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This study aimed to investigate cadmium (Cd) bioaccumulation and
detoxification mechanisms in Pomacea insularum, based on specimens
collected from 13 field populations in Peninsular Malaysia and transplantation
experiments between polluted and unpolluted sites. Cd concentrations were
analyzed in eight tissues, including the cephalic tentacle (CT), pineal sac (PS),
digestive tract (DT), and shell, to determine their roles in metal uptake, storage,
and excretion. The highest Cd concentration was recorded in the PS (13.5 mg/kg
dryweight), while followed by the shells (5.91mg/kg dryweight), indicating its role
as a long-term sequestration site. Notably, the PS showed exceptionally high Cd
accumulation, suggesting its potential as a sensitive biomarker for prolonged
exposure. The transplantation study revealed that snails relocated from
unpolluted to polluted sites accumulated Cd up to 5.22 mg/kg, while those
transferred from polluted to unpolluted environments retained Cd between
1.00 and 6.03 mg/kg, indicating slow depuration and tissue-dependent
retention. Correlation and regression analyses demonstrated significant
interactions among soft tissues, with filtering and digestive organs playing a
primary role in detoxification, while calcified structures contributed to long-term
Cd sequestration. These findings highlight P. insularum as an effective biomonitor
for assessing environmental Cd contamination and bioavailability, providing
insights into both short-term exposure and long-term metal storage. Overall,
this study reinforces the suitability of P. insularum in biomonitoring programs by
demonstrating its ability to accumulate and retain Cd across different human
activities. The exceptionally high Cd retention in specific tissues, particularly the
PS, highlighting the importance of targeted tissue analysis for pollution
assessment. Integrating P. insularum into long-term monitoring strategies can
provide valuable data on contamination trends, aiding environmental
management and freshwater ecosystem conservation.
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1 Introduction

Cadmium (Cd) is a persistent and highly toxic heavy metal that
poses significant ecological and human health risks due to its
widespread presence in aquatic environments, primarily from
industrial discharge, mining activities, and agricultural runoff.
Once introduced into water bodies, Cd remains in circulation for
extended periods, accumulating in sediments and aquatic
organisms, where it may biomagnify through the food chain
(Maher et al., 2016; Artalina and Takarina, 2019; Astani et al.,
2023; Emami et al., 2024). Elevated Cd concentrations have been
reported in freshwater ecosystems worldwide, with detrimental
effects on biodiversity, aquatic food webs, and public health due
to its non-biodegradable nature and strong affinity for biological
tissues (Simonyi-Poirier et al., 2003; Vidyalakshmi et al., 2024). As a
result, the assessment of Cd bioaccumulation in aquatic species is
critical for environmental monitoring and pollution management,
particularly using bioindicator species capable of accumulating and
retaining metals in measurable quantities (Taylor and Maher, 2006;
Sabri et al., 2014; Ubrihien et al., 2017).

The freshwater gastropods have been extensively studied as
bioindicators of heavy metal pollution due to their sedentary nature,
high bioaccumulation potential, and sensitivity to environmental
contaminants. Previous research has shown that various mollusc
species accumulate Cd in metabolically active tissues such as the
digestive gland, kidney, gills, and digestive caecum, with
detoxification mechanisms varying among species (McGeer et al.,
2011). Among these, Pomacea insularum has been recognized as a
particularly robust biomonitor due to its wide distribution, adaptability
to polluted environments, and efficient metal sequestration
mechanisms. Cd bioaccumulation in P. insularum follows a species-
specific pattern, where soft tissues primarily serve as sites for metal
uptake and detoxification, while calcified structures such as shells and
opercula to store detoxified Cd in order to minimize its toxic impact on
vital organs (Yap et al., 2009; Zhai et al., 2017; Pedrini-Martha et al.,
2021). While prior studies have explored Cd accumulation in molluscs,
the specific roles of different tissues in detoxification, excretion, and
long-term sequestration remain insufficiently understood, particularly
under fluctuating contamination levels (Aroonsrimorakot et al., 2017;
Pinkina et al., 2022).

The bioaccumulation and detoxification of Cd involve complex
physiological processes, including protein binding, cellular
sequestration, and transfer to excretable or biologically inactive
forms. Metallothioneins, small cysteine-rich proteins, play a
crucial role in Cd detoxification by binding to metal ions and
facilitating their storage in less toxic forms within cellular
compartments (Gnatyshyna et al., 2023). However, the tissue-
specific variations in Cd processing, particularly how different
organs contribute to overall metal regulation in P. insularum,
remain underexplored. Understanding these physiological
adaptations is essential for assessing the species’ effectiveness in
biomonitoring and for developing more comprehensive models of
Cd bioaccumulation and detoxification in freshwater ecosystems
(Abdel Gawad, 2018; Banerjee et al., 2023).

This study aimed to investigate Cd bioaccumulation patterns in
P. insularum by analyzing metal concentrations in eight different
tissues across 13 field populations in Peninsular Malaysia and in
transplanted specimens between polluted and unpolluted sites. By

examining the tissue-specific roles in Cd uptake, detoxification, and
storage, this study provides new insights into the mechanisms
governing metal accumulation in freshwater gastropods.

2 Materials and methods

2.1 Sampling of field samples

The snails P. insularum and their habitat surface sediments
(0–10 cm) were collected from 13 sampling sites in the rivers, ponds
and lakes Peninsular Malaysia, representing a range of freshwater
environments with varying levels of heavy metal contamination
(Figure 1; Table 1). Sampling sites were selected based on proximity
to potential sources of Cd pollution, including agricultural runoff
and industrial discharge.

The snails were collected using hand-picking methods and were
immediately placed in clean, labelled clean plastic bags. The surface
sediments were collected using clean stainless steel scope. The
specimens were transported to the laboratory on ice and kept in
the freezer at −20°C until further analysis.

2.2 Transplantation experiment

Transplantation experiments with the gastropod P. insularum
were conducted at two selected sites: Juru River and UPM Lake. Juru
River, classified as a polluted site, receives anthropogenic inputs
from nearby factories and construction areas (Mat andMaah, 1994).
In contrast, UPM Lake was considered an unpolluted site as it does
not receive anthropogenic contaminants.

At least 100 individuals of snail P. insularum individuals
(2.8–3.5 cm) were collected from UPM Lake and maintained in
the laboratory for 24 h in five net cages (32 cm × 24 cm), each
containing 20 snails. These cages were then placed in Juru River to
initiate the experiment. Simultaneously, at least 100 individuals of
native snails P. insularum from Juru River were collected and
transplanted to UPM Lake. For the accumulation study,
10–20 snails P. insularum were retrieved from Juru River at
weeks 1, 3, and 7 for Cd analysis. Similarly, for the depuration
study, snails P. insularum were collected at the same intervals and
analyzed for Cd depuration.

2.3 Samples preparation and metal analysis

In the laboratory, the individual of snails from each sampling
site were thawed and each specimen was carefully dissected to obtain
eight distinct tissues: cephalic tentacle (CT), mantle, pineal sac (PS),
remaining soft tissues (REM), digestive tract (DT), foot, operculum,
and shell. Each tissue was rinsed with deionized water to remove
external contaminants and then blotted dry with filter paper. The
snail tissues and surface sediments were weighed and then dried at
105°C until a constant weight was achieved. The dried sediment
samples were sieved using 63 µm siever. The dried snail tissues and
sediment samples were homogenized and stored in acid-washed
polyethylene containers until further analysis (Edward et al., 2010;
Yap et al., 2010).
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The sieved sediment samples and the dried samples from each
pooled tissue type were analysed for Cd in triplicate samples. For the
tissue samples, they were digested concentrated nitric acid (HNO3)
(grade BDH; 69%), while for the sediment samples, they were
digested in concentrated nitric acid (HNO3; Grade BDH, 69%)
and perchloric acid (HClO4; Grade BDH, 60%). They were
digested in 40°C for 1 h and then the temperature was increased
to 140°C for 3 h. After digestion, the samples were filtered and
diluted with deionized water to a final volume of 40 mL. Later, they
were determined using an air-acetylene flame Atomic Absorption
Spectrophotometry (AAS) AAnalyst Model 800. Calibration
standards were prepared using commercially available Cd
standards, and quality control was ensured by including certified
reference materials for sediments (with acceptable recovery) and
blank samples in each batch of analyses.

2.4 Statistical analysis

Statistical analyses were performed using NCSS software (NCSS,
2024). Descriptive statistics were calculated for each tissue’s Cd

concentration. Pearson’s correlation coefficients were constructed to
examine the relationships between Cd levels in different tissues, and
habitat surface sediment; multiple regression analyses were
conducted to determine the predictors of Cd concentrations in
various tissues. Factor analysis with Varimax rotation was
performed to identify underlying patterns of Cd accumulation
across tissues and to group tissues based on their Cd handling
characteristics. Graphs were generated using KaleidaGraph version
3.08 (November 1996). Analysis of variance (ANOVA) was used to
compare mean metal concentrations, followed by Newman-Keuls
multiple comparison tests to identify significant differences.

3 Results

3.1 Spatial and tissue-specific variations in
Cd accumulation in Pomacea insularum

The concentrations of Cd in various tissues of P. insularum
collected from different locations across Peninsular Malaysia exhibit
significant spatial variations and bioaccumulative patterns. Figure 2

FIGURE 1
Sampling sites of Pomacea insularum and their habitat surface sediments in Peninsular Malaysia.

Frontiers in Environmental Science frontiersin.org03

Yap and Al-Mutairi 10.3389/fenvs.2025.1548453

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2025.1548453


illustrates these variations, highlighting that the DT consistently
exhibited the highest Cd concentrations across all sampling sites,
followed by the shell, mantle, and operculum. Among the study
locations, Melaka-2 recorded the highest Cd concentrations in most
tissues, particularly in the DT, which reached approximately
9.5 mg/kg dry weight. This was followed by Subang-2 and
Melaka-1, where DT concentrations exceeded 6.0 mg/kg dry weight.

The shell, serving as a long-term storage site for metals, also
exhibited high Cd concentrations, particularly in samples from
Melaka-2, Melaka-1, and Subang-2, with values ranging from
5.5 to 7.5 mg/kg dry weight. In contrast, the foot and REM
displayed relatively lower Cd concentrations, mostly between
1.0 and 3.0 mg/kg dry weight across all sampling sites. The
operculum and CT also showed moderate levels of Cd
accumulation, particularly in samples from Kelana-2 and Subang-
1, which recorded concentrations between 2.5 and 3.5 mg/kg
dry weight.

A comparison between Cd concentrations in P. insularum
tissues and their corresponding habitat surface sediments
indicates that metal accumulation in the gastropod follows a
bioaccumulative pattern. The highest Cd sediment
concentrations were found in Subang-2 and Kelana-2, where
values reached up to 5.0 mg/kg dry weight. Notably, the PS
exhibited extremely high Cd concentrations, particularly in

samples from Subang-2, where levels reached approximately
60 mg/kg dry weight, indicating significant environmental
contamination. Across all sites, DT consistently contained the
highest Cd concentrations, followed by structural tissues such as
the shell and mantle.

Table 2 provides overall statistics of Cd concentrations (mg/kg
dry weight) in eight tissues of P. insularum collected from 13 sites
across Peninsular Malaysia. The PS displayed the highest mean Cd
concentration at 13.5 mg/kg dry weight with a large standard error,
indicating significant variability in Cd bioaccumulation, with
concentrations ranging from 2.32 to 69.4 mg/kg dry weight. This
high variability suggests that the PS is highly exposed to fluctuating
environmental Cd levels. The shell and DT also exhibited substantial
Cd concentrations, with means of 5.91 and 3.58 mg/kg dry weight,
respectively. The operculum had a relatively lower mean Cd
concentration at 1.51 mg/kg dry weight, reflecting its role in
long-term Cd storage, although at lower concentrations
compared to soft tissues.

The REM, CT, foot, and mantle displayed moderate Cd
accumulation, with mean concentrations of 2.12, 2.11, 1.86, and
2.44 mg/kg dry weight, respectively. The mantle and DT serve
important roles in both nutrient absorption and metal
detoxification, while the REM functions as an intermediary tissue
in Cd transport and storage. Spatially, the highest Cd accumulation

TABLE 1 The description and GPS reading of the sampling locations for Pomacea insularum.

No Site Date Shell
height (cm)

Shell
width (cm)

Coordinates Site description

1 UPM-1 11 March 2007 5.53 ± 0.10 4.79 ± 0.13 N 03°00.106’; E
101°42.166′

The lakes at UPM Faculty of Design and Architecture receive
effluents from the nearby flower plantation area.

2 UPM-2 11 March 2007 3.60 ± 0.03 2.84 ± 0.02 N 03°00.321’; E
101°42.167′

The UPM’s Faculty of Engineering has a lake located beside the
main road leading to the faculty.

3 UPM-3 11 March 2007 2.86 ± 0.12 2.22 ± 0.05 N 03°00.321’; E
101°42.167′

The UPM’s Faculty of Engineering has a lake located beside the
main road leading to the faculty.

4 Kelana-1 14 May 2007 2.50 ± 0.02 2.22 ± 0.02 N 03°05.401’; E
101°35.501′

Kelana Jaya Municipal Park is a recreational park that receives
effluents from the surrounding residential area.

5 Kelana-2 14 May 2007 2.86 ± 0.12 2.22 ± 0.05 N 03°05.567’; E
101°35.479′

Kelana Jaya Municipal Park is a recreational park that receives
effluents from the surrounding residential area.

6 Malacca-1 8 May 2007 3.22 ± 0.05 2.58 ± 0.04 N 02°45.686’; E
101°46.769′

Teluk Mas is a fishing village located near a mussel cultivation
site.

7 Malacca-2 8 May 2007 3.52 ± 0.07 2.88 ± 0.05 N 02°10.796’; E
102°18.268′

KampungMas has roadside drainage, with restaurants and food
stalls located nearby.

8 Subang-1 8 September
2007

3.52 ± 0.07 2.88 ± 0.05 N 03°04.561’; E
101°35.468′

Subang Jaya Recreational Park receives effluents from nearby
restaurants and hotels.

9 Subang −2 8 September
2007

NA NA N 03°04.596’; E
101°35.268′

A public fishing lake that receives effluents from nearby
restaurants.

10 Juru-1 10 September
2007

3.22 ± 0.05 2.58 ± 0.04 N 05°19.769’; E
100°26.090′

A drainage near the Juru Industrial Area

11 Juru-2 10 September
2007

NA NA N 05°20.436’; E
100°24.494′

The Juru Estuary with a Juru Jetty is located.

12 Kedah-1 11 September
2007

NA NA N 06°07.329’; E
100°20.831′

Kedah Mergong Industrial Area has drainage located beside a
heavy-traffic roadside.

13 Kedah-2 11 September
2007

NA NA N 06°08.271’; E
100°20.405′

Kedah Mergong Industrial Area with a drainage is located
beside a petrol station.

Note: NA , measurement of shell size are not available.

Frontiers in Environmental Science frontiersin.org04

Yap and Al-Mutairi 10.3389/fenvs.2025.1548453

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2025.1548453


in P. insularum tissues was observed in gastropods collected from
Melaka-2, Melaka-1, and Subang-2, suggesting a strong link to
anthropogenic sources of contamination. In contrast, samples

from Kedah-1 and Kedah-2 exhibited the lowest Cd
concentrations in most tissues, indicating relatively lower levels
of environmental Cd exposure.

FIGURE 2
(Continued).
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3.2 Correlation coefficients of Cd levels

The correlation coefficients of Cd concentrations between
different tissues of P. insularum and their habitat surface
sediments are presented in Table 3. The results indicate

significant inter-tissue correlations, with certain tissues exhibiting
strong relationships, suggesting shared physiological or
environmental influences on Cd accumulation.

Among the soft tissues, the strongest positive correlation was
observed between the foot and REM (r = 0.89, P < 0.05), followed by

FIGURE 2
(Continued). Concentrations (mean ± SE,mg/kg dry weight) of Cd in the different tissues of Pomacea insularum, and their habitat surface sediments,
collected from Peninsular Malaysia.

TABLE 2 Overall statistics of concentrations (mean ± SE, mg/kg dry weight) of Cd in the different tissues of Pomacea insularum, and their habitat surface
sediments, collected from Peninsular Malaysia. N = 13.

Shell REM CT Foot Mantle OPER DT PS Cd SED

Minimum 3.69 1.32 0.71 1.08 0.98 0.41 1.57 2.32 0.95

Maximum 7.64 3.94 3.84 4.00 5.64 3.30 9.91 69.4 5.83

Mean 5.91 ± 0.27c 2.12 ± 0.20ab 2.11 ± 0.26ab 1.86 ± 0.23a 2.44 ± 0.36ab 1.51 ± 0.27a 3.58 ± 0.73b 13.5 ± 6.27d 3.22 ± 0.43b

Skewness −0.22 1.56 0.63 1.59 1.25 0.48 1.59 1.94 0.06

Kurtosis 0.91 1.38 −0.64 1.69 0.69 −0.87 1.12 1.87 −0.75

Note: PS, pineal sac; Oper, operculum; CT, cephalic tentacle; DT, digestive tract; REM, remaining soft tissues. Superscript letters (e.g., a, b, c) were assigned to mean values to represent

statistically distinct groups based on the Tukey HSD, test results, between tissue means at p < 0.05.
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the foot and shell (r = 0.62, P < 0.05), and between the mantle and
REM (r = 0.72, P < 0.05). The mantle also showed a strong positive
correlation with the CT (r = 0.55, P < 0.05) and the operculum (r =
0.65, P < 0.05), suggesting that these tissues may exhibit similar Cd
accumulation patterns. The DT displayed a moderate correlation
with the cephalic tentacle (r = 0.56, P < 0.05) but showed weak or
negative correlations with other tissues.

The correlation analysis between P. insularum tissues and
habitat surface sediments revealed generally weak or negative
associations. The shell and SED exhibited a negative correlation
(r = −0.57, P < 0.05), as did the REM (r = −0.564, P < 0.05), mantle
(r = −0.71, P < 0.05), and operculum (r = −0.70, P < 0.05).
Conversely, the PS showed a significant positive correlation with
the SED (r = 0.52, P < 0.05), indicating that Cd accumulation in this
tissue may be directly influenced by environmental exposure.

The shell exhibits a strong correlation with the operculum (R =
0.76), suggesting that both calcified structures may be involved in
long-term Cd storage. Interestingly, the CT has lower correlations
with most other tissues, particularly the operculum (R = −0.30),
suggesting that it accumulates Cd through different pathways, likely
due to its direct exposure to environmental Cd sources. The REM
also shows strong correlations with the operculum (R = 0.73). The
correlation matrix provides insights into how Cd is distributed
among tissues, with certain tissues exhibiting stronger
bioaccumulation relationships than others.

3.3 Factor structure summary of Cd levels in
the different tissues

Table 4 presents the results of a factor analysis performed on the
Cd levels across eight parts of P. insularum, identifying four factors
that explain the variation in Cd accumulation. The shell has the
highest loading on Factor 1 (0.463), indicating its primary role in Cd
storage. The CT, with a high loading on Factor 2 (0.820), suggests
that this tissue is a key site for direct Cd uptake from the
environment. The foot and mantle, both with strong loadings on
Factor 3, reflect their shared role in Cd accumulation through
filtration and nutrient absorption.

The operculum, with a high loading on Factor 4 (0.531), points
to its distinct role in long-term Cd storage, similar to the shell. The
REM and DT show moderate loadings across multiple factors,
indicating their intermediary roles in Cd transport and
bioaccumulation. The factor analysis reveals a clear division
between tissues involved in direct Cd uptake (e.g., CT, foot) and
those responsible for long-term storage (e.g., shell, operculum),
highlighting the complexity of Cd accumulation dynamics in
P. insularum.

3.4 Multiple regression analysis of Cd levels
in the different tissues

Table 5 provides the results of multiple regression analyses,
showing the predictors of Cd levels in selected tissues of P.
insularum. The shell serves as a significant predictor of Cd levels
in several other tissues, including the mantle (b = 4.46, P < 0.05) and
operculum (b = 1.64, P < 0.05), indicating that the shell plays a
central role in the overall Cd accumulation in the organism. The
mantle also serves as a strong predictor for Cd levels in other tissues,
particularly the foot (b = 4.39, P < 0.05), reflecting its involvement in
Cd processing and transfer.

The PS shows strong predictive capacity for Cd levels in the foot
(b = 15.09, P < 0.05). The REM, with an R2 of 0.99, serve as strong
predictors for Cd levels in the operculum and mantle, highlighting
their intermediary role in Cd bioaccumulation. These regression
models provide insights into how Cd levels in certain tissues can be
used to predict Cd concentrations in other parts of P. insularum,
reinforcing the close interactions between tissues involved in
filtration, nutrient processing, and storage.

Therefore, the results from Tables 2–5 show that Cd
accumulation in P. insularum is characterized by high variability
across tissues, with the CT, operculum, and PS showing the highest
Cd concentrations. The shell and other calcified structures serve as
long-term storage sites, while the mantle, foot, and DT are key in Cd
processing and bioavailability. The strong correlations and
regression models highlight the interconnectedness of these
tissues in managing Cd exposure, providing a comprehensive.

TABLE 3 Correlation coefficients of Cd levels between in the eight parts of Pomacea insularum, and their habitat surface sediments (SED) collected from
13 sites in Peninsular Malaysia.

Variable Shell REM CT Foot Mantle OPER DT PS SED

Shell —

REM 0.45 —

CT 0.55 0.46 —

Foot 0.62 0.89 0.48 —

Mantle 0.63 0.72 0.55 0.85 —

OPER 0.71 0.66 0.35 0.87 0.65 —

DT 0.16 0.22 0.56 −0.02 0.23 −0.25 —

PS 0.05 −0.01 0.44 −0.26 0.02 −0.40 0.95 —

SED −0.57 −0.564 −0.37 −0.71 −0.43 −0.70 0.34 0.52 —

Note: PS, pineal sac; Oper, operculum; CT, cephalic tentacle; DT, digestive tract REM, remaining soft tissues. Values in bold are significant at P < 0.05.

Frontiers in Environmental Science frontiersin.org07

Yap and Al-Mutairi 10.3389/fenvs.2025.1548453

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2025.1548453


3.5 Cd accumulation in different tissues of
Pomacea insularum over seven weeks of
transplantation

The accumulation of Cd concentrations in the different tissues
of P. insularum following transplantation from an unpolluted site

(UPM Lake) to a polluted site (Juru River) over 7 weeks is presented
in Table 6. The results indicate a progressive increase in Cd levels
across all tissues, with varying rates of accumulation. Among the
tissues analyzed, the DT exhibited the highest increase in Cd
concentration, starting from 1.33 mg/kg dry weight at week
0–3.44 mg/kg dry weight at week 7, reflecting a 159% increase.

TABLE 4 Factor Structure Summary after Varimax Rotation based on Cd levels in the eight parts Pomacea insularum collected from 13 sites in Peninsular
Malaysia. N = 39.

Variables Factor 1 Factor 2 Factor 3 Factor 4

Shell −0.363 0.203 −0.707 −0.019

CT 0.130 0.458 −0.180 0.122

Mantle −0.418 0.160 0.216 −0.789

PS 0.211 0.559 −0.012 −0.004

REM −0.419 0.188 0.474 0.552

Foot −0.485 0.076 0.239 0.019

DT 0.099 0.606 0.125 −0.031

Oper −0.460 −0.041 −0.351 0.236

Note: PS, pineal sac; Oper, operculum; CT, cephalic tentacle; DT, digestive tract; REM, remaining soft tissues. Values in bold are significant predictors at P < 0.05.

TABLE 5 Multiple regression analysis output on the Cd concentrations in selected part with their predictors of levels in the other seven parts of Pomacea
insularum collected from 13 sites in Peninsular Malaysia. N = 39. Values in yellow are significant at P < 0.05.

Shell b(i) CT b(i) Mantle b(i) PS b(i)

Intercept 4.46 Intercept −35.07 Intercept −0.33 Intercept −3.81

CT 0.01 Shell 6.74 Shell 0.07 Shell 0.31

Mantle 0.10 Mantle −1.20 PS 0.04 REM 3.18

PS 0.01 PS 0.39 REM −1.27 Foot −15.09

REM −0.43 REM 4.52 Foot 3.43 DT 7.92

Foot 0.31 Foot −2.23 DT −0.22 Oper 3.43

DT −0.02 DT 1.16 Oper −0.71 CT 0.02

Oper 0.90 Oper −6.11 CT 0.00 Mantle 1.25

R2 0.74 R2 0.62 R2 0.88 R2 0.99

REM b(i) Foot b(i) DT b(i) Oper b(i)

Intercept 0.51 Intercept −0.12 Intercept 0.38 Intercept −1.04

Shell −0.06 Shell 0.01 Shell −0.01 Shell 0.26

Foot 1.60 DT 0.16 Oper −0.45 CT 0.00

DT −0.09 Oper 0.24 CT 0.00 Mantle −0.26

Oper −0.25 CT 0.00 Mantle −0.11 PS 0.04

CT 0.00 Mantle 0.16 PS 0.12 REM −0.50

Mantle −0.23 PS −0.02 REM −0.25 Foot 1.85

PS 0.02 REM 0.42 Foot 1.66 DT −0.34

R2 0.93 R2 0.99 R2 0.99 R2 0.92

Note: PS, pineal sac; Oper, operculum; CT, cephalic tentacle; DT, digestive tract; REM, remaining soft tissues. Values in bold are significant predictors at P < 0.05.
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This rapid accumulation in the DT is expected due to its role in
processing ingested food and environmental particulates, making it
a key organ for assessing short-term Cd exposure.

The mantle also displayed a substantial increase in Cd
concentration, rising from 1.28 mg/kg dry weight at week
0–2.82 mg/kg dry weight at week 7, with an accumulation
percentage (AP) of 120%. The PS, a tissue closely associated with
detoxification processes, showed a 52.2% increase, rising from
3.43 mg/kg dry weight at week 0–5.22 mg/kg dry weight at week
7. The PS’s relatively high accumulation highlights its role in metal
sequestration and its potential as a biomonitoring tissue reflecting
environmental contamination.

The CT and foot also demonstrated significant increases in Cd
concentrations, reaching 47.2% and 60.0% accumulation,
respectively. The foot, primarily involved in locomotion and
exposure to contaminated sediments, showed a steady increase
from 1.30 mg/kg dry weight at week 0–2.08 mg/kg dry weight at
week 7. The CT, which is in direct contact with water, exhibited
gradual accumulation over the study period, suggesting its suitability
for detecting dissolved Cd exposure. The shell displayed the lowest
Cd accumulation rate (14.7%), increasing from 5.25 mg/kg dry
weight at week 0–6.02 mg/kg dry weight at week 7. Given that
the shell acts as a long-term storage site for metals, its relatively slow
rate of accumulation aligns with its function in chronic metal
sequestration.

The trend of Cd accumulation across all tissues was
characterized by an initial increase in the first week, followed by
a more pronounced rise from the third to the seventh week. In

particular, the DT, mantle, and PS exhibited the steepest
accumulation rates, suggesting that these tissues are highly
responsive to environmental Cd contamination. The significant
differences in accumulation patterns, as indicated by distinct
alphabetical groupings (A, B, and C) in the statistical analysis,
confirm that Cd bioaccumulation occurs at different rates
depending on tissue type and function.

3.6 Depuration of Cd in different tissues of
Pomacea insularum

The depuration of Cd concentrations in various tissues of P.
insularum after transplantation from a polluted site (Juru River) to
an unpolluted site (UPM Lake) over 7 weeks is presented in Table 7.
The results indicate varying degrees of Cd elimination across
different tissues, with depuration percentages (DP) ranging from
6.45% in the shell to 67.8% in the DT. Among all tissues, the DT
exhibited the highest depuration rate (67.8%), decreasing from
3.60 mg/kg dry weight at week 0–1.16 mg/kg dry weight at week
7. This significant reduction in Cd levels suggests that the DT is
highly responsive to metal elimination, likely due to its dynamic
metabolic activity and direct role in food digestion and excretion.
The depuration process was most pronounced in the first 3 weeks,
followed by a more gradual decrease in Cd levels towards the
seventh week.

Similarly, the CT and mantle also demonstrated notable Cd
depuration, with reductions of 60.0% and 59.5%, respectively. The

TABLE 6 Accumulation of Cd concentrations (mean ± SE, mg/kg dry weight) in the different tissues of Pomacea insularum after 7 weeks transplanted from
UPM Lake (unpolluted site) to Juru River (polluted site).

Native snail 0 Week 1st week 3rd week 7th week AP (%)

Shell 5.58 ± 0.67 5.25 ± 0.09 5.85 ± 0.17 (0.60) 5.92 ± 0.09 (0.22) 6.02 ± 0.25 (0.11) 14.7

A B B B

Remainder 2.84 ± 0.15 1.35 ± 0.30 1.29 ± 0.06 (−0.06) 2.01 ± 0.15 (0.22) 2.59 ± 0.07 (0.18) 91.9

A A B C

CT 2.50 ± 0.31 1.42 ± 0.21 1.36 ± 0.08 (−0.06) 1.86 ± 2.40 (0.15) 2.09 ± 0.08 (0.10) 47.2

A A AB B

Foot 2.90 ± 0.18 1.30 ± 0.01 1.6 ± 0.12 (0.30) 1.66 ± 0.04 (0.12) 2.08 ± 0.16 (0.11) 60.0

A AB AB B

Mantle 3.28 ± 0.04 1.28 ± 0.02 1.87 ± 0.02 (0.59) 2.52 ± 0.02 (0.41) 2.82 ± 0.02 (0.22) 120

A B C C

Operculum 2.57 ± 0.06 2.32 ± 0.45 2.51 ± 0.08 (0.19) 2.48 ± 0.04 (0.05) 2.59 ± 0.04 (0.04) 11.6

A A A A

DT 3.60 ± 0.24 1.33 ± 0.11 2.4 ± 1.04 (1.07) 2.86 ± 0.29 (0.51) 3.44 ± 0.47 (0.30) 159

A B C D

PS 6.03 ± 0.06 3.43 ± 0.15 4.32 ± 0.22 (0.89) 4.54 ± 0.04 (0.37) 5.22 ± 0.42 (0.26) 52.2

A B B C

Note: CT, cephalic tentacle; DT, digestive tract; PS, Pineal sac. Different alphabets indicate significant difference at P < 0.05 based on Student-Newman-Keuls test. Values in brackets = Rate of

accumulation [Metal level end of accumulation–Metal level at 0 weeks)/week of accumulation.] The native snails collected from UPM, pond are 3.60 ± 0.03 cm for shell heights, and 2.84 ±

0.02 cm for shell widths, while those from Juru River are 3.22 ± 0.05 cm for shell heights, and 2.58 ± 0.04 cm for shell widths. AP , accumulation percentage [(Week 7 –Week 0/Week0) x 100%].
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CT Cd concentration declined from 2.50 mg/kg dry weight at week
0–1.00 ± 0.04 mg/kg dry weight at week 7, while the mantle showed a
reduction from 3.28 mg/kg dry weight to 1.33 mg/kg dry weight over
the same period. These results suggest that these tissues are actively
involved in metal regulation, likely through excretion or tissue
turnover mechanisms.

PS exhibited a 47.8% decrease in Cd levels, declining from
6.03 mg/kg dry weight to 3.15 mg/kg dry weight. Although the
PS demonstrated a slower rate of depuration compared to the DT, its
significant reduction indicates its ability to regulate metal
detoxification over time. The operculum and foot tissues also
showed moderate Cd depuration rates, with reductions of 47.9%
and 30.0%, respectively. The foot Cd concentration dropped from
2.90 mg/kg dry weight at week 0–2.03 mg/kg dry weight at week 7,
while the operculum showed a decrease from 2.57 mg/kg dry weight
to 1.34 mg/kg dry weight. These tissues, which are in direct contact
with the external environment, exhibited slower Cd elimination,
possibly due to their structural roles and lower metabolic turnover.

In contrast, the shell exhibited the lowest depuration percentage
(6.45%), with Cd levels decreasing only slightly from 5.58 mg/kg dry
weight at week 0–5.22 mg/kg dry weight at week 7. This finding
aligns with previous research indicating that the shell serves as a
long-term storage site for metals, where Cd is incorporated into
calcium carbonate structures and remains relatively stable over time.
The depuration process varied across different tissues over the 7-
week period. While the DT, CT, and mantle exhibited rapid Cd
elimination within the first 3 weeks, the PS and operculum displayed
a more gradual decline in Cd levels. The shell, due to its mineralized

structure, showed minimal depuration, reinforcing its role as a long-
term metal repository.

Overall, the results indicate that soft tissues such as the DT, CT,
and mantle are highly responsive to depuration processes, making
them suitable indicators for assessing short-term reductions in metal
contamination, while the shell provides long-term insights into
historical metal exposure. These findings further support the use
of P. insularum as a biomonitoring species for tracking Cd
contamination and its elimination dynamics in aquatic
environments.

4 Discussion

4.1 Cd concentrations across sampling sites
in snail populations with respect to human
activities

The spatial distribution of Cd concentrations across different
sampling sites in Peninsular Malaysia highlights significant
environmental variations in metal contamination. The highest Cd
accumulation was recorded in P. insularum collected from Melaka-
2, Melaka-1, and Subang-2, with the DT and shell showing the most
pronounced levels of bioaccumulation. The elevated Cd
concentrations in these specific sites suggest that these aquatic
environments are exposed to persistent Cd contamination, likely
originating from anthropogenic sources such as industrial effluents,
urban discharge, and agricultural runoff. Notably, in Melaka-2, the

TABLE 7Depuration of Cd concentrations (mean ± SE,mg/kg dryweight) in the different tissues of Pomacea insularum after 7weeks transplanted from Juru
River (polluted site) to UPM Lake (unpolluted site).

Native snail 0 Week 1st week 3rd week 7th week DP (%)

Shell 5.25 ± 0.09 5.58 ± 0.67 5.87 ± 0.11 (−0.29) 5.70 ± 0.13 (−0.04) 5.22 ± 0.15 (0.05) 6.45

B B B A

Remainder 1.35 ± 0.30 2.84 ± 0.15 2.10 ± 0.02 (0.74) 2.03 ± 0.16 (0.27) 1.77 ± 0.15 (0.15) 37.7

C B AB A

CT 1.42 ± 0.21 2.50 ± 0.31 2.25 ± 0.35 (0.25) 1.91 ± 0.16 (0.20) 1.00 ± 0.04 (0.21) 60.0

C C B A

Foot 1.30 ± 0.01 2.90 ± 0.18 1.87 ± 0.07 (1.03) 2.28 ± 0.01 (0.21) 2.03 ± 0.59 (0.12) 30.0

B A A A

Mantle 1.28 ± 0.02 3.28 ± 0.04 3.16 ± 0.23 (0.12) 1.77 ± 0.02 (0.50) 1.33 ± 0.03 (0.28) 59.5

C C B A

Operculum 2.32 ± 0.45 2.57 ± 0.06 1.90 ± 0.66 (0.67) 2.25 ± 0.06 (0.11) 1.34 ± 0.14 (0.18) 47.9

C B B A

DT 1.33 ± 0.11 3.60 ± 0.24 3.45 ± 0.04 (0.15) 2.63 ± 0.10 (0.32) 1.16 ± 0.08 (0.35) 67.8

C C B A

PS 3.43 ± 0.15 6.03 ± 0.06 5.46 ± 0.15 (0.57) 4.59 ± 0.14 (0.48) 3.15 ± 0.40 (0.41) 47.8

D C B A

Note: CT, cephalic tentacle; DT, digestive tract; PS, Pineal sac. Different alphabets indicate significant difference at P < 0.05 based on Student-Newman-Keuls test. Values in brackets = Rate of

depuration [Metal level end of the depuration–Metal level at 0 weeks)/Week of depuration.] The native snails collected from Juru River are 3.22 ± 0.05 cm for shell heights, and 2.58 ± 0.04 cm for

shell widths, while those from UPM, are 3.60 ± 0.03 cm for shell heights, and 2.84 ± 0.02 cm for shell widths. DP , Depuration percentage [(Week 7 – Week 0/Week0) x 100%].
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Cd concentration in the DT reached approximately 9.5 mg/kg dry
weight, significantly exceeding levels observed in other tissues.
Similarly, high concentrations in the shell from Melaka-2 and
Subang-2 (ranging from 5.5 to 7.5 mg/kg dry weight) indicate
long-term exposure to Cd contamination (Yap et al., 2009).

The DT exhibited the highest Cd concentration among all
tissues across multiple sites, reaffirming its role as a primary
organ for metal absorption and accumulation. Since the DT is
responsible for processing ingested food and environmental
particulates, the elevated Cd levels in this tissue suggest that the
metal primarily enters the gastropods through dietary intake, which
could include periphyton, detritus, or organic sediments
contaminated with Cd. The relatively lower concentrations
observed in other soft tissues such as the foot and operculum
indicate that while these tissues do accumulate Cd, their
accumulation rates are slower compared to the DT, which acts as
an immediate repository of ingested metals (Campoy-Diaz et al.,
2018; Huang et al., 2018).

An interesting observation is the strong positive correlation
between Cd levels in the PS and sediment Cd concentrations. This
suggests that the pineal sac may serve as a tissue that directly reflects
environmental Cd contamination, particularly in sediments. The
significant accumulation in the PS tissue across contaminated sites,
particularly in Subang-2 and Kelana-2, further suggests that this
organ may be particularly sensitive to metal exposure and could
serve as an early indicator of environmental contamination (Mero
et al., 2019; Qiu et al., 2025).

The high Cd levels in the shell, mantle, and operculum at sites
such as Melaka-2 and Subang-2 provide additional evidence of
chronic exposure to Cd contamination in these environments.
These structural tissues are known to incorporate heavy metals
into their mineralized structures over extended periods, making
them valuable indicators of long-term pollution trends. The
significant accumulation of Cd in these tissues suggests that P.
insularum at these sites has been exposed to persistent Cd
contamination, either through waterborne exposure or trophic
transfer from contaminated food sources (Yap et al., 2009; Zhai
et al., 2017).

In contrast, sites such as Kedah-1 and Kedah-2 exhibited the
lowest Cd concentrations across most tissues, suggesting lower levels
of environmental Cd contamination. The marked difference in
accumulation patterns between high-contamination sites such as
Melaka-2 and lower-contamination sites such as Kedah-1 supports
the conclusion that local environmental factors, including pollution
sources and sediment interactions, play a critical role in influencing
Cd bioavailability and uptake in P. insularum.

4.2 Suitability of selected tissues for
biomonitoring Cd contamination

The correlation analysis of Cd concentrations among different
tissues provides critical insights into the suitability of specific tissues
for biomonitoring purposes. The DT, which consistently exhibited
the highest Cd concentrations, emerges as a primary biomonitoring
tissue for detecting recent Cd exposure. The moderate correlation
between the DT and CT suggests that these tissues may share similar
exposure routes, likely via ingestion of contaminated particles and

food sources. However, the relatively weak correlation between DT
and environmental sediments indicates that Cd accumulation in the
DT is not solely influenced by direct environmental exposure but
rather through trophic transfer mechanisms (Krupnova et al., 2018;
Liu et al., 2022).

The shell and mantle also play a crucial role in biomonitoring,
particularly for assessing long-termmetal exposure. The shell, which
serves as a repository for metal sequestration, exhibited strong
correlations with other structural tissues, such as the foot and
mantle. This suggests that these tissues function as long-term
indicators of Cd bioaccumulation, retaining metals absorbed over
extended periods. The mantle, in particular, demonstrated the
highest inter-tissue correlations, particularly with the foot and
operculum, reinforcing its potential as a reliable biomonitoring
tissue (Abdel Gawad, 2018; Banerjee et al., 2023).

The negative correlations between Cd levels in habitat
sediments and structural tissues, such as the mantle,
operculum, and shell, indicate that Cd accumulation in these
tissues is not a direct function of sediment metal concentrations.
This suggests that Cd uptake in P. insularum is regulated by
physiological processes, and that structural tissues reflect metal
bioavailability in the water column rather than direct sediment
contact. This finding is significant as it underscores the
importance of analyzing multiple tissues to gain a
comprehensive understanding of Cd exposure pathways
(Chukaeva and Petrov, 2023; Mero et al., 2019; Qiu et al., 2025).

A notable exception is the PS, which exhibited a strong positive
correlation with sediment Cd levels. This suggests that the PSmay be
a key biomonitoring tissue for assessing direct environmental
contamination, particularly in benthic habitats where Cd may be
more bioavailable due to sediment interactions. The fact that the PS
Cd concentrations were highest in sites with elevated sediment
contamination, such as Subang-2 and Kelana-2, further supports
its utility as an environmental biomonitoring tissue (Yap
et al., 2009).

From a biomonitoring perspective, these findings highlight the
complementary roles of different tissues in assessing Cd
contamination in aquatic ecosystems. The DT is best suited for
detecting recent Cd exposure through dietary intake, while the shell
and mantle serve as indicators of long-term bioaccumulation trends.
The PS emerges as a potential sentinel tissue for detecting sediment-
bound Cd contamination, making it a particularly valuable tissue for
site-specific pollution assessment. Given these distinct
bioaccumulation patterns, a multi-tissue approach is
recommended for future biomonitoring studies involving P.
insularum, as it provides a more comprehensive assessment of
Cd contamination across both short-term and long-term
exposure pathways (Pedrini-Martha et al., 2021).

Overall, these results reinforce the use of P. insularum as a
reliable biomonitoring species for assessing Cd pollution in aquatic
environments. The high sensitivity of DT to Cd exposure, the long-
term accumulation potential of the shell and mantle, and the strong
correlation between PS and sediment Cd levels collectively provide a
robust framework for monitoring environmental contamination.
Future research should further explore these relationships in
different aquatic habitats and under varying environmental
conditions to enhance the understanding of metal
bioaccumulation dynamics in gastropods.
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4.3 Ecotoxicological and biomonitoring
potential of Pomacea insularum for Cd
contamination assessment

The results of Cd accumulation and depuration in P.
insularum demonstrate its strong potential as a biomonitoring
species for metal contamination in aquatic environments. From
an ecotoxicological perspective, P. insularum exhibited
substantial Cd uptake when exposed to a polluted
environment (Juru River), followed by significant depuration
when transferred to a cleaner habitat (UPM Lake). These
findings highlight the gastropod’s ability to effectively reflect
environmental Cd levels through its bioaccumulation and
elimination dynamics (Rainbow, 2002).

Cd accumulation was evident in all tissues, with the DT showing
the highest increase during the 7-week exposure period, followed by
the mantle and PS. The high Cd bioaccumulation in the DT aligns
with its physiological function as the primary organ for digestion
and absorption, making it highly responsive to changes in
environmental metal concentrations. This rapid accumulation in
soft tissues indicates that P. insularum is sensitive to Cd exposure,
supporting its role as a biomonitoring organism in ecotoxicological
studies. The DT exhibited the highest Cd accumulation during
exposure (159%) and the most efficient depuration (67.8%),
making it the most responsive tissue to environmental Cd
fluctuations. Since Cd enters organisms primarily through dietary
intake and water exposure, the DT serves as a critical organ for
monitoring recent Cd exposure, particularly in environments with
fluctuating pollution levels (Gunawan et al., 2020).

The mantle also exhibited substantial Cd accumulation (120%)
and high depuration (59.5%), reinforcing its role as an effective
biomonitoring tissue. As the mantle plays a vital role in shell
formation and structural maintenance, it integrates Cd
accumulation over an extended period while remaining
responsive to environmental changes (Yap et al., 2009).
Following transplantation to the unpolluted site, the depuration
results further reinforce the validity of using P. insularum as a
biomonitor, as the DT demonstrated the most efficient Cd
elimination, followed by the mantle and CT. These depuration
trends suggest that P. insularum possesses a well-developed
physiological mechanism for metal regulation, possibly through
excretion, detoxification, or redistribution processes. Such
characteristics are crucial for an effective biomonitoring species,
as they allow for distinguishing between chronic and transient metal
exposures (Huang et al., 2018).

Moreover, the varying rates of accumulation and depuration
across tissues indicate that P. insularum can provide insights into
both short-term and long-term metal contamination. Soft tissues,
such as the DT and mantle, rapidly respond to environmental Cd
fluctuations, making them useful indicators of recent pollution
events. In contrast, the shell exhibited the lowest accumulation
(14.7%) and minimal depuration (6.45%), highlighting its role as
a long-term repository for Cd exposure. This distinction enhances
the robustness of P. insularum as a biomonitor, allowing researchers
to assess both acute metal exposure and historical contamination
trends (Yap et al., 2009).

Therefore, the DT is the most accurate biomonitoring tissue for
short-term Cd exposure, while the PS and mantle provide valuable

insights into long-term contamination and bioavailability. A multi-
tissue approach is recommended for future biomonitoring studies,
as it allows for a comprehensive assessment of metal contamination
in aquatic ecosystems. By integrating tissues with different
accumulation and depuration characteristics, researchers can
obtain a clearer picture of both immediate and historical Cd
pollution dynamics, further strengthening the role of P.
insularum as a key biomonitoring species in freshwater
environments (Gunawan et al., 2020). Its widespread presence in
tropical aquatic systems and ability to reflect environmental metal
fluctuations make it an excellent candidate for monitoring heavy
metal pollution in freshwater ecosystems.

4.4 High Cd accumulation in pineal sacs due
to lack of excretion

The PS, which demonstrated high Cd accumulation during
exposure and moderate depuration (47.8%), serves as a
complementary biomonitoring tissue, particularly for assessing
metal storage and detoxification mechanisms. The PS displayed a
significant correlation with sediment Cd levels, indicating that it
may be a useful indicator of Cd bioavailability from the surrounding
environment. This suggests that the PS could provide valuable
insights into the bioaccessibility of sediment-bound metals and
their potential impacts on aquatic organisms.

The PS of P. insularum exhibit elevated (Cd levels, likely due to
the absence of an excretion mechanism within this tissue, the Cd
entering the metabolically available pool can be utilized for essential
functions or stored in a detoxified form if in excess (Rainbow, 2002).
However, in the case of Cd, a non-essential and potentially harmful
metal, the PS follows a pathway lacking excretion, resulting in
continuous accumulation and storage in the detoxified
compartment (Pedrini-Martha et al., 2021; Gonçalves et al.,
2016). This storage capacity within the PS, devoid of effective
excretion, underscores the tissue’s function as a primary
repository for non-essential metals, highlighting the physiological
strategies that allow P. insularum to endure Cd exposure in
contaminated environments (Dhara et al., 2017).

The absence of excretion from the PS facilitates the continuous
buildup of Cd, making it one of the primary tissues responsible for
Cd storage in P. insularum (Da et al., 2024). Cd is absorbed from the
surrounding environment, primarily through the ingestion of
contaminated sediments and water. As Cd enters the
metabolically available pool, any amount not immediately
detoxified or utilized accumulates within the PS without being
excreted. This pattern mirrors the accumulation of non-essential
metals in other freshwater organisms, where detoxification is
prioritized over excretion, as documented in other molluscs
(Gnatyshyna et al., 2023; Rainbow, 2002).

Given the PS’s function as a regulatory organ, its high factor
loading in the analysis further emphasizes its significance in the
organism’s strategy for managing Cd exposure. Acting as a long-
term repository, the PS ensures that Cd concentrations in critical
tissues like the gills or muscle remain non-toxic, reducing the risk of
interference with vital metabolic functions (Pedrini-Martha et al.,
2021; Pinkina et al., 2022). In the absence of an excretion
mechanism, the PS sequesters Cd in a biologically inactive form,
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likely bound to metallothioneins or stored within cellular granules,
as observed in similar detoxification mechanisms among other
molluscs (Rainbow, 2002).

The accumulation of Cd in the PS without excretion resembles
the patterns observed for other toxic metals, such as Zn and Cu, in
organisms that rely more on detoxification than excretion. This
strategy prevents Cd from reaching metabolically active tissues,
where it could disrupt enzymatic processes or metabolic
functions, thus protecting the organism’s health in Cd-
contaminated environments (Karakaş and Otludil, 2020).
However, the lack of excretion also poses a risk for P. insularum
in environments with high Cd levels, as continued exposure could
lead to concentrations exceeding the tissue’s detoxification capacity,
although it remains a critical protection mechanism for more
sensitive tissues (Dvorak et al., 2019; Owojori et al., 2022).

4.5 High Cd accumulation in shells due to
lack of excretion

Conversely, the shell exhibited the lowest Cd accumulation and
depuration rates, suggesting that it is not a suitable tissue for
detecting recent Cd exposure. While the shell retains metals over
long periods, its slow accumulation dynamics make it less effective
for assessing short-term contamination. Instead, the shell could be
used as a secondary biomonitor for evaluating historical pollution
trends (Reolid et al., 2024).

Cd accumulation in the P. insularum shell plays a critical role in
managing metal toxicity, functioning as a long-term storage site for
detoxified metals. The regulatory model in Figure 3 shows the
process by which metals like Cd are absorbed and managed
within soft tissues, where they remain metabolically available
until detoxified and stored in a non-toxic form (Rainbow, 2002).
While the model effectively describes the regulatory processes in soft
tissues, it does not entirely account for the passive storage role of the
shell (Glevitzky et al., 2019; Pedrini-Martha et al., 2020; Pedrini-
Martha et al., 2021).

Calcified tissues like the shell and operculum act as long-term
storage sites for Cd, where accumulation primarily occurs without
excretion. The shell sequesters Cd in an inactive form, thus
removing it from the organism’s metabolic processes and
preventing Cd toxicity in more sensitive tissues (Reátegui-Zirena
et al., 2017). The operculum, with a mean concentration of
5.91 mg/kg, similarly functions as a storage site for detoxified Cd,
effectively supporting the overall detoxification strategy of the
organism (Menon et al., 2023). Banerjee et al. (2023) showed that
P. maculata operculum effectively accumulates toxic metals, making
it a promising bioindicator for assessing freshwater pollution and
monitoring ecosystem health over time (Marimoutou et al., 2023).

The shell, acting as a passive repository, sequesters excess Cd in
an inert form over time. The high Cd levels in the shell compared to
soft tissues highlight its essential role in metal detoxification and
long-term storage, thus preventing Cd from accumulating in
metabolically active tissues, where it could disrupt cellular

FIGURE 3
The conceptual model of Cd accumulation pattern of the shells of apple snail Pomacea insularum. Note: This diagram is generated using Napkin AI
with modification, accessed on 10 January 2025.
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processes (Reátegui-Zirena et al., 2017). This storage in the calcium
carbonate matrix of the shell stabilizes Cd, isolating it from the
organism’s physiological functions (Gnatyshyna et al., 2023). Unlike
soft tissues that actively regulate Cd through excretion, the shell
lacks excretory pathways, meaning that Cd incorporated into its
structure remains indefinitely (Huang et al., 2018).

The absence of an excretion mechanism in the shell enhances its
function as a long-term detoxification site, contrasting with tissues
like the DT, which can transfer or excrete Cd as needed. This
permanent sequestration in the shell reflects the organism’s
cumulative exposure to Cd over its lifespan, offering a historical
record of environmental contamination (De Silva et al., 2023).
Consequently, while the model in Figure 3 is relevant for
understanding Cd regulation in soft tissues, it does not capture
the shell’s role in permanent storage, underscoring the
complementary functions of soft and hard tissues in metal
management (Nigariga et al., 2023).

4.6 Low Cd accumulation in the foot due to
excretion mechanism

Cd bioavailability in P. insularum is influenced by interactions
among soft tissues, notably the mantle, foot, and DT. The high
correlation between the mantle and foot (R = 0.92) indicates that
these tissues share similar pathways for Cd absorption, likely linked
to their roles in nutrient and metal processing. The mantle, as a

central tissue, has a predictive capacity for Cd levels in other tissues,
including the foot. This suggests that the mantle absorbs Cd from
the environment or diet and redistributes it to other tissues for
detoxification or storage (De Silva et al., 2023). The foot
demonstrated moderate bioaccumulation and depuration rates,
making them useful but less reliable indicators compared to the
DT, PS, andmantle. The foot, being in direct contact with sediments,
may reflect environmental Cd exposure, but its lower accumulation
and slower depuration suggest that it is not as sensitive as other
soft tissues.

The foot of P. insularum exhibits relatively low Cd accumulation
compared to other tissues, likely due to its role in excreting excess
Cd. In Figure 4, metals like Cd that enter the metabolically available
pool may be utilized for biological functions or detoxified and stored
when present in excess (Rainbow, 2002). For the foot, an excretion
pathway allows for the removal of Cd from the tissue, preventing
accumulation and maintaining homeostasis (Karakaş and
Otludil, 2020).

Given the foot’s direct interaction with sediment, it remains in
constant exposure to Cd, yet effective excretion ensures Cd does not
reach toxic levels, as shown by the lower concentrations in this tissue
relative to others like the DT (Pedrini-Martha et al., 2021). This
excretory role aligns with findings in other molluscs and
crustaceans, where certain tissues specialize in both metal
absorption and excretion to limit long-term storage of potentially
harmful elements like Cd (Rainbow, 2002; Dhara et al., 2017). The
ability of the foot to expel excess Cd plays a crucial role in the

FIGURE 4
The conceptual model of Cd accumulation pattern of the apple snail Pomacea insularum showing net accumulation of Cd (a non-essential metal)
with some excretion of Cd accumulated in detoxified form (Rainbow, 2002). Note: This diagram is generated using Napkin AI withmodification, accessed
on 10 January 2025.
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organism’s metal regulation strategy, contributing to P. insularum’s
resilience in contaminated environments (Pinkina et al., 2022).

The foot, being in direct contact with both sediment and water,
serves as a primary interface for environmental metal absorption.
However, unlike tissues primarily involved in long-term Cd
detoxification, such as the PS, the foot possesses an effective
mechanism for excreting Cd, as illustrated by the process in the
regulationmodel where storedmetals in detoxified form are expelled
from the organism (Gonçalves et al., 2016). This excretion capability
allows the foot to regulate internal Cd concentrations effectively,
ensuring that any absorbed Cd does not remain in the tissue for
extended periods. This mechanism reflects adaptive metal regulation
commonly seen in molluscs that rely on excretion as a detoxification
strategy (Gnatyshyna et al., 2023).

The relatively low Cd concentration in the foot, as shown in
statistical data, reflects a balance between metal absorption and
excretion. As Cd enters the available pool, the foot promptly
detoxifies and excretes excess metal, keeping levels below toxic
thresholds (Rainbow, 2002). This regulatory process prevents the
foot from serving as a long-term storage site for Cd, as observed in
other tissues like the DT or mantle, which tend to accumulate Cd
due to limited excretory pathways (Owojori et al., 2022; Pedrini-
Martha et al., 2020). The foot’s ability to regulate Cd aligns with its
physiological roles, including movement and environmental
interaction, ensuring that the organism’s mobility and health are
not compromised by metal accumulation (Reátegui-Zirena
et al., 2017).

The foot’s role in Cd excretion is integral to P. insularum’s
overall strategy for managing metal exposure, reducing its

physiological burden by preventing Cd buildup in metabolically
active tissues. By diverting Cd from the metabolically available pool
to detoxified storage and eventual excretion, the foot helps protect
the organism from Cd toxicity, supporting its survival in
contaminated environments (Rainbow, 2002).

4.7 Comparative analysis and
biomonitoring potential

Based on Table 8, the findings from this study align with
previously reported Cd accumulation patterns in Pomacea
species, emphasizing their capacity as biomonitors of heavy metal
contamination in freshwater ecosystems. Compared to the polluted
Juru River field samples of P. insularum (Yap et al., 2009), which
recorded a Cd range of 2.01–5.40 mg/kg, the present study found
slightly lower Cd concentrations in P. insularum transplanted from
unpolluted to polluted sites (1.28–5.22 mg/kg) and those
transplanted from polluted to unpolluted sites (1.00–6.03 mg/kg).
The slight variations could be attributed to differences in pollution
sources, exposure duration, and environmental conditions
influencing Cd bioavailability.

Additionally, field-collected P. canaliculata samples from
Lampung Province, Indonesia (Gunawan et al., 2020) showed a
considerably lower Cd accumulation (0.03 mg/kg, wet weight
unspecified), indicating lower environmental contamination in
that region or species-specific differences in Cd uptake. In
contrast, experimental exposure studies (Huang et al., 2018; Qiu
et al., 2025) demonstrated significantly higher Cd concentrations in

TABLE 8 Comparison of Cd concentrations (mg/kg) in the snail Pomacea reported in the literature.

Species Duration of
experiment

Cd min Cd max Study description References

Pomacea
insularum

Polluted Juru River-Field
collected samples (8 tissues)

2.01 5.40 Peninsular Malaysia Yap et al. (2009)

Pomacea
insularum

Unpolluted UPM Lake-Field
collected samples (8 tissues)

0.50 3.70 Peninsular Malaysia Yap et al. (2009)

Pomacea
canaliculata

Field collected samples 0.03 (total soft tissue; wet
weight unspecified?)

NA Lampung Province, Indonesia Gunawan et al.
(2020)

Pomacea
canaliculata

Experimental lab condition to
determine LC50

Hepatopancreas
(0.64–3.98 mg/g)

NA Cd bioaccumulation and antioxidant enzyme
responses in Pomacea canaliculata and its native
competitor Sinotaia quadrata under
experimental conditions.

Huang et al.
(2018)

Pomacea
canaliculata

Experimentally exposed to
10 μg/L Cd for 16 days under lab

condition

NA 17.4 Toxicological effects of Cd on P. canaliculata,
focusing on bioaccumulation, oxidative stress,
microbial community changes, and
transcriptomic responses.

Qiu et al. (2025)

Pomacea
insularum

49 days of accumulation in 7 soft
tissues under polluted field

condition

1.28 5.22 Transplanted from unpolluted to polluted sites This study

Pomacea
insularum

49 days of depuration in 7 soft
tissues under unpolluted field

condition

1.00 6.03 Transplanted from polluted to unpolluted sites This study

Pomacea
insularum

13 populations in 7 soft tissues 0.51 3.58 (the highest
Cd level in pineal
sac with 13.5)

Field collected samples from 13 populations
from Peninsular Malaysia

This study

Note: NA, not available.
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P. canaliculata under controlled laboratory conditions. Specifically,
Qiu et al. (2025) reported an extreme Cd accumulation of 17.4 mg/kg
after 16 days of exposure to 10 μg/L Cd, suggesting that laboratory
conditions with continuous exposure may facilitate greater metal
uptake compared to fluctuating natural environments. Similarly,
the hepatopancreas of P. canaliculata in Huang et al.’s (2018)
study accumulated Cd levels between 0.64 and 3.98 mg/kg, which
is comparable to the range observed in P. insularum from this study.

A particularly novel finding from this study is the high Cd
concentration in the pineal sac of P. insularum, which peaked at
13.5 mg/kg, with the overall maximum Cd concentration in field-
collected samples reaching 3.58 mg/kg. This value surpasses the
3.70 mg/kg observed in unpolluted UPM Lake field samples (Yap
et al., 2009), suggesting that even within unpolluted environments,
P. insularum can accumulate significant Cd levels in specific tissues.
The ability of the pineal sac to retain high Cd concentrations may
indicate a potential storage mechanism or an underexplored
detoxification pathway in gastropods, warranting further
histological and physiological investigations.

The transplantation experiments in this study provide further
insights into the dynamic nature of Cd accumulation and
depuration. While P. insularum transplanted to polluted sites
accumulated Cd to levels comparable with previously reported
studies, those relocated to unpolluted sites still retained measurable
Cd concentrations (1.00–6.03 mg/kg). This suggests that depuration
processes may vary depending on tissue type and exposure history,
reinforcing the importance of long-term monitoring to assess recovery
potential in decontaminated environments.

5 Conclusion

This study examined Cd accumulation across 13 field populations
of P. insularum in PeninsularMalaysia, revealing significant variation in
metal uptake among different sites. The highest recorded Cd
concentration in the PS based on the field-collected samples,
highlighting its potential as a sensitive biomarker for long-term
exposure. These findings indicate that even in less contaminated
environments, P. insularum can accumulate substantial Cd levels,
emphasizing the importance of continuous environmental
monitoring. Tissue-specific Cd distribution patterns showed that soft
tissues, including the CT, PS, andDT, retained the highest Cd levels due
to their direct exposure to contaminants. Meanwhile, calcified
structures like the shell and operculum functioned as long-term
detoxification sites, sequestering Cd in biologically inactive forms to
minimize toxicity. The correlation between different tissues suggests a
coordinated internal regulation of Cd, with the mantle and foot acting
as intermediaries in metal processing.

The transplantation study further demonstrated the dynamic
nature of Cd bioaccumulation and depuration in P. insularum.
Snails transplanted from unpolluted to polluted sites accumulated
Cd concentrations confirmed their responsiveness to environmental
contamination. Conversely, those relocated from polluted to unpolluted
sites retained Cd levels indicated that depuration is a slow and tissue-
dependent process. These results suggest that once Cd is integrated into
soft tissues, particularly in metabolically active organs, its clearance
remains incomplete over the study period. The persistence of Cd even
after relocation reinforces the use of P. insularum as a biomonitor,

providing insights into both short-term and historical pollution
exposure. Moving forward, further investigations into metal
detoxification mechanisms, particularly in calcified structures, could
enhance our understanding of Cd dynamics in freshwater ecosystems.
Incorporating P. insularum into long-term biomonitoring programs
will enable environmental managers to assess contamination trends,
identify pollution sources, and implement effective conservation
measures to protect aquatic biodiversity.
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