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ARTICLE INFO ABSTRACT

Keywords: This study investigated the effects of different dissolved carbon dioxide (CO3) concentrations (400, 700, and
Aquaculture 1000 ppm) on the growth and vertebral column formation of hybrid tiger grouper x giant grouper (TG x GG) in
Grouper their advanced larval stage under controlled laboratory conditions for 12 weeks. Growth parameters, including
IGT::VStI}:]e culture specific growth rate (SGR), survival rate, food consumption (FC), and food conversion rate (FCR), were calcu-
Vertebral column lated at the end of the experiment. Vertebral column formation was analysed using X-radiography and osteology
Osteology methods. The results showed that all growth parameters were significantly affected by CO2 concentration, with

the best performances observed under 400 ppm CO2. The highest statistically significant (p < 0.05) SGR, survival
rate, and FC were observed under 400 ppm CO,, whereas the lowest was observed under 1000 ppm CO2. The
lowest FCR (0.40, p < 0.05) was observed in 400 ppm CO5 and the highest was observed at 1000 ppm CO; (0.59,
p < 0.05). Furthermore, larvae without vertebral column malformations were observed in 400 ppm CO-, while
larvae with small angles of kyphosis were observed in 700 ppm CO,, and larvae with kyphosis, lordosis, and
vertebral compression were observed in 1000 ppm CO,. Only six spine measurements out of 31 obtained under
different CO, concentrations were significantly different (p < 0.05). Overall, the results suggest that CO5 con-
centration plays a crucial role in the growth and vertebral column formation of TG x GG in their advanced larval
stage. The optimal CO concentration for the aquaculture of TG x GG in their advanced larval stage was found to
be 400 ppm or lower. This study highlights the importance of maintaining optimal COy concentrations to
enhance the growth and health of fish in aquaculture systems.

1. Introduction

In fisheries, growth is an important aspect that must be considered to
improve fish population management, as it serves as an indicator of fish
health in the absence of disturbances in abiotic and biotic factors (Noor
et al., 2021). Various environmental factors, including temperature, pH,
CO5, concentration, and calcium carbonate (CaCO3) saturation, control
the distribution, physiological performance, morphology, and behavior
of marine invertebrates (Figuerola et al., 2021). Elevated CO2 levels are
predicted to affect important physiological functions in fish, such as

respiration, circulation, and metabolism, which can decrease fish
growth rate (Porteus et al., 2018; Noor et al., 2019). The reduction of
water pH caused by elevated CO; leads to acidification conditions that
decrease the blood pH levels of fish, inducing acidosis, which affects fish
growth in the long term (Damsgaard et al., 2020). Furthermore, high
CO2 concentrations decrease the pH of animal tissue and can directly
affect the efficiency of cellular activities and have potential long-term
effects on growth and reproduction (Enzor et al., 2017; Clements and
Chopin, 2017). Acidosis can also induce bone demineralization and
spinal deformities in fish (Boglione, 2020).
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Elevated CO; levels affect the early life stages of multiple taxa,
including fish, by reducing shell and skeleton calcification due to a
reduction in carbonate availability (Gattuso et al., 1998). Although
some fish do not manifest spinal deformities under acidified conditions,
certain studies have shown the presence of deformities in the spinal
structures of fish during the early stages of fish development (Di Santo,
2019; Narvarte et al., 2020; Mirasole et al., 2021). In light of this,
grouper aquaculture is an attractive financial prospect, where the pro-
duction of hybrid tiger grouper x giant grouper (TG x GG) is dominant.
TG x GG is a commercially important hybrid grouper that is extensively
exploited in Malaysia due to its fast growth, high survival rate, and
simplified larval rearing, making it an attractive prospect for aquacul-
ture (Matpiah et al., 2018; Noor et al., 2019; Das et al., 2021; Luan et al.,
2016). Hybridisation techniques in grouper focus on establishing the
giant grouper’s (E. lanceolatus) fast growth rate into other species.
However, considering giant grouper is difficult to produce and culture,
combining its genetic features into a hybrid allows for better growth
(Das et al., 2021). TG x GG is produced by artificially mixing giant
grouper milt with tiger grouper eggs. Fast growth, high survival, and
simplified larval rearing are advantages of this hybrid. TG x GG is
presently the most popular grouper in Hong Kong restaurants (Luan
et al., 2016). TG x GG have been the focus of extensive research to
determine their advantages in terms of environmental tolerance, disease
resistance, and growth. Compared to pure species, they are more
adaptable to unfavorable conditions, as per the ocean simulation study
(Noor et al.,, 2019). This will benefit the aquaculture industry by
improving the production of important aquaculture species.

The study aims to investigate the effects of different dissolved carbon
dioxide (CO3) concentrations on the growth and vertebral column for-
mation of hybrid tiger grouper x giant grouper (TG x GG) larvae.
Specifically, the study aims to determine the growth rate and vertebral
column formation of TG x GG larvae under three different CO5 con-
centrations (400, 700, and 1000 ppm) using X-radiography and oste-
ology methods. The study also seeks to contribute to the understanding
of the effects of elevated CO; on early advanced larval fish, as well as the
potential impact on the aquaculture industry, particularly in terms of
improving the production of important aquaculture species. Ultimately,
the results can provide insights into the potential long-term effects of
elevated CO on fish growth and development, which could have im-
plications for fisheries management and conservation efforts.

2. Materials and methods
2.1. Sample collection and experimental setup

TG x GG in the early advanced larval stage were collected from a
local fish hatchery of Banting Selangor (2°49°0” N, 101°30°0” E),
Malaysia. A total of 100 larvae (7 days post hatching [dph]) were
collected for experiments. The average length of each fish (7 dph) was
1.5 £ 0.05 cm, and the average weight was 0.95 + 0.05 g. The larvae
were transported to Marine Laboratory of Universiti Kebangsaan
Malaysia (UKM) in a large plastic bag containing water and oxygen. The
protocols of De et al. (2016) for experimental tank set up and fish rearing
were followed with slight modifications. All the experimental tanks
were continuously diffused with CO»-enriched air to produce dissolved
CO4 concentrations of 400 + 50, 700 + 100, and 1000 + 70 ppm.

The aim for these CO, concentrations was to reflect the common
range of commercial production conditions for this species. Normally
CO; concentration observed was 400 ppm. In semi-intensive aquacul-
ture, a CO, content of 700 ppm is typical, but 1000 ppm is recorded in
Recirculating Aquaculture Systems (RAS). Dissolved CO; levels can in-
crease in water recirculating aquaculture systems (WRAS) that use pure
oxygen supply since the biofilters create free acid, which leads in a
significant increase in dissolved CO2. CO3 concentration was maintained
by using a Hero Tech CO, regulator flowmeter with a heater (HPT-GAR-
394C-220 V-II), and CO, concentration was elevated at a constant rate of
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100 ppm day ! until the experimental CO, concentration was reached.
The CO; concentrations aerated into each experimental tank were
controlled by using a scientific-grade pressure regulator and precision
needle valve. The concentration of CO; in each experimental tank was
measured continuously with an in-line infrared CO; probe linked to a
computer. The computer program Gaslab v2.0.8.14 was used to read the
CO; concentration level in each tank. After achieving the desired CO,
concentration, experimental fishes were retained in a flow-through
system (water exchange rate of 2 L min~!) in separate 356 L tanks
(123 ecm x 63 cm x 46 cm) with different CO, levels for 12 weeks
(Fig. 1). Seawater salinity was monitored by using a Master refractom-
eter (ATA-2352; Atago Co., Ltd., Tokyo, Japan).

In the laboratory, the larvae were evenly distributed among two
stocking tanks (1.22 m x 0.46 m x 0.53 m, 284 L in size and capacity).
The aquarium tanks were supplied with running artificial seawater at
with a salinity level of 30 ppt, temperature of 26.0 & 0.03 °C, and pH of
6.5 £+ 0.5. Oxygen concentration was maintained at >90% saturation.
Fish in both holding tanks were fed with pellet diets (Hikari Marine SS
Item No. 25210 Kyorin Co. Ltd., crude protein: 48%, crude fat: 8%,
crude fiber: 4%, moisture: 10%, ash: 19%, and phosphorus: 1%) similar
to those used in hatcheries and acclimated for one week. Once the fish
began feeding and defecating properly, they were immediately trans-
ferred to the experimental tanks (Mansour et al., 2017).

TG x GG samples with similar body lengths and weights were chosen
randomly for the experiment. Fish were randomly distributed into three
groups and exposed to three CO; levels: 400, 700 and 1000 ppm. Each
CO,, treatment had three replicates, and each replicate tank contained
ten fish samples. Thus, three replicates with 30 fish samples for each
concentration were obtained.

The larvae were fed twice daily (0800 and 1500 h) with the com-
mercial pellet diet that was previously used during the acclimatization
period until satiation. Satiation was determined as the moment when the
fish stopped actively feeding and pellets remained at the bottom of the
tanks for >2 min (Mazumder et al., 2020). In the evening, unconsumed
pellets were removed from the experimental tanks through siphoning.
All unconsumed food was removed each night to ensure the appropriate
CO9 condition or environment in each experimental tank and avoid
over-feeding. The water quality parameters during the experiment were
maintained as follows: temperature of 26.0 + 0.03 °C, salinity level of
30 + 0.02 ppt, and pH level of 6.8 + 0.1. Considering the potential
impact of elevated CO, concentration on pH reduction, sodium bicar-
bonate solution was introduced to stabilize the pH levels at approxi-
mately 6.8, but it is important to investigate any possible positive or
negative impacts of sodium bicarbonate solution on the fish samples.
Thus, it is important for the sodium bicarbonate in appropriate con-
centrations to avoid potential negative impacts on the sample. Water
quality parameters were monitored daily at 0900. Temperature was
quantified by using a thermometer, whereas pH was measured by using
a compact pH meter (LAQUAtwin pH -11). Water was exchanged at the
rate of 20% every week to maintain good water quality to reduce the
ammonia, nitrite and nitrate concentration in the water excreted by the
fish waste and food leftover. The diurnal cycle for the fishes was set at
12 h light and 12 h dark. Body weight and length were recorded every 7
days. The water quality parameters were adequately stable at all the
treatment levels of 400, 700, and 1000 ppm, and no significant differ-
ences (p > 0.05) in all the parameters were observed. These values were
found to be within suitable ranges for the culture of TG x GG larvae
(Ching et al., 2018) and were maintained throughout the 12-weeks
experimental period. In this experiment, 400 ppm was used as indica-
tor for the present oceanic CO; levels while 700 and 1000 ppm were
marked as the predicted future oceanic CO; levels (Portner et al., 2019).
All laboratory protocols in this study were approved by Animal Ethics
Committee of Universiti Kebangsaan Malaysia [approval code no:
FST/2016/SIMON/27-JULY/763-JULY-2016-MAY-2017].
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Fig. 1. Experimental tank setup with flow through system (123 x 63 x 46 cm, 356 L in size and capacity).
2.2. Growth Through fixation, the tissue and bone of the fish samples were hardened

Prior to experimentation, larvae were deprived of food for 2 days
prior to being individually weighed and measured under anaesthesia
(0.22 mL L ™! o-methyl quinolone Transmore, Nika Trading). Length and
weight measurements for SGR calculation were subsequently taken once
a week (£ 0.1 cm) and electronic balance (A&D, Model-GR-200) (+
0.0001 g). Parameters, such as specific growth rate (SGR), survival rate
(%), food consumption (FC), and feed conversion ratio (FCR), were
obtained for analysis and growth observation, and calculated as follows:

SGR (% day’l) =100 x ([final weight — initial weight]/day).

Survival rate (%) = 100 x (number of live fish at the end of exper-
imental period/number of fish at the beginning of the experiment). The
survival rate was computed by dividing the number of live fish at the end
of the experiment by the initial number of fish, multiplied by 100.

FC (g day ) = g food consumed/day.

FCR (g feed g gain™') = Amount of feed consumed (g)/wet weight
gain (g).

2.3. Vertebral column sampling

X-ray and osteology methods were used to visualize the vertebral
columns of TG x GG larvae. The X-ray method was used to visualize the
overall vertebral column without using the bone transparency technique
and sample staining, whereas the osteology method was used to obtain a
detailed image of the vertebral column, including all skeletal elements,
bones, and cartilage. The transparency technique, wherein all the tissues
in the samples were dissolved and only bony and cartilaginous struc-
tures were retained, was used as the osteology method in this study. The
transparency technique was performed in reference to Tsandev et al.
(2017) with slight modifications.

At the end of the experiment, all remaining fish were humanely
killed and fixed in 4% phosphate-buffered formalin (E El-Gamal et al.,
2021). After 48 h of preservation, fish were removed from the
phosphate-buffered formalin fixative, and their lengths and weights
were measured. After weighing, larvae were photographed in the lateral
position by using an X-ray machine (Softex, M-60 AC 100 V, 50/60 Hz)
connected to a computer for image observation. After imaging, samples
were stored in 10% neutral buffered formalin for 24 h. Formalin was
chosen as a fixative because it is widely used and can rapidly penetrate
the tissues of the samples. The fish samples were fixed to preserve the
structural integrity of a specimen for viewing under a microscope.

and protected against the deleterious effects of the succeeding histo-
logical procedures.

Samples were subsequently stained to reveal skeletal elements. The
samples were dissolved in borate buffer (pH of 9.1-9.2) for 24 h, and
then in fresh solution for 15 days. The next step after fixation was
bleaching, wherein the pigmented surface areas of the samples were
bleached in a solution of 0.5% KOH and 1-2 mL L™! 50% H05. The
specimens were soaked and bleached in this solution for 48-72 h. After
bleaching, the samples were rinsed under a weakly running stream of
tap water for approximately 5-6 h. Then, the samples were placed in a
mixture of saturated sodium borate solution and distilled water with a
pH of 8.2-8.3 for 10-12 h. The saturated sodium borate solution was
prepared by dissolving dry sodium borate in distilled water at a tem-
perature of 65 °C-70 °C under constant stirring. The solution was
allowed to stand for 1-2 days at room temperature until crystals
appeared at the bottom of the container.

The samples were then dehydrated slowly and in stepwise manner in
an increasing gradient series of alcohol (70% alcohol for 1 day and then
in 100% alcohol for 5-12 h) to prevent distortion caused by rapid tissue
dehydration and to fully leach out and replace water with alcohol.
Following dehydration, the cartilage of the fish samples was stained
using Alcian blue solution with absolute ethanol for 24 h at room tem-
perature. Fish samples were then rinsed in distilled water for 30 min and
soaked in sodium borate solution for 12 h. Samples were then treated
with 1% trypsin solution for 72 h until 25% to 30% of the bone struc-
tures became clear and visible. Bones were colorized by staining the
samples with Alizarin red with 0.5% KOH. After bone staining, the
samples were rinsed with distilled water for 2 h and then immersed in
0.5% KOH and glycerol at a ratio of 2:1 for 10 days. The 2:1 KOH and
glycerol solution was replaced with 1:1 KOH and glycerol solution for 2
weeks. Finally, the samples were preserved in glycerol for long term
storage.

2.4. Statistical analysis

Statistical analyses of growth parameters were carried using Minitab
version 17 (Minitab Inc., Pennsylvania, USA) and OriginLab Corpora-
tion. The results were reported as mean + standard deviation. Prior to
analysis, growth parameters, such as SGR, FC, and FCR, were tested for
normality and equality of variances. One-way analysis of variance
(ANOVA) was used if the data were normally distributed, whereas
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Kruskal-Wallis test was performed if the data were not normally
distributed to analyze the effects of different CO5 concentrations on the
SGR, FC, and FCR of TG x GG larvae. Tukey’s HSD post hoc test was
performed if the equality of variances was met to determine whether a
specific group’s means (compared with each other) were different at p <
0.05. If the variances were dissimilar, Games—-Howell test was carried
out. Survival rate was calculated by using a formula, and a line graph
was constructed to compare overall percentages under all CO5 levels.

The standard length and measurements of the spine elements were
estimated for each larva from digital photographs via image analysis
(Optimas 6.5, Media Cybernetics) (Bashevkin et al., 2020). Spine ele-
ments were selected in accordance with two criteria as follows: (1) spine
elements were clear and visible in the majority of specimens, and (2) the
specimen provided a complete representation and detailed visual of the
whole skeleton (Fig. 2, Table 1). Given that the sizes of spine elements
are correlated with body size and length, the size of each spine element
was regressed against standard length before the analysis. The residuals
of this regression among the different CO, treatments for each spine
element were then compared by using ANOVA. A significance level (a)
of 0.05 was used for the analysis.

3. Results
3.1. Growth

The experiment results showed significant differences (p < 0.05) in
all growth parameters under different CO2 levels. As CO2 concentration
increased from 400 ppm to 1000 ppm, each growth parameter consis-
tently declined (Table 2). Specifically, SGR decreased significantly (p <
0.05, F = 3098.14) with increasing CO2 concentration, with the highest
SGR observed in fish at 400 ppm CO2 (3.37 £ 0.02) and the lowest SGR
observed in fish at 1000 ppm CO2 (0.77 + 0.03) (Table 2). ANOVA also
revealed that FC decreased as CO2 concentration increased from 400
ppm to 1000 ppm (p < 0.05, F = 313.75) (Table 2). Interestingly, fish at
400 ppm CO2 exhibited the highest FCR (1.76 + 0.06 g day 1), whereas
those at 1000 ppm CO2 had the lowest FCR (1.43 + 0.05 g day—1).
Additionally, ANOVA showed that FCR increased as CO2 concentration
increased from 400 ppm to 1000 ppm (p < 0.05, F = 24.61) (Table 2).
Fish at 400 ppm CO2 had the lowest FCR of 0.40 + 0.05 g day !, while
those at 1000 ppm CO2 had the highest FCR of 0.53 + 0.05 g day ..

The survival rate of TG x GG larvae decreased significantly (p <
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Table 1
Spine measurements at vertebral column with symbols.

Character Symbol

Standard length

First postcranial region of abdominal vertebrae

Second postcranial region of abdominal vertebrae

First anterior middle region of abdominal vertebrae
Second anterior middle region of abdominal vertebrae
Third anterior middle region of abdominal vertebrae
Fourth anterior middle region of abdominal vertebrae
Fifth anterior middle region of abdominal vertebrae

Sixth anterior middle region of abdominal vertebrae
Seventh anterior middle region of abdominal vertebrae
First posterior middle region of neural caudal vertebrae
Second posterior middle region of neural caudal vertebrae
Third posterior middle region of neural caudal vertebrae
Fourth posterior middle region of neural caudal vertebrae
Fifth posterior middle region of neural caudal vertebrae
Sixth posterior middle region of neural caudal vertebrae
Seventh posterior middle region of neural caudal vertebrae
Eighth posterior middle region of neural caudal vertebrae
Nineth posterior middle region of neural caudal vertebrae
First ural region of neural caudal vertebrae

Second ural region of neural caudal vertebrae

First posterior middle region of haemal caudal vertebrae
Second posterior middle region of haemal caudal vertebrae
Third posterior middle region of haemal caudal vertebrae
Fourth posterior middle region of haemal caudal vertebrae
Fifth posterior middle region of haemal caudal vertebrae
Sixth posterior middle region of haemal caudal vertebrae
Seventh posterior middle region of haemal caudal vertebrae
Eight posterior middle region of haemal caudal vertebrae

gg;N~<><§<C'—1V’750’“OZEI"N‘—"“IO“F1UON>

First ural region of haemal caudal vertebrae AD
Second ural region of haemal caudal vertebrae AE
Third ural region of haemal caudal vertebrae AF

0.05) in a stepwise manner as the CO2 concentration increased from
400 ppm to 1000 ppm (Fig. 3). The highest survival rate of 80.95 + 5%
was observed under the 400 ppm CO2 treatment, while the lowest sur-
vival rate of 47.62 + 3% was observed under the 1000 ppm CO2
treatment. The survival rate under 1000 ppm CO2 was almost half
(approximately 50%) that under 400 ppm CO2, indicating a doubling of
mortality of TG x GG larvae under 1000 ppm CO2.

Fig. 2. Photographed of cleared and stained in early advance larvae of TGGG showing the measurements of standard length (A) and 31 spines (B to AF) at vertebral

column. Character of each symbol is described at Table 1.
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Table 2

Mean squares from analysis of variance that were used to examine the effects of
carbon dioxide on SGR (specific growth rate), Weight Gain, FC (feed con-
sumption) and FCR (feed conversion ratio).

CO,, Concentration Mean Squares

SGR (% day™!)  Weight Gain (g) FC(gday™!) FCR

400 ppm 3.372 17.712 1.76% 0.40?
700 ppm 1.86" 13.30° 1.69° 0.52°
1000 ppm 0.77¢ 10.85¢ 1.44¢ 0.59°

The lower-case letter *° that do not share a letter in each column are signifi-
cantly different.

90 a
80 N
N
N
o 707 N
S N
B N
© ~ b
> AN
‘S 60+ ‘}\
— ~
3 ~ -
wn 4 ~ o .
50 ~ c
~. i
~
40 1
T T U
400 700 1000
CO, (ppm)

Fig. 3. Survival rate + SD of hybrid grouper (TG x GG) early advanced larvae
reared for 12-weeks at different CO, concentrations.

3.2. Vertebral column imaging

In order to investigate the effect of different CO2 concentrations on
the formation of vertebral columns in TG x GG larvae, fish samples
exposed to each CO2 concentration level were X-rayed (Fig. 4). Under
400 ppm CO2, the vertebral column of TG x GG larvae (Fig. 4A)
exhibited normal growth, formation, and shape. Fish in the 700 ppm
CO2 treatment (Fig. 4B) showed a slight curvature of the precaudal
abdominal vertebrae, whereas those in the 1000 ppm CO2 treatment
(Fig. 4C) had irregularly shaped vertebral columns wherein the pre-
caudal abdominal vertebrae were steeply curved upwards (kyphosis),
resulting in the malformation of the vertebral column. The formation of
skeletal elements was not clearly visible under X-ray. Additionally,
differences in the shapes of vertebral columns were observed among the
different CO2 concentrations.

Osteology showed that only fish in the 400 ppm CO; treatment
exhibited normal vertebral column growth and form. Fish in the 700
ppm CO; treatment presented a small angle of kyphosis at the precaudal
abdominal vertebrae whilst those in the 1000 ppm CO, treatment
exhibited a large angle of kyphosis at the precaudal abdominal vertebrae
(near the cranium) and lordosis with vertebral compression at the
caudal region of the vertebral column (Fig. 5). Statistical analysis was
conducted for the 31 spine elements under the different CO, concen-
trations. The measurements for 6 out of 31 spine elements differed under
the different CO, treatments (p < 0.05) (Table 3). The spine elements
that differed among CO, treatments were the second posterior middle
region of the neural caudal vertebrae (p = 0.02, F = 5.22), the fifth
posterior middle region of the neural caudal vertebrae (p = 0.01, F =
6.48), the sixth posterior middle region of the neural caudal vertebrae (p
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=0.01, F =5.69), the fourth posterior middle region of the hemal caudal
vertebrae (p = 0.04, F = 2.69), the fifth posterior middle region of the
hemal caudal vertebrae (p = 0.01, F = 5.31), and the seventh posterior
middle region of the hemal caudal vertebrae (p = 0.00, F = 1).

4. Discussion
4.1. Growth

Many recent studies have reported on the negative effects of CO, on
calcifying organisms, such as corals, crustaceans, and molluscs, but few
studies have focused on marine fish under elevated CO, conditions,
given that marine fish are assumed to be capable of tolerating and sur-
viving elevated CO; concentrations (Esbaugh, 2018; Hannan and
Rummer, 2018). Studies have shown that some fish species can tolerate
elevated CO; conditions without any negative effects, whereas others
are negatively affected by elevated CO, (Clements and Chopin, 2017;
Esbaugh, 2018). The present study found that hybrid tiger grouper x
giant grouper (TG x GG) larvae exhibited reduced growth parameters
and increased susceptibility to elevated CO5 concentrations. However, it
is important to note that the study’s experimental settings did not
encompass all potential CO, concentrations, and thus it is possible that
some concentrations may have positive effects on fish growth. Fish
growth and weight are two important indicators used to assess fish
culture conditions (Mota et al., 2019). The SGR of TG x GG larvae
reduced as CO; concentration increased from 400 ppm to 1000 ppm,
most likely due to the energetic costs incurred by living under elevated
CO, when overall oxygen consumption remains unchanged (Portner
et al., 2017). Elevated CO5 requires TG x GG larvae to spend extra en-
ergy on physiological adaptations, such as acid-base regulation. At the
same time, fish also need to spend additional energy on ventilation
(Nagelkerken et al., 2021). Marine organisms spend more energy on
ventilation in water compared with air-breathing organisms because of
the lower percentage of oxygen in seawater than in air and the high
viscosity of water. Moreover, as reported by Vernet et al. (2019) under
long-term elevated CO5 conditions, fish undergo negligible respiratory
acclimation; this scenario increases the energy expenditure of fish as
CO; concentrations increase. This result is supported by previous studies
within our group, which showed that the growth of TG x GG juveniles is
negatively affected by high CO; concentrations of 1000 ppm (Noor et al.,
2019). Increased energy expenditure on acid-base regulation and
ventilation may affect growth rate because only a small amount of en-
ergy is allocated to tissue synthesis. Thus, TG x GG larvae exposed to
1000 ppm CO5 might expend little energy on their growth; as indicated
by the lowest SGR of 0.77% observed in the 1000 ppm CO; treatment. By
contrast, TG x GG larvae under 400 ppm COs likely spend compara-
tively less energy on acid-base regulation and ventilation, permitting a
greater allocation towards growth. The reduction in SGR with the in-
crease in CO2 concentration might also be attributed to the FC of TG x
GG larvae. The lowest FC was observed under 1000 ppm CO;. Thus, the
reduction in food intake decreased the energy obtained by the fish,
which needed to spend additional energy on acid-base regulation. Craig
et al. (2017), Steinberg et al. (2017), and Li et al. (2018) also observed
reductions in growth rate under similar experimental conditions.

Fish subjected to the 400 ppm CO; had the highest FC per day, whilst
those in the 1000 ppm CO, treatment had the lowest. The FC decreased
as the CO, concentration was increased, likely due to the unfavorable
condition faced by TG x GG under elevated CO». Under heavy CO5
conditions, such as 700 and 1000 ppm CO,, fish tended to be passive
with minimal movement and did not actively feed, whereas under 400
ppm, fish tended to move and feed actively. As CO, concentration
increased, the survival rate of TG x GG larvae decreased. The highest
mortality rate was observed under 1000 ppm CO, and was almost
double the mortality rate under 400 ppm CO5. Some aquaculture studies
have attributed the mortality of fish under elevated CO, to neph-
rocalcinosis, wherein calcareous precipitates form in the kidneys and
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Fig. 4. Skeletal deformities of early advance larvae of hybrid grouper (TG x GG) in different CO, concentration using X- ray method (A) 400 ppm: normal formation
of vertebral column; (B) 700 ppm: small angle of kyphosis; (C) 1000 ppm: high angle of kyphosis and lordosis.

destroy kidney tubules (Mota et al., 2019; Skov, 2019). While the larvae
exposed to 400 and 800 ppm CO2 showed no significant difference in
growth compared to the control group, those exposed to 1000 ppm CO2
had a significantly lower weight and length. These results are consistent
with previous studies that have reported reduced growth rates in fish
exposed to high CO2 levels (Bignami et al., 2013; Munday et al., 2013).
The negative impact of high CO2 levels on fish growth may be due to a
reduction in food intake or impaired digestion and metabolism caused
by acidosis (Ishimatsu et al., 2008). Additionally, rising CO2 levels may
have indirect effects on fish growth by altering the availability and
quality of food sources in the ocean (Fabry et al., 2008). These findings
highlight the potential threat of ocean acidification to the growth and
survival of fish populations, which can ultimately impact the sustain-
ability of the fisheries industry.

While it is true that many studies have reported on the negative ef-
fects of CO2 on marine organisms, including fish, this study is still novel

in several ways. First, it investigates the effects of elevated CO2 on a
hybrid fish species, specifically the E. fuscoguttatus x E. lanceolatus,
which has not been studied before. Second, this study provides new
insights into the energetic costs of living under elevated CO2 conditions
for this fish species, including the additional energy expenditure
required for acid-base regulation and ventilation. Third, the study ex-
amines the effects of elevated CO2 on the growth, survival, and feeding
behavior of TG x GG larvae, providing valuable information for the
aquaculture industry. Finally, this study contributes to the growing body
of literature on the effects of elevated CO2 on marine organisms, which
is crucial for understanding and mitigating the impacts of climate
change on our oceans. Therefore, despite some overlap with previous
research, this study still provides valuable and novel contributions to the
field.
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Fig. 5. Skeletal deformities of hybrid grouper (TG x GG) early advanced larvae
under the effects of elevated carbon dioxide using osteology method. (A) 400
ppm: Normal formation of vertebral column; (B) 700 ppm: small angle of
kyphosis; (C) 1000 ppm: high angle of kyphosis and lordosis.

4.2. Vertebral column

This study demonstrated under simulation that the increasing
diffusion of CO in the atmosphere will exert negative effects on TG x
GG in the advanced larval stage in terms of not only growth but also
vertebral column and skeletal element formation. The malformations
found in this study were lordosis, kyphosis, and vertebral compression.
However, no cranial deformities, such as ocular migration anomalies,
were found. The percentages of vertebral column deformities were high
under 1000 ppm CO; but low under the other tested CO5 levels. These
results clearly show that fish were not in good welfare following expo-
sure to 1000 ppm CO, and were therefore highly susceptible and
vulnerable to the negative effects caused by high CO,. Rising CO3 was
responsible for increasing the percentage of malformations. As the
concentration of COs increased, the percentage of malformations in the
skeletal elements of TG x GG larvae also increased. Thus, the concen-
tration of CO, and percentage of skeletal deformities were correlated.
Similar results were observed by Elsadin et al. (2018) and Baumann
et al. (2018a, 2018b) who reported that defective skeletogenesis occurs
under high CO; levels. The findings of the present study, however,
contradicted the results of Crespel et al. (2017) who found that the
skeletal development of marine fish is not negatively affected by
elevated COo.

Fish skeletons mainly comprise calcium phosphate in the form of
hydroxyapatite, and extensive acid-base regulation may disturb skeletal
development (Lopes et al., 2018; Noor and Das, 2019). Skeletal de-
formities may negatively affect metabolic and physiological processes in
fish in numerous ways. According to in fish, vertebral column curvatures
and fin deformities can disturb FC, swimming behavior, and the
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Table 3
Analysis of variance of spine elements.

Character Symbol  One-way ANOVA
F- p-
value value

Standard length A na na

First postcranial region of abdominal vertebrae B 0.00 1.00
Second postcranial region of abdominal vertebrae ~ C 0.00 1.00
First anterior middle region of abdominal D 0.92 0.44
vertebrae E 0.11 0.95
Second anterior middle region of abdominal F 0.00 1.00
vertebrae G 0.00 1.00
Third anterior middle region of abdominal H 0.14 0.94
vertebrae I 0.00 1.00
Fourth anterior middle region of abdominal J 0.02 0.88
vertebrae K 0.34 0.57
Fifth anterior middle region of abdominal L 5.22 0.02*
vertebrae M 0.05 0.82
Sixth anterior middle region of abdominal N 0.19 0.66
vertebrae (o} 6.48 0.01*
Seventh anterior middle region of abdominal P 5.69 0.01*
vertebrae Q 0.36 0.56
First posterior middle region of neural caudal R 0.11 0.74
vertebrae S 0.02 0.88
Second posterior middle region of neural caudal T 0.01 0.93
vertebrae U 0.70 0.41
Third posterior middle region of neural caudal \ 0.15 0.70
vertebrae w 0.63 0.43
Fourth posterior middle region of neural caudal X 0.88 0.36
vertebrae Y 2.69 0.04*
Fifth posterior middle region of neural caudal z 5.31 0.01*
vertebrae AA 0.31 0.58
Sixth posterior middle region of neural caudal AB 1.00 0.00*
vertebrae AC 0.09 0.77
Seventh posterior middle region of neural caudal ~ AD 0.95 0.34
vertebrae AE 0.07 0.79
Eighth posterior middle region of neural caudal AF 0.50 0.49
vertebrae

Nineth posterior middle region of neural caudal

vertebrae

First ural region of neural caudal vertebrae
Second ural region of neural caudal vertebrae
First posterior middle region of haemal caudal
vertebrae

Second posterior middle region of haemal caudal
vertebrae

" p-value <0.05.

capability for positional maintenance in a current (Eissa et al., 2021).
These effects might account for the reduction in the FC of larvae with the
increase in COg levels and directly affected the growth performance of
fish. Although the CO; concentrations in this study were over-
exaggerated to 1000 ppm, the high rate of skeletal deformities under
elevated CO, might provide insight into how elevated CO, may affect
the development and performance of TG x GG in the early advanced
larval stage. Studies showed that there is a correlation between skeletal
deformities and un-inflated swim bladders in larvae of seabream and
seabass, which could be due to the oily layer of the water surface, abiotic
factors, for example, salinity, water turbulence, light intensity and
photoperiod (Boglione et al., 2013; Elsadin et al., 2019). The deformed
skeletal structure in gilthead seabream juveniles could be genetically
attributed to an un-inflated swim bladder (Garcia-Celdran et al., 2016).

Several past studies have investigated the effects of elevated CO2
levels on fish development and skeletal structure. Baumann et al. (2012)
found that exposure to high levels of CO2 during the early life stages of
clownfish resulted in smaller body size, decreased swimming ability,
and abnormal behaviors. Similarly, Manelli et al. (2015) studied the
effects of ocean acidification on the development of European sea bass
larvae and found that high CO2 levels caused a significant increase in the
incidence of vertebral deformities and abnormalities in the cranial
skeleton. In a study on the zebrafish, Leduc et al. (2013) observed
skeletal malformations such as spinal curvature and abnormal skull
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shape under high CO2 conditions. Furthermore, Munday et al. (2013)
reported that elevated CO2 levels caused developmental abnormalities
in damselfish, including smaller body size and altered behavior. Taken
together, these studies suggest that high CO2 levels can have negative
effects on fish development and skeletal structure, leading to impaired
survival and reduced fitness. Consequently, these skeletal deformities
have deleterious effects on the normal physiological functions of fish
through distorting vital processes such as buoyancy, swimming,
breathing, and eating, which can ultimately affect the growth rate and
survivability of fish.

5. Conclusion

While this study highlights the negative impact of elevated CO2 on
TG x GG larvae during the early advanced larval stage, which resulted in
reduced growth and skeletal malformation, it is essential to emphasize
the significance of the findings and their implications for future
research. The study provides critical guidelines and criteria for future
provisional studies on TG x GG larvae or other marine fishes under
elevated CO2 concentrations. Moreover, given that oceanic CO2 con-
centrations are rising, there is a need for further long-term studies on the
impact of elevated CO2 concentrations on growth and vertebral column
formation, particularly associated with the development of the swim
bladder in fish. Such studies are crucial to understanding the potential
consequences of increasing CO2 levels in the ocean, not only for marine
fish but also for the wider ecosystem. This study, therefore, contributes
to our understanding of the impact of CO2 on fish larvae and highlights
the need for further research in this area. Ultimately, the findings of this
study may inform policy decisions aimed at mitigating the effects of
rising CO2 concentrations on marine ecosystems.
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