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Abstract

Chronic stress poses a challenge to aquaculture, with cortisol and glucose traditionally used as
stress markers. Recent doubts about the reliability of scale cortisol as a chronic stress determinant
have surfaced due to its role in calcium homeostasis. While cortisol affects gene expression in
stress responses, its impact on metabolic pathways in cultured Nile tilapia remains understudied.
We explored the connection between cortisol signatures of chronic stress in Nile tilapia and the
Mitogen Activated Protein Kinase (MAPK) signaling pathway, vital for cell processes. Juvenile
Nile tilapia were exposed to varying ammonia concentrations and stocking densities, evaluating
growth performance, stress levels, RNA sequencing, and differential gene expression. Results
indicate a positive correlation between stressors and blood glucose, plasma cortisol, and scale
cortisol concentrations. Fish in 0.8 mg/L ammonia exhibited heightened plasma glucose and
cortisol, while those in 1.2 mg/L showed increased scale cortisol. Elevated stocking densities also
correlated with higher stress markers. Importantly, cortisol levels rose with ammonia
concentration and stocking density, negatively impacting growth. The MAPK signaling pathway,
crucial for cell processes, exhibited significant downregulation with increasing ammonia
concentrations, suggesting sensitivity to stress. Six genes in this pathway were significantly
enriched following ammonia treatment, including Dual Specific Protein Phosphatase 1, Nuclear
Hormone Receptor 38, Heat Shock Protein 1, Myelocytomatosis oncogene homologue, Growth
arrest and DNA damage inducible alpha a, and Mitogen Activated Protein Kinase 4. This study
contributes valuable insights for optimizing fish welfare and production by unraveling the

complex relationship between chronic stress and the MAPK pathway in aquaculture.
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1.0 Introduction

Aquaculture intensification is on the rise driven by increasing demand for fish and fisheries
products coupled with the decline in capture fisheries (FAO, 2022). There is pressure to produce
more fish per area in order to feed the ever-growing world population (Rodriguez-Barreto et al.
2019). Unfortunately, this pressure has often resulted in farming more fish in limited space,
leading to overcrowding and overstretching of the water environments. Contamination of fish
culture water with agro-chemicals such as abamectin (Mahboub et al. 2022) and oxyfluorfen
(Mansour et al. 2023) have been documented as sources of stress in fish. Industrial pollutants such
as Bisphenol-A (BPA) (Hamed et al. 2021) have also been found to cause stress in fish lowering
their productivity. Other pollutants such as lead (Abdel-Tawwab et al. 2023) zinc (Hamed 2023;
Hamed et al. 2022), silver nitrate nanoparticles (Tohamy et al. 2022) have also been implicated in
causing chronic stress in fish. Fish husbandry practices can also be a source of stress. The ensuing
stress can either be acute or chronic depending on the intensity and duration of exposure. The
stress ensuing from crowded sub-optimal water environments lowers the productivity and
compromises fish welfare (Martos-Sitcha et al. 202; Aketch et al. 2014). The increased
concentration of ammonia and its derivatives in the aquaculture environment is one of the riskiest
stresses for freshwater fish (Zeitoun et al. 2016). Aquaculture utilizes high protein feeds which
upon being metabolized yields ammonia as the by-product (Godoy-Olmos et al. 2022). In
addition, fish faecal matter and other decomposing organic matter increases ammonia
concentrations in pond water. Furthermore, stressed fish are also known to release higher levels of
ammonia than unstressed fish. High stocking densities and ammonia are common occurrences in
aquaculture systems and can evoke a stress response. Stocking density is an important factor
determining the profitability of an aquaculture venture and farmers tend to increase stocking with
the aim of increasing productivity (Oke and Goosen 2019). High stocking density has been shown
to produce a chronic stress situation in Gilthead sea bream (Jia et al. 2022), the same husbandry
practice has also been shown to induce chronic stress which elevates the levels of plasma cortisol
and glucose in O. niloticus (Aketch et al. 2014).

The primary stress response is the activation of the Hypothalamo-Pituitary Interrenal (HPI) axis
which culminates in the release of glucocorticoids from inter renal cells located in the head kidney
(Lai et al. 2021). This leads to the production of corticosteroids mainly cortisol (Kennedy and Jauz
2022; Aidos et al. 2020) which then triggers several physiological and metabolic pathways
(Vercauteren et al. 2021; Sapolsky et al. 2000). The action of cortisol is mediated through the
glucocorticoid receptor (GR) which is a cytosolic receptor (Cabrera-Busto et al. 2021). Cortisol

has been shown to regulate the expression of genes involved in growth, metabolism and immune



function ; Balasch and Tort 2019). Cortisol up-regulates pathways involved in energy substrate
mobilization, including gluconeogenesis, down-regulating energy demanding pathways such as
growth, reproduction and immune functions. The reaction of fish to stressors can be determined by
analysing the concentration of cortisol produced especially in plasma (Kennedy and Jauz 2022;
Sadoul and Geffroy 2019). Nonetheless, there is variability in the plasma cortisol content that is
often seen during sampling (Samaras et al. 2021; Harper and Wolf 2009) due to the invasive
nature of the sampling process. Plasma cortisol rises rapidly after initiation of a stressful event and
falls back to baseline values within 24 hrs (Kennedy and Jauz 2022; Laberge et al. 2019). This
makes plasma cortisol a poor indicator for chronic stress in fish. Plasma glucose is another
parameter that has found a lot of application in stress determination (Odhiambo et al. 2020) but
like plasma cortisol, it is a poor chronic stress indicator (Sadoul and Geffroy 2019). A good
chronic stress indicator must not fluctuate due to capture, must depict the adrenal or interrenal
activity and should also reflect the integrated stress hormone concentrations over a long period of
time (Kennedy and Jauz 2022). The study by Laberge et al. (2019) demonstrated that scale cortisol

meets the above criteria thus qualifying it as a suitable biomarker for chronic stress.

Cortisol has been found to accumulate in fish scales (Vercauteren et al. 2021; Carbajal et al. 2018;
Aerts et al. 2015) making it a suitable matrix for a retrospective study of cortisol production and
thus for assessment of chronic stress in fish. Several studies have been carried out on scale cortisol
of wild caught fish (Vercauteren et al. 2021; Roque d’orbcastel et al. 2021) but information about
scale cortisol of cultured fish remains scanty and poorly documented. Unlike other matrices such
as water, serum/plasma, faeces and mucus which reflects short-term circulating cortisol levels,
fish scale cortisol represents average levels acquired mainly through passive diffusion over a
period of time [30]. Vercaunteren et al. [18] showed that accumulation of scale cortisol in common
dab (Limanda limanda) occurs proportionally to the circulating cortisol levels. Scale cortisol
determination is relatively non-invasive and does not suffer the rapid elevation witnessed during
sampling as in plasma and mucus (Pickering and Pottinger 1989). However, unlike hair, feathers
and wool that have been used to study chronic stress in birds and mammals, scales sometimes are
involved in calcium and cortisol homeostasis (Zenth et al. 2022). This makes the scale cortisol to
be less reliable as an accurate measure of HPI activity in fish unless investigated alongside other

predictors of stress (Kennedy and Jauz 2022).

Cortisol regulates several pathways involved in stress management in fish. One such pathway is
the (Mitogenic Activated phosphate Kinase) (MAPK) signalling pathway. MAPK signalling
pathway is essential in synchronization and regularization of cell survival, motility, differentiation,

and proliferation (Cargnello and Roux 2011), metabolism, and apoptosis. MAPK signalling



pathway plays a central role in hypoxia adaptation in fish (Zhu et al. 2013). Saduol and Geffroy
(2019) demonstrated that cortisol modulates MAPK pathway by suppressing the phosphorylation
of the extracellular signal-regulated kinase (ERK1/2), p38MAPK and c-Jun N-terminal
kinase/stress-activated protein kinase (JNK). This occurs via the Dual-Specificity Phosphatase —1
(DUSP-1) also known as Mitogen activated protein Kinase -1 (MPK -1) (Wang et al. 2016).
DUSP-1 regulation is the key mechanism of action of glucocorticoids such as Scale cortisol and
has been used as a bio-marker for chronic stress in fish (Vercauteren et al. 2021; Roque
d’orbcastel et al. 2021) but information about use of a combination of two or more markers
remains scanty and poorly documented. Inhibition of MAPK may be a likely means of inhibiting
cell growth (Eanes and Patel 2016). MAPK signalling pathway represents a highly ubiquitous and
evolutionarily conserved mechanism of eukaryotic cell regulation. The multiple MAPK pathways
present in all eukaryotic cells enable coordinated and integrated responses to diverse stimuli
(Kyriakis and Avruch 2012). Therefore the aim of the present study was to elucidate the use of
MAPK signalling pathway and cortisol signatures in assessing the occurrence of chronic stress in

cultured Nile tilapia.
2.0Materialsand Methods

Hand sexed male Nile tilapia juveniles mean weight 25 +1.25 g; total length 10 £ 0.35 cm were
obtained from llara fish hatchery in Kakamega County in Western Kenya, and reared in the
laboratory for 2 weeks prior to the start of the experiment. During the acclimatization and
experimental period, the fish were maintained on a 12h light and 12h dark photoperiod cycle.
They were fed to satiation two times a day with commercial feed 2mm diameter pellet size
containing 32% of gross protein and 3,500 Kcal/kg of digestible energy. During the feeding, the

fish were observed for 30 min and any uneaten feed was siphoned out.

2.1 Experimental Set-up

2.1.1 Ammonia Stress Experiment

A total of 525 fish were randomly divided into seven groups and stocked in 21 white circular 500
L polyethylene tanks in a static system aerated by blowers connected to air stones. Three
replicates of 25 fish per tank as guided by (Odhiambo et al. 2020) were used. The tanks were fitted
with calibrated thermostats set at 26°C for temperature control. The dissolved oxygen
concentration and temperature were measured with a digital oximeter (Hydrolab MSIP-REM-
HAH-QUANTA (USA). The dissolved oxygen was always maintained at levels above 6mg/L
[28]. This was achieved by blowing in air using an aquarium air pump connected to air stones for

effective diffusion while the temperature was maintained at 26 + 1°C for the period of the



experiment (Aerts et al. 2015). The pH was measured using a digital pH meter and maintained at
6.8 + 0.2 (Roque d’orbcastel et al. 2021). The spring water used during this experiment had a
natural pH of 6.8. The treatments were distributed as follows: The first (control) group were
maintained in natural water without addition of ammonia throughout the growth period. Six
groups of 25 fish per tank were maintained at different concentrations of unionized ammonia (0.4,
0.8,1.2,1.6, 2.0 and 2.4 mg/L) throughout the growth period (Pickering and Pottinger 1989). Each
of the treatments above were replicated twice with the treatments being randomly assigned within
the blocks.

2.1.2 Stocking Density Experiment

A total of 1,185 juvenile Nile tilapias were randomly distributed in 21 white circular polyethylene
tanks (500 L). Each tank was assigned a treatment as follows: The control group were stocked at
20 fish per tank and replicated twice. Six groups of fish were maintained at different stocking
densities (25, 40, 55, 70, 85 and 100 fish per tank). Each of the treatments above were replicated
twice and randomly assigned within the blocks. Every day, 20% water exchange was carried out
to allow for the siphoning of the left-over feeds and the excrement in each tank (Zenth et al. 2022).
The fish were then reared for 70 days and their growth monitored every fortnight. Growth was
monitored by determining the total length, weight, condition factor, growth rate and specific
growth rate (SGR) (Cargnello and Roux 2011; Zhu et al. 2013). During the growth period, the fish

were fed to satiation twice per day.

2.2 Sample Callection

Three fish from each treatment were randomly sampled from each tank. The selected fish were
anaesthetised in 3-aminobenzoic acid ethyl ester Methane-Sulfonate (MS-222, Sigma, USA) at a
dosage of 100mg/L (Wang et al. 2016) for physiological parameter measurements and the scales
removal for cortisol level determinations. Ten scales were removed from along the lateral line
using a clean forceps. The fish were then sacrificed and 2g of muscle in the dorsal caudal region

quickly removed and ground in liquid nitrogen.
2.3 RNA Extraction and Sequencing

The resulting powder was immediately mixed with TRIzol® reagent (Invitrogen, Waltham, MA,
USA). RNA extracted from it following the manufacturer’s instructions. Briefly, the mixture was
incubated for 10 min at room temperature and RNA extracted by addition of 200uL of chloroform
chilled on ice for 3 min and centrifuged at for 15 min at 4 C. The upper aqueous layer was
transferred to a new tube and RNA was precipitated by addition of isopropanol. The pellet was

washed twice in 75% ethanol and air dried at room temperature for 15 min. The pellet was the



dissolved in 50 pL RNAse free water (Thermo Fisher Scientific, Walthan, MA, USA). DNA was
digested by addition of 50uL DNAse 1 (Thermo Fisher Scientific, Walthan, MA, USA). RNA was
quantified by measuring absorbance at 230 nm, 260 nm and 280 nm using Nano Vue
spectrophotometer (GE Healthcare, Chicago, IL, USA). The 260/280 and 260/230 ratio was used
to determine the quality and only samples with both ratios greater than 2 were used for
sequencing. cDNA synthesis was carried out using SuperScript IV Reverse Transcriptase kit
(Thermo Fisher Scientific, Walthan, MA, USA). Second strand synthesis was carried out using
NEBNext®UIltra™IIRNA library prep kit for lllumina® (New Egland Biolabs GmbH, Ipswisch,
MA, USA). The mRNA library constructed was sequenced with Illumina Miseq (lllumina, Inc.
US Illumina) at Novogene Company Limited (Cambridge, UK). The count normalisation and
differential expression analysis was performed using DESeq2 v1.30.1 (Dong et al. 2018) in R
v4.1.2. Differentially Expressed Genes (DEGs) were identified as significantly expressed if their

adjusted p-value was less than 0.05 and their fold change greater than 2.0.
2.4 Whole Blood Glucose Deter mination

The sampled fish were anaesthetised by submerging in MS-222 for one minute. Whole blood was
obtained by venepuncture in the tail vein. Blood glucose levels were determined using a hand-held
one touch ultra-glucose meter (MD300) and test strips manufactured by TaiDoc. Technologies
Corporation and supplied by MD instruments INC. according to (Hoppstadter and Ammit, 2019;
Thorarensen et al. 2015; Abdel-Tawab et al. 2014). The whole blood was applied on the test strips

that were fixed in the hand-held glucose meter and the glucose concentrations were read in mMol.
-1

2.5 Plasma Cortisol Deter mination

The sampled fish were terminally anaesthetised by quick submersion in 5ml/L of 2-
Phenoxyethanol for one minute. 2 ml of blood were collected by venepuncture in the tail vein
using disposable K,EDTA (0.5M, pH 8.0) treated syringe and gauge 30 needle. The blood was
maintained on ice throughout the sampling process and span down (1000 x g at 4°C for 15
minutes). The plasma was then removed and transferred to a new Eppendorf tube and frozen at -
80°C until analysed. The plasma cortisol was assayed by competitive inhibition enzyme linked
immunosorbent assay (ELISA) using a Fish Cortisol Elisa kit (Cusabio. Wuhan, China) following
the manufacturers instruction. The plasma was diluted with the sample diluent (1:100) before the
test. The plates were pre-coated with rabbit anti- cortisol antibody. On to each well 50 pl of either
sample or the cortisol standards were aliquoted in duplicates. Two blank wells were included in

the assay where no sample or standard was added. This was immediately followed by addition of



50 pl of antibody except for the blank. The plate was shaken gently and incubated for 40 minutes
at 37°C. The plate was then washed three times with wash buffer and 100 pl of HRP- conjugate to
each well except the blank. The plate was then covered with adhesive strip and incubated for
30mins at 37°C. The plate was then washed five times in wash buffer before adding 90 pl of
substrate solution (3,3,5,5’-tetramethylbenzidine (TMB) to each well and incubating at 37°C for
20 min in a dark place. The reaction was stopped by adding 50 pl of stop solution (0.5 M
sulphuric acid) and absorbance measured immediately at 540 nm. A standard curve was
constructed using eight standards and the concentration of the cortisol in the plasma samples was

read from this standard curve (Figure 1).

2.6 Scale Cortisol Deter mination

Measurement of scale cortisol levels was performed using the plasma method described above
with modification. After anaesthetising the fish, ten scales were removed from along the lateral
line using a clean forceps (Sadoul and Geffroy 2019). The scales were washed thrice with 3 ml of
isopropanol for 2.5 min for each wash and air dried on a tissue paper at room temperature. The
dried scales were then chopped into a fine particle using a clean pair of scissors. The cortisol was
extracted by incubating 0.100 + 0.001 g of the fine powder in 8 ml of methanol for 16 hrs at 35°C.
The mixture was then centrifuged at 3000 g for 10 minutes and the supernatant decanted into a
fresh tube and the solvent evaporated under a stream of nitrogen at 38°C. The resulting powder
was dissolved in 200 pl of sample diluent and cortisol level determined as in plasma cortisol
determination described above. A standard curve for the determination of scale cortisol (Figure 2)

was constructed as in 2.4 above.

2.7 Statistical analysis
Data were subjected to Levene’s test to test for homogeneity of variance before proceeding to
perform one way ANOVA (IBM SPSS for Windows version 26) at 95% confidence interval.

Levene’s tests for the two treatments gave p-values greater than 0.05.



3.0 Results

3.1 Plasma cortisol levels

The effect of chronic stress on plasma cortisol levels is as shown in tables 1 and 2 below. There
was a significant difference in the mean+ SD plasma cortisol concentration between the controls
and the ammonia treatments (p< 0.05) i.e. 3.65 £ 0.73 and 5.11 + 1.00 ng/ml respectively (Table
1). The results clustered into in three clusters (low, Middle and High). The mean cortisol levels

increased with increase in the ammonia concentration in the culture water.

Table 1: Mean plasma cortisol concentrations following ammonia treatment.

Ammonia Conc. Mean N Std. Deviation
CTR 0 mg/L 4.71° 25 0.52
0.4 mg/L 5.72%® 5.72% 25 0.82
0.8 mg/L 6.09° 6.09° 25 0.63
1.2 mg/L 6.23" 6.23° 25 0.84
1.6 mg/L 6.68" 6.68° 26 1.03
2.0 mg/L 7.08° 25 0.75
2.4 mg/L 7.22° 25 0.82

The superscripts indicate significant difference at p<0.05 of the mean plasma cortisol
concentration following ammonia treatment. Treatment with 0.8 mg /L and above had

significantly higher plasma cortisol concentrations compared to the control.

There was a significant difference in the mean+ SD plasma cortisol concentration between the
controls and the stocking density treatments (p< 0.05) i.e. 3.65 = 0.73 ng/ml and 5.11 + 1.00
ng/ml respectively (Table 2). The result clustered into three clusters (low, Middle and High). The

cortisol concentration was positively correlated to the stocking density.



Table 2: Mean plasma cortisol concentrations after subjecting to stocking density treatment

Treatment Mean
Std. Deviation

CTR 20 fish / tank 3.65° 20 0.73 The

25 fish / tank 4.75% 4.75% 25 0.50
40 fish / tank 481° 40 0.48 SUpr
55 fish / tank 5.09° 55 0.66 el
70 fish / tank 536" 5.36° 70 0.99 _ pts_
85 fish / tank 574 574 85 0.47 nd
100 fish / tank 6.4° 100 0.42 (.:ate-
signi

ficant difference at p<0.05 of the mean plasma cortisol concentration following stocking density
treatment. Treatment with 40 fish / tank and above had significantly higher plasma cortisol

concentrations compared to the control.

3.2 Blood glucose levels

The effect of chronic stress on blood glucose levels is as shown in tables 3 and 4. The glucose
concentration in blood was significantly higher in ammonia treatments compared to the controls
(i.e., mean £ SD: 26.91+4.32 vs. 18.23+4.1 mg/dL respectively (Table 3). There was a positive
correlation between the ammonia concentration and the glucose levels. Separation of means also

clustered the treatments into three categories; low, medium and high.
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Table 3: Mean plasma glucose concentration for ammonia treatment

Ammonia Conc. Mean N Std. Deviation
CTR 0 mg/L 18.23° 25 4.10
0.4 mg/L 21.73% 21.73% 25 2.69
0.8 mg/L 23.63° 25 2.54
1.2 mg/L 26.16°° 26.16™ 25 2.23
1.6 mg/L 29.01° 25 3.39
2.0 mg/L 30.07° 25 1.52
2.4 mg/L 30.88° 25 4.27

The superscripts indicate significant difference at p<0.05 of the mean plasma glucose
concentration following ammonia treatment. Treatment with ammonia concentration of 0.8 mg/L

and above had significantly higher plasma glucose concentrations compared to the control.

Stocking density also had a profound effect on the blood glucose concentrations as shown in table
4 below. The mean glucose concentration ranged from 17.47 + 4.10 mg/dL for the control to 30.34
+ 4.27 mg/dL for the highest stocking density used (100 fish per tank). Although there was a
significant difference between the treatments when compared to the controls, there was no

significant difference when the treatments were compared to each other.
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Table 4: Mean blood glucose concentration for stocking density treatment

Treatment Mean N Std. Deviation
CTR 20 fish / tank 17.47° 20 4.10
25 fish / tank 23%® 23%® 25 2.69
40 fish / tank 23.27° 40 2.54
55 fish / tank 24.62" 55 2.23
70 fish / tank 25.71% 25.71° 70 3.39
85 fish / tank 27.32" 27.32° 85 1.52
100 fish / tank 30.34° 100 4.27

The superscripts indicate significant difference at p<0.05 of the mean plasma glucose
concentration following stocking density treatment. Treatment with 40 fish / tank and above had

significantly higher plasma glucose concentrations compared to the control.

3.3 Scale cortisol levels

The effects of chronic stress on scale cortisol concentration was as outlined in tables 5 and 6
below.

The ammonia treatment showed a significant difference in the levels of scale cortisol (p< 0.05)
when each treatment was compared to the controls i.e., 2.54 £ 0.13 vs. 2.80 = 0.13 mg/g for
ammonia treatment (Table 5). The result clustered into two homogenous subsets between the
different ammonia treatments i.e., Low ammonia concentration (0 mg/ml-0.8 mg/ml) and High
ammonia concentration i.e. (1.2 mg/ml-2.4 mg/ml). In between these categories there was no

significant difference (p>0.05) in the scale cortisol concentration.

12



Table 5: The mean scale cortisol concentrations after subjecting O. niloticus to ammonia

treat
Ammonia Conc. Mean N Std. Deviation men
CTR 0 mg/L 2.54% 25 0.13 t.

0.4 mg/L 2.75% 2.75% 25 0.08
0.8 mg/L 2.76% 2.76% 25 0.14
1.2 mg/L 2.79" 25 0.16
1.6 mg/L 2.81° 25 0.08
2.0 mg/L 2.84° 25 0.09
2.4 mg/L 2.89° 25 0.18

The superscripts indicate significant difference at p<0.05 of the mean scale cortisol concentration
following ammonia treatment. Treatment with 1.2 mg/L and above had significantly higher scale

cortisol concentrations compared to the control.

The variation of scale cortisol concentration with increase in stocking density was as indicated in
table 6 below. There was a positive correlation between the stocking density and the scale cortisol

concentration.
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Table 6: The mean scale cortisol concentrations after subjecting to stocking density treatment.

Treatment Mean N Std. Deviation
CTR 20 fish / tank 2.47° 20 0.04
25 fish / tank 2.52% 2.52% 25 0.16
40 fish / tank 2.69  2.69% 40 0.062
55 fish / tank 272  2.72" 55 0.04
70 fish / tank 273 273" 70 0.20
85 fish / tank 2.75° 85 0.14
100 fish / tank 2.76° 100 0.10

The superscripts indicate significant difference at p<0.05 of the mean scale cortisol concentration
following stocking density treatment. Treatment with 40 fish / tank and above had significantly

higher scale cortisol concentrations compared to the control.
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Figure 1: Plasma cortisol standard curve used to determine the plasma cortisol concentrations
in the plasma obtained from fish in ammonia and stocking density treatments
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3.4 Metabolic pathways

The effect of chronic stress on relevant metabolic pathways was evaluated by determining the
differential expression of genes in the various metabolic pathways. Considering the levels of
significance and the number of DEGS in the particular pathway. Mitogen activated protein kinase
(MAPK) signalling pathway was the most significantly down regulated pathway in ammonia
treatment [Figure 3]. Six genes in this pathway were significantly enriched following ammonia
treatment (Padj <0.05) i.e. DUSP1 (dual specific protein phosphatase 1), NHR38 (Nuclear
Hormone Receptor), HSP 72 KDa Protein 1(heat shock protein), myelocytomatosis oncogene
homologue (Mych), Growth arrest and DNA damage inducible alpha a (GADD 45aa) and mitogen
activated protein kinase kinase 4 (MAP2K4). Twenty-nine other genes in this pathway are also

down regulated but not significantly so (Padj. >0.05).
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Discussion

Chronic stress is the manifestation of the body’s failure to return to normal homeostatic state after
stressful episodes. Stress exposes an organism to negative effects including lowered growth,
reduced reproduction, and weakened immunological function. For greater productivity, disease
prevention, and increased financial gain, aquaculture management practices must take stress into
account and endeavour to minimize it. Glucocorticoid secretion is a typical endocrine reaction to
stress that is produced in order to fuel the response to stress. In fish the major glucocorticoid
produced during stress is cortisol and has been widely used as a stress indicator (Ellis et al. 2012).
One of the numerous functions of cortisol in the stress response is to provide the fish with enough
energy to go through the perceived stressor and subsequently resume normal activity. Cortisol
plays a major role in resource reallocation during the stress. This reallocation lowers the
reproductive axis, which is a prioritization of an individual's survival over the preservation of the
species. Cortisol is essential for survival during stress and controls or supports several vital
metabolic, immune, and homeostatic processes. For this reason, cortisol has found wide range of

application in the study of stress in many vertebrates including fish.

Under stress, fish releases cortisol as a physiological stress response. Plasma cortisol levels vary
with stress levels and are indicative of the status of the culture environment (El Asey et al. 2020;
Odhiambo et al. 2020). The concentration levels of cortisol are a mirror of the stress levels in the
fish. Values above basal means are indicative of stressful environment. The higher plasma cortisol
concentrations witnessed in the experimental fish compared to the controls were due to the
independent variables introduced in the experiment I.e., ammonia and increased stocking densities

and thus act as clear indicator of stress occurrence in the experimental fish.

Prolonged stress levels result in sustained high plasma cortisol levels which is eventually
deposited in the scales of fish. Results of the current study indicate a positive correlation between
the intensity of the stressor, the plasma cortisol concentration and the scale cortisol concentrations
(Table 1, 2, 5 and 6). Scale cortisol concentration can therefore be used as an indicator of stress
levels the fish has been experiencing over a period of time. This finding is in concurrence with
(Aerts et al. 2015) working with common carp and concluded that scale cortisol levels could be
used as long-term stress indicator. A recent study by Samaras et al. (2021), found out that isolated
scale under stimulation of ACTH is able to produce cortisol on their own. Thus, fish scales besides
accumulating cortisol from blood may be carrying out de novo synthesis. This coupled with the
assertion that scales also participate in calcium homeostasis which would affect the cortisol

storage in the scale may point to the fact that scale cortisol alone may not be sufficiently reliable
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in stress level determinations. This therefore points to the need for the use of a combination of
markers during assessment of chronic stress in fish. An increase in fish plasma cortisol levels was
accompanied by an increase Blood glucose is another important indicator of stress in fish in
plasma glucose levels (Table 3 and 4). Several studies attribute glucose and cortisol levels
increase with chronic stress (Hamed et al. 2012; Hamed et al. 2022; Abdel-Tawwab et al. 2023).
Chronic stress brings about hyperglycaemia via enhancement of endogenous glucose synthesis
and / or inhibition of glycogenesis in liver and skeletal muscles and which occurs by inhibition of
glycogen synthase (Laberge et al. 2021). According to Malini et al. (2018), when fish get bigger,
hyperglycaemia rises. In addition to fish size, environmental factors and the quality of the

ecosystem also have an impact on hyperglycaemia.

The higher blood glucose concentration levels recorded in the current study, is an indication of the
increased levels of stress the fish were exposed to. Studies by (Makaras et al. 2018; Macek et al.
2018) revealed that Plasma glucose concentrations exerts a positive correlation with increase in
the level of stress. This is consistent with the findings of the current study (Table 1) where an
increase in ammonia concentrations resulted in an increase in the mean plasma glucose
concentrations. Similar observations were made for the stocking density stress (Table 2). Though
they are the most commonly used signatures in stress level assessment, Cortisol and glucose must
be combined with other measurements, such as those of other stress hormones, HSPS, blood-cell
counts (preferably in long-term experiments), non-invasive techniques, and/or others, to provide a
more comprehensive picture of a fish's stress status (Zao et al. 2015). Since stress affects both
physiological and biochemical processes in fish, alteration of these processes can prove a useful
addition to the methods of stress determination. Most of these processes affected by stress are

regulated by the levels of circulating cortisol (Yung and Giacca 2020).

The current study shows that one of the key pathways that was significantly down regulated and
may have a major influence on growth performance is the Mitogen Activated Protein Kinase
Signalling Pathway (MAPK). MAPK signalling pathway was significantly down regulated in
ammonia treatment [Figure 3]. Six genes in this pathway were significantly enriched following
ammonia treatment (Padj <0.05) i.e. DUSP1 (dual specific protein phosphatase 1), NHR38
(Nuclear Hormone Receptor), HSP 72 KDa Protein 1(heat shock protein), myelocytomatosis
oncogene homologue (Mych), Growth arrest and DNA damage inducible alpha a (GADD 45aa)
and mytogenic activated protein kinase kinase 4 (MAP2K4). Twenty-nine other genes in this
pathway are also down regulated but not significantly so (Padj. >0.05). Chronic stress emanating
from different stressors has been shown to activate the MAPK signalling pathway (Eblen 2018;

Win et al. 2018). Glucocorticoids have been reported to modulate the anti-inflammatory response
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via the inhibition of the MAPK signalling pathway. Cortisol has specifically been shown to
suppress the phosphorylation of MAPK (Dong et al. 2018), as well as the extracellular signal-
regulated kinase (ERK1/2), p38MAPK and stress-activated protein kinase (JNK)/c-Jun N-terminal
kinase. This suppression is mediated by DUSP-1[35] and forms the basis of the action of
glucocorticoids cortisol being one of them. DUSP-1 is also referred to as (MAPK phosphatase
(MKP) which mediates the de-phosphorylation of ERK (Solinas and Becattini 2016). DUSP-1 has
been shown to offer a negative feedback loop for MAPK / ERK pathway (Krysan and Avila
2001). Kultz and Avila (2001) demonstrated a reduction of MAPK activity in gills of euryhaline
fishes subjected to osmotic stress. Results from the current study demonstrates enrichment of
MKP. This enrichment results in reduction of the phosphorylated ERK which is the effector
molecule of the classical MAPK pathway. Enrichment of MKP thus down regulates ERK
signalling pathway inhibiting cell differentiation and proliferation hence depressing growth.
Witzel (2012), reported that the blocking of the MAPK and ERK activation also activated

apoptosis.

The proto-oncogene c-MYC encodes a basic helix-loop-helix leucine zipper (bHLH-Lz)
transcription factor, which plays a pivotal role in cell proliferation, metabolism, differentiation,
apoptosis and tumorigenesis by transcription and activation of downstream target genes (Luscher
and Larsson 1999). Marampon et al. (2006) demonstrated that the inhibition of the MEK/ERK
pathway dramatically decreased c-MYC expression. Dong et al., (2019) showed that Cortisol up
regulated the expression of B-catenin, c-Myc, and cyclinD1 and promoted the phosphorylation of
PI3K and AKT. Cellular stress can cause the phosphorylation of c-Myc which prevents formation
and binding of Myc-Max dimers to DNA. This diminishes the capacity of Myc to trigger
transcription and to cause cellular proliferation, transformation, and apoptosis. P21 Acivated
Kinase (Pak2) has been shown to phosphorylate Myc at the b/HLH/Z domain [56]. Results from
the current study show that Nile tilapia subjected to chronic stress had significantly enriched c-
Myc expression. Since c-myc enrichment diminishes cell proliferation and differentiation, this
outcome is consistent with the depressed growth performance witnessed in the chronically stressed
fish. The INK MAPK pathway on the other hand is activated by two MAPK kinases (MKK4 and
MKK?7) that function collaboratively in response to environmental stress to optimize JNK activity.
JNK is phosphorylated on Tyr residue by MKK4 and on Thr by MKK7. JNK has been
demonstrated to react to a variety of cellular stress signals that are triggered by cytokines, free
fatty acids, and high blood sugar. The setting and length of JNK activation have a significant
impact on the outcome. While persistent JNK activation can cause cell death, transient JNK

activity has the potential to promote cell growth (Yung and Giacca 2020).
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Results from the current study indicate that Nile tilapia exposed to chronic stress had significantly
higher MKK4 levels consistent with the higher blood glucose level witnessed in stressed fish.
High glucose levels have been shown to trigger JNK activation. Phosphorylation of MKK4 leads
to the activation of JNK. Prolonged activation of JNK activates apoptosis consistent with the
depressed growth witnessed in this study. The coordination of gene transcription, protein
synthesis, cell cycle control, apoptosis, and differentiation, orchestrated through MAPK
regulation, assists in dealing with the effects of chronic stress and can therefore be viewed an
important adaptation towards stress management. The transcriptional response to chronic stress
and the changes in gene expression and MAPK signalling pathways in this study suggest that the
aforementioned DEGs and pathways play a significant role in the mechanism behind Nile tilapia's
enhanced tolerance to chronic stress. Some of these prospective genes may be employed as
candidate gene indicators of chronic stress tolerance in future breeding programs. Since the
MAPK signalling pathway is essential for reacting to a variety of stressors, it is probable that
manipulating the genes in this pathway will result in fish that are more resilient to the effects of

climate change and more capable of producing highly.

The result of the current study increases the number of molecular markers available as tools for
selective breeding in fish. Fish breeding for stress tolerance is an important tool towards
increasing fish production through developing new better performing stress tolerant fish species.
This will lower cost of production and minimize the occurrence of diseases and mortality in
cultured fish. With the ever-increasing world population, the demand for fish and fish products
continue to increase. Coupled with the dwindling catches from the wild, there is need to produce
more fish in less and less area. The strain occasioned will most likely increase occurrence of stress
in the cultured fish with the far-reaching consequences of depressed growth and increased
mortality. As a result, this will dent the effort towards achieving freedom from hunger and
malnutrition as espoused in SDG 2 as well as sink more farmers in to poverty and economic
dependence contrary to SDG 1. It is therefore important to formulate policies that promote fish
welfare to guard against occurrence of chronic stress in fish such as water pollution and global

warming.
Conclusion

This work demonstrates that chronic stress simultaneously increases the levels of blood glucose

plasma cortisol and scale cortisol in cultured juvenile O. niloticus. In addition to these commonly
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used stress signatures, the regulation of MAP K signalling pathway can be considered as a reliable
method for the assessment of chronic stress. The growth performance and welfare of cultured Nile
tilapia may improve if the impact of the stressors can be reduced by providing optimal culture

environments.
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