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Salinity affects growth performance, physiology, immune
responses and temperature resistance in striped catfish
(Pangasianodon hypophthalmus) during its early life stages
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Abstract In this study, striped catfish larvae were
gradually exposed to the increase of different salini-
ties, and then they reached the levels of 0, 5, 10, 15,
and 20 psu after 10 days, followed by heat shock at
39 °C to determine stress tolerance. After the 10-day
experiment, the survival rate of fish exposed to the
20 psu treatment was only 28.6+4%, significantly
lower than that of the other treatments. The results
showed that the osmolality of the whole-body (WB)
homogenate was gradually and significantly increased
with salinity elevation, except in fish exposed to
freshwater and 5 psu treatments, while there were
no significant changes in WB Na*/K*-ATPase activ-
ity. Digestive enzymatic activities, i.e., pepsin,
a-amylase, alkaline phosphatase, and leucine alanine
peptidase (leu-ala) generally increased with salinity,
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but not aminopeptidase and trypsin. Lysozyme and
peroxidase activities increased in fish larvae exposed
to 15 and 20 psu. These increases proportionally
improved growth performance, with the lowest and
the highest final weights observed in fish reared at O
psu (0.08 +0.03 g/larvae) and 20 psu (0.11+0.02 g/
larvae), respectively, although the average growth
recorded at 20 psu could be biased by the high mortal-
ity in this group. Occurrence of skeleton deformities,
such as in caudal vertebrae and branchiostegal rays,
was significantly higher in fish exposed to the higher
osmotic conditions (15.0+£1.2% and 10.3+2.1%
respectively at O psu vs. 31.0+2.9% and 49.0+5.6%,
respectively at 15 psu). After the 12.5-h heat shock,
survival rates significantly differed between treat-
ments with the highest survival observed in fish sub-
mitted to 5 psu (68.9%), followed by those exposed
to 0 (27%) and 10 (20%) while all fish died at 15 psu.
These findings suggest that the striped catfish larvae
could be reared in salinity up to 5 to 10 psu with a
higher survival and tolerance to thermal stress when
compared to fish maintained in freshwater.

Keywords Salinity - Striped catfish larvae -
Osmoregulation - Immunity
Introduction

Striped catfish Pangasianodon hypophthalmus is
the most important aquaculture species in Vietnam,
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with export turnover reaching US$2.3 billion in 2019
(FAO 2020). In recent years, the sector has been
negatively affected by climate changes, especially
salinity increase (Nguyen et al. 2014). It is predicted
that the environmental water in these regions will fur-
ther suffer from dam construction in upstream coun-
tries along the Mekong River (Binh et al. 2020). In
response to these factors, the striped catfish industry
is compelled to adapt its culture methods to a brack-
ish water environment to maintain its sustainability.
In teleosts, one of the most significant responses
to saline environment exposure is the osmoregula-
tory modification that directly affect their tolerances
and living habits (Varsamos et al. 2005). Fish species
maintain osmolality in extracellular body fluids at
values close to 300 mOsmol kg~ while the fish isos-
motic salinity point is at 9 psu (Kiiltz 2015). Some
marine and euryhaline fish are able to slightly regu-
late the osmolality of body fluids under hyper- and/
or hypoosmotic stress at embryonic and larval stages
(Caberoy and Quinitio 2000; Haddy and Pankhurst
2000; Fridman et al. 2012a). Before gills are fully
formed, osmoregulation in the larval stage mainly
happens through the integument where a high density
of ionocytes are located (Alderdice 1988; Varsamos
et al. 2005). In some fish species, gills are present
from early developmental stages such as hatching or
the yolk sac period (Coughlan and Gloss 1984; Li
et al. 1995; Katoh et al. 2000). The development of
gills coincides with functional osmoregulatory shift
from skin to gills due to changes in chloride cell dis-
tributions (van der Heijden et al. 1999; Katoh et al.
2000; Varsamos et al. 2005). Many studies previously
showed that osmoregulation in freshwater fish was
significantly changed with the elevation of osmotic
environment through the increase of osmolality and
Na+/K+-ATPase activity (Woo and Tong 1982;
Schmitz et al. 2016; Phuc et al. 2017). Particularly, it
was reported in striped catfish that plasma osmolal-
ity and Na+/K+-ATPase activity were significantly
increased in the fish subjected to 10 and 20 psu com-
pared to that in freshwater after 20 experimental days
(Schmitz et al. 2016). At the early stage, whole-body
osmolality in Nile Tilapia eggs and larvae increased
with salinity rise (Fridman et al. 2012a). Further-
more, energy utilization during osmoregulation pro-
cesses may directly affect growth and survival in
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larvae (Varsamos et al. 2005). Beside the energy cost,
environmental salinity possibly influences the growth
rate by altering food intake, food conversion, and hor-
mone stimulation (Beeuf and Payan 2001). It is worth
noting that, despite being not systematic, growth rate
in marine and euryhaline fish is improved in fish
cultured in an environment between 8 and 20 psu
(Ostrowski et al. 2011; Fridman et al. 2012b; Kim
et al. 2017). However, freshwater fish often seem to
have better growth rates in water salinity of less than
5 psu (Altinokand and Grizzle 2001; Fashina Bom-
bata and Busari 2003; Overton et al. 2008).

Environmental salinity may directly or indi-
rectly affect the growth performance and enzymatic
activities in teleost fish (Tsuzuki et al. 2007; Ronkin
et al. 2015; Hamed et al. 2016). The former is due
to modifications in pH and ion strength in the gut
lumen through water ingestion or excretion during
hyper- or hypoosmoregulation processes, respec-
tively. The latter is related to homeostasis main-
tainability, requiring higher food intake and then
increased enzymatic activity for digestion (Usher
et al. 1990; Beeuf and Payan 2001; Barman et al.
2005; Pujante et al. 2018).

As far as immunity is concerned, several studies
have investigated the interactions between salinity
and immunomodulatory responses (Yada et al. 2001;
Jiang et al. 2008; Schmitz et al. 2016). The modifica-
tions in the immune system during osmotic changes
are possibly related to the regulation of different hor-
mones. Prolactin is important in freshwater adaption,
while growth hormone (GH) and cortisol are mainly
responsible for seawater adaption (Eckert et al. 2001;
Yada et al. 2004). The key of innate immunity as
lysozyme and complement molecules was reported
to be affected with the change of osmotic environ-
ment. Particularly, lysozyme activities increased in
rainbow trout Oncorhynchus mykiss when fish were
exposed to higher salinity at 1 h and 24 h after trans-
fer to 25 psu condition while alternative comple-
ment activity increased 8 h after transfer (Jiang et al.
2008). Similarly, Schmitz et al. (2016) showed that
striped catfish fingerlings up-regulated lysozyme
activity according to the increase of salinity at 10
and 20 psu. Additionally, the key of adaptive system
being immunoglobulins (Ig) was affected by environ-
mental salinity in gilthead seabream through total Ig
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evaluation after 14 days exposed to 55 psu (Cuesta
et al. 2005). Moreover, antioxidant responses as per-
oxidase activities were reduced in gilthead seabream
plasma after exposure to lower salinity (Cuesta et al.
2005).

Although the mechanisms are not clearly under-
stood, the effects of the changes of salinity on skeletal
deformity have been investigated in early developmen-
tal stages of both marine and freshwater fish (Borode
et al. 2002; Okamoto et al. 2009). Lingcod Ophiodon
elongatus Girard larvae exposed to different salinities
during the hatching phase displayed an increase of spi-
nal deformity but a decrease of jaw deformity (Cook
et al. 2005). Specifically, the percentage of abnor-
malities in spine and jaw was gradually elevated and
decreased from 7.1 to 31.3% and from 34.9 to 7.2%,
respectively when embryos were exposed to salinity
from 15 to 35 psu. In Japanese eel Anguilla japonica
larvae, the rate of total deformity was observed at the
lowest level for 36 psu conditions at around 30% com-
pared to the corresponding larvae either in 24 or 42 psu
environments, at 98.2% and 68.4%, respectively (Oka-
moto et al. 2009). In a freshwater fish, African catfish
Clarias gariepinus, saline exposure in larvae during
embryonic stages induced an increase of deformity rate
when exposed to 4 and 8 psu (52% and 71%) compared
to freshwater and 2 psu (10.4 and 16.1%) (Borode et al.
2002).

Beside salinity intrusion, climate changes have
induced an increase of temperature in the Mekong
Delta, with potential interactions of these two stressors
on striped catfish. A previous study on striped catfish
showed that a temperature of 35 °C increased the sur-
vival rate in fish exposed to 6 and 12 psu in comparison
with those exposed to freshwater while there was no
significant differences among salinities at 25 °C (Phuc
et al. 2017). Additionally, the survival rate of Nile tila-
pia exposed to different salinities was affected by the
temperature, with the highest survival observed in the
treatments of 0 and 8 psu at 32 °C and the lowest in the
treatment of 16 psu at 24 °C (Likongwe et al. 1996),
suggesting that salinity exposure may change the tem-
perature tolerance in fish.

The present study aimed to provide a general insight
on the responses of striped catfish larvae to a salinity
gradient, in terms of osmoregulation capacity, digestive
enzyme activities, innate immunity, skeleton malforma-
tions, and temperature tolerance.

Materials and methods
Fish and experimental conditions

One day, post-hatching striped catfish larvae were
obtained from Viet-Uc hatchery, An Giang province.
The fish were acclimated for 10 days in freshwater con-
ditions and reached the average weight of 1+0.1 mg/
larvae. The experiment was conducted in composite
tanks (water volume 300L) and closed water. Then, the
larvae were distributed into 5 triplicate treatments with
300 larvae/tank, with final salinity of O, 5, 10, 15, and
20 psu. Salinity increase was 0, 0.5, 1, 1.5, and 2 psu
per day, respectively. The increase was done twice daily
to reduce environmental shock in larvae. Throughout
the rearing period with aeration, the larvae were fed
with approximately 10 Moina brachiata/mL four times
per day. The cultured temperature fluctuated from 27
to 29 °C during the experiment. After 10 experimen-
tal days, all treatments reached the targeted salinity and
then fish were sampled (Fig. 1).

Sampling and output variables

Different parameters were evaluated in this study, such
as husbandry variables, osmolality and Na*/K*-ATPase
activities, digestive enzyme activities, as well as immu-
nological responses and skeleton deformities. The lar-
vae were rinsed with distilled water before pooling 4-6
fish in Eppendorf tube and immediately snap-frozen in
liquid nitrogen. Although only one tube was collected
from each tank, the samples including 4-6 fish were
representative of the tank. All samples were then kept
at—80 °C for further analysis, except for 50 fish/tank
that were fixed in 10% buffered formalin for deformity
evaluation.

After the 10-day experiment, survival rate was cal-
culated by individually counting all living larvae and
was expressed as a percentage of the initial fish num-
bers. Growth of larvae was calculated by the wet body
weight of all surviving larvae in a pool of 5 larvae at
each time. Average weight was used for weight gain
(mg/larvae).

Osmolality and Na*/K*-ATPase activity

Because of the small size of larvae, blood was inef-
ficiently collected; therefore, although a real internal
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osmolality comes from animal’s blood, we homog-
enized the whole-body (WB) of the larvae and con-
sidered the measure of homogenate osmolality as the
most efficient method to estimate internal osmolality.
The protocol followed the method of Fridman et al.
(2012a) with modifications. Pooled samples includ-
ing 4-6 fish from each tank thawed on ice were rinsed
with distilled water and then wiped by tissue paper in
order to remove the water present on the fish surface.
The samples were homogenized without buffer and
then centrifuged at 6000 g for 10 min. Supernatant
was collected and measured using a Gonotec Osmo-
mat 3000 (Gonotec, Germany) for WB osmolality.

WB homogenates were obtained by homogenizing
tissue (1:10) in ice-cold SEI buffer (sucrose 0.25 M,
EDTA 1 mM, imidazole 50 mM, pH 7.4). Main
debris were removed by centrifugation at 10 000 g
for 5 min at 4 °C. Na*/K"-ATPase activity was meas-
ured according to the method of McCormick (1993).
Before the assay, a standard curve of 0-20 nmol
ADP/well was obtained. The assay was measured at
340 nm for 5 min and the linear regression was used
to calculate Na™/K*-ATPase activity in WB larvae.
Protein concentration was estimated by the method of
Bradford (1976). The specific activities are expressed
as U mg protein™' h™!.

Digestive enzyme activities
The head and tail of striped catfish larvae were

removed to separate the digestive segment including
stomach and intestinal tract on a glass maintained
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on ice. Pooled samples from each tank were homog-
enized with the ratio of 1:10 cold distilled water.
The centrifugation was done at 4200 g and 4 °C for
30 min and the supernatant was collected in aliquots
and stored at—80 °C for further analysis. Alkaline
phosphatase activities were performed following the
method of Bessey et al. (1946). Ten microliters of
homogenate was added to a 1-ml substrate of p-nitro-
phenyl phosphate at 37 °C and measured a spectro-
photometer at 407 nm within 5 min. Aminopeptidase
activity was estimated according to the method of
Maroux et al. (1973). Twenty microliters of homoge-
nate was mixed with 20 uL of substrate of L-leucine-
p-nitroanilide and 1 ml buffer of Na,HPO, 80 mM,
pH 7. The mixture was measured with a spectropho-
tometer at 410 nm in 5 min. Leucine alanine pepti-
dase (leu-ala) was assayed according to Nicholson
and Kim (1975) using leucine alanine as substrate.
Pepsin was assayed by the method of Worthington
(1982) modified by Cuvier-Péres and Kestemont
(2001). One hundred microliters of homogenate were
mixed with 500 uL of hemoglobin substrate (2% w/v
hemoglobin in 0.06 HCI).The reaction was stopped
by trichloroacetic acid (TCA) 5% after 10 min. The
blank test was only added homogenate after TCA.
The mixtures were centrifuged at 4000 g for 6 min
and then the supernatants were measured at the opti-
cal density of 280 nm. Trypsin activity was meas-
ured following the method of Holm et al. (1988) that
used benzoyl-DLarginine- p-nitroanilide (BAPNA)
as substrate and absorbance was read at 410 nm. The
activity of alpha amylase was estimated using starch
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as the substrate at 25 °C and absorbance was read at
540 nm (Metais and Bieth 1968). Protein concentra-
tion of each sample was estimated by the method of
Bradford (1976). Specific activities are expressed as

U mg protein™' min~".

Immunological response

Homogenates were obtained by homogenizing tissue
(1:3) in ice PBS buffer, pH 6.2. Then, centrifugation
was performed at 6000 g for 10 min and the superna-
tant was collected in aliquots for further analysis.

Lysozyme, complement, and total Ig were meas-
ured by the method of Milla et al. (2010). For the
lysozyme assay, 10 uL of the WB homogenate was
placed in a 96-well microplate with 10 puL of buffer
(0.05 M of disodium hydrogenophosphate isodecahy-
drate) and 130 pL of the Micrococcus luteus solution
(0.6 g/L), in triplicate. The positive control contained
20 pL of buffer and 130 pL of the M. luteus solution,
and the negative control was only buffer (150 pL)
(in triplicate). The absorbance wells of the micro-
plate were read with a spectrophotometer at 450 nm
every 5 min for 60 min. The 0.001 factor character-
izes the lysozyme activity: 0.001 unit of absorbance
represents 1 unit of lysozyme activity. The comple-
ment assay was performed by diluting WB homogen-
ate at a ratio of 1:1.5, 1:3, 1:6, and 1:12 with veronal
buffer in order to reach a volume of 60 pl. Ten micro-
liters of diluted rabbit erythrocytes (3% erythrocyte
in veronal buffer) were then added before mixing the
solution for 2 h at 27 °C. The mix was centrifuged
at 3000 g for 5 min at 4 °C. Moreover, two negative
controls (60 puL of veronal buffer and 10 uL of rab-
bit erythrocytes) and four positive controls (60 pL
of water and 10 pL of rabbit erythrocytes) were
used. For each sample, 35 pL of the obtained super-
natant were placed in duplicate in a 96-well micro-
plate and read once at 405 nm. Regarding total Ig,
WB homogenate was mixed with 12% PEG solution
(1:1) and incubated for 2 h at room temperature under
constant shaking. The supernatant was collected after
centrifugation at 1000 g for 10 min and assayed for
its protein concentration. The concentration of total
Ig is calculated as the difference between the concen-
tration before and after precipitation with PEG and
expressed as mg prot~!.

In terms of peroxidase activity, 10 pL of WB
homogenate were mixed with 65 pL of Hanks’

balanced salt solution (HBSS) no calcium, no mag-
nesium, and 25 pL of reactional solution (62.65 mg
of tetramethylbenzidine dihydrochloride and 5.15 pL
of H,0, in 10 mL of distilled water). This mix was
incubated for exactly 2 min at room temperature
before adding 25 pL of sulfuric acid (38.88 mL of
distilled water and 11.11 mL of H,SO, 95-97%) and
directly read at 450 nm. These immune responses are
expressed as U mg prot— .

Whole mount staining for skeleton deformities

Fifty larvae per tank were fixed and stored in 10%
phosphate-buffered formalin. The whole larval skele-
ton was stained with alizarin red according to a modi-
fied method from previous studies (Izquierdo et al.
2013). Briefly, the larvae depigmentation was per-
formed by the solution of KOH 0.05% and H,0, 3%
and then washed using absolute ethanol. The samples
were dehydrated by ethanol 50% during 24 h followed
by ethanol 95% during 12 h. After neutralization
with KOH 5%, the larvae were stained with alizarin
red during 24 h. Trypsin porcine was applied before
the larvae were fixed in solution of KOH and glyc-
erin. Deformity classification was made following
the protocol of Boglione et al. (2001). Specifically,
each deformity was recorded by type and position and
then clustered into groups as serious spinal skeleton
deformities (i.e., kyphosis, lordosis, and scoliosis),
caudal vertebrae, and brachiostegal rays. The percent-
age of total deformities was compared statistically.

Heat shock challenge

A pre-test was conducted to estimate the upper tem-
perature threshold that should be applied during the
challenge test to study how salinity affects the stress
tolerance in larvae. The result showed that 39 °C was
considered as the upper threshold when mortality of
larvae appeared. During the heat shock, the ambient
temperature fluctuated from 27 to 29 °C. After sam-
pling, 30 larvae from each tank were transferred to
10-L glass tanks and acutely exposed to a 39 °C water
environment. All tanks were equipped with an aera-
tion system and kept in a big composite tank of 2 m?
to ensure the same temperature in the small glass
tanks. Dead fish were recorded and removed from
each tank during the heat shock in 24 h.
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Statistical analyses

To determine the differences between treatments,
the data were firstly tested for homogeneity of vari-
ance and normal distribution and were log, trans-
formed if necessary. Then, one-way ANOVAs using
SPSS 20.0 were applied. Comparisons among treat-
ment means were made using a Tukey test applying
a 95% confidence interval. The pooled survival rate
of each treatment after heat shock challenge was
statistically analyzed by the Kaplan—-Meier model.
Comparisons between the curves were made using
the log-rank test (Goel et al. 2010).
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Results
Husbandry variables

After the 10-day experiment, survival rates were not
significantly different between the treatments of 0, 5,
and 10 psu (from 86.2 +2.7 to 87.3 +4.6%); however,
survival decreased in the 15 psu treatment and the
lowest value was observed at 20 psu (76.3 £2.2% and
28.7+2.4%, respectively) (p <0.001) (Fig. 2). In con-
trast, weight gain showed the opposite trend with the
biggest and smallest larvae in 20 psu and freshwater,
respectively (p=0.001).

Whole-body osmolality and Na*/K*-ATPase

A sharp rise of WB homogenate osmolality was found
in relation to the salinity increase, with the highest
level in 20 psu (510+33.7 mOsmol kg~") and lowest
level in 0 psu (216+9.3 mOsmol kg™!) (p<0.001).
The difference between the treatments of O psu and
5 psu was not significant (Fig. 3A). Water osmolal-
ity was gradually increased with 0, 142, 273.5, 390.5,
and 540 mOsmol kg_1 in freshwater, 5, 10, 15, and
20 psu, respectively. However, Na*/K*-ATPase activ-
ity did not show any significant difference between
treatments (Fig. 3B). The protein concentrations were
shown in the Table 1.

Enzymatic activities

In general, digestive enzyme activities showed a simi-
lar pattern which increased with salinity level, except
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Results are expressed as the mean+SEM (n=3). Different let-
ters denote statistically significant differences between treat-
ments (p <0.05)
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Table 1 Protein

. Treatment Samples Protein concentration (mg/mL)
concentration of samples
Na+/K+-ATPase activity Enzymatic activ- Immune
ity indica-

tors

0 psu 1 3.05 3.33 6.59

2 2.33 3.15 6.717

3 2.35 3.38 6.36

Spsu 1 2.64 3.60 6.60

2 2.68 3.41 6.95

3 2.17 3.83 5.84

10 psu 1 2.82 3.23 4.62

2 1.79 3.10 6.50

3 2.25 3.64 5.67

15 psu 1 221 3.40 5.48

2 2.32 3.10 5.90

3 2.41 3.51 5.70

20 psu 1 2.46 3.24 8.48

2 222 277 7.19

3 2.46 2.80 7.95

for aminopeptidase and trypsin activities (Fig. 4).
The activities of aminopeptidase and trypsin did not
show any significant difference between treatments.
In particular, the larvae exposed to 15 psu and 20 psu
exhibited a significantly higher specific activity of
alkaline phosphatase than that of 0 psu and 5 psu
(»=0.011). The peak of leu-ala enzyme activity was
2.8+0.3 (U mg~! protein™! min~!) for treatment
20 psu and was significantly higher than those of 0, 5,
and 10 psu (p=0.013). Interestingly, stronger activi-
ties of a-amylase were found in treatments 15 psu
and 20 psu compared to treatments O psu and 5 psu
(»=0.006). For pepsin, significant differences were
observed between treatments; the highest activity was
observed in larvae reared in hyperosmotic conditions,
ie., 10, 15, and 20 psu, compared to that of lower
salinity (»<0.001). The protein concentrations were
shown in the Table 1.

Immunological responses

Regarding immunological aspects, lysozyme and per-
oxidase activities were considered as the most sensi-
tive responses during the experiment. Specifically,
WB homogenate lysozyme activity increased pro-
portionally with salinity, with significant differences
in groups exposed to 15 and 20 psu (28.3+3.5 and

30.6+3.6 U mg protein~!, respectively) (Fig. 5A)

(»=0.002). Similarly, the activity of WB homogenate
peroxidase was significantly higher in fish reared in
20 psu, and this value significantly differed between
10 and 15 psu reared fish (Fig. 5C) (p=0.004).
ACHS50 and total Ig in larval WB homogenate did not
show any significant difference between treatments
(Fig. 5B and 5D). The protein concentrations were
shown in the Table 1.

Deformities

Abnormalities occurred in all treatments. In treat-
ment 20 psu, the number of surviving larvae was
too low (28.7+2.4%) to determine the percentage
of skeletal deformities. Figure 6 shows some of the
main deformities in striped catfish under experimen-
tal conditions. Serious spinal abnormalities (i.e.,
kyphosis, lordosis, and scoliosis) were displayed
with very low frequency, with a peak of 6% in lar-
vae subject to 10 psu, but there were no significant
differences between treatments. Interestingly, caudal
vertebrae and branchiostegal ray abnormalities had
a similar increasing pattern when the larvae were
exposed to salinity increase. The highest level of
abnormalities happened in caudal vertebrate found
in the 15 psu treatment while the lowest was seen for
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are expressed as the mean + SEM (n=3). Different letters denote statistically significant differences between treatments (p <0.05)

0 and 5 psu treatments (p=0.002). The frequency skeletal abnormalities in the caudal fin and numbers
of branchiostegal ray deformity was significantly of epural; however, the frequencies were very low and
lower in fish reared in freshwater (10.3 +2.0%) than not significantly different between treatments (data
in those under saline treatments (from 37.3+5.4% not shown). Figure 7 describes some typical skeletal

to 49.0+5.8%) (p=0.001). We also found other deformities observed in the present study.
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Fig. 6 Percentage of 60
abnormality rates in
striped catfish larvae. 50
Results are expressed as e
the mean+SEM (n=3). <
Different letters denote ﬁ 40
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Serious spinal column

Survival rate after heat shock at 39 °C

Survival rate differed significantly between all treat-
ments (p<0.001), except in treatments 0 psu and
10 psu (p=0.051) (Fig. 8). The treatment of 5 psu
had the highest survival rate (68.9%) while the low-
est one was obtained in the treatment of 15 psu (0%)
after 12.5 h of heat shock. Interestingly, after 6 h heat
shock the survival rates were around O and 30% in
treatments 15 and 0 psu, respectively. Subsequently,
all treatments showed a stable pattern in survival rate,
except for the group exposed to 10 psu that exhibited
a significant decrease from 49 to 23% at 7.5 h.

Discussion

In this study, striped catfish larvae (20 days post-
hatching) displayed high survival rates in all treat-
ments, with more than 75% at the end of the salin-
ity increase, except for the treatment of 20 psu with
a survival rate of 28.7% only. This was similar to the
findings of Nguyen et al. (2014) showing that the sur-
vival of striped catfish juveniles submitted to 18 psu
was significantly lower than that of fish exposed to
lower salinities. This suggests that striped catfish lar-
vae can experimentally tolerate up to 15 psu, and a
10 psu environment does not affect its survival. How-
ever, rearing conditions over 15 psu seem to be out-
side the adaptive capacity of striped catfish larvae.
Interestingly, Kumar et al. (2017) also found that
striped catfish with an average weight of 0.40+0.04 g
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only survived in 20 psu and 25 psu for 48 h and 18 h,
respectively.

Besides the survival rate, the larvae showed an
increase in weight gain when exposed to a hyper-
osmotic environment. This result is consistent with
the reports on Nile tilapia larvae exposed to differ-
ent salinities, which had the lowest weight in 0 psu
salinity in comparison with treatments of 7.5, 15,
20, and 25 psu (Fridman et al. 2012b). While some
freshwater fish such as channel catfish Ictalurus
punctatus or goldfish Carassius auratus display the
highest weight gain under salinity below 5 psu (Alti-
nokand and Grizzle 2001). The increase of growth
in euryhaline and marine fish is very often, but not
systematically, found at intermediate salinities (from
8 to 20 psu). This could be due to a lower standard
metabolic rate at the isosmotic salinity point (Beeuf
and Payan 2001). Moreover, there is an interest-
ing observation that better growth was exhibited in
juvenile striped catfish exposed to a 10 psu environ-
ment (Nguyen et al. 2014). This result was possibly
related to the isosmotic point of 9 psu in the spe-
cies (Huong and Quyen 2012). However, the higher
weight gain in fish exposed to 20 psu might be related
to the low density is probably due to high mortality
observed in this salinity treatment. It was in line with
results obtained by other researchers that showed
better growth performances at low densities in com-
parison with that of high densities because of less
competition of food and better living environment
(Dou et al. 2003; Bolasina et al. 2006). Additionally,
drinking water in fish occurred when transferring to
hyperosmotic environment (Fuentes and Eddy 1997)
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Fig. 7 Examples of some skeletal anomalies observed after (arrow), D and E skeletal scoliosis and lordosis, respectively. F
a 10-day salinity experiment in striped catfish larvae. A Nor- and G abnormal branchiostegal rays (arrow)
mal caudal vertebrate, B and C caudal vertebrate abnormalities
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probably also explaining this result because growth
was calculated on the basis of wet weight gain. More-
over, the mortality probably affected differentially the
larvae according to their body weight, the biggest lar-
vae being more resistant to a salinity of 20 psu, thus
inducing a higher mean body weight of the few survi-
vors in this group.

In teleosts, osmoregulatory capacity is one of the
most important functions for adapting to different
salinities, directly affecting salinity tolerance and,
consequently, their survival in various saline environ-
ments (Varsamos et al. 2005). Although the osmolal-
ity measurement of WB homogenate or “body fluid”
were affected by their composition including the
mixture of blood, yolk, extra, and perhaps intracel-
lular fluids (Davenport et al. 1981), some research
have applied this technique as relative estimation
of internal osmolality, due to the limitation of lar-
val fish size (Henne and Watanabe 2003; Ostrowski
et al. 2011; Fridman et al. 2012b). In the current
study, the WB homogenate osmolality exhibited a
significant increase with salinity in all treatments,
except between the treatments of 0 and 5 psu. Similar
results were found in striped catfish juveniles reared
at 0 and 5 psu, while plasma osmolality remark-
ably rose in fish reared at 10 and 15 psu (Kumar
et al. 2017). The results support the reports on two
other catfish species, channel catfish and Indian

@ Springer

catfish Heteropneustes fossilis, which displayed
higher plasma osmolality in hyperosmotic envi-
ronment (Goswami et al. 1983; Eckert et al. 2001;
Schmitz et al. 2016) in comparison with the environ-
mental osmolality. However, in the present study, the
consistency of Na*/K*-ATPase activity through dif-
ferent salinities indicates that striped catfish larvae
may not shift the function of the gill epithelium from
ion uptake in freshwater to excretion in saltwater,
leading to a plasma osmolality higher than that of the
environment (Eckert et al. 2001). In addition to the
osmoregulation through gill Na*/K*-ATPase activity,
it was found that catfish reduced free water clearance,
urine flow rate, and glomeruli when plasma osmolal-
ity increased (Eckert et al. 2001). This suggests that
catfish may change the kidney function when exposed
to a hyperosmotic environment. However, the eleva-
tion in electrolyte clearance and the decrease in free
water clearance are ineffective for coping with the
increased salt load (Eckert et al. 2001; Goswami
et al. 1983). This was also reported in striped cat-
fish juveniles. Specifically, plasma osmolality sig-
nificantly increased but Na*/K*-ATPase activity was
not significantly different when the fish were exposed
to 0 psu and 10 psu water. Nevertheless, Na*/K*-
ATPase activity sharply increased when the fish were
exposed to 20 psu (Schmitz et al. 2016). Although
gill cavities starts to appear in 2 days post-hatching in
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the larvae, it is required up to 2 weeks post-hatching
for the complete metamorphosis (Islam 2005). The
functional transition from skin to gill has not been
deeply investigated yet in striped catfish so far; how-
ever, rainbow trout gills become the primary sites for
Na* uptake and O, uptake (50-80% longer) at 8—12
and 23-28 days post-hatching, respectively (Fu et al.
2010). In the present study, therefore, the osmoregu-
lation ability was slightly weaker in 20 days post-
hatching larvae than in juvenile stage.

Freshwater fish are required to drink water in a
hyperosmotic environment to compensate for water
loss by the osmosis process, and this may affect enzy-
matic activities in teleosts through intestinal mor-
phological changes especially in larval stages due to
their immature digestive system and lower enzyme
capacity (Usher et al. 1990; Moutou et al. 2004). In
the present study, a-amylase, pepsin, and leu-ala
activities showed a significant increase with salin-
ity. Our results are in line with those of the euryha-
line American shad Alosa sapidissima incubated and
reared in freshwater that showed higher activities in
some digestive enzymes in fish submitted to 21 psu
compared to the corresponding fish in freshwater and
lower salinity conditions (Hamed et al. 2016; Tsuzuki
et al. 2007). In addition, the pepsin and a-amylase in
snakehead (Channa striata) exhibited the increasing
pattern with salinity gradient from freshwater to 9 psu
in 28 °C (Lan et al. 2020). This may be affected by
the activity of acid proteolysis (generated mostly by
pepsin-like enzymatic activity) that displays a weaker
activity in a low salinity environment (Vargas-Chacoff
et al. 2015). The mechanisms of the end product
absorption can partially explain the increase of diges-
tive enzyme activity under a hyperosmotic environ-
ment (Harpaz et al. 2005). Specifically, the absorp-
tion of the end products such as glucose and amino
acids depends on the Na*/K*-ATPase pump and, as
a result, the increase of Na+concentration in the
intestinal tract can cause a better absorption of carbo-
hydrates and amino acids. Regarding morphological
aspects, Nile tilapia juveniles submitted to a salinity
challenge test led to an increasing number of goblet
cells secreting mucin in the proximal intestine (Tran-
Ngoc et al. 2017). Because mucin is a glycosylated
protein, this morphological change might be consid-
ered to be one reason for improved a-amylase activ-
ity, since glycolytic chains, glycogen, and starch can
stimulate amylase activity in fish larvae (Torrecillas

et al. 2015; El Kertaoui et al. 2019). Regarding brush
border enzymes, it has been established that alka-
line phosphatase is expressed by active and mature
mucosal enterocytes and is therefore indicative of
enterocyte functional activity (Traber et al. 1991;
Uni et al. 1998). In our study, the activities of alka-
line phosphatase in the larvae exposed to a hyperos-
motic environment were significantly higher than that
of fish in hypoosmotic water. Caspian kutum (Rutilus
kutum) larvae also showed a stronger activity of alka-
line phosphatase when both acutely and chronically
exposed to 10 psu saline compared to those exposed
to a freshwater control treatment (Gheisvandi et al.
2015). As already mentioned, salinity can signifi-
cantly alter intestinal morphology through increased
goblet cell numbers as well as the thickness of the
submucosa and lamina propria (Tran-Ngoc et al.
2017). The changes are involved in the improvement
of brush border enzyme activities, which indicates
the process of enterocyte maturation in larvae (Kvale
et al. 2007; El Kertaoui et al. 2019). However, another
brush border enzyme, aminopeptidase, showed no
significant differences in activity between treatments,
although there was a slight increasing pattern with
salinity. Summarily, the increases of enzymatic activ-
ities in striped catfish larvae might be highly related
to the rise of water drinking that regulates activities
of acid proteolysis, Na+ concentration in intestine
tract and/or morphology.

The link between osmoregulation and the immune
system has been investigated in some species;
however, the specific mechanism remains largely
unknown. In the current study, the innate immune
responses under hyperosmotic exposure in the larvae
were assessed by measuring lysozyme, complement,
peroxidase activities, and total Ig. An enhancement
of lysozyme activity was also confirmed on some
euryhaline and freshwater fish that were acutely
and chronically exposed to hyperosmotic environ-
ments (Jiang et al. 2008; Marc et al. 1995; Schmitz
et al. 2016; Yada et al. 2001). Peroxidase activity in
the marine species gilthead seabream Sparus aurata
did not change significantly under 12, 38, and 55 psu
conditions after a 14-day acclimation period, but this
response sharply increased in 55 psu after 100 days of
acclimation (Cuesta et al. 2005). Also, spleen respira-
tory burst activity in striped catfish exposed to 20 psu
was significantly higher than that of the correspond-
ing fish reared at O psu (Schmitz et al. 2016). It was
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supposed that the hormones involved in osmoregula-
tion, especially GH and cortisol, increased under the
effects of hyperosmotic stressor and this is probably
responsible for the modifications of immunological
responses (Marc et al. 1995; Eckert et al. 2001; Yada
et al. 2004). GH is involved in hypoosmoregulatory
actions in teleosts and its elevation according to salin-
ity has been reported in number of studies in a variety
of species, including Atlantic salmon Salmo salar,
rainbow trout, channel catfish, and Nile tilapia. These
increases are not only found in plasma concentration
(Arnesen et al. 2003; Drennon et al. 2003) but also
on pituitary gene expression levels (Riley et al. 2002;
Agﬁstsson et al. 2003). One possible mechanism of
GH acting on the immune system is related to the
phagocytic activity. Production of superoxide anions
as a killing mechanism following phagocytosis was
increased by GH administration in vitro and in vivo in
rainbow trout and channel catfish (Sakai et al. 1995).
In gene expression levels in the species, mRNA of
superoxide dismutase catalyzing the dismutation of
superoxide into oxygen and hydrogen peroxide was
improved with GH (Yada et al. 2006). Furthermore,
another study on rainbow trout showed that lysozyme
secretion in neutrophils, the main source of plasma
lysozyme, increased with in vitro GH concentra-
tion (Yada et al. 2004). Although the responses of
lysozyme and peroxidase activities tended to increase
at high salinities, especially at 20 psu, it may be
related to short-term stressful effect due to hyperos-
motic exposure. This is in agreement with the find-
ings of Tort (2011) showing that the acute stressors
stimulated some immune responses. In the present
study, plasma glucose concentrations, one of the sec-
ondary stress indicators, increased significantly in fish
submitted to 20 psu in comparison with fish kept in
freshwater conditions (data in Appendix Fig. 9). The
present study showed that ACH50 and total Ig in lar-
vae did not significantly change under salinity expo-
sure. In striped catfish juveniles, complement activ-
ity did not significantly change between treatments
of 0, 10, and 20 psu after a 20-day salinity increase
(Schmitz et al. 2016). Cuesta et al (2005) found that
the complement activities and Ig in gilthead seabream
may increase or decrease with salinity, depending on
acclimation time.

In terms of deformity frequency, the larvae
exposed to a freshwater environment generally
exhibited the lowest rate of deformity of the caudal
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vertebrae and branchiostegal rays. These results agree
with those on Acipenser persicus larvae indicating
that salinity over 4 psu significantly affects cumula-
tive abnormalities (Mardaneh Khatooni et al. 2012).
Moreover, African catfish larvae exposed from 0 to
8 psu also displayed an increase of deformity rate
with salinity increase (Borode et al. 2002). To some
extent, a possible reason is that unfavorable salinity
affects the deformity rate in larval stages (Ottesen and
Bolla 1998; Cook et al. 2005). In our study, branchi-
ostegal rays were significantly affected by the salinity
increase. Operculum abnormalities, including bran-
chiostegal rays, clearly decrease the quality of fish
and thus the market value, but are not life-threatening
(Beraldo et al. 2003). Also, caudal fin abnormalities
did not lead to lethality in gilthead seabream larvae
and the fish continued their development; however,
the deformity might more seriously affect the fish
quality in the latter stages (Koumoundouros et al.
1997). We found that the serious deformities kypho-
sis, lordosis, and scoliosis directly affecting larval
survival and life activities had no remarkable dif-
ferences in frequency between treatments. Skeletal
deformity in teleost species may be related to many
factors such as a lack of vitamins, contamination
by heavy metals, and temperature (Berillis 2015).
However, the mode of action of salinity on skeleton
deformities is still poorly understood. One possible
mechanism is related to calcium and phosphorus con-
tents, which are the two main components in bone
formation. In a hyperosmotic environment, the ratio
of Ca/P increases because of the abundant level of
calcium. The dietary Ca/P increase induces the eleva-
tion of skeletal deformity in pikeperch Sander lucio-
perca (El Kertaoui et al. 2019). Calcium transporta-
tion is closely associated to chloride cells and their
number and maturation may be significantly affected
by salinity (Ishihara and Mugiya 1987; Hwang 1990).
Although chloride cells were not measured in the
present study, the Na®/K*-ATPase activity mainly
localized in chloride cells did not significantly change
with salinity increase. The correlation between salin-
ity, chloride cells, and deformity should be further
investigated. In combination with the survival and
weight gain results, it is suggested that the saline
environment up to 15 psu may proportionally increase
abnormality in striped catfish larvae; however, it
does not significantly affect their survival and growth
performance.
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Interaction effects of salinity and temperature have
been investigated in some fish species but the use of
temperature tolerance as a stressor challenge test is
still limited. It reported that the survival of striped
catfish juveniles reared in freshwater was significantly
lower than the corresponding survival at 6 and 12 psu
and 35 °C (Phuc et al. 2017). On the other hand, the
combination of salinity and temperature in euryhaline
tilapia did not affect the survival rate (Qiang et al.
2013). In our study, larvae exposed to 5 psu showed
the highest level of survival in the heat shock test,
with a significant difference to that of freshwater and
15 psu. This is difficult to explain according to avail-
able data but is likely related to energy cost in stress
adaptation that may be lower in larvae subject to
salinity of 5 and 10 psu. Although there was a gradual
decrease of survival in fish submitted to 10 psu after
7.5 h of heat shock, fish proportionally increased their
tolerance to high temperature as shown by the higher
survival in early period compared to that of 0 and 15
psu. Besides, the challenge temperature of 39 °C is
significantly higher than the average temperatures of
Mekong Delta, with a prediction of 33 °C during the
twenty-first century (Change 2014). To some extent,
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exposure to 10 psu positively affected the tolerance
of striped catfish larvae to heat stress, at least under
aquaculture conditions.

Conclusions

Generally, we observed significant increases of enzy-
matic activities and immune responses in fish exposed
to 15 and 20 psu compared to that in the lower salini-
ties. Additionally, these effects may proportionally
support the performance of weight gain. However,
when combining the results of survival rate and toler-
ance to thermal stress, the intermediate salinities of
5 and 10 psu were considered as the better environ-
ment in striped catfish larvae. Regarding deformities,
although the increased levels of salinity induced some
skeletal abnormalities, the malformations were not
lethal at this stage. Besides, the results suggest that
20 psu condition represents the upper salinity thresh-
old due to the low survival rate. The results were
observed within a short-time experiment; therefore, it
is required in further studies to estimate how the fish
acclimate to salinity in the long run.
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