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ABSTRACT

Two commercially significant marine Pelecypoda species named Perna viridis (green mussel) and Paphia malabarica (short neck
yellow clam) were exposed to different concentrations of Atrataf (commercial brand of atrazine available in India) in an acute toxicity
test. The 96 h LC50 values of Atrataf to P. viridis and P. malabarica were 6.10 mg L-1, and 4.90 mg L-1 respectively. This study
showed that there is a significant increase in mortality in both species as the dose and duration of Atrataf exposure are increased
further, exposure to sublethal concentrations of the Atrataf. Moreover, following 14 days of exposure to sublethal doses of Atrataf, the
immunotoxic potential of atrazine was examined by measuring viable haemocytes using the Tryphan Blue Exclusion Assay. After 14
days of exposure to the highest sublethal doses of Atrataf, the percentage of viable hemocytes decreased to 74.51 (Perna viridis) and
78.39 (Paphia malabarica), relative to the control. Since Haemocytes are the most critical cells in the immune system of Pelecypoda,
any decrease in the hemocyte count will have a detrimental impact on the immune system activities. This study is first of its kind to
investigate and report atrazine as a potential compound, which can induce immunotoxicity in Pelecypoda.
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Ezemonye 2015; Ullah, Hasan and Dhama 2015; Westlund et
al. 2018; Klementova et al. 2019). Pesticides have long been

INTRODUCTION

the focus of toxicological research, while weedicides have

Agricultural chemicals such as pesticides and weedicides
contaminate surface water locally but have a tremendous
potential to impact at global scale by either entering into
the food chain or by bioaccumulation in the soft tissues
(Shomar, Muller and Yahya 2006). Pesticide and herbicide
toxicity to non-target organisms, particularly aquatic species,
has been widely documented in scientific studies (LeBlanc,
Bain and Wilson 1997; Maria et al. 2007; Palma et al. 2008;
Flynn and Spellman 2009; Nwani et al. 2010; Tongo and
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gotten less attention. Weeds drastically reduce agriculture
produce by tapping available resources, thus deprive crops
of indispensable nutrients and vital minerals. Farmers use
variety of weedicides to manage this menace but Atrazine
(ATZ) is a favourite choice due to its efficacy and ease of
application (Opute et al. 2021).

Atrazine is a generic weedicide, which controls weeds
by interfering with the protein biomolecules involved in
the photosynthetic machinery of the plants (Trebst 2008).
Atrazine is widely used in paddy fields, other cereal crops,



Sugarcane and most of the horticulture-based plants since
from almost sixty years (Muller 2008). Regrettably, this
weedicide is always used in excess quantity that leads to
the advent of weedicide tolerant species. Efficacy of the
atrazine increases if used in right quantities (Muller 2008;
Heap 2014). International survey of herbicide-resistance
weed data base has reported development of ATZ related
weed-resistance in more than sixty species (Short and
Colborn 1999). ATZ is predominant contaminant of surface
runoff due to its extensive use, and its ability to linger in
the milieu for a considerably longer duration (Koskinen
and Clay 1997; Opute et al. 2021). Toxicological studies
carried out in vertebrate species establish it as toxic to the
reproductive, endocrine, and immunomodulation systems
(Cummings, Rhodes and Cooper 2000; Stoker et al. 2002;
Laws et al. 2003; Whale et al. 2003; Filipov et al. 2005;
Opute et al. 2021). Established facts from erstwhile studies,
paves way for further studies in other important animal
models to understand the hazardous effects of the ATZ.
Given the widespread usage of ATZ, more research is
particularly essential to corroborate its risks to susceptible
nontarget organisms (Opute et al. 2021).

Rampant irrational use of this weedicide has the potential
to result in the adverse and precarious effects on almost
all ecosystems in general, aquatic ecosystems in particular
(Flynn and Spellman 2009). Toxic effects of ATZ have
already been reported on several species of fishes,
amphibians, and reptiles (Solomon et al. 1996; Glen et al.
2014). Bulk of these studies have focused on physiological
and biochemical aspects (Ralston et al. 2009; Nwani et al.
2010; Ullah, Hasan and Dhama 2015). Some studies have
reported the influence of ATZ on the aggregation behaviour
in freshwater mussels (Flynn and Spellman 2009).
Nonetheless marine species are more susceptible to the
harmful manifestation of ATZ, which necessitates the need
for further research on these species. A special attention is
needed on the pelagic Pelecypoda due to their vulnerable
habitat that exposes to the high levels of environmental
contaminants (Opute et al. 2021).

Given the widespread consumption of mussels, oysters,
and clams as food, it is imperative that safety standards
be established. Baring seldom reports on the genotoxicity
of heavy metals, the risk assessment of environmental
contaminants in Pelecypoda is not as exhaustive as it
should have been (Prakash and Rao 1995; Sokolova
2004). Other vital aspects such as physiology, particularly
those related to immunity, have never been studied. In the
present investigation we have evaluated the immunotoxic
manifestations of ATZ on two commercially important
edible marine pelecypods (Opute et al. 2021). Pelecypoda
like any other invertebrate species, solely rely upon
innate immunity to defend themselves from pathogens.
Haemocytes play a critical role to confer immunity against
pathogens to these marine species. (Canesi and Pruzzo
2016; Burgos-Aceves and Faggio 2017; Destoumieux-
Garzon et al. 2020; Opute et al. 2021).

Erstwhile studies have provided comprehensive information
on the molluscan hemocyte morphology and classification
(Cheng 1984). Apart from conferring innate immunity,

Haemocytes are responsible for wide range of functions
(Cheng 1977; Opute et al. 2021). In this study, we are
evaluating the toxic effects of ATZ on the Haemocytes of
two commercially important pelecypods viz. Perna viridis
(Order: Mytilidae) and Paphia malabarica (Order: Venerida)
by Exclusion Assay (Strober 2015). This procedure is simple
yet tremendously precise and unswerving to determine the
viable hemocyte count. Viable / nonviable Haemocytes can
be identified simply by observing clear/blue cytoplasm.

Atrazine (ATZ) sold under the trade name TATA-Atrataf,
was procured from the local dealer of pesticides and
weedicides. It was a white amorphous powder, which was
soluble in water (7 mg mL").

Perna viridis (Order: Mytilidae) were collected from the
Kali River estuary and carefully transported them to the
laboratory in a container filled with marine water. Green
mussels were acclimatized for five days by feeding ad
libitum with phytoplankton, Chaetocerous sp. (Igbal, Khan
and Goswami 2008). Paphia malabarica (Order: Veneroida)
were excavated through sediments at Kali River estuary
and carefully transported to laboratory and acclimatized
as described for green mussels.

The ninety-six (96) hrs LC, | calculations were done along
with the preparation of sub-lethal doses of Perna viridis
and Paphia malabarica. LC,  of TATA-Atrataf (Commercial
brand of ATZ) for green mussel was determined according
to established procedures (Islam et al. 2019). Perna viridis
were treated with 0 mg/L (Control), 2 mg/L, 4 mg/L, 6
mg/L, 8 mg/L, 10 mg/L, and 12 mg/L of ATZ each in 3
replicates. The treated water was replaced with fresh ones
after every 24 hours. Inspection of the experimental setup
was done after every six hours to remove the dead animals
from experimental containers. Mortality was carefully
recorded at 24 hrs., 48 hrs., 72 hrs. and 96 hrs. The data
was statistically analyzed by using ANOVA (one way) to
determine the differences in mortality between control
and experimental groups. Furthermore, the data was also
analyzed by the Dunnett T test to compare the control and
experimental groups. Based on the mortality, LC50 with
95 % confidence Interval was determined by PROBIT
regression analysis. All statistical tests were performed by
using IBM SPSS version 24.0.

Total of 50 (Fifty) Perna viridis were treated with sublethal
doses of 0.00 mg/L (Control), 0.25 mg/L (1/25th of LC,),
0.50 mg/L (1/12th), 0.75 mg/L (1/7th), 1.00 mg/L (1/6th)
and 1.25 mg/L (1/5th) atrazine in 25 liters of esturian
water, each with three replicates. The experiment was
carried out for fourteen (14) days with regular change
of water containing sublethal doses after every 24 hours.
One hundred short neck yellow clams were exposed to sub
lethal doses of 0.00 mg/L (Control), 0.20 mg/L, 0.40 mg/L,
0.60 mg/L, 0.80 mg/L and 1.00 mg/L atrazine in 30 liters
of estuarine water, each experimental setup was carried
out in three replicates. The experiment was carried out for
fourteen (14) days with regular change of water containing
sublethal doses after every 24 hours.
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Extraction of the hemolymph of the green mussels and
clams was done with the help of 5 cc syringe (25-gauge
needle) from posterior adductor muscles on 2,4, 6, 8, 10, 12
and 14 day from control (0.00 mg/L) and five experimental
groups (0.25 mg/L, 0.50 mg/L, 0.75 mg/L, 1.00 mg/L and
1.25 mg/L). Exclusion Assay (Tryphan Blue) was done as
per the instruction given by the manufacturers instruction
(Sigma). Viable Haemocytes with clear cytoplasm and
nonviable Haemocytes with blue colored cytoplasm were
recorded and tabulated separately. More than two thousand
each of viable and nonviable Haemocytes were screened
on the 2nd day of the experiment from each of the control
and five experimental groups of Perna viridis and Paphia
malabarica. Methodology was repeated on 4th, 6th, 8th,
10th, 12th and 14th day of the experiment.

Following calculations were done by using the formulas
provided by the manufacturer (Sigma).

1. Haemocytes mL' = Avg count per square X 5 X
10000

2. Total count = Haemocytes/mL x 10 mL

3. % VHC=Unstained Haemocytes with clear cytoplasm
/ Total countx100

Table 1. ANOVA (One Way) and Dunnet-T test for
Acute toxicity in Perna viriids

4. % NVHC= Haemocytes with blue colored cytoplasm
/ Total cells X100

Percentage of viable and nonviable haemocytes were
analyzed statistically to determine the LC,  with 95 % CI
by using regression test by using IBM SPSS version 24.0.

Perna viridis: Acute toxicity test: The ability of ATZ to
induce cytotoxicity or immunotoxicity was never been
investigated on any pelecypoda. This reports for the first
time the acute toxicity of ATZ in two commercially as well
as ecologically important edible species of pelecypoda. In
5 experimental groups and a control group, mortality of the
mussels was recorded at 24 hrs., 48 hrs., 72 hrs., and 96 hrs.
The results of the one-way ANOVA revealed a significant
difference in mortality rate between the experimental and
control groups, with F=79.64 (P<0.0001), and further
analysis of multiple comparisons by using the Dunnett-T
test revealed a significant difference (P<0.0001) between
the experimental and control groups. The Lowest Observed
Effective Concentration (LOEC) was recorded as 2.00
mg/L (P<0.009) with 95 % CI (1.18, 8.81). The results of
the one-way ANOVA and the Dunnett-T test are presented
in Table 1.

. 95 % CI for mean Dunnett-T Test
2 . &
; L T | s F- 95 % CI
o 5 % E] LB UB Valu Sig. SE Sig.
2|z = = e
fa LB UB
0 30 3 0.57 0.51 5.48
2 30 1.73 0.55 15.45 0.009* 1.18 8.81
4 30 11.33 | 0.33 9.89 12.77 0.000* 4.52 12.14
6 30 14 1.15 9.03 18.96 0.000* 7.18 14.81
79.64 | 0.000* | 1.3

8 30 16.66 | 0.33 15.23 18.1 0.000* 9.85 17.48
10 30 23 0.57 | 20.51 25.48 0.000* 16.19 23.81
12 30 26.66 | 0.88 | 22.87 30.46 0.000* 19.85 27.48

Table 2. Parameter estimates of analysis in Perna viridis

Parameter Estimates
93% CI
Parameter Estimate SE Z Sig. LB UB
: Concentration

214

028

7.733 | .000 160 269

Intercept 13In

198

6928 | .000 -1.570 1174

a. model: (p) = Intercept + BX
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The results of the regression determined LC, as 6.10 mg/L.
Parameter estimates of analysis presented in Table 2. Dose-
response curve (R? linear = 0.963) shows that, as the dose
and duration of the experimental groups increases, there is
a concomitant increase in the rate of mortality (Figure 1).

Figure 1: LC,, determination in Perna viridis

Probit Transformed Responses (LC50 - Perna viridis)
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Viable Haemocyte Count in Perna viridis: Acute toxicity
test was done over 14 days to evaluate the % of viable
haemocytes and nonviable haemocytes. Viability and non-
viability were determined by simply observing the staining
of the cytoplasm, viable haecmocytes have clear cytoplasm
without any staining whereas nonviable haemocytes have
cytoplasm, which is stained as blue. The average count of
viable haemocytes (VHC), nonviable haemocytes (NVHC),
total haemocytes (TC) and %viability is presented in Table
3. The counting of VHC and NVHC were done on 2™,
4t et h 10h 12 and 14™ day for the experimental and
control groups, %of viability was calculated and presented
in Figure 3A and 3B.

The % of viable haemocytes in the control group was found
to be between 94.34 (2.034/mLx107) on the 2nd day to 92.34
(1.952/mLx107) on the 14th day. No significant difference
in the rate of mortality was evident within the control group
with no ATZ treatment. In experimental groups of lowest
observed effective concentration (LOEC) is found to be
0.25 mg/L. The number of viable haemocytes decreased
steadily from 90.5 (1.96/mLx107) on the 2nd day to 85.31
(1.85/mLx107) on the 14th day. In the second experimental
group with 0.50 mg/L of atrazine, the percentage of viable
cells decreased from 87.6 (1.92/mLx107) to 84.47 (1.72/
mLx107) on day 2 and day14 respectively.

Table 3. Haemocytes count and Percentage of viability in Perna viridis (x 10’ Haemocytes/mL)

Duration of the Treatment
2 days 4 days 6 days 8 days 10 days 12 days 14 days

- VHC 1.68 1.63 1.59 1.57 1.54 1.51 1.42

o NVHC 0.40 0.40 0.40 0.40 0.42 0.44 0.49

S THC 2.08 2.04 1.99 1.97 1.96 1.95 1.91

% 80.86 80.16 79.82 79.8 78.75 773 74.51

. VHC 1.81 1.78 1.73 1.67 1.65 1.60 1.58

= NVHC 0.31 0.33 0.34 0.35 0.38 0.39 0.40

= THC 2.12 2.10 2.07 2.02 2.03 2.00 2.00

% 85.55 84.41 83.4 82.51 81.1 80.27 79.76

B VHC 1.94 1.93 1.85 1.76 1.72 1.68 1.72

_ i NVHC 0.28 0.29 0.32 0.35 0.36 0.37 0.40

o & THC 2.22 2.22 2.18 2.10 2.08 2.06 2.12

E % 86.76 87.48 85.2 83.41 82.66 81.82 81.1

§ - VHC 1.92 1.94 1.89 1.84 1.79 1.77 1.77

e = NVHC 0.27 0.23 0.28 0.30 0.32 0.33 0.33
.

2 THC 2.19 2.17 2.16 2.14 211 2.10 2.10

% 87.6 89.39 87.22 86.17 85.01 84.35 84.47

. VHC 1.96 2.05 2.02 1.99 1.94 1.91 1.85

E NVHC 0.20 0.19 0.20 0.22 0.24 0.28 0.32

& THC 2.17 2.24 2.22 222 2.19 2.20 2.17

% 90.5 91.53 90.89 89.9 89.13 87.07 85.31

s VHC 2.03 1.98 1.98 1.96 1.94 1.96 1.95

2E NVHC 0.12 0.13 0.14 0.13 0.14 0.16 0.16

=39 THC 2.16 2.11 2.12 2.09 2.08 2.12 2.11

% 94.34 93.66 93.21 93.69 93.07 92.47 92.34
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The trend of decrease in % viable haemocytes has continued
with the concomitant increase in the doses of 0.75 and 1.00
mg/L. The experimental group with the highest treatment
of 1.25 mg/L, % viable haemocytes was recorded as 80.86
(1.68/mLx107) on the 2nd day and further decreased to
reach a minimum of 74.51 (1.42x107 ml") on 14th day.

Figure 2: LC,, determination in Paphia malabarica

Probit Transformed Responses (LC50 - Paphia malabarica)
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Nonviable Haemocyte count (NVHC) in Perna viridis:
In order to overcome the errors associated with this
assay technique, we have also examined the % nonviable
haemocytes. The result of this counting of the dark blue-
coloured cells clearly shows a drastic increase in the %
nonviable haemocytes in Perna viridis. In the control
group percentage of nonviable haemocytes on the 2nd day
of the experiment was found to be 5.781 (0.122/mLx107)
and on the last day of the experiment i.e., on the 14th day
7.66 (0.160/mLx107). The result of this experiment clearly
shows no significant change in the % nonviable hemocytes.
However, in the case of experimental groups steady increase
in the % nonviable haemocytes was clearly evident (Figure
4A and 4B).

In the case of the lowest observed effective concentration
(LOEC) of 0.25 mg/L on the 2nd day, the % nonviable
haemocytes were 9.18 (0.206/mLx107) and on the 14th
day % went up to 14.68 (0.318 x 107). Similarly, there was
an incremental increase in % nonviability in experimental
groups of 0.50mg/L, 0.75 mg/L, and 1.00 mg/L. Finally
experimental group with highest treatment of 1.25mg/L
% nonviability recorded as 18.91 (0.398/mlx107) on 2nd
day itself and 24.47 (0.486/m1x107). ANOVA (One Way)
test was repeated by using IBM SPSS version 24.0, which
showed a significant difference between the groups with
P<0.001 (F =47.118). Further, in the multiple comparisons
by using the Dunnett-T test, the mean difference is significant
for all the experimental groups when individually compared
with the control group (P < 0.001) with 95 % CI.

Paphia malabarica: Acute toxicity studies: In this paper,
we reported the LC_ of atrazine and the lowest observed
concentration (LOEC) by conducting 96 hrs. of exposure.
All experiments were carried out in triplicates. The mortality
rate was recorded after 24 hrs., 48 hrs., 72 hrs., and 96

Igbal AN et al.,

ANOVA (One Way) was applied to determine the
significance level between the viable haemocyte Count
in the Control group and in the experimental groups. This
test confirms the significant difference in the viability
of haemocytes with P<0.001 (F=28.566). Furthermore,
multiple comparisons were performed by the Dunnett-T test,
which was found to be significant with P<0.0003 between
the groups with 95 % CI.

Figure 3A. % Viable Haemocytes in Perna viridis
Figure 3B: Atrazine dose — VHC response curve in Perna viridis
Atrazine Dose - Mean % of VHC in Perna viridis one way ANova
F=44.196, p < 0.001
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hrs. Results of ANOVA (one way) showed a significant
difference in the rate of mortality between control and
experimental groups with P < 0.0001 (F = 138.6), and
Dunnett-T test results of multiple comparisons also show a
significant difference between the experimental groups and
control group with P<0.0001. The LOEC in this species was
also found to be 2.00mg/L (P< 0.004) with 95 % CI (2.24,
11.76). The results are written in Table. 4.

The regression test LC,  as 4.90mg/L. Parameter estimates
for analysis and Dose- response curve (R? linear=0.996) is
depicted in Table 5 and Figure 2.

Viable Haemocyte Count (VHC) in Paphia malabarica
The average number of viable haemocytes, nonviable
haemocytes, total haemocytes and % viability is shown
in Table 6.

Based on the number of viable haemocytes, the % viability
was calculated and depicted in Figure 5B. The mean %
viability in the control group without ATZ was found to be
95.29 (1.54/mLx107) on the 2nd day whereas, on the last
day of the experiment that is on the 14th day, the % viable
haemocytes were calculated to be 94.19 (1.59/mLx107).
No significant difference was found in this group over 14
days. Among the experimental groups, LOEC was found
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Figure 4A.: % Nonviable Haemocytes in Perna viridis,
Figure 4B: Atrazine dose- NVHC response curve in Perna viridis

Atrazine Dose - Mean % of NVHC in Perna viridis One Way ANOVA
F=47.118, p <0.001
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to be 0.20mg/L. From this experiment, it is evident that the
total number of viable haemocytes has steadily decreased
from 90.56 (1.52/mLx107) on the 2nd day to 84.69 (1.36/
mLx107) on the last day (14th day) of the experiment. The
trend of decrease continued with the concomitant increase
in the doses (0.40mg/L, 0.60 mg/L and 0.80mg/L). Finally,
at peak treatment of 1.00mg/L, % viable haemocytes were
calculated as 85.69 (1.35/mLx107) on the 2nd day and
reached a minimum of 78.39 (1.23/mLx107) on the 14th
day (Figure 5A and 5B).

ANOVA (One-Way) test showed significant difference in
% viability between the groups with P<0.001 (F =32.238)
but no significant difference within the groups.

Nonviable haemocyte count (NVHC) in Paphia
malabarica: In the control group without ATZ, % nonviable
haemocytes on the 2nd day of the experiment were
calculated as 5.781 (0.122/mLx107), and on the last day
of the experiment (14th day) there is a marginal increase
in the percentage of haemocytes to about 7.66 (0.160/
mLx107). In experimental groups, on the 2nd day of the
experiment at 0.20mg/L, % of the nonviable haemocytes
was found to be 9.43 (0.16/mLx107) and on the 14th day
of the experiment, % of nonviable haemocytes increased
to 14.55 (0.23/mLx107).

Table 4. ANOVA (One Way) and Dunnet-T test for Acute toxicity in Paphia malabarica

= 95 %9 CI for mean Dunnett T Test
S
'g S E E % %' SE 95 % CI
5 = 5 8 = E LB UB | F-Value| Sig. | SE| Sig.
z LB | UB
0 30 8.66 | 0.33 | 7.23 | 10.1
2 30 1566 | 0.66 | 12.8 | 18.53 0.004*| 2.24 | 11.76
4 30 21.66 | 0.33 | 20.23 | 23.1 0.000* | 8.24 | 17.76
6 30 27 0.57 | 25.51 | 30.48 0.000* | 14.58 | 24.08
138.6 0.000* | 1.6
8 30 3466 | 2.6 | 23.46 | 45.87 0.000* | 21.24 | 30.76
10 30 41.66 | 0.33 | 40.23 | 43.1 0.000* | 28.24 | 37.76
12 30 4566 | 1.2 | 40.49 | 50.83 0.000* | 32.24 | 41.76

Table 5. Parameter estimates of analysis in Paphia
malabarica

Parameter Estimates

95% Confidence Interval

Parameter Estimate Lower Bound

. Concentration

Std.Fmor | Z | Sig Upper Bound

180 024| 7337| .000 132 228

terespt -904 1
a. model: (p) =Infercept + BX

-5.005 | 000 -1.081 -126

As the dose and the duration of treatment increased, there
was a progressive increase in % nonviability in experimental
groups of 0.40 mg/L, 0.60 mg/L, and 0.80 mg/L. In the

experimental group with the highest exposure of 1.00
mg/L, % nonviability was recorded as high as 14.30 (0.23/
mLx107) on the 2nd day itself and a remarkable increase
0f21.6 % (0.34mLx107).

ANOVA (One Way) test was applied by using IBM SPSS
version 24.0, the results of this test clearly show a significant
difference between the groups with P<0.001 (F=34.08). The
results are represented in Figure 6A and 6B. Further, results
of the Dunnett-T test also show significant increase in the
% nonviable haemocytes with P<0.001 with 95 % CI.

Humanity is facing several challenges and one of the
most pressing issues of the present time is environmental
contaminants. This is not only adversely affecting human
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health but also deteriorating the quality of each and every
ecosystem. Thousands of chemicals are being synthesized
on daily basis, which at one point in time gain access to the
environment. Most of these chemicals enter the environment
without being evaluated for their risk. some of them are
subjected to toxicity related studies, others are ignored or
insufficiently studied. Perhaps there is no match between
new pesticides and weedicides being introduced into the
environment and the assessment of their risk. Scientific
reports published focused on the toxicological studies done

on laboratory animals such as mice, rats, rabbits and fishes.
However, from the perspective of the method of application
of some of these chemicals specifically, pesticides and
weedicides were taken into consideration aquatic animals
are much more vulnerable. Slower degradation of these
chemicals leads to long term persistence of these chemicals
in surface water, which poses greater challenges to the
aquatic animals. Amongst aquatic animals, Pelecypoda
species are more likely to be affected by pollutants and
environmental contaminants (Opute et al. 2021).

Table 6. Haemocytes count and Percentage of viability in Paphia malabarica (<107 Haemocytes/mL)

Duration of the Treatment
2 Days | 4 Days 6 Days 8 Days | 10 Days | 12 Days | 14 Days
VHC 1.35 134 131 131 129 126 123
?;]3 NVHC | 023 0.25 0.27 0.29 031 031 034
= THC 158 158 1.59 16 159 158 156
% 8568 84.46 82.79 82.11 80.82 80.08 7839
VHC 1.31 132 131 130 130 131 129
?;]3 NVHC | 022 0.24 0.26 027 028 028 0.31
B THC 154 136 1.56 1.57 159 159 159
% 8543 84 86 83.50 82 89 8223 8226 80.67
VHC 1.40 137 134 135 131 130 126
B ?;n NVHC | 0.19 0.20 0.23 0.26 027 0.29 0.30
= o THC 159 158 1.57 161 1.57 159 156
B % 8803 87.05 85.09 84.07 83.11 8185 80.94
% i VHC 143 141 136 135 134 133 133
& ™ | NVHC | o017 0.19 0.22 0.24 025 025 0.26
- THC 1.60 1.60 1.58 1.59 1.54 158 158
% 8949 87.97 8594 84.78 8727 84.07 83.71
VHC 1.52 146 145 142 138 137 136
?;]3 NVHC | 0.16 0.17 0.19 0.19 0.21 0.23 023
o THC 167 162 164 161 159 1.60 1.60
% 9057 89.77 88.50 88.19 87.01 8576 8545
) VHC 1.54 155 1.53 15 156 159 159
E‘D:E NVHC | 0.08 0.08 0.09 0.10 0.11 0.10 0.10
=1 3 THC 161 163 163 165 167 169 168
- % 9529 94 85 9422 | 93 83 93.31 9407 | 9420

ATZ induced toxicity is reported in several studies already
published on fishes, amphibians and mammals. The majority
of the studies have reported deleterious effects of ATZ on
the aspects like reproduction, endocrinology, developmental
biology and the immune system. Some of the toxic
manifestations reported on mice models are reproductive
organ anomalies, failure of implantations, termination of
gestations and delayed onset of puberty (Cummings, Rhodes
and Cooper 2000; Stoker et al. 2002; Laws et al. 2003).
Some reports implicate ATZ with Immunotoxicity in mice
and other mammals. The ATZ is also known to significantly
decrease the hematopoietic progenitor cells, reticulocytes
and CD4+ lymphocytes in mice and rats (Pistl et al.
2002; Laws et al. 2003; Filipov et al. 2005). Few reports
suggest the immunomodulatory functions by significantly

increasing the natural killer cells, T cell proliferation, IgM
secreting plasma cells, macrophage-mediated phagocytic
and cytolytic functions (Filipov et al. 2005; Rowe et al.
2006; Opute et al. 2021).

In fishes, ATZ is reported to have toxic effects on the
secondary lymphoid organs in salmonid fishes like Coho
salmon (Oncorhynchus kisutch) and lake trout (Salvelinus
namaycush) (Zeeman and Brindley 1981). Some reports
even suggest ATZ is a potential chemical, which can trigger
leucopenia and disintegration of macrophages in fishes
(Zeeman and Brindley 1981). Besides immunotoxicity, the
ATZ is also known to have endocrine toxicity in catfishes
(Opute et al. 2021). In studies done on the amphibians, the
ATZ is reported to have an ability to decrease the number of
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spleenocytes and leucocytes in R. pipines, R. sylvatica and
X laevis (Kiesecker 2002; Christin et al. 2013; Opute et al.
2021). Apart from the aforementioned literature, no other
studies have been done to assess the immunotoxic potential
of ATZ in invertebrates. Nevertheless, immunotoxicity
of other environmental contaminants such as pesticides,
heavy metals, and PCBs have been investigated in a few
invertebrate species (Ellis et al. 2011; Renault 2015;
Destoumieux et al. 2020; Teresa et al. 2021).

Figure SA: % Viable Haemocytes in Paphia malabarica

Atrazine Dose - Mean % of VHC in Paphia malabarica

One Way ANOVA
F=32.238,p<0.001

100 Post Hoc Test
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Figure 5B: Atrazine dose — VHC response curve in Paphia
malabarica
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Even molecular mechanisms involved have also been
discussed in a few species (Gerdol and Venier 2015; Bachere
et al. 2015; Burgos-Aceves and Faggio 2017; Teresa et
al. 2021). In the present study, we have evaluated the
acute toxicity of ATZ on Perna viridis (Order: Mytilida)
and Paphia malabarica (Order: Venerida), and we have
also examined the effect of sub-lethal doses of ATZ on
the viability of haemocytes. The results of this study
indicate that the ATZ significantly decreases the number
of haemocytes in Pelecypoda. This study relies on an
exclusion assay - a simple, economical and reliable assay
to identify viable and nonviable haemocytes (Piccinini et
al. 2017). This assay requires minimum time and is very
convenient for the assessment of a large number of samples
in a short period. Analysis by one way ANOVA showed
a significant decrease in the viable cells in experimental
groups when compared to the control group (P <0.0001) in
both Pelecypoda species studied (Teresa et al. 2021).

In P, viridis, in the control group, the % viability was found
to be 94.34 on the 2nd day and 92.34 on the 14th day. In the
case of the experimental group at the highest concentration

(1.25mg/L) the % viability was recorded as 80.86 on 2nd
day and further decreased to 74.51 by 14th day of ATZ
treatment. Correspondingly there was an increase in the
number of nonviable haemocytes. In the control group the
% of nonviability was recorded to be 5.78 on the 2nd day
which marginally increased to 7.66 on the 14th day but in
the experimental group with the highest concentration of
1.25mg/L, % nonviability was recorded to be 18.91 on day
2 but drastically increased to 24.47 on 14th day. Similarly,
in P. malabarica, similar results have been recorded.

Figure 6A: % Nonviable Haemocytes in Paphia
malabarica

Atrazine Dose - Mean % of NVHC in Paphia malabarica
One Way ANOVA
F=34.08,p<0.001
Post Hoc Test
20 Dpunnett t (2 Sided) P<0.0001

Mean % of VHC
-
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mControl ®O0.2PPM 0.4 PPM 0.6PPM ®mOBPPM m1PPM

Figure 6B: Atrazine dose— NVHC response curve in Paphia
malabarica

Atrazine - % NVHC Curve Paphia malabarica
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CONCLUSION

The findings of the present investigation show the
immunotoxic potential of ATZ by decreasing the number of
viable haemocytes. Analysis by one way ANOVA showed
a significant decrease in the viable cells in experimental
groups when compared to the control group (P < 0.0001)
in both Pelecypoda species studied. In P. viridis, in the
control group, the % viability was found to be 94.34
on the 2nd day and 92.34 on the 14th day. In the case
of the experimental group at the highest concentration
(1.25mg/L), the % viability was recorded as 80.86 on the
2nd day and further decreased to 74.51 by the 14th day of
ATZ treatment. Correspondingly there is an increase in the
number of nonviable haemocytes. In the control group the
% of nonviability was recorded to be 5.78 on the 2nd day
which marginally increased to 7.66 on the 14th day but in
the experimental group with the highest concentration of
1.25mg/L, % nonviability was recorded to be 18.91 on day
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2 but drastically increased to 24.47 on 14th day. Similarly,
in P. malabarica, similar results have been recorded.
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