contrast, the predicted PpHSP70_8
sequence terminated upstream of the expected C-terminal EEVD
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TABLE 1 Physicochemical parameters of Polymita picta canonical heat shock protein 70 kDa.

Sequence Number of amino acids Mvc\)lleeigtgltar Isoelectric point GRAVY Instability index Aliphatic index
PpHSP70_1 637 69536.36 5.66 0.44 28.81 81.46
PpHSP70_2 637 69550.26 5.58 -0.46 30.69 81
PpHSP70_3 645 70355.17 5.59 -0.45 29.52 80.76
PpHSP70_4 637 69607.35 5.66 047 29.84 80.55
PpHSP70_5 637 69580.28 5.58 -0.46 30.2 80.55
PpHSP70_6 637 69607.35 5.66 0.47 29.84 80.55
PpHSP70_7 672 73549.12 5.8 -0.38 29.44 84.32
PpHSP70_8 635 69305.92 5.76 -0.47 2823 79.43
PpHSP70_9 641 69925.64 5.69 -0.44 28.44 80.34
PpHSP70_10 635 69317.22 5.77 -0.42 30.34 83.56

motif. Re-examination of the extended genomic region confirmed
the presence of a premature stop codon at this position; however,
the downstream genomic sequence retained the EEVD-encoding
region in the same relative position observed in PpHSP70_7 and
PpHSP70_9. In the region immediately upstream of EEVD (motif
16; Figure 2), short sequence variations were observed in
PpHSP70_7 (SGSSR), PpHSP70_8 (AHSQ), and PpHSP70_9
(AGSQ). In addition, a three-amino-acid insertion (QAT) was
observed in the corresponding C-terminal region of PpHSP70_10.
The N-terminal region exhibited minor variation immediately
following the initiating methionine. PpHSP70_7 started with MT,
PpHSP70_8 with MS, and PpHSP70_10 with MP, whereas all
remaining proteins started with MA. Furthermore, PpHSP70_10
lacked three amino acids in this region relative to the other paralogs.

3.3 Sequence identity and evolutionary
constraints

Pairwise amino acid identity percentages were calculated to
assess sequence similarity among the ten P. picta HSP70 proteins.
As shown in Figure 3, proteins located within the same scaffold
generally exhibited very high sequence identity (>97%). In contrast,
lower identity values were observed among proteins located on
different scaffolds. The lowest amino acid identity (83.26%) was
observed between PpHSP70_7 and PpHSP70_10.

Pairwise Ka/Ks ratios were calculated to evaluate patterns of
molecular evolution among the identified HSP70 proteins
(Supplementary Data 10: https://doi.org/10.5281/zenodo.16751419).
A total of 45 pairwise comparisons were analyzed. All estimated Ka/
Ks values were below 1, indicating a predominance of synonymous
substitutions relative to non-synonymous substitutions. The lowest
ratio was observed between PpHSP70_1 and PpHSP70_10 (Ka/Ks =
0.0127), whereas the highest value was obtained for the compari-
sons PpHSP70_3 versus PpHSP70_4 and PpHSP70_3 versus
PpHSP70_6 (Ka/Ks = 0.1642). The comparison between
PpHSP70_4 and PpHSP70_6 returned a NaN value because no
informative substitutions were available for Ka/Ks estimation.
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3.4 Phylogenetic analysis of Polymita picta
HSP70 and comparative sequences

Maximum-likelihood phylogenetic reconstruction recovered
two major clades (Figure 4). The first clade grouped all P. picta
sequences together with four cytosolic HSP70 proteins from the
pulmonate gastropod Biomphalaria glabrata, receiving strong sta-
tistical support (SH-aLRT/UFBoot = 100/100). Within this clade,
two principal subgroups were observed. One subgroup contained
exclusively the four B. glabrata cytosolic HSP70 proteins, with
internal nodes receiving very strong support (SH-aLRT/UFBoot =
100/100 and 98.8/100). The second subgroup contained all ten
P. picta HSP70 proteins.

Relationships among the P. picta paralogs showed heterogeneous
support. The position of PpHSP70_10 relative to the remaining
paralogs was weakly resolved, and the lowest support values within
the P. picta clade were associated with nodes involving PpHSP70_1,
PpHSP70_3, PpHSP70_4, and PpHSP70_6. In contrast, most remain-
ing nodes exhibited moderate to strong support. The second major
clade grouped HSC70, HSP75, and HSP78 proteins from the remain-
ing molluscan species included in the analysis, also with strong
statistical support (SH-aLRT/UFBoot = 99.4/100). Within this
clade, an additional subgroup containing cytosolic HSP70 proteins
from other molluscan taxa was recovered, although relationships
among these sequences remained poorly resolved.

4 Discussion

This study provides the first genome-based characterization of
HSP70 proteins in the Cuban painted snail Polymita picta. Using a
combination of homology searches, domain prediction, motif
analyses, and phylogenetic reconstruction, we identified ten high-
confidence predicted HSP70 proteins and evaluated their molecular
diversity and evolutionary relationships within a comparative
molluscan framework.
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FIGURE 2

Distribution of conserved motifs of different subfamilies of heat shock proteins 70 kDa (HSP70) in Polymita picta and comparative sequences.

4.1 The genome-wide identification of
HSP70s in Polymita picta

The heat shock proteins of 70 kDa (HSP70) constitute a well-
characterized family of molecular chaperones involved in cellular
homeostasis and stress responses from bacteria to mammals (Yu
et al., 2021; Singh et al., 2025). However, studies addressing HSP70
diversity in mollusks have predominantly focused on species of
economic importance, either as food resources or invasive taxa (Hu
et al,, 2022; Lu et al., 2024). Comparable genome-based studies in
terrestrial gastropods remain extremely limited, hindering our
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understanding of the evolution and diversification of these proteins
in land snails.

The recent availability of the P. picta genome assembly (Reyes-
Tur et al,, 2025) enabled this first systematic survey of HSP70
proteins in the species. The assembly comprises 1.85 Gbp distrib-
uted across 22,628 contigs, with a contig N50 of 124.2 Kbp and an
estimated completeness of 88.4%. The relatively high heterozygosity
reported for the genome (2.41%) is consistent with values observed
in other molluscan species (Bean et al., 2022; Gundappa et al., 2022;
Reyes-Tur et al.,, 2025). Given these assembly characteristics, the
identified sequences were conservatively interpreted as non-
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redundant genomic loci based on their distinct positions in the
assembly; however, the possibility that some highly similar se-
quences represent allelic or haplotypic variation cannot be defini-
tively excluded without population-level or haplotype-resolved
genomic data.

A total of ten high-confidence predicted HSP70 proteins were
identified in the genome. This number is comparable to that
reported for several fish species and for the sea cucumber
Apostichopus japonicus (Gao et al., 2018; Xu et al., 2018; Ma and
Luo, 2020; Gao et al, 2022; Zheng et al, 2023). In contrast,
substantially larger HSP70 repertoires have been reported in some
marine bivalves, including 65 genes in the blood clam Tegillarca
granosa (Kim et al.,, 2024) and more than one hundred HSP70-
related sequences in the Pacific oyster Magallana gigas (Lu et al.,
2024). These differences likely reflect lineage-specific patterns of
gene family expansion and highlight the considerable variation in
HSP70 copy number observed across molluscan taxa.

The ten identified HSP70 proteins were distributed across five
genomic scaffolds. Four sequences (PpHSP70_7 to PpPHSP70_10) were
located on separate scaffolds, whereas PpHSP70_1 to PpHSP70_6
occurred in close proximity within scaffold ptg0008111_1. This distri-
bution is consistent with the occurrence of both clustered and dispersed
copies within the genome. Similar patterns of HSP70 gene organization
have been reported in several molluscan genomes, including species
exhibiting tandemly arranged HSP70 genes (Hu et al., 2022; Lu et al,,
2024). However, given the scaffold-level nature of the current assembly,
the precise genomic organization and evolutionary origin of these
copies will require confirmation through chromosome-level assemblies
and improved gene annotation.

A targeted search additionally recovered significant HSPA12-
like matches within the P. picta genome. Most high-confidence hits
were concentrated in scaffold ptg008348l_1 and exhibited strong
similarity to HSPA12A proteins from other gastropods. Although
HSPAI12 proteins belong to the broader HSP70 superfamily, they
constitute a highly divergent lineage and possess an atypical ATP-
binding domain compared with canonical HSP70 proteins (Han
et al,, 2003; Lu et al., 2024). This sequence and domain divergence
limits their direct comparability with the canonical HSP70 proteins
analyzed here, particularly for analyses based on conserved motif
architecture and phylogenetic relationships. Their inclusion within
the same analytical framework could therefore confound the
interpretation of evolutionary patterns inferred for the ten high-
confidence canonical HSP70 proteins. For this reason, HSPA12-like
sequences were identified and reported separately but were not
incorporated into the comparative analyses of the canonical HSP70
dataset. Their evolutionary relationships and genomic organization
warrant dedicated investigation in future studies.

Overall, P. picta HSP70 proteins exhibited a high degree of
conservation in sequence length, molecular weight, isoelectric point,
and hydropathic properties. All proteins displayed acidic pI values
and negative GRAVY scores, consistent with the physicochemical
characteristics commonly reported for HSP70 proteins in other taxa
(Dayrit et al., 2024; Singh et al., 2025). Likewise, all sequences were
classified as stable proteins according to their instability indices.
Their relatively high aliphatic indices are also consistent with
predicted thermostability, as a higher aliphatic index has been
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associated with increased thermostability of globular proteins
(Ikai, 1980; Gasteiger et al., 2005). Although variation in aliphatic
index among the P. picta paralogs was relatively small, the observed
values are consistent with the predicted structural stability of these
proteins. Hypothetically, these physicochemical properties could
contribute to maintaining HSP70 structural stability and chaperone
performance under elevated or fluctuating temperatures. However,
this potential relationship cannot be inferred from sequence-based
predictions alone and would require experimental validation under
controlled thermal conditions. The predicted subcellular localiza-
tion patterns suggest that the identified proteins are predominantly
cytoplasmic chaperones. Nevertheless, PpHSP70_3 and PpHSP70_8
contained nuclear localization signals, indicating the possibility of
dual cytoplasmic and nuclear localization. In addition, PpPHSP70_7
displayed targeting signals associated with multiple intracellular
compartments, including the peroxisome, endoplasmic reticulum,
Golgi apparatus, and lysosome/vacuole. Although these predictions
require experimental validation, they suggest that the strong con-
servation of the core HSP70 molecular chaperone properties may
coexist with some degree of intracellular specialization among
paralogs. Thus, rather than indicating extensive functional diver-
gence, differences in predicted subcellular targeting may reflect
incipient subfunctionalization while retaining the conserved mo-
lecular chaperone function characteristic of the HSP70 family (Yu
et al, 2021; Singh et al, 2025). Taken together, the localization
predictions suggest that most P. picta HSP70 proteins are predom-
inantly cytoplasmic chaperones, although several paralogs may also
localize to additional intracellular compartments, including the
nucleus and peroxisomes. Such patterns are consistent with the
diverse intracellular distribution reported for HSP70 proteins in
other eukaryotes (Hasnain and Kaneko, 2022; Kaneko, 2022).
Importantly, none of the ten proteins contained a classical N-
terminal signal peptide for secretion through the Sec/SPI pathway,
consistent with an intracellular rather than secreted localization.

4.2 Motif analysis of HSP70 family in
Polymita picta and comparative sequences

Conserved motifs are commonly associated with structural and
functional features of proteins and can therefore provide informa-
tion on the organization and differentiation of protein families (Lu
et al,, 2024). The motif architecture observed in P. picta and the
comparative dataset is consistent with the canonical structural
organization of HSP70 proteins. The presence of subfamily-specific
motifs in HSP75 and HSP78, together with the absence of motif 15
in HSC70 proteins, highlights the structural differentiation among
the major HSP70 lineages included in this study. In particular, the
consistent presence of motif 15 in all inducible HSP70 proteins,
including the ten predicted P. picta HSP70 proteins that clustered
with the inducible cytosolic HSP70 group and the inducible HSP70
of D. melanogaster, is consistent with their sequence-based place-
ment within the inducible cytosolic HSP70 group.

Most differences observed among P. picta paralogs consisted of
scattered single amino acid substitutions that did not alter the
overall motif architecture. Although PpHSP70_8 exhibited minor
variation in the region associated with motif 16, all identified
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proteins retained the characteristic motif composition of HSP70
chaperones. Likewise, PpHSP70_10 lacked several amino acids at
the N-terminal region but retained the complete motif architecture
associated with the nucleotide-binding domain. No major inser-
tions or deletions affecting conserved domains were detected. All
proteins contained the expected nucleotide-binding domain (NBD)
and substrate-binding domain (SBD). The characteristic C-terminal
EEVD motif associated with cytosolic HSP70 proteins was present
in all predicted proteins except PpHSP70_8. In this sequence, the
predicted ORF terminated upstream of the expected EEVD motif
because of a premature stop codon. However, re-examination of the
downstream genomic region revealed the conserved EEVD-encod-
ing sequence in the same relative position observed in closely
related paralogs. Whether this interruption represents genuine
sequence variation or a local limitation of the current genome
assembly cannot be determined from the available genomic data.
The overall conservation of motif composition suggests that the
identified paralogs have maintained the core structural features
required for HSP70 function despite sequence divergence (Yu et al.,
2021; Singh et al., 2025).

The high degree of motif conservation observed among the ten
proteins is consistent with the strong sequence similarity detected in
pairwise comparisons and may reflect relatively recent duplication
events, strong functional constraints, or a combination of both
processes. However, the functional significance of the observed
amino acid substitutions remains unknown and will require exper-
imental validation through transcriptomic, proteomic, and expres-
sion-based studies. Comparisons with orthologous HSP70 proteins
from other mollusks provide a useful framework for interpreting
the evolutionary position of the P. picta sequences. Nevertheless,
these comparisons remain constrained by the availability of anno-
tated reference genomes and experimentally validated HSP70
proteins from terrestrial gastropods. As genomic resources continue
to expand for non-model mollusks, future studies will be able to
evaluate the conservation and diversification of HSP70 proteins in a
broader phylogenetic context.

4.3 Sequence identity and evolutionary
constraints

The amino acid sequences of PpHSP70_1 to PpHSP70_6, which
are located within the same scaffold, exhibited very high levels of
sequence similarity (>97%). This pattern, together with their close
genomic proximity, is consistent with relatively recent local dupli-
cation events, although strong functional constraints may also
contribute to maintaining their high sequence conservation.
Although the current genome assembly does not allow definitive
discrimination between duplicated loci and highly similar allelic
variants, tandemly arranged HSP70 genes have been reported in
several molluscan genomes. For example, HSP70 genes are une-
venly distributed across the Mercenaria mercenaria genome, with a
particularly high concentration on chromosome 7 and lineage-
specific expansion of the HSPA12 subfamily (Hu et al, 2022).
Similar patterns of HSP70 expansion and clustered or tandemly
duplicated gene organization have been reported across several
bivalve lineages (Jahan et al., 2023; Kim et al., 2024; Lu et al., 2024).
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Thus, the clustered distribution and high sequence identity of
PpHSP70_1-PpHSP70_6 may represent a comparable pattern of
local HSP70 expansion in P. picta. This interpretation is further
supported by the phylogenetic reconstruction (Figure 4), in which
PpHSP70_1-PpHSP70_6 form a well-supported group within the P.
picta HSP70 lineage. The concordance between their genomic
proximity, high sequence identity, and phylogenetic clustering is
consistent with a lineage-specific local expansion of HSP70 copies.
Although some relationships within this group showed lower node
support, this likely reflects the very high sequence similarity among
these paralogs and the consequently limited phylogenetic signal
available to resolve their internal branching order. Therefore, while
the available evidence supports a common evolutionary origin of
this clustered group, the precise sequence and timing of individual
duplication events cannot be resolved with the current scaffold-level
assembly and phylogenetic data. Lower sequence identity values
were observed among PpHSP70_7-PpHSP70_10; however, all
pairwise comparisons still exceeded 83% amino acid identity. This
level of conservation is consistent with the strong conservation
observed among duplicated HSP70 family members in other
mollusks (Lu et al., 2024) and indicates that all identified proteins
belong to a closely related group of cytosolic HSP70 homologues.

All pairwise Ka/Ks ratios were below 0.16, indicating a predom-
inance of synonymous over non-synonymous substitutions. Such
values are consistent with predominantly strong purifying selection
acting across the identified HSP70 coding sequences. Similar patterns
of purifying selection have been reported across metazoan HSP70
lineages, consistent with strong functional constraints acting on these
molecular chaperones (Yu et al., 2021; He et al.,, 2024). Gene duplica-
tion is widely recognized as an important source of genetic novelty and
may contribute to the diversification of gene families through time
(Kuzmin et al., 2022; Yanai, 2022). However, the uniformly low Ka/Ks
values observed in P. picta indicate that the identified HSP70 proteins
have retained a high degree of sequence conservation. In particular, the
combination of high amino acid identity, conserved motif architecture,
and low Ka/Ks ratios among the clustered copies is compatible with
duplication followed by strong purifying selection, rather than exten-
sive sequence divergence after duplication. No consistent association
was apparent between Ka/Ks magnitude and basal or derived phylo-
genetic position (Figure 4), suggesting that purifying selection has acted
broadly across the P. picta HSP70 lineage rather than being restricted to
particular phylogenetic positions. Notably, PpHSP70_4 and
PpHSP70_6 are identical at the amino acid level and occur as sister
sequences in the phylogeny, a pattern consistent with a very recent
duplication or exceptionally strong sequence conservation. However,
because sequence identity and Ka/Ks estimates do not provide a direct
measure of duplication time, the relative timing of these events cannot
be established from the present data. Together with the observed motif
conservation, these results suggest that the identified copies have
maintained core chaperone functions and remain subject to strong
evolutionary constraints.

Further studies incorporating chromosome-level assemblies,
population-scale genomic sampling, transcriptomics, and expres-
sion profiling will be necessary to determine the evolutionary origin,
genomic organization, and potential functional differentiation of
individual HSP70 paralogs in P. picta.

frontiersin.org



Gordillo-Pérez et al.

4.4 Ecological and conservation
perspectives

The identification of ten HSP70 proteins in P. picta provides a
new molecular resource for investigating stress-response mechanisms
in a threatened Cuban endemic painted snail. As a terrestrial
ectotherm with limited mobility, P. picta cannot rapidly escape
unfavorable environmental conditions, making cellular mechanisms
involved in maintaining proteostasis potentially relevant to its re-
sponses to environmental stress. In this context, characterization of
the HSP70 repertoire provides a genomic basis for formulating and
testing hypotheses concerning how P. picta responds to environmen-
tally relevant thermal variation. However, although HSP70 proteins
are widely recognized as important components of cellular stress
responses, the functional significance of the gene repertoire identified
here remains unknown and cannot be inferred solely from sequence
data. From an evolutionary perspective, the local clustering, high
sequence identity, conserved motif architecture, and predominantly
low Ka/Ks ratios observed among the P. picta paralogs suggest that
expansion of this gene family has occurred while core chaperone
functions remained under strong evolutionary constraint. Whether
this genomic organization has ecological consequences —for example,
through differences in expression among paralogs, tissue-specific
responses, or differential activation under thermal stress— remains
an experimentally testable question. The occurrence of multiple
HSP70 copies in P. picta should not be interpreted as direct evidence
of enhanced thermal tolerance, physiological plasticity, or resilience
to climate change. Gene duplications are common evolutionary
phenomena and may be associated with a variety of neutral, con-
served, or lineage-specific processes (Kuzmin et al., 2022; Birchler and
Yang, 2022). Experimental studies in other organisms have demon-
strated that increased HSP70 copy number can produce both
beneficial and detrimental effects depending on the environmental
context (Roberts and Feder, 2000). Consequently, the relationship
between HSP70 copy number and organismal performance cannot be
assumed without functional validation.

The present study is based on a single genome assembly
generated from one individual (Reyes-Tur et al., 2025). Therefore,
the extent of intraspecific variation in HSP70 gene content,
sequence diversity, and genomic organization remains unknown.
This limitation is particularly relevant from a conservation-geno-
mic perspective because determining whether the observed
HSP70 repertoire is conserved across populations, or varies
among geographically or environmentally differentiated popula-
tions, will require population-level sampling. Likewise, the targeted
identification of HSPA12-like candidates suggests that additional
members of the HSP70 superfamily may occur within the P. picta
genome and deserve further investigation. Integrating population
genomics with transcriptomics and gene-expression analyses under
ecologically relevant thermal conditions would allow future studies
to determine whether particular HSP70 paralogs show environ-
ment-dependent regulation and whether variation in the HSP70
repertoire is associated with differences among populations. Such
approaches will provide a more complete understanding of HSP70
evolution in Polymita and establish a stronger framework for future
conservation-oriented research in terrestrial gastropods.
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5 Conclusion

This study presents the first genome-wide characterization of the
canonical HSP70 repertoire in the Cuban endemic tree snail P. picta,
identifying ten predicted cytosolic HSP70 homologues and character-
izing their genomic organization and evolutionary relationships. The
combined evidence from genomic distribution, sequence identity,
conserved motif architecture, phylogenetic relationships, and Ka/Ks
analyses is consistent with local expansion of HSP70 copies followed by
predominantly strong purifying selection, indicating conservation of
the core molecular chaperone architecture despite gene duplication.
However, the current scaffold-level genome and single-individual
sampling do not allow the timing of duplication events, population-
level variation, or the functional differentiation of individual paralogs to
be determined. Therefore, the present results should be regarded as a
genomic framework for testing, rather than evidence of, ecological or
physiological roles of individual HSP70 paralogs. Integrating these
genomic data with population sampling, gene expression analyses, and
experiments under ecologically relevant environmental conditions will
be necessary to establish how HSP70 diversification relates to stress
responses in P. picta and to evaluate its broader significance for the
conservation biology of Polymita.
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