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Abstract

The major carp Rohu (Labeo rohita) is a prime freshwater aquaculture species across

the Indian subcontinent that faces various production-related issues associated with

water quality parameters. The present study examined the effects of three different

doses of NH3 (T1 = 1 mg/L, T2 = 2 mg/L and T3 = 3 mg/L) on cellular (gill ultra-

structure), physiological (growth and oxygen consumption rate), biochemical (blood

cell counts, blood cortisol and glucose levels) and genetic (expression of five genes

involved in growth, immunity andmetabolism) traits of Rohu. The experimental ammo-

nia dose significantly affected the tested biological parameters (p < 0.05), causing

moderate-to-severe gill tissue damage. In general, compared with those in the con-

trol group, 16%–25% slower growth, 12%–30% lower survival and 15%–56% higher

O2 consumption were observed for the treatment groups. Blood glucose and corti-

sol levels increased with increasing ammonia levels, but blood cell counts decreased.

The five selected candidate genes showed a differential expression pattern in response

to the ammonia dose, with higher expression in the control group and lower expres-

sion in the treatment groups. The results indicate that different concentrations of

ammonia impose stress on different orders of magnitude in the experimental fishes.

Therefore, it can be inferred that the presence of ammonia in aquatic/farming envi-

ronments can adversely affect production performance; the severity of damage during

production depends on the concentration of ammonia. Therefore, maintaining no or

minimum ammonia levels in farming environments is urgently needed for sustainable

aquaculture production of Rohu.
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1 INTRODUCTION

Aquaculture has become one of the fastest growing food production

systems worldwide over the last few decades, attempting to fill the

gap in supplying fish for human consumption that wild catch fisheries

cannot meet (Food and Agriculture Organization [FAO], 2020; Hunter

et al., 2017). Aquaculture alone has contributed17%of the total animal

protein supply for human consumption in recent years, and thedemand

for aquaculture products is increasing gradually (Boyd et al., 2022;

FAO, 2020). To meet the growing demand for fish, various aquacul-

ture techniques, including theuseofdifferent typesof feed ingredients,

chemicals, fertilizers and probiotics, are employed; these techniques

generally result in increased nitrogen production (particularly ammo-

nia [NH3]) (He et al., 2000; Rahi & Shah, 2012a). The presence of NH3

(above the tolerance limit) in aquaculture ponds can severely affect

production systems, causing growth retardation, reducing feed intake

(FI), damaging different tissues (adversely affecting the nervous sys-

tem) and increasing vulnerability to diseases (Constable et al., 2003;

Muhammad et al., 2023; Randall & Tsui, 2002). All of these factors

ultimately cause economic loss to farmers through production failure.

Ammonia is known to adversely affect the cellular, physiological,

biochemical and genetic traits (entire biological system) of aquatic

organisms. At the cellular level, NH3 can rupture different cells and

tissues (e.g. gill, kidney, liver), create barriers in the gill lamellae that

restrict O2 intake and affect the central nervous system (Moshtaghi

et al., 2018; Muhammad et al., 2023; Rahi et al., 2020). As a result,

fish may suffocate, and ruptured/damaged tissues can become easy

targets for different microbes, subsequently increasing susceptibility

to disease. From a physiological perspective, lower O2 consumption

reducesmetabolic activity and FI, resulting in lethargic conditions with

growth retardation (Rahi, Mather, et al., 2021). Damage at the bio-

chemical level includes hormonal imbalance, blood cell lysis and/or

deformity and changes in the amount of amino acids (Rahi, Mahmud,

et al., 2021). The genetic aspects include changes in gene expression

and DNA damage (Rahi & Shah, 2012a; Rahi, Azad, et al., 2021). All

of these factors increase susceptibility to diseases, reduce growth and

cause fish to become weak and moribund. Therefore, the presence

of NH3 in aquaculture farms is adversely linked to growth (Lemarie

et al., 2004), survival (Tarazona et al., 1987) and overall production

performance.

There are several ways through which fish farmers may attempt to

reduce ammonia. These include reducing feeding rates and/or using

low-proteindiets,water exchangeandadequate aeration (Hunter et al.,

2017; Patoczka & Wilson, 1984). Feed may remain an issue due to

nutritional constraints on the species being cultured, but the latter two

methods for reducing ammonia should be easily applied (Constable

et al., 2003). However, in many farms of developing countries, uncon-

taminatedwater and/or facilities for sufficient aeration are unavailable

(Afroz et al., 2021; Rahi & Shah, 2012b). Therefore, the negative effects

of higher levels of ammonia in developing countries pose challenges for

many aquaculture species.

The Indianmajor carpRohu (Labeo rohita) is an important freshwater

aquaculture species and a major species in inland open water systems

across theentire IndianSubcontinent, includingBangladesh (Rahi et al.,

2013; Shah et al., 2011; Sabbir et al., 2017). This single species con-

tributes≈8% of the total freshwater fish production in Bangladesh (Ali

et al., 2015; Department of Fisheries [DOF], 2021b). In the last fis-

cal year, almost 300,000 MT of Rohu were produced in Bangladesh

(DOF, 2021b; Mridul et al., 2024). Although Rohu is the major fresh-

water aquaculture species in Bangladesh, the production of this fish is

severely hampered due to relatively slow growth and disease-related

issues. The major challenges associated with the production system

of Rohu include inappropriately designed farms (i.e. without aeration

or limited access to good-quality water), cheap and low-quality local

feed ingredients (lower consumption rates due to rapid braking down,

resulting in a higher decomposition rate) and nitrogen loads, which

inevitably result in poor production performance (Ali et al., 2008;

Islam et al., 2015; Mridul et al., 2024). Ammonia is commonly found in

Rohu farms, which regularly experience poor production performance.

Therefore, there is an urgent need to investigate the effects of dif-

ferent doses of ammonia (NH3) on different biological parameters in

Rohu. This approach can help detect the intensity of stress and damage

caused by different NH3 concentrations on Rohu, which will provide a

foundation of knowledge for minimizing adverse effects.

Although Rohu is the major freshwater aquaculture species in

Bangladesh, no studies have investigated the effects of ammonia on

different biological parameters of this species. Several important bio-

logical markers widely used to investigate stress levels in fish include

cellular (blood cell deformity, gill ultrastructure), physiological (growth,

survival rate, developmental duration, oxygen consumption and FI),

biochemical (blood glucose and hormone levels) and genetic (mRNA

expression levels of selected genes) aspects (Akram et al., 2023;

Islam et al., 2014; Mridul et al., 2024; Rahi, 2017; Rahi et al., 2022).

Some important stress-responsive genetic markers include changes in

the expression patterns of growth regulatory (e.g. insulin-like growth

factor I [IGF-I], growth hormone [GH]), metabolic (e.g. glycerol-3-

phosphate [G-3-P]) and immune (e.g. hepcidin, interleukin-1) genes,

among others (Chowdhury et al., 2023; Rahi et al., 2023). Testing the

effects of different doses of ammonia on these biological markers in

Rohu will help to measure the level of imposed stress and the mech-

anisms (how ammonia affects the production of Rohu) involved in the

loss or failure of aquaculture production. Several specific attributes,

including the easy availability of seeds, good domestication status and

acceptability of artificial feed, have made this species an ideal candi-

date for testing the effects of different doses of ammonia. Therefore,

this study was conducted to investigate the effects of three differ-

ent doses of ammonia (in the form of NH4Cl) on the selected cellular,

physio-biochemical and genetic changes in Rohu.

2 MATERIALS AND METHODS

2.1 Experimental Rohu collection

Animal ethics approval was obtained from the appropriate authority

(the Animal Ethics Committee) of Khulna University (Ref. No.: KUAEC-

2021/09/21). Rohu fry (30-dayoldwith≈0.5gmeanbodyweight)were

collected from a government hatchery (Fish SeedMultiplication Farm)
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located beside the Khulna University campus. A total of 300 fry from

the same cohort were collected from the hatchery and brought to the

Wet Laboratory of Fisheries andMarine Resource Technology (FMRT)

Discipline, Khulna University. Rohu fry were transportedwith supplied

oxygen during transportation.

2.2 Experimental tank preparation and
acclimation

In total, 12 glass tanks (30 L each) were cleaned and prepared for

maintaining Rohu fry. The experimental tanks were filled with water

collected from the nursery pond of the hatchery (up to 25 L) and

maintained with continuous aeration. In each tank, 25 Rohu fry were

randomly allocated and maintained under continuous aeration for 10

days to acclimate to the tank environment. Fingerlings were fed high-

quality commercial nursery feed (CP Co. Ltd.; containing 33% crude

protein) at a rate of 10% of the total biomass. Bottom debris (uneaten

food particles and faecal material) was siphoned out daily to maintain

optimumwaterquality in theexperimental tanks and toestimateFI and

the feed conversion ratio (FCR) (growth-related parameters).

2.3 Ammonia challenge test

Following initial acclimation for 10days, Rohu frywere challengedwith

three different doses of ammonia, using ammonium chloride (NH4Cl).

The control group consisted of no ammonia, whereas the treatments

included three different doses of ammonia: T1 = 1 mg/L NH4Cl,

T2=2mg/LNH4Cl andT3=3mg/LNH4Cl. A stock solution (250mg/L)

was prepared by mixing 500 mg of NH4Cl with 2 L of tap water. An

appropriate amount of this solution was added to the experimental

tanks to achieve the target concentrations for T1–T3. The concentra-

tions of ammonia in the experimental tanks were increased at a rate of

1mg/L per day. The concentration of ammoniawas increased by slowly

pouring 100 mL of stock solution into the experimental tanks (100 mL

of stock solution containing 25mg of NH4Cl, which provides an ammo-

nia concentration of 1 mg/L because each of the tanks holds 25 L of

water). It took 12 h to add the mL of stock solution into the replicate

treatment tanks (25 mL of stock solution was added at 3 h intervals).

To achieve the three treatments simultaneously, stock solution was

added to the replicate tanks of T2 and T3 1 and 2 days before T1. Rohu

farms that experience higher rates of mortality and production fail-

ure are found to have ammonia levels ranging between 1 and 2.8 mg/L

(DoF, 2021a). This report provides uswith a baseline for selecting three

doses of NH4Cl for the current study.

2.4 Growth and survival

Toestimate growthperformance, thebodyweights of the experimental

Rohu cockroachesweremeasured at 15-day intervals using 30 individ-

uals from each treatment (10 fish were randomly collected from each

of the replicate tanks). Survival rates were estimated by deducting the

number of individuals from the beginning to the end of the experiment.

Further growth-related parameters were measured according to the

following equations (Rahman et al., 2022; Zeynali et al., 2020):

DWG (%) = {(BWf − BWi) ∕ (BWi × t)} × 100

SGR (%) = {(ln BWf − ln BWi) ∕t} × 100

FCR = feed intake (g) ∕weight gain (g)

FI
(
g fish 1 days

−1
)

= (dry diet given − dry remaining diet recovered)

∕number of fish

where DWG is daily weight gain, BWf is final body weight, BWi is ini-

tial body weight, t is total experimental time (60 days), SGR is specific

growth rate, FCR is feed conversion ratio and FI is feed intake.

2.5 Oxygen consumption rates

Experimental Rohu plants were sampled at nine different time inter-

vals to measure differential changes in O2 consumption rates. The

sampling times for measuring specific changes in ammonia levels and

O2 consumption were as follows: day 1 (immediately after achieving

the target ammonia levels); day 2; day 3; day 4; day 5; day 10; day 20;

day 30; and day 60. O2 consumption rates were estimated in a 250 mL

flow respirometric chamber (Q-Box Aqua Respiratory System, Qubit)

according to Rahi et al. (2017, 2022) using the following equation

(Rosas et al., 2001):

O2consumption = [O2en −O2ex] × FR

where thewater flow rate is 1.5 L h−1 in the respirometric chamber, O2

en is the amount of O2 at the entry of the respirometric chamber and

O2 ex is the amount of O2 during exit.

2.6 Blood cell counts

Three replicate fish were collected from each experimental condition,

after which the total blood cell count was determined. From each fish,

50μLofbloodwas collectedviaheparinizedmicroinjection, afterwhich

the blood was immediately transferred to Eppendorf tubes containing

an equal volume (50 μL) of 20 mM EDTA. Following this step, 100 μL
of 10% neutral buffered formalin was added to the blood samples,

which were then maintained at ambient temperature for 30 min to

fix the samples. The samples were then serially diluted 2, 4, 8, 16 and

32 times using ice-cold phosphate-buffered saline (20 mM, pH 7.2)
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(Witeska et al., 2022). Finally, the total number of normal blood cells

was counted using a hemocytometer (Boeco) and checked under a

microscope (SOLARIS-TLED) at 100×magnification.

2.7 Determination of blood glucose and cortisol
levels

In total, 200 μL of blood was collected from each fish (three replicate

fish from each experimental group) for estimating blood glucose and

stress hormone (cortisol) levels. Collected blood sampleswere immedi-

ately transferred to1.5mL tubes containing200μLofheparin (Zentiva)
to avoid blood clotting (Pravda & Svobodová, 2003). The anticoagu-

lated blood of 100 μL was centrifuged at 800 × g (4◦C) for 10 min to

isolate blood plasma for the determination of glucose levels. Glucose

assays were performed using a commercial kit (Glu L 1000, PLIVA-

Lachema). The remaining 300 μL blood samples were used to obtain

adequate quantities of plasma for assaying cortisol levels. Blood sam-

ples were centrifuged at 16,000 × g (at 4◦C) for 2 min. Finally, 80 μL
plasma samples were used for determining cortisol levels according to

Islam et al. (2011), Moshtaghi et al. (2017) and Akram et al. (2023) by

using a monoclonal antibody enzyme-linked immunosorbent assay kit

(Enzo Life Sciences).

2.8 Gene expression profiling

All individuals were required to investigate the expression patterns of

different genes due to their small size. Sampling was performed in trip-

licate across nine different time series, as mentioned earlier for O2

consumption rate analysis. Total RNA was extracted from the exper-

imental fish samples using the TRIzol/chloroform extraction method

and a commercial RNA extraction kit (SERVA). Total RNA integrity

(quality and quantity) for each sample was evaluated using 2% agarose

gel electrophoresis and a NanoDrop 2000 Spectrophotometer (Nabi).

The high-quality RNA samples were preserved at −80◦C for subse-

quent analysis. Complementary DNA (cDNA) was synthesized from

the total RNA samples (using 1 μg of RNA for each sample) by using

the SensiFAST cDNA synthesis kit (Bioline) according to the manufac-

turer’s protocol. cDNA samples were then preserved at −20◦C until

further analysis.

Five different genes with different functional roles were used for

gene expression analysis; these included genes related to growth

and metabolism (GH, IGF-I and G-3-P) and immunity (hepcidin and

interleukin-1). We chose elongation factor 1 alpha as the reference

gene because its suitability has been well documented in numerous

aquatic species (Chowdhury et al., 2023; Moshtaghi et al., 2018; Sahu

et al., 2015; Zeynali et al., 2020). The candidate genes were selected

due to their inferred functional roles in several earlier studies (Aziz

et al., 2017; Moshtaghi et al., 2016; Rogl et al., 2018; Sahu et al.,

2015). Sequences of the target genes were collected from Sahu et al.

(2015) todesigngene-specific primers (Table1) usingPrimer3 software

(Untergasser et al., 2012). Reactionswere performed in 20 μLmixtures

containing 10 μL of 2× SensiFAST SYBR No-ROXMix (Bioline), 3 μL of
ultrapure water, 5 μL of template cDNA and 1 μL of each forward or

reverse primer. Reactions were then performed in triplicate for each

sample using a real-time PCR system (Bio-Rad). At the end of each

reaction, standard melt curve analysis was performed to confirm the

amplification of a single-qPCR product. Finally, gene expression (rela-

tive gene expression) data were analysed using the ΔΔCtmethod (Aziz

et al., 2018; Pfaffi, 2001; Rahi et al., 2019) according to the following

equation:

relativegeneexpression (R) = 2−[ΔCt targetgene−ΔCt reference gene]

2.9 Gill ultrastructure through scanning electron
microscopy (SEM)

Fish samples from each condition were dissected to obtain fresh gill

tissue, which was immediately preserved in 2.5% glutaraldehyde solu-

tion. The preserved gill samples were dehydrated gradually through

a series of ethanol (different concentrations of ethanol: 30%–100%)

washing steps (Figure S1). Sampleswere subjected to another round of

serial dehydration steps using various concentrations of hexamethyl-

disilane (HDMS) (25%–100%) according to Figure S2. The gill samples

were then air-dried at room temperature for overnight. Next, the sam-

ples were gold coated for 180 s (∼40mA) by using an Edwards Sputter

Coater for examination with an FEI Quanta 200 ESEM using the con-

ventional mode (high vacuum) and a Thornley–Everhart secondary

electron detector.

2.10 Statistical analyses

Different types of data obtained in this study were tested for normal-

ity and homogeneity of variance using the Kolmogorov–Smirnov test

and Levene’s test, respectively, in SPSS (version 23) software. Differ-

ent types of data were also evaluated for one- and two-way analyses

of variance (ANOVAs) using a 5% level of significance (p< 0.05). Treat-

ments and sampling times were considered independent variables for

a two-way ANOVA, whereas comparisons were made only between

treatments for one-way ANOVA. The dependent variables were dif-

ferent physiological (growth and O2 consumption), biochemical (number

of blood cells, glucose and cortisol levels) and genetic (gene expression)

parameters. Tukeyʼs HSD test was performed to compare the means

of different parameters. The different types of results are presented

in the tables and graphs as the mean ± standard error. The R package

(version 3.5.1) was used for correlation plotting among the different

parameters: (i) growth and O2 consumption, (ii) growth, glucose and corti-

sol levels, (iii) growth and expression of growth-related genes and (iv) blood

cell counts and expression of immunity genes.
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TABLE 1 Gene-specific forward (F) and reverse (R) primer sequences with specific details of product length (base pair) and annealing
temperature (Mridul et al., 2024; Sahu et al., 2015).

Candidate gene Primer sequence (5′–3′) Product length (bp) Annealing temperature

Insulin-like growth factor I (IGF-I) F: CCCGGGGTCAAAATGCAGCT 120 62

R: GGGGTAACTCAGGCCACGGA

Growth hormone (GH) F: AGAAGCTCTTGCAGCCCTCG 118 58

R: CCACAGAACGTGTTGCGGGA

Glycerol-3-phosphate (G-3-P) F: CGTCCTGTTCACTGCACCCAG 112 60

R: ATGCCACAGCAGACGTCGCT

Hepcidin F: TGCAGGTCTCTGTGGTGGTG 130 61

R: ACAGCTGGATGCTGGGCAGT

Interleukin-I F:AGCAGGAAGGATTTGAGGCACT 110 56

R: GGGCGCACTTTGCTTCCTCT

Elongation factor 1 alpha (EF 1α) F:TTCGAGCAGGAGATGGGCACTG 114 60

R: GCATCCTGTCAGCAATGCCA

F IGURE 1 Changes in bodyweight (±S.E.) of experimental Rohu at 15-day interval (N= 30 fish samples per sampling time). Different letters
above the bars indicate significant difference at 5% level of significance.

3 RESULTS

3.1 Ammonia-induced changes in growth and
survival

Experimental ammonia treatments significantly altered thegrowthand

survival performance (F (3, 120) = 83.7, p = 0.01) of Rohu (Figure 1

and Table 2). Significantly, greater growth (p < 0.05) was observed for

the control treatment than for the other treatments throughout the

experiment. Different doses of ammonia also had significant effects

on various growth-related parameters (DWG, SGR, FI and FCR) and

survival in the Rohu population (Table 2). No significant differences

were observed between the treatments (T1–T3) up to the 15th day,

afterwhich significant differences (p<0.05)were evident between the

treatment groups (Figure 1). T1 showed significantly greater growth

than did T2 and T3 up to the 45th day, after which T1 showed sig-

nificantly greater growth than did T3. No significant differences were

observedbetweenT2andT3 from thebeginning to the45thday, butT2

showed significantly greater growth than T3 by the end of this study.

3.2 Changes at the cellular level (gill
ultrastructure and blood cell deformity)

Ammonia treatmentswere found to adversely affect the gill ultrastruc-

tural view (SEM imaging) of the experimental Rohu (L. rohita). Clear

structures of gill lamellae and filaments were observed for the control

group, whereas the treatment groups showed slight-to-severe dam-

age (Figure 2). Slight damage to gill tissue was observed at the lower

ammonia dose (T1), but severe damage was observed at T2 and T3.
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TABLE 2 Effects of ammonia treatments on different growth parameters of Rohu (Labeo rohita).

Growth parameters Control T− 1 T− 2 T− 3

Initial weight (BWi) (g) 0.4 ± 0.06a 0.4 ± 0.05a 0.4 ± 0.07a 0.4 ± 0.06a

Final weight (BWf) (g) 1.59 ± 0.5a 1.32 ± 0.4b 1.29 ± 0.4c 1.19 ± 0.3c

Daily weight gain (DWG) (%) 4.96 ± 0.6a 3.83 ± 0.8b 3.71 ± 0.8b 3.29 ± 0.6c

Specific growth rate (SGR) (%) 2.30 ± 0.2a 1.99 ± 0.3b 1.95 ± 0.4b 1.82 ± 0.3c

Feed intake (g g−1 day−1) 0.152 ± 0.008a 0.157 ± 0.009b 0.159 ± 0.009b 0.161 ± 0.008b

Feed conversion ratio (FCR) 3.06 ± 0.3a 4.10 ± 0.4b 4.28 ± 0.4b 4.89 ± 0.5c

Survival rate (%) 96 ± 2.3a 77 ± 5.2b 64 ± 6.1c 51 ± 4.2d

Note: Different superscripts indicate significant difference at 5% level of significance.

F IGURE 2 Gill ultrastructure of Rohu (Labeo rohita) through scanning electronmicroscopy (SEM): C= control, T1= 1mg/L NH3, T2= 2mg/L
NH3 and T3= 3mg/L NH3. Labels with different letters and colour in the figure indicate the degree of change/damage in the gill tissue, including
(a) normal structure of gill filament in control condition, (b) normal structure of gill lamellae in control condition, (c and d) slightly damaged gill
filament and lamellae in T1 (1mg/L NH3), (e) heavy load ofmucus/slime cells in T2 (2mg/L NH3) and T3 (3mg/L NH3), (f) damaged gill filament in T2
and T3, (g) ruptured gill lamellae in T2 and (h) severely ruptured gill lamellae in T3. Images were taken at 1000×magnification covering 20 μmarea.

Heavy loads of mucus/slime cells were observed at higher ammonia

doses (T2 and T3). Both the gill lamellae and gill filaments were rup-

tured in T2 and T3. Like those of the gill ultrastructure, the blood

cells of the experimental Rohu were also adversely affected by the

ammonia treatments. The type of blood cell deformity and the num-

ber of deformed blood cells (Figure 3) were found to vary significantly

(p < 0.05) among the treatments. No deformed cells were observed

in the control group, whereas variable numbers of deformed cells or

deformity types were observed at T1–T3. The number of deformed

blood cells was significantly different (p < 0.05) among the treat-

ment groups; a greater number of deformed cells was observed with

increasing ammonia concentrations (i.e. T3> T2> T1).
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F IGURE 3 Types of blood cell deformities of experimental Rohu (Labeo rohita) at different doses of ammonia (imagewas taken at 100×
magnification covering 5 μmarea): C= control, T1= 1mg/L NH3, T2=mg/L NH3 and T3=mg/L NH3. Here, the labels with different letters
indicate (a) normal blood cells of control group (no deformity of blood cells). Different types of blood cell deformities in treatment groups include
(b) change in shape/size of nucleus, (c) breakdown of nucleus, (d) complete lysis/breakdown of cell wall, (e) kidney shaped nucleus, (f) micro nuclei
formation and (g) double nucleus formation.

F IGURE 4 Ammonia induced changes (Mean± S.E.) in the rate of O2 consumption in experimental Rohu (Labeo rohita) across the sampling
times. Different letters above the bar indicate significant difference at 5% level of significance.

3.3 Changes in the rate of O2 consumption

TheO2 consumption rates of the experimental Rohuplantswere signif-

icantly affected (F (3, 120) =98.2,p=0.00) by the treatments. Initially, no

significant differenceswereobserved among the treatments (Figure4).

Then, significantly greater O2 consumption rates (p < 0.05) were

observed for the treatments than for the control from day 2 to the end

of the experiment. No significant differences were initially observed
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F IGURE 5 Changes in the number of blood cell counts for experimental Rohu (Labeo rohita) across different sampling times.

between the treatments (T1–T3) (up to day 2), after which significant

differences were observed among the treatments. Ammonia-treated

Rohu plants exhibited increasing trends in O2 consumption up to day

3, followed by a declining trend up to the fourth day, after which O2

consumption remained stable for the remaining time.

3.4 Blood cell counts

Significant differences were observed for the total number of blood

cells (F (3, 120) = 55.9, p = 0.02) among the experimental Rohu pigs

(Figure 5). Blood cell counts were significantly greater in the Rohu

group than in the treatment group (p < 0.05) from the second day to

the end of the experiment. No significant differences were observed

for blood cell counts between the treatments (T1–T3) from beginning

to end. The total numberof blood cells generally decreased through the

fifth day, followed by a stable trend until the end of the study (Figure 5).

3.5 Changes in blood cortisol levels

Different doses of ammonia significantly altered the blood cortisol lev-

els in theRohu study (F (3, 120) =76.4, p=0.00), whereas a dose-specific

response (higher levels of cortisol with increased ammonia doses) was

also observed (Figure 6). Significantly, lower (and stable) cortisol lev-

els were found in the control group for the entire experimental period.

Ammonia treatments (T1–T3) produced significantly greater levels of

cortisol (p < 0.05) than did the control throughout the course of the

experiment. The general trend in cortisol levels was found to be an

increasing trend up to the 5th day (the peak level of cortisol for the

three treatments), followed by a declining trend up to the 10th day

and a stable trend for the remainder (Figure 6). No significant differ-

ences were detected between the treatments (T1–T3) up to the 2nd

day, after which T3 had significantly greater cortisol levels (p < 0.05)

than did T1 and T2 throughout the course of the experiment, with a few

exceptions (3rd, 10th and 30th days: No significant differences were

evident between T2 and T3 during these sampling times). No signifi-

cant differences were observed between T1 and T2 up to the 3rd day,

after which the differences between these two treatments were irreg-

ular (significant differences were found only at the 4th, 5th, 20th and

60th days).

3.6 Changes in glucose levels

Changes in blood glucose levels were significantly affected by the

ammonia treatments (F (3, 120) = 68.1, p = 0.03). T1–T3 showed almost

double the glucose concentration compared to that of the control

(Figure 7). The generalized pattern in ammonia dose-specific glucose

levels was found to be an initial increasing trend up to the 5th day

(the peak levels for blood glucose), followed by a declining trend up

to the 30th day and, finally, a stable pattern for the remainder. All

three ammonia treatments resulted in significantly greater glucose lev-

els than those in the control from the beginning to the end of the

treatment. No significant differences were found between the treat-

ments (T1–T3) on the1st day, but significant differenceswereobserved

among the treatments; in particular, T3 had significantly higher glucose

levels than did T1 and T2 from the 2nd day to the end (Figure 7), with

some exceptions (there was no difference between T2 and T3 on the

2nd and 30th days). Significant differences were observed between T1

and T2 from the fourth day to the end of the study.

3.7 Relative expression levels of target candidate
genes

Different doses of ammonia significantly affected the relative expres-

sion levels of growth regulatory genes (IGF-I and GH) in the Rohu

population (Figures 8 and 9). In comparison to those in the control

group, the expression levels of the two growth regulatory genes in the

control group were ≈twofold higher expression levels (F (3, 120) = 96.5

& 97.3, p = 0.00). No significant differences were initially observed
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ZEEHAD ET AL. 9 of 15

F IGURE 6 Experimental ammonia dose specific changes in blood cortisol levels of Rohu (Labeo rohita) across the sampling times.

F IGURE 7 Changes in blood glucose levels of experimental Rohu (Labeo rohita) across the sampling times.

F IGURE 8 Changes in relative expression levels of insulin-like growth factor I (IGF-I) gene for experimental Rohu (Labeo rohita) across the
sampling times.
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F IGURE 9 Changes in relative expression levels of growth hormone (GH) gene for experimental Rohu (Labeo rohita) across the sampling times.

between the control and ammonia treatments for the two growth

genes (first day), after which the control group showed significantly

greater expression levels for the entire experimental period. No signifi-

cant differences were detected for IGF-I expression among the ammo-

nia treatments up to the second day, after which T1 and T2 showed

significantly greater expression levels than T3 during the remain-

ing time frame (Figure 8). No significant differences were observed

between T1 and T2 for IGF-I throughout the experiment. For the GH

gene, no significant differences were found between the control and

treatment groups at the beginning (first day), after which the expres-

sion of the GH gene significantly increased (p < 0.05) in the control

group comparedwith that in the ammonia treatment group throughout

the experiment (Figure 9). T1 and T2 presented significantly greater

expression levels than T3 from the third day to the end, whereas signif-

icant differences were observed between all three treatments on the

second day.

Similarly, the expression of the metabolic gene G-3-P exhibited the

opposite pattern from that of the growth genes, in which all three

ammonia-treated Rohu plants (T1–T3) exhibited significantly greater

(F (3, 120)=82.6, p=0.00) expression levels thandid the control plants

(Figure 10). At the start of this experiment, no significant differences

were found among the treatments, after which the ammonia treat-

ments resulted in significantly greater expression (p < 0.05) than did

the control for the entire experimental period. T3 showed significantly

greater expression levels than T1 and T2 from the second day to the

end, whereas no significant differences were evident between T1 and

T2 from the third day to the end.

Like for the growth genes, ammonia treatments considerably influ-

enced the expression levels (F (3, 120) = 92.8 & 89.4, p = 0.00)

of immune response genes (hepcidin and interleukin-1) of Rohu

(Figures 11 and 12). The control group exhibited significantly greater

(p<0.05) expression levels (almost double) of these two genes than did

the three ammonia-treated groups from the second day to the end of

the treatment. The expression of hepcidin was found to be highly vari-

able among the three treatment groups from the second day to the

end of this study (Figure 11). No significant difference was detected

between treatments up to the second day. T1 showed significantly

greater expression than T3 from the 3rd day to the 10th day, fol-

lowed by no significant difference from the 20th to the 30th days and

finally a significant difference on the 60th day. Similarly, the expression

of interleukin-1 was similar to that of hepcidin among the treatment

groups (Figure 12).

4 DISCUSSION

The significantly lower growth and survivability (p < 0.05) of the

ammonia-treated Rohu plants (L. rohita) (Table 2 and Figure 1) clearly

indicated adverse effects on the experimental fishes. O2 consumption

increased with increasing experimental ammonia dose (Figure 4). The

stable O2 consumption rates and significantly greater growth of the

control group throughout the experiment indicated that there was no

imposed stress. A significant positive interaction (R2 = 0.72; p < 0.05)

between growth and O2 consumption (Figure S3) indicated the impor-

tant role of O2 consumption in the growth of Rohu. A higher rate of

O2 consumption generally indicates greater metabolic performance,

which in turn enhances growth (Loughland & Seebacher, 2020; Rahi,

Mather, et al., 2021; Rahi, Mahmud, et al., 2021). Fish also tend to con-

sumemoreO2 under stressful conditions tomeet the increasingenergy

demand, which helps to counterbalance the adverse effects of stres-

sors (Rahi et al., 2020; Rajendiran et al., 2016). Thus, the decreased

growth of Rohu coupled with increased O2 consumption in the treat-

ment groups (T1–T3) likely occurred due to an ammonia-induced stress

response.

Under stressful conditions (particularly when organisms face tis-

sue damaging stressors), fishes tend to secrete specific cell masses

(i.e. mucus/slime cells, chloride cells and free fatty acids) to the dam-

aged tissue region (Yada & Tort, 2016). Depending on the intensity

of the stressor, fishes fail to eliminate cell damage (Schreck et al.,

2001; Somero, 2020). An increase in the amount of mucus/slime cells

in the gill tissue of ammonia-treated Rohu plants suggested a stress

response strategy (an attempt to eliminate ammonia from the gill
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ZEEHAD ET AL. 11 of 15

F IGURE 10 Experimental ammonia dose-specific changes in relative expression levels of glycerol-3-phosphate (G-3-P) gene for Rohu (Labeo
rohita) across the sampling times.

F IGURE 11 Changes in relative expression levels of hepcidin for experimental Rohu (Labeo rohita) across the sampling times.

F IGURE 12 Changes in relative expression levels of interleukin-1 for experimental Rohu (Labeo rohita) across the sampling times.
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region) (Figure 2). The slight damage to gill tissue in T1 (1mg/L NH4Cl)

indicated that Rohu was able to eliminate the catastrophic effect of

ammonia to some extent but was unable to protect gill tissue in T2 and

T3. Therefore, the gill tissue of Rohu at T2 and T3 is an easy target

for different microbes and is extremely vulnerable to diseases. More-

over, blood cell lysis occurs (different types of cellular deformity and

a reduced number of blood cells) in fishes that are exposed to dif-

ferent types of stressors that, in turn, reduce immunity (Aliko et al.,

2018). Therefore, counting blood cells and blood cell deformities are

reliable indicators of the immune status of fish, where a lower number

of blood cells and elevated deformity types indicate poor immunolog-

ical status (Rahi et al., 2022). Six types of blood cell deformities have

been recognized in fish and the presence of more deformity types indi-

cates increased stress (Esmaeili, 2021; Rahi et al., 2018; Seibel et al.,

2021; Witeska et al., 2022). The absence of deformed blood cells in

the control group indicated no stress, whereas the presence of all six

deformity types indicated the highest levels of imposed stress at T3

(Figure 5). A lower blood cell count and more deformity types in the

ammonia-treated Rohu individuals (Figure 3) imply reduced immunity.

Experimental ammonia levels were also found to damage gill lamel-

lae and filaments (Figure 2). In addition, the damaged tissue (i.e. gill)

of Rohu has become an easy target for microbes to create infections,

whereas reducing immunity increases susceptibility to disease (the

inability to resist microbes at the infection site due to poor immunity).

Blood cortisol (a vertebrate stress hormone) and glucose levels are

important biochemicalmarkers for identifying the intensity of imposed

stress on fishes (Rahi et al., 2022; Sabbir et al., 2010). Fish usually

release higher amounts of cortisol and glucose under stressful con-

ditions by using protein reserves for gluconeogenesis in the liver to

minimize stress levels (Aziz et al., 2018; Rahi, Mahmud, et al., 2021).

The significantly higher blood cortisol and glucose levels (p < 0.05)

in the Rohu ammonia treatment group throughout the course of the

experiment (Figures 6 and 7) indicated the negative effects of ammo-

nia. The superior growth of Rohu coupled with significantly lower (but

stable) cortisol and glucose levels throughout the experiment in the

control condition indicates no stress. A significantly (p < 0.05) greater

interaction (R2 = 0.81 for cortisol and R2 = 0.79 for glucose) between

growth and glucose and between growth and cortisol levels (Figure S4)

suggested that increasing ammonia levels adversely affects the growth

of Rohu.

Fish growth is known to be directly influenced by stocking density

(Rahi et al., 2017, 2022); the slower growth in T1–T3 (the treatment

groups had a lower density due to higher mortality) than in the con-

trol (higher density due to nomortality) clearly indicates that ammonia

induced slower growth. The higher levels of blood cortisol and glucose

in the treatment groups up to the 60th day (Figures 8 and 9) also indi-

cated that the ammonia-treated Rohu plants were under persistent

stress. The survival performance of aquatic species depends on the

duration and intensity/magnitude of stress, wheremoderate-to-higher

levels of stress for a longer period of time can cause massive (and even

total) mortality (Luo et al., 2020; Moshtaghi et al., 2018; Sabbir et al.,

2017). This likely explains the significant difference in mortality rates

among the four experimental conditions (Table 2) in this study.

IGF-I and GH are known to play important functional roles in

growth regulation in different fish species, whereasG-3-P is associated

with metabolic activities (Li et al., 2016; Tian et al., 2020; Trianta-

phyllopoulos et al., 2020). Therefore, any environmental stressor can

reduce the expression of growth genes that ultimately cause slower

growth performance (Casu et al., 2017; Sinha et al., 2012; Zaran-

toniello et al., 2021). Experimental ammonia treatment significantly

reduced the expression levels of the IGF-I and GH genes (Figures 8

and 9), indicating that ammonia has adverse effects on these two

growth regulatory genes. Significant (p < 0.05) and negative interac-

tions (R2=−0.82 for IGF-I andR2=−0.71 forGH)betweengrowthand

the expression of IGF-I and GH (Figure S5) further validated the roles

of these two genes as important growth regulators in Rohu; reduced

expression of these two genes was associated with slower growth in

Rohu in this study. Increasing expression of the metabolic gene G-3-P

with increasing experimental ammonia dose (Figure 10 and Figure S5)

indicated elevated metabolic activity under stressful conditions, most

likely to counterbalance the imposed stress. Under stressful condi-

tions, fish tend to exhibit increased expression levels of G-3-P but

reduced expression of IGF-I and GH (Albertyn et al., 1994). The rela-

tively higher and stable expression levels of IGF-I andGHand the lower

and more stable expression of G-3-P (coupled with greater growth)

in the control group throughout the trial suggest that there was no

imposition under these conditions.

Hepcidin and interleukin-I are two important immune response

genes for different fish species that exhibit relatively lower expression

levels under stressful conditions (Srole&Ganz, 2021). These twogenes

play important roles in fighting pathogens and eliminating infections

and other disease-causing agents (Hsieh et al., 2010; Lee & Beutler,

2009; Sun et al., 2020). Therefore, any environmental stressor (i.e.

ammonia) can decrease the expression levels of interleukin-1 and hep-

cidin. The expression of these two genes was significantly reduced

in Rohu plants exposed to ammonia during the whole study period

(p < 0.05), demonstrating the detrimental effects of ammonia (Figure

S6) on the regular activities of these two genes. Total blood cell counts

exhibited significant (p < 0.05) and positive interactions (R2 = 0.95 for

hepcidin and R2 = 0.97 for interleukin-I) with the expression levels of

hepcidin and interleukin-I (Figure S6), suggesting that the immune sys-

tem of Rohu is strongly associated with the expression of these two

genes.

Previous investigations have shown that ammonia hampers the

overall biological activity of aquatic organisms in numerous ways,

hampering O2 transport and growth, damaging different tissues and

nervous systems, reducing immunity and consequently increasing sus-

ceptibility to disease (Cabillon & Lazado, 2019). Therefore, ammonia

is considered a major limiting factor for the production performance

of farmed aquatic species by negatively influencing major biolog-

ical traits (Tian et al., 2020). All the biological markers tested in

this study exhibited significant changes in response to the exper-

imental ammonia concentration, indicating the critical role of this

abiotic stressor in the aquaculture of Rohu and, broadly, other fish

species. Several earlier studies have indicated that an ammonia con-

centration less than 0.25 mg/L does not adversely affect fish growth
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or production (Barbieri, 2010; Romano & Zeng, 2013; Zhang et al.,

2015). Therefore, appropriate facilities must be developed (for fish

farms, water exchange, aeration, feeding tray use, bottom debris

removal and high-quality feed) to maintain minimum or no ammonia

levels.

In the present study, the effects of ammonia treatments on Rohu

(L. rohita) were examined for cellular (gill ultrastructure), physiolog-

ical (growth and O2 consumption), biochemical (blood cell counts,

cortisol and glucose levels) and genetic (gene expression) responses.

Experimental ammonia treatments significantly altered growth, O2

consumption, survival, cortisol and glucose levels and gene expres-

sion patterns. Therewere significant correlations between growth and

gene expression (IGF-I, GH and G-3-P) and between blood cell counts

and gene expression (hepcidin and interleukin-1), indicating important

roles for these genes in the growth, metabolism and immunity of Rohu.

The findings of this study clearly indicate that ammonia has an adverse

effect on the overall biological traits of Rohu and, broadly, other fish

species. Even a lower amount of ammonia can impose adequate stress

and increase vulnerability to different disease-causing agents. There-

fore, farmingenvironmentsmustmaintainoptimumwaterquality (with

no orminimum ammonia) to improve aquaculture productivity.

AUTHOR CONTRIBUTIONS

Md Shariar Zeehad: Conceptualization; data curation; formal anal-

ysis; investigation; methodology; software; validation; visualization;

writing—original draft. Md Monirul Mridul: Conceptualization; data

curation; formal analysis; investigation; methodology; software;

validation; visualization. Dipankar Chakrobortty: Data curation;

resources; visualization. Sarower Mahfuj: Software; visualization;

writing—review and editing. Dania Aziz: Conceptualization; method-

ology; software; writing—review and editing. David Hurwood:

Conceptualization; methodology; supervision; writing—review and

editing.Md Lifat Rahi: Conceptualization; funding acquisition; investi-

gation; methodology; project administration; resources; supervision;

writing—review and editing.

ACKNOWLEDGEMENTS

The current research was funded by the Research and Innovation

Center (Project ID: KURC/RGP-23/2020; Project Title: Effects of Envi-

ronmental Stressors on the Biological Alterations of an Indian Major

Carp (L. rohita)), Khulna University of Bangladesh, to the correspond-

ing author, MLR. We are grateful to the hatchery and technical staff of

Khulna University for their help during this experiment.

CONFLICT OF INTEREST STATEMENT

This is to confirm that we (seven authors: Md. Shariar Kabir Zeehad,

Md. Monirul Islam Mridul, Dipankar Chakrobortty, Sarower Mahfuj,

Dania Aziz, David A. Hurwood and Md. Lifat Rahi) conducted a study

titled “Effects of Ammonia on the Cellular, Physiological, Biochemical

and Genetic Traits of Freshwater Carp, Rohu (Labeo rohita) in Arti-

sanalBangladeshiAquaculture”. This is our own researchwork, andwe

donot have any conflicts of interest. The authors confirm that there are

no conflicts of interest.

DATA AVAILABILITY STATEMENT

All of the data generated for this study are presented in the form of

different Tables and Figures. Therefore, we do not have any data to

share.

ETHICS STATEMENT

Animal ethics approval was obtained from the Animal Ethics Commit-

tee of Khulna University (Ref. No.: KUAEC-2021/09/21).

ORCID

Md. Lifat Rahi https://orcid.org/0000-0002-8317-8351

PEER REVIEW

The peer review history for this article is available at https://publons.

com/publon/10.1002/aff2.160

REFERENCES

Afroz, K.B., Shah,M.S., Salin, K.R. & Rahi,M.L. (2021) Growth and survival of

diploid and triploid bata, Labeo bata (Hamilton, 1822). Aquaculture, Fish
and Fisheries, 1(1), 42–50

Akram,W., Tabassum,M.&Rahi,M.L. (2023) Cellular, physiological, and bio-

chemical basis of adaptive response to variable osmotic environments

by the river shad, Tenualosa ilisha. Journal of Applied Ichthyology, 2023,
4910938 (1 –12).

Albertyn, J., Hohmann, S., Thevelein, J.M. & Prior, B.A. (1994) GPD1 which

encodes glycerol-3-phosphate dehydrogenase, is essential for growth

under osmotic stress in Saccharomyces cerevisiae, and its expression is

regulated by the high-osmolarity glycerol response pathway. Molecular
and Cellular Biology, 14(6), 4135–4144

Ali, M.R., Rahi, M.L., Islam, S.S., Shah, M.S. & Shams, F.I. (2015) Genetic vari-

ability assay of different strains of Catla catla. International Journal of Life
Sciences, 9(1), 37-42.

Ali, M.Y., Rahaman, S.M.M., Rahi, M.L. & Mahato, M.P. (2008) Effect of Star-

vation on the Rigor Mortis Progress of Rohu (Labeo rohita) and Mrigal

(Cirrhinus cirrhosus). Bangladesh Journal of Zoology, 36(2), 207-217.
Aliko, V., Qirjo, M., Sula, E., Morina, V. & Faggio, C. (2018) Antioxidant

defense system, immune response and erythron profile modulation in

gold fish, Carassius auratus, after acute manganese treatment. Fish &
Shellfish Immunology, 76:101–109

Aziz, D., Nguyen, V.T., Rahi, M.L., Hurwood, D.A. & Mather, P.B. (2017)

Identification of genes that potentially affect social dominance hierar-

chy in adult male giant freshwater prawns (Macrobrachium rosenbergii).
Aquaculture, 476, 168–184

Aziz, D., Rahi, M.L., Hurwood, D.A. & Mather, P.B. (2018) Analysis of candi-

date gene expression patterns of adult male Macrobrachium rosenbergii
morphotypes in response to a social dominance hierarchy.Hydrobiologia,
825, 121–136

Barbieri, E. (2010) Acute toxicity of ammonia in white shrimp (Litope-
naeus schmitti) (Burkenroad, 1936, Crustacea) at different salinity levels.
Aquaculture, 306(1–4), 329–333

Boyd, C.E., McNevin, A.A. & Davis, R.P. (2022) The contribution of fisheries

and aquaculture to the global protein supply. Food Security, 14, 1–23
Cabillon, N.A.R. & Lazado, C.C. (2019) Mucosal barrier functions of fish

under changing environmental conditions. Fishes, 4(1), 2
Casu, F., Watson, A.M., Yost, J., Leffler, J.W., Gaylord, T.G., Barrows, F.T.

et al. (2017) Metabolomics analysis of effects of commercial soy-based

protein products in red drum (Sciaenops ocellatus). Journal of Proteome
Research, 16(7), 2481–2494

Chowdhury, M.A.A., Islam, M.R., Amin, A., Mou, S.N., Ullah, K.N., Baten, A.,

Shoyaib, M., Ali, A.A., Chowdhury, F.T., Rahi, M.L., Khan, H., Amin, M.A. &

Islam, M.R. (2023) Integrated transcriptome catalog of Tenualosa ilisha

 26938847, 2024, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/aff2.160 by N

ational Institutes O
f H

ealth M
alaysia, W

iley O
nline L

ibrary on [07/07/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://orcid.org/0000-0002-8317-8351
https://orcid.org/0000-0002-8317-8351
https://publons.com/publon/10.1002/aff2.160
https://publons.com/publon/10.1002/aff2.160


14 of 15 ZEEHAD ET AL.

as a resource for gene discovery and expression profiling. Scientific Data,
10(1), 214.

Constable, M., Charlton, M., Jensen, F., McDonald, K., Craig, G. & Taylor,

K.W. (2003) An ecological risk assessment of ammonia in the aquatic

environment.Human & Ecological Risk Assessment, 9(2), 527–548
Department of Fisheries (DOF). (2021a) National fish week, compendium

book. Dhaka, Bangladesh: Ministry of Fisheries and Livestock, Depart-

ment of Fisheries.

Esmaeili, M. (2021) Blood performance: a new formula for fish growth and

health. Biology, 10(12), 1236
Food and Agriculture Organization (FAO). (2020) The state of world fisheries

and aquaculture. Contributing to food security and nutrition for all Rome.
Rome: FAO.

Department of Fisheries (DOF). (2021b) Fisheries statistical yearbook of
Bangladesh, 38th edition, Dhaka: Department of Fisheries, Ministry

of Fisheries and livestock, Government of the People’s Republic of

Bangladesh.

He, Y., Inamori, Y., Mizuochi, M., Kong, H., Iwami, N. & Sun, T. (2000) Mea-

surements of N2O and CH4 from the aerated composting of food waste.

The Science of The Total Environment, 254(1), 65–74
Hsieh, J.C., Pan, C.Y. & Chen, J.Y. (2010) Tilapia hepcidin (TH) 2–3 as a

transgene in transgenic fish enhances resistance toVibrio vulnificus infec-
tion and causes variations in immune-related genes after infection by

different bacterial species. Fish & Shellfish Immunology, 29(3), 430–439
Hunter, M.C., Smith, R.G., Schipanski, M.E., Atwood, L.W. & Mortensen,

D.A. (2017) Agriculture in 2050: recalibrating targets for sustainable

intensification. BioScience, 67(4), 386–391
Islam, S.S., Shah, M.S. & Rahi, M.L. (2011) Study of fecundity and induced

breedingofMystus vittatus.Bangladesh Journal of Zoology, 39(2), 205–212
Islam, S.S., Shah, M.S. & Rahi, M.L. (2014) Assessment of genetic variabil-

ity of prawn (Macrobrachium rosenbergii) post larvae (PL) from broods

stocked under different sex ratios. International Journal of Aquaculture, 4,
55-63.

Islam, S.S., Shah, M.S., Shams, F.I., Ali, M.R. & Rahi, M.L. (2015) Genetic

variability assay of different natural and hatchery populations of Rohu

(Labeo rohita) in Bangladesh. International Journal of Life Sciences, 9(1),
30-36.

Lee, P.L. & Beutler, E. (2009) Regulation of hepcidin and iron-overload

disease. Annual Review of Pathology: Mechanisms of Disease, 4, 489–515
Lemarie, G., Dosdat, A., Covès, D., Dutto, G., Gasset, E. & Peron-Le Ruyet,

J. (2004) Effect of chronic ammonia exposure on growth of European

seabass (Dicentrarchus labrax) juveniles. Aquaculture, 229(1–4), 479–491
Li, K., Olsen, R.E., Østensen, M.A., Altin, D., Kjørsvik, E. & Olsen, Y. (2016)

Atlantic cod (Gadus morhua) larvae can biosynthesis phospholipid de

novo from 2-oleoyl-glycerol and glycerol precursors. Fish Physiology and
Biochemistry, 42(1), 137–147

Loughland, I. & Seebacher, F. (2020) Differences in oxidative status

explain variation in thermal acclimation capacity between individual

mosquitofish (Gambusia holbrooki). Functional Ecology, 34(7), 1380–1390
Luo, Y., Chen, H., Li, D., Zhan, M., Hou, L., Dong, W. et al. (2020) The

effects of norethindrone on the ontogeny of gene expression along

the hypothalamic-pituitary-adrenal and hypothalamic-pituitary-gonadal

axes in zebrafish (Danio rerio). Science of The Total Environment, 747,
141554

Moshtaghi, A., Rahi, M.L., Nguyen, T.V., Mather, P.B. & Hurwood, D.A. (2016)

A transcriptomic scan for potential candidate genes involved inosmoreg-

ulation in an obligate freshwater palaemonid prawn (Macrobrachium
australiense). PeerJ, 4, e2520

Moshtaghi, A., Rahi,M.L., Mather, P.B. &Hurwood, D.A. (2017) Understand-

ing the genomic basis of adaptive response to variable osmotic niches

in freshwater prawns: a comparative intraspecific RNA-Seq analysis of

Macrobrachium australiense. Journal of Heredity, 108(5), 544–552
Moshtaghi, A., Rahi, M.L., Mather, P.B. & Hurwood, D.A. (2018) An inves-

tigation of gene expression patterns that contribute to osmoregulation

in Macrobrachium australiense: assessment of adaptive responses to

different osmotic niches.Gene Reports, 13, 76–83
Mridul, M.M.I., Zeehad, M.S.K., Aziz, D., Salin, K.R., Hurwood, D.A. & Rahi,

M.L. (2024) Temperature induced biological alterations in the major

carp, rohu (Labeo rohita): assessing potential effects of climate change on

aquaculture production. Aquaculture Reports, 35, 101954
Muhammad, S., Akram, W., Aziz, D. & Rahi, M.L. (2023) Effects of ammo-

nia on different biological traits of the orange mud crab (Scylla olivacea).
Marine Reports, 2(2), 73–94

Patoczka, J. & Wilson, D.J. (1984) Kinetics of the desorption of ammonia

fromwater by diffused aeration. Separation Science and Technology, 19(1),
77–93

Pfaffl, M.W. (2001) A newmathematical model for relative quantification in

real-time RT–PCR.Nucleic Acids Research, 29(9), e45
Pravda,D. & Svobodová, Z. (2003)Hematology of fishes.VeterinaryHematol-

ogy, 268, 381–397
Rahi, M.L., Mahfuj, S.E., Islam, Sk.S., Islam, S.S. & Sabbir, W. (2013) Assess-

ment of the abundance and species composition of phytoplankton of

Moiur River, Khulna. Journal of Bio-Science, 21, 27-34.
Rahi, M.L., Mather, P.B., Cioffi, M.B., Ezaz, T. & Hurwood, D.A. (2023)

Genomic Basis of Freshwater Adaptation in the Palaemonid Prawn

Genus Macrobrachium: Convergent Evolution Following Multiple Inde-

pendent Colonization Events. Journal of Molecular Evolution, 91(6),

976-989.

Rahi, M.L. & Shah, M.S. (2012a) Triploidization in rohu × mrigal hybrid
and comparison of growth performance of triploid hybrid. Aquaculture
Research, 43(12), 1867–1879

Rahi,M.L.&Shah,M.S. (2012b)Productionof inbred linesofLabeo rohitaand
Cirrhinusmrigalaby gynogenetic technique.Advances in Fisheries Research
in Bangladesh, 1, 45–57

Rahi, M.L., Amin, S., Mather, P.B. & Hurwood, D.A. (2017) Candidate genes

that have facilitated freshwater adaptation by palaemonid prawns in the

genusMacrobrachium: identification and expression validation in amodel

species (M. koombooloomba). PeerJ, 5, 2977
Rahi, M.L., Moshtaghi, A., Mather, P.B. & Hurwood, D.A. (2018) Osmoregu-

lation in decapod crustaceans: physiological and genomic perspectives.

Hydrobiologia, 825, 177–188
Rahi,M.L.,Mather, P.B., Ezaz, T. &Hurwood,D.A. (2019) Themolecular basis

of freshwater adaptation in prawns: insights fromcomparative transcrip-

tomics of three Macrobrachium species. Genome Biology and Evolution,
11(4), 1002–1018

Rahi, M.L., Ferdusy, T., Wali, A.S., Khan, M.N., Aziz, D. & Salin, K.R. (2020)

Impact of salinity changes on growth, oxygen consumption and expres-

sion pattern of selected candidate genes in the orange mud crab (Scylla
olivacea). Aquaculture Research, 51(10), 4290–4301

Rahi,M.L.,Mather, P.B.&Hurwood,D.A. (2021)Doplasticity in geneexpres-

sionandphysiological responses inPalaemonidprawns facilitate adaptive
response to different osmotic challenges? Comparative Biochemistry and
Physiology Part A: Molecular & Integrative Physiology, 251, 110810

Rahi, M.L., Mahmud, S., Dilruba, K.J., Sabbir, W., Aziz, D. & Hurwood, D.A.

(2021) Temperature induced changes in physiological traits and expres-

sion of selected candidate genes in black tiger shrimp (Penaeusmonodon)
larvae. Aquaculture Reports, 19, 100620

Rahi, M.L., Azad, K.N., Tabassum, M., Irin, H.H., Hossain, K.S., Aziz, D. et al.

(2021) Effects of salinity on physiological, biochemical and gene expres-

sion parameters of black tiger shrimp (Penaeus monodon), potential for
farming in low-salinity environments. Biology, 10(12), 1220

Rahi, M.L., Sabbir, W., Salin, K.R., Aziz, D. & Hurwood, D.A. (2022) Physio-

logical, biochemical and genetic responses of black tiger shrimp (Penaeus
monodon) to differential exposure to white spot syndrome virus and

Vibrio parahaemolyticus. Aquaculture, 546, 737337
Rahman, M.M., Salin, K.R., Tsusaka, T.W., Anal, A.K., Rahi, M.L. &

Yakupitiyage, A. (2022) Effect of stocking density on growth per-

formance and gonadal maturity of all-female giant freshwater prawn,

 26938847, 2024, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/aff2.160 by N

ational Institutes O
f H

ealth M
alaysia, W

iley O
nline L

ibrary on [07/07/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



ZEEHAD ET AL. 15 of 15

Macrobrachium rosenbergii. Journal of the World Aquaculture Society, 53,
1120–1133

Rajendiran, S., Iqbal, B.M.M. & Vasudevan, S. (2016). Induced thermal

stress on serotonin levels in the blue swimmer crab, Portunus pelagicus.
Biochemistry and Biophysics Reports, 5, 425–429

Randall, D.J. & Tsui, T.K.N. (2002) Ammonia toxicity in fish.Marine Pollution
Bulletin, 45(1–12), 17–23

Rogl, K.A., Rahi, M.L., Royle, J., Prentis, P.J. & Hurwood, D.A. (2018) A

transcriptome-wide assessment of differentially expressed genes among

two highly divergent, yet sympatric, lineages of the freshwater Atyid

shrimp, Paratya australiensis.Hydrobiologia, 825(1), 189-196
Romano, N. & Zeng, C. (2013) Toxic effects of ammonia, nitrite, and nitrate

to decapod crustaceans: a review on factors influencing their toxicity,

physiological consequences, and copingmechanisms. Reviews in Fisheries
Science, 21(1), 1–21

Rosas, C., Lopez, N., Mercado, P. & Martinez, E. (2001) Effect of salin-

ity acclimation on oxygen consumption of juvenile of the white

shrimp Litopenaeus vannamei. Journal of Crustacean Biology 21 (4), 912–

922.

Sabbir, W., Khan, M.N., Sultana, S., Rahi, M.L. & Shah, M.S. (2017) Produc-

tion of heterotic hybrid in rohu (Labeo rohita) by crossing the riverine

and hatchery strains. International Journal of Life Sciences, 6(2), 982–
986

Sabbir,W.,Masud,M.A.A., Islam, S.S., Rahman,M.A., Islam,M.R. & Rahi,M.L.

(2010) Some aspects of water quality parameters of the Mouri River,

Khulna: an attempt to estimate pollution status. Bangladesh Research
Publications Journal, 4(1), 95–102

Sahu, D.K., Panda, S.P., Meher, P.K., Das, P., Routray, P., Sundaray, J.K. et al.

(2015) Construction, denovo assembly and analysis of transcriptome for

identification of reproduction-related genes and pathways from rohu,

Labeo rohita (Hamilton). PLoS ONE, 10(7), 0132450
Schreck, C.B., Contreras-Sanchez, W. & Fitzpatrick, M.S. (2001) Effects of

stress on fish reproduction, gamete quality, and progeny. In:Reproductive
biotechnology in finfish aquaculture. Amsterdam: Elsevier, pp:3–24

Seibel, H., Baßmann, B. & Rebl, A. (2021) Bloodwill tell: what hematological

analyses can reveal about fish welfare. Frontiers in Veterinary Science, 8,
616955

Shah, M.S., Ghosh, A.K., Rahi, M.L., Huq, K.A., Rahaman, S.M.B. & Sabbir, W.

(2011) Production of heterotic hybrid in rohu through strain crossing.

International Journal of Life Sciences, 5(1), 32–38
Sinha, A.K., Liew, H.J., Diricx, M., Kumar, V., Darras, V.M., Blust, R. & De

Boeck,G. (2012)Combinedeffects of high environmental ammonia, star-

vation and exercise on hormonal and ion-regulatory response in goldfish

(Carassius auratus L.). Aquatic Toxicology, 114, 153–164
Somero, G.N. (2020) The cellular stress response and temperature: func-

tion, regulation, and evolution. Journal of Experimental Zoology Part A:
Ecological and Integrative Physiology, 333(6), 379–397

Srole, D.N. & Ganz, T. (2021) Erythroferrone structure, function, and physi-

ology: iron homeostasis and beyond. Journal of Cellular Physiology, 236(7),
4888–4901

Sun, J.L., Zhao, L.L., Liao, L., Tang, X.H., Cui, C., Liu, Q. et al. (2020) Interactive

effect of thermal and hypoxia on largemouth bass (Micropterus salmoides)
gill and liver: aggravation of oxidative stress, inhibition of immunity and

promotion of cell apoptosis. Fish & Shellfish Immunology, 98, 923–936
Tarazona, J.V., Muńoz, M., Ortiz, J.A., Nunéz, M. & Camargo, J.A. (1987) Fish

mortality due to acute ammonia exposure. Aquaculture Research, 18(2),
167–172

Tian, L., Tan, P., Yang, L., Zhu, W. & Xu, D. (2020) Effects of salinity on

the growth, plasma ion concentrations, osmoregulation, nonspecific

immunity, and intestinal microbiota of the yellow drum (Nibea albiflora).
Aquaculture, 528, 735470

Triantaphyllopoulos, K.A., Cartas, D. & Miliou, H. (2020) Factors influenc-

ing GH and IGF-I gene expression on growth in teleost fish: how can

aquaculture industry benefit? Reviews in Aquaculture, 12(3), 1637–1662
Untergasser, A., Cutcutache, I., Koressaar, T., Ye, J., Faircloth, B.C., Remm,M.

& Rozen, S.G. (2012) Primer3—new capabilities and interfaces. Nucleic
Acids Research, 40(15), e115

Witeska, M., Kondera, E., Ługowska, K. & Bojarski, B. (2022) Hematological

methods in fish—not only for beginners. Aquaculture, 547, 737498
Yada, T. & Tort, L. (2016) Stress and disease resistance: immune system and

immunoendocrine interactions. In: Fish physiology, Vol. 35. Cambridge:

Academic Press, pp:365–403

Zarantoniello, M., Bortoletti, M., Olivotto, I., Ratti, S., Poltronieri, C.,

Negrato, E. et al. (2021) Salinity, temperature and ammonia acute stress

response in seabream (Sparus aurata) juveniles: Amultidisciplinary study.

Animals, 11(1), 97
Zeynali, M., Nafisi, B.M., Morshedi, V., Ghasemi, A. & Torfi, M.M. (2020)

Replacement of dietary fishmeal with Sargassum ilicifolium meal on

growth, innate immunity and immune genemRNA transcript abundance

in Lates calcarifer juveniles. Aquaculture Nutrition, 26(5), 1657–1668
Zhang, W., Jiang, Q., Liu, X., Pan, D., Yang, Y. & Yang, J. (2015) The effects of

acute ammonia exposure on the immune response of juvenile freshwa-

ter prawn,Macrobrachiumnipponense. Journal of CrustaceanBiology, 35(1),
76–80.

SUPPORTING INFORMATION

Additional supporting information can be found online in the Support-

ing Information section at the end of this article.

How to cite this article: Zeehad,M.S.K., Mridul, M.M.I.,

Chakrobortty, D., Mahfuj, S., Aziz, D., Hurwood, D.A. et al.

(2024) Effects of ammonia on the cellular, physiological,

biochemical and genetic traits of Indianmajor carp (Labeo

rohita) fry in artisanal Bangladeshi aquaculture. Aquaculture,

Fish and Fisheries, 4, e160. https://doi.org/10.1002/aff2.160

 26938847, 2024, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/aff2.160 by N

ational Institutes O
f H

ealth M
alaysia, W

iley O
nline L

ibrary on [07/07/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1002/aff2.160

	Effects of ammonia on the cellular, physiological, biochemical and genetic traits of Indian major carp (Labeo rohita) fry in artisanal Bangladeshi aquaculture
	Abstract
	1 | INTRODUCTION
	2 | MATERIALS AND METHODS
	2.1 | Experimental Rohu collection
	2.2 | Experimental tank preparation and acclimation
	2.3 | Ammonia challenge test
	2.4 | Growth and survival
	2.5 | Oxygen consumption rates
	2.6 | Blood cell counts
	2.7 | Determination of blood glucose and cortisol levels
	2.8 | Gene expression profiling
	2.9 | Gill ultrastructure through scanning electron microscopy (SEM)
	2.10 | Statistical analyses

	3 | RESULTS
	3.1 | Ammonia-induced changes in growth and survival
	3.2 | Changes at the cellular level (gill ultrastructure and blood cell deformity)
	3.3 | Changes in the rate of O2 consumption
	3.4 | Blood cell counts
	3.5 | Changes in blood cortisol levels
	3.6 | Changes in glucose levels
	3.7 | Relative expression levels of target candidate genes

	4 | DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT
	ETHICS STATEMENT

	ORCID
	PEER REVIEW

	REFERENCES
	SUPPORTING INFORMATION


