? frontiers ‘ Frontiers in Marine Science TveE Original Research

@ Check for updates

OPEN ACCESS

EDITED BY

Yafei Duan,

South China Sea Fisheries Research
Institute, China

REVIEWED BY

Huan Wang,

Ningbo University, China

Lijun Ning,

South China Agricultural University,
China

*CORRESPONDENCE

Chunyan Ma
macy@ecsf.ac.cn

Wei Wang
wangw@ecsf.ac.cn

"These authors have contributed equally to
this work

RECEIVED 12 August 2023
ACCEPTED 04 October 2023
PUBLISHED 17 October 2023

CITATION
Ma K, Liu Z, Qiao G, Ma L, Zhang F,

Zhao M, Ma C and Wang W (2023) Effects
of four diets on the metabolism of
megalopa metamorphosis of the mud crab,
Scylla paramamosain.

Front. Mar. Sci. 10:1276717.

doi: 10.3389/fmars.2023.1276717

COPYRIGHT

© 2023 Ma, Liu, Qiao, Ma, Zhang, Zhao, Ma
and Wang. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The
use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Marine Science

PUBLISHED 17 October 2023
D01 10.3389/fmars.2023.1276717

Effects of four diets on the
metabolism of megalopa
metamorphosis of the mud crab,
Scylla paramamosain

Keyi Ma', Zhigiang Liu', Guangde Qiao', Lingbo Ma,
Fengying Zhang, Ming Zhao, Chunyan Ma* and Wei Wang*
Key Laboratory of East China Sea Fishery Resources Exploitation, Ministry of Agriculture and Rural

Affairs, East China Sea Fisheries Research Institute, Chinese Academy of Fishery Sciences,
Shanghai, China

Dietary intake is an essential source of energy and nutrients, and plays an
irreplaceable role in the breeding of S. paramamosain seedlings. In this study,
live Artemia nauplii (LA), compound feeds (CF), frozen copepods (FC) and frozen
adult Artemia (FA) were utilized as feed during the megalopa stage. To determine
the impact that diet has on the metabolism of crablets that underwent
metamorphosis from the megalopa stage, analyses of both metabolomics and
fatty acid content were conducted. In the LC-MS-based metabolomics analysis,
a total of 104, 205 and 83 significantly different metabolites (SDMs) were
identified after being fed with FC, FA, and CF, respectively, as compared to the
LA group. Furthermore, significant differences in KEGG compounds among the
three comparisons exhibited similarity and were mainly associated with
categories such as “Lipids”, "Hormones and transmitters”, and “Peptides”. The
fatty acid content analysis indicated that the ZMUFA was significantly higher in
the LA and CF groups compared to the other two groups. In contrast, the highest
level of XPUFA was found in the LA group. In addition, the CF group showed
significantly higher expression levels of the fatty acid synthesis genes, FAS and
ACC. Conversely, the expression level of the fatty acid decomposition-related
gene CPT1 was the highest in the LA group. In comparison with the FA group, the
expression level of FABP3 was significantly decreased in the LA and CF groups. In
summary, there were significant differences observed in the metabolic profiles of
crablets that metamorphosed from the megalopa under different diets. Our
experimental results suggested that LA is more advantageous in the cultivation of
the S. paramamosain megalopa compared to the other three diets. While it
remains a diet that cannot be entirely substituted at present, LA has the potential
to improve the culture performance of the S. paramamosain megalopa. The
current study could provide valuable data into the development of artificial diets
necessary for the future of the mud crab seedling breeding industry.
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1 Introduction

The mud crab, Scylla paramamosain (Crustacea, Decapoda,
Portunidae, Scylla), an important commercial crustacean, is widely
distributed throughout the Indo-Western Pacific and South-East
Asia regions (Le Vay et al.,, 2007; Ma et al,, 2011). Due to its rapid
growth, strong adaptability, appealing taste, and rich nutrition (Le
Vay et al., 2007; Meng et al., 2017; Zheng et al., 2020), this species
has become a vital to crab aquaculture over the past decade. In
China, the aquaculture and fishing yield of S. paramamosain
exceeded 220 thousand tons in 2022 (Bureau of Fisheries and
Fishery Management, 2023). However, the current increasing
production of S. paramamosain still remains insufficient to meet
the growing consumer demand (Shi et al., 2019; Zhang et al., 2022).
In order to meet the demand, the development of intensive
aquaculture is a potential approach (Zhang et al., 2022).
Supplying a large quantity of high-quality S. paramamosain
crablets (juvenile I crabs) can aid in cost reduction for breeding
while also mitigating the rapid escalation in price. S. paramamosain
aquaculture is based on larval breeding (Li et al., 2021).
Unfortunately, consistent success in S. paramamosain larval
rearing remains a challenge (Syafaat et al., 2020), owing to
variations in diet composition, salinity level, water temperature,
and other unknown factors. Consequently, it is necessary to
investigate the effects of diet and aquatic environment on the
larval development mechanism so as to build up the efficiency of
S. paramamosain larval aquaculture.

Like most crabs (Tang et al., 2020), S. paramamosain has four
distinct life stages: zoea, megalopa, juvenile and adult. Each
developmental period is accompanied by molting. Molting, an
essential and recurring process in the development of all
crustaceans, involves the periodic shedding of the old rigid
carapace, which is replaced by a newly formed softened
exoskeleton (Hamasaki, 2003; Xu et al., 2017). Compared to the
five early molts from the zoea I to megalopa stages, the megalopa
goes through a longer period to metamorphose into the juvenile.
After the metamorphosis, the juvenile is already morphologically
crab-like, and behaviorally adapted to benthic life. The transition
from megalopa to juvenile through molting represents one of the
pivotal stages in artificial larval breeding, significantly influencing
the success of S. paramamosain culture.

The provision of daily diets is crucial element for seedling
breeding. Due to the correlation between developmental stages and
varying feed size requirements, live Artemia nauplii (LA) and
compound feeds (CF) are currently the most common food
choices for post-seedling breeding in S. paramamosain (Holme
et al,, 2009). Numerous studies have been conducted to optimize
dietary conditions for post-larval culture in crustaceans (Ut et al.,
2007; Rasdi and Qin, 2016; Zhao et al., 2016; Tang et al., 2020). For
instance, the use of frozen adult Artemia (FA) and frozen copepods
(FC) has been explored due to their cost-effectiveness and ready
availability (Tang et al, 2020). However, the potential effects of
utilizing FA, FC, or even CF as diet compositions during the stages
from megalopa to juvenile of S. paramamosain remain
largely unknown.
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Metabolism is a series of complexly and orderly chemical
reactions that enable living organisms to grow, develop,
reproduce, and respond to changes in the external environment
(Johnson et al., 2016; Li et al,, 2021). Due to its high throughput and
sensitivity, metabolomics is an excellent approach for elucidating
small-molecule metabolite profiles and understanding the
complexity of metabolic networks (Johnson et al., 2016). To date,
there has been an increasing number of reports on the application
of metabolomics in crabs (Ma et al., 2017; Tang et al., 2020; Yu et al.,
2020; Zhang et al., 2021; Fu et al, 2022; Zhu et al,, 2022). For
example, metabolomics revealed that a water salinity of 4%o is not
suitable for S. paramamosain overwintering, as it led to an
accelerated consumption of amino acids, carbohydrate and lipid
metabolisms (Zhou et al., 2021). Notably, the study of
metabolomics often involves changes in metabolic patterns and
pathways associated with energy production and consumption
(Zhang et al., 2021; Fu et al., 2022). Hence, elucidating
these changes in various metabolites will provide a better
understanding of the effects of daily diets on the seedling
breeding of S. paramamosain.

Data on the dietary requirements for the transition from
megalopa to the juvenile stages of S. paramamosain is extremely
limited. In this experiment, metabolomics technology was used to
analyze the metabolite differences among four diets, namely, LA,
CF, FC and FA. The fatty acid content was quantified, and the
expression analysis of marker genes associated with fatty acid
metabolism was performed. The aim of the current study was to
evaluate the effects of different commonly used feed on megalopa
cultivation, and to provide valuable data for determining the
nutrient ratio of artificial food required for the seedling breeding
industry of S. paramamosain in the future.

2 Materials and methods

2.1 Experiment animals and
sample collection

The full-sibling megalopa of S. paramamosain was sourced
from Ninghai Research Center of Chinese Academy of Fishery
Sciences, Zhejiang Province. LA were hatched from dormant eggs,
which were aerated and incubated in 29 + 1 °C water with a salinity
of 30%o. FA, FC and CF, were purchased from Ningbo Yifeng
Aquaculture Co., LTD. The particle size of CF was 0.30-0.45 mm
according to the potential palatability of S. paramamosain
megalopa (Qiao et al., 2023).

The dietary treatment experiment was carried out in 400 L
cylindrical polyethylene tanks. The water volume was consistently
maintained at 360 L throughout the experiment. According to the
experimental design, four treated groups were established,
consisting of the LA, FA, FC, and CF groups, respectively. Each
group was tested in triplicate. A total of 1000 = 30 newly
metamorphosed megalopa were stocked in each experimental
tank. All tanks were exposed to natural sunlight, and the water
temperature was maintained at 28 + 1°C. During the experiment,
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the megalopa were fed with each of the four tested diets twice daily
in equal proportions. For the metamorphosis from the megalopa to
juvenile, it took eight days for the LA group, ten days for the FA and
FC groups, and 11 days for the CF group. Compared to the other
groups, the metamorphosis survival rate was the highest (47.1%) in
the LA group whilst it was the lowest (25.4%) in the CF group. The
metamorphosis survival rate was 39.6% and 35.4% in the FA and FC
group, respectively (Qiao et al., 2023). Following metamorphosis to
the juvenile stage, approximately 4 g wet weight (~500 individuals)
of crablets (juvenile I crabs) were sampled and stored in liquid
nitrogen for subsequent analyses, including metabolomics, fatty
acid content and gene expression.

2.2 Metabolite extraction and
LC-MS analysis

Samples of 30 crablets were pooled in each group and used for
untargeted LC-MS-based metabolomics experiment. Three
replicates were used for each group. After homogenization, 100
UL samples were accurately measured, and extracted with 400 uL of
extraction liquid. The solution was homogenized and subjected to
ultrasonic treatment, followed by incubation at -20°C for 30 min to
precipitate proteins. After centrifugation at 13000 g for 15 min, the
supernatant was carefully transferred for the subsequent LC-MS
analysis. Using a UHPLC-Q Exactive HF platform (Waters, USA), 2
UL of the samples were injected into C18 chromatographic column
for chromatography separation. The column temperature was
maintained at 30°C and a flow rate of 0.3 mL/min was used. The
mobile phase consisted of phase A (0.1% formic acid in water) and
phase B (pure acetonitrile). Mass spectrometric data were collected
using UHPLC-Q Exactive HF Mass Spectrometer (Thermo, USA)
equipped with an electrospray ionization (ESI) source operating in
either positive or negative ion mode. Briefly, the positive and
negative ion spray voltages were set at 3.5 kV and 2.8 kV,
respectively. The aus gas heater temperature was 40°C. The
resolution ratio of MS1 and MS2 was 70000 and 17500, respectively.

Meanwhile, a mixture of equal volumes from all samples was
prepared to serve as quality control (QC) samples for system
conditioning. The QC samples were subjected to the same
analytical procedure as the test samples, with one QC sample
added after every three samples to monitor the analysis’s stability.

2.3 Metabolomics data analysis

Raw metabolomics data were filtered and processed by
Progenesis QI (Waters Corporation, Milford, USA). Metabolites
were then identified and annotated with HMDB (http://
www.hmdb.ca/), KEGG (http://www.genome.jp/kegg/) and Metlin
(http://metlin.scripps.edu) databases. In general, metabolic features
that were detected in at least 80% of any sample were retained for
the subsequent analysis. After normalization, principal component
analysis (PCA) and partial least squares discriminant analysis (PLS-
DA) were performed to ensure the repeatability and reliability of
data within the groups. In addition, model validity and potential
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over-fitting of the PLS-DA model were checked by performing 200
permutation tests. Significant difference (P < 0.05) and potential
biomarkers between groups were defined based on model variable
importance in projection (VIP) > 1.5, and fold change (FC) > 1.
Subsequently, KEGG database was utilized for metabolic pathway
enrichment analysis. The identification of statistically significant
enriched pathways was performed with Fisher’s exact test using the
scipy.stats module (https://docs.scipy.org/doc/scipy/).

2.4 Determination of fatty acid content

The determination of the fatty acid content in the crablets from
the four diet groups was carried out using an Agilent 7890 GC gas
chromatograph system (Agilent, USA), equipped with a DB-5MS
capillary column (J&W Scientific, USA). Briefly, the total lipid
content was methylated using a boron trichloride-methanol
solution. Subsequently, all samples were treated on a rotary
evaporator to achieve the test concentration for determination of
fatty acid content. In general, 1 uL aliquot of derivatized sample was
injected to run in a splitless mode. The front inlet purge flow was set
at 3 mL/min, and the constant gas flow rate was maintained at 20
mL/min. The energy used in the electron impact mode was -70 eV.

2.5 RNA extraction and cDNA preparation

Total RNA from the juveniles was isolated using RNAiso Plus
reagent (TaKaRa, Japan) according to the manufacturer’s
instruction. The integrity of total RNA was verified by observing
distinct bands corresponding to 18S and 28S ribosomal RNA on a
2% agarose gel. RNA concentration and purity were determined
using a NanoDrop 2000c Spectrophotometer (Thermo, USA). Total
RNA was treated with RQ1 RNase-free DNase (Promega, USA) to
thoroughly remove the residual DNA. Then, cDNA was synthesized
from 0.75 ug total RNA using a PrimeScript RT-PCR Kit (TaKaRa)
according to the manufacturer’s protocol.

2.6 Quantitative real-time PCR and
statistical analysis

To learn more about the effects that the diet has on the fatty acid
metabolism in S. paramamosain, we selected four important marker
genes related to fatty acid metabolism: fatty acid synthetase gene
(FAS), acetyl-CoA carboxylase gene (ACC), carnitine palmitoyl
transferase I (CPT1) and fatty acid binding protein 3 gene
(FABP3). The expression profiles of these genes were determined
through qPCR analysis. The gene-specific primers used for qPCR
were selected according to previously published articles (Wang
et al,, 2021). The qPCR was performed on the ABI 7500 system
(Applied Biosystems, USA) using a 20 uL reaction volume. The
gqPCR program consisted of an initial denaturation step at 95°C
for 5 min, followed by 40 cycles of 95 °C for 20 s, 60 °C for 15 s, and
72°C for 20 s. The expression levels were calculated using the

2724T method. The 185 rRNA gene was used as an endogenous
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control. A negative control without cDNA was included. The
triplicate fluorescence intensities of each sample, as measured by
the crossing-point (Ct) values, were compared and converted to fold
differences using the relative quantification method. Statistical
analysis was performed using SPSS 23.0, employing one-way
ANOVA followed by Duncan’s test to identify significant
+

differences. The qPCR data were presented as the mean
standard error (Johnson et al.,, 2016). In addition, P < 0.05 was
considered statistically significant and represented by
different letters.

3 Results

3.1 Metabolic profiles of S. paramamosain
juvenile | crab

LC-MS-based metabolomics experiments were carried out in
positive/negative-ion modes to maximize the coverage of
metabolites. The results of PCA and PLS-DA showed that QC
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samples were tightly clustered, indicating that the group separations
were associated with biological variations (Figures 1A, B). As
observed, the PCA of the metabolic profiles of the juveniles
displayed distinct separation among the four groups, while no
outstanding separation was observed among the biological
samples within each group (Figure 1A). In the PCA model, the
R*X value which represents the explained variance, was 0.792. To
further elucidate the differences in metabolic profiles resulting from
different treatments, PLS-DA was employed. Similar to the PCA
model, the PLS-DA scatter plots clearly distinguished the four
treated groups, with the cumulative interpretation rate values,
R2X and R?Y, of 0.833 and 0.991, respectively. After 200
permutations, the intercept values of R* and Q® were 0.4026
and -0.586, respectively, indicating that the PLS-DA model was
stable and reliable without overfitting (Figure 1C). As shown in
Figure 1D, a stronger correlation was observed among biological
samples in each group, indicating higher similarity in metabolic
composition and abundance within these samples. However, the
correlation was relatively weaker between groups, particularly
between the CF group and the other three groups. Evidently, the
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samples of LA group and FA group formed a clade first, then
clustered with the FC group, and finally with the CF group.
Therefore, the analytical system was considered stable and
reliable, and discernible differences in metabolic profiles were
evident among the four groups.

3.2 ldentification of Metabolites with
significant differences

A total of 1294 metabolites were identified in the positive and
negative-ion modes of the four treated groups. The significantly
different metabolites (SDMs) were compared between the LA group
and the other three groups (FA, FC, and CF) (Table 1). Among
them, 104 different metabolites were identified in the positive and
negative ion mode between the FC group and the LA group. Among
these metabolites, 74 were significantly increased and 30 were
significantly decreased. In the comparison between the FA group
and the LA group, a total of 205 significantly different metabolites
were identified, of which 178 were up-regulated and 27 were down-
regulated. In addition, 83 different metabolites were found between
the CF group and the LA group, of which 38 showed an increase
and 45 showed a decrease (Table 1).

3.3 KEGG pathway analysis

All annotated metabolites were found to be enriched in six main

» o«

KEGG pathways, namely, “metabolism”, “organismal systems”,
“human diseases”, “environmental information processing”,
“genetic information processing”, and “cellular processes”
(Figure 2). Notably, the highest enrichment was observed in the
“metabolism” pathway, accounting for 43.8% of the total.
Subsequently, these metabolites were further classified into 35
KEGG secondary pathway terms. In the “metabolism” pathway,
the top term was “lipid metabolism”, followed by “amino acid
metabolism” and “metabolism of cofactors and vitamins”. In the
“organismal systems” pathway, the top terms were “digestive
system”, “nervous system”, and “endocrine system”. The top term
in the “human diseases” pathway was “cancer overview”, and in the
“environmental information processing” pathway, it was
“membrane transport”. While the number of enriched terms in
“genetic information processing” and “cellular processes” was less
than 15 metabolites.

10.3389/fmars.2023.1276717

In addition, pathway enrichment analysis was conducted for the
differentially expressed metabolites (DEMs) (Figure 3). The results
showed that “cAMP signaling pathway”, “Phenylalanine
Biosynthesis of unsaturated fatty acids”, and “Bile

»

metabolism”,
secretion” were the most enriched pathways of DEMs (P < 0.05)
between the FA group and LA group (Figure 3A). As shown in
Figure 3B, the comparison of DEMs between the FA group and the
LA group revealed that “Neuroactive ligand-receptor interaction”
and “Biosynthesis of unsaturated fatty acids” were the most
enriched pathways. This was followed by “cAMP signaling
pathway”, “Retinol metabolism” and “Linoleic acid metabolism”,
all of which had a P value of less than 0.01. In contrast, in the
comparison between the CF group and LA group, the
“Retinol metabolism” pathway was found to be the most
enriched (Figure 3C).

In comparison to the LA group, the other three groups showed
similar significant differences in the KEGG compounds, with the
majority concentrated in the “Lipids” category, followed by
“Hormones and transmitters” and “Peptides” (Figure 4). The
detailed information regarding the most significantly affected
metabolites, involved in the differential expression of KEGG
compounds, was shown in Table 2. When compared with the LA
group, several metabolites such as L-arginine, hypoxanthine, and 2,
6-dihydroxypurine, showed significant down-regulation, while
Lysphosphatidylcholine (LPC) (22:5) and LPC (22:4) showed
significant up-regulation after feeding with FC (Table 2).
Similarly, in the comparison of the FA group vs LA group, L-
arginine was down-regulated, and LPC (22:5) and LPC (22:4) were
up-regulated. Moreover, in the comparison of the CF group vs LA
group, the expression of 2-(3, 4-dihydroxyphenyl) ethylamine was
significantly decreased, and LPC (22:5), LPC (22:4) and LPC (18:0)
were significantly increased. Notably, these prominent metabolites
are primarily associated with glycerophospholipid metabolism,
amino acid synthesis, and purine metabolism (Table 2).

3.4 Fatty acid content of four diets

The LA group had the highest total saturated fatty acid (XSFA)
content, whilst the FA group had the lowest ZSFA content (Table 3).
Among the four diets, the CF group had the highest levels of total
monounsaturated fatty acids (EMUFA) and total polyunsaturated
fatty acids (XPUFA), which were 0.9 g/100 g and 1.562 g/100 g,
respectively. This was in contrast with the FA group, which had the

TABLE 1 Number of significantly different metabolites in different comparisons in S. paramamosain juvenile | crabs.

Comparison mode
FC vs LA PositiAve
negative

Positi
FA vs LA osttve
negative

Positi
CEvs LA osttive
negative

Up Down All significant difference
30 20 50
44 10 54
74 7 81
104 20 124
21 20 41
17 25 42

LA, the live Artemia nauplii group; FC, frozen copepods group; FA, frozen adult Artemia group; CF, compound feed group.
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FIGURE 2

KEGG pathway classification of annotated metabolites. The x-axis and y-axis represented level 2 terms and the number of identified metabolites, respectively.

lowest amounts of XMUFA and XPUFA, approximately accounting
for one-third of those found in the CF group (Table 3). The CF and
LA groups were also rich in DHA (C22:6n3) and EPA (C20:5n3).
Among the four diets, the FA group had the highest levels of ARA
(C20:4n6), containing more than twice the amount in the LA
group (Table 3).

3.5 Fatty acid content of S. paramamosain
juvenile |

In terms of XSFA, C14:0 and C21:0 fatty acids were only
detected in the LA group (Table 4). The ZSFA content in the LA
and FA groups was significantly higher than that in the FC and CF
groups. Additionally, the LA group exhibited the highest level of
YXMUFA compared to the other treated groups, including Cl16:1,
C18:1n9c and C20:1 (P < 0.05). Moreover, the XMUFA content was
significantly higher in the LA and CF groups compared to the other
two groups (Table 4). The LA group showed the highest contents of
DHA and EPA (P < 0.05), but the lowest content of ARA among the
four groups (Table 4). Overall, the XPUFA content was the highest
in the LA group, and significantly higher than that in the FC and CF

Frontiers in Marine Science

groups. Meanwhile, the LA group presented the highest content of
n3 XPUFA, while the n6 ZPUFA content in the LA group was
significantly lower than that in the FA group.

3.6 Expression profile of fatty acid
metabolism-related marker genes

The CF group exhibited the highest expression levels of fatty acid
synthesis genes FAS and ACC, significantly surpassing those in the other
three groups (Figure 5). In juvenile I crabs, the relative expression level of
FAS significantly increased by 1.5 times in those fed with CF compared
to those fed with LA. However, no significant difference was observed in
the expression levels of FAS and ACC among the LA, FC, and FA groups
(P > 0.05). In contrast with the expression level of FAS in the juveniles,
the levels of the fatty acid decomposition-related gene CPT1 were the
highest in the LA group (P < 0.05), while it was the lowest in the FA
group (Figure 5). However, after treatment, the opposite was observed in
the expression levels of the fatty acid transport-related genes FABP3. The
expression levels of FABP3 were lower in the FC and CF groups
compared to the FA group. Additionally, the LA group exhibited the
lowest expression level of FABP3 (P < 0.05) (Figure 5).
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4 Discussion

After feeding with the four diets, the PCA and PLS-DA analyses of
the metabolomics of S. paramamosain juveniles showed clear
separation between the groups, implying that daily diets could
significantly influence the metabolic products during megalopa
metamorphosis. Purine metabolism is an important metabolic
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pathway responsible for eliminating nitrogen-containing compounds
from the organism, and its proper functioning plays an important role
in maintaining the balance and stability of the body (Zhang et al,
2009). The significant down-regulation of hypoxanthine and 2, 6-
dihydroxypurine may indicate the imbalance of purine metabolism in
the juveniles in the FC group, which reduced the ability to remove
nitrogen-containing waste from the crab body. Arginine is an essential
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KEGG compounds of significantly different metabolites (P < 0.05). (A) FC vs LA; (B) FA vs LA; (C) CF vs LA. LA, live Artemia nauplii group; FC, frozen
copepods group; FA, frozen adult Artemia group; CF, compound feed group.

amino acid in animal cells, and its metabolites play a positive role in
nutritional regulation (Wan et al, 2006). The significant down-
regulation of L-arginine in the FC and FA groups suggested a
decreased ability to synthesize arginine, possibly due to nutritional
deficiency of diet intake. A previous study demonstrated significant
down-regulation of L-arginine under starvation stress in Xiphophorus
hellerii (Zhang et al., 2021), which is consistent with the findings of this
study. Nutrition is closely related to immunity, and inadequate
nutrition can lead to the down-regulation of the organism’s immune
capacity (Humphrey and Klasing, 2004). This may affect the immune
response of juvenile crabs in the FC and FA groups, resulting in poor

Frontiers in Marine Science

growth performance and reduced survival rate (Qiao et al, 2023).
Phospholipids are essential components of animal biofilms and play a
critical role in maintaining cellular homeostasis. Among them,
lysophosphatidylcholine (LPC) is an intermediate product of lecithin
metabolism in organisms (Nishikimi et al., 2022). Notably, the levels of
LPC were up-regulated in the FA, FC and CF groups in our study.
Previous research showed that elevated levels of LPC may disrupt
cellular homeostasis and lead to an increase risk of diseases (Ni, 2021).
Therefore, our findings suggested that feeding with LA could
potentially reduce the risk of diseases and enhance the disease
resistance of juvenile S. paramamosain crabs.
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TABLE 2 Significantly different metabolites in KEGG compounds between comparisons in S. paramamosain juvenile | crabs.

Comparison group Metabolites Regulation KEGG pathway
FCvs LA L-arginine down Arginine synthesis
hypoxanthine down Purine metabolism
2, 6-dihydroxy purine down Purine metabolism
LPC (22:5) up Glycerophospholipid metabolism
LPC (22:4) up Glycerophospholipid metabolism
FA vs LA L-arginine down Arginine synthesis
LPC (22:5) up Glycerophospholipid metabolism
LPC (22:4) up Glycerophospholipid metabolism
CF vs LA 2- (3, 4-dihydroxyphenyl) ethylamine down Tyrosine metabolism
LPC (22:5) up Glycerophospholipid metabolism
LPC (22:4) up Glycerophospholipid metabolism
LPC (18:0) up Glycerophospholipid metabolism

LA, the live Artemia nauplii group; FC, frozen copepods group; FA, frozen adult Artemia group; CF, compound feed group, LPC, Lysphosphatidylcholine.

Previous studies have shown that larval nutrition was the major
bottleneck for crustacean larval breeding, and that dietary
supplementations with specific PUFA could significantly
contribute to larval development (Cheng et al., 1998; Wu and Xu,
20065 Zhao et al., 2013). Decapods can synthesize a limited amount
of EPA and DHA endogenously, but the majority of these essential
fatty acids are acquired from their diet (Chen et al., 2000). EPA and
DHA play an important role in the growth, molting,
metamorphosis rate and survival of crabs, thus, they are crucial
fatty acids used for assessing the nutritional quality of diets (Zhao
et al, 2013). During decapods larval culture, the survival rate and
molting cycle of larvae were also significantly influenced by the EPA
and DHA contents (Wu and Xu, 2006). Therefore, the selection of
diets is an important factor in the successful larval rearing of S.
paramamosain. In our experiments, significant differences were
observed in the fatty acid content in juvenile I crabs among the
four treatments. Among the three natural diets, a trend was
observed where higher levels of EPA, DHA, and PUFA content
correlated with elevated levels of corresponding fatty acids in
juvenile I crabs. This observation aligns with prior findings in E.
sinensis (Tang et al., 2020). Furthermore, our study showed that the
juveniles subjected to the four diet treatments had a higher n3
PUFA content compared to n6, suggesting that the S.
paramamosain megalopa might require more dietary n3 PUFA
for metamorphosis.

Although the CF group showed notably higher levels of EPA
and DHA compared to the other three natural diets, the
concentrations of EPA and DHA in the juvenile I crabs fed with
CF were significantly lower than those in crabs fed with LA,
indicating that a preference of the S. paramamosain megalopa for
live food over the CF used in this experiment. During the removal of
the residual feed, it was observed that the CF group had the most
remaining food, suggesting that the megalopa in this group may not
have consumed adequate nutrients, potentially due to reduced diet
palatability. This aligned with earlier findings of extended
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developmental days from the megalopa to juvenile I within the
CF group (Qiao et al.,, 2023).

Furthermore, the levels of DHA and EPA in the FC and FA
groups were observed to be lower compared to those in the LA group.
It was evident that relying solely on these diets may not fully meet the
nutritional demands. However, taking into account factors such as
operational convenience and the cost of seedling cultivation (Tang
et al,, 2020), the partial substitution of LA could be considered a
viable strategy during the culture of S. paramamosain megalopa. In
terms of the present artificial cultivation of seedlings, live diets remain
the preferred choice for the S. paramamosain larvae. CF offers many
advantages, including high levels of DHA and EPA, and possesses the
potential of replacing live diets, although its palatability needs to be
improved. Modifications to the feeding strategy during artificial
cultivation of seedlings of the S. paramamosain larvae could also be
considered. Currently, there is very limited literature on the feeding
patterns of S. paramamosain larvae, which directly influences feeding
strategies, including feeding time and feeding frequency, and
subsequently impacts feed efficiency and aquaculture environment
of aquaculture systems (Jia et al., 2018). The current experiment offers
fundamental insights into nutrient balance, while further studies and
optimization of feeding strategies are essential to advance the
sustainable development of S. paramamosain larvae culture.

Being an important gene associated with fatty acid synthesis in
organisms, FAS mainly catalyzes the synthesis of acetyl CoA and
malonyl CoA into long-chain fatty acids (Chirala and Wakil, 2004).
A previous study showed that the in vivo expression of FAS was
affected by the fatty acid content in diet (Xiong, 1999). Furthermore,
PUFA was found to suppress FAS expression, with the n3 series
exhibiting a more potent inhibitory effect compared to the né6 series
(Chen et al., 2005). The reduced expression of S. paramamosain
FAS in the LA group could be attributed to the elevated levels of n3
series PUFA, which was consistent with the previous study (Chen
et al,, 2005). Nevertheless, it was worth noting that the expression
level of FAS was significantly up-regulated in the CF group, despite
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TABLE 3 Fatty acid contents of the four diets (/100 g).

10.3389/fmars.2023.1276717

Fatty acids LA FC FA CF
C14:0 0.081 0.052 - 0.52
C15:0 - - - 0.04
C16:0 0.28 0.34 0225 0.166
C17:0 0338 0.136 0.121 0.111
C18:0 0.221 0.091 0.116 0.096
C20:0 0.011 0.01 0.163 0.01
C22:0 0.023 0.019 0.018 0.019
C24:0 0.25 0.18 - 0.007
C16:1 0.12 0.085 0.066 0.035
C18:1n9¢ 0252 0.187 0.113 0575
C20:1 0.105 0.087 0.067 0.135
C22:1n9 0.189 0.102 0.124 0.155
C18:2n6¢ 0.067 0.042 0.035 0.17
€202 0.013 0.006 0.021 0.01
C18:3n3 0.103 0.069 0.095 0.065
C20:3n3 0.112 0.008 0.006 0.01
C20:5n3 0.461 0.153 0.18 0523
C22:6n3 0.52 0.126 0.09 0.733
C20:4n6 0.04 0.022 0.093 0.051
TSFA 1.204 0.828 0.643 0.874
SMUFA 0.666 0.461 037 0.9
ZPUFA 1316 0.426 0.52 1.562
n3XPUFA 1.196 0356 0371 1.331
n6EPUFA 0.107 0.064 0.128 0.221

LA, live Artemia nauplii; FC, frozen copepods; FA, frozen adult Artemia; CF, compound feed.

acid; ZPUFA, total polyunsaturated fatty acid.

the fact that the n3 series PUFA content was the highest among the
four diets (Table 2). We speculated that the low cibation bias
towards CF could be an essential underlying reason for this
phenomenon. With regards to crustacean larvae, some of the
current CF may still be insufficient in terms of feeding
convenience and palatability (Li, 2015), resulting in reduced
survival rates and limited access to adequate daily diets during
subsequent developmental stages for some individuals (Qiao et al.,
2023). Throughout the metamorphosis phase from the megalopa to
crablets of S. paramamosain, individuals that managed to survive
might have up-regulated the expression of genes involved in fatty
acid synthesis in response to potential nutrient deficiencies. ACC is
an important enzyme in the first step of fat synthesis, and the
expression of ACC directly controls the activity of the ACC enzyme
and the rate of body fat synthesis (McGarry et al., 1978). As the
contents of various fatty acids were elevated in the CF group
compared to the biological diets, the expression level of ACC in
juveniles from the CF group was significantly higher than in the

Frontiers in Marine Science

” indicated no detection. ZSFA, total saturated fatty acids; ZMUFA, total monounsaturated fatty

other three groups. This observation was consistent with previous
reports on the function of ACC (Yuan, 2015). The juveniles of S.
paramamosain seem to fulfil their fatty acid requirements by up-
regulating ACC expression for necessary fat synthesis.

Dietary sources not only affect the expression of genes related to
fatty acid synthesis, but also regulate the expression of fatty acid
decomposition-related gene CPT1. CPT1 is a mitochondrial enzyme
responsible for the formation of acylcarnitine by catalyzing the acyl
group of long-chain fat acyl-CoA, which is a rate-limiting step in fatty
acid oxidation (McGarry and Brown, 1997). The expression level of
CPT1I in the LA group were significantly higher compared to those in
the FA and FC groups, suggesting that the up-regulation of the CPT1
expression was related to the increased PUFA content in diets (Li
et al, 2021). Noticeably, while the CF group showed the highest
PUFA level, the expression of CPTI was significantly down-regulated
compared to the LA group. This could potentially be caused by issues
with diet palatability. In this experiment, the juveniles were adverse
towards the CF, as well as the FC and the FA, resulting in inadequate
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TABLE 4 Fatty acid contents of juvenile | crabs fed with the four diets (9/100 g).

10.3389/fmars.2023.1276717

Fatty acids LA FC FA CF

C14:0 0.006 + 0.0003 - - -

C15:0 - - 0.006 = 0.0005 -

C16:0 0.128 + 0.0058* 0.098 + 0.015" 0.130 + 0.0206" 0.105 + 0.006*
C17:0 0.01 + 0.0004" 0.009 + 0.0008" 0.021 + 0.0022* -

C18:0 0.115 + 0.0056" 0.099 + 0.01* 0.115 + 0.0094* 0.115 + 0.002°
C20:0 0.011 + 0.0005" 0.01 + 0.0011%° 0.009 + 0.0006° 0.01 + 0.0002%°
C21:0 0.005 + 0.0003 - - -

C22:0 0.023 + 0.0004* 0.016 + 0.0021° 0.022 + 0.0004* 0.017 + 0.0008"
C24:0 0.007 + 0.0001° - - 0.019 + 0.0071*
Cl6:1 0.048 + 0.0028" 0.007 + 0.0023" 0.025 + 0.0056° -

C18:1n9¢ 0.181 + 0.0004* 0.081 + 0.006° 0.14 + 0.0198" 0.104 + 0.0151¢
C20:1 0.014 + 0.0002° 0.008 + 0.0009° 0.005 + 0.0006¢ 0.009 + 0.0007"
C22:1n9 0.062 + 0.0317° 0.118 + 0.0157* 0.047 + 0.0074" 0.156 + 0.0082°
C18:2n6¢c 0.028 + 0.0013° 0.014 + 0.0017° 0.056 + 0.0095" 0.023 + 0.0047"
C20:2 0.005 + 0.0001° 0.006 = 0.0009™ 0.007 + 0.0011%" 0.008 + 0.0013*
C18:3n3 0.038 + 0.0061" 0.005 + 0.0016° 0.062 + 0.013* -

C20:3n3 0.009 + 0.003* 0.005 + 0.0011% 0.008 + 0.0016* -

C20:5n3 0.125 + 0.0197° 0.068 + 0.0099" 0.071 + 0.119" 0.036 + 0.0162°
C22:6n3 0.058 + 0.0042° 0.047 + 0.0057*° 0.021 + 0.0031° 0.041 + 0.0103"
C20:4n6 0.014 + 0.0018° 0.019 + 0.0033% 0.024 + 0.0035° 0.021 + 0.005%
SSFA 0.305 + 0.0127* 0.232 + 0.0283" 0.303 + 0.0328" 0.266 + 0.0106"
EMUFA 0.305 + 0.0296" 0.214 + 0.017° 0.217 + 0.0277° 0.269 + 0.0134°
SPUFA 0.277 + 0.0212% 0.164 + 0.0206> 0.249 + 0.0395% 0.129 + 0.0321¢
n3EPUFA 0.23 + 0.0201% 0.125 + 0.0182 0.162 + 0.029" 0.077 + 0.0265°
n6EPUFA 0.042 + 0.003" 0.033 + 0.0047" 0.08 + 0.0129* 0.044 + 0.0095"
n3/n6 5.52 39 2.03 1.93

Data are presented as mean + SD. Different superscripts in the same column indicate significant differences between groups (P < 0.05). LA, live Artemia nauplii group; FC, frozen copepods group;
FA, frozen adult Artemia group; CF, compound feed group. “-” indicated no detection. XSFA, total saturated fatty acids; SMUFA, total monounsaturated fatty acid; ZPUFA, total polyunsaturated

fatty acid.

intake of PUFA. When PUFA intake is insufficient, juveniles may
down-regulate the expression of genes associated with fatty acid
decomposition, consequently reducing the corresponding enzyme
activity as a response to the nutritional deficiencies caused by
the diets.

The fatty acid transport-related genes FABPs play an important
role in the cellular uptake of fatty acids and their intracellular
transport (Fu et al., 2000; Cheng et al., 2017; Sui and Zhang, 2019).
Previous studies have shown an increase in the FABP3 gene
expression in the liver of Atlantic salmon during periods of
starvation, indicating that there were increased levels of fatty acids
entering the mitochondria for oxidation within the liver when
subjected to food scarcity (Jordal et al, 2006). This process is
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crucial for sustaining the energy provision of liver cells (Ai et al.,
2016). As a member of FABPs, the S. paramamosain FABP3 has also
been sequenced in our previous transcriptome (unpublished). The
results of this study showed a significant up-regulation of FABP3
expression within the three treatment groups as compared to the LA
group, implying potential insufficiency in energy intake and the
increased reliance on the transport and utilization of fatty acids
when subjected to the other three dietary regimens. The lack of
adequate energy supply could result in a disruption of lipid
metabolism, potentially leading to elevated mortality rates during
the metamorphosis transition from megalopa to juvenile stages of S.
paramamosain (Qiao et al., 2023). Certainly, further studies need to
be carried out to elucidate this process.
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FIGURE 5

The expression levels of fatty acid metabolism-related marker genes in juvenile | crabs. Different letters denoted statistical significance (P < 0.05).

5 Conclusion

This is the first study to analyze the effects of four different
diets on the metabolism of megalopa metamorphosis of S.
paramamosain. Through the comparative metabolomics
screening, the SDMs within KEGG compounds were mainly
classified into “Arginine synthesis”, “Purine metabolism”,
“Glycerophospholipid metabolism” and “Tyrosine metabolism”.
This suggested that use of CF, FC and FA feeds could potentially
lead to nutritional deficiencies and an elevated risk of disease
incidence. The analysis of fatty acid content indicated that the LA
group contained the highest levels of DHA and EPA, which play
an important role in the crab molting, metamorphosis rate and
survival. In addition, dietary sources also affect the expression of
selected genes related to fatty acid metabolism. Given a
comprehensive understanding of diets influencing the
metabolism of S. paramamosain megalopa metamorphosis,
more nutrients, such as amino acids, should be measured.
Moreover, integration of “omics” analyses could also be
performed to investigate the complex metabolic process. In
terms of the current nutrient content and palatability, LA is

Frontiers in Marine Science

currently the best choice for the S. paramamosain megalopa
culture. However, further studies are needed to optimize the
current feeding strategy, encompassing factors such as the cost-
effectiveness, ease of operation, nutritional completeness, and
palatability. These efforts will be integral in advancing the
sustainability of the S. paramamosain seedling breeding industry
in the future.
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