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Abstract

Docosahexaenoic acid (DHA) enrichment of live food is a common practice to improve
growth and survival of larvae. The current research aimed to test the effect of rotifer
enrichment with DHA on growth, survival, fatty acid profile, digestive enzymes, antioxi-
dant parameters, and histology in yellowtail clownfish (Amphiprion clarkii) larvae. Four
levels of enrichments emulsions with DHA were considered, including DHA6 (6% DHA),
DHAI12 (12% DHA), DHA24 (24% DHA), and DHA36 (36% DHA). No substantial dif-
ferences in growth data were recorded, suggesting that even 6% DHA emulsion enrich-
ment which resulted in 4.22% DHA in rotifers is enough to fulfil the DHA requirements of
yellowtail clownfish larvae to maximise the growth rate. Excessive levels of DHA (36%)
decreased the survival rate of larvae. This fatty acid accumulated in the larvae body at high
levels (24.72%). The DHA12 group had the lowest growth, possibly due to lower diges-
tive enzymes and antioxidant activities in this treatment. There was a positive correlation
between final weight and lipase (59%), protease (73%), and lactate dehydrogenase (69%).
Furthermore, amylase, lipase, protease, and alkaline phosphatase had significant positive
correlations with catalase (72%, 84%, 74%, and 66%, respectively) and lactate dehydroge-
nase (64%, 85%, 79%, and 77%, respectively). Superoxidase dismutase and catalase also
had positive correlations with arachidonic acid levels in the body. Increased DHA levels,
based on histology data, caused lipid vacuoles in enterocytes and hepatocytes. In con-
clusion, yellowtail clownfish larvae can grow well with high survival even with feeding
rotifers enriched with 4.22% DHA or less.
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Introduction

Understanding the larval nutritional, which is always challenging due to the vulnerability
of fish larvae, would help to optimise diets and feeding protocols, thus improving larval and
juvenile quality growth, survival, and development (Hamre et al. 2013; Izquierdo 1996).
Nutritional imbalances in larval stages, such as deficiencies in vitamins, amino acids, or
essential fatty acids, have decreased larval survival rate and, eventually, economic loss.
Larval nutrient requirements differ qualitatively and quantitatively from juveniles or adults,
as fish larvae experience huge morphological and physiological alterations (Holt 2011).
Furthermore, fish larvae grow exponentially and feed continuously, even up to 100% daily
(Conceicdo et al. 1998). Among all nutrients, lipids, especially n-3 highly unsaturated fatty
acids (HUFA) such as docosahexaenoic acid (DHA), are crucial for larval development,
growth performance, stress resistance, skeleton development, pigmentation, and survival
rate, which was described in detail elsewhere (Hamre et al. 2013; Holt 2011).

Fish larvae require DHA for normal growth, optimal nerve tissue and visual system
development, immune system, and antioxidant response (Koven 2003). The DHA defi-
ciency can cause malformation, behavioural abnormalities (raptorial or schooling behav-
iour), and poor vision in larvae, eventually affecting the ability to catch prey such as rotifer
and artemia (Benitez-Santana et al. 2007). The effect of DHA level on growth, muscle
development, survival rate, immune response, and antioxidant system of fish larvae such
as cobia (Rachycentron canadum) (Trushenski et al. 2012), California yellowtail (Seriola
dorsalis) (Rombenso et al. 2016), blunt snout bream (Megalobrama amblycephala) (Wang
et al. 2020), red porgy (Roo et al. 2009), and many more fish species was reported. Enrich-
ing live prey like rotifers with fatty acids DHA is an applicable and promising approach to
providing DHA requirements in fish larvae (Kandathil Radhakrishnan et al. 2020). When
rotifers were enriched with three levels of eicosapentaenoic acid (EPA) and DHA and then
were fed to red porgy larvae, the best growth was recorded in those fed rotifers contain-
ing 7.82% DHA in total fatty acids (TFA) (Hernandez-Cruz et al. 1999). For other spe-
cies, such as red seabream (Izquierdo 1989), common dentex (Dentex dentex) (Mourente
et al. 1999a; Mourente et al. 1999b), gilthead seabream (Izquierdo 2005), or striped trum-
peter (Latris lineate) (Bransden et al. 2005), the minimum DHA requirement for optimum
growth was found to be 1.2%, 2.3%, 0.8%, and 2.0% dry matter, respectively. In other stud-
ies, enriching rotifers (including DHA 7% TFA) and artemia (DHA 2% TFA) in red sea-
bream (Izquierdo 1989) optimised the growth rate. Also, the optimum level of enriched
artemia was DHA 1% TFA in Japanese flounder (Paralichthys olivaceus) (Izquierdo et al.
1992) and DHA 11.4% TFA in gilthead seabream (Salhi et al. 1994). Fish species, even
within the same family, are varied in ontogeny, feeding physiology, and nutritional require-
ments (Hamre et al. 2013). Therefore, due to these variations, it is hard to translate their
results into all species, such as yellowtail clownfish.

Among marine ornamental species, yellowtail clownfish (Amphiprion clarkii) is the
most popular species in the aquarium trade. They are famous for their bright colours,
small size, and remarkable tolerance. Clownfishes have important economic value in
the Persian Gulf and are potential candidates for coastal and seawater aquaculture.
Their farming has many advantages, such as a high growth rate and adaptability to
salinity and temperature (Personal communication). However, few investigations dis-
covered biology, nutritional requirements, or techniques for larval rearing of clown-
fish. The major problem with clownfish culture is the dependence on live prey dur-
ing larval rearing. There are few studies on the effect of live feed enrichment on the
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growth, survival, and health of clownfishes (Basford et al. 2020; Dhaneesh et al. 2017).
Basford et al. (2020) found that DHA enrichment did not improve growth and sur-
vival rate of wide-band anemonefish (Amphiprion latezonatus). Furthermore, enrich-
ing live food with Nannochloropsis salina oil increased the survival rate and growth
of orange clownfish (Amphiprion percula). However, there is no study that tested live
food enrichment in yellowtail clownfish with docosahexaenoic acid (DHA). Therefore,
the current study aims to evaluate the impact of live feed enrichment with essential
fatty acids DHA in four levels (6, 12, 24, and 36%) on survival, growth performance,
fatty acid profile, digestive enzymes, antioxidants, and histology of yellowtail clown-
fish larvae.

Materials and methods
Fish husbandry

This study adheres to current regulations regarding the use of animals in research
(Ahmadi-Noorbakhsh et al. 2021). The larvae used in this study were obtained from
broodstock kept in an aquarium at Tabsem Sahel Qeshm Aquaculture Company located
in Persian Gulf Biotechnology Park (Qeshm Island, Iran). Yellowtail clownfish pairs
(4 pairs, 6-8 cm) were kept in 200-L glass aquariums, and flower pots were supplied
to the broodstock as a suitable substrate for egg laying. Photoperiod was maintained at
14-h light/10-h dark. The temperature was maintained at 28 °C, salinity at 30%o, and
pH at 8-8.5 with aeration with air stone. Fish were fed twice daily with commercial
frozen shrimp and squid for 2 months until spawning.

Following spawning, the flower pots (15-cm diameter) with eggs will hatch at the
parental tanks (80-L glass aquarium). The egg clutch from separate batches was trans-
ferred to larval rearing tanks. The larval rearing experiment was carried out in the
80-L glass aquariums with black walls, where a gentle aeration of 6.5 + 0.3 mg/L
(dissolved oxygen) was provided. After an incubation period of 24 h at 28-30 °C, the
hatched larvae in each tank were counted, and the density was recalculated. At a hatch-
ing rate of 70%, the initial stocking density (initial wet weight: 1.48 + 0.05 mg and
total length: 4.44 + 0.55 mm) with five larvae L~! (400 per replicate and 12 aquari-
ums) was set up. The first 24 h after hatching was defined as day 0. Then, the light
intensity at the water surface was progressively increased to 700 lux by adjusting the
distance of the light source from the surface. The light was supplied by overhead fluo-
rescent white light tubes. A 14-h light/10-h dark photoperiod was applied. Air stones
were positioned at the bottom of the tanks to maintain suspended matter, including the
food in suspension. During the yolk sac state (larvae start to feed after 8—10 h on the
first day after hatch (dah)), the aeration was gentle to minimise physical shock. The
average daily temperature ranged between 28 and 30 °C, and the salinity was 28-30
g/L. UV-filtered seawater, which had passed through sand filters, was used for larval
rearing. Larvae were reared with no water exchange during the first days, and from
day 2, the aquarium bottoms were cleaned, and 10-20% of the tank water was replaced
on a daily basis without disturbing the larvae. The water in the larval tank was gently
replaced once a day by a dripping system.
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Experimental design, rotifer enrichment, and sampling

The experiment was carried out through a completely randomised design, including four treat-
ments in triplicates and twelve tanks (80-L glass aquariums). EPA and DHA-rich oils (EPA
80% and DHA 80%, Shaanxi Pioneer Biotech Co., Ltd. (Shaanxi, China)) were used to pre-
pare enrichment emulsions (Estévez and Giménez 2017). Rotifers were propagated in a batch
culture system with Nannochloropsis sp (15-20 million cell/ml) and Saccharomyces cerevi-
siae (25 g/100 million rotifer). To enrich rotifers, organisms were stocked (500 organisms/mL)
in 10-L plastic containers with mild aeration and enriched with 0.6 g/L. with the experimental
emulsions for 2 h at 20 °C (Estévez and Giménez 2017). The rotifer was enriched with four
experimental emulsions containing four levels of DHA, including DHA6 (6% DHA), DHA12
(12% DHA), DHA24 (24% DHA), and DHA36 (36% DHA) (Table 1). Prior to use, the har-
vested rotifers were washed with fresh disinfected seawater and fresh water for 60 s to reduce
bacterial load and salt residues. Then, excess water was removed by tissue paper. The 24 g
rotifers were sampled for fatty acid analysis as well. After that, samples were stored in a —80
°C refrigerator until analysis (Eryal¢in 2019).

The larvae were fed microalgae Nannochloropsis sp. (50000 cell/ ml) from 1 day up to
10 dah; from day 2 to 10 dah, they were fed rotifers with a density of 10 Brachionus rotun-
diformis, S-type, and Brachionus plicatilis, L-type, for 10 days. The feeding frequency was
twice per day (09:00 and 16:00) in order to maintain a constant density of live prey in the rear-
ing tanks.

Growth performance and survival

Standard length (measured to the nearest 0.1 mm), wet weight (measured to the nearest 0.1
mg), and % survival was calculated at the end of the experiment by counting alive larvae in
each tank (after 10 days). Furthermore, twenty larvae from each tank were sacrificed at the
end of the experiment to evaluate digestive enzymes, antioxidant enzymes, and fatty acid pro-
files. The samples were kept at —80 °C until further analysis.

Fatty acid analysis

Fatty acid profiles in larval, emulsion, and live food samples were performed using fatty acid
methylation. The lipids were extracted from samples with a chloroform and methanol mixture
(2:1 volume) according to the standard method (Folch et al. 1957). Fatty acid methyl esters
were obtained by transmethylation with 1% sulphuric acid in methanol (Christie 1993) and
were separated by gas chromatography (GC-2030; Shimadzu, Tokyo, Japan) in a Supercolvax-
10-fused silica capillary column (constant pressure with 100 KPa, length 30 m; internal diam-
eter 0.32 mm; 0.25 i.d (Ref.: 24080-U) Supelco, Bellefonte, PA, USA) using helium as a car-
rier gas. The column temperature was 180 °C for the first 10 min, increasing to 220 °C at a
rate of 2 °C/min, and then held at 220 °C for 15 min. Fatty acid methyl esters were quantified
and identified by comparison with external standards (EPA 28, Nippai, Tokyo, Japan).

Digestive enzymatic assay

To evaluate digestive enzymes (lipase, amylase, total protease, and alkaline phosphatase
(ALP)), samples were rinsed twice with distilled water and were homogenated in 100
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Table 1 Formulation of enrichment emulsions and their fatty acid profile

Treatments DHAG6 DHAI12 DHA24 DHA36

EPA-enriched oil’ 10 10 10 10

DHA-enriched oil? 6 12 24 36

ARA-enriched oil® 5 5 5 5

Olive oil 31.8 25.8 13.8 1.8

Soy lecithin 4 4 4 4

a-Tocopherol 1.2 1.2 1.2 12

Distilled water 42 42 42 42

Fatty acid profile (% of the lipid extracted)
Cl14:0 0.95 + 0.07 0.17 + 0.01 0.50 + 0.06 1.00 + 0.12
C15:0 0.22 + 0.01 0.22 + 0.01 0.34 +0.03 0.32 +0.03
Cl16:0 12.01 +0.79 12.05 +0.93 19.83 +0.95 2328 +1.20
Cl17:0 0.97 £ 0.08 0.94 + 0.06 0.88 + 0.08 1.04 £ 0.09
C18:0 0.59 £ 0.08 1.59 £0.13 1.78 £ 0.16 2.46 +0.18
C20:0 1.09 £0.11 1.06 £ 0.07 1.02 £ 0.09 1.09 £ 0.05
Total SFA 15.83 +1.53 14.93 + 1.85 24.16 + 1.90 3279 +3.19
C18:1n-9 (OA) 55.76 + 3.57 46.65 + 3.94 2797 +2.75 7.77 + 1.50
C22:1n-9 0.18 + 0.01 0.15 +0.01 0.40 + 0.02 0.53 +0.05
Total MUFA 55.94 +2.77 46.80 + 3.35 28.37 +2.85 8.51+0.79
C18:2n-6 (LA) 5.15+0.50 6.47 + 0.59 5.87 +0.38 3.44 +0.19
C20:3n-6 0.09 + 0.01 0.03 + 0.00 0.14 + 0.01 0.51 +£0.03
C20:4n-6 (ARA) 3.98 +0.41 3.30 +0.36 294 +0.24 2.85+0.22
C22:4n-6 (DTA) 1.57 £ 0.10 2.72 +£0.17 520+ 043 8.30 £ 0.74
Total n-6 PUFA 10.80 + 1.04 12.51 + 1.05 13.15 + 1.06 15.13 + 1.24
C18:3n-3 (LNA) 0.87 + 0.08 0.62 + 0.05 1.24 +0.09 0.51 +£0.03
C20:5n3 (EPA) 8.33 +0.63 9.21 + 0.66 8.87 +0.64 9.06 + 0.59
C22:5n-3 (DPA) 0.17 +£0.01 0.19 + 0.02 0.18 + 0.02 0.20 + 0.02
C22:6n-3 (DHA) 6.46 + 0.48 12.70 £ 0.45 21.56 +£2.02 33.53 +£2.27
Total n-3 PUFA 15.83 £ 1.00 2272 £ 1.05 31.86 £ 1.63 43.06 +£2.78
DHA/EPA 0.77 1.38 243 3.70
DHA/ARA 1.62 3.84 7.33 11.76

Data was reported mean + standard deviation

'EPA 80%, Shaanxi Pioneer Biotech Co., Ltd. (Shaanxi, China)
2DHA 80%, Shaanxi Pioneer Biotech Co., Ltd. (Shaanxi, China)
3Vevodar™ (DSM TP Assets B.V., Heerlen, the Netherlands)

DHA-N very low level of DHA, DHA-L low level of DHA, DHA-M medium level of DHA, DHA-H high
level of DHA, OA oleic acid, LA a-linoleic acid, ARA arachidonic acid, LNA linolenic acid, EPA eicosapen-
taenoic acid, DPA docosapentaenoic acid, DHA docosahexaenoic acid

mM Tris-HCI buffer prepared for digestive enzyme analyses (Furné et al. 2008). The
lipase specific activity was measured using a commercial lipase kit (Bionik™, Canada),
and amylase specific activity was determined using an amylase kit (Bionik™, Canada).
The total protease activity was measured with haemoglobin (Anson 1938). The Brad-
ford method (Bradford 1976) was used to measure total soluble protein using bovine
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serum albumin as a standard. The specific activity of digestive enzymes was measured
according to unit per milligrammes protein in samples.

Antioxidant parameters

For analysis of antioxidant enzyme activities, malondialdehyde content, and soluble pro-
tein levels, the samples of larvae were homogenised in ice-cold lysing buffer (1:10). The
homogenates were centrifuged at 10,000xg for 10 min at 4 °C. The supernatants were col-
lected and stored at —80 °C for further analysis. All assays were carried out using a micro-
plate reader (BioTek™, Synergy HT, USA) and commercial kits (Navand Lab Kit™, Nav-
and Salamat Co., Iran).

Histological studies

Yellowtail clownfish larvae (n = 10) were sampled at the beginning (initial sample) and also on
day 10 from each tank and fixed in 10% neutral buffered formalin. All samples were dehydrated
with graded series of ethanol, cleared in xylene, and embedded in paraffin wax, according to the
standard histological procedures. Paraffin blocks were cut into serial longitudinal sections (4—5
pm) with a microtome (Leica RM2125, Germany) and stained with Mayer’s haematoxylin and
eosin (H&E). Slides were examined under an Olympus BX-51 light microscope equipped with
an Olympus DP72 digital camera (Roberts et al. 2001). In this study, at least six sections were
used for histological analysis. Histological changes (cellular structure of enterocyte and hepato-
cyte, accumulation of lipid vacuoles as reported by Castro-Ruiz et al. (2022)) that may occur in
the liver, intestine, and pancreas were investigated in clownfish larvae.

Statistical analysis

Data were analysed using SPSS ver. 22.0 statistical software. All the data are presented as
means + SD determined from three replicates. Arcsine transformations were conducted on
all data expressed as percentages to get homogeneity of variance before statistical analysis.
One-way ANOVA was performed with a significance level of 0.05 following confirma-
tion of normality and homogeneity of variance. Tukey’s procedure was used for multiple
comparisons.

Results and discussion
Fatty acid composition of rotifer and yellowtail clownfish larvae

Lipid and fatty acid composition of rotifer following DHA enrichment are presented
in Table 2. Significant differences were found in the relative content of C16:0, C18:0,
total saturated fatty acids (XSFAs), C16:1n-7, C18:1n-9, total monounsaturated fatty
acids (XMUFA), C18:2n-6, C20:4n-6 (ARA), C22:4n-6, total n-6 polyunsaturated fatty
acids (XPUFAs), C20:5n-3 (EPA), C22:6n-3 (DHA), and total n-3 PUFA. These fatty
acids reflected the composition of the emulsions, and by adding DHA to that, MUFAs
in live food decreased, but XSFAs, ARA, EPA, and DHA increased. DHA levels in
rotifers enriched by DHA6, DHA12, DHA24, and DHA36 emulsions were found to be
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Table 2 Fatty acid composition (%) of the extracted lipid from rotifer (Brachionus plicatilis) enriched with
different levels of the experimental emulsions

Fatty acids Initial DHAG6 DHAI12 DHA24 DHA36
Cl14:0 212+020  1.40+0.16 1.32 + 0.09 1.09 + 0.08 1.12 + 0.09
C15:0 2554022 156 +0.09 1.32 +0.04 1.12 + 0.06 1.31 +0.03
C16:0 1728 +1.46 1648 +1.80> 18.16 + 1.17° 19.70 + 1.48*  21.77 +2.00*
C17:0 122+1.04  0.48+0.02 0.80 + 0.03 0.46 + 0.04 0.67 + 0.03
C18:0 542+042  270+0.10° 243 +0.16" 3.05 +0.21% 3.27 +0.23°
C20:0 173+0.14  1.88+0.14 1.65 +0.11 1.68 +0.10 1.29 +0.10
Total SFA 30314284 2450 +2.87° 2566 +2.18%  26.44 + 225 28.96 + 2.41*
Cl16:1n-7 15.84 + 1.34  5.45 +0.55° 5.24 + 0417 1.63£0.33" 0.90 + 0.52°
C17:1n-7 0.31 +0.05 1.13+0.26 1.82 +0.24 1.07 £ 0.27 1.09 + 0.20
C18:1n-9 (OA) 1596 + 1.06  39.20 +2.55* 3568 £2.10° 3124 +2.11* 18.96 + 1.04"
Total MUFA 3211 £2.73 4579 +3.64*° 43.83+297*  33.05+3.10° 19.24 + 1.86°
C18:2n-6 (LA) 921+1.10  8.65+1.13* 584 +0.84° 5.17 +0.79° 1.98 +0.33¢
C20:3n-6 0.55+0.06  0.23 +0.02 0.26 + 0.02 0.26 + 0.03 0.15 +0.01
C20:4n-6 (ARA)  3.60+049 248 +030"  2.87 +0.30% 3.12+0.39% 350 +0.337
C22:4n-6 (DTA)  0.71£0.06  0.39 +0.02° 1.09 + 0.10¢ 433 +0.44° 8.50 + 0.82%
Total n-6 PUFA 1412 +1.29 1174+ 142> 10.06 + 1.23° 12.88 + 1.77%"  14.13 + 1.24®
C18:3n-3 (LNA)  0.55 +0.03 1.90 +0.13 1.18 +0.14 147 +0.18 127 £0.20
C20:5n-3 (EPA) 1055+ 145 6.04+070° 623 +0.64° 8.04 +0.72% 8.94 + 0.83%
C22:5n-3 (DPA)  5.11+0.44  3.03+0.24 2.85+0.13 2.84 +0.15 2.18 +0.12
C22:6n-3 (DHA)  3.23 + 0.61 422 +0.67°  7.01 +0.95" 1434 +1.88"  24.78 +2.95%
Total n-3 PUFA 1944 +2.05 1518 +241° 1727 +220° 2669 +2.67*  37.17 +3.50
DHA/EPA 0.30 0.69" 1.12° 1.78% 2.882
DHA/ARA 0.89 1.70° 2.44° 4.60° 736

Data was reported mean =+ standard deviation. The values less than 0.5 were not reported in the table, such
as C22:1n-9

DHA-N very low level of DHA, DHA-L low level of DHA, DHA-M medium level of DHA, DHA-H high
level of DHA, n.d not detected, OA oleic acid, LA a-linoleic acid, ARA arachidonic acid, LNA linolenic
acid, EPA eicosapentaenoic acid, DPA docosapentaenoic acid, DHA docosahexaenoic acid

Letters a, b, and c indicated significant differences among groups based on the Tukey multiple range test at
a significance level of 0.05

4.22, 7.01, 14.34, and 24.78, respectively. After 10 days of feeding larval yellowtail
clownfish with the DHA-enriched live food, the fatty acid composition of the whole
larvae changed, similar to dietary alterations (Table 3). In this regard, C18:1n-9, C20:1,
Y>MUFAs, C18:2n-6, 20:4n-6 (ARA), 22:5n-3 (DPA), 22:6n-3 (DHA), Zn-3, and DHA/
EPA were changed. With increasing DHA in emulsion, C18:1n-9, C20:1, EMUFAs,
and C18:2n-6 in larvae decreased, and ARA, 22:5n-3 (DPA), DHA, Xn-3, and DHA/
EPA levels increased in clownfish body. The relative DHA level in larvae fed enriched
rotifer by DHA36 (24.72%) was significantly higher than DHA6 (11.12%) and DHA12
(16.93%) groups. The DHA/EPA ratio followed the same trend, so the DHA36 treat-
ment (4.11) had a significantly higher level than others. The total SFAs in larvae did not
follow the observed trend in rotifers, and no difference in whole yellowtail clownfish
larvae was found (Table 3). It is well-known that enriching live foods with DHA can
transfer DHA to larvae to provide optimum growth and health for numerous species
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Table 3 Main fatty acids profiles (% total identified fatty acids) of yellowtail clownfish larvae (Amphiprion
clarkii) fed with variable live foods enriched with the experimental emulsions after ten days (n = 3)

Fatty acid profile DHAG6 DHAI2 DHA24 DHA36
C12:0 234 +0.18 241 +0.11 1.88 +£0.14 228 +0.12
C14:0 1.95+0.18 1.57 £ 0.07 1.72 + 0.09 1.74 + 0.10
C15:0 0.53 +0.04 0.45 + 0.03 0.64 + 0.03 0.52 +0.04
Cl16:0 21.79 +2.44 21.29 +2.48 22.13 +2.19 21.65 + 1.98
C17:0 0.39 + 0.03 0.35 +0.03 0.56 + 0.05 0.48 + 0.04
C18:0 7.13 +0.78 6.82 + 0.66 6.05 +0.78 7.04 + 0.69
C20:0 0.27 +0.02 0.23 +0.02 0.32 +0.01 0.25 +0.02
TSFAs 34.49 +3.52 33.46 +2.98 33.97 £2.99 34.39 +3.75
Cl6:1 3.53 +0.31 3.17 £0.36 3.71+0.34 3.51+0.29
C18:1n-9 29.26 +2.02* 27.26 +2.17*P 20.95 + 1.70° 17.79 + 1.51¢
C20:1 1.19 + 0.08* 1.01 + 0.08*P 0.86 + 0.05" 0.5 +0.02¢
EMUFASs 35.13 £2.72* 32.48 +2.63* 26.47 + 1.30° 22.36 + 1.45°
C18:2n-6 8.05 + 0.87% 7.16 + 0.83% 6.78 + 0.61%> 6.32 + 0.58"
C20:3n-6 0.45 + 0.04 0.49 + 0.03 0.38 + 0.02 0.51 +0.06
20:4n-6 (ARA) 221 +0.26° 2.97 +0.28%> 3.43 +0.33%0 4.49 + 0.38*
2 n-6 10.75 + 1.08 10.87 £ 0.99 10.79 + 0.99 11.52 + 1.06
C18:3n-3 0.30 + 0.02 0.46 + 0.03 0.45 + 0.03 0.27 + 0.02
20:5n-3 (EPA) 5.09 + 0.40 534 +0.33 5.50 + 0.45 6.02 +0.46
22:5n-3 (DPA) 0.19 +0.01" 0.74 + 0.04? 0.83 + 0.05% 0.64 + 0.06*
22:6n-3 (DHA) 11.12 + 1.04¢ 16.93 + 1.08" 20.42 + 1.59*P 24.72 + 1.65*
Zn-3 16.70 + 1.02¢ 23.47 + 1.43Y 27.20 + 1.81° 31.65 +2.06*
DHA/EPA 2.18¢ 3.17° 3.7° 4112
DHA/ARA 5.03 5.70 5.95 5.51

Data was reported mean+ standard deviation. Different letters show significant differences among groups
(*p < 0.05; Tukey’s multiple range test). The values less than 0.5 were not reported in table such as C6:0,
C8:0, C10:0, C21:0, C22:0, C23:0, C24:0, C24:1, C22:1n-9, C18:2n-6, and C18:3n-6

DHA-N very low level of DHA, DHA-L low level of DHA, DHA-M medium level of DHA, DHA-H high
level of DHA, OA oleic acid, LA a-linoleic acid, ARA arachidonic acid, LNA linolenic acid, EPA eicosapen-
taenoic acid, DPA docosapentaenoic acid, DHA docosahexaenoic acid

reviewed elsewhere (Holt 2011). This study also confirms this point for yellowtail
clownfish. However, the fewer levels (less than 6% DHA in the emulsion) should be
tested to understand the optimum dosage for DHA enrichment in this species.

Growth performance of yellowtail clownfish larvae

Results obtained for growth, length, and survival are shown in Fig. 1. There was no sig-
nificant difference in standard length among treatments showing that the skeleton growth
was not affected by DHA enrichment. The larvae fed rotifer enriched with DHA6 emulsion
(7.83 mg) were heavier than DHA12 ones (6.03 mg). DHA levels significantly affected the
survival rate, and DHA36 (50.25%) had a lower value than others. These results showed
that DHA6 and DHA24 performed better regarding the growth performance parameters.
Accordingly, yellowtail clownfish larvae, even with rotifers enriched with 4% DHA and 0.7
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DHA/EPA, can grow well. Commonly, usage of a ratio of 2:1 DHA/EPA is recommended
to formulate in larvae diets as this ratio was observed in the body of marine species larvae
(Sargent et al. 1997). Studies in other fish species showed that the DHA and DHA/EPA
ratios play a key role in growth. For example, gilthead seabream with four different levels of
n-3 HUFA either in rotifers demonstrated the best growth with adequate DHA/EPA ratios (>
1.3) and n-3 HUFA of 18% TFA (DHA 11.4% TFA and EPA 6.6% TFA; (Salhi et al. 1994)).
Similarly, the best growth of gilthead seabream larvae was obtained with 7.8% ARA, DHA
11%, and EPA 6.3% of TFA (Bessonart et al. 1999). The positive effect of DHA enrichment
in the incidence of skeleton deformities and improved survival rate in red porgy (about 50%,
with increasing DHA from 9.68 to 20.52% TFA) was reported (Roo et al. 2009). A high
DHA diet significantly increased the growth and survival rate of larvae by up to 44% in
lake sturgeon (Acipenser fulvescens) compared to those fed freshly hatched Artemia nauplii
(Yoon et al. 2022). Dietary DHA during the larval stage of spotted tiger shovelnose cat-
fish (Pseudoplatystoma punctifer) promoted growth performance (Castro-Ruiz et al. 2022).
However, DHA enrichment did not affect the growth and survival of yellowfin seabream
(Acanthopagrus latus) larvae (Morshedi et al. 2022). In most cases, DHA improves the
growth and survival of larvae, and it is crucial to find the optimum level of DHA in enrich-
ment emulsions or rotifer. The question that can be raised is whether yellowtail clownfish
larvae that eat a micro diet provided with ~ 4% DHA can still grow and survive as same
as those fed rotifer with around ~ 4% DHA (the DHA level of rotifer in DHAG6 treatment).
It is likely that more DHA should be provided in a micro diet to reach the same amount of
growth and survival rate. In our study, the ARA at 2.5% in rotifer with an EPA/DHA ratio
of 2.4 was enough to provide maximum growth (Table 2). Similar investigations indicated
at least 1.2% ARA for European seabass larvae with an EPA/ARA ratio of 4 was required
to provide a maximum growth rate (Atalah et al. 2011a; Atalah et al. 2011b). It should be
noted that an excessive level of DHA can result in negative consequences for larvae and
oxidative stress. Betancor et al. (2012) also reported the negative impacts of excessive DHA
contents in micro diets for seabass (Dicentrarchus labrax) that increase peroxidation risks.
The possible reason could be related to the proliferation of free radicals derived from this
fatty acid and the formation of toxic oxidised compounds and oxidative stress (Izquierdo
et al. 2010). In the present study, we observed the negative impact of excessive DHA on the
survival rate of larvae which can be due to oxidative stress. However, the growth and diges-
tive enzymes, antioxidant abilities, and histology were not affected by excessive levels of
DHA. In fish and other aquatic species, there is no direct relation between growth and sur-
vival rate in any stage of life. In the present study also, the same output was observed, and
no relation between growth and survival rate under DHA treatments was observed (Table 4).

Digestive enzyme activity

Any effort to increase digestive enzyme activities in larvae, such as feeding with live foods,
supplementing diets/live foods with bovine trypsin, porcine pancreatic extract, and diges-
tive system neuropeptides, can eventually improve growth and survival rate (Kolkovski
2001). The result of this investigation indicated that the optimum level of DHA in live food
can also increase the digestive enzyme activities of larvae. The result of digestive enzymes
in whole yellowtail clownfish larvae was reported in Fig. 2. Accordingly, the DHA12 group
had a significantly lower value of amylase (0.81), lipase (0.97), protease (1.89), and ALP
(0.75) than others. This treatment also had the lowest growth as well. We can hypothesise
that due to releasing not enough digestive enzymes, nutrient digestibility was decreased,
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Fig.2 Digestive enzyme activity of yellowtail clownfish fed enriched rotifer with different DHA levels

and eventually, fewer nutrients were available for growth. More studies are required, and
this question can be raised why these results were observed in a middle dosage. Similar to
our results, lipase increased in lake sturgeon at optimum DHA level that provided a maxi-
mum growth (Yoon et al. 2022). Different DHA enrichment levels of live food in yellow-
tail seabream increased the specific activity of digestive enzymes such as protease, lipase,
amylase, and ALP but not the growth and survival rate (Morshedi et al. 2022). No signifi-
cant differences were observed in trypsin and amylase activities in pancreatic and intestinal
segments when shrimp larvae were fed the different DHA levels (Wang et al. 2017). In our
study, with increasing DHA levels, ARA elevated as well, and the DHA36 group had a
higher level of ARA compared to DHA6. However, the changed digestive enzymes cannot
be connected to the ARA level as these groups did not differ significantly. It is well-known
that ARA levels can affect digestive enzyme activities (Xu et al. 2022); however, it was
not observed in the current study. When pikeperch (Sander lucioperca) larvae were fed
different dietary DHA levels, intestinal brush border digestive enzymes and growth were
not influenced, but the optimum level of ARA increased digestive enzymes (El Kertaoui
et al. 2021). In general, in our study, the same trend between growth and digestive enzymes
is further evidence that digestive enzymes are key parameters in larval stages to maximise
growth (Holt 2011).

Antioxidant activities

Superoxide dismutase (SOD) and catalase (CAT) are the major antioxidant enzymes that
can clear the internal reactive oxygen species to avoid the occurrence of fatty acid oxida-
tion and subsequently protect organisms from oxidative damage. Therefore, SOD and CAT
activities can show how aquatic animals’ bodies can tackle oxidative stress and eventu-
ally indicate how their immune system is robust. The DHA levels significantly influenced
four measured antioxidants in this study, including SOD, CAT, malondialdehyde (MDA),
and lactate dehydrogenase (LDH) (Fig. 3). The larvae fed the DHA12 group had the lower
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value of SOD, CAT, and LDH compared to others. Similarly, grass carp (Ctenopharyn-
godon idellus) (Ji et al. 2011) and yellow croaker (Larimichthys crocea) (Zuo et al. 2012)
fed not optimum levels of DHA in terms of growth showed retarded antioxidant param-
eters such as SOD and MDA due to oxidative stress. Also, in ridgetail white prawn (Exo-
palaemon carinicauda), the DHA-enhanced artemia, at different concentrations, increased
the enzyme activity of SOD compared to the control group (Wang et al. 2021), which is
again compatible with our research. The suitable supplement of DHA in diets improved the
activities of SOD and CAT in different tissues of sea cucumber (Apostichopus japonicus)
(Yu et al. 2016). CAT and SOD in golden pompano (Trachinotus ovatus) were higher at the
DHA/EPA ratio of 1.48 group, which growth was higher as well on this treatment (Zhang
et al. 2019). However, the excessively high dietary DHA/EPA ratio adversely affected the
growth and health of fish larvae (Zhang et al. 2019). It has been reported that increas-
ing the level of DHA can cause the formation of reactive oxygen substances in fish larvae
(Izquierdo et al. 2013), which was not observed in the yellowtail clownfish. The DHA/
EPA also is an important index that can be connected to antioxidant activities. Japanese
seabass (Lateolabrax japonicus) fed DHA/EPA 1.53 (DHA: 9.93%) showed the highest
activity of serum SOD among experimental groups (Xu et al. 2016). In that study, the
weight gain in DHA/EPA 1.53 was significantly higher than those fed DHA/EPA 0.55. In
our study, the worse treatment (DHA12) ate a DHA/EPA of 1.12 (DHA: 7.01%) with the
lowest growth and digestive enzymes as well. The results of these studies are comparable
and show that the DHA levels with the appropriate DHA/EPA play a key role in oxidative
stress and growth. The yellowtail clownfish in DHA12 was the worse treatment in growth,
digestive enzymes, and antioxidant system which makes sense. It was a challenging result
as even lower or higher levels did not result in such output and more studies are required. If
it occurred in higher or lower dosages, we could say DHA deficiencies or too much DHA
impaired the fish physiology but did not happen. When the body encounters oxidative
stress, the energy will go toward getting the larvae back to normal haemostasis, and nutri-
ent absorption and secretion of digestive enzymes will be the second priority. Therefore,
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the nutrient digestibility and uptake will be reduced, and larvae cannot grow well. More
studies are required to illustrate this phenomenon in yellowtail clownfish.

Histology

The main histological changes in lipid deposition in the liver, intestine, and pancreas of
individuals reared under different rates of DHA (DHA6, DHA12, DHA24, DHA36)
are shown in Figs. 4, 5 and 6. The results indicated the presence of pyknotic or necrotic
hepatocytes in the liver in groups fed enriched rotifer (DHA6, DHA12, DHA24, DHA36)
compared to those fed non-enriched rotifer (I). Erythrocyte infiltration was more common
among the hepatocytes in-group fed enriched rotifers (DHA24). All groups showed lipid
vacuoles in hepatic parenchyma. Therefore, the nuclei are located at the edge of the hepato-
cytes (nuclear migration in the hepatocytes). Groups fed enriched rotifers (DHA6, DHA12,
DHA24, DHA36) presented high lipid accumulation with large lipid-containing vacuoles,
whereas in the group fed non-enriched rotifers (I); the lipid vacuoles were smaller than
other groups (Fig. 5). Lipids were deposited in the intestine of all groups, whereas small
lipid deposits were also found at the base of the folds in groups fed non-enriched rotifers
(I). In the DHAG6 group, lipid deposits were concentrated in the apical zone of the intestinal
folds. The lipid accumulation detected at the apical ends did not affect the intestinal struc-
ture or damage the enterocytes (Fig. 6). Histological analysis revealed that exocrine cells of
the pancreas were pyramid shaped and showed acidophilic zymogen granules in all dietary
groups.

Lipid vacuoles are biomarkers used for the evaluation of lipid absorption and metabo-
lism in nutritional studies. The high fatty acid content of compound diets causes the for-
mation of lipid vacuoles in enterocytes (Deplano et al. 1991). Intestinal lipid vacuoles
formed when fatty acid uptake exceeds the transport capacity of enterocytes are defined

Fig.4 Longitudinal paraffin sections of the liver of yellowtail clownfish fed enriched rotifers with differ-
ent rates DHA (I): Initial. Lipid vacuoles in the liver are similar in all dietary groups, note that the lipid
vacuoles are smaller in the group fed non-enriched rotifer (I); the presence of pyknotic or necrotic hepato-
cytes and erythrocyte infiltration in the liver in groups fed enriched rotifer (DHA24, DHA36) (ph, pyknotic
hepatocyte; nh, necrotic hepatocyte; ei, erythrocyte infiltration; lv, lipid vacuole)
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Fig.5 Histological structure of intestine of yellowtail clownfish fed enriched rotifers with different rates of
DHA (I): Initial, groups DHA6 and DHA36 showed lipid accumulation in the intestine was concentrated in
the apical zone, whereas in groups L and M, lipids were accumulated along the intestinal folds (arrowed) (e,
enterocyte; 1d, lipid deposits; 1, lumen)

Fig. 6 Histological sections of the pancreas of yellowtail clownfish fed enriched rotifers with different rates
DHA (I): Initial, exocrine cells of the pancreas are similarly shaped and include zymogen granules in all
dietary groups; note that the lipid vacuoles are dense in the DHA36 group (ep, exocrine pancreas; ac, adi-
pose cell; zg, zymogen granules)

as a temporary storage form of re-esterified fatty acids (Fontagne et al. 1998). The locali-
sation and size of lipid vacuoles in the gut may depend on diets (Cahu et al. 2009). In
general, the accumulation of lipid vacuoles in the basal layer of enterocyte cells indicates
good digestion and absorption of dietary fats (Izquierdo et al. 2000; Lu et al. 2008). In this
study, lipid vacuoles were only detected at the base of the folds in groups fed non-enriched
rotifers (I). The accumulation of large lipid vacuoles in the intestinal tissue results from
reduced transport of lipids from the intestinal mucosa to the circulatory system (Fontagne
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et al. 1998). Similarly, this study detected large lipid vacuoles in the intestinal folds of all
groups (DHA6, DHA12, DHA24, and DHA36) and also pancreatic tissue. This may be
due to the decrease in the DHA added to the feed and, eventually, a decline in its levels in
the circulatory system. A large accumulation of lipids in enterocytes, called steatosis, may
cause pathological damage to intestinal tissue. This damage causes cellular necrosis and
an inflammatory reaction as a result of structural deterioration in the enterocyte membrane
in the intestinal mucosa (Cahu et al. 2009; Kowalska et al. 2011). In the present study, the
addition of DHA at different rates in all groups (DHA6, DHA12, DHA24, and DHA36) did
not cause structural deterioration in enterocyte membranes. Similar to the present study,
Castro-Ruiz et al. (2022) detected dense lipid vacuoles in intestinal tissue and reported that
these vacuoles did not affect the shape or organisation of intestinal folds, and no signs of
epithelial damage were observed.

In recent studies, aquatic nutritionists have focused on the effects of various feed ingre-
dients on fish liver health since the liver has an important function in processes such as
lipid storage, digestive, and detoxification. The most common histological change in fish
feeding studies is the formation of lipid vacuoles in the liver. It has been reported that
lipid vacuoles are formed in the liver of Russian sturgeon (Acipenser gueldenstaedtii)
(Kamaszewski et al. 2014), barbel larvae (Barbus barbus) (Prusiriska et al. 2020), spotted
tiger shovelnose catfish (Castro-Ruiz et al. 2022) and African catfish, Clarias gariepinus
(Verreth et al. 1994), fed on live food enriched with different fatty acids. Similarly, lipid
vacuoles were detected in liver tissue of all groups (DHA6, DHA12, DHA24, and DHA36)
in the present study. Accordingly, lipid vacuoles can cause accumulation in the liver as a
result of not meeting the need for dietary lipids (Watanabe et al. 1989), but lipid accumu-
lation in the liver has been interpreted as a disturbance in the hepatocellular lipid transfer
and metabolism (Segner and Witt 1990). In addition to the lipid vacuoles observed in the
liver tissue of all groups, pycnosis was noted in the nuclei of hepatocyte cells, as well as
larger lipid vacuoles in the DHA12, DHA24, and DHA36 groups. It has been reported
that hepatic pathological changes can be seen as a result of feeding with high levels of
long-chain polyunsaturated fatty acids in different fish species such as Atlantic bluefin tuna
(Thunnus thynnus) (Betancor et al. 2019), zebrafish (Danio rerio) (Ding et al. 2022), and
grass carp (Du et al. 2008).

Correlation between measured parameters in larvae

The correlation results are reported in Table 4, and many parameters had correlations
with each other. The only significant ones were reported in this table, and also only
important FAs were reported. The DHA levels in the larvae body were correlated with
other parameters. There was a negative correlation between DHA levels and survival
rate (—72%) and MUFA (-=91%). These results show that the DHA requirement of this
larvae species is low and high DHA negatively affects the survival rate. There were
key parameters that can be introduced as markers of growth in yellowtail clownfish
larvae. Accordingly, there were positive correlations between final weight and lipase
(59%), protease (73%), and LDH (69%). These outputs indicated the positive correlation
between growth and digestive enzymes reported earlier in other fish species (Esmaeili
et al. 2017; Magouz et al. 2020; Sotoudeh and Esmaeili 2022; Zembheri-Navruz et al.
2020). Digestive enzymes also had positive correlations with each other and also anti-
oxidant parameters. For example, amylase, lipase, protease, and ALP had significant
positive correlations with CAT (72%, 84%, 74%, and 66%, respectively) and LDH (64%,
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85%, 79%, and 77%, respectively). These results indicated that antioxidant activities
were in an optimum condition that caused higher digestive enzyme activities and even-
tually ended up with improved growth. Other studies show that if the antioxidant system
haemostasis is optimum, the digestive system secretes more digestive enzymes (Abdel-
Tawwab and Monier 2018; Jiang et al. 2016; Liu et al. 2019). SOD and CAT also had
positive correlations with ARA, which for CAT (58%) was significant. These results
show that the key role of ARA is antioxidant activities which were earlier observed
in goby (Synechogobius hasta) (Luo et al. 2012) and yellow catfish (Pelteobagrus ful-
vidraco) (Ma et al. 2018).

Conclusion

Conclusively, the enrichment process was successfully translated into rotifer and larvae
bodies. DHA enrichment of rotifers did not increase the growth and survival rate of yel-
lowtail clownfish, and a DHA level of 4.2% in rotifers is enough to provide maximum
growth and survival rate. While it was a middle level, the DHA12 group, although was a
middle dosage, showed the lowest weight, digestive enzymes, and antioxidant parameters
that required more studies to find a possible reasons. However, these impairments were
not observed in upper levels such as DHA24 and DHA36. There was a positive correla-
tion between final weight and digestive enzymes. Digestive enzymes also had significant
positive correlations with CAT and LDH, showing that measured parameters changed with
each other in the same direction. SOD and CAT also had positive correlations with ARA
levels and illustrated the key role of this fatty acid in the antioxidant system. Measuring
more parameters, such as the development of bone deformities, is required to elucidate the
importance of these fatty acids on yellowtail clownfish metabolism. Furthermore, as this
species requires few DHA levels in their diet, after carefully considering the optimum fish
meal and oil in their diet, they can be a sustainable option for marine aquaculture. More
lipid studies are recommended to illustrate this issue.
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