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Abstract

This study investigated the accumulation of trace
metals in ten ascidian species collected from pollution-
impacted zones along the Thoothukudi coast, Southeast
India. Using atomic absorption spectroscopy (AAS), we
quantified seven metals K, Ca, Mg, Fe, Cu, Zn and V
across three ascidian suborders: Aplousobranchia,
Stolidobranchia and Phlebobranchia. The whole-body
tissues of the selected ascidians were digested
following EPA Method 3050B and analysed via AAS.
The results revealed clear taxon-specific metal
accumulation  profiles:  Didemnum  psamathodes
(Aplousobranchia) exhibited exceptionally high iron
accumulation  (780.68  ppm/g),  Microcosmus
squamiger (Stolidobranchia) concentrated calcium
(>1062 ug/g) and Phallusia arabica (Phlebobranchia)
sequestered vanadium (55.1 ppm/g). One-way ANOVA
indicated significant interspecies differences (F(9,54)
= 42.44, p < 0.0001), further supported by Principal
Component analysis. Transplantation experiments
confirmed site-dependent accumulation patterns with
P. arabica vanadium levels increasing to 48.7 ppm/g at
industrial sites over 60 days.

Biofiltration trials demonstrated about an 84%
reduction in vanadium from synthetic wastewater,
confirming the biofiltration potential of ascidians.
Protein-binding assays revealed the presence of
vanadium- and iron-affinitive proteins with high
stability constants (log K > 6.8), suggesting species-
specific metal retention. Desorption studies further
highlighted differences in metal lability: P. arabica
retained 78.4% of vanadium after 28 days in clean
seawater, while D. psamathodes released over 60% of
its iron. These findings underscore the utility of
ascidians as effective biomonitors and biofilters,
offering promising avenues for marine environmental
monitoring and trace metal recovery.

Keywords: Bioindicator, environmental monitoring, heavy
metal pollution, marine biotechnology, metal speciation,
tunicates.

Introduction

Marine ecosystems are increasingly exposed to persistent
and toxic contaminants originating from both natural and
anthropogenic sources. Natural inputs such as atmospheric
deposition and the erosion of geological matrices, along with
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anthropogenic activities including industrial effluent
discharge, domestic sewage, mining, coral dredging and
thermal power plant runoff, introduced complex mixtures of
pollutants into coastal waters>. Among these, trace metals
are of particular concern due to their non-biodegradable
nature and high potential for bioaccumulation and
biomagnification'”. Once introduced into the marine
environment, these metals persist for extended periods,
entering  biogeochemical cycles and progressively
accumulating in the tissues of marine organisms, particularly
benthic fauna’®.

Numerous studies have documented that benthic
invertebrates can concentrate metals in their tissues to levels
far exceeding those found in the surrounding environment.
This makes them reliable bioindicators for environmental
monitoring. Among these, suspension feeders such as
sponges>'®!8 and bivalve molluscs including mussels,
oysters and donax species have been widely studied for their
metal accumulation capacity®*. These organisms, due to their
filter-feeding habits and sedentary lifestyle, remain in
constant contact with suspended particles and dissolved
contaminants in the water column and benthic substrate.
Ascidians (Phylum Chordata: Subphylum Tunicata),
commonly known as sea squirts, are another group of sessile
marine invertebrates that exhibit high metal accumulation
potential. They are found in a wide range of marine habitats
including sea ports, harbours, coral reefs and industrial
discharge zones.

Ascidians are benthic filter feeders that are particularly
abundant in polluted environments?**°, They possess unique
physiological adaptations such as a highly vascularised
branchial basket and efficient water filtration systems,
capable of processing incurrent volumes up to 1000 times
their body size per hour. This enhances their capacity to
accumulate both dissolved and particulate metals in their
body tissue. A key feature contributing to their metal
accumulation is the presence of specialised blood cells
known as vanadocytes which selectively sequester
vanadium. Moreover, the absence of a true excretory system
(with the exception of members belonging to the family
Molgulidae), along with the expression of intracellular
metal-binding proteins, allows for long-term retention of
metals within their tissues?.

The extraordinary phenomenon of vanadium accumulation
in ascidians was first reported by Henze?!. The discovery
sparked extensive global interest in their metal-binding
capabilities. Over the past five decades, researchers have
elucidated  suborder-specific  accumulation patterns:
Phlebobranchia species preferentially sequester vanadium,
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Stolidobranchia tend to accumulate alkaline earth metals!?
and Aplousobranchia show a propensity for concentrating
transition metals®-11:13:26.31.52,

In India, early investigations on ascidian metal
bioaccumulation in ascidians began with Krishnan?* who
reported that several species collected from the Royapuram
coast of Madras (present Chennai), such as Styela canopus,
Microcosmus exasperatus and Polyclinum constellatum,
accumulated significant concentrations of cadmium, copper,
nickel, lead, zinc, manganese, cobalt and iron. Subsequent
studies by Meenakshi®® revealed interspecies variation in
metal accumulation, whereas a comparative study by Abdul!
compared metal content in the mantle and test tissues of
Phallusia nigra from Thoothukudi and Vizhinjam Bay.
Tamilselvi** documented seasonal variations in trace metal
accumulation in several ascidian species along the
Thoothukudi coast.

Further, Tamilselvi et al* utilised the calcium-rich ascidian
Herdmania pallida to enhance breeding performance in
Poecilia sphenops. Radhalakshmi et al** demonstrated the
utility of Polyclinum nudum-based feed in improving
reproduction in ornamental fish such as swordtails. Several
isolated studies have addressed species-specific
accumulation, comprehensive investigations comparing
multiple ascidian suborders under a common environmental
stress gradient remain scarce. The present study was
undertaken to address this gap by examining metal
accumulation patterns in ten ascidian species representing
the three suborders: Aplousobranchia, Phlebobranchia and
Stolidobranchia, collected from pollution-impacted coastal
zones of Thoothukudi. This region is chronically exposed to
effluents from thermal power plants* and petrochemical
industries??, providing a suitable setting for comparative
bioaccumulation analysis.

Using Atomic  Absorption  Spectroscopy  (AAS),
concentrations of essential and non-essential metals
including potassium (K), calcium (Ca), magnesium (Mg),
iron (Fe), copper (Cu), zinc (Zn) and vanadium (V) were
quantified in ascidian tissues. These metals were chosen
based on their ecological relevance, prevalence in polluted
waters and previously reported affinity for accumulation in
tunicates®!>32.  Statistical analyses, including one-way
ANOVA and Principal Component analysis (PCA), were
performed to evaluate interspecies variation and suborder-
specific accumulation trends.

To assess metal uptake dynamics, transplantation
experiments were carried out using two identified
accumulators: Phallusia arabica (for vanadium) and
Didemnum psamathodes (for iron). These were relocated
across a pollution gradient and monitored for 60 days to
understand the site-dependent kinetics of metal uptake.
Additionally, metal-binding proteins from ascidian tissues
were extracted, fractionated wusing size-exclusion
chromatography and evaluated through EDTA chelation and
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stability constant assays to elucidate the biochemical basis
of metal retention.

The potential of ascidians in bioremediation was explored
through a pilot-scale biofiltration experiment. P. arabica was
exposed to vanadium-spiked synthetic wastewater in a
controlled flow-through setup to evaluate their efficacy in
removing metals from solution. A follow-up desorption
study was conducted in metal-free seawater to examine the
retention and release behaviour of vanadium and iron over a
28-day period. Furthermore, field surveys identified 23
ascidian species, of which 91% were non-native.

Pollution-tolerant taxa such as P. arabica and Microcosmus
squamiger dominated in contaminated zones, while native
species were more prevalent in less disturbed reference sites.
These ecological patterns informed the selection of focal
species for detailed experimental analysis. Thus, this study
integrates ecological surveys, quantitative metal analyses,
biochemical characterisation and applied filtration trials to
comprehensively assess the potential of ascidians as both
biomonitors and bioremediators of coastal metal pollution.

Material and Methods

Area and Sampling Protocol: The Thoothukudi Roach
Park coastal region (8°47'1" N, 78°9'33" E) in Southeast
India represents a tropical marine ecosystem influenced by
industrial effluents and harbour activities. Sampling was
conducted along a 15-km stretch encompassing industrial
outfalls, shipyards and reference sites with minimal
anthropogenic input. Ascidians were collected during low
tide from both natural substrates (coral rubble, rocky beds)
and artificial structures (harbour pilings, aquaculture floats).

Species were identified using Monniot et al® taxonomic
keys. Voucher specimens were preserved in 10% formalin—
seawater solution. The study focused on ten ascidian species
across three suborders:

o Aplousobranchia: Didemnum psamathodes, Eudistoma
laysani, Trididemnum clinides

e Phlebobranchia: Phallusia arabica, Phallusia nigra

e Stolidobranchia:  Microcosmus  squamiger, M.
exasperatus, Herdmania pallida, Styela canopus

Species Selection Rationale: Species were selected based
on their dominance in preliminary surveys and known
associations with metal-rich sites. P. arabica was collected
from vanadium-impacted harbour zones, D. psamathodes
from iron-rich coastal areas and M. squamiger from coastal
area of Thoohukudi.

Sample Preparation and Metal Analysis: Collected
organisms were transported in aerated, chilled seawater and
processed within four hours. After thorough rinsing with
ultrapure distilled water, individuals were dissected to
isolate the tunic. Samples from 15 individuals per species
were pooled, oven-dried at 60 °C to a constant weight and
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ground to a fine powder using agate mortars to prevent metal
contamination.

Acid Digestion and Metal Quantification: Acid digestion
followed a modified EPA Method 3050B. One gram of body
tissue was digested with 15 mL of concentrated HNO, (69%)
and 5 mL of H,0, (30%) in Teflon vessels using a MARS 6
microwave digestion system (CEM Corporation, USA).
Digests were evaporated to near dryness, reconstituted in 2%
HNO, and filtered through 0.45 um PTFE membranes?!.

Metals (Ca, Mg, K, Fe, Zn, Cu and V) were quantified using
a Shimadzu AA-6300 atomic absorption spectrometer with
both flame (FAA) and graphite furnace (GFAA) modes.
Calibration standards (ICP-grade, Merck) ranged from 0.1—
100 mg/L. Recovery tests using NIST SRM 1566b (oyster
tissue) showed 92-107% recovery; duplicate analyses
exhibited <5% relative standard deviation (RSD).

Transplantation Experiment: To examine site-dependent
metal uptake, P. arabica (vanadium accumulator) and
D.psamathodes (iron accumulator) were transplanted from
their native habitats to three pollution-gradient sites in
Thoothukudi Harbour. Specimens were affixed to PVC
panels and exposed for 60 days. Tissue samples (n = 5 per
species per site) were collected on days 15, 30 and 60,
digested and analysed by AAS. Ambient water samples from
each site were also assessed to correlate environmental metal
concentrations with tissue accumulation®>!,

Protein Extraction and Metal-Binding Affinity Assays:
The whole-body tissue of P. arabica was homogenised in
ice-cold Tris-HCl buffer (pH 7.4) and centrifuged at
10,000xg for 15 min. Supernatants were fractionated using
Sephadex G-75 columns®. Fractions containing elevated
metal concentrations (as determined by AAS) were analysed
by SDS-PAGE. Metal-protein complexes were confirmed
through EDTA-based chelation assays. Stability constants
(logK) were determined by ligand competition using 8-
hydroxyquinoline®.

Biofiltration Assay: To evaluate the bioremediation
potential of P. arabica, a 100L flow-through system was
constructed and dosed with synthetic wastewater containing
Sppm vanadium (as NaVQOs). Ascidians (n = 20) were
maintained in triplicate tanks; control tanks without
ascidians were run in parallel'®*?, Water samples were
collected daily for 30 days and analysed using graphite
furnace atomic absorption spectrometry (GFAA). Ascidian
body tissues were sampled on days 0, 15 and 30 to assess
uptake.

Metal Desorption Experiment: To assess retention
behaviour, P. arabica and D. psamathodes collected from
polluted sites were acclimated in laboratory seawater for 48h
and transferred to SOL tanks containing filtered, metal-free
seawater (salinity 35 ppt, pH 8.1). Tanks were replenished
daily to prevent reabsorption. Five individuals per species
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were sacrificed on days 0, 7, 14, 21 and 28 for metal
analysis?®®, Desorption rates were modelled using first-
order kinetics.

Statistical Analysis: All data were tested for normality
using the Shapiro—Wilk test prior to analysis. One-way
ANOVA was used to evaluate differences in metal
accumulation across species and suborders while Tukey’s
HSD post hoc test was applied for multiple comparisons. For
multivariate analysis, Principal Component Analysis (PCA)
was conducted on log-transformed metal concentration data
to visualise suborder-level clustering. In the transplantation
and desorption experiments, linear regression was used to
model metal uptake or release over time and paired t-tests
compared with initial and final metal concentrations. All
statistical analyses were performed using PAST4 software
with a significance threshold of o= 0.05.

Results and Discussion

Suborder-Specific Metal Accumulation: Elemental
analysis revealed distinct suborder-linked trends in metal
accumulation. Magnesium was the most abundant metal
across species, ranging from 458.63 ppm/g (Trididemnum
clinides) to 1378.92 ppm/g (Phallusia nigra). This was
followed by calcium, potassium and iron, with vanadium,
zinc and copper, present at lower tissue concentrations. The
overall metal concentration hierarchy was: Mg > Ca > K >
Fe>V>Zn>Cu.

Aplousobranchia species such as Didemnum psamathodes
exhibited exceptionally high iron accumulation (780.68
ppm/g), nearly 300-fold higher than seawater background
levels. Phlebobranchia members, especially Phallusia
arabica, displayed vanadium concentrations up to 55.1
ppm/g, confirming the functional role of vanadocytes.

In contrast, Stolidobranchia, represented by Microcosmus
squamiger, recorded the highest calcium content (1062.3
ppm/g), likely associated with structural demands of its
robust tunic. These results suggest evolutionary
specialisation in trace metal uptake across ascidian
suborders.

The observed accumulation profiles reflect fundamental
physiological and biochemical distinctions among ascidian
suborders. The extreme iron concentration in Didemnum
psamathodes (780.68 ppm/g) aligns with its tunic-localised
ferritin-like storage mechanisms>? and potentially enhanced
filtration efficiency, enabling bulk water processing. The
predominance of non-native ascidians (91%) in industrially
stressed habitats further supports the hypothesis of adaptive
metal tolerance'*33. Phallusia arabica dominance in
vanadium-rich sites, with tissue loads reaching 55.1 ppm/g,
underscores its capacity to sequester toxic metals without
apparent physiological impairment. Native species were
largely confined to reference areas, consistent with
sensitivity to metal contamination°.
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Phlebobranchs such as P. arabica continue to demonstrate
functional vanadocyte activity, a phenomenon first reported
by Henze?'. Our results suggest elevated transporter
efficiency in tropical species, potentially contributing to the
high vanadium levels compared to temperate populations®.
Notably, the low copper levels observed (0.49-2.3 ppm/g)
may support the theory of competitive inhibition, where
vanadium displaces copper at metal-binding sites*S.
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Interspecies Variability and Statistical Analysis: One-
way ANOVA revealed significant interspecies differences in
metal concentrations (F = 42.44, p < 0.0001), while
intraspecies variation was statistically insignificant (F =
1.221, p = 0.3018). Principal Component Analysis (PCA) of
log-transformed metal data accounted for 82% of the total
variance, clearly separating the three suborders. PCl1
(58.3%) was associated with iron and magnesium, clustering
Aplousobranchia species.

Figure 1: Cu and Zn Concentrations in ascidian tissues across species, Bar graph showing copper and zinc levels
in ten ascidian species. Phallusia nigra exhibited the highest zinc accumulation, while M.squamiger showed the
highest copper content, indicating species-specific uptake trends for trace metals.

Metal Accumulation in Tunicates

Name of the species

mCa

Figure 2: Comparative accumulation of Ca, Mg, K and Fe across Ascidian Species, this figure displays the
concentrations of major metals (Ca, Mg, K, Fe) across species. M. squamiger and P.nigra showed peak levels
of calcium and magnesium, respectively, while D. psamathodes had exceptionally high iron content.
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Figure 3: Vanadium concentrations in body tissues of ten ascidian species, Bar graph depicting vanadium
accumulation. P. arabica recorded the highest levels, supporting its role as a key vanadium accumulator among

PC2 (30.2%)

the species studied.
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Figure 4: Principal Component Analysis of Metal Accumulation Patterns in Ten Ascidian Species Based on
Seven Metal Concentrations. This PCA biplot illustrates interspecies variation and suborder-level clustering in metal
accumulation (Ca, K, Mg, Fe, Cu, Zn, V). PC1 (x-axis) accounts for the majority of variance (58.3%) and primarily
aligns with Fe and Mg, distinguishing Aplousobranchia. PC2 (y-axis) explains 23.7% of the variance and is associated
with vanadium and zinc, clustering Phlebobranchia. Stolidobranchs group on the negative PC2 axis due to

high calcium and potassium uptake. Each point represents a species, annotated for clarity.
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Table 1
ANOVA results for metal accumulation among ascidian species and metal types
Source SS DF MS F (DFn, DFd) P value
Row Factor 356949 9 39661 F(9,54)=1.221 P=0.3018
Column Factor 8270943 6 1378490 F (6,54)=42.44 P<0.0001
Residual 1753780 54 32477
Table 2
Trace Metal Concentrations in Ten Ascidian Species (ppm/g Dry Weight)
Name of the species Amount of metal concentration (ppm)
Ca K Mg Fe Cu Zn \4
Eudistoma laysani 561.56 518.11 | 715.28 333.32 1.52 9.27 2.57
Monandrocarpa sp 762.7 545.04 | 1170.71 95.81 17.61 11.93 29.56
Styela canopus 465.05 695.51 | 805.53 191.55 1.82 7.12 4.86
Phallusia arabica 562.11 601.74 | 1146.97 | 215.79 2.92 11.21 55.1
Phallusia nigra 438.12 700.89 | 1496.35 236.6 2.36 45.98 19.83
Herdmania pallida 609.66 414.21 | 52142 108.17 2.39 4.03 0.62
Microcosmus squamiger 1062.29 737.01 | 1290.56 98.75 23.21 13.38 0.51
Microcosmus exasperatus 713.34 441.77 | 930.54 107.56 0.49 6.85 2.98
Trididemnum clinides 591.15 325.51 | 458.63 163.27 0.84 12.48 0.63
Didemnum psamathodes 104.06 619.8 | 1027.12 | 780.68 2.32 6.65 2.93
Table 3
Time-dependent Metal Uptake in Transplanted Ascidians (ppm/g Dry Weight)
Species Site Day 15 | Day 30 | Day 60
P arabica Harbor (HighV) | 22.1 35.6 48.7
P arabica Reference 53 8.9 12.3
D. psamathodes Steel plant 450.2 | 780.0 | 782.4

PC2  (23.7%)

correlated with vanadium and zinc,

distinguishing Phlebobranchia. Stolidobranchia grouped

effluents**. Phlebobranchs are optimal for identifying
refinery-associated

vanadium

contamination

and

along the negative PC2, characterised by elevated calcium
and potassium concentrations. These findings support the
view that metal uptake is both species-specific and
phylogenetically conserved.

Site-Specific Metal Accumulation: Metal concentrations in
the selected ascidians species reflected site-specific
pollution profiles. P. arabica from Thoothukudi harbour,
located near vanadium slag disposal zones, exhibited
elevated vanadium levels (55.1 ppm/g). D. psamathodes
collected near steel mill effluent zones accumulated 780.68
ppm/g iron. M.squamiger from cement-rich areas of
Thoothukudi, recorded 1062.3 ppm/g calcium. These site-
specific profiles corresponded with known effluent
compositions. These species-specific accumulation patterns
corresponded closely with known industrial effluent
compositions. The spatial distribution of vanadium in P,
arabica tracked proximity to slag disposal points, while iron
in D. psamathodes aligned with steel plant discharge zones.

Notably, the 15-fold variation in vanadium levels across sites
could not have been captured by spot water sampling alone,
underscoring the superior ecological resolution ascidians

offer as bioindicators. Different ascidian suborders
demonstrated  niche-specific =~ monitoring  potential:
Aplousobranchs serve as early detectors of ferrous
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Stolidobranchs may indicate carbonate-rich stress due to
their calcium-binding matrices*'.

Bioconcentration Factors: Bioconcentration factors
(BCFs), calculated as [Metal] tissue / [Metal] water,
demonstrated substantial metal accumulation efficiency. P.
arabica showed a BCF of 1.2 x 10° for vanadium, D.
psamathodes had 4.3 x 10° for iron and M. squamiger
registered 2.8 x 10* for calcium. These values far exceeded
those observed in other sympatric invertebrates, reaffirming
the exceptional metal accumulation capacity of ascidians.

Transplantation Experiment: Transplanted P. arabica at
high-vanadium sites exhibited linear vanadium uptake (R? =
0.89), increasing from 22.1 ppm/g on day 15 to 48.7 ppm/g
on day 60. In contrast, individuals at reference sites
accumulated only 12.3 ppm/g. Similarly, D. psamathodes
transplanted near steel outfalls reached saturation with iron
saturation by day 30 (780.0 ppm/g), with negligible further
uptake thereafter.

These results confirm that ascidian metal accumulation is
dynamically responsive to environmental gradients.
Transplantation experiments confirmed that ascidian metal
accumulation responds dynamically to ambient exposure, as
seen by the linear increase of vanadium and saturation of
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iron levels in P. arabica and D. psamathodes respectively,
underscoring their potential as sensitive tools in active
biomonitoring programmes™*.

Metal-Binding Proteins: Chromatographic analysis
identified metal-affinitive proteins responsible for trace
metal sequestration. A 12-kDa protein from P. arabica bound
vanadium with a stability constant of log K=7.2 +0.3. A 28-
kDa tunic protein from D. psamathodes bound iron with
log K = 6.8 +0.2. EDTA chelation liberated more than 85%
of the bound metals, confirming protein-mediated storage.
The protein-binding affinity assays reinforce the proposed
mechanisms: the 12kDa vanadium-binding protein in P,
arabica (log K = 7.2) and a 28kDa iron-binding protein in D.
psamathodes  (logK=  6.8). These biochemical
specialisations further validate the retention patterns
observed in the desorption study?”-%°.

Biofiltration Assay: In biofiltration trials, P. arabica
reduced vanadium concentrations from 5 ppm to 0.8 ppm
within 30 days, achieving 84% removal efficiency. Control
tanks without ascidians showed negligible change (4.7 ppm),
confirming the role of biological uptake. Correspondingly,

Vol. 20 (11) November (2025)
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tissue vanadium levels in P. arabica increased from 2.1 to
52.4 ppm/g, validating its uptake capacity and feasibility for
in situ remediation. This experiment demonstrated not only
effective vanadium removal but also high tissue retention
(78.4%), establishing P. arabica as a promising candidate for
closed-loop bioremediation systems.

Metal Desorption: In clean seawater, P. arabica retained
78.4% of its accumulated vanadium after 28 days, with a
first-order desorption rate constant of k = 0.008 day™'. In
contrast, D. psamathodes released 62.3% of its iron content
(k = 0.032 day'), indicating a more labile storage
mechanism. These results reflect species-specific
physiological differences in metal retention. Retention
patterns were consistent with the stability constants
determined in protein-binding affinity assays, supporting a
biochemical basis for interspecific variation. The strong
vanadium—protein interactions in P. arabica account for its
slower desorption rate, whereas iron appears to be more
weakly bound in D. psamathodes. These physiological traits
may be leveraged for differential metal recovery
applications for instance, controlled elution of iron versus
prolonged sequestration of vanadium’3.
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Figure S: Time-dependent uptake of Vanadium and Iron in transplanted ascidians monitored Over a 60-Day Period.
This line graph presents the Kinetics of metal accumulation in Phallusia arabica and Didemnum psamathodes during
transplantation across pollution gradients. Vanadium levels in P. arabica increased steadily at the high-V site
(22.1 — 48.7 ppm/g), while accumulation was limited at the reference site. D. psamathodes showed rapid iron
saturation by Day 30 near steel outfalls. These results demonstrate environmentally responsive uptake.

Table 4
Desorption Rates and Metal Retention in Ascidian Tissues After 28 Days in Clean Seawater

Species Metal Initial Final (ppm/g) | % Retained | Desorption Rate (k, day™)
(ppm/g)

P. arabica Vanadium | 55.1+24 432+1.8 78.4 0.008 £ 0.001

D. psamathodes Iron 780.7+35.6 | 294.5+22.1 37.7 0.032 +0.003
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Figure 6: Desorption Kinetics of Vanadium and Iron in Ascidian Tissues during a 28-Day exposure to clean seawater.
This graph depicts the percentage of retained metals in ascidian tissues over time. Phallusia arabica retained 78.4% of
vanadium after 28 days, showing slow desorption (k = 0.008 day™), indicative of strong protein binding. In contrast,
Didemnum psamathodes rapidly lost iron (only 37.7% retained), with a higher desorption rate (k = 0.032 day™),
suggesting a more labile storage mechanism. These patterns reflect suborder-specific metal retention physiology.

Conclusion

This comprehensive investigation into trace metal
accumulation across ten ascidian species along the
Thoothukudi coast confirms their dual role as sensitive
bioindicators and effective bioremediators. Suborder-
specific uptake patterns were clearly observed: Phallusia
arabica (Phlebobranchia) concentrated vanadium to levels
exceeding 55 ppm/g, Didemnum psamathodes
(Aplousobranchia) accumulated iron up to 780.68 ppm/g
and Microcosmus squamiger (Stolidobranchia) retained over
1062 ppm/g of calcium. These taxonomic trends are driven
by physiological adaptations including the presence of

vanadocytes, metal-binding  proteins and  tissue
compartmentalisation strategies.

The statistically significant interspecies differences
observed across metal concentrations (F=42.44,

p<0.0001), along with consistent intraspecies profiles
(F=1.221, p=0.3018) indicate that ascidians respond
predictably to environmental metal loads. Spatial mapping
of tissue metal concentrations closely aligned with known
industrial discharge sources, validating the high ecological
resolution ascidians offer for coastal environmental
monitoring. The transplantation trials demonstrated site-
responsive uptake in real time while biofiltration assays with
P. arabica achieved 84% vanadium removal from synthetic
wastewater. Protein-binding affinity studies further
supported  species-specific  retention = mechanisms,
highlighting potential applications for metal recovery or
selective extraction.
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These findings position ascidians as valuable resources for
both passive and active biomonitoring frameworks. Future
studies should prioritise:

(1) Proteomic and transcriptomic analysis of metal-binding
proteins

(2) Standardisation of transplantation models for active
surveillance and

(3) Field trials of ascidian-based bioremediation systems
across diverse coastal ecosystems.

Additionally, desorption assays indicate differential metal
lability among species. P. arabica retained vanadium
effectively, whereas D. psamathodes released iron rapidly,
suggesting tailored use cases in recovery and clean-up
efforts. These species-specific behaviours offer a new
direction in eco-engineering, where ascidians may serve
both as pollution sentinels and as tools for sustainable trace
metal recovery. In summary, the ascidians studied here
exemplify nature’s capacity for adaptation under duress and
offer an untapped biological solution to address marine
metal pollution in both ecological and industrial contexts.

Acknowledgement

The authors gratefully acknowledge the support and facility
provided by The Director, Instrumentation Centre, Ayya
Nadar Janaki Ammal College, Sivakasi — 626 124, for
carrying out the Atomic Absorption Spectrophotometer
(AAS) analysis essential to this study.

202



Research Journal of Biotechnology

References

1. Abdul Jaffar Ali H.A., Comparative study on the ecology of
Phallusia nigra Savigny, 1816 from Tuticorin (South East Coast)
and Vizhinjam (South West Coast), Ph. D. Thesis, Manonmaniam
Sundaranar University, Tirunelveli, India, 154 (2004)

2. Abreo N.A.S., Macusi E.D., Cuenca G.C., Ranara C.T.B.,
Andam M.B., Cardona L.C. and Arabejo G.F.P., Nutrient
Enrichment, Sedimentation, Heavy Metals and Plastic Pollution in
the Marine Environment and its Implications on Philippine Marine
Biodiversity: A Review, IAMURE International Journal of
Ecology and Conservation, 15(1), 111-167 (2015)

3. Antoniadou C., Gerovasileiou V. and Bailly N., Ascidiacea
(Chordata: Tunicata) of Greece: an updated checklist, Biodiversity
Data Journal, 4, 9273 (2016)

4. Batista D., Muricy G., Rocha R.C. and Miekeley N.F., Marine
sponges with contrasting life histories can be complementary
biomonitors of heavy metal pollution in coastal ecosystems,
Environmental Science and Pollution Research, 21(9), 5785-5794
(2014)

5. Braich N. and Codd R., Immobilised metal affinity
chromatography for the capture of hydroxamate-containing
siderophores and other Fe (III)-binding metabolites directly from
bacterial culture supernatants, Analyst, 133(7), 877-880 (2008)

6. Bulgariu L. and Bulgariu D., Sustainable utilization of marine
algae biomass for environmental bioremediation, Prospects and
Challenges in Algal Biotechnology, 179-217 (2017)

7. Bulgariu L. and Bulgariu D., Bioremediation of toxic heavy
metals using marine algae biomass, In Green materials for
wastewater treatment, Springer, 69—98 (2019)

8. Carlisle D.B., Vanadium and other metals in ascidians,
Proceedings of the Royal Society of London, Series B, Biological
Sciences, 171(22), 31-42 (1968)

9. Chauhan D.S. and Mohanty K., Exploring microalgal nutrient-
light synergy to enhance CO2 utilization and lipid productivity in
sustainable long-term water recycling cultivation, Journal of
Environmental Management, 356, 120631 (2024)

10. Choi J.Y. et al, Determination of toxic heavy metals in
Echinodermata and Chordata species from South Korea, Food
Additives and Contaminants, Part B Surveillance, 7(4), 295-301
(2014)

11. De Moreno J.E.A., Gerpe M.S., Moreno V.J. and Vodopivez C.,
Heavy metals in Antarctic organisms, Polar Biology, 17(2), 131—
140 (1997)

12. Denton G.R.W., Concepcion L.P., Wood H.R. and Morrison
R.J., Trace metals in marine organisms from four harbours in
Guam, Marine Pollution Bulletin, 52(12), 1784-1804 (2006)

13. Gaftney J.P. and Valentine A.M., The challenges of trafficking
hydrolysis prone metals and ascidians as an archetype, Dalfon
Transactions, 40(22), 5827-5835 (2011)

14. Gallo A. and Tosti E., The Ascidian Ciona Intestinalis as Model

Organism for Ecotoxicological Bioassays, Journal of Marine

https://doi.org/10.25303/2011rjbt1950204

Vol. 20 (11) November (2025)
Res. J. Biotech.

Science: Research and Development, 5(3), DOI:10.4172/2155-
9910.1000e138 (2015)

15. Genta-Jouve G., Cachet N., Oberhansli F., Noyer C., Teyssie
J.L., Thomas O.P. and Lacoue-Labarthe T., Comparative
bioaccumulation kinetics of trace elements in Mediterranean
marine sponges, Chemosphere, 89(3), 340-349 (2012)

16. Ghanim B. et al, Application of KOH modified seaweed
hydrochar as a biosorbent of Vanadium from aqueous solution:
Characterisations, mechanisms and regeneration capacity, Journal
of Environmental Chemical Engineering, 8(5), 104176 (2020)

17. Gifford S., Dunstan R.H.O., Connor W., Koller C.E. and
MacFarlane G.R., Aquatic zoo remediation: deploying animals to
remediate contaminated aquatic environments, Trends in
Biotechnology, 25(2), 60—65 (2007)

18. Giroux M.S., Siddiqui S. and Brander S.M., Classic
Contaminants in Aquatic Ecosystems: POPs, PFAS, Heavy Metals
and Microplastics, In Aquatic Ecotoxicology, Springer, 43—58
(2024)

19. Greene M.C.B.J.S., Experimental investigations of water
quality: The bioassay, The American Biology Teacher, 59(6), 349-
352 (1997)

20.Han S.,JuT.,Meng Y., DuY., Xiang H., Aihemaiti A. and Jiang
J., Evaluation of various microwave-assisted acid digestion
procedures for the determination of major and heavy metal
elements in municipal solid waste incineration fly ash, Journal of
Cleaner Production, 321, 128922 (2021)

21. Henze M., Untersuchungen iiber das Blut der Ascidien, I,
Mitteilung. Die Vanadiumverbindung der Blutkérperchen, Hoppe-
Seyler's Z Physiol Chem., 72, 494-501 (1911)

22. Jayaraju N., Reddy B.C.S.R. and Reddy K.R., Heavy metal
pollution in reef corals of Tuticorin Coast, Southeast Coast of
India, Soil and Sediment Contamination, 18(4), 445-454 (2009)

23. Krishnan R., A concurrent study of two ascidians of Madras
Royapuram coast, Ph.D. Thesis, University of Madras, India
(1992)

24. Lambert C.C. and Lambert G., Non-indigenous ascidians in
southern California harbors and marinas, Marine Biology, 130(4),
675-688 (1998)

25. Meenakshi V.K., Biology of few chosen ascidians, Ph.D.
Thesis, Manonmaniam Sundaranar University, Tirunelveli, 1-118
(1997)

26. Michibata H., Terada T., Anada N., Yamakawa K. and
Numakunai T., The accumulation and distribution of vanadium,
iron and manganese in some solitary ascidians, The Biological
Bulletin, 171(3), 672681 (1986)

27. Michibata H., Uyama T., Ueki T. and Kanamori K., The
mechanism of accumulation and reduction of vanadium by

ascidians, The Biology of Ascidians, 363—373 (2001)

28. Monniot C. and Monniot F., Apparition de 1’ascidie Perophora
japonica sur les cotes et dans les ports de la Manche, Compte Rendu

203



Research Journal of Biotechnology

Des Seances de La Societe de Biogeographie, 61(3), 111-116
(1985)

29. Monniot F., Martoja R. and Monniot C., Cellular sites of iron
and nickel accumulation in ascidians related to the naturally and
anthropic enriched New Caledonian environment, Annales de
IInstitut Océanographique (Monaco), 70(2), 205-216 (1994)

30. Noél L., Testu C., Chafey C., Velge P. and Guérin T,
Contamination levels for lead, cadmium and mercury in marine
gastropods, echinoderms and tunicates, Food Control, 22(3—4),
433-437 (2011)

31. Odate S. and Pawlik J.R., The role of vanadium in the chemical
defense of the solitary tunicate, Phallusia nigra, Journal of
Chemical Ecology, 33, 643—-654 (2007)

32. Ogawa N., Nakamura A., Sato H., Onoue T., Yamamoto M. and
Matsuo S., Studies on the condensation of transition-metals in the
ascidians. Multielemental analysis of the tissues of ascidians by
inductively coupled plasma emission-spectrometry, Nippon
Kagaku Kaishi, 4,293-303 (1991)

33. Pourang N., Richardson C.A. and Mortazavi M.S., Heavy metal
concentrations in the soft tissues of swan mussel (Anodonta
cygnea) and surficial sediments from Anzali wetland, Iran,
Environmental Monitoring and Assessment, 163, 195-213 (2010)

34. Radhalakshmi R., Sivakumar V. and Abdul Jaffar Ali H.,
Analysis of selected species of ascidians as bioindicators of metals
in marine ecosystem, Int. J. Curr. Microbiol. Appl. Sci, 3, 755-764
(2014)

35. Rainbow P.S., Phylogeny of trace metal accumulation in
crustaceans, In Metal metabolism in aquatic environments,
Springer, 285-319 (1998)

36. Rehder D., The coordination chemistry of vanadium as related
to its biological functions, Coordination Chemistry Reviews,
182(1), 297-322 (1999)

37. Salplachta J., Rehulka P. and Chmelik J., Identification of
proteins by combination of size-exclusion chromatography with
matrix-assisted laser desorption ionization time-of-flight mass
spectrometry and comparison of some desalting procedures for
both intact proteins and their tryptic digests, Journal of Mass
Spectrometry, 39(12), 1395-1401 (2004)

38. Santos M.F.A., Sciortino G., Correia 1., Fernandes A.C.P.,
Santos-Silva T., Pisanu F., Garribba E. and Costa Pessoa J.,
Binding of VIVO2+, VIVOL, VIVOL2 and VVO2L moieties to
proteins: X-ray theoretical characterization and biological
implications, Chemistry—A European Journal, 28(40), ¢202200105
(2022)

39. Seo D., Vasconcellos M.B.A., Saiki M., Catharino M.G.M.,
Moreira E.G., de Sousa E. and Pereira C.D.S., Vanadium
biomonitoring by using Perna perna (Linnaeus, 1758) mussels
transplanted in the coast of the State of Sao Paulo, Brazil, Journal
of Radioanalytical and Nuclear Chemistry, 291, 101-105 (2012)

https://doi.org/10.25303/2011rjbt1950204

Vol. 20 (11) November (2025)
Res. J. Biotech.

40. Sharma Suraj, Samota Jayanti and Intodia Kumud, Bimetallic
ternary Cobalt Bismuth Iodide for visible-light-drive N
photocatalytic degradation of industrial dyes (TB), Res. J. Chem.
Environ., 28(2), 31-36 (2024)

41. Sparrow B.D., Edwards W., Munroe S.E.M., Wardle G.M.,
Guerin G.R., Bastin J., Morris B., Christensen R., Phinn S. and
Lowe A.J., Effective ecosystem monitoring requires a multi-scaled
approach, Biological Reviews, 95(6), 17061719 (2020)

42. Stacey J.E., The ecophysiology of iron and vanadium
accumulation by North Atlantic ascidians, Memorial University of
Newfoundland (2009)

43. Suman J., Uhlik O., Viktorova J. and Macek T., Phytoextraction
of heavy metals: a promising tool for clean-up of polluted
environment?, Frontiers in Plant Science, 9, 1476 (2018)

44. Tamilselvi M., Ecological studies on ascidians of Tuticorin
coast, Manonmaniam Sundaranar University, Tirunelveli, India
(2007)

45. Tamilselvi M., Sivakumar V., Abdul Jaffar Ali H. and Thilaga
R.D., Heavy metals accumulation in tunicates Didemnum
psammathodes (colonial ascidian) and Herdmania pallida (simple
ascidian) from Tuticorin coast, Proc. Natl. Sem. Poll. Haz. Mar.
Fish. Res. Manag, 8083 (2010)

46. Tang C.K., Goldstein D.J., Payne J., Czubayko F., Alimandi M.,
Wang L.M., Pierce J.H. and Lippman M.E., ErbB-4 ribozymes
abolish neuregulin-induced mitogenesis, Cancer Research, 58(15),
3415-3422 (1998)

47. Ueki T., Yamaguchi N., Isago Y. and Tanahashi H., Vanadium
accumulation in ascidians: a system overview, Coordination
Chemistry Reviews, 301, 300-308 (2015)

48. Venancio C., Degara L. and Pires A., Assessing the impact of
arsenic on benthic estuarine fauna behavior: Implications for
ecosystem sustainability, Sustainability, 16(22), 9728 (2024)

49. Wallner-Kersanach M., Theede H., Eversberg U. and Lobo S.,
Accumulation and elimination of trace metals in a transplantation
experiment with  Crassostrea rhizophorae, Archives of
Environmental Contamination and Toxicology, 38, 40—45 (2000)

50. Webb A.N., Assessment of heavy metal contamination in
Halifax harbour using mussel and tunicate biomonitors and
diffusive gradients in thin films, Acadia University (2009)

51. Zhang B., Zhang H., He J., Zhou S., Dong H., Rinklebe J. and
Ok Y.S., Vanadium in the environment: biogeochemistry and

bioremediation, Environmental Science and Technology, 57(39),
14770-14786 (2023).

(Received 05" June 2025, accepted 071 July 2025)

204



