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Abstract

Arachidonic acid (ARA) has been used as a feed additive to improve ovarian development in
crustaceans. Therefore, in this study, ARA was supplemented at various levels to observe the
induced development of ovaries in the broodstock of Macrobrachium rosenbergii. Four
experimental maturation diets were formulated with different inclusion levels of ARA (0, 1, 2,
and 2.9 %), sourced from Mortierella sp., a fungal oil which contains 45% ARA. The graded
inclusion level of fungal oil resulted in 0.03, 0.35, 0.70, and 1.17% ARA in the diets. The results
showed that broodstock fed with 0.70 % ARA diet, exhibited the highest hepatopancreas
somatic index (HSI) value compared to broodstock fed with other diets. The histological
evaluation of the ovaries revealed that broodstock fed a 0.70 % ARA diet resulted in
significantly bigger oocytes (P < 0.05) among all diets. Thus, higher dietary ARA resulted in
higher ARA content in the tail muscle, hepatopancreas, and ovary of prawn broodstock.
Therefore, a dietary level of 0.70 % ARA promoted the reproductive performance and
development of ovary in prawns broodstock.

Keywords: Arachidonic acid, gonadonosomatic index, Macrobrachium rosenbergii, maturation
diet, reproductive performance
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Introduction

The Malaysian giant freshwater prawn, also known as the giant freshwater prawn (GFP),
Macrobrachium rosenbergii (de Man, 1879), is a widely cultured species in Asia and other
regions. GFP is a native species in Malaysia; exhibits a notable growth rate and a high-profit
margin, contributing to its popularity in the aquaculture industry. However, a critical bottleneck
in its development lies in the insufficient supply of high-quality post larvae (PL). Moreover, the
availability of wild broodstock is declining over time. The inadequacy of high-quality broodstock
supply remains a significant challenge for of GFP production in Asia, particularly in Malaysia.
The majority of GFP PL producers in rely mainly on wild broodstock for PL production in

hatchery, which are then grown in pond culture.

Domesticated broodstock is an alternative to utilizing wild broodstock. However,
according to discussion with local hatchery managers in Malaysia, domesticated broodstock is
often regarded as being inferior quality. Thus, the quality of domesticated broodstock needs to
be improved genetically and with other important contributing factors, such as using high-
quality maturation feed. Maturation feed should consist of all the essential nutrients for

improving the quality of broodstock, especially for better gonad development and larval quality.

In crustaceans, the reproductive performance, such as ovarian maturation is usually
under the control of prostaglandins (PGs) (Sarojini et al., 1989) or eicosanoids with hormone-
like functions (Mustafa and Srivastava, 1989; Sargent, 1995; Sargent et al., 1999; Stacey & Goetz,
1982; Tocher, 2003). PGs have been reported to play a role in stimulating ovarian maturation,
including vitellogenesis and spawning, in many decapod crustaceans (Tahara & Yano, 2004;
Rowley et al., 2005; Sumpownon et al.,, 2015). Arachidonic acid (ARA, C20:4n-6) is the major
prostanoid precursor. Prostanoids are a class of hormonally active fatty acids composed
primarily of oxygenated C18, C20, and C22 acids, known as eicosanoids, which are derived from
n-3 and n-6 polyunsaturated fatty acids (C = 20; LC-PUFA) such as arachidonic acid (ARA),
docosahexaenoic acid (DHA; C22:6n-3), eicosapentaenoic acid (EPA; C20:5n-3), dihomo-
gamma-linolenic acids (DGLA, 20:3n-6), and gamma-linolenic acid (GLA, 18:3n-6) through the
cyclooxygenase pathways (Smith et al., 2000).

ARA is known to act as a catalyst for the development of reproductive gonads (Wouters
et al,, 2001; Glencross, 2009; Coman et al,, 2011; Xu, Cao, et al,, 2017; Xu, Zhang, et al., 2017).
Coman et al. (2011) reported that ARA supplementation of a semi-moist pelleted diet increases
the cumulative number of females spawning and the number of eggs produced by Penaeus
monodon broodstock. In addition, supplementation of ARA in the diets affected the fatty acid
compositions in the hepatopancreas, ovaries, and fertilised eggs of female Pacific white shrimp

(Litopenaeus vannamei) broodstock, which enhanced the final reproductive performances (Xu,



Borneo Journal of Marine Science and Aquaculture 9: 1 - 35 (2025)

Zhang, et al,, 2017).

The objectives of the present study were to determine the effect of different inclusion
levels of ARA in the formulated diet on the gonad development of female GFP broodstock, M.

rosenbergii, and the impact of dietary ARA on the fatty acid composition of broodstock tissues.

Materials and Methods

Experimental diets and chemical analysis

Four isonitrogenous and isoenergetic experimental diets were formulated with 45 % crude protein
and 9 % crude lipid following the nutrient level by Cavalli et al. (1999, 2000), with an energy level of
400 kcal per 100 g diet (Nik Sin et al., 2016). Fish, shrimp, and soybean meals were used as protein
sources. The inclusion of fungal emulsion ARA oil from Mortierella sp. was added at 0, 1, 2, or 2.9 %
across the four diets. The diets were thoroughly mixed using an industrial food mixer and distilled
water was added until a stiff dough was formed. This dough was screw-pressed through a 3 mm die
using a locally assembled Pellet Mill and the feed pellets formed were fan-dried and stored frozen at

0 °C until use.

Four experimental diets with different ARA percentage levels of 0.03, 0.35, 0.70, and 1.17
were prepared and named as T1, T2, T3, and T4, respectively. The formulation and proximate
composition of the experimental diets are presented in Table 1. The moisture, crude protein, crude
lipid, and ash contents of the ingredients and experimental diets were determined using the
standard method (AOAC, 1990). Meanwhile, the lipid content of the experimental diet and prawn
samples were extracted using a modified Folch et al. (1957) protocol and used for fatty acid (FA)
analysis. The fatty acid analysis methodology followed the same method as explained by Chee et al.
(2020). Briefly, the lipid of the weighed samples was extracted with chloroform: methanol at a ratio
of 2: 1 (v / v) containing potassium chloride in a separatory funnel. For separation, gravitation was
applied to collect the bottom layer containing chloroform and extracted lipids with a round bottom
flask. The chloroform was evaporated by using a rotary evaporator at 75 °C. The extracted lipids
were then esterified into methyl esters with methanolic boron trifluoride (BF3), followed by the

saponification-esterification method (AOAC, 1990).

The fatty acid composition of the experimental diets is presented in Table 2. Specifically,
fatty acid methyl esters (FAME) were resolved and analysed by a gas-liquid chromatograph
(Hewlett-Packard, Model 6890) equipped with a flame ionisation detector (GC-FID), GC
Autosampler, and SP™-2560 fused silica capillary column (100 m x 0.25 mm ID, 0.2 pum film
thickness, Supelco, Bellefonte, PA, USA). Initially, the column temperature was programmed to hold
at 140 °C for the first 2 min, then increased to 225 2C at a rate of 2 2C min-! and held for 5 min, then

raised again to 240 2C at a rate of 2 2C min'! and held for 3 minutes. The carrier gas was nitrogen and
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the pressure was 80 kPa. Fatty acid peaks were identified by comparing the retention time with
known standards (Supelco 37 Component FAME Mix, PUFA No.2, and PUFA No. 3: Supelco,
Bellafonte, PA, USA). The resulting peak areas were corrected by theoretical relative flame ionisation
detector response factors. The response factors were calculated by the ratios between the peak area
of the individual FAME. The FAMEs were expressed as weight percentages of the total FA content
(Ackman, 2002; Trbovi¢ et al.,, 2017).

Table 1. Formulation and proximate composition of the experimental diets (g/kg dry weight)

Dietary arachidonic acid level (% of diet)

0.03 0.35 0.70 1.17
Ingredients (g / kg) ARA1 ARA2 ARA3 ARA4
Shrimp meal? 111.4 1114 1114 111.4
Fish meal? 238.7 238.7 238.7 238.7
Soybean meal3 335.7 335.7 335.7 335.7
Soybean oil 29.1 19.1 9.1 0.0
Fungal oil (45% ARA)* 0.0 10.0 20.0 29.1
Fish oil 19.7 19.7 19.7 19.7
Corn starch 34.8 34.8 34.8 34.8
Soybean lecithin 10.0 10.0 10.0 10.0
Cholesterol® 6.0 6.0 6.0 6.0
Vitamin mix® 30.0 30.0 30.0 30.0
Mineral mix’ 40.0 40.0 40.0 40.0
L-ascorbic acid® 7.0 7.0 7.0 7.0
Choline chloride® 10.0 10.0 10.0 10.0
Inositol10 0.1 0.1 0.1 0.1
Binder!! 8.0 8.0 8.0 8.0
BHT12 5.0 5.0 5.0 5.0
Astaxanthin®3 20.0 20.0 20.0 20.0
a-cellulose 94.6 94.6 94.5 94.6
Proximate composition (mg / g dry basis)
Moisture 107 121 111 126
Crude protein 449 445 449 443
Crude lipid 101 101 101 100
Ash 131 129 130 127
Crude fibre 26 26 25 25
NFE14 293 299 295 305

1 Shrimp meal (g / kg dry weight): crude protein 808.0, crude lipid 35.2, ash 133.4.

2 Fish meal (g / kg dry weight): crude protein 754.0, crude lipid 89.5, ash 147.0.

3 Soybean meal (g / kg dry weight): crude protein 536.2, crude lipid 17.7, ash 69.4, crude fibre 25.6.

4 Fungal oil (% of total fatty acids): oil from fungi (Mortierella alpina) with ARA content >40%; Cargill, USA

5 Cholesterol BP (Feed grade), NK Ingredients Pte Ltd, Singapore.

6 Vitamin premix (g/kg of dry weight) contains ascorbic acid, 45; choline chloride, 75; inositol,5; niacin, 4.5; riboflavin, 1; pyridoxine
HCL, 1; thiamine mononitrate, 0.92; d-calcium panthothenate,3; retinyl acetate,0.6; cholecalciferol, 0.083; menadione, 1.67; DL-a-
tocopheryl acetate (500 IU/g), 8; d-biotin, 0.02; folic acid, 0.09; Vitamin B12, 0.00135; cellulose, 854.11

7 Mineral premix (g/kg of dry weight) contains calcium phosphate monobasic, 397.65; calcium lactate, 327; ferrous sulphate, 25;

magnesium sulphate 7H20, 137; potassium chloride, 50; sodium chloride, 60; potassium iodide ,0.15; copper sulphate 5H20,0.785;
manganese oxide ,0.8; cobalt carbonate, 0.1; zinc oxide, 1.5; sodium selenite 5H20, 0.2

8 Rovimix C, DSM

9,10 Sigma, USA

11 Binder: Pegabind®dry from Bentoli AgriNutrition Co., Ltd., Thailand

12 BHT: Butylated hydroxytoluene is used as an antioxidant

13 Astaxanthin (Haematococcus sp)-Algatech Malaysia

14 Nitrogen-free extract =100 - (protein + lipid + ash + fiber)
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Table 2. Fatty acid composition (% of total fatty acid) of the experimental diets

Fatty acid Dietary ARA level (% of diet)

0.03 0.35 0.70 1.17

ARA1 ARA2 ARA3 ARA4
C14:0 3.53 4.04 3.56 4.25
C15:0 0.37 0.40 0.41 ND
C16:0 25.28 22.24 19.39 19.32
C17:0 0.32 0.34 0.35 0.38
C18:0 4.09 4.75 5.52 7.25
C20:0 0.29 0.36 0.44 0.61
C22:0 ND 0.48 0.78 1.2
16:1n-7 3.44 3.53 3.56 4.31
17:1n-7 ND ND ND ND
18:1n-7 2.01 2.00 1.99 2.37
18:1n-9 23.90 20.29 16.98 0.54
20:1n-9 3.10 3.20 3.32 3.89
22:1n-9 0.30 0.31 0.32 4.93
24:1n-9 0.39 0.43 0.47 0.58
18:3n-3 1.68 1.70 1.93 3.89
18:4n-3 ND ND ND ND
20:3n-3 ND 2.77 0.96 0.38
20:4n-3 ND ND ND ND
20:5n-3 (EPA) 4.55 4.68 4.78 5.74
22:5n-3 ND ND ND ND
C22:6n-3 (DHA) 6.96 7.26 7.53 9.05
18:2n-6 13.54 13.21 1291 14.54
C18:3n-6 0.52 0.53 0.55 1.15
C20:2n-6 ND ND ND ND
C20:3n-6 4.09 2.23 4.29 1.58
C20:4n-6 (ARA) 0.31 3.51 6.96 11.72
22:4n-6 ND ND ND ND
X SFAa 33.87 32.60 30.45 33.01
X MUFA®b 33.12 29.75 26.64 16.62
X n-3 PUFA¢ 13.18 16.40 15.20 19.07
X n-6 PUFAd 18.44 19.48 24.71 28.98
(n-3)/(n-6) 0.71 0.84 0.62 0.66
ZPUFA (total) 31.62 35.88 39.91 48.05
X n-3 LC-PUFAf 11.51 14.70 13.27 15.18
X n-6 LC-PUFAs 4.39 5.74 11.25 13.29
ARA/EPA 0.07 0.75 1.46 2.04
ARA/DHA 0.04 0.48 0.92 1.29
EPA+DHA 11.51 11.93 12.31 14.80
EPA/DHA 0.65 0.64 0.63 0.63
DHA/EPA 1.53 1.55 1.58 1.58

a  XSFA : sum of all saturated fatty acids

b ¥ MUFA

X PUFA

X n-3 PUFA

X n-6 PUFA

X n-3 LC-PUFA

X n-6 LC-PUFA
ND: Not detected

d
e
f
8

: sum of all monounsaturated fatty acids
: sum of all polyunsaturated fatty acids

: sum of all omega-3 polyunsaturated fatty acids
: sum of all omega-6 polyunsaturated fatty acids
: sum of all omega-3 long chain polyunsaturated fatty acids

: sum of all omega-6 long chain polyunsaturated fatty acids
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Experimental diets and chemical analysis

Rectangular fiberglass tanks with a holding capacity of 1700 L and a working capacity of 1200 L
(2.4 m length x 1.2 m width x 0.6 m height) were used in this experiment with four replicate tanks
for each diet treatment. The individual samples were treated as replicate samples for chemical
analysis based on their ovarian stages since the development of the broodstock ovarian stages
varied within the same treatment due to many factors (Chang & Shih, 1995). Each tank was

supplied with ten air stones (50 mm in height and 17 mm in diameter) for aeration.

The berried female GFPs were purchased from local prawn farmers at Jeneri, Sik, Kedah,
Malaysia (5°53'29.2"N 100°40'26.2"E). Before bringing them into the hatchery, the prawns were
screened for Macrobrachium rosenbergii nodavirus (MrNV). The berried female GFP of six months
old was kept in a circular fiberglass tank (1.2 m in diameter x 0.5 m depth) until they hatched all
the larvae. During this incubation period, a commercial shrimp pellet (2.5 mm in size, 38 % crude
protein) was used to feed the broodstock and the management of broodstock was according to

Daniels et al. (2010) and New (2002).

Initial samples of spent female broodstock were taken for histology analysis. Prior to the
commencement of the feeding trial, the individual weight and standard length of spent female
broodstock were measured, recorded, and assigned to the experimental tanks using a completely
randomised design. Twenty-one pieces of GFP broodstock in the range of 18 - 35 g were randomly
distributed in each experimental tank. For each experimental tank, one adult male prawn was
placed in a small cage (40 cm in diameter) to trigger the maturation of the females
(Nagabhushanam et al, 1989). The experimental broodstock was fed up to satiation
(approximately 3 % of body weight) and two times daily (0900 and 1630 h). Every morning, feces
and uneaten feed were siphoned out of the tank. The salinity of the water was in the range of 0 - 6

ppt as suggested by Yen & Bart (2008).

The water quality parameters of the experiment tanks were recorded daily for
temperature, dissolved oxygen, and salinity. Ammonia, nitrate, nitrite, pH, and alkalinity were
measured weekly. The water quality was monitored throughout the experimental period and
remedial actions were taken to ensure the water quality parameters were in the acceptable range.
Sodium bicarbonate and commercial mineral premixes were used and added weekly to maintain
water alkalinity higher than 60 mgL-! as suggested by Coyle et al. (2010) and Shofiquzzoha et al.
(2016). The dissolved oxygen was measured with a YSI Model 550 polarographic oxygen meter
(Yellow Springs Instruments Company, Yellow Springs, OH, USA). Meanwhile, ammonia, nitrite,
nitrate, and alkalinity were determined according to the methods of Solorzano (1969), using a

Hach Model DR-2000 spectrophotometer (Hatch Company, Ames, IA, USA).
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After 50 days of feeding trials using the experimental diets, the experiment was terminated
and all prawn broodstock from each tank were sampled for physical, histological, and chemical
examination. The physical evaluation was carried out by measuring the individual weight and total
length. Then, the treated broodstock were dissected, the hepatopancreas and the gonads were

weighed to estimate the hepatopancreas somatic index (HSI) and gonadosomatic index (GSI).

The cephalothorax or head section of prawn broodstock was taken for histological samples
as shown in Figure 1. Freshly dissected sample was put into Davidson’s solution for further
processing. Additionally, other parts of prawn broodstock such as the tail muscle, hepatopancreas,
and gonad from each prawn broodstock were individually packed, labeled, and directly frozen at 0
°C for fatty acid analysis. The ovarian stages (0S) were determined based on GSI values (Chang &
Shih, 1995). The individual samples of tail muscle, hepatopancreas, and gonad were then grouped

according to their OS for each treatment diet.

The histological slide for the treated prawn broodstock samples was classified according to
0S and analysed accordingly. The number of hepatopancreas and gonad samples from each diet
treatment was limited for a particular OS, since the development of OS varies individually within
the same diet treatment. The histological slide samples of hepatopancreas and ovary of OS III were
available for all treated broodstock groups (n=3 of treated prawn broodstock samples for each

diet). Hence, these samples were analysed and compared accordingly.

Sample collection and reproductive indices

Samples of both spent broodstock (at the beginning of the experiment) and the ARA treated
broodstock (at the end of the experiment) were sacrificed and subjected to histological analysis.
The standard formulae used to estimate HSI, GSI, and gonad stage index are listed below (Fatima

etal, 2013; Kangpanich et al,, 2016; Xu, Zhang, et al., 2017).

Hepatopancreas-somatic index (%), HSI= (Hepatopancreas weight / body weight) x 100
Gonadosomatic index (%), GSI = (Gonad weight / body weight) x 100
Gonad stage index = X Sixni)x N1,

Where,

Si: stage of gonad (i=1-5),
ni: number of samples in stage Si and
N is the total number of samples counted
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Figure 1. The head part with organs of the broodstock sample were used for histology analysis.

For histology evaluation, half of the prawn broodstock’s cephalothorax section (Fig. 1) is
used which consists of the hepatopancreas and ovary. The fresh sample was fixed in Davidson'’s
solution for 24 hours before replacing with 75 % ethanol until further processing. The samples
were processed (Leica ASP 300) and embedded in paraffin wax. The embedded specimens were
sectioned at 5 micrometers (Leica RM2245), stained with haematoxylin and eosin (H&E), and
finally mounted with DPX before examined under a microscope (Leica DM5000B) connected to a
digital camera (Leica DFC 320) associated with computer software (Leica QWin). The histological
techniques were performed according to Humason (1979). Histological analysis of both the ovary
and hepatopancreas was performed using standard histological procedures. The cells of the
hepatopancreas tubules and oocytes were chosen randomly from the histology slides for diameter

measurement of both the ovary and hepatopancreas, respectively.

Statistical analysis

Results are expressed as the mean * standard error of the mean (SE). The data was analysed using
IBM SPSS Statistics 25 program (SPSS Inc., Chicago, IL, USA). Data were subjected to one-way
analysis of variance (ANOVA) and Duncan multiple comparison tests were used to determine
significant differences among dietary treatments at P < 0.05. Before subjecting the data to ANOVA

analysis, the data were checked for normal distribution and variance homogeneity under
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descriptive statistics and explored for normality plots to a test using the SPSS program. Whenever
these assumptions were violated, non-normally distributed continuous variables were
transformed using a two-step approach described by Templeton (2011). Step one involves
transforming the variable into a percentile rank, which results in uniformly distributed
probabilities. Step two applies the inverse normal transformation to the first step results to form a

variable consisting of normally distributed z-scores.

Results

The water quality parameters recorded were in the acceptable range for freshwater prawn culture
in tanks (Roustaian et al., 1999; Habashy, 2013). The parameters recorded were in the range of
26.5 - 32.5 °C for temperature, 34.0 - 136.0 mg L-! for alkalinity, 0.0 - 0.58 mg L-! of nitrite, 0.50 -
20.30 mg Lt of nitrate, 0.0 - 0.50 mg L1 of ammonia, 7.14 - 8.24 pH, and 5.10 - 8.70 mg L1 for

dissolved oxygen.

Experimental diets

The crude protein content of the experimental diets ranged from 443 to 449 mg g! dry weight,
while the crude lipid ranged from 100 to 101 mg g1 dry weight (Table 1). The fatty acid profile
showed that the primary source of ARA was derived from the fungal oil Mortierella sp. with a
concentration of 45.78 % of the total fatty acid (TFA). Other ingredients contributed to a small
percentage of ARA, such as fishmeal (0.48 %), fish oil (0.21 %), and shrimp meal (1.08 %).

The fatty acid composition of the experimental diets is shown in Table 2. The diets showed
gradually increased ARA by 0.31, 3.51, 6.96, and 11.72 % of TFA which were incorporated with
0.03, 0.35, 0.70, and 1.17 levels of ARA, respectively. The fatty acid composition of ARA in the
experimental diets reflected the inclusion level of fungal oil used. However, a higher level of ARA
was detected for the T4 diet with a 2.9 % inclusion level of fungal oil, which was higher than the
calculated value of 1.05 % ARA. A similar pattern of increasing value was observed for stearic acid
(C18:0), eicosapentaenoic acid (EPA, C20:5 n-3), and docosahexaenoic acid (DHA, C22:6 n-3) with
increasing dietary ARA levels (Table 2). Fish meal (18.0 % of TFA), shrimp meal (8.5 % of TFA),
and fish oil (11.3 % of TFA) were found to contain a large amount of total n-3 PUFA compared to
vegetable oils such as soybean meal residual oil (7.3 % of TFA) and soybean oil (0.01 % of TFA). As
for vegetable oil, 50.45 % of TFA was contributed by linoleic acid (LA) in the soybean meal.
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Evaluation of the treated broodstock
Physical evaluation

The physical evaluations are summarised in Table 3. The final weight of the broodstock showed no
significant difference (P > 0.05) among the groups, and the value increased compared to the initial
weight. No significant differences (P > 0.05) were observed for the survival of all treatment, with
the value ranging from 60 - 73 % across the treatment. The HSI value of treated broodstock
increased as the ARA content in the diets increased from 4.42, 4.69, and 5.25 for treated
broodstock fed with T1, T2, and T3 diets, respectively. However, the HSI value decreased to 5.07
for treated broodstock fed with T4 diet. The highest HSI was recorded for the treated broodstock
fed with T3 diet, which showed no significant difference compared to treated broodstock fed with
other diets (P > 0.05). Further analysis of HSI was carried out by plotting the graph as shown in
Figure 2. As Figure 2 illustrates, a second-order polynomial regression relationship between HSI
value and dietary ARA for the treated GFP female broodstock. By applying the dose-response
concept or broken line analysis, the optimal level of ARA in the diet can be extrapolated and

estimated as shown in the red circle in Figure 2.

The GSI value showed an increasing pattern from treated broodstock fed with T2 and T3
diets, with a value of 3.20 and 3.52, respectively. However, the GSI value for treated broodstock
fed with T4 diet showed a similar value as T3 diet of 3.51. This indicated that the ARA level in
treated broodstock fed with T3 and T4 diets resulted in similar GSI value. The total HSI and GSI
values of treated broodstock showed an increasing trend for treated broodstock fed with T2 and
T3 diets at 7.90 and 8.77, respectively (Table 3). However, an opposite trend was observed with
treated broodstock fed with T4 diet (8.58 + 1.41). Although no significant differences were
observed among treated broodstock (P > 0.05) as seen in Table 3, the value increased as higher
dietary ARA was used. Further analysis of the HSI and GSI combination values, including GSI and

HSI values, was carried out as illustrated in Figure 3.

Matured OS production, which is the cumulative value of OS III, IV, and V, were calculated.
The values fluctuated between treatments. The maximum value of 68.89 % was recorded in

treated broodstock fed with T3 diet, followed by T1, T2, and T4 diets, as shown in Figure 4.

are expressed as the mean # standard error of the mean (SE). The data was analysed using
IBM SPSS Statistics 25 program (SPSS Inc., Chicago, IL, USA). Data were subjected to one-way
analysis of variance (ANOVA) and Duncan multiple comparison tests were used to determine
significant differences among dietary treatments at P < 0.05. Before subjecting the data to ANOVA
analysis, the data were checked for normal distribution and variance homogeneity under
descriptive statistics and explored for normality plots to a test using the SPSS program. Whenever
these assumptions were violated, non-normally distributed continuous variables were
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transformed using a two-step approach described by Templeton (2011). Step one involves
transforming the variable into a percentile rank, which results in uniformly distributed
probabilities. Step two applies the inverse normal transformation to the first step results to form a

variable consisting of normally distributed z-scores.

Table 3. The final weight, gonadosomatic index and hepatosomatic index of the treated
broodstock fed with increasing ARA levels diet>

Dietary arachidonic acid level (% of diet)

0.03 0.35 0.7 1.17
ngfi)‘;i‘::;ic"ee ARA1 ARA2 ARA3 ARA4
Initial weight (g) ~ 24.05:1.16  26.07  1.62 24.31+0.36 24.80 £ 1.09
Final weight (g) 25.44+055 31924268  3053+080®  2588+0.26°
Survival rate 60.79+432  73.49%6.54 69.84+11.11  72.86+8.55
GSIt 3.72 £ 1.15 3.20 £ 1.00 3.52 £ 0.82 3.51 +1.30
HSI? 442022 4691023 5.25 £ 0.58 5.07 £ 0.23
Sum of (HSI +GSI) ~ 8.14+1.35 7.90 + 0.85 8.77+1.30 8.58 £ 1.41
Cumulative

matured 0S (%) 49.16 + 14.13 42.01+12.38 68.89 + 17.35 3447 £ 6.13

Gonad stages
index3

Mature OS
production (%)

2.28+0.24 2.63 +0.69 2.76 £0.46 1.86 £ 0.07

17.22 £1.47 15.56 + 2.94 25.00 £5.36 13.33+£5.09

Note:

1: gonadosomatic index (%): GSI = (gonad weight/body weight) x 100

2: Hepatopancreatic index (%): HSI= (hepatopancreas weight/body weight) x 100

3: Gonad stages index = (), Si x ni) . N-1, where Si: stage of gonad (i=1-5), ni: number of samples in stage Si and N is the
total number of samples counted.

4 Mature OS production = Cumulative number of broodstock with OS III, IV & V/Initial number of broodstock used
(initial stock) x 100; The number of samples, n= 31 - 40 / diet

5Values are the mean * SE of the samples.

Different letters in rows indicate significant differences at P < 0.05
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Figure 1. The relationship of GSI, HSI and sum GSI & HSI value with dietary ARA for treated GFP
female broodstock as described by second-order polynomial regression
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Figure 3. Relationship between production of matured ovarian stage (matured OS are OS III, IV
& V) of treated GFP female broodstock and ARA content in diets as described by broken-line
analysis as indicated by the dotted yellow line. The red circle is the range of optimal level of ARA
that resulted the highest percentage of matured 0S
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Figure 1. The relation of ARA/EPA for tail muscle of treated broodstock with increasing dietary

ARA level at each ovarian stage
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Tail Muscle Fatty Acid Composition

The fatty acid composition of treated broodstock tail muscle reflected the fatty acid profile of the
diets used, as shown in Table 4. The significant level of fatty acid composition was tested within
the same OS group with different diet treatments (P < 0.05). The concentrations of saturated
fatty acids (SFA) in the treated broodstock of the ovarian stage (OS) I group showed no
significant differences (P > 0.05) except for C18:0, which increased significantly (P < 0.05) by
10.22 %, 11.48 %, 12.02 %, and 12.63 % for treated broodstock fed with T1, T2, T3, and T4 diets,
respectively. Likewise, the C18:0 of the treated broodstock from other OS groups showed a

similar trend of increasing across the experimental diets.

Meanwhile, the monounsaturated fatty acids (MUFA) in the tail muscle of treated
broodstock for the OS I group were inversely proportioned with the dietary ARA content,
whereby C18:1n9 content gradually declined with the value of 26.85, 24.04, 19.05, and 17.30 %
for treated broodstock fed with T1, T2, T3, and T4 diets, respectively. The same pattern was also
observed for the C18:1n9 content for different OS groups when moving from T1 to T4 diet
(Table 4).

The ARA content in the treated broodstock tail muscle at OS I significantly increased (P <
0.05) with the increasing dietary ARA content by 7.90, 10.30, 14.10, and 16.96 % for treated
broodstock fed with T1, T2, T3, and T4 diets, respectively. Moreover, at each ovarian stage, the
highest ARA content was recorded from the treated broodstock fed with T4 diet, which was
significantly higher (P < 0.05) compared to other treated broodstock groups. Furthermore, the
ratio of ARA to EPA in the tail muscle showed an increasing trend for all OS across the
experimental diets, with a range of 0.77 - 1.81 %, 0.72 - 2.22 %, 0.64 - 1.92 %, 0.68 - 2.01 %,
and 0.60 - 1.90 % when moving from OS I to OS V, respectively (Figure 5).

14
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Table 1. Tail muscle fatty acid composition (% of total fatty acid) of female freshwater broodstock fed the diets with increasing ARA levels for ovarian

stage [, I, I1], IV and V1

Ovarian stage I Ovarian stage II Ovarian stage III One way ANOVA
Fatty acid ARA1 ARA2 ARA3 ARA4 ARA1 ARA2 ARA3 ARA4 ARA1 ARA2 ARA3 ARA4 OSPI-,VIE;l;eHI
C16:0 18.38 18.64 18.57 17.26 16.982 18.68¢ 17.802b 18.41bc 17.48 18.87 17.78 17.59 0.632,0.023, 0.485
C17:0 7.50 7.48 6.02 8.53 8.35b 7.002b 6.402 6.733b 7.52 7.24 7.50 7.34 0.573,0.076, 0.492
C18:0 10.222 11.48> 12.02¢ 12.63d 10.17a 11.042>  11.50°bc 12.22¢ 10.41 11.01 12.32 13.33 0.055, 0.031, 0.062
C18:1n9 26.852 24.04> 19.05¢ 17.30c 25.014ab 23.42>  21.862 19.752 24.02 24.07 19.72 18.59 0.002, 0.00, 0.121
C18:3n3 ALA 0.49 ND 0.78 ND ND ND 0.69 ND 0.57 ND 0.67 ND NA
C20:5n3 EPA 10.33 9.27 8.44 9.35 10.57" 9.52b 8.302 7.862 10.90 8.13 8.38 9.03 0.446, 0.006, 0.072
C22:6n3 DHA 3.69 3.96 4.05 4.11 4.44a 4.41a 3.97b 4.01b 3.992 4.30 412 4.31 0.621, 0.023,0.479
C18:2n6 LA 9.82 8.64 9.35 7.29 8.39b 9.51b 12.03¢ 8.162 7.672 9.31b 7.54b 7.36b 0.343,0.001, 0.053
C20:4n6 ARA 7.902 10.30> 14.10¢ 16.964 7.592 10.05° 12.45¢ 17.434 6.982 9.76 13.96% 17.32¢ 0.003, 0.00, 0.004
Y saturated 38.33 3891 38.61 40.71 37.70 38.09 37.68 38.55 37.34 38.43 39.86 38.25
XMUFA 28.64 2891 23.85 21.58 27.79 27.75 24.13 24.60 29.66 29.40 25.42 23.74
YPUFA(n-3) 14.59 13.23 13.26 13.46 15.41 13.94 12.95 11.86 15.64 12.43 13.17 13.34
YPUFA(n-6) 18.36 18.94 23.45 24.26 17.07 19.56 24.48 25.59 15.06 19.07 21.94 24.67
YPUFA (total) 32.95 32.18 36.72 37.72 32.48 33.50 37.44 37.45 30.71 31.49 35.12 38.01
YLC-HUFA(n-3) 14.02 13.23 12.49 13.46 15.21 13.94 12.27 11.86 15.07 12.43 12.50 13.34
ARA/EPA 0.77 111 1.67 1.81 0.72 1.06 1.50 2.22 0.64 1.20 1.67 1.92
ARA/DHA 2.14 2.60 3.48 4.13 1.71 2.28 3.14 4.35 1.75 2.27 3.39 4.02
EPA+DHA 14.02 13.23 12.49 13.46 15.01 13.94 12.27 11.86 14.89 12.43 12.50 13.34
EPA/DHA 2.80 2.34 2.08 2.28 2.38 2.16 2.09 1.96 2.73 1.89 2.04 2.10
DHA/EPA 0.36 0.43 0.48 0.44 0.42 0.46 0.48 0.51 0.37 0.53 0.49 0.48
Note:

1Values are the mean * SE of the duplicate samples. Different superscripts in the same row for each group of ovarian stage indicate significant differences at P<0.05., ND: not detected,
ARA1 =0.03% ARA diet; ARA2 = 0.35% ARA diet, ARA3 = 0.70% ARA diet, ARA4 = 1.17% ARA diet.
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Table 4 (continued)
Ovarian stage IV ()Arll\?ov\v/aAy Ovarian stage V (Z\I}\(Ieov;aAy
Fatty acid ARA1I  ARA2  ARA3  ARA4 | 6"53%\‘;‘3 ARA1 ARA2 ARA3 ARA4 ngl\‘,‘e
C16:0 17.51a NA 17.94ab 18.87ab 0.003 19.50¢ 18.72be NA 17.394ab 0.024
C17:0 7.00 NA 6.63 6.67 0.301 7.03 7.11 NA 6.96 0.242
C18:0 9.852 NA 11.22a 12.470 0.003 10.6272b 12.85¢ NA 12.42bc 0.026
C18:1n9 26.41a NA 20.52b 21.31c 0.003 30412 21970 NA 19.17¢ 0.003
C18:3n3 ALA 0.84 NA 0.86 ND NA ND ND NA ND NA
C20:5n3 EPA 9.30ab NA 9.18ab 7.844 0.041 10.08- 8.92ab NA 8.55ab 0.032
C22:6n3 DHA 3.96b NA 4.23b 3.27a 0.009 3.45 3.61 NA 3.58 0.359
C18:2n6 LA 9.31a NA ND 9.36V 0.003 8.89a 7.55b NA 8.06¢ 0.003
C20:4n6 ARA 6.332 NA 13.31»b 15.78¢ 0.003 6.072 11.11»b NA 16.24¢ 0.003
¥ saturated® 36.91 NA 37.76 37.55 38.60 40.94 NA 38.89
YMUFAP® 29.84 NA 25.90 26.20 32.90 27.16 NA 24.01
YPUFA(n-3) ¢ 14.19 NA 14.26 1111 13.53 12.53 NA 12.13
YPUFA(n-6)d 16.06 NA 22.08 25.14 14.97 18.66 NA 24.30
YPUFA (total) 30.25 NA 36.34 36.25 28.50 31.19 NA 36.43
YLC-HUFA(n-3)e 13.35 NA 13.40 1111 13.53 12.53 NA 12.13
ARA/EPA 0.68 NA 1.45 2.01 0.60 1.24 NA 1.90
ARA/DHA 1.60 NA 3.15 4.82 1.76 3.08 NA 4.53
EPA+DHA 13.25 NA 13.40 11.11 13.53 12.53 NA 12.13
EPA/DHA 2.35 NA 2.17 2.39 2.92 2.47 NA 2.39
DHA/EPA 0.43 NA 0.46 0.42 0.34 0.40 NA 0.42
Note:
a Y SFA : sum of all saturated fatty acids 1Values are the mean * SE of the duplicate samples. Different superscripts in the
b ¥ MUFA : sum of all monounsaturated fatty acids same row for each group of ovarian stage indicate significant differences at P<0.05.
¢ XPUFA(n-3) : sum of all omega-3 polyunsaturated fatty acids ND: not detected. ) ) .
4 SPUFA(n-6) : sum of all omega-6 polyunsaturated fatty acids ARA1 =0.03% ARA diet; ARA2 = 0.35% ARA diet, ARA3 = 0.70% ARA diet, ARA4 =

o .
X n-3 LC-PUFA : sum of all omega-3 long chain polyunsaturated fatty acids 1.17% ARA diet.
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Hepatopancreas fatty acid composition

The fatty acid composition of treated broodstock hepatopancreas samples of five OS reflected
the fatty acid profile of the experimental diets (Table 5). For all OS of treated broodstock
samples analysed, the SFA and MUFA contents in the hepatopancreas decreased with increasing
dietary ARA. The highest value of C16:0 was recorded in the treated broodstock group fed with
T1 diet compared to other diets, with a value of 26.46 %, 25.05 %, 24.18%, 23.36 %, and 22.82
% for OS I, I, III, IV, and V, respectively. Moreover, the C16:0 content of the same OS decreased
as the dietary ARA content increased (Table 5).

The n-3 PUFA, particularly C20:5n3 and C22:6n3, showed a significantly higher (P < 0.05)
value for treated broodstock fed with T1 diet compared to treated broodstock fed with other
diets for OS I. However, no significant differences (P > 0.05) were observed for n-3 PUFA for
treated broodstock groups fed with T2, T3, and T4 diets within the same OS, moving from OS I
until OS V (Table 5).

The n-6 PUFA content of treated broodstock, particularly for arachidonic acid (ARA,
C20:4n6), increased with increasing dietary ARA levels and was significantly higher (P < 0.05) in
the treated broodstock groups fed with T4 diet for all OS (Table 5). Moreover, the ARA to EPA
ratio recorded for each OS increased with increasing dietary ARA levels from T1 to T4 as
demonstrated in Figure 6. As shown in Figure 5, the ARA to EPA ratio increased for OS 1 from
0.45, 1.79, 2.88, and 4.92 % for treated broodstock fed with T1, T2, T3, and T4 diets,
respectively. The OS 11, OS III, OS 1V, and OS V groups recorded a similar trend of increasing ARA

to EPA ratio with increasing dietary ARA levels for all treated broodstock (Figure 5).
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Table 2. Hepatopancreas fatty acid composition (% of total fatty acid) of female freshwater prawn broodstock fed the diets with increasing ARA levels for

ovarian stage I, 1], I1I, IV and V!

Ovarian stage | Ovarian stage II Ovarian stage III One way ANOVA
Fatty acid ARA1 ARA2 ARA3 ARA4 ARA1 ARA2 ARA3 ARA4 ARA1 ARA2 ARA3  ARA4 P-value of
compounds OSI Il &III
C16:0 26.62¢ 22.83b 23,18> 19,852 25.052 23.58> 23.09> 21.86¢ 24.18> 23.15b 22.40b 20.022 0.007,0.002, 0.012
C17:0 1.90 0.55 0.55 0.58 0.52 0.73 0.50 1.20 2.55 0.72 0.91 0.69 0.180, 0.236, 0.071
C18:0 7.29 5.77 6.81 6.80 591> 574b 671b 8.15a 8.02bc 6.81a 7.71b 8.67¢ 0.690,0.011, 0.016
C18:1n9 28.89b 2557b 28.15b 19,55a 30.52a 27.083 26.452a 19.13b 34.37c¢ 27.34b> 25862 20.802 0.015, 0.093,0.014
C20:1n9 2.57 3.22 2.01 3.22 2.74 2.63 2.60 3.54 1.46a 3.18b 291b  3.93¢ 0.296, 0.283, 0.002
C18:3n3 ALA 1.23 1.23 1.00 1.34 1.08 1.25 1.08 1.19 ND 1.21b 1.04a 1.04a 0.203, 0.508, 0.032
C20:5n3 EPA 422a 192> 148> 185> 2.01b 1.87b 1.23a 1763 487a 1.71¢ 1323  1.44b 0.033, 0.50, 0.008
C22:6n3 DHA 3.31a 2.18b 194b  2.34b 2.17 2.70 1.61 2.08 3.28a 1.98a 161b 1.71b 0.026, 0.060, 0.040
C18:2n6 LA 1090 11.25 1052 11.62 10.22¢ 11.36b> 10902 9.042 8.51 10.68 9.78 8.99 0.698, 0.004, 0.210
C20:4n6 ARA 1902 3.44> 426> 9.10¢ 0.76a 348> 419b 7.66c 2.03a 3.19b> 469c 7.74d 0.001, 0.00, 0.001
Y saturated 39.20 35.21 35.67 3391 3596 3446 3580 3892 37.15 35.76 36.68 36.22
“MUFA 39.85 3881 4048 30.77 4494 4124 40.09 34.76 4416 4341 4053 37.53
YPUFA(n-3) 8.76 6.13 493 6.69 5.50 5.82 411 5.31 8.16 490 4.19 4.47
YPUFA (n-6) 12.80 1730 16.05 2554 1151 18.06 16.57 1891 10.53 1495 16.04 18.94
YPUFA (total) 21.56 2343 2099 3223 17.01 23.88 20.68 2422 18.69 19.86 20.23 2341
YILC-PUFA(n-3) 7.53 4.26 3.55 4.64 4.18 4.57 2.84 3.84 8.16 3.70 2.93 3.15
ARA/EPA 0.45 1.79 2.88 492 0.38 1.86 3.42 4.36 0.42 1.86 3.54 5.36
ARA/DHA 0.57 1.58 2.20 3.89 I 1.29 2.60 3.67 0.62 1.61 2.92 453
EPA+DHA 7.53 4.10 3.42 4.19 418 457 2.84 3.84 8.16 3.70 2.93 3.15
EPA/DHA 1.27 0.88 0.76 0.79 0.93 0.69 0.76 0.84 1.48 0.86 0.82 0.85
DHA/EPA 0.79 1.13 1.31 1.26 1.08 1.44 1.32 1.19 0.67 1.16 1.21 1.18

Note:

1Values are the mean * SE of the duplicate samples. Different superscripts in the same row for each group of ovarian stage indicate significant differences at P<0.05. ND: not detected,
ARA1 =0.03% ARA diet; ARA2 = 0.35% ARA diet, ARA3 = 0.70% ARA diet, ARA4 = 1.17% ARA diet.
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Table 5 (continued)

Ovarian stage IV %r;\?ov;aAy Ovarian stage V C/)Xrll\leo\/{/;;{y

Fatty acid P-value P-value

compound ARA1 ARA2 ARA3 ARA4 0S IV ARA1 ARA2 ARA3 ARA4 0S V
C16:0 23.36P NA 18.663b 24.00v 0.035 22.82 20.20 23.43 20.88 0.390
C17:0 3.40 NA 3.26 0.82 0.193 2.17 3.23 4.24 1.34 0.386
C18:0 9.62 NA 9.66 9.34 0.317 7.722 9.44a 14.39b 10.282 0.029
C18:1n9 31.102 NA 22.32¢ 28.27b 0.003 31.060b 28.424ab 29.02b 23.14a 0.039
C20:1n9 1.91 NA 2.39 ND 0.860 3.00 2.25 ND ND 0.269
C18:3n3 ALA ND NA ND ND - 091 0.83 ND 0.96a 0.995
C20:5n3 EPA 4.78 NA 3.11 ND 0.071 4.16 3.50 ND 1.43 0.170
C22:6n3 DHA 1.45 NA 2.79 ND 0.136 1.99 3.26 ND 1.79 0.170
C18:2n6 LA 9.05 NA 8.59 8.05 0.407 8.02 9.10 8.67 8.27 0.582
C20:4n6 ARA 1.04a NA 7.90b 3.23¢ 0.009 2.71a 5.77ab 10.01b 7.200 0.030
Y saturated 39.74 NA 36.31 42.07 35.74 35.74 42.06 39.29
XMUFA 43.55 NA 37.78 41.89 44.20 41.26 39.72 35.63
YPUFA(n-3) 6.67 NA 7.35 0.00 6.67 7.47 0.00 4.17
YPUFA(n-6) 10.04 NA 17.99 9.57 10.57 15.54 18.22 17.68
YPUFA (total) 16.71 NA 25.34 9.57 17.24 23.00 18.22 21.85
YXLC-PUFA(n-3) 6.00 NA 5.92 0.00 5.81 6.65 0.00 3.21
ARA/EPA 0.22 NA 2.54 ND 0.65 1.65 ND 5.05
ARA/DHA 0.69 NA 2.71 ND 1.36 1.77 ND 4.03
EPA+DHA 6.00 NA 5.76 ND 5.81 6.65 ND 3.21
EPA/DHA 3.14 NA 1.07 ND 2.10 1.07 ND 0.80
DHA/EPA 0.32 NA 0.94 ND 0.48 0.93 ND 1.25

Note:
1Values are the mean * SE of the duplicate samples. Different superscripts in the same row for each group of ovarian stage indicate significant differences at P<0.05. ND: not detected,
ARA1 =0.03% ARA diet; ARA2 = 0.35% ARA diet, ARA3 = 0.70% ARA diet, ARA4 = 1.17% ARA diet.
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Figure 5. The relation of ARA/EPA for hepatopancreas of treated broodstock with increasing
dietary ARA level at each ovarian stage
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Gonad fatty acid composition

The gonad fatty acid composition of treated broodstock for all experimental groups are shown in
Table 6. For each OS, the SFA content of the treated broodstock fluctuated across the
experimental diets. For OS [, C16:0 content of 24.50 %, 21.25 %, 22.26 %, and 23.05 % were
recorded for treated broodstock fed with T1, T2, T3, and T4 diets, respectively. Meanwhile, the
MUFA, C18:1n9 for OS I, decreased as treated broodstock dietary ARA increased, from 38.31 %
to 31.89 %, 32.73 %, and 30.12 % for broodstock fed with T1, T2, T3, and T4 diets, respectively.
The EPA value for OS I also decreased for treated broodstock with increasing ARA levels. Similar
patterns were recorded for EPA content for all OS of the gonad samples within the same OS

samples.

Like the ARA content in the tail muscle and hepatopancreas of treated broodstock, the
ARA content in the gonad increased as the dietary ARA increased. The ARA values of OS I
recorded were 5.92 %, 5.85 %, 8.06 %, and 9.93 % for treated broodstock fed with T1, T2, T3,
and T4 diets, respectively. In all other OS, the ARA contents increased in treated broodstock fed
with T1 to T4 diets, as shown in Table 6. The highest ARA content was recorded in the gonad of
the treated broodstock fed with T4 diet, with a value of 9.93 %, 10.75 %, 10.17 %, 9.25 %, and
8.91 % for OS [, I, I11, IV, and V, respectively, as compared to other diets.

The ARA to EPA ratio recorded in the gonad for each OS was increased with increasing
dietary ARA levels from T1 to T4 as demonstrated in Figure 7. The ARA to EPA ratios of tail
muscle, hepatopancreas, and gonads of the treated broodstock fed with experimental diets for
each OS are presented in Figures 4, 5, and 6, in which the ARA to EPA ratio shows an increasing
trend as the dietary ARA level increased in the hepatopancreas, gonads, and tail muscles of
treated broodstock for all OS. Although no samples were available for a certain OS, the
prediction can still be made with the available data, as shown in Figure 5 for OS V. However, the
ARA to EPA ratio in the gonads of the treated broodstock showed a different pattern for OS III,
whereby the ARA to EPA ratio in the gonads increased for treated broodstock fed with T1, T2,
and T3 diets, and then decreased sharply in the treated broodstock fed with T4 diets (Figure 7).
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Table 3. Gonad fatty acid composition (% of total fatty acid) of female freshwater prawn broodstock fed the diets with increasing dietary ARA levels for
ovarian stage I, 11, I1I, IV and V1

Ovarian Stage | Ovarian Stage II Ovarian Stage III One way ANOVA
Fatty acid ARA1 ARA2 ARA3 ARA4 ARA1 ARA2 ARA3 ARA4 ARA1 ARA2 ARA3  ARA4 P-value
compound OSLII&III
C16:0 2450° 21.25¢ 22262 23.05% 2280 2037 21.89 2208 2289 2097 2112 2047 0.037,0.126,0.333
C17:0 ND 148 069 136 089 153 126 240 117= 1182 0.68a 134> 0.043,0.537,0.036
C18:0 822 6032 7.80> 869 584 7126 735 898 598 638 802 823  0.00,0.005,0.393
C18:1n9 3831 3189 3273 30.12 39.92¢ 31.76b 32.30> 27.87¢ 40.41a 32.36> 31.53b 27.41bv 0.061,0.003,0.026
€20:1n9 ND 083  ND ND ND 103  ND ND ND 112> 1182 135¢  NA NA 0.001
C18:3n3 ALA ND 122 134 131 130 131 128 144 095 129 114 128  0.010,0.311,0.19
C20:5n3 EPA 658 414 341 315 402 375 368 322 472 341 132 290 0.112,0.339,0.09
C22:6n3 DHA ND 362 386 356 337 406 403 428 3262 3.76b 3.31a  3.68> 0.266,0.521,0.00
C18:2n6 LA 1421 1239 1326 1212 1362 1286 1366 1293 1134 1242 1195 12.09 0.068,0.171,0.19
C20:4n6 ARA 592a 585s 8.06s® 993> 1.28s 535> 9.03c 1075¢ 2.02a 479b 691c 10.17¢ 0.025,0.001,0.00
% saturated 3257 3114 3226 3490 3096 3097 3205 3512 3165 3047 3195 3258
SMUFA 4120 37.07 3707 3371 4441 3657 3548 29.15 4529 37.78 3894 3361
SPUFA(n-3) 646 947 858 802 869 967 899 894 893 872 719 811
SPUFA(n-6) 19.77 1927 2125 2205 1490 1928 2269 2368 13.36 18.68 20.17 24.22
SPUFA (total) 2623 2873 2983 3007 2359 2895 31.67 3262 2229 2740 2736 32.34
SLC-HUFA(n-3) 646 811 724 671 739 822 771 750 798 727 605 683
ARA/EPA 090 142 237 315 032 143 245 334 043 140 522 350
ARA/DHA NA 162 209 279 038 132 224 251 062 127 209 277
EPA+DHA 646 775 724 671 739 781 771 750 798 717 463 658
EPA/DHA NA 114 088 089 119 092 091 075 145 091 040  0.79
DHA/EPA 000 087 113 113 084 108 109 133 069 110 250 127

Note:
1Values are the mean * SE of the duplicate samples. Different superscripts in the same row for each group of ovarian stage indicate significant differences at P<0.05. P-value between
group each OS. ND: not detected, ARA1 =0.03% ARA diet; ARA2 = 0.35% ARA diet, ARA3 = 0.70% ARA diet, ARA4 = 1.17% ARA diet.
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Table 6 (continued)

Ovarian stage IV ()Arll\?ov\v/aAy Ovarian stage V ()Ar;\?ov;/[aAy

Fatty acid P-value P-value
com}},)oun d ARA1 ARA2 ARA3 ARA4 0S IV ARA1 ARA2 ARA3 ARA4 0S V
C16:0 22.644 NA 21.53b 20.40¢ 0.003 21.93b 19.872 21.09b 19.75a 0.009
C17:0 1.26 NA 1.38 1.31 0.375 0.342 1.30b 0.58a 1.42b 0.008
C18:0 6.372b NA 7.86P 8.05b 0.043 5.652 6.96P 7.37 be 7.93¢ 0.010
C18:1n9 37.16¢ NA 31.79bc 30.92ab 0.008 38.16¢ 11.652 31.18b 30.632 0.004
C20:1n9 ND NA 1.24 0.00 - 0.00b 1.092 1.30¢ 1.20a 0.009
C18:3n3 ALA 1.13 NA 1.06 1.14 0.227 1.11a 1.17a 1.28b 1.30b 0.007
C20:5n3 EPA 3.54a NA 2.77b 2.85P 0.029 3.83b 3.42ab 3.002 2.81a 0.034
C22:6n3 DHA 3.15 NA 2.99 3.46 0.279 3.15ab 3.40b 3.47b 2.94a 0.048
C18:2n6 LA 11.49 NA 10.88 11.93 0.184 11.462 11.502 12.23b 10.84c¢ 0.006
C20:4n6 ARA 1.372 NA 6.27b 9.25¢ 0.000 1.092 4.07b 7.06¢ 8.91d 0.000
Ysaturated 32.65 NA 33.80 32.07 30.21 30.48 31.90 31.27

XMUFA 44.56 NA 38.30 35.43 45,55 40.03 38.30 36.90

YPUFA(n-3) 7.82 NA 6.94 7.45 8.61 8.31 7.74 7.41

YPUFA(n-6) 13.46 NA 18.65 22.81 13.29 16.70 21.05 21.58

YPUFA (total) 21.28 NA 25.59 30.26 21.91 25.01 28.80 28.99
YLC-HUFA(n-3) 6.69 NA 5.88 6.31 7.32 6.97 6.47 6.11

ARA/EPA 0.39 NA 2.27 3.25 0.29 1.19 2.35 3.17

ARA/DHA 0.43 NA 2.10 2.67 0.35 1.19 2.04 3.03

EPA+DHA 6.69 NA 5.75 6.31 6.97 6.83 6.47 5.75

EPA/DHA 1.12 NA 0.93 0.82 1.22 1.00 0.87 0.96

DHA/EPA 0.89 NA 1.08 1.22 0.82 1.00 1.15 1.05

Note:
1Values are the mean * SE of the duplicate samples. Different superscripts in the same row for each group of ovarian stages indicate significant differences at P<0.05. ND: not detected, NA
= Sample is not available, ARA1 = 0.03% ARA diet; ARA2 = 0.35% ARA diet, ARA3 = 0.70% ARA diet, ARA4 = 1.17% ARA diet.
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Figure 1. The relation of ARA/EPA for gonad of treated broodstock with increasing dietary ARA
level at each ovarian stage

Histological evaluation

Figure 7 shows the representative histological cross-sections of the hepatopancreas and gonad

of the initial sample. The cross-section of the initial sample indicated that the ovary was at OS |
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and II, as described by Soonklang et al. (2012), Sumpownon et al. (2015), and Shen et al. (2020).
The embryonic cell (E-cell) and fibrillenzellen cell (F-cell) for the initial sample of
hepatopancreas and gonad are shown in Figure 7, and the identification of cells was referred to
the work done by Silva et al. (2018). The histological slide images for the final samples are
shown in Figure 8 for hepatopancreas and ovary of treated broodstock fed with T2 and T3 diets
at OS III. Basically, the final cells of the ovary fed with T3 and T4 diets showed healthy and well-
arranged cells. Figure 8 shows the representative cells in the hepatopancreas and ovary that

were measured, and the results were as tabulated in Table 7.

Table 7 summarises the analysed parameters from the histological slides of the
hepatopancreas and ovary. The hepatopancreas tubule diameter of treated broodstock fed with
T2 diet was recorded at 96.54 pm, which was significantly lower than the treated broodstock fed
with T4 diets (P < 0.05); but showed no significant different compared to treated broodstock fed
with T1 and T3 diets (P > 0.05). The hepatopancreas tubule area of 6643.89 um? was recorded
for the treated broodstock fed with T1 diet, which showed no significant difference (P < 0.05)
compared to other groups. Meanwhile, the hepatopancreas tubule diameter of 108.28 um was
recorded for treated broodstock fed with T4 diet and was significantly higher (P < 0.05) than the
treated broodstock fed with T3 diet, but did not significantly differ (P > 0.05) with treated
broodstock fed with T1 and T2 diets.

The oocyte diameter recorded for treated broodstock fed with T3 diets showed a
significantly higher (P < 0.05) value of 207.64 pm compared to other treatment groups.
Moreover, oocyte diameters of 126.57 pm, 169.54 um, and 139.84 pm were recorded for treated
broodstock fed with T1, T2, and T4 diets, respectively, yet no significant difference were found
between these groups (P > 0.05) (Table 7). Based on the oocyte diameter, it showed a pattern of
increasing in size as dietary ARA increased up to T3, and then decreased in T4 (Figure 9). In
Figure 9, it illustrates a second-order polynomial regression relationship between oocyte
diameter and dietary ARA for the treated GFP female broodstock. The optimal level of ARA in the
diet, as represented by the red circle in Figure 9, can be estimated by applying the dose-response

concept or broken line analysis to the diameter size of the oocyte.
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Table 4. The diameter and area for tubule in hepatopancreas (tubule) and ovary (oocyte) of the
experimental broodstock after feeding trial. (n=57, Mean # S.E.)!

Hepatopancreas Ovary
Diet Tubule diameter (um) Tubule area (um?2) Oocyte diameter (pm)
Initial 113.35+2.44 8605.51 + 255.68 41.50£1.12
ARA1 102.57 + 2.85ab 6643.89 + 329.39ab 126.57 +12.672
ARA2 96.54 + 1.85 6507.60 + 322.12ab 169.54 + 3.28=
ARA3 102.25 + 2.54a 6016.02 + 222.262 207.64+ 4.59v
ARA4 108.27 + 3.18b 7307.58 + 366.430b 139.84 + 6.072

1Values are the mean * SE of a group of representative histological slide samples (n=57). Different superscripts in the
same column indicate significant differences at P<0.05. Initial samples were excluded from statistical analysis.

Initial sample - Gonad

Figure 7. Representative histological cross-sections of the hepatopancreas of initial prawn
showing the arrangement of hepatopancreatic tubules and cells (on the left) and gonad (on the
right). (20 x Magnification) Og = oogonia, Ocl & Oc2 = previtellogenic oocytes, L. = Lumen of
tubule, B = B- cell and R = R- cell
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Figure 8. Representative final histological sample of ovary and hepatopancreas for treated
female broodstock fed the diets T2 and T3 diets at ovarian stage III (20 x magnification) VO =
vitellogenic oocyte, Yg = yolk granules, Oc4 = mature oocytes
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Figure 9. The relationship between oocytes diameter and ARA content in diets for GFP female
broodstock was described as second-order polynomial regression

Discussion

The supplementation of fungal oil containing ARA at different levels (0.03, 0.35, 0.70, and 1.17
%) resulted in a significantly higher GSI, particularly at 0.70 % ARA. Nutrient storage in the
hepatopancreas is transported to the muscle, gonads, and other tissues during the growth and
reproductive stages of prawns (Jiang et al, 2009; Wang et al, 2014). Thus, the nutrients
(particularly, fatty acids) stored in the hepatopancreas were found to be reduced at the last
stage of ovarian development. The recorded total HSI and GSI reflected the ARA levels in the
diets. This can be correlated with the gonad index stage and the oocyte size of the treated

broodstock.

Similar results were reported by Kangpanich et al. (2016), where the increasing level of
ARA in the diet resulted in increasing GSI and HSI values for M. rosenbergii broodstock. Other
studies also reported the increasing value of GSI with increasing ARA in the diets of tiger shrimp
(P. monodon) (Coman et al., 2011), Pacific white shrimp (Litopenaeus vannamei) (Xu, Zhang, et
al,, 2017), red claw crayfish (Cherax quadricarinatus) (Shehata et al.,, 2020), European sea bass
juveniles (Dicentrarchus labrax) (Torrecillas et al., 2017), and Pacific oyster (Crassostrea gigas)
(Seguineau et al., 2011). Several researchers also reported on fish and shrimp reproductive

performance with different dietary ARA levels (Meunpol et al, 2005; Hoa et al, 2009;
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Norambuena et al., 2012; Chimsung, 2014; Norambuena, Estévez, et al, 2013; Norambuena,
Morais, et al,, 2013; Xu et al,, 2017a; Zuo et al,, 2018). Like in the present study, the GSI value for
sea urchin fed diets of 1 % ARA and 2 % ARA showed a constant value, meaning that the higher
supply of ARA in diets beyond a certain level showed no beneficial effects and can have negative

effects on reproduction (Zuo et al.,, 2018).

The fatty acid profile of tail muscle reflected the dietary ARA content in the present
study, where the ARA content increased with dietary ARA levels for all OS. A similar result was
reported for M. rosenbergii which was fed diets of increased dietary ARA levels for all OS
(Kangpanich et al., 2016). Moreover, the marine shrimp P. monodon showed a higher value for
the percentage of spawning and the number of eggs produced when fed with a higher level of

ARA diet than a lower ARA (Coman et al., 2011).

This study indicates that the fatty acid profile of the hepatopancreas and ovary of treated
broodstock showed increasing value of ARA content (% of total fatty acid) with increasing
dietary ARA. Similar results were reported by Kangpanich et al. (2016) on M. rosenbergii for
hepatopancreas and ovary for all OS. Similar results were also reported for the Pacific white
shrimp, Litopenaeus vannamei, broodstock where increased ARA content was found in the

hepatopancreas and ovary as dietary ARA increased (Xu, Zhang, et al., 2017).

This present study showed that supplementation of ARA in the diets affected the fatty
acid deposition in tail muscle, hepatopancreas, and ovary of treated broodstock. Consequently,
studies on the requirement of LC-PUFA in freshwater prawn maturation feed could provide
more insights on the improvement of gonadal development and productivity of female

broodstock.

In this present study, the highest ARA level used was 1.17 % in the diet (T4), whereas
Kangpanich et al. (2016) used the highest level of 0.80 % ARA. Thus, based on the results
obtained from this and Kangpanich et al. (2016) studies, we can suggest that the optimal ARA
level in the diet is around the range of 0.70 - 0.80 % for better gonad development, reproductive
performance, and larvae production. As exhibited by the present study, groups fed with the diet
of 1.17 % ARA (T4) had significantly inferior HSI, GSI, and ovary size cells compared to treated
broodstock fed with other diet groups (P < 0.05). The results of the present study indicated that
there is no additional benefit in supplementing ARA beyond 0.70 % of TFA in terms of prawn
reproductive performance. Eicosanoids derived from omega 6 fatty acids tend to be pro-
inflammatory, while those derived from omega 3 fatty acids tend to be anti-inflammatory, as

described by Davinelli et al. (2018) and Tsoukalas et al. (2019). Thus, a higher level of ARA may
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impart negative results on reproductive performance since ARA synthesizes pro-inflammatory

eicosanoids.

ARA is a precursor of signalling molecules necessary for crustacean reproduction and
prostaglandins E and F of series I (PGE2 and PGF2a) in the cyclooxygenase pathway. PGE2
production in the ovaries of M. rosenbergii was reported to be reflected by the retention of ARA
in ovarian tissues throughout the maturation stages (Goodall, 2016; Kangpanich et al,, 2016).
Although the PGE2 level was not analysed in the present study, the retention level of ARA in
ovaries increased for prawn broodstock fed with increasing dietary ARA diets for all OS. The
ovarian ARA levels obtained from the present study were comparable to those detected in
ovaries at different OS of M. rosenbergii (Kangpanich et al,, 2016) and L. vannamei (Xu, Zhang, et
al,, 2017). The supplementation of ARA in diets did affect the prostaglandin synthesis (Goodall,
2016). The role of ARA in improving reproductive performance with the direct utilisation of ARA
as the primary precursor for the synthesis of eicosanoids, namely series Il prostaglandins,
bioactive lipid mediators with an essential role in the pathway of reproduction in invertebrates
(Wimuttisuk et al., 2013; Kangpanich, 2016; Thongbuakaew et al., 2021). The pathway of ARA
serves as a precursor for the synthesis of eicosanoids and LC-PUFA is described by Wimuttisuk

etal. (2013), Trevor et al. (2003), and Goodall (2016) in their studies.

Meanwhile, based on the histological analysis, the oocyte from the initial sample was at
the primary stage with a diameter size of 41.50 pm, which is similar to that described by Martins
et al. (2007) and Soonklang et al. (2012). The final samples showed the oocytes diameter of
127.3 - 206.5 pm with the biggest oocytes recorded in treated broodstock fed with T3 diet, and
was significantly higher than other treatment groups (P < 0.05). All oocytes samples final size
were in the development stage of vitellogenic oocytes (Martins et al., 2007). The final sample of
oocyte diameter suggested an optimal ARA content in the diet is approximately 0.7 %, resulting
in a bigger size compared to other diets. This finding can improve the size of newly hatched
larvae generated by domesticated broodstock of M. rosenbergii, which were previously claimed
to be smaller than those produced by wild broodstock (per comm with local hatchery
managers). The smaller newly hatched larvae require special attention, and the artemia used
must be small enough for these tiny larvae. By offering M. rosenbergii broodstock a maturation
diet containing around 0.7 % ARA, the quality of larvae from domesticated broodstock can be

improved and comparable to wild broodstock larvae.

The biological evaluation data showed that a dietary ARA level of 0.70 % exhibited better
reproductive performance than other diets. Meanwhile, the fatty acid analyses showed that with
higher dietary ARA level, the ARA content in tail muscle, hepatopancreas, and ovary of treated

broodstock was also higher. Additionally, the histological evaluation revealed that dietary 0.70
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% ARA resulted in significantly bigger oocytes in the ovary among treated broodstock fed with

various experimental maturation diets (P<0.05).

Conclusion

The results obtained from the present study suggest a dietary level of ARA that promotes the
best reproductive performance, with the ovary development of female GFP at 0.70 %. A higher
level of ARA (1.17 %) in the diet showed a counterproductive result for the reproductive
performance of female GFP. Therefore, it is suggested that the optimal concentration of ARA in

the diet should be maintained around 0.70 %.

Recommendation

The optimal inclusion level of ARA in the maturation diet for GFP broodstock has been
determined. However, the price of Mortierella sp fungi, the source of ARA used in this
experiment, is relatively high for the time being. Thus, it is imperative to look for cheaper
sources of ARA, for example, alga (Parietochloris incisa), polychaeta and terrestrial animal liver,

such as bovine liver meal.
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