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Abstract Energy metabolism is a critical component in assessing the fundamental aspect of organism
fitness in prawn aquaculture farming. This is particularly important to maintain sustainable energy use
to cope with stress and tolerance without affecting growth and reproduction functions. This study aims
to determine and compare energy utilisation with a special focus on reproductive performance and
digestive capacity concerning the handling-stress and moulting cycle of female Giant Freshwater Prawn,
Macrobrachium rosenbergii. There were two experimental groups, which are (i) grow-out pond-reared
(G1): prawns were sampled randomly and concurrently for one day at an outdoor condition, and (ii) short-
term maintenance (G2): prawns were transported to an indoor hatchery, acclimated for two weeks, and
sampled by staggered-method for two consecutive months. For the respective experimental conditions,
haemolymph from five females was sampled at eight different moulting stages, whereby each stage was
classified as reproductive and non-reproductive moulting cycles. Cultivated females at the grow-out pond
had higher levels of haemolymph glucose (P <0.05) at Sub-stages D1 (0.51 +0.12 mg/mL), D3 (0.50 + 0.05
mg/mL), and A (0.71 £ 0.09 mg/mL) during the reproductive moulting cycle compared to the short-term
maintenance at similar moulting stages. Other findings showed that cultivated prawns at the grow-out pond
had significantly (P <0.05) higher glucose levels at Sub-stages D3 (0.57 + 0.09 mg/mL) and B (0.37 + 0.03
mg/mL) during the non-reproductive moulting cycle compared to the short-term maintenance indicating
that energy was utilised to cope with the handling stress. We suggest that short-term maintenance may
reduce the stressors factor and is applicable for hatchery operations to maintain the health of the prawn.
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Introduction

In recent years, giant freshwater prawn, Macrobrachium rosenbergii hatcheries in Malaysia met high
demand for seeds. Based on the statistics provided by the Food and Agricultural Organization (FAO 2009),
the global farming production capacity of M. rosenbergii in Asia has increased more than 99% in 2007.
China (124 520 tons), Thailand (27 650 tons), India (27 262 tons), and Bangladesh (23 240 tons) were the
primary producers. Meanwhile, Malaysia is one of the three M. rosenbergii-producing countries with 246
tons of production, Iran with 258 tons of production, and Brazil with 230 tons of production. However,
insufficient and unreliable M. rosenbergii seed supply remained the emerging issue in Malaysia (Banu and
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Christianus 2016). The dependency of commercial hatcheries on either adult prawns from grow-out ponds
or wild broodstock from rivers increases since spawning activity will lead to a shortage of natural spawners.
The issue is critical as most of the hatcheries in Malaysia prefer wild broodstock compared to the largest
and healthiest ovigerous females selected from farmed broodstock (Banu and Christianus 2016). This is
because seed production at the highest level was achieved by channelling low energy for gonad maturity.
Most of the local hatcheries relied on wild spawners resulting in a scarcity of wild broodstock, and the
efforts to revive the population are limited.

Energy metabolism plays a pivotal role in the survival of aquatic invertebrates in response to stress and
tolerance (Sokolova 2013). The fitness of organisms is determined by the equal use of the conversion rate of
storage and metabolic transformation of energy in an efficient manner (Troha and Ayres 2020). Therefore, it
is crucial to understand the regulation of energy expenditure and its allocation to different functions such as
the moulting cycle for a fundamental aspect of fitness knowledge. In Palaemonidae, including M. rosenbergii,
the moulting cycle can be divided into two modes, which are reproductive and non-reproductive. The
reproductive moulting cycle occurs when the shedding of the exoskeleton is synchronously accompanied
by ovarian development. Whereas merely shed exoskeleton for growth without ovary development is called
non-reproductive moulting cycle (Kamaruding et al. 2017; Kamaruding et al. 2018a)

Glucose is routinely used in aquaculture to monitor the changes in the metabolic state associated with
the moulting cycle, reproductive performance, index of stress in response to a variety of stressors such as
trawling, repeated handling, emersion, fishing, commercial maintenance, and temperature during transport
(Mercier et al. 2006; Lorenzen et al. 2007; Lund et al. 2009, Lorenzon et al. 2013, Kamaruding et al.
2017; Cook et al. 2019). This information is crucial in providing specific information on the nutritional
requirement to facilitate the farmers to understand the food and diet strategy during stress (Ding et al. 2017
Yong et al. 2020). In the biochemical process, glucose is considered an essential source of energy for many
metabolic activities. Glucose is the result of carbohydrate metabolism that undergoes several chemical
reactions involved in the Krebs cycle or the tricarboxylic acid cycle to generate the energy precursor in the
form of Adenosine Tri-phosphate (Wang et al. 2016). The pentose phosphate pathway, which is negligible
in fish, is the main carbohydrate metabolism pathway in decapod crustaceans during the ecdysis stage
(Zhang et al. 2018). Research on carbohydrate metabolism in crustaceans still lacks compared to mammals
or fish.

Environmental stress may have a significant impact on the energy balance of an organism due to the
additional energy needed to recover and sustain homeostasis that may be confined to the systems involved
in energy acquisition, conversion, and conservation (Schvezov et al. 2019). The potential energy cost of
the stress response and homeostatic regulation against environmental disturbances have been addressed in
several publications (Robles-Romo et al. 2016; Schvezov et al. 2019). Acclimation is a routine practice in
the hatchery operations to mitigate the effects of various potential stressors that may inhibit the animals’
physiological compensatory response (Sanchez-Paz et al. 2001; Ridgway et al. 2006; Lorenzon et al. 2007,
Stoner 2012; Kumaresan et al. 2017) before it can be used for breeding purposes. Detailed haemolymph
glucose patterns were obtained to establish a biomarker for the condition that would accurately reflect the
state of this species’s metabolism and energy reserves to compare cultivated prawns at the grow-out pond
and prawns subjected to acclimation for short-term maintenance. Therefore, this study was performed to
assess the effects of different handling conditions and moulting cycles on an animal’s physiological state
using glucose as a stress marker and evaluate the changes in lipid droplets in the hepatopancreas.

Materials and methods

Effects of handling stress and moulting cycle on energetic level of glucose, reproductive performance, and
digestive capacity in pond-reared of female M. rosenbergii subjected to acclimation and /n Situ sampling

The first experimental study was performed at the grow-out pond in Rembau, Negeri Sembilan, Malaysia
(2.5905° N, 102.0930° E) with 26.942.1 °C water temperature and 7.43%0.14 pH value. The female prawns
were divided into two experimental groups, whereby the first group (G1) was composed of cultivated
prawns at the grow-out pond weighing 20.54+0.34 g captured using a fishing net. The prawns attached to
the fishing net were sorted into a rectangular tray (4 m x 6 m x 4 m) afloat on the pond’s surface. After
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Table 1 Characteristics of moulting stages in giant freshwater prawn, M. rosenbergii as described by Kamaruding et al. (2018a)

Moulting Exoskeleton Epidermis structure Seta
stage texture Development
A Soft Light blue pigmentation, granular Clear seta matrix
B Hardened Granular The internal matrix developed within the seta
Co Hard Granular The internal matrix cones develop within the seta
Cl Hard Granular very dense A matrix in the internal cones of the seta begins
to retract
DO Hard Retraction of epidermis, pigmentation Very fine structure of internal cones of seta
D1 Hard New setal-forming regions appear in the New seta begins to develop
epidermis surface
D2 Hard Developing new seta can be seen within the New seta form barbules
setal-forming regions in the epidermal
surface
D3 Soft Complete apolysis Old setal organs disappear, new setae fold

sorting (maximum time took 2 h), randomly chosen prawns (N = 100) were placed in five containers
containing 5 L of water (density 20—30 animals/container) equipped with portable aeration and transported
to the sampling port. The dissolved oxygen level in the containers was recorded between 3.2 to 4 mg/mL.
The prawns were sampled immediately after arriving at the sampling port. The second group of prawns
(G2) consisted of short-term maintenance weighing 17.30+0.49 g was maintained under an open-shaded
hatchery for 60 days. A total of 135 animals were housed individually separated by perforated plastics
(3 animals per aquarium) in 45 glass aquaria (59 cm x 25 cm x 25 c¢cm). The water temperature was set
at 25.3+1.2°C and pH values ranging from 7.3+£0.3. The water was changed twice a week with clean
dechlorinated pipe water, and no food was offered during the 60-day experimental period. Newly moulted
animals were identified each morning by the presence of exuviae besides the animal body, in which 5-7
animals were sampled each time. Briefly, animals were euthanised using the ice-narcotised method (placing
the animal into a bucket of ice for 3 min) (Miranda-Anaya et al. 2003). About 100 pL of haemolymph was
withdrawn from the pericardial cavity of the individual animal using a sterile 1 mL syringe fitted with a
2726 needle into a 1 mL centrifuge tube. Both experimental groups (G1 and G2) were sampled according
to the eight classifications of moulting stages as described by Kamaruding et al. (2018a). The prawns
were classified according to the three overall stages, namely post-moult, inter-moult, and pre-moult. Each
moulting stage was further divided into the following sub-stages that are post-moult (Sub-stages A and
B), inter-moult (Sub-stages C0O and C1), and pre-moult (Sub-stages D0, D1, D2, and D3). The sub-stages
of moulting were initially identified by gently touching the outer surface of the carapace and the hardness
level of the rostrum. The carapace of the prawns at Sub-stage A is soft, and it hardens at Sub-stage B. As
the moulting stage progresses during inter-moult and pre-moult, the carapace becomes fully hardened. A
detailed analysis of setagenesis was performed under a stereomicroscope to identify the sub-stages between
inter-moult and pre-moult stages (Olympus, Japan). Table 1 shows a description of each sub-stage of the
post-moult, inter-moult, and pre-moult.

The haemolymph samples were kept at -80 °C for glucose analysis. Bodyweight (BW) was determined,
ovary or hepatopancreas tissues were weighed, and the Gonadosomatic Index (GSI) and Hepatosomatic
Index (HSI) were then calculated using the following formulas (Zhang et al. 2007):

GSI (%) = Ovary weight (g) x 100
Body weight (g)

HSI (%) = Hepatopancreas weight (g) x 100
Body weight (g)

The glucose concentration of the haemolymph was quantified colourimetrically using a glucose-oxidase
assay kit (Merck kGaA, Darmstadt, Germany). The analysis was performed according to the manufacturer’s
protocol. The procedure was conducted on a 96-well microplate consisting of a 2 pL sample, 48 pL assay
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buffer, and 50 pL chromogenic reagent per well. The plate was incubated at 37 °C for 30 min to allow
for the reaction to take place. The absorbance was recorded using a Multiskan Microplate Photometer
(Thermo-Scientific, New Hampshire, United States) at 570 nm, and the concentrations were calculated
from a standard solution of the substrates.

Effect of moulting cycle on the changes of lipid droplets in B cells of hepatopancreas and hepatosomatic
index (HSI) in laboratory-maintained of female M. rosenbergii

Animals were acclimated under a laboratory condition for at least two weeks in a circular polyvinyl
chloride (PVC) maturation tank with 5 tons of water capacity equipped with a centre drain to be used in
the experiment. Horizontal strips of polyethylene were used as a shelter substrate for the newly moulted
individuals. The quality of the water was monitored by the ammonium (< 0.03 ppm), nitrite (< 1 ppm), and
nitrate (£ 60 ppm) levels. The pH value was maintained within a range of 7.7+0.5. For each representative
moulting stage, five individual prawns were collected and classified as Sub-stages A, B, C0, C1, DO, D1,
D2, and D3. A small portion of hepatopancreas tissues was taken for histological investigation. The BW
was recorded along with the ovary or hepatopancreas tissues, while the GSI and HSI were calculated using
the formula as stated above (Zhang et al. 2007). Approximately 0.1 g middle portion of the left-side lobe of
hepatopancreas tissues were fixed in 1 mL of Bouin’s solution for 18 h. After fixation, the hepatopancreas
tissues were cut into 1-2 mm? small blocks. The tissue blocks were then washed briefly with distilled water
and 2-3 times in 70% ethanol until the yellow colour of the Bouin’s solution was washed thoroughly.
Dehydration, infiltration, and clearing of the hepatopancreas were carried out using an automatic tissue
processor (Leica TP1020, Nussloch, Germany). The hepatopancreas tissues were then embedded into
paraffin blocks using the paraffin embedding centre (Leica EG1160, Nussloch, Germany). The blocks were
trimmed and cut to the appropriate sizes and sections at 5 um thickness using a rotary microtome (Leica
RM2235, Nussloch, Germany). The resulting ribbons were stretched onto 76 mm x 26 mm fine defrosted
glass slides (Matsunami, Osaka, Japan) and coated with 1% acetic acid. The slides were then placed on a
slide warmer at 37—40 °C to dry the excess acetic acid for at least 2 h to maximise the binding capacity of
the tissue onto the slide surface. The slides were deparaffinised and hydrated using the standard protocol
for histology. Next, the slides were stained using Haematoxylin and counterstain using Eosin-Y in 80%
ethanol. After staining, the slides were observed under the microscope, and the images were captured using
a digital image system connected to a computer (Olympus, Tokyo, Japan).

Data analysis and statistics

The normality of the data was determined by skewness and kurtosis z values within —1.96 and +1.96. As the
data were normally distributed, a parametric analysis of variance was performed, followed by a comparison
of means using Duncan’s multiple range test. The data were considered significant at P <0.05. Statistical
analysis was performed using Statistical Package for Social Science (SPSS) Version 24. Pearson correlation
was used to evaluate the significance of the relationship between BW, GSI, HSI, and haemolymph glucose
concentration.

Results

Energetic level of glucose, reproductive performance, and digestive capacity in pond-reared of female M.
rosenbergii subjected to acclimation and /n Situ sampling

During the reproductive moulting cycle, the GSI of prawns under short-term maintenance showed the
highest value at post-moult of A stage (10.52 + 0.21%; P <0.05; df =4; F value = 55.60) compared to the
other stages (Fig. 1(A)). However, GSI showed the lowest values for prawns at B and CO stages under
short-term maintenance (0.37 + 0.02% and 0.63 + 0.05%, respectively) and grow-out pond (0.36 = 0.03%
and 0.60 + 0.03%, respectively) compared to other moulting stages.

During the A stage of the reproductive moulting cycle, prawns that were kept in captivity showed lower
HSI value (2.86 + 0.14%; P <0.05; df = 4; F value = 14.56) compared to C1 stage (4.57 = 0.56%) (Fig.
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Fig. 1 Effect of moulting stage and handling stress on Gondosomatic Index (A), Hepatosomatic Index (B), and haemolymph glucose
levels (C) of sub-adult female M. rosenbergii under short-term maintenance and grow-out pond during reproductive moulting cycle.
Five animals were sampled for each point. Data are expressed as mean+S.E.M. Different letters in each point indicates significant
difference (P <0.05) (N = 160, N represents total number of prawns sampled).

1(B)). No significant (P >0.05)differences were seen in prawns in both groups (in captivity and grow-out
pond) during B, C0, D0, D1, and D2 stages with values ranging from 3.49 £ 0.31% to 4.61 + 0.49%. Prawns
that underwent C1 stage under grow-out pond had the highest GSI value (6.22 + 0.46%; P <0.05; df =4; F
value = 33.52) compared to the other moulting stages under the short-term maintenance.

An abrupt increase of haemolymph glucose level was seen at A stage (0.71 + 0.09 mg/mL) (Fig. 1(C))
in grow-out pond reared prawns compared to other moulting stages in short-term maintained prawns.
However, there were no significant (P >0.05)differences in haemolymph glucose levels in short-term
maintenance prawns at all moulting stages (A, B, C0, DO, D1, D2, and D3) with values ranging from 0.10 +
0.01 to 0.47 £ 0.13 mg/mL. Similarly, the haemolymph glucose levels showed no significance (P >0.05)in
grow-out pond reared prawns at all moulting stages (B, C0, DO, D1, D2, and D3) with values ranging from
0.40 £0.04 t0 0.53 £ 0.12 mg/mL.

Unlike reproductive moulting cycle, short-term maintained prawns showed no significance (P >0.05)
in GSI during non-reproductive moulting cycle throughout the moulting stages (A until D3 stages) with
values ranging from 0.35 £ 0.02% to 0.45 + 0.003% (Fig. 2(A)). In contrast, grow-out pond reared prawns
showed a significant (P <0.05) difference in GSI value at A (0.43 + 0.02%), B (0.39 £ 0.05%), and CO
(0.27 £ 0.01%) stages. However, there were no significant (P >0.05) differences at C1, D0, D1, D2, and D3
stages in grow-out pond reared prawns ranging from 0.30 + 0.05% to 0.40+0.07%. In term of HSI, both
short-term maintained (2.78 + 0.44% to 4.30 £ 0.15%) and grow-out pond reared (4.00 + 0.40% to 5.14
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Fig. 2 Effect of moulting stage and handling stress on Gondosomatic Index (A), Hepatosomatic Index (B), and haemolymph glucose
levels (C) of sub-adult female M. rosenbergii under short-term maintenance and grow-out pond during non-reproductive moulting cy-
cle. Five animals were sampled for each point. Data are expressed as mean+S.E.M. Different letters in each point indicates significant
difference (P <0.05) (N = 160, N represents total number of prawns sampled).

+ 1.00%) prawns showed no significance (P >0.05) in all moulting stages (A until D3 stages) (Fig. 2(B)).
Haemolymph glucose did not differ for all moulting stages in grow-out pond ranging from 0.34 + 0.03 mg/
mL to 0.57 £0.09 mg/mL (Fig. 2(C)). However, under short-term maintenance, animals at B (0.07 = 0.01
mg/mL) and D3 (0.12 +£0.04 mg/mL) stages showed a relatively lower haemolymph glucose than the other
moulting stages.

Prawns underwent reproductive stage that was subjected to in situ samplings at grow-out pond showed
higher glucose level in the haemolymph (0.60 + 0.05 mg/mL; P <0.05; df = 4; F = 10.32) than animals
subjected to short-term maintenance (Fig. 3). This indicates that glucose was utilised as the metabolic
fuel in stressful conditions. In contrast, the non-reproductive stage showed no significance (P >0.05) in
haemolymph glucose, indicating that glucose was utilised in the same manner in both groups with levels
ranging from 0.30 £ 0.06 to 0.42 = 0.03 mg/mL.

Anegative relationship was also observed between GSI and HSI in animals under short-term maintenance
(r=-0.53; P <0.05) (Table 2(a)). In contrast, animals that were maintained under the short-term showed a
positive relationship between HSI and glucose (r = 0.35; P <0.05).

On the other hand, a negative relationship between BW and GSI (r = -0.40; P <0.05) was shown in the
grow-out pond reared animals (Table 2(b)).
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Fig. 3 Haemolymph glucose level (mean+S.E.M) in short-term maintenance and grow-out pond of female M. rosenbergii during the
reproductive and non-reproductive stage.

Table 2 Correlations among a matrix of parameters in the female M. rosenbergii under short-term maintenance and grow-out pond
during reproductive moulting cycle

(a)Short-term maintenance

BW GSI HSI Glucose
BW 1 -0.10 (40) 0.23 (40) 0.08 (39)
GSI - 1 -0.53 (40) * -0.20 (39)
HSI - - 1 0.35 (39) *
Glucose - - - 1

*Pearson correlation was significantly different (P <0.05). The number in parentheses (') represents the number of prawns sampled.

(b)Grow-out Pond

BW GSI HSI Glucose
BW 1 -0.40 (40) * 0.30 (40) -0.19 (40)
GSI - 1 -0.26 (40) 0.27 (40)
HSI - - 1 0.11 (40)
Glucose - - - 1

*Pearson correlation was significantly different (P <0.05). The number in parentheses () represents the number of prawns sampled.

The correlations of matrix parameters in female M. rosenbergii under short-term maintenance and grow-
out pond during the non-reproductive moulting cycle is shown in Table 3. There were positive relationships
between GSI and HSI (r=0.33; P <0.05) and GSI and glucose (r=0.41; P <0.05) in short term-maintenance
(Table 3(a)). In addition, the grow-out pond reared animals showed a positive relationship between HSI and
glucose (r = 0.39; P <0.05)(Table 3(b)).

Changes of lipid droplets in B cells of hepatopancreas and hepatosomatic index (HSI)
Based on the histological section of the hepatopancreas in Fig. 4, the lipid droplets in the B cells were scarce

either during post-moult (Sub-stages A and B) of the reproductive or non-reproductive moulting cycles.
Conversely, a higher number of lipid droplets in B cells were observed in Sub-stages of CO and C1 during
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Table 3 Correlations of matrix parameters in female M. rosenbergii under short-term maintenance and grow-out pond during the
non-reproductive moulting cycle

(a)Short-term maintenance

BwW GSI HSI Glucose
BW 1 -0.06 (40) 0.25 (40) 0.20 (40)
GSI - 1 0.33 (40) * 0.41(40) *
HSI - - 1 0.06 (40)
Glucose - - - 1

*Pearson correlation was significantly different (P <0.05). The number in parentheses (') represents the number of prawns sampled.

(b)Grow-out pond

BW GSI HSI Glucose
BW 1 -0.08 (40) 0.21 (40) 0.22 (40)
GSI - 1 -0.07 (40) 0.03 (40)
HSI - - 1 0.39 (40)*
Glucose - - - 1

*Pearson correlation was significantly different (P <0.05). The number in parentheses (') represents the number of prawns sampled.

Fig. 4 Histological section of hepatopancreas (H&E staining) during reproductive and non-reproductive moulting cycles in the female
M. rosenbergii (magnification 100X) (a) Sub-stage A; a scarce number of B cells (b) B stage; scarce number of B cells (c) Sub-stage
CO0; high number of B cells (d) Sub-stage C1; a high number of B cells (¢) Sub-stage D0; low number of B cells (f) Sub-stage D1; low
number of B cells (g) Sub-stage D2; low number of B cells (h) Sub-stage D3; low number of B cells and (i) Non-reproductive moulting
cycle; a scarce number of B cells. Arrow indicates lipid droplets of B cells. Scale bar: 100 pm.
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Table 4 Changes in HSI during reproductive and non-reproductive moulting cycles in the female M. rosenbergii. Different letters in
indicate significant difference (P <0.05) (N =73, N represents total number of prawns sampled).

HSI (%) GSI (%)
Moulting Reproductive moulting Non-reproductive Reproductive moulting Non-reproductive
stage cycle moulting cycle cycle moulting cycle
A 3.82+0.33* 4.65+£0.41° 9.58+0.41° 0.48+0.02°
B 3.78+0.39* - 0.54+0.06* -
Co 4.35+0.28" 5.154+0.23* 0.57+0.02° 0.46+0.04*
Cl 6.18+0.81° 3.80+0.62* 1.21£0.14% 0.44+0.04*
DO 5.04+0.44% 4.91+0.42° 1.69+0.18" 0.43+0.04*
D1 5.07+0.51* 5.15+0.16* 2.64+0.35¢ 0.42+0.06*
D2 4.89+0.29% 4.74+0.44* 4.2940.19¢ 0.51+0.11°
D3 5.37£0.71%® 4.31£0.72* 6.28+0.83¢ 0.36+0.09*

inter-moult and reduced when approaching late pre-moult (Sub-stage D3) of the reproductive moulting
cycle.

HSI values were not significantly different (P >0.05) during the non-reproductive moulting cycle in
which the range value was between 3.80 + 0.62 to 5.15 + 0.23% (Table 4). Conversely, HSI shows the
highest significant value at Sub-stage C1 during the reproductive moulting cycle (6.18 + 0.81%; P <0.05;
df =4; F =20.6) compared to post-moult (Sub-stages A and B; 3.82 + 0.33 and 3.78 + 0.39%, respectively)
and inter-moult Sub-stage C0 (4.35 £ 0.28%). The HSI values during early and late pre-moult stages were
in the range of 4.89 + 0.29% to 5.37 + 0.71%.

Discussion

Moulting cycle affects ovarian development in crustaceans. Results in this study showed a synchronise
ovarian development and moulting stages in M. rosenbergii. Similar findings were also reported by
Okumura and Aida (2000) and Kamaruding et al. (2017). Both groups showed a similar pattern in GSI and
HSI values, in which these values were consistent throughout the non-reproductive moulting cycle. The
moulting cycle of the Palaemonidae species, such as M. rosenbergii, can be divided into two modes, namely
reproductive and non-reproductive moulting cycles. The reproductive moulting cycle is defined as a period
when the shedding of the exoskeleton occurs in coordination with ovarian development (Mrak et al. 2017).
Generally, two moulting cycles are needed to complete the ovarian development cycle. In the first moult,
the ovary develops to become completely vitellogenic at ecdysis, and in the second moult, mating and
spawning occur. During post- and inter-moult stages, all unfertilised eggs were released from the female’s
body (Chang and Mykles 2011). In contrast, the non-reproductive moulting cycle is a period whereby
the shedding of the exoskeleton is not accompanied by ovarian development, but this cycle represents
only somatic growth (Kilada and Driscoll 2017; Mrak et al. 2017). Several extrinsic factors affect ecdysis
and growth in crustaceans, including temperature, light and photoperiod, water alkalinity, size and sex,
season, density and space, nutrition and food, habitat, chemical contaminants, microplastics, handling, and
transport stressors (Dise and Goldina 2017; Espinosa-Chaurand et al. 2017; Santos-Romero et al. 2017,
Yuan et al. 2017; Kamaruding et al. 2018b; Day et al. 2019; Mota et al. 2021). The intrinsic factors that
affect the ecdysis and growth of crustaceans include developmental stage, reproductive maturity, the status
of limb regeneration, and hormonal control (Sugumar et al. 2013; Subramoniam 2017).

Glucose is a molecule that has a significant role in the energy metabolism of crustaceans. Variations
in glucose levels measured in the haemolymph are related to the quantity and quality of the carbohydrates
contained in the diet (Rosas et al. 2000; Rodriguez-Viera et al. 2014; Ding et al. 2017). In addition, Wells
and Pankhurst (1999) reported a positive correlation of handling and confinement stress with glucose in
the rainbow trout of Oncorhynchus mykiss. In this study, excessive exposure to heat and low dissolved
oxygen (<3.2 mg/mL) were the main causative effects contributing to the elevated level of glucose in the
grow-out pond reared animals. During stress, most of the energy was channelled to withstand a chronic
exposure towards stressors, and lesser energy reserves were allocated for reproduction and growth (Balifia
et al. 2018; Borges et al. 2018; Yu et al. 2018; Glazier et al. 2020). Similarly, in this study, more energy was
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directed towards prawns that went through the reproductive cycle in the grow-out ponds (unacclimated)
despite being subjected to excessive heat and low dissolved oxygen compared to the non-reproductive
prawns in both the acclimated and grow-out (unacclimated) conditions.

In principle, B cells are secretory and absorptive cells with a high proportion of lipid droplets and
glycogen. Additionally, B cells are also granulated with metal ions. These cells undergo ultrastructural
alterations during fasting and moulting, as well as when metal-contaminated food is provided to animals
(Vogt 2019; Huang et al. 2020). In this study, the numbers of lipid droplets within the B cells were scarce
during post-moult (Sub-stages A and B). Furthermore, the scarcity of B cells localised to the proximal
end of tubules during the post-moult stage (Sub-stages A and B) was consistent with another study by Al-
Mohanna and Nott (1989) hence implying that this state is related to the post-moult stage during the starving
condition. Zilli et al. (2003) further discovered that the number of B cells in Kuruma Prawn (Marsupenaeus
Japonicus) were lower in the fasting animals (for 48 h) compared to the customarily fed animals. A few
hours after exuviation, as the animals entered the post-moult stage, the response to food intake was very
minimal, and the prawns were inactive during feeding. This is a possible explanation for the scarcity of B
cells during post-moult and may be related to the function of B cells as the main site for the synthesis of
digestive enzymes (Al-Mohanna and Nott 1986; Vogt 1993; Sanchez-Paz et al. 2007; Vogt 2019; Huang
et al. 2020). Similar findings were also reported by Thongrod et al. (2018), whereby reduced lipid droplets
were recorded in the hepatopancreas during fasting and were restored after re-feeding. Another possible
role of lipids is that they are stored in hepatopancreatic cells before moulting to support the formation of the
new exoskeleton (Travis 1955; Alikhan 1972; LeSer et al. 2008; Tian et al. 2012). Meanwhile, the number
of lipid droplets in B cells during the inter-moult stage (Sub-stages C0O and C1) was higher than in the pre-
moult stage. The high number of lipid droplets in B cells could be linked to the high rate of synthesis and
release of digestive and antioxidant enzymes. The release of the compounds accelerates the mobilisation of
nutrients to the hepatopancreas tubules thereby supplying energy to accommodate the demands of activity
(Verri et al. 2001; Li et al. 2008).

Conclusions

Animals collected at the grow-out pond utilised more energy than the animals acclimated under the short-
term as evidenced by an increase in glucose levels. This was linked to handling and environmental stresses.
The moulting cycle affected the number of lipid droplets in the hepatopancreatic B cells. The lipid droplets
during the inter-moult stage were greater than the pre-moult stage hence indicating a significant mobilisation
of resources in hepatopancreas tubules for energy-generating to accommodate vigorous metabolic activity
before moulting. This study recommends that crustacean aquaculture producers should consider acclimation
during the rearing of broodstocks for spawning induction to minimise the amount of energy used for stress
tolerance while maximising growth capacity and reproductive success.
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