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• Growth, food index, ALP, and heamo
cytes of crabs were decreased in OA +
Cd exposure. 

• Antioxidants and metabolic enzymes 
were elevated in crabs under OA + Cd 
treatments. 

• Bioaccumulation of Cd was more in 
crabs subjected to OA + Cd. 

• OA + Cd interaction was higher on 
growth, protein, amino acid, and hea
mocytes of crabs.  
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A B S T R A C T   

Ocean acidification (OA) and heavy metal pollution in marine environments are potentially threatening marine 
life. The interactive effect of OA and heavy metals could be more vulnerable to marine organisms than individual 
exposures. In the current study, the effect of OA on the toxicity of cadmium (Cd) in the crab Scylla serrata was 
evaluated. Crab instars (0.07 cm length and 0.1 g weight) were subjected to pH 8.2, 7.8, 7.6, 7.4, 7.2, and 7.0 
with and without 0.01 mg l− 1 of Cd for 60 days. We noticed a significant decrease in growth, molting, protein, 
carbohydrate, amino acid, lipid, alkaline phosphatase, and haemocytes of crabs under OA + Cd compared to OA 
treatment. In contrast, the growth, protein, amino acid, and haemocyte levels were significantly affected by OA, 
Cd, and its interactions (OA + Cd). However, superoxide dismutase, catalase, lipid peroxidation, glutamic 

* Corresponding author. Aquatic Ecology Laboratory, Department of Zoology, School of Life Sciences, Bharathiar University, Coimbatore, Tamil Nadu, India. 
E-mail address: tsmuralisankar@buc.edu.in (T. Muralisankar).  

Contents lists available at ScienceDirect 

Chemosphere 

journal homepage: www.elsevier.com/locate/chemosphere 

https://doi.org/10.1016/j.chemosphere.2023.140447 
Received 18 May 2023; Received in revised form 29 August 2023; Accepted 12 October 2023   

mailto:tsmuralisankar@buc.edu.in
www.sciencedirect.com/science/journal/00456535
https://www.elsevier.com/locate/chemosphere
https://doi.org/10.1016/j.chemosphere.2023.140447
https://doi.org/10.1016/j.chemosphere.2023.140447
https://doi.org/10.1016/j.chemosphere.2023.140447
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chemosphere.2023.140447&domain=pdf


Chemosphere 345 (2023) 140447

2

oxaloacetate transaminase, glutamic pyruvate transaminase, and accumulation of Cd in crabs were considerably 
elevated in OA + Cd treatments compared to OA alone treatments. The present investigation showed that the 
effect of Cd toxicity might be raised under OA on S. serrata. Our study demonstrated that OA significantly affects 
the biological indices and oxidative stress responses of S. serrata exposed to Cd toxicity.   

1. Introduction 

The ocean is a major saltwater source covering nearly 71% of the 
earth and acts as a high heat reservoir, influencing the climate patterns, 
hydrological and carbon cycles (Caldecott, 2008). Marine has a chief 
role in regulating greenhouse gases and also mitigating climate change 
(Dutta and Dutta, 2016). The interspace between the atmosphere and 
the seawater is a vibrant borderline of the earth, which controls the 
interchange of materials that stimulate the atmosphere’s chemistry (Kim 
et al., 2014; Wurl et al., 2017). At present, the earth system is facing 
considerable deviations in biogeochemical (carbon, nitrogen, sulphur, 
phosphorus cycles, etc.) and physical (raining, weather, islands, rivers, 
oceans, etc.) processes caused by anthropogenic emission of greenhouse 
gases (Ciais et al., 2014). The specific effects of greenhouse gases are 
predictable, become more severe, and cause massive consequences on 
the earth (Collins et al., 2013). Currently, marine environments are 
being polluted by various pollutants like plastics, industrial chemicals, 
pesticides, heavy metals, etc. (Bashir et al., 2020; Landrigan et al., 
2020). 

The source for the surplus release of CO2 is mainly anthropogenic 
activities due to the usage of fossil fuels, land-use discharges, and in
dustrial operations (IPCC, 2014; Quéré et al., 2018), which cause 
adverse impacts on the ecosystem, including ocean acidification (OA). 
The global emission of CO2 has increased from 34.1 GT to 37.9 GT from 
2010 to 2019, respectively (Triollet and Francisco, 2020). The oceans 
can absorb 30% of atmospheric carbon dioxide emissions (NOAA, 2020). 
The atmospheric CO2 enters the ocean by air-to-sea equilibration and is 
circulated by the ocean carbon cycle (Abas and Khan, 2014). Increases in 
dissolved CO2 concentration lead to a decrease in the surface seawater 
pH (Caldeira and Wickett, 2003). Aqueous CO2 is created when atmo
spheric CO2 dissolves in seawater, resulting in the production of car
bonic acid (H2CO3). Carbonic acid quickly breaks down into bicarbonate 
ions (HCO−

3 ), which then breaks down into carbonate ions (CO2−
3 ). Both 

of these processes result in the production of H+ ions, which reduce the 
pH of the saltwater (Doney et al., 2009; Barker and Ridgwell, 2012). At 
the end of the 21st century, the average outward seawater pH will 
decrease between 0.2 and 0.4 units due to the excess emission of CO2 to 
the atmosphere (Hoegh-Guldberg, 2014; Fitzer et al., 2014). In addition, 
OA leads to disturbances in the marine ecosystem functioning, like the 
production of small organisms at a low level, which can affect seafood 
productivity (Doney et al., 2020). 

The excess H+ ions combine with carbonate ions and leads to for
mation of bicarbonates and the reduction of carbonates. This scarcity of 
carbonates leads to the struggle of marine calcifiers to synthesize cal
cium carbonate in shells and other skeletal structures, which leads to 
severe physiological impairments. Studies have revealed that decreased 
seawater pH can cause poor survival, growth, and biochemical elements 
of the shrimp Litopenaeus vannamei (Muralisankar et al., 2021), elevation 
in antioxidants such as superoxide dismutase, catalase, and lipid 
peroxidase in crab Scylla serrata (Thangal et al., 2022). It is harder to 
custom calcium carbonate outer shells and skeletons of marine organ
isms such as pteropods, corals, and oysters due to the scarcity of car
bonates under an acidified environment (Lemasson et al., 2017; 
Hoegh-Guldberget al., 2017; Meng et al., 2019; Rajan et al., 2023). In
vertebrates like shrimps, corals, crabs, sea urchins, brine shrimp, etc., 
showed adverse effects on survival, growth, foraging, and reproduction 
subjected to OA (Dodd et al., 2015; Campbell et al., 2016; Tasoff and 
Johnson, 2019; Thangal et al., 2022). 

The accumulation of heavy metals in the environment is significantly 

increased due to various manmade activities (Pinzón-Bedoya et al., 
2020). The major sources of heavy metals are mining, tailings, industrial 
wastes, agricultural runoff, battery industries, paint factories, etc. Cop
per, lead, zinc, cadmium, mercury, and arsenic are released into the 
seawater from various sources. Among them, some are trace, and a few 
are highly toxic to the animals, which cause severe health issues due to 
the bioaccumulation and long-lasting (Mitra et al., 2022). Amidst 
metals, Cd is one of the major toxic metals that is mainly released to the 
environment from various industrial activities like mining, metallurgy, 
nickel-cadmium batteries production, fabrics dyes, etc. (Su et al., 2020; 
Khan et al., 2022). The toxic properties of Cd are well documented like 
increase of reactive oxygen species, which influences the oxidization of 
biological macromolecules and results in several physiological damages 
to tissues and organs in animals (Thévenod, 2009; Revathi et al., 2011). 
Cadmium exposure leads to alteration in gene regulations (HSP70, 
ATP6L, Prx3, and TRX) in crustaceans like the Chinese mitten crab 
Eriocheir sinensis (Tang et al., 2019) and freshwater crab Sinopotamon 
henanense (Sun et al., 2016). Besides, studies have investigated the 
interactive effect of OA and certain heavy metals including Cd on 
physiological responses, oxidative stress, and bioaccumulation of metals 
in marine animals like mollusks and crustaceans (Lacoue-Labarthe et al., 
2009; Götze et al., 2014; Han et al., 2014; Shi et al., 2016; Cao et al., 
2018a, 2018b; Zhao et al., 2021). The reduction in the oceanic pH water 
leads to lower OH− and CO2−

3 concentrations, which cause a high frac
tion of free forms of metals (MillerO et al., 2009). Moreover, OA may 
induce the accumulation of Cd in marine animals by three different 
modes such as increasing Cd and the Cd2+/Ca2+ levels in the seawater 
that leads to high Cd influx through the Ca channel, the decreased pH of 
seawater may damage the epithelial damage, which results in Cd 
penetration, and under acidic stress, animals may hamper Cd exclusion 
(Shi et al., 2016). 

The crab S. serrata is an Indo-Pacific species having high nutrient 
market values (Keenan et al., 1998; Paterson and Mann, 2011). Ac
cording to the report of FAO (2022), crabs are contributing about 1915.7 
thousand tons to the aquaculture and fisheries economy. Among them, 
mud crab S. serrata contributes about 248.8 thousand tons to world 
fisheries. Nevertheless, S. serrata is being used as a bioindicator due to 
their higher sensitivity to biotic and abiotic stress (El-Kahawy et al., 
2021; Flint et al., 2021). Furthermore, crabs are susceptible to changes 
in the ocean carbon chemistry (Whitely, 2011), hence, the modifications 
in the carbon chemistry in the nearyby environment can create varia
tions in the molting, immunity, regulation of acid-base balance and 
calcification which reasoning to decrease in survival and effortlessly 
vulnerable to several biotic and abiotic elements (Rehman et al., 2021). 
The detrimental effect of decreased seawater pH on physiological status 
and bioaccumulation in marine crabs, including S. serrata, Hyas araneus, 
E. sinensis, and Lithodes aesquispisnus has been reported earlier (Long 
et al., 2021; Thangal et al., 2022). Nonetheless, the studies on the 
combined effect of OA with heavy metals are infancy in marine crabs. 
Therefore, the present study aimed to evaluate the individual effects of 
OA and its synergistic toxicity with the heavy metal Cd on growth 
(length gain, weight gain, and specific growth rate), survival, molting, 
feed index (feed intake and feed conversion ratio), biochemical con
stituents (protein, carbohydrate, amino acid, and lipid), antioxidants 
(superoxide dismutase and catalase), lipid peroxidation, metabolic en
zymes (glutamic oxaloacetic transaminase and glutamic pyruvic trans
aminase), alkaline phosphatase activity, and total haemocytes 
population of the economically important edible marine crab S. serrata, 
which will explore the threats towards seafood safety in future. 
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2. Materials and method 

2.1. Green crab instars maintenance 

Totally 800 green crabs (S. serrata) instars (carapace length 0.6 cm) 
were brought from Rajiv Gandhi Center for Aquaculture, Thir
umullaivasal, Tamilnadu, India. Instars (0.6 cm length and 0.09 g 
weight) were transported in two six-litter transparent plastic covers 
packed with oxygenated seawater and seagrasses to avoid fights and 
cannibalism. Instars were lodged in a 500 L fiber tank at research lab
oratory condition for ten days, providing continuous aeration. The crabs 
were fed 100% of their body mass two times (40% during the day and 
60% at night) daily with the brine shrimp (Alava et al., 2017). About ¼ 
of seawater was renewed daily from the stock tank, and unfed feed and 
other metabolic wastes were removed without disturbing the crabs. 

2.2. Acidification of seawater and experimental setup 

The pH manipulation of the seawater setup was planned as per the 
earlier report of Riebesell et al. (2010) with slight modifications as re
ported by our previous study (Thangal et al., 2022). In short, the acid
ification set-up consists of a CO2 cylinder, cylinder valve, pressure 
meter, flow meter, CO2 gas tube, CO2 valve, CO2 diffuser, pH meter 
connected with the probe, aerator with controller, air vent, air stone, 
aquaria (50 L) and pre-holed polyvinyl chloride (PVC) pipe cages. 
Seawater pH was manipulated manually by mild releasing of 99.9% pure 
CO2 using a CO2 valve through an insulated rubber tube that connected 
with an air diffuser in the seawater of each aquarium till the anticipated 
pH was reached. The pH of seawater in each aquarium was observed 
continuously by a separate pH meter which was connected with separate 
probes that were always immersed in seawater until the end of the 
experiment. The fluctuating pH was balanced at the desired level by 
manually releasing the CO2 at an average time interval of 4 h per day. 

After accommodation, exactly 120 crabs instar (carapace length 0.7 

± 0.0 cm) were reared in six aquaria (20 × 6) which served as acidifi
cation with pH 8.2 (control), 7.8 (estimated ocean pH by IPCC in 2100), 
and other four randomly selected pH treatments (pH 7.6, 7.4, 7.2, and 
7.0) to know the extreme pH effect on the marine crabs for OA alone 
experiment. For OA with Cd experiment, 120 crabs were reared in six 
other aquaria (20 × 6) served as acidification with 0.01 mg L− 1 of CdCl2 
(pH 8.2 + 0.01 mg L− 1, 7.8 + 0.01 mg L− 1, 7.6 + 0.01 mg L− 1, 7.4 +
0.01 mg L− 1, 7.2 + 0.01 mg L− 1, and 7.0 + 0.01 mg L− 1) for sixty days. 
The concentration of Cd was randomly selected as per the earlier studies 
of Cao et al. (2018b). Crabs were individually housed in a 
multi-cell-based cage system and seawater pH was manipulated as per 
our earlier study (Thangal et al., 2022). In short, each aquarium was 
partitioned using 20 polyvinyl chloride pipe cages (9 cm diameter and 
20 cm height) with 32 holes in each cage for water current, and indi
vidual crab was placed in each polyvinyl chloride pipe cage. Mild 
aeration was also provided to the crabs to prevent the re-equilibrating 
using an air controller. Both experiments were done in triplicate. After 
reaching each desired pH in the respective experimental aquarium, the 
water quality parameters such as pH, salinity, and temperature were 
assessed daily throughout the experiment and every 10 days interval the 
dissolved oxygen (DO), and alkalinity were assessed by the standard 
method (APHA, 2005), and total CO2 (TCO2), partial carbon dioxide 
(pCO2), bicarbonate (HCO−

3 ), carbonate (CO2−
3 ), a saturation of calcite 

(ΩCa), and aragonite (ΩAr) were computed by CO2 calculator designed 
by Robbins et al. (2010) throughout the experiment. Further, 0.01 mg 
L− 1 Cd level was maintained in each aquarium meant for OA + Cd 
treatments by adding the appropriate level of CdCl2 solution while 
renewing half of the aquarium water daily throughout the experiment. 
Moreover, the level of Cd in seawater was measured in all aquaria after 
adding Cd. During the experimental period, the crab instars were fed 
with brine shrimp for the first week and chopped squid (Uroteuthis 

edulis) and shrimp (Penaeus monodon) muscle meat for the remaining 
days twice per day (Ganesh et al., 2015). 

2.3. Analysis of Cd in the seawater and crabs 

The Cd level was measured in both the OA and OA + Cd experi
mental waters as well as dried crab tissues. A Millipore filtration unit 
was used to filter the seawater samples (0.45 μm mesh filter paper), and 
1000 mL of the filtered seawater was then put into a 2000 mL separating 
funnel. Then, 10 mL of 1% ammonium pyrrolidine dithiocarbamate was 
added, and the mixture was vigorously agitated. Exactly 25 mL of iso- 
butyl methyl ketone solution was added and agitated for 15 min, and 
the upper organic phase was collected following the development of 
distinct layers. The resultant organic stage was extracted using 50% 
HNO3 and diluted up to 25 mL using double-distilled water (Vinoth
kannan et al., 2022). One gram of dried crab tissue was taken in a clean, 
acid-washed beaker, which was then subjected to triple acid digestion 
using 10 mL of triple acid (HNO3, HClO4, and H2SO4) in a ratio of 9:2:1 
on a hot plate at 60 ◦C. The resultant extract was filtered through an 
ashless Whatman Grade 1 filter paper and diluted with double-distilled 
water to a concentration of 25 mL. A flame atomic absorption spectro
photometer (AAS) (Shimadzu AA-7000, Japan) supplied with a mixture 
of air and acetylene was used to analyze the Cd level in processed 
samples of water and crab tissue (Arumugam et al., 2018). 

The minimal detection limit for Cd and working wavelength in the 
flame mode was <0.01 ppm and 228.80 nm respectively, and triplicate 
readings were taken for each sample for QA/QC. To calibrate the 
equipment, control blanks, and standardized reference materials were 
employed throughout the analysis. Ultrapure deionized water was uti
lized to prepare all of the chemicals for metal analysis. The standard 
curve was plotted using known standards of various strengths to fit 
within the ranges of absorbance of the samples and the regression co
efficient (R2) value higher than 0.99 was achieved for all the standard 
curves. After the completion of every 10 samples, the AAS instrument 
was cleaned with deionized water, and a blank reading was taken to rule 
out any contamination from the sampling process. 

2.4. Survival, development, molting, and food index 

On the 60th day of the trial, the survival, morphometry [weight gain 
(WG), length gain (LG), and specific growth rate (SGR)], molting and 
food indices [feed conversion ratio (FCR)], and feed intake (FI) were 
evaluated by following the calculations. 

Survival (%) = no. of live crab/no. of crab introduced × 100. 
Weight gain (g) = final weight (g)-initial weight (g). 
Length gain (cm) = final length (cm)-initial length (cm). 
Specific growth rate (% d− 1) = ln (final weight) - ln (initial weight)/ 

total days × 100). 
Molting rate (no. of molt d− 1) = total no. of molt/total days. 
Feed conversion ratio = feed intake/weight gain. 
Feed intake (g crab− 1 d− 1) = feed consumption/crab number/days. 

2.5. Estimation of biochemical components 

Estimation of total tissue protein, amino acid, carbohydrate, and 
lipid was done in S. serrata using the procedures of Lowry et al. (1951), 
Moore and Stein (1948), Roe (1955), and Barnes and Blackstock (1973) 
respectively. To determine the protein content, 100 mg of crab muscle 
tissue was homogenized in 80% ethanol, centrifuged at 1960×g for 15 
min, and the precipitate was then dissolved in 1 mL of 1 N NaOH, 5 mL 
of an alkaline copper solution, and incubated for 20 min at room tem
perature. The reaction was combined with precisely 0.5 mL of 
Folin-Ciocalteu phenol reagent, which was then incubated for 20 min. 
Finally, the color intensity was measured at 650 nm against a blank 
solution using a UV–visible spectrophotometer. The reference solution 
was freshly made with bovine serum albumin. For the measurement of 
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amino acid, 500 mg of crab tissue was homogenized with 2 mL of a 1:1 
mixture of sodium tungstate and 0.66 N H2SO4, centrifuged at 1960×g 
for 10 min. Precisely, 0.5 mL of supernatant was mixed with 4.5 mL of 
distilled water and 0.5 mL of 4% ninhydrin reagent. Cotton plugs were 
placed on the test tubes and then placed in an 80 ◦C water bath. A 
UV–visible spectrophotometer was employed to determine the color 
intensity at 540 nm against a blank solution after the test tubes were 
cooled to room temperature. The amino acid leucine was used as a 
reference solution. 

The total amount of carbohydrates in the crab tissues was deter
mined by homogenizing 500 mg of crab muscle in 2 mL of 80% ethanol 
and centrifuging the mixture at 1960×g for 15 min. Four milliliters of 
0.2% anthrone reagent (in ice-cold H2SO4) were added to the superna
tant in a test tube. The test tube was then placed in a boiling water bath 
for 10 min and cooled in a dark room. Using a UV–visible spectropho
tometer, the color intensity was recorded at 620 nm against a blank 
solution and the glucose was used as a reference solution. The content of 
total lipid was extracted from 500 mg of crab tissue using 4 mL of (2:1 v/ 
v) chloroform-methanol mixture (Folch et al., 1957). The extraction was 
added with 0.2 mL of 0.9% NaCl and the solution was kept overnight. 
The lipid layer was separated, dried, and dissolved in 0.5 mL of H2SO4. 
The mixture was placed in a water bath for 10 min, cooled at ambient 
room temperature, and of 5 mL sulpho-phospho-vanillin reagent was 
added. The mixture was well shaken and allowed to stand for 30 min. 
The color intensity was recorded using a UV–visible spectrophotometer 
against a blank solution at 520 nm and the olive oil was used as a 
reference to determine the lipid levels in samples. 

2.6. Analysis of antioxidants and lipid peroxidation 

After the end of 60 days, all experimental crabs were sedated with ice 
cubes and the muscle tissue was extracted by homogenizing within 
frozen tris buffer (pH 7.4, 10% w/v), separated by rotating a cooling 
centrifuge (2415×g for 20 min at 4 ◦C) and the supernatant was used as 
enzyme source to diagnose the level of superoxide dismutase (SOD) and 
catalase (CAT), and lipid peroxidation (LPO). The level of total soluble 
protein in each crab’s tissue was estimated by the Lowry et al. (1951) 
method. 

SOD level was done by the autoxidation of pyrogallol in the tris 
buffer described by Marklund and Marklund (1974). The reaction 
mixture consisted of 2 mL Tris–HCl (pH 8.2), 0.5 mL 2 mM pyrogallol, 
and 2.0 mL water. Primarily, the rate of autoxidation of pyrogallol was 
measured at an interval of 1 min for 3 min for complete autoxidation. 
The autoxidation reaction mixture contains 4.5 mL of distilled water, 2 
mL of Tris-HCl buffer, 0.5 mL of 2 mM pyrogallol, and 2 mL of enzyme 
source. The rate of pyrogallol autoxidation was measured at 430 nm. In 
addition, 2.0 mL of Tris-HCl buffer and 2.5 mL of distilled water were 
combined to serve as a blank and the activity of SOD was expressed as 
unit per mg of protein. 

The activity of CAT was done by the method described by Sinha 
(1972), and the substrate is considered as hydrogen peroxide (H2O2) in 
phosphate buffer. In short, the enzyme reaction was started by mixing 
0.5 mL of crab muscle tissue homogenate with 1 mL of 0.01 M phosphate 
buffer (pH 7.1), 0.5 mL of 0.2 M hydrogen peroxide, and 0.4 mL of 
distilled water. After 60 seconds, the reaction stopped by adding 2 mL of 
dichromate-acetic acid, and the tubes were then boiled for 10 min before 
being cooled to room temperature. The chromophore absorption was 
measured at 620 nm. The CAT activity was quantified as μmol of H2O2 
per min per mg of protein and a reaction without enzyme served as the 
control. 

The activity of LPO level was done by the formation of thiobarbituric 
acid reactive substances prescribed by Ohkawa et al. (1979). Briefly, 
trichloroacetic acid (10%), 0.02 M Tris buffer (pH 7.5), and 1.5 mL of 
thiobarbituric acid (1.5% were added to the tubes containing 1 mL of 
tissue homogenate. The reaction was heated in a boiling water bath for 
15 min before cooling to room temperature. The supernatant was 

separated once the content was centrifuged at 100×g for 20 min. The 
absorbance of the supernatant was measured at 535 nm in comparison to 
a reagent blank solution and the activity was expressed as nanomoles of 
malondialdehyde (MDA) per mg of protein. 

2.7. Activity of metabolic and alkaline phosphatase enzyme analysis 

Crab tissue (100 mg) was homogenized in a 0.25 M sucrose solution, 
followed by centrifuge at 2415×g for 25 min at 4 ◦C and the supernatant 
was used to determine the glutamic oxalate transaminase (GOT) and 
glutamic pyruvate (GPT) transaminase. These assays were performed by 
using the procedure of Reitman and Frankel (1957). Analysis of GOT 
was performed by the addition of 0.5 mL of substrate solution (L-aspartic 
acid: α-ketoglutarate) to a 100 μL tissue sample, incubated at 37 ◦C for 1 
h, followed by adding 0.5 mL of 2, 4-dinitrophenyl hydrazine and 
allowed to stand for 20 min at ambient temperature. Three milliliters of 
freshly prepared 0.4 N NaOH was added to the reaction mixture and the 
color intensity was read at 505 nm against blank. Sodium pyruvate was 
used as a standard. Determination of GPT was done by adding 0.5 mL of 
L-alanine: α-ketoglutarate substrate) with 100 μL of tissue sample and 
incubated at 37 ◦C for 20 min. Precisely 0.5 mL of 2, 4-dinitrophenyl 
hydrazine was added to the above reaction mixture, allowed to stand 
at ambient temperature for 30 min and 3 mL of 4 N NaOH was added. 
The color development was measured at 505 nm against blank. Sodium 
pyruvate was used as a standard. The activity of both GOT and GPT was 
expressed as U/mL. 

The alkaline phosphatase (ALP) level was estimated using Kind and 
King’s (1954) procedure. In short, whole crab except carapace and 
eyestalk was ground in 1 mL of 50 mM cold distilled water, followed by 
centrifuging at 6350×g for 5 min at 4 ◦C. Separate test tubes were used 
as blank (B), standard (S), and control (C) and test (T). Approximately 
1.05 mL double distilled water was poured in B and 1 mL in S, C, and T. 
Furthermore, 0.1 mL of disodium phenyl phosphate substrate reagent 
was added to all test tubes followed by shaking well and incubated at 
35 ◦C for 5 min. The separated extract (0.05 mL) was poured into T, and 
0.05 mL of phenol solution was poured into S as standard. Additionally, 
all test tubes were shaken well and allowed to stand for 15 min at 35 ◦C. 
At last, 1 mL of dye reagent (Phenol + 4-amino antipyrine) was added to 
all test tubes, and 0.05 mL of centrifuged supernatant was poured into 
test tube C. Finally, the intensity of all test tube reactions was measured 
at 510 nm in a UV spectrophotometer. 

2.8. Enumeration of total haemocytes 

Accurately, 100 μL haemolymph was withdrawn from the joint of the 
merus of crab using a 1 mL insulin syringe pre-filled with 900 μL of 
anticoagulant (1:1:1 ratio of 10 mM of sodium citrate with pH 7.5, 10 
mM Tris-HCl, and 250 M of sucrose respectively). From the above stock, 
50 μL of anti-coagulated haemolymph was added to 10% of 50 μL 
formalin and incubated for 30 min. After incubation, 50 μL of formalin 
was mixed with anti-coagulated blood and diluted using a 50 μL phos
phate buffer solution. From this, 50 μL diluted haemolymph was mixed 
with 20 μL rose Bengal stain (0.01 g rose Bengal stain diluted in 50% 
ethanol) and incubated for 10 min. Finally, the haemocytes was counted 
by using a haemocytometer (Neubauer improved, Germany) under a 
light microscope at RP10X (Labomed, OPTIcx), and calculated by using 
the formula. 

THC
(

× 106 cells mL− 1)=
Counted cells × depth of chamber × dilution factor

Number of 1mm square  

2.9. Statistical analysis 

The data were all symbolized as mean ± SD. The significant differ
ence between OA experiments (different pH treatments) and OA + Cd 
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experiments (different pH treatments with Cd) was determined using 
one-way analysis of variance (ANOVA) and Duncan’s multiple range test 
(DMRT). The noticeable difference between each parameter of each OA 
and OA + Cd was analyzed using a two-tailed paired sample ‘t’-test. 
Moreover, two-way ANOVA was subjected to transformed data to know 
the interactions of pH and Cd. However, the parameters like salinity, 
temperature, DO, SGR, FI, FCR, carbohydrate, lipid, SOD, CAT, LPO, 
GOT, GPT, and ALP retained only one-way ANOVA and “t" test due to 
their significant difference during normal distribution analysis. All the 
analyses were achieved using IBM SPSS (20.0) software. 

3. Results 

3.1. Physicochemical parameters of seawater 

In the present investigation, pH, carbonate (CO2−
3 ), calcite (ΩCa), 

and aragonite (ΩAr) of the seawater were considerably decreased from 
pH 7.8 to 7.0 in both OA alone and OA + Cd treatments when equated to 
the respective normal seawater at pH 8.2 (control) and seawater with Cd 
at pH 8.2. The experimental setup’s salinity and temperature exhibited 
an insignificant variation in all pH treatments (pH 7.8 to 7.0) when 
matched to control seawater without and with Cd in pH 8.2 of OA alone 
and OA + Cd experiments respectively. The level of dissolved oxygen 
level in OA treatment was insignificantly altered in all acidified seawater 
environments, whereas, total alkalinity was decreased considerably in 
pH 7.2 and 7.0 compared to seawater at pH 8.2. In this context, dissolved 
oxygen and total alkalinity showed a significant decline in pH 7.4 to 7.0 
when matched to the Cd alone treatment in OA + Cd experiments. The 
level of total carbon dioxide (TCO2), partial pressure of carbon dioxide 
(pCO2), and bicarbonates (HCO−

3 ) showed significant increases in pH 7.8 
to 7.0 in both OA alone and OA + Cd experiments when matched to the 
control seawater and seawater with Cd at pH 8.2 (Supplementary 
Table S1). In the seawater chemistry such as alkalinity, TCO2, pCO2, 
CO2−

3 , ΩCa, and ΩAr, considerable changes were observed in OA + Cd 
treatments when compared to the OA alone treatments as per paired 
sample t-test (Supplementary Table S1). In addition, the two-way 
ANOVA indicated that the OA process influenced the pH of seawater, 
however, pH and its interaction with Cd influenced the alkalinity, TCO2, 
pCO2, CO3, ΩCa and ΩAr of experimental seawater (Supplementary 
Table S2). 

3.2. Accumulation of Cd in seawater and crab tissue 

The Cd level was insignificantly varied among different pH exposures 
of OA and OA + Cd seawater experiments. In this circumstance, a sig
nificant accumulation of the Cd in crabs under all OA and OA + Cd was 
noticed compared to crabs under control seawater and Cd alone exper
iments (pH 8.2) respectively. The paired sample t-test indicated signif
icant elevations in Cd bioaccumulation of crabs in all OA + Cd 
experiments compared to respective OA experiments (Fig. 1). 

3.3. Survival, development, molting, and food indices 

In the present findings, in both acidification treatments (OA and OA 
+ Cd), the crab’s survival rate notably dropped in pH 7.2 and 7.0 when 
matched to the respective control seawater (pH 8.2) and seawater with 
Cd (pH 8.2) treatments (Fig. 2). Meanwhile, the survival rate showed an 
insignificant variation between the crabs exposed to all OA and OA + Cd 
treatments as per paired sample ‘t’-test. In OA treatments, the crab’s 
length and length gain notably decreased in pH 7.6 to 7.0 when matched 
to the control seawater pH 8.2 (Fig. 2). In OA + Cd treatments, the 
length and length gain of the crab was notably decreased in pH 7.8 to 7.0 
and pH 7.6 to 7.0, respectively when compared to the Cd only treatment 
(Fig. 2). Paired sample ’t’-test indicates that the length and length gain 
of crabs were observed to be notably dropped in Cd treatments at pH 8.2 

and 7.8 compared to that of same seawater pH without Cd groups. In 
both OA and OA + Cd treatments, the weight and weight gain notably 
dropped from pH 7.8 to 7.0 when equated to respective control seawater 
without and with Cd at pH 8.2 (Fig. 2). Moreover, the weight and weight 
gain showed a significant reduction in pH 7.8 to 7.0 in crabs under OA +
Cd when compared to the OA alone group crabs as per paired sample ‘t’- 
test. The molting rate of crabs in OA treatments shows a notable drop in 
pH 7.6 to 7.0 compared to the ambient seawater pH of 8.2. In OA + Cd 
treatments, the molting rate showed significant variations in pH 7.0 only 
when related to the other pHs (pH 8.2 to 7.2). Meanwhile, an insignif
icant difference was found between the OA and OA + Cd groups as per 
the ‘t’-test. The specific growth rate (SGR) and feed intake (FI) of OA 
treatments showed a considerable reduction in pH 7.8 to 7.0 and pH 7.4 
to 7.0, respectively, compared to seawater at pH 8.2 (control) (Fig. 2). In 
the case of the OA + Cd experiment, the SGR and FI were notably 
dropped in pH 7.8 to 7.0, and pH 7.0, respectively, when compared to Cd 
alone treatments at pH 8.2. Moreover, a considerable reduction in SGR 
(pH 7.4 to 7.0) and FI (pH 7.8 to 7.0) of crabs was noted in OA + Cd 
treatments compared to that in OA alone treatments as per the ’t’-test. . 
Besides, a notable upsurge was found in the feed conversion ratio (FCR) 
of crab treated at pH 7.2 and 7.0 when matched to that in the control 
seawater and seawater with Cd (pH 8.2) respectively. Also, no signifi
cant changes were observed in the FCR of the crabs exposed to the OA 
and OA + Cd treatments as per the paired sample ’t’-test. (Fig. 2). 
Further, the two-way ANOVA indicated that the OA process influenced 

Fig. 1. (a) Level of Cd in seawater and (b) Accumulation of Cd in tissue, of 
S. serrata exposed to CO2 driven acidified seawater. n = 9, mean ± SD; bars 
sharing different letters are considered as significant at p < 0.05 among OA 
alone (lowercase letters) and OA + Cd (uppercase letters) treatments; * in
dicates the significant difference between the respective each pH of OA and OA 
+ Cd as per paired sample ‘t’ test. 
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the crab S. serrata, while Cd and OA + Cd did not influence the survival. 
Whereas, OA, Cd, and OA + Cd influenced length and weight gain in 
crabs. Moreover, OA and Cd notably influenced crabs’ molting rate 
(Supplementary Table S3). 

3.4. Biochemical elements 

In both OA and OA + Cd treatments, the protein, carbohydrate, 
amino acid, and lipid levels notably declined in crabs exposed to pH 7.8 
to 7.0 compared to the respective ambient seawater and seawater with 
Cd alone exposures at pH 8.2. The carbohydrate level of the crabs sub
jected to pH 7.8 and 7.6 showed an insignificant difference in both OA 
and OA + Cd experiments, respectively. Moreover, lipid content was 
insignificantly altered in crabs reared in OA + Cd treatments at pH 7.8 to 
7.4 and 7.2 and 7.0. Meanwhile, the level of protein and amino acids was 
found to be decreased in crabs reared in all OA + Cd treatments 
compared to OA treatments alone , however, a considerable decrease 
was noticed in carbohydrate and lipid levels of crabs exposed to OA + Cd 
at pH 7.4 and 7.2 to 7.0, respectively compared to respective OA ex
posures as per the paired sample ’t’-test (Fig. 3). In this context, indi
vidual exposure to OA, Cd, and Cd interact with OA were influenced the 
protein and amino acid levels of the S. serrata as per two-way ANOVA 
(Supplementary Table S3). 

3.5. Antioxidants and lipid peroxidation 

The level of SOD was remarkably elevated in S. serrata exposed to the 
high pCO2 seawater (pH 7.8 to 7.0) of the OA experiment compared to 
the control seawater at pH 8.2. While CAT and LPO showed a significant 
elevation in crabs at pH 7.6 and 7.0 related to crabs in normal seawater 
at pH 8.2 in OA experiments. However, an insignificant change was 
observed in the CAT and LPO of crabs exposed between pH 7.8 and 8.2 

(control seawater) of the OA experiment. In OA + Cd treatment, the 
SOD, CAT, and LPO of S. serrata showed significant elevation in pH 7.8 
to 7.0 when related to the crabs in Cd alone treatment (pH 8.2). While in 
LPO, an insignificant variation was observed in pH 7.8 to 7.2 of OA + Cd 
exposures. Moreover, paired sample ’t’-test revealed that the level of 
SOD and CAT of the crabs’ group was noted to be significantly elevated 
in OA + Cd exposure when compared to the OA alone groups. Besides 
the level of LPO showed a notable increase in pH 7.8 and 7.0 of OA + Cd 
when compared to the respective OA alone groups (Fig. 4). 

3.6. Metabolic enzymes and alkaline phosphate activity 

In the OA trial, a notable elevation was recorded in crabs treated to 
pH 7.8 to 7.0 compared to seawater at pH 8.2. While an insignificant 
difference was noted in GOT and GPT at pH 7.8 and 7.6, pH 7.6 to 7.0, 
respectively. In OA + Cd treatments, the GOT and GPT showed a notable 
elevation in pH 7.8 to 7.0 when matched to Cd only treatments at pH 
8.2. Nonetheless, an insignificant change was observed in GOT at pH 7.8 
to 7.0 in the OA + Cd experiment. Moreover, in GOT and GPT activity, 
an insignificant variation was noted in all OA + Cd treatments. In this 
context, the GOT and GPT activities were noted to be a considerable 
elevation in pH 7.8 to 7.4, and 8.2 to 7.0, respectively, in OA + Cd 
treatments compared to respective OA only treatments as per the ’t’-test 
(Fig. 5). The alkaline phosphatase activity of crabs exposed in both OA 
and OA + Cd treatment, showed a noteworthy decrease in pH 7.8 to 7.0 
when compared to the respective control seawater and seawater with Cd 
at pH 8.2. In both OA and OA + Cd treatment, an insignificant difference 
was observed in pH 7.8 to 7.0 and 7.8 to 7.4, respectively. Furthermore, 
no significant variations were observed between the OA and OA + Cd 
experiments as per the paired sample ‘t’- test (Fig. 5). 

Fig. 2. (a) Survival, (b) final length, (c) LG, (d) final weight, (e) WG, (f) Molting rate, (g) SGR, (h) FI and (i) FCR of S. serrata exposed to CO2 driven acidified seawater 
with and without Cd. n = 60 for survival, molting, FI, and FCR; n = 15 for LG, WG, and SGR; mean ± SD; bars sharing different letters are considered as significant at 
p < 0.05 among OA alone (lowercase letters) and OA + Cd (uppercase letters) treatments; * indicates the significant difference between the respective each pH of OA 
and OA + Cd as per paired sample ‘t’ test. LG, Length gain; WG, weight gain; SGR, specific growth rate; FI, feed intake; FCR, feed conversion ratio. 
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3.7. Haemocyte counts 

The total count of the haemocytes population of S. serrata was 
remarkably decreased in all OA and OA + Cd experiments when 
compared to respective control seawater and seawater with Cd alone 
treatments at pH 8.2. Moreover, the population of haemocytes was 
significantly decreased in all OA + Cd exposed groups when compared 
to the respective OA groups as per the paired sample ’t’-test. In addition, 
two-way ANOVA calculation shows that pH significantly influenced the 
haemocyte counts of S. serrata. Whereas, Cd and its interaction with pH 
failed to influence the haemocyte counts (Fig. 5). As per the two-way 
ANOVA, the OA, Cd, and OA + Cd influenced the haemocyte popula
tion of the crab S. serrata (Supplementary Table S3). 

4. Discussion 

Seawater quality is crucial in maintaining their ambient physiolog
ical activities in marine life. The excess amount of CO2 released into the 
atmosphere is one of the main factors to creates OA, which disturbs the 
carbon content of the seawater that influences the water quality 
parameter, including dissolved inorganic carbon , pCO2, aragonite, and 
calcite (Long et al., 2017; Thangal et al., 2022). Heavy metal pollution is 
another severe problem, which increases heavy metal availability in 

seawater and bioaccumulation in organisms. The increases in threats, 
including OA and metal pollution, disturb the normal physiological 
activities of the crustaceans, which create ecological implications in the 
food web (Whiteley, 2011; Adeleke et al., 2020), followed by significant 
threats to higher tropic animals. In the present study, a significant 
decline in pH, pCO2, total CO2, carbonate, calcite, and aragonite of the 
all acidified seawater in OA experiments and OA + Cd experiments 
compared to the respective control seawater (pH 8.2) and seawater with 
Cd alone (pH 8.2 + Cd) suggests that the CO2 driven ocean acidification 
can alter the physicochemical properties of seawater thereby lacking 
essential elements for marine calcareous species. An insignificant vari
ance in salinity and temperature of acidified seawater in OA and OA +
Cd experiments compared to the control seawater and seawater with Cd 
only experiments that CO2 driven acidification did not produce any 
significant changes in these properties of seawater under a laboratory 
environment. Similarly, alterations in the pCO2, HCO−

3 , ΩCa, and ΩAr 
have been observed in the CO2 driven acidified seawater (Long et al., 
2017; Anand et al., 2021). Seawater acidification experiments have 
recorded significant variations in salinity and temperature (Mur
alisankar et al., 2021; Shi et al., 2016; Cao et al., 2018a, 2018b; Thangal 
et al., 2021, 2022). 

Seawater acidification may alter heavy metals’ toxicity and increase 
toxic metal accumulations (Campbell et al., 2016). In the present study, 

Fig. 2. (continued). 
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the gradual increase of Cd accumulation in carbs under all OA and OA +
Cd environments indicates that the OA can trigger the bioaccumulation 
of Cd in S. serrata. Exclusion of Cd is a more energy-consuming process 
in aquatic animals. OA can hinder Cd exclusion by organisms due to high 
energy demand for physiological maintenance under acidic stress that 
can cause more bioaccumulation (Roberts et al., 2013). A similar result 
was observed earlier in crab Dotilla fenestrate exposed to the OA + Cd at 
pH 7.2, 7.4, and 7.6 for 96 h (Adeleke et al., 2020). Accumulation of Cd 
in the gills and digestive glands of three bivalve species, Mytilus edulis, 
Tegillarca granola, and Meretrix meretrix was observed previously at pH 
7.8 and 7.6 for 30 days (Shi et al., 2016). Also, the accumulation of Cd in 
the gills and digestive glands of Crassostrea gigas exposed to OA and Cd 
exposure for 31 days was observed earlier (Cao et al., 2018a). 

Crustaceans are connecting links between benthic and pelagic spe
cies performing an important role in the marine ecosystem food chain. 
Many economically important commercial fishes and invertebrates 
depend on larval forms of crustaceans for their dietary needs. Particu
larly, decapods are commercially vital for their delicious taste and easy 
assimilability. Crustaceans are affected by biotic and abiotic factors, 
which can influence their regular physiological activities. Therefore, 
crustaceans are considered bioindicators to find the variation in aquatic 
ecosystems (Flint et al., 2021). Due to numerous anthropogenic activ
ities, marine ecosystems are being polluted, which may lead to critical 
issues, including acidification and heavy metal contamination. A sub
stantial decline in the survival, length, length gain, weight, weight gain, 
SGR, and feed intake of the crabs in OA and OA + Cd of this current 
study indicated that the OA and OA + Cd could produce adverse effects 
in studied experimental crabs. In this context, the significant decreases 
in growth and feed intake of crab S. serrata under OA + Cd exposure 
revealed that the effect of OA with heavy metal Cd can produce more 
adverse effects on crabs than OA alone exposures. In this study, the 
increased feed conversion ratio of crabs in both OA treatments and OA 
+ Cd treatments matched to ambient seawater and seawater with Cd at 
pH 8.2 indicates the low nutrient utilization of crabs under these stress 
environments. However, insignificant differences recorded between OA 
and OA + Cd experiments indicated that both experiments had similar 
adverse effects on crabs. The digestive glands of aquatic animals are 
adversely affected by pH stress, which may cause consequences in 

appetite and feed intake (Liang et al., 2022). Also, under stressful en
vironments animals suffer from sense feeds that cause poor feeding, 
assimilation, high metabolic demand, and reduced growth (Heydarne
jad et al., 2013; Durant et al., 2023). Likewise, the reduced hatching, 
survivorship, and growth in Dungeness crab Cancer magister and golden 
king crab Lithodes aequispinus when reared at pH 7.1 for 45 days and pH 
7.5 for 127 days have been recorded respectively (MillerO et al., 2009; 
Long et al., 2021). Also, a commendable reduction in the survival , 
growth and calcification of the Tanner crab Chionoecetes bairdi and ju
venile red crab Paralithodes camtschaticus lived at pH 7.5 has been stated 
earlier by Long et al. (2013). Moreover, a study observed that acidified 
seawater and heavy metal toxicity decrease marine organisms’ growth 
and survival in bivalve Scrobicularia plana in estuaries (Ivanina and 
Sokolova, 2015). Increased mortality in bivalves M. edulis exposed to pH 
6.2 with different heavy metals (Cd, Pb, and Cu) was observed previ
ously, which indicates that the heavy metals under acidified conditions 
can alleviate metallothionein in soft tissues that can cause high toxicity 
of heavy metals (Han et al., 2014). 

Molting is a vital process in arthropods, which contributes to animal 
development, expansion, breeding, and regeneration. Both biotic factors 
(inhibit the molting hormone and development of gonads) (Gong et al., 
2015) and abiotic factors (salinity, temperature, light, and nutrients) 
(Zhao et al., 2015) affect molting in animals. In the present investiga
tion, the significant decrease in crabs’ molting suggests that the 
decreasing seawater pH can reduce the molt formation, followed by poor 
growth. Acidified seawater can reduce carbonates, decreasing CaCO3, 
which is essential for forming calcareous shells. In the present study, 
reductions in the molting rate of crabs exposed to OA + Cd compared to 
OA alone experiments indicate a more negative effect on studied crabs. 
OA can suppress chitinolytic enzymes (chitinase and N-acetyl β-D-glu
cosidase), which adversely affects crustaceans’ molt regulation (Luo 
et al., 2015; Chen et al., 2019). Besides, Cd toxicity can stimulate the 
release of molt inhibition hormone (MIH) in animals, including crusta
ceans which can affect the molting process (Ortega et al., 2022). Earlier 
studies also recorded the reduction in molting in shrimp L. vannamei (pH 
7.8 to 7.0 for 60 days) and hermit crab Pagurus criniticornis (pH 7.7 for 
120 days) under pCO2 rich seawater (Turra et al., 2020; Muralisankar 
et al., 2021). Hence, the present study is an evidence for the inhibition of 

Fig. 3. (a) Protein, (b) Carbohydrate (c) Amino acid and (d) Lipid of S. serrata exposed to CO2 driven acidified seawater with and without Cd. n = 9, mean ± SD; bars 
sharing different letters are considered as significant at p < 0.05 among OA alone (lowercase letters) and OA + Cd (uppercase letters) treatments; * indicates the 
significant difference between the respective each pH of OA and OA + Cd as per paired sample ‘t’ test. 
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molting in the crab S. serrata under the synergetic toxicity of both OA 
and Cd. 

Biochemical properties have a vital role in the nutritional index of an 
animal, which influences the physiology and biology of the animal. In 
the present investigation, the notable drop in biochemical constituents 
like protein, amino acid, carbohydrate, and lipid of crabs exposed to OA 
and OA + Cd revealed that the production of biochemical elements 
might be negatively affected in crabs at OA and OA + Cd environments 
compared to normal (control) seawater environment. Moreover, the 
considerable decreases in biochemical elements in crabs exposed to OA 
+ Cd treatments compared to OA treatments alone showed that 
combining OA with Cd can produce more adverse effects on those 
biochemical productions. Proteins, carbohydrates, and lipids are the 
main constituents of animals, which play a significant role in energy 
metabolism and growth. Animals need high-energy demands under 
stressful environments that lead to more utilization of biochemical 

elements for maintaining regular physiological activities. Poor feeding 
and digestion under both acidic and heavy metal stress (Heydarnejad 
et al., 2013) leads to decreased protein, carbohydrate, and lipid in 
experimental crabs. A previous study by Turra et al. (2020) reported a 
noticeable decline in the lipid content of the hermit crab P. criniticornis 
after being reared at pH 7.70 for 120 days. Similar reductions in total 
protein, amino acid, lipid, and carbohydrate have been observed in the 
shrimp L. vannamei and the brine shrimp A. franciscana when exposed to 
varying levels of acidified environments (pH 7.8 to 6.8) as reported by 
Muralisankar et al. (2021) and Thangal et al. (2021). Furthermore, 
Hsieh et al. (2021) reported a decrease in amino acid content in tiger 
shrimp P. monodon after exposure to pH 7.5 for four weeks. In this 
context, the present study reveals that the combined adverse effect of OA 
and heavy metal Cd on tissue biochemical elements of marine carbs. The 
observation indicates the low nutrient profile of marine edible species 
under the OA and Cd toxicity. 

Antioxidants have a special role in protecting cells. Remarkably, 
some marine animals can live in a polluted environment due to the 
shielding response against the scavenger free radicals delivered by the 
antioxidant cellular defense system (Rani et al., 2013). The antioxidant 
enzyme SOD converts into free radicle superoxide ion (O2

- ) to oxygen 
(O2) and hydrogen peroxide (H2O2) to protect cells (Jazayeri, 2012). 
Furthermore, CAT effectively transforms hydrogen peroxide into water 
and oxygen due to its capacity to eradicate cytotoxic hydrogen peroxide 
and improve the organism’s life span (Arockiaraj et al., 2012). Lipid 
peroxidation (LPO) is a process that occurs when oxygen free radicals 
rob electrons from polyunsaturated fatty acids from cell membranes, 
which initiate a self-replicating chain reaction that is harmful to the 
viability of cells. It is a sign of free radicals in cells and tissues or 
oxidative stress (Salaenoi et al., 2015). Antioxidant defense systems of 
animals could alter by pH and Cd stress and stimulate the production of 
reactive oxygen species, which cause oxidative stress by reacting with 
cellular macromolecules like lipids, proteins, and DNA that lead to 
apoptosis and membrane lipid peroxidation (Liu et al., 2011; Wang 
et al., 2011). In the present investigation, significant elevation of CAT 
and SOD of S. serrata under acidified seawater suggested that the more 
amount of antioxidants produced to reduce the toxic reactive oxygen 
species that produced by acidic and Cd stress. Moreover, the substantial 
elevation of LPO in crabs under OA and OA + Cd, when matched to 
control seawater and seawater with Cd at pH 8.2 showed cell membrane 
damage. H+ ions are essential for the production of ATP from ADP and 
inorganic phosphate (Pi) by the enzyme ATP synthase. Under an acidic 
environment, more availability of H+ ions enters body fluids through 
gills. These excess H+ ions may inhibit the active ion transport of cells 
that disrupts Na+/H+ and Cl− /HCO−

3 exchanges, thus disturbing the 
acid-base balance followed by the development of blood acidosis in 
aquatic animals (Ultsch et al., 1981; Heisler, 1982) and altering the 
regular cellular metabolism. This altering cellular metabolism might 
produce more free radicals, elevating crabs’ antioxidants. Earlier studies 
reported that the elevation of SOD, CAT, and LPO in shrimp L. vannamei 
(Muralisankar et al., 2021) and brine shrimp A. franciscana (Thangal 
et al., 2021) exposed in the acidified seawater. The considerable 
elevation in antioxidants SOD and CAT of crabs exposed to OA + Cd 
indicates that the seawater acidification with the heavy metal Cd had 
produced more adverse effects on crabs than the crabs exposed to OA 
treatments due to these combined stress environments. Similarly, a 
significant elevation in SOD and CAT has been observed in the Chinese 
mitten crab, E. sinensis, exposed in the acidified seawater (pH 7.8, 7.3, 
and 6.5) along with Cd (1 mg L− 1) for 7, 14, and 21 days (Zhao et al., 
2021). Cao et al. (2018a) noted the increment of LPO level in the oyster 
C. gigas exposed to pH 7.8 and 7.6 along with 10 μg L-1 of Cd. 

The usage and metabolism of nutrients, such as protein and carbo
hydrates, depend greatly on metabolic enzymes such as GOT and GPT. 
Massive amounts of transaminase are released into the haemolymph and 
stressors by tissue cells under liver injury during toxic stress. The in
creases in the concentration of heavy metals like Cu and Cd, and 

Fig. 4. (a) SOD, (b) CAT, and (c) LPO of S. serrata exposed to CO2 driven 
acidified seawater. n = 9, mean ± SD; bars sharing different letters are 
considered as significant at p < 0.05 among OA alone (lowercase letters) and 
OA + Cd (uppercase letters) treatments; * indicates the significant difference 
between the respective each pH of OA alone and OA + Cd as per paired sample 
‘t’ test. SOD, superoxide dismutase; CAT, catalase; LPO, lipid peroxidation. 
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decreased water pH can cause energy transformations in animals, 
including crustaceans, to manage toxic stress, thereby changing GPT and 
GOT activity (Kim et al., 2021; Thangal et al., 2022). In the OA trial, 
commendable elevation in crabs subjected to pH 7.8 to 7.0 in both OA 
alone and OA + Cd treatments reveals the negative impact of these 
stressors on the hepatopancreas of crabs. Further, significant improve
ments in GOT and GPT of crabs treated with OA + Cd compared to OA 
alone treatment show these two stressors’ synergistic effect on the 
experimental crab due to high energy requirement under this stressful 
environment. The previous studies publicized the increment of GOT and 
GPT activity in the brine shrimp A. franciscana and shrimp L. vannamei 
exposed to the acidified seawater (Muralisankar et al., 2021; Thangal 
et al., 2021). Therefore, the present study indicates the adverse com
bined effect of OA and Cd heavy metal on the metabolic enzyme activity 
of S. serrata. 

Alkaline phosphatases are present in several living organisms. They 
are essential for several vital processes, including DNA synthesis, protein 
synthesis, carbohydrate metabolism, bone calcification, and the reduc
tion of inflammatory responses by the innate immune system. They also 
hydrolyze various physiological substances, including phosphate. 
Alkaline phosphatase (ALP) is strongly active in the cells of mineralized 
tissue and is essential for developing hard tissue (Vimalraj, 2020). In the 
current study, a significant decrease in ALP at OA and OA + Cd treat
ments when matched to the crabs reared in normal seawater pointed out 
the unfavorable impact of OA and Cd on crabs that lead to poor physi
ological activities like decreased acid-base balance, biomineralization, 
metabolism, innate immune system, and growth. A similar result was 
observed in crab S. serrata, Cardiosoma armatum, and Tachypleus tri
dentatus exposed to the acidified seawater (Lawal-Are et al., 2021; Liu 
et al., 2022; Thangal et al., 2022). ALP is a nonspecific enzyme that 
hydrolyzes various phosphate-containing compounds and considerable 
changes in ALP in animals indicate abnormal hepatic activity and liver 

damage under the stress environment (Zhang et al., 2018). 
Hematological indicators like total blood cells can be used to deter

mine an organism’s physiological and immune state. Three types of 
blood cells are present in green crabs’ haemolymph: hyaline cells and 
semi and large-granule haemocytes. Hyaline cells are naturally small 
and have a high nucleocytoplasmic ratio and thin cytoplasmic granule 
content. Semi and large granule haemocytes are distinguished by the 
dominance of small and large electron-thick granules in their cytoplasm 
(Clare and Lumb, 1994). The haemocytes of crustaceans play a critical 
function in host immune responses, including identifying pathogens, 
melanization, phagocytosis, cytotoxicity, and cell communication 
(Johansson et al., 2000). In the present investigation, the considerable 
declining level of haemocyte populations of studied crabs in OA + Cd 
reveals the detrimental effect compared to crabs reared in OA alone 
experiment. It has been assumed that under a low pH environment, 
acidosis may occur in the crabs’ haemolymph, which seems to alter the 
physiology of haemocytes and cell death by apoptotic processes (Meseck 
et al., 2016). This present outcome study is consistent with previous 
studies in L. vannamei, which showed that the count of blood cell pop
ulations was reduced once shrimp were reared in CO2 driven acidic 
seawater (pH 7.8, 7.6, 7.4, 7.2, and 7.0) for 60 days (Muralisankar et al., 
2021). An earlier study denotes that OA, acidification, and Cd exposure 
in Pacific oyster C. gigas have decreased the number of haemocytes in 
lower pH (7.8 and 7.6 for 31 days) compared to the control (Cao et al., 
2018b). 

5. Conclusion 

The present study revealed the detrimental effect of OA (pH 7.8 to 
7.0) with Cd (0.01 mg L-1 ) on growth, tissue biochemical elements, and 
haemocytes population with signs of considerable improvements in 
stress biomarkers (antioxidants and metabolic enzymes) and Cd 

Fig. 5. (a) GOT, (b) GPT, (c) ALP, and (d) haemocyte population of S. serrata exposed to CO2 driven acidified seawater. n = 9, mean ± SD; bars sharing different 
letters are considered as significant at p < 0.05 among OA alone (lowercase letters) and OA + Cd (uppercase letters) treatments; * indicates the significant difference 
between the respective each pH of OA and OA + Cd as per paired sample ‘t’ test. GOT, Glutamic oxalic transaminase; GPT, Glutamic pyruvic transaminase catalase; 
ALP, Alkaline phosphate. 
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accumulation in S. serrata. Moreover, the interaction effects of OA and 
Cd significantly affect the growth, protein, amino acid, and haemocytes 
population of S. serrata, which indicates the synergistic activities of 
these two stressors on the studied crab species. Hence, the present study 
suggests the toxicity of Cd can be higher in the mud crab S. serrata instars 
under decreased ocean pH. Nonetheless, the combined effect of OA and 
Cd showed minimal parameters, therefore, it indicates the selected Cd 
dose was minimal for this crab species, and future studies are required to 
study the effect of OA on the environmental level of Cd on marine crabs. 
Besides, the biochemical and molecular pathway of the interactive effect 
of OA and Cd in S. serrata also needs to the studied further. 
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