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Abstract: Limnoperna fortunei (L. fortunei) is a major fouling organism in hydraulic systems, where chemical control remains a com-
mon practice. This study evaluated the molluscicidal efficacy and mechanisms of eight chemical agents including copper sulfate (CuSO,),
chloramine, sodium hypochlorite (NaClO), salicylic acid, glyphosate, chitosan-based flocculant, nicotinoyl aniline sulfate (C,,H,,N,O-
H,SO,, abbreviated as NS) and polyquaternium. The results show that the order of toxicity from high to low was NS > CuSO, > NaCIO >
polyquaternium > salicylic acid > glyphosate > chloramine > chitosan-based flocculant. Notably, NS (2 mg/L), CuSO, (1 mg/L), and
NaClO (3 mg/L) each achieved over 73% mortality of L. fortunei. Enzymatic activity analysis revealed distinct response patterns. NS
caused sustained increases in superoxide dismutase (SOD) and glutathione-S-transferase (GST), malondialdehyde (MDA) increased sig-
nificantly at 70% mortality, succinate dehydrogenase (SDH) were all below the control group, while acetylcholinesterase (AChE) slightly
increased and then decreased. CuSO, induced continuous SOD increase, fluctuated MDA and GST levels, similar inhibition of SDH to
NS, elevated AChE at 50% mortality. NaClO resulted in moderate SOD increase, severe MDA accumulation, an initially GST increase
and then decrease, elevated SDH at 70% mortality, and higher AChE at 50% mortality. These results suggest that NS and CuSO, suppress
the physiological activity of L. fortunei primarily through oxidative stress and mitochondrial inhibition, whereas NaClO acts directly via
membrane damage and oxidative injury at late stage. Histological examination of gills and gonads at 50% and 70% mortality revealed
that NS triggered gill structural abnormalities and gonad atroph, CuSO, caused gill atrophy and gonad cavitation, NaClO induced only mi-
nor changes at 50% mortality but major gill cell loss and gonad nuclear disappearance at 70% mortality. The results of HE showed that all
three chemical agents caused structural disorder of the gill filaments, gonadal atrophy and cavitation, and even disappearance of nuclei in
L.fortunei, leading to significant tissue damage. These findings provide theoretical basis for selecting effective chemical controls includ-
ing NS, CuSO, and NaClO against L. fortunei in hydraulic and enclosed infrastructure.
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0 Introduction

Limnoperna fortunei (L. fortunei), indigenous to
southern China'l, has become a globally invasive fresh-
water bivalve through anthropogenic spread—chiefly
via maritime transport. Since its introduction, it has es-
tablished dominant populations in Brazil, Argentina®, Ja-
pan, and South Korea™, driven by exceptional post-
invasion dispersal capabilities.

Adult L. fortunei release vast quantities of larvae,
transported efficiently by water currents to colonise sub-
strates including metal, concrete, and rock™. These lar-
vae metamorphose into juveniles within days, secreting
abundant byssal threads to anchor securely. A defining
trait is its aggregative growth: mussels form dense, inter-
woven clusters at attachment points through mutual bys-
sal entanglement™. Aggregated colonies exhibit stronger
adhesion than solitary individuals, with sessile assem-
blages creating persistent biofouling matrices.

This invasive strategy coupled with rapid larval dis-
persal and year-round reproduction, enables L. fortunei
to colonise freshwater systems aggressively. Dense aggre-
gations pose ecological and economic risks, particularly
in engineered infrastructure like power plant intakes™.

The ecological and economic impacts of L. fortunei
invasion primarily involve four aspects: 1) Corrosive ef-
fects on concrete and metal surfaces damage hydraulic
infrastructure’. 2) High-density colonisation in water
pipelines increases wall roughness coefficients, reduces
flow cross-section, and decreases conveyance effi-
ciency”. 3) Massive aggregations in pipelines and
power station filters cause blockages, leading to equip-
ment shutdowns, safety hazards, and economic losses™.
4) Population mass mortality result in elevated ammonia-
nitrogen or organic matter concentrations”, altered mi-
crobial communities"”, viral pathogen introduction",
and toxic gas emissions'?,

Control strategies for L. fortunei primarily involve
physical, chemical, and biological methods"*. Physical
approaches include the application of anti-fouling coat-
ings"", thermal treatment!”, hypoxic sealing!®, ultra-
sonic disruption, and manual or robotic removal'”.
Chemical methods typically utilize oxidizing agents
such as sodium hypochlorite, chloramine, potassium per-
manganate, and hydrogen peroxide!*, or copper sulfate
(CuS0,) and glyphosate” to disrupt the structures of
byssal threads and induce detachment™. Biological con-
trol involves the introduction of competitor or predator

fish species. This involves releasing species with similar
filter-feeding habits to compete for food, or alterna-
tively, deploying piscivorous fish that actively prey on
L. fortunei®. Practical implementations often combine
multiple technologies, tailored to specific infrastructure
and environmental contexts to achieve effective popula-
tion management.

In comparison with other control methods, chemi-
cal treatment provides the most rapid efficacy and rela-
tively low cost, rendering it the favoured emergency-
response option for most water conservancy projects.
Current research mainly focuses on molluscicidal effi-
cacy™ and byssus disruption mechanisms™ of chemical
agents. However, there are limited investigations into
other compound types, including flocculants, insecti-
cides, and composite formulations. To fill this research
gap, this study compared experimentally the mollusci-
cidal effects of eight common chemicals copper sulfate
(CuS0O,), chloramine, sodium hypochlorite (NaClO),
salicylic acid, glyphosate, chitosan-based flocculant, nic-
otinoyl aniline sulfate (NS), and polyquaternium on L.
fortunei. We chose three highly effective agents to mea-
sure oxidative stress biomarkers, namely superoxide dis-
mutase (SOD)™, glutathione S-transferase (GST)™ and
malondialdehyde (MDA)"”, meanwhile, acetylcholines-
terase (AChE)™ was detected to assess the neurotoxicity
of chemical agents on L. fortunei. The activity of succi-
nate dehydrogenase (SDH)™ was analyzed to evaluate
the disruption of the respiratory pathway. Histological
analysis of gill and gonad tissues using hematoxylin-
eosin (HE) staining was conducted at different mortality
stages to characterize pathological damage. This re-
search contributes to the optimization of chemical agent
selection and offers mechanistic insights into L. fortunei
control.

1 Materials and Methods

1.1 Experimental Materials

L. fortunei specimens were collected from a pon-
toon boat at the confluence of the Hanjiang and the
Yangtze River (30°27'0" N, 114°13'0" E). Concurrently,
the water was collected from the adjacent locations (n=
3) to characterize baseline conditions. Following trans-
port to the laboratory, viable individuals were selected
and acclimatized in a recirculating system (100 L capac-
ity) containing filtered site-sourced water (0.45 pm
mesh). Custom glass tanks sized 30 cm (length) x 18 cm
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(width) x 20 c¢m (height) were prepared, and in situ raw
water was collected during L. fortunei sampling, with 10
L of it then added to each tank for the experiment.

A triple-function aeration pump (36V AC, rated
flow of 1 000 L/h) was installed in the glass tank to pro-
vide oxygenation, water circulation, and mechanical fil-
tration. Before introducing L. fortunei, the height of the
aeration pump and the intake valves were adjusted to
maintain a uniform flow velocity of 0.05-0.10 m/s and a
gas flow rate of 2-3 L/min. At the same time, a thermom-
eter and a thermostatic device were inserted into the tank
to ensure that the water temperature is between 19 and
22 °C. The quality of in situ water used in the experi-
ment is shown in Table 1.

Table 1 Water quality criteria for site-sourced water used in
L. fortunei experiments

Physicochemical indicators Value
Water temperature/°C 19-22
Dissolved oxygen/mg-L™ 7.0-9.0
pH 7.6-8.4
Conductivity /pS-cm™ 300-400
Permanganate index /mg-L™ 1.2-2.8
Total nitrogen /mg- L™ 1.8-2.6
Nitrate nitrogen /mg-L™"' 1.5-2.0
Ammonia nitrogen /mg-L™ 0.02-0.08
Nitrite nitrogen /mg-L"™ 0.002-0.009
Total phosphorus /mg-L™ <0.1
Suspended solids /mg L™ <10
Chlorophyll-a /ug-L™ 3-8

1.2 Experimental Design

Healthy L. fortunei individuals (uniform body
length: 15-20 mm) were selected and acclimatised in the
experimental apparatus for 3 days. During this period,
dead specimens were removed daily and replaced with
viable individuals to ensure pre-experimental (24 h prior
to chemical dosing) mortality remained less than 2%.

For each chemical agent, 15 glass tanks (20 qualified
L. fortunei individuals in each glass tank) were allocated
to 5 parallel groups: 1 blank control (no chemical) and 4
treatment groups (graded concentrations). The concentra-
tion gradients of the eight chemicals are as follows:
CuSO, at 0.5, 1.0, 3.0, and 5.0 mg/L; chloramine, sali-
cylic acid, chitosan-based flocculant, and NaCIO all at
1.0, 3.0, 5.0, and 10.0 mg/L; glyphosate at 0.1, 0.3, 0.5,
and 1.0 mg/L; NS at 1.0, 2.0, 3.0, and 5.0 mg/L; and poly-
quaternary ammonium salt at 10.0, 30.0, 50.0, and

100.0 mg/L. These concentration gradients were designed
to facilitate dose-response analyses. Concentrations were
primarily determined based on preliminary experiments (7
=3, 96 h acute toxicity tests) and literature-derived effec-
tive doses"®*"). High-concentration stock solutions were
freshly prepared and delivered via a peristaltic pump
(Watson-Marlow 323S) to achieve target concentrations,
with dosing valves adjusted to ensure uniform injection
over 1 h (+ 5 min precision).

1.3 Indicators and Analysis

1.3.1 Mortality rate
Molluscicidal efficacy was quantified using mortal-
ity rate, calculated as:

R= ]]\\]’ x100%,

where: R, mortality rate, %; N,, number of deceased L.

fortunei individuals; N, total number of experimental
mussels at the onset of exposure.
1.3.2  Enzyme activity test

After experiments with eight chemical agents, the
three most effective agents and their corresponding con-
centrations were selected for enzyme activity assays in
L. fortunei. The collection, acclimatization, experimental
setup, and procedures for L. fortunei remained consistent
with those previously described. Mortality rates were re-
corded at 12 h intervals in each experimental group, and
any deceased individuals were promptly removed. In the
control group, healthy L. fortunei specimens were dis-
sected at the start of exposure. In the treatment groups,
three L. fortunei were randomly selected for dissection
when the relative mortalities reached 20%, 50%, and
70%, respectively. After dissection, internal organs were
collected and stored at —80 °C. Immediately after sacri-
fice, the activities or contents of SOD, MDA, GST, SDH,
and AChE were determined.

Specific analytical methods are as follows:

SOD: Precisely weighed tissue samples (0.1-0.3 g,
Sartorius Cubis Pro balance, = 0.1 mg precision) were
transferred to 3 mL centrifuge tubes. Normal saline was
added at a 1 : 9 ratio (tissue weight/g : saline volume/
mL), and samples were homogenised using a low-
temperature homogeniser (4 °C, IKA T10 basic) for 3
cycles of 30 s each. Homogenates were centrifuged at
2 500-4 000 r/min (1 200-2 500 xg, Eppendorf 5810R,
4 °C) for 10 min, and supernatants (10% homogenates)
were collected for analysis.

Prior to assays, preliminary experiments deter-
mined the optimal dilution factor: a 5-fold dilution of
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10% homogenate with normal saline (to a final concen-
tration of 2%) minimized matrix interference. All assays
followed kit protocols (Nanjing Jiancheng A001-3,
A003-1), with absorbance measured at 450 nm using a
microplate reader (Tecan Infinite M200 Pro).
Calculation formula is as follows:
_ (AL'_Acb) - (At—Atb)
SoD — (A(—Acb)
EAop =150, +50%xDF+C,,

where: I, SOD inhibition rate, %; A4, absorbance val-

’

ues of different groups, ¢, control, cb, control blank, ¢,
test, tb, test blank; EAyp, relative SOD activity, U/mg-
prot; DF, dilution factor of the assay system; C,, protein
concentration of sample homogenate, mgprot/mL.

MDA: Tissue samples underwent the same pretreat-
ment as detailed above. After preparing 10% homog-
enates (tissue: normal saline, 1 : 9 w/v), absorbance was
measured at 532 nm using a microplate reader following
kit protocols for reagent addition and incubation.

The MDA calculation formula is:

Coon = i: __f[h <C.=C,,
where: Cy;,, MDA concentration, nmol/mgprot; 4, absor-
bance values of different groups, s, standard, b, blank; C,,
standard concentration, 10 nmol/mL.

GST: Tissue samples underwent the same pretreat-
ment as described. After preparing 10% homogenates

(tissue: normal saline, 1 : 9 w/v), preliminary experi-
ments using the same microplate reader determined the
optimal dilution: a 5-fold dilution of 10% homogenate to
2% final concentration minimised assay interference.
Subsequent steps followed the enzyme activity kit proto-
col, with absorbance measured at 412 nm. The calcula-
tion formula is as follows:
EA = /Afiij; xC,xDF+T+(¥xC,),

where: EA ¢, GST activity, U/mgprot; C,, 20 nmol/L; T,
enzymatic reaction time, 30 min.

AChE: Tissue samples were pretreated as de-
scribed. After preparing 10% homogenates (tissue: normal
saline, 1 : 9 w/v), all steps followed the enzyme assay kit
protocol. Absorbance was measured at 412 nm with a mi-
croplate reader. Calculation formula is as follows:

A,—A, ]
A4, xC,+C,,

where: EA s, AChE activity, U/mgprot; C,, 1 nmol/L.
SDH: Tissue samples were pretreated as described.

EAAChE =

After preparing 10% homogenates (tissue: normal sa-

line, 1 : 9 w/v), all steps followed the enzyme assay kit
protocol. Absorbance was measured at 600 nm with a
spectrophotometer at 10 s and 70 s after initiation of the
reaction. For each sample, A4 (4,,,—A4,,,) Was recorded.
Calculation formula is as follows:

A, -4
EAgy = IT L+U+(xC,),

where: EAg,,, SDH activity, U/mgprot; 4,, absorbance
at 10 s; A4,, absorbance at 70 s; U, unit defined as a 0.01
decrease in absorbance per unit time.

Protein Concentration: Protein concentration (C,)
was measured concurrently with enzyme assays using
identically pretreated samples: tissues were homog-
enized to 10% (tissue: normal saline, 1 : 9 w/v), diluted
10-fold to 1% homogenate, and processed following the
kit protocol before absorbance was measured at 562 nm
with a microplate reader.

A,—-A4,
C=44,
where: C,, protein concentration, pgprot/mL; C,, 524 g/
mL.
1.3.3 HE analysis

L. fortunei gill and gonad tissues from 50% and
70% mortality groups of the three agents were processed
for histological analysis. The detailed procedures were

x C,xDF,

as follows: 1) Sample excision: Tissues were dissected
intact from treated mussels. 2) Fixation & washing:
Fixed in 4 % paraformaldehyde for 24 h, rinsed with 70%
ethanol to remove fixative. 3) Gradient dehydration: Se-
quential ethanol incubation: 70% ethanol for 4 h; 80%
ethanol for 2x2 h; 95% ethanol for 2x45 min; 100% ctha-
nol for 2x45 min. 4) Clearing & embedding: Treated
with xylene, embedded longitudinally in paraffin. 5) Sec-
tioning: 5 pm longitudinal sections cut using a micro-
tome (Leica RM2235). 6) HE staining: Hematoxylin
(nuclear) and eosin (cytoplasmic) staining, mounted
with DPX resin. 7) Imaging: Visualized at x10-x40 mag-
nification (Olympus BXS53), and representative fields
photographed.

2 Results

2.1 Experimental Results of Chemical Agent
Treatment

Mortality of L. fortunei exposed to eight chemical
agents is presented in Fig. 1. As bivalves, L. fortunei ini-
tially closed shells in response to chemical stress®”, but
prolonged exposure (=48 h) exceeded tolerance thresholds,
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Fig. 1 144 h mortality changes of L. fortunei treated with eight chemical agents

triggering shell re-opening. This allowed agents to dif-
fuse into tissues via inhalant siphons, initiating cytotoxic
damage.

Exposure of L. fortunei to CuSO, exhibited a
concentration-dependent biphasic response: mollusci-
cidal efficacy peaked at 1.0 mg/L (73.3% mortality at 144
h, representing a 63.3 percentage points increase over the
control), declining at higher doses. This optimal efficacy

. where ex-

aligned with Cu*'-induced oxidative stress!
cess ions disrupt antioxidant homeostasis—generating re-
active oxygen species (ROS) that peroxidise membrane
unsaturated fatty acids, leading to cellular damage®".
When treating L. fortunei with chloramine, mortality

showed minimal concentration dependence: the maxi-

mum 23.3% mortality at 3.0 mg/L represented a 11.7 per-
centage points increase over the control. Previous re-
search highlighted stronger molluscicidal efficacy at 25 °C
vs. 20 °C, but required prolonged exposure™ —posing
challenges for water conservancy projects where sus-
tained chemical dosing is operationally infeasible, and
generator shutdowns for treatment incur significant power
generation losses. Therefore, chloramines are not suitable
for the prevention and control of freshwater mussels.
Salicylic acid is a polyphenolic compound ubiqui-
tous in organisms that interacts with lecithin membranes
at physiological concentrations, altering membrane me-
chanics and perturbing cellular transport and enzymatic
activities™”. When tested on L. fortunei, salicylic acid in-
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duced moderate mortality: the 3.0 mg/L optimal group
achieved a 30 percentage points increase over the con-
trol, significantly lower than CuSO, or NaClO.

Glyphosate exposure induced no significant mortal-
ity differences compared with the control group. Studies
report 0-20 mg/L glyphosate minimally affects L. fortu-
nei shell-opening rates, with low concentrations showing
negligible molluscicidal activity while mussels maintain
active filter-feeding®**. This limited efficacy may arise
from glyphosate’ s short aquatic half-life®" and surface
biofilms on L. fortunei that adsorb/degrade the herbi-
cide: Gammaproteobacteria isolated from mussel sur-
faces degrade glyphosate post-exposure””. While low-
dose glyphosate is ineffective against L. fortunei, effec-
tive concentrations can pose environmental risks®™, espe-
cially in water conservancy projects that must adhere to
strict water quality standards.

Chitosan, a natural, environmentally friendly poly-
meric flocculant, acts by clarifying water and forms a
gelatinous biofilm on L. fortunei surfaces, impeding re-
spiratory and material exchange. However, this study
revealed limited molluscicidal efficacy: increasing the
concentrations from 1.0 mg/L to 5.0 mg/L resulted in
only a 14.23 percentage points increase, suggesting that
its potential for water treatment outweighs that for di-
rect mollusc control.

Sodium hypochlorite (NaClO) is the most widely
used chemical molluscicide for L. fortunei, exhibiting
potent molluscicidal activity™ and dissolving byssal
threads™”. In this study, all NaClO concentrations signifi-
cantly increased mortality: 1.0 mg/L (55 percentage
points increase over the control), 3.0 mg/L (65 percent-
age points increase over the control), 5.0 mg/L (56.67
percentage points increase over the control), and 10 mg/
L (61.67 percentage points increase over the control),
with the 3.0 mg/L dose showing optimal efficacy.

NS, a non-toxic aquaculture water modifier, selec-
tively eliminates mollusks (including L. fortunei) while
remaining non-lethal to fish and shrimp. This study
found 2.0 mg/L NS induced 78.33% L. fortunei mortal-
ity (73.33 percentage points increase over the control),
demonstrating potent and species-specific molluscicidal
activity.

As a cationic polymer, polyquaternium acts by
binding to negatively charged components in L. fortunei
biofilms. These biofilms form vital extracellular matri-
ces that facilitate respiration and feeding. Disruption of
these biofilms by polyquaternium impairs gas exchange

and material transport, leading to mortality. In this study,
3.0 mg/L polyquaternium induced a 40 percentage points
increase over the control, aligning with its biofilm-
targeted mechanism.

Mortality analysis identified three optimal agents: NS
(2.0 mg/L), CuSO, (1.0 mg/L), and NaClO (3.0 mg/L).
These chemicals exhibited potent molluscicidal activity
at lower concentrations than other tested compounds.
NS achieving 78.3% mortality, CuSO, 73.3%, and NaClO
65%, making them more suitable for L. fortunei control
in water conservancy projects due to reduced operational
doses and environmental risks.

2.2 Results of Enzyme Activity Test
Experimental

To investigate the molluscicidal mechanisms of NS
(2.0 mg/L), CuSO, (1.0 mg/L) and NaCIO (3.0 mg/L)
against L. fortunei, we determined enzyme activities
and conducted histological analyzes on tissues from
mussels sampled before treatment and post-treatment
mortality rates of 20%, 50% and 70%. Enzymatic ac-
tivities (SOD, MDA, GST, SDH, AChE) and protein
content were measured in selected tissues. Results are
presented as mean + SD, with statistical significance
(unpaired #-test,* P<0.05, **P<0.01, ***P<0.001) deter-
mined by Student’ s f-test against the control. Enzy-
matic data are visualized in Table 2.

2.2.1 Enzymatic activity of L. fortunei after NS treatment

Exposure to NS led to significant elevations in the
activities of SOD and GST in L. fortunei. Meanwhile,
the levels of MDA initially increased and subsequently
decreased, and the activity of SDH decreased at first,
then partially recovered but remained consistently lower
than that of the control group.

There was a positive correlation between SOD ac-
tivity and the progression of mortality. In the control
group, the SOD activity was (9.187 3 = 0.757 5) U/mg-
prot. It increased to (11.688 7 + 1.061 7) U/mgprot at a
20% mortality level (P<0.05), to (11.549 8 £ 0.931 7) U/
mgprot at a 50% mortality level (P<0.05), and sharply
rose to (15.360 9 + 1.344 7) U/mgprot at a 70% mortal-
ity level (P<0.01).

MDA tracking SOD dynamics but at reduced ampli-
tude (e. g., 70% mortality: SOD +67% vs. MDA +22%
over the control). The MDA levels increased from (8.687 3
+ 0.828 0) nmol/mgprot at a 20% mortality level to
(10.566 0 £ 2.039 3) nmol/mgprot at a 70% mortality
level, both of which were significantly higher than that
of the control group (P<0.05).



LIU Jian et al: Efficacy and Mechanism of Common Chemical Agents on Limnoperna fortunei - 139
Table 2 Enzymatic activities in the tissues of L. fortunei after chemical agent treatments
Treatment SOD/ MDA/(nmol- GST/ SDH/ AChE/
(U-mgprot™) mgprot™') (U-mgprot™) (U-mgprot™) (U-mgprot™)
Control 9.187 3+0.757 5 7.2753+1.1187 1.453 74£0.154 9 6.660 8+0.682 5 0.126 6+0.011 0
R=20% 11.688 7+1.061 7* 8.687 3+0.828 1* 2.668 9+0.558 0* 1.800 7+0.139 6***  0.130 3+0.014 2
A R=50% 11.549 8+0.931 7* 7.808 0+0.590 3 11.474 4+1.266 3*** 0.508 9+£0.203 7***  0.082 2+0.011 4**
R=70% 15.360 9+1.344 7**  10.566 0+2.039 3* 15.681 0£0.925 5%#** 3.837 0+£0.331 4** 0.112 7+0.019 1
R=20% 11.755 7+1.033 6* 34.496 1+£3.528 6*** 7.811 8+0.644 0*** 1.481 7+0.128 1***  0.126 1£0.011 3
B  R=50% 11.247 1+1.233 3* 12.348 7£1.990 2%* 5.717 6+0.793 5*** 1.1852+0.211 1***  0.1854+0.013 0**
R=70% 12.116 1£1.120 6* 19.338 2£1.381 8*** 7.672 8+0.114 6*** 3.658 9+£0.571 9** 0.126 1+£0.010 0
R=20% 8.450 0+0.546 2 6.605 4+1.595 6 3.678 4+0.681 8** 1.975 6+0.568 2***  (0.094 2+0.011 3*
C R=50% 9.378 0+0.883 7 4.728 2+0.564 8* 6.131 5+£0.272 1#** 1.256 7+£0.240 5*¥**  (0.263 4+0.015 7***
R=70% 11.665 4+1.128 7* 26.277 9£2.12 1%##* 4.652 3+0.120 Q*** 10.078 5+0.815 6** 0.167 1£0.007 0**

A=NS, B=CuSO,, C=NaClO. Data are expressed as mean = SD (n=3). Multiple comparisons (9 pairs: 3 agents x 3 mortality levels vs. control) were
corrected using Bonferroni method (corrected o= 0.005 6). * indicates P<0.05, ** indicates P<0.01, *** indicates P<0.001.

GST activity increased dramatically with rising
mortality. It was (2.67 + 0.56) U/mgprot at 20% mortal-
ity, (11.47 = 1.27) U/mgprot at 50% mortality, and (15.68
+ 0.93) U/mgprot at 70% mortality. All values were ex-
tremely significantly higher than that of the control
group ((1.45 + 0.15) U/mgprot, P<0.001).

SDH activity first decreased sharply and then par-
tially recovered with increasing mortality, but all values re-
mained significantly lower than the control (P<0.05). It
dropped to (1.80 + 0.14) U/mgprot and (0.51 £ 0.20) U/
mgprot at 20% and 50% mortality, rebounding to (3.84 +
0.33) U/mgprot at 70% mortality.

AChE exhibited minimal fluctuations, except for a
significant decrease (—34.92% vs the control) observed
at a 50% mortality level (P<0.05).

2.2.2  Enzymatic activity of L. fortunei after CuSO,
treatment

CuSO, exposure induced mild SOD elevation, pro-
nounced increase of GST, marked MDA fluctuations
(initial surge followed by decline), and incomplete re-
covery of suppressed SDH activity in L. fortunei tissues.
ACHhE increased significantly only at 50% mortality.

SOD showed elevation across mortality levels:
(11.76 + 1.03) U/mgprot at a 20% mortality level, (11.25
+ 1.23) U/mgprot at a 50% mortality level, and (12.12 +
1.12) U/mgprot at a 70% mortality level—all exceeding
the control ((9.19 +0.76) U/mgprot, P<0.05).

MDA exhibited a biphasic response: a 3.74-fold
surge to (34.50 + 3.53) nmol/mgprot at 20% mortality (P<
0.001), followed by a 64% decline to (12.35 + 1.99) nmol/
mgprot at 20% mortality (P<0.01), and a rebound to
(19.34+1.38) nmol/mgprot at 70% mortality (P<0.001).

GST activity was significantly higher than that in
the control group (all P<0.001), reaching (7.81 + 0.64)
U/mgprot at 20% mortality and (7.67 £ 0.11) U/mgprot
at 70% mortality, and slightly lower at 50% mortality
(5.72 £ 0.79) U/mgprot.

SDH activity decreased sharply and then partially
recovered, but remained below the control level at all
mortality levels. It dropped to (1.48 +0.13) U/mgprot
and (1.19 + 0.21) U/mgprot at 20% and 50% mortality,
respectively (P<0.001), and then rebounded to (3.66 +
0.57) U/mgprot at 70% mortality.

ACHhE activity peaked only at 50% mortality, reach-
ing (0.185 £+ 0.013) U/mgprot (P<0.01), while at other
mortality levels it showed no significant difference from
the control (P>0.05).

2.2.3  Enzymatic activity of L. fortunei after NaClO
treatment

NaClO exposure elicited divergent enzymatic re-
sponses in L. fortunei: mild SOD elevation, biphasic GST
dynamics, transient MDA/SDH suppression with late re-
covery, and AChE activation at 50% mortality.

SOD showed incremental increases: (8.45 £ 0.55)
U/mgprot at 20% mortality, (9.38 + 0.88) U/mgprot at
50% mortality, and (11.67 + 1.13) U/mgprot at 70%
mortality—only the 70% mortality group differing sig-
nificantly from the control ((9.19 + 0.76) U/mgprot,
P<0.05).

MDA exhibited a U-shaped trajectory: non-
significant decline at 20% mortality (P>0.05), signifi-
cant drop to (4.73 = 0.56) nmol/mgprot at 50% mortality
(P<0.05), followed by a surge to (26.28 £+ 2.12) nmol/
mgprot at 70% mortality (P<0.01).
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GST peaked at 50% mortality ((6.13 = 0.27) U/mg-
prot, P<0.001) before declining to (4.65 + 0.12) U/mg-
prot at 70% mortality—Dboth exceeding the control ((1.45
+0.15) U/mgprot, P<0.001).

SDH mirrored NS/CuSO, patterns: early suppres-
sion to (1.98 = 0.57) U/mgprot at 20% mortality and
(1.26 £0.24) U/mgprot at 50% mortality, followed by ro-
bust recovery to (10.08 £ 0.82) U/mgprot at 70% mortal-
ity—uniquely surpassing the control ((6.66 + 0.68) U/
mgprot, P<0.01).

AChE displayed mortality-phase specificity: sup-
pression at 20% mortality ((0.094 £ 0.011) U/mgprot, P<
0.05), hyperactivation at 50% mortality ((0.263 £ 0.016)
U/mgprot, P<0.01), and moderate elevation at 70% mor-
tality ((0.167+0.007) U/mgprot, P<0.01).

2.3 HE Staining

HE-stained gill filament and gonad sections from L.
fortunei are presented in Figs. 2-5. Control (untreated) gill
filaments (Fig. 2(a)) showed regular epithelial architec-
ture with bilaterally symmetric lateral cilia, intact spindle-
shaped nuclei, and ordered cell alignment. Control gonads
(Fig. 2(b)) exhibited intact glandular parenchyma with
abundant irregular epithelial cells containing rounded, ba-
sophilic nuclei and eosinophilic cytoplasm.

Treatment groups (Figs. 3-5) are staged by mortal-
ity: gill filaments at 50% mortality (Fig. 3(a), 4(a), 5(a))
and 70% mortality (Fig. 3(c), 4(c), 5(c)); gonads at 50%
mortality (Fig. 3(b), 4(b), 5(b)) and 70% mortality (Fig.
3(d), 4(d), 5(d)).

(@) : ()

Fig.2 HE-stained sections of gill filaments (a) and gonads
(b) in control L. fortunei

2.3.1 Result of HE staining after NS treatment

NS-induced histological lesions in L. fortunei gill
filaments and gonads (Fig. 3) are described below:

At 50% mortality (Fig. 3(a)): There was irregular
inter-filament spacing compared with the control. There
was also focal lateral cilia loss (D,) and nuclear malforma-
tion accompanied by chromatin dispersion (D,). The de-

crease in mid-filament cell density was accompanied by a
corresponding increase in apical cellular aggregation, sug-
gesting a compensatory response to epithelial injury.

At 70% mortality (Fig. 3(c)): Severe atrophy was
observed, accompanied by near-total loss of cilia and
depletion of cells across the filaments. The presence of
nuclear pyknosis and karyorrhexis confirmed that the
damage was irreversible (D).

At 50% mortality (Fig. 3(b)): Mild glandular atro-
phy was observed (D,). There was nuclear dispersion
(Ds),along with vacuolation and a honeycombed paren-
chymal architecture (D).

At 70% mortality (Fig. 3(d)): Advanced atrophy
with cavitation was present, resulting in loss of paren-
chyma. The cellular architecture was disorganized, and
there was chromatin condensation.
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Fig. 3 Gill filaments of L. fortunei treated with NS (a, c¢: 50%
and 70% mortality) and gonads (b, d: 50% and 70%
mortality)

2.3.2  Result of HE staining after CuSO, treatment

CuSO,-induced histological lesions in L. fortunei
gills/gonads (Fig. 4) surpassed NS-induced damage, re-
flecting Cu**-mediated membrane peroxidation, as de-
scribed below:

At 50% mortality (Fig. 4(a)): Severe atrophy was
observed. The inter-filament gaps were widened com-
pared to the control. Mid-filament vacuolation (D,) was
present. Nuclear deformation (D,) accompanied by chro-
matin dispersion indicated early apoptotic signaling.

At 70% mortality (Fig. 4(c)): The epithelium was
fragmented (D,), with scattered nuclear remnants show-
ing karyorrhexis (D,), and there was near-total cilia loss.



LIU Jian et al: Efficacy and Mechanism of Common Chemical Agents on Limnoperna fortunei - 141

At 50% mortality (Fig. 4(b)): Atrophic pink connec-
tive tissue was seen. Nuclear malformations (D;) and
vacuolation (Dy) were present.

At 70% mortality (Fig. 4(d)): Advanced cavitation
was present, resulting in loss of parenchyma (D), and
there was chromatin dispersion (D). This damage ex-
ceeded the NS-induced damage, likely due to Cu*'-
induced irreversible lipid peroxidation.
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Fig. 4 Gill filaments of L. fortunei treated with CuSO, (a, c:
50% and 70% mortality) and gonads (b, d: 50% and 70%
mortality)

2.3.3 Result of HE staining after NaCIO treatment

NaClO-induced histological lesions in L. fortunei
gills/gonads (Fig. 5) exhibited a distinct toxicity pattern,
as described below:

At 50% mortality (Fig. 5(a)): There was mild mid-
filament cell depletion compared to the control and focal
chromatin dispersion (D,). However, lateral cilia and epi-
thelial architecture were preserved, which was consistent
with closed-shell protection.

At 70% mortality (Fig. 5(c)): Apical cellular aggre-
gation, a compensatory response, was observed. There
was lateral cilia loss (D,) and mid-filament cavitation
was also present (D;). Irregularly shaped circular vacu-
oles (D,) were observed, which were distinct from the
random cavitation patterns seen in other treatments.

At 50% mortality (Fig. 5(b)): Sparse nuclear mal-
formation and chromatin dispersion were seen (D;). Oc-
casional amber vitellin deposits (L,) indicated early re-
productive disruption, yet nuclear integrity remained
largely intact.

At 70% mortality (Fig. 5(d)): Advanced atrophy

with connective tissue cavitation was present (D).
Nuclear deformation (D,) was also observed.
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Fig. 5 HE-stained gill filaments (a, c: 50% and 70%
mortality) and gonads (b, d: 50% and 70% mortality) of L.
fortunei treated with NaClO

3 Discussion

3.1 Oxidative Stress Defense and Toxicity
Mechanisms in Aquatic Mollusks

Aquatic mollusks deploy antioxidant enzymes and
non-enzymatic systems to counteract oxidative stress™*'.
As the first-line antioxidant defense, SOD catalyzes su-
peroxide radicals (O, ) and protons (H*) into oxygen
(0,) and hydrogen peroxide (H,0,)™, which is subse-
quently reduced to water by glutathione peroxidase
(GPx). GST works in tandem with GPx to scavenge reac-
tive oxygen species (ROS) and organic peroxides, safe-
guarding cellular membranes from oxidative damage™.

MDA, a biomarker of lipid peroxidation, arises
from polyunsaturated fatty acid oxidation in membranes
and directly reflects oxidative injury severity™. Mean-
while, SDH is a mitochondrial enzyme that links oxida-
tive phosphorylation to electron transport. It supplies
electrons to the aerobic respiratory chain in mollusk
cells, a function particularly critical for energy-intensive
processes such as shell maintenance!.

Upon chemical challenge, L. fortunei initially seals
its shell to limit material exchange, but prolonged oxida-
tive stress depletes energy stores, compelling shell re-
opening and resumed aerobic respiration beyond a critical
closure duration™. AChE is an enzyme that hydrolyzes
acetylcholine to modulate muscle contraction and neuro-
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transmission™. It exhibits dual toxicity thresholds: inhibi-
tion greater than or equal to 20% indicates chemical in-
sult, whereas inhibition greater than or equal to 50% en-
dangers survival™. Paradoxically, hyperactivation (e. g.,
50% mortality in NaClO-treated mussels) disrupts neuro-
muscular coordination, leading to debilitating muscle
weakness™.

3.2 NS-Induced Responses

NS exposure elicited coordinated SOD-MDA eleva-
tion in L. fortunei, with MDA tracking SOD dynamics
but at reduced amplitude. As mortality increased from
20% to 50%, GST activity rose 4.87-fold (from (2.67 +
0.56) U/mgprot to (15.68 = 0.93) U/mgprot), while SDH
activity fell to a nadir of (0.51 = 0.20) U/mgprot. This in-
verse relationship marked the onset of mitochondrial dys-
function. Histological evidence of cellular/nuclear dam-
age indicated NS-induced oxidative stress remained
within reparable limits, partially buffered by SOD/GST
upregulation. However, prolonged exposure (=50% mor-
tality) exacerbated injury: AChE suppression mirrored or-
ganophosphorus pesticide neurotoxicity™”, disrupting cho-
linergic signaling. Collectively, NS exerts molluscicidal
effects via dual pathways: oxidative stress overwhelming
antioxidant defenses, compounded by mitochondrial en-
ergy crisis and neurotransmission impairment.

3.3 CuSO,-Induced Responses

CuSO, exposure induced modest yet significant
SOD elevation in L. fortunei, which aligned with prior re-
ports of Cu*-triggered ROS-mediated SOD upregula-
tion®™", A 3.74-fold surge in MDA at 20% mortality
((34.50 = 3.53) nmol/mgprot, P<0.001) signaled Cu*-
driven lipid peroxidation™. Despite a 64% decline in
MDA at 50% mortality, significant tissue damage per-
sisted, evidenced by membrane rupture and connective
tissue vacuolization in gills and gonads. GST remained
hyperactive ((5.72-7.81) U/mgprot, P<0.001), conjugating
glutathione (GSH) with Cu™ to mitigate toxicity™”,
though this defense faltered at advanced mortality stages.
ACHhE transiently increased at 50% mortality (P<0.01)—
likely a compensatory response to SDH-suppressed mito-
chondrial energy production during peak shell-closure
stress, as acetylcholine signaling supports adductor
muscle contraction®™.

3.4 NaClO-Induced Responses

L. fortunei mounted a robust self-protection re-
sponse against NaClO: SDH activity increased to 1.5
times that of the control. This elevation corresponded to

a period of prolonged shell closure, which limited C1O~
influx and thereby helped preserve gill integrity up to
50% mortality. SOD rose modestly (peak (11.67 + 1.13)
U/mgprot at 70% mortality), while MDA remained sup-
pressed at 50% mortality ((4.73 + 0.56) nmol/mgprot) be-
fore spiking at 70% mortality ((26.28 + 2.12) nmol/mg-
prot), signaling delayed oxidative damage upon shell re-
opening. GST showed a fluctuative pattern: it was first in-
duced at 50% mortality and then decreased at 70% mor-
tality, likely due to ClO™-induced disruption of GST bio-
synthesis that overwhelmed the antioxidant capacity™.
Collectively, NaCIO toxicity stems from dual mecha-
nisms: initial membrane damage via CIO™ oxidation,
compounded by late-stage oxidative stress when self-
protection (shell closure) fails™,

4 Conclusion

The main conclusions of this study are as follows:

(1) Among the eight tested agents (CuSO,, chlora-
mine, salicylic acid, glyphosate, chitosan-based floccu-
lant, NaClO, NS, and polyquaternium), the three most ef-
fective against L. fortunei were NS (2 mg/L), CuSO, (1
mg/L) and NaClO (3 mg/L).

(2) NS induced toxicity through dual pathways: (i)
causing oxidative damage to gill and gonad tissues; and
(i1) inhibiting AChE, a mechanism akin to that of organo-
phosphorus pesticides, leading to combined oxidative
stress, mitochondrial dysfunction, and neurotoxicity.
CuSO, mediated toxicity through Cu** diffusion and ion
exchange, promoting lipid peroxidation and membrane
integrity; however, L. fortunei activated glutathione-
dependent detoxification to mitigate Cu*" toxicity. Na-
CIO initially triggered rapid shell closure (within 30
min), during which antioxidant enzymes (SOD, GST)
buffered CIO -induced oxidative stress. However, at
higher concentrations (=4 mg/L), irreversible membrane
damage and cytochrome c release triggered cellular
apoptosis.

(3) For controlling L. fortunei biofouling in en-
closed water systems including pipelines and hydraulic
infrastructure, a targeted two-step strategy—applica-
tion of CuSO,, NS, or NaClO at recommended concen-
trations (1-3 mg/L) followed by removal of dead bio-
mass may offer a viable emergency mitigation ap-
proach to prevent infrastructure damage caused by
mussel proliferation.
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B A= 2570 KR TAR P IRIK 523 B 1A SR M A E DL EE
X BRIERE, BEHR. EMAC. MEREE', ESCER, AR

1 A ZS PR SR T AR AR M B By A S PR I S R =R 5 rhcs, WL 50T 430010
2. ARSI VLT K AR AR W I 5 VAl B 2628 (5) L WL 5T 430010
3. EHRYTH A BRA ], WL B 430014

WE . KT (Limnoperna fortunei) JE/KF| T AR H WATSIAY, AE2# 2550 KR JE RBRIRAKFES2 08 7
Bio ARCWFFET CuSO,. AM. NaClO, /Kipie . FH B, FeRMEILEEEN | GRRImE RS (LU FREFRNS)
R BELL P2 25 FIXHR K FE R A KRR AL, 255080, B & 2K N . NS > CuSO,>
NaClO>R F=icdh > /KR > B H 1 > Sk > 5o R 28] . Kb, NS (2mg/L). CuSO, (1 mg/L). NaClO
(3mg/L) X =FFINHRAKTEFE K ATIRALS, FETRIK T3% L Lo e T =R 25 E G ANFRISET =R R ik
IKSTREE S, 5P, NS, CuSO,. NaClO XHR/K T3 A AR bR B A7 AR & 22 5 . NSHYEATIR/K
FoRnt, AP LEE (SOD) FABEH RS- A2 (GST) MALT R EHpLediin, N _# (MDA) 7€
T2 70% B S TH i, BRFAPRI NG (SDH) ¥y W (R TX 4L, ZBENNmEERES (AChE) W&AT 7+ fa AL,
CuSOMEFR /KRS, ANEBET-HR T SOD LT, MDA, GSTEIZUN:5h, SDHIH|#35 NS4, AChE
TE 50% FET- W T . NaClO AbHR /K 72380, SOD#RETHE, MDA, GST/ETFaE/EHMK, SDHTESET
RN T0% TR, AChE 7EAET 3R 50% W TR o 3X 1568 NS F1 CuSO, A i & i S AL R S AN LA i e il % /K
FERAUARTG T, T NaClO T #2630 i IR 5 10 5 M S AE 45 5 VE DR I B LA . FET 3Rk 5 50% . 70% B R 7K 5%
SRR 2L R MRV T Y (U] Lg% . NSTEHR B2 IE S50 . A Zal, MEIREESask; CuSO/EH A i
2B IR, 54421 R NaClO 7EAET Rk 50% i Xof R 22 At i g /N, (HAEFET RN
70% W8 22 A/ . Teas i, PERRAS AR IR, BHR . ASURBEME BR, A2 E R & S 80R
IKFERHBLLZEZENL . PRI RSl HE BN, I R SRS . AN KR T AR A T s A
ZER TP ALEE 2R R R ROKESE (NS, CuSO, FINaClO %) Ay BRH it T 3 H

FBE . WRAKFEEE (Limnoperna fortunei) ; {22255 G ; HE e



