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ARTICLE INFO ABSTRACT

Keywords: The feeding rhythm is one of the key factors determining the success of artificial breeding of
Scylla paramamosain S. paramamosain. To understand the feeding rhythm of the different zoea larva developmental
Zoea

stages of S. paramamosain, the feeding rate, digestive enzyme activity, and expression of
metabolism-related genes were investigated in the present study. The results showed that the
S. paramamosain feeding rate has strong diurnal feeding rhythm, being significantly higher at
10:00-14:00 from stages ZI to ZIV. While the feeding rate peaked at 14:00 on Days 10 and 11, the
peak shifted to 18:00 on Day 12. The activity of digestive enzymes amylase, pepsin and lipase
decreased at night but increased in the daytime, showing a single-phase rhythm similar to that of
the feeding rate, suggesting that the digestive enzyme activity was closely associated with the
feeding rate during the larval development. Compared to pepsin and lipase, the activity of
amylase was the most consistent with feeding rate. In particular, amylase activity peaked at 18:00
on Day 12. Due to its synchronicity with feeding activity, the activity of amylase could provide a
potential reference for determining the best feeding time during zoea stages in S. paramamosain
breeding. Moreover, the relative mRNA expression of metabolism-related genes SpCHH and
SpFAS at most tested points was lower from 10:00 to 14:00, but higher at 18:00 to 6:00 of the next
day. On the other hand, the expression patterns of SpHSL and SpTryp were converse to those of
SpCHH and SpFAS. Our findings revealed that the S. paramamosain zoea has an obvious feeding
rhythm, and the most suitable feeding time was 10:00-18:00 depending on different stages. The
feeding rhythm is a critical aspect in aquaculture, influencing a series of physiological functions
in aquatic animals. This study provides insights into the feeding rhythm during the zoea devel-
opment of S. paramamosain, making a significant contribution to optimizing feeding strategy,
improving aquafeed utilization, and reducing the impact of residual feed on water environment.
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1. Introduction

The mud crab (Scylla paramamosain) is an economically important species, which is naturally distributed along the coasts of
southeast China, and is also a vital aquaculture crab for many countries around the Indian and Pacific Oceans [1-6]. In China, the total
yield of S. paramamosain exceeded 220 thousand tons in 2022 [7]. Despite the continuous increase in output of S. paramamosain over
the past decade, its production still cannot fully meet the requirements of the consumer market [5]. Therefore, supplying a large
number of high-quality S. paramamosain larvae will be essential for expanding the farming potential and increasing its yield [8,9].
Until now, the obtaining of seeds for S. paramamosain aquaculture have still largely relied on wild-caught sources [6,10]. Due to
differing growth synchronicities of the wild-caught larvae, it is challenging to ensure juvenile crabs’ early developmental performance
[11]. Artificial seeds could be a good solution to the problem, through provision of adequate food and stable water quality conditions.

Feeding ability of crustaceans is influenced by many factors, such as water temperature [12,13], salinity level [3,8,9] and
photoperiodic variation [14,15]. Generally, water temperature is one of the primary environmental factors influencing crustacean
survival, growth, and feeding [16]. It can function alone or in conjunction with other environmental conditions [17]. Salinity as an
environmental factor also plays a vital role in the growth and development of cultured mud crabs [18,19]. In aquatic environments,
light is one of the most important external elements, which affects mud crabs’ metabolism, antioxidant capacity, growth performance,
behavior and survival [11,20,21]. In its life history, S. paramamosain has four distinct developmental stages, of which, the zoea larva
stage is the first period after individual hatching. It is the foundation stage in artificial breeding, significantly influencing the success of
S. paramamosain aquaculture. The zoea larval phase consists of five distinct stages punctuated by molting. These stages, namely Zoea I
(Z1) to Zoea V (ZV), require a large amount of energy and nutrients to meet their growth requirements. Although there have been
focused studies on the effects of systematic nutrient regulation on the development of the mud crab [5,22], little information is
available on the feeding rhythm of early developmental period of S. paramamosain, especially in the larval stage.

Usually, the feeding rhythm of animals, such as feeding frequency and feeding time, is directly relevant to the determination of
feeding strategy [23,24]. Feeding frequency influences aquatic growth and plays a crucial role in regulating feed intake [25,26]. In
addition, feeding time, depending on the species and diverse developmental stages, is shown to be the most significant factor in the
feeding rhythm, and affects growth performance for the animals [27]. An optimized feeding strategy based on feeding rhythm not only
benefits growth and metabolism of aquatic animals, but also reduces feed wastage for aquaculture management [26,28].

Feeding time is generally related to circadian rhythm, which is an important factor affecting feeding behavior. Most organisms
show daily cycles of physiological and behavioral responses for their survival and development [29]. Decapods often exhibit a change
in pattern of activity in the light-dark interval or evening [30,31]. For instance, Macrobrachium rosenbergii larvae prefer to take in food
in the evening or early at night, which indicates a nocturnal feeding profile [32]. Therefore, feeding is considered as a powerful
synchronizer of circadian rhythms in aquaculture [33]. Additionally, different feeding rhythms could also affect digestive enzyme
activity [34], suggesting synchrony between feeding activity and enzymatic variation. Hence, the optimization of the feeding time
could be designed according to enzyme activity [33].

In the present study, by direct observation, and measuring the expression of digestion enzymes and metabolism-related genes, we
investigated the feeding rhythm of the five zoea stages of S. paramamosain in natural light conditions. The valuable data will provide a
theoretical basis for determining the best feeding time in large-scale larva cultivation, and help to improve feed utilization rate, as well
as reduce the cost of S. paramamosain aquaculture in the future.

2. Materials and methods
2.1. Preparation of the mud crab larvae and diets

The parental crabs and zoea larvae were cultured in the Ninghai Research Center of East China Sea Fisheries Research Institute,
Chinese Academy of Fishery Sciences, Zhejiang Province. The broodstocks were reared in a cement pond of 0.5 m water depth. The
salinity of the sea water was ~25 %o, and the temperature was maintained at 24-26 °C by a warming-up device comprised of a double-
pipe heat exchanger (Guangdong Zuncan Technology Co., LTD, China). After spawning, gravid crabs were transferred to a 500 L black
bucket with the same salinity and temperature, and kept in the dark until hatching. During this period, two-thirds of volume of the sea
water in the bucket was renewed every day. Among the hatchlings, the vigorous ZI larvae were selected and transferred into a 10 m®
cement pool with natural light for the subsequent experiments. As feed for the ZI larvae, live rotifers, cultivated with complex algae
and yeast, were harvested from the rotifer cultivation ponds of our research center. As the diet for Zoea II (ZII) to ZV, Artemia nauplii
were hatched from Artemia cysts, which were maintained in a black hatching barrel with incandescent lamps providing light. The
incubation process of the Artemia nauplii was under temperature of 28 °C, and salinity of 30 %o.

2.2. Feeding trial and sample collection

The experiments on the feeding rhythm were conducted in 250-mL beaker with the numbers of ZI to ZV larvae per 100 mL sea water
being 60, 52, 40, 32 and 20, respectively. Based on our production data for cost savings and preventing reduction in the survival rate of
larvae, the feed density was applied as 100 live rotifer individuals per 50 mL, and 25 Artemia nauplii individuals per 50 mL. Six parallel
feeding trials were set up. If some larvae in the experiment died, the appropriate number of individuals in the beaker would be
replenished using individuals from the cement pool which were fed with the same feeding strategy. After the feeding with live rotifers
or Artemia nauplii, the larvae at different developmental stages were sampled every 4 h, rinsed with seawater, and stored in a —80 °C
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freezer (Thermo Fisher, USA) for one day for the following RNA extraction. For the digestive enzyme activity determination, it was

carried out immediately after washing. The number of remaining feeds in each beaker was recorded by counting every 4 h. Meanwhile,
new live rotifer and Artemia nauplii were re-added into the beaker to maintain the above feed density.

2.3. Digestibility analysis

A total of 100 ZI, 80 ZII, 80 Zoea III (ZIII), 40 Zoea IV (ZIV) and 20 ZV larvae were randomly selected for analysis of the activity of
digestive enzymes, including amylase, lipase, and pepsin. The activity of these enzymes was quantified using the commercial detection
kits of Nanjing Jiancheng Bioengineering Institute (Nanjing, China) according to the manufacturer’s instructions. One unit of amylase
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Fig. 1. Dynamic changes of feeding rate at different zoea stages in S. paramamosain. A: Zoea I; B: Zoea II; C: Zoea III; D: Zoea IV; E: Zoea V.
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activity was defined as the hydrolysis of 10.0 mg of starch per 30 min. One unit of lipase activity was defined as 1 mmoL of substrate
hydrolyzed per minute. One unit of pepsin activity was expressed as 1 mmoL of tyrosine equivalent released per minute at 37 °C [35].
Measurement for each sample was repeated three times.

2.4. RNA extraction and cDNA preparation

According to the manufacturer’s instructions, total RNA from ZI to ZV were isolated by using RNAiso Plus Reagent (Takara, Japan).
The number of individual samples for RNA extraction was the same as the digestibility analysis. The RNA integrity was verified based
on clear bands for 18S and 28S ribosomal RNA on a 2.5 % agarose gel. RNA concentration and purity were measured using NanoDrop
2000c Spectrophotometer (Thermo, USA). Total RNA was treated with RQ1 RNase-free DNase (Promega, USA) to thoroughly remove
the residual DNA. Then, the obtained RNA samples were reversely transcribed to cDNA by NovoScript® Plus All-in-one 1st Strand
cDNA Synthesis SuperMix (Novoprotein, China).

2.5. Quantitative real-time PCR (qPCR)

The specific primers of metabolism-related genes for qPCR were as listed in Table S1, and qPCR was performed on an ABI 7500
system (Applied Biosystems, USA) with a 20 pL reaction mix. The real-time PCR program was as follows: 95 °C for 5 min followed by 40
cycles of 95 °C for 20 s, 60 °C for 155, and 72 °C for 20 s. The 18S rRNA gene was selected as an endogenous control. A reaction without
cDNA was used as the negative control. The triplicate fluorescence intensities of each sample, as measured by the crossing-point (Ct)
values, were compared and converted to fold differences. The expression levels were calculated using the 272A¢T method [36].

2.6. Statistical analysis

The feeding rate was calculated using the following formula: the number of individuals of dietary intakes divided by total number
of individuals of the fed live rotifers or Artemia nauplii. Basic statistical analysis of data was performed using SPSS 23.0, employing
one-way ANOVA followed by Duncan’s multiple-range test to identify significant differences. The results were expressed as mean +
standard error (SE). P < 0.05 was considered statistically significant, and represented by different letters.

3. Result
3.1. Feeding rates

The zoea stage of S. paramamosain lasted for twelve days in total, in which the ZI, ZII, ZIII, ZIV and ZV stages took up three, two,
two, two and three days, respectively (Fig. 1). On Day 1, the peak of feeding rate appeared at 14:00, immediately after feeding. Then
the feeding rate significantly decreased, and reached new peaks from 10:00 to 14:00 on Day 2 with the feeding rate reaching 60 % (P <
0.05) (Table 1). Subsequently, the feeding rate markedly decreased to a minimum at 22:00 on Day 2, which was the lowest food intake
for ZI stage, with the feeding rate less than 30 %. On Day 3, the peak of the feeding rate emerged at 10:00, but fluctuated down until
another minimum occurred at 22:00 (Fig. 1A). Due to the change in size of feed when converting from rotifers for ZI to Artemia nauplii
for the following stages, the holistic feeding rates for these later stages were decreased compared with those at the ZI stage (Table 1).

At the ZII stage, the peaks of the feeding rate in both of the two days occurred at 10:00 (P < 0.05) (Fig. 1B). From 18:00 to 2:00, the
feeding rates were quite low, especially at 18:00 on Day 5. On the other hand, at the ZIII and ZIV stages, the feeding rates during the
second daytime were much higher than those during the first daytime (Fig. 1C and D). Moreover, the intakes in the evening were
significantly declined compared with the daytime.

Asshown in Fig. 1E, at the ZV stage, the time of feeding rate peak had changed compared with the former stages. The highest peaks
of feeding rates on Days 10 and 11 were at 14:00, followed by those at 6:00 (Day 10) or 10:00 (Day 11). On Day 12, the peak had shifted

Table 1

Feeding rate during the five stages of zoea larvae.
Zoea stage 2:00 6:00 10:00 14:00 18:00 22:00
ZI (Day 1) - - - 58.7 % + 1.2%° 28.0 % + 7.2%" 28.0 % + 14.0%"
ZI (Day 2) 30.7 % + 4.2%° 41.3 % + 3.1%° 62.7 % + 1.2%° 64.0 % + 5.3%* 51.3 % + 3.1%" 28.0 % =+ 0.0%¢
ZI (Day 3) 37.3 % + 4.6%" 41.3 % + 1.2%" 53.3 % + 2.3%° 38.0 % + 5.3%" 43.3 % + 1.2%" 29.3 % + 2.3%°
ZII (Day 4) 28.7 % + 7.0%" 26.7 % + 2.3%" 44.0 % + 0.0%° 15.33 % =+ 1.15%° 2.0 % + 2.0%* 2.0 % + 0.0%*
ZII (Day 5) 2.7 % + 1.2%° 8.0 % + 2.0%° 24.0 % + 4.0%° 16.0 % + 2.0%" 1.3 % + 1.2%¢ 4.0 % + 2.0%

ZIII (Day 6)
ZII (Day 7)

4.0 % + 2.0%°
4.0 % + 2.0%¢

6.0 % + 2.0%"
40.7 % + 3.1%°

17.3 % + 6.4%
21.3 % + 4.2%"

10.7 % + 4.2%°
16.0 % + 5.3%"

2.7 % + 1.2%°
2.0 % =+ 2.0%°

2.0 % + 0.0%°
4.0 % + 0.0%°

ZIV (Day 8) 1.3 % + 1.2%" 7.3 % + 3.1%° 11.3 % + 4.2%° 10.7 % + 4.2% 3.3 % + 1.2%" 3.3 % + 1.2%"
ZIV (Day 9) 10.7 % + 1.2%¢ 10.0 % + 0.0%° 36.0 % + 0.0%" 21.3 % + 1.2%" 5.3 % + 1.20%¢ 2.7 % + 1.2%¢
ZV (Day 10) 5.3 % + 2.3%" 14.7 % + 2.3%" 14.0 % + 3.5%" 36.0 % + 3.5%° 11.3 % + 2.3%"™ 8.7 % + 1.2%%
ZV (Day 11) 3.3 % + 2.3%° 2.0 % + 0.0%C 20.7 % + 3.1%" 21.3 % + 8.1%" 14.7 % + 2.3%" 6.0 % + 2.0%°
ZV (Day 12) 2.7 % + 1.2%° 9.3 % + 4.2% 34.0 % + 3.5%° 40.0 % =+ 4.0%*° 44.0 % + 9.2%* 12.7 % + 2.3%°

Note: Different superscripts in the same row indicate significant differences (P < 0.05) among feeding time groups.
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to 18:00, with the feeding rates being significantly higher than those at 2:00, 6:00, 10:00 and 22:00 (Table 1).

3.2. Digestive enzyme activity

As shown in Fig. 2, the activity of the digestive enzymes displayed correspondence to the circadian rhythm at the five develop-
mental stages. The first peaks of all enzyme activities occurred at 14:00 on Day 1, and then the activity gradually declined (Fig. 2A, and
Table 2). For amylase and lipase, their lowest enzyme activities occurred at 22:00 on Day 1. On Day 2, the pepsin activity significantly
increased at 6:00 (Fig. 2A), while the activities of amylase and lipase reached their peaks at 10:00 and 14:00, respectively. Subse-
quently, their activities markedly decreased, and displayed fairly low expression from 22:00 of Day 2 to 2:00 of Day 3. Thereafter, the
activity of amylase continued to decline, with its lowest expression occurring at 6:00 on Day 3, while the activities of the other two
enzymes began to rise when fed at 6:00 of Day 3. From the dynamic changes of enzyme activity on Day 2 and Day 3, the highest activity
of the three enzymes occurred from 10:00 to 14:00.

At the ZII stage (Fig. 2B), the activity of pepsin increased from 6:00 to 14:00 after feeding on Day 4. The pepsin activity reached the
highest at 14:00 and then showed a downward trend, becoming significantly different at 18:00 and 22:00 (P < 0.05). Then its activity
increased again from 2:00 to 10:00 on Day 5, and notably peaked at 10:00 compared with the following time points. Lipase and
amylase activities showed similar results, peaking at day time and reaching relatively low levels from 18:00 to 2:00. Compared to
pepsin, the activities of lipase and amylase peaked at 10:00 on Day 4. The changes of pepsin and amylase activities were similar at the
ZII and ZIII stages, when the peaks emerged at 14:00 on Day 6 and 10:00 on Day 7 for pepsin, and at 10:00 on Day 6 and Day 7 for
amylase (Fig. 2C). In contrast, the peak of lipase activity occurred at 6:00 on Day 7.

At the ZIV stage (Fig. 2D), the pepsin and amylase activities showed an upward trend and reached the highest expression levels at
14:00 and 10:00 on Day 8, respectively (P < 0.05). Their activities then decreased rapidly from 18:00 to 2:00 (P < 0.05), which was
similar to the pattern during the ZIII period. On Day 9, although the activity peaks of pepsin and amylase again occurred in daytime,
the highest expression of pepsin activity became more in advance at 6:00, compared with the situation on Day 7 of ZIII. The lipase
activity peaked at 10:00 on Day 8 and Day 9, and the activity change was not as dramatic as pepsin and amylase.

Throughout the three days at the ZV stage (Fig. 2E), the lipase activity displayed an upward trend from 2:00 to 14:00, and reached

Table 2
Change of digestive enzyme activity at different zoea stages (U/mgprot).

Enzyme Zoea stage 2:00 6:00 10:00 14:00 18:00 22:00

Amylase ZI (Day 1) - - - 10.17 + 1.52% 7.75 + 1.59% 2.80 + 1.17°
ZI (Day 2) 3.62 + 1.35¢ 3.12 + 0.769 23.03 + 1.96° 14.36 + 1.49° 12.15 + 1.62° 6.48 + 0.50°
ZI (Day 3) 5.26 + 1.22°¢ 2.78 + 0.99¢ 13.40 + 1.18° 9.27 + 1.19" 3.68 + 2.23¢ 6.69 + 1.53"
ZII (Day 4) 6.60 + 0.53° 14.67 + 1.53% 16.99 + 2.64° 10.83 + 1.04° 5.00 + 2.65° 7.87 + 1.00*
ZII (Day 5) 3.09 + 1.87¢ 3.88 + 1.48% 16.15 + 1.23° 12.25 + 1.65° 6.57 + 1.99° 414 +1.26%
ZIII (Day 6) 5.33 + 2.52° 4.33 + 2.08" 16.09 + 3.69° 6.85 + 1.70° 5.57 + 2.89° 3.00 + 1.73°
ZIII (Day 7) 3.38 + 1.51° 16.33 + 1.53° 17.79 + 2.42° 10.00 + 1.00° 6.33 + 2.52° 5.67 + 0.58°
ZIV (Day 8) 4.67 +1.53¢ 11.67 + 1.53¢ 74.33 + 3.06° 54.79 + 4.60° 15.12 + 0.83° 13.45 + 4.00°
ZIV (Day 9) 13.17 + 1.26° 45.16 + 1.89° 56.68 + 3.81° 450 + 0.10¢ 5.61 + 1.62¢ 3.34 + 1.52¢
ZV (Day 10) 4.67 + 2.524 42.33 + 8.39° 121.11 + 9.17° 148.95 + 17.41° 48.99 +7.31° 18.77 + 6.93¢
ZV (Day 11) 7.55 + 0.51¢ 37.49 + 12.97° 162.89 + 25.51° 158.17 + 12.30° 69.48 + 20.68° 15.81 + 5.29%
ZV (Day 12) 40.74 + 4.44° 27.07 + 1.49¢ 85.43 + 11.69° 148.03 + 6.26% 150.94 + 1.84° 25.82 + 5.57¢

Pepsin ZI (Day 1) - - - 11.86 + 0.45° 5.06 + 1.04" 6.45 + 0.40°
ZI (Day 2) 5.44 + 0.96° 24.52 + 3.44° 25.60 + 2.96° 16.98 + 1.23° 3.44 + 0.24° 2.10 + 0.32°
ZI (Day 3) 1.96 + 0.34° 10.73 + 0.18° 10.73 + 0.83° 14.80 + 2.27° 1.61 + 0.67° 3.27 + 1.26°
ZII (Day 4) 5.40 + 2.18° 24.09 + 1.94° 27.73 + 1.56° 31.40 + 0.53% 6.25 + 0.95° 6.41 + 0.35°
ZII (Day 5) 8.12 + 0.84" 13.01 + 2.83° 19.90 + 1.87% 12.40 + 1.87° 2.32 +0.26% 7.00 + 2.38%¢
ZIII (Day 6) 8.16 + 0.01° 34.33 + 2.42° 31.06 + 0.83° 41.32 + 1.16° 7.67 + 0.20° 1.37 +0.15¢
ZIII (Day 7) 1.35 + 0.38¢ 23.83 + 1.97° 48.66 + 4.00° 16.20 + 0.54¢ 2.27 + 0.66¢ 211 + 1.24¢
ZIV (Day 8) 1.28 + 0.28° 38.08 + 5.52° 37.82 + 8.13° 61.20 + 2.34° 5.23 + 0.42° 4.74 £ 0.14°
ZIV (Day 9) 2.31 + 0.42¢ 55.35 + 2.38° 44.36 + 4.32° 28.09 + 7.51¢ 2.48 + 0.47¢ 6.33 + 3.23¢
ZV (Day 10) 2.37 + 0.86¢ 41.37 + 3.04° 111.65 + 7.81° 34.29 + 2.85° 1.47 +0.10¢ 19.01 + 4.27¢
ZV (Day 11) 15.30 + 2.83° 153.01 + 36.99° 138.23 + 14.62° 129.46 + 8.85% 6.99 + 2.08" 10.23 + 1.86°
ZV (Day 12) 14.88 + 4.82° 107.96 + 7.76° 82.66 + 10.57° 83.01 + 17.59° 18.02 + 5.28° 22.01 + 1.53¢

Lipase ZI (Day 1) - - - 28.80 + 2.38% 6.25 + 1.39° 1.76 + 0.10°
ZI (Day 2) 2.83 + 0.60¢ 3.62 + 0.90¢ 21.11 + 1.90° 27.25 + 0.97% 8.54 + 1.74° 4.05 + 0.74¢
ZI (Day 3) 3.31 + 1.05¢ 12.46 + 0.88° 22.85 + 1.47° 7.28 + 0.28° 5.38 + 0.32%¢ 2.20 + 0.07¢
ZII (Day 4) 1.67 + 0.45° 8.60 + 0.04" 19.36 + 1.37° 6.45 + 3.76" 2.32 +0.18° 2.83 + 1.89°
ZII (Day 5) 2.42 + 1.30¢ 6.16 + 0.10° 13.64 + 1.54° 9.29 + 0.24° 451 + 0.53° 1.49 + 0.27¢
ZIII (Day 6) 2.40 + 0.21¢ 5.30 + 0.26% 22.54 + 0.42° 15.29 + 0.12° 7.14 + 0.99° 3.85 + 0.30¢
ZIII (Day 7) 5.64 + 0.809 18.46 + 0.20° 11.20 + 1.31° 9.42 + 0.06° 3.40 + 1.234 5.33 + 0.124
ZIV (Day 8) 6.43 + 0.369 16.92 + 1.02° 22.53 + 0.65° 21.60 + 0.29% 15.20 + 1.85° 12.44 +0.13¢
ZIV (Day 9) 8.57 + 1.05" 10.33 +0.11° 22.49 + 3.17° 455 + 0.31° 3.64 + 0.06° 4.64 + 1.20°
ZV (Day 10) 9.23 + 0.82° 15.81 + 1.86" 14.59 + 1.00° 36.06 + 1.41° 7.21 + 1.53° 7.32 £ 0.27°
ZV (Day 11) 10.23 + 0.14¢ 17.21 + 1.77° 17.62 + 2.22° 36.36 + 4.72% 1.69 + 0.42¢ 1.62 + 0.03¢
ZV (Day 12) 1.49 + 0.37¢ 15.28 + 4.06¢ 23.26 + 2.07° 37.71 + 0.85% 19.05 + 2.23¢ 452 + 0.41°

Note: Different superscripts in the same row indicate significant differences (P < 0.05) among feeding time groups.
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the highest at 14:00, which was significantly different from the levels at 2:00, 18:00, and 22:00 (P < 0.05). Although the peak of pepsin
activity occurred at 10:00 on Day 10, its peaks on Day 11 and Day 12 changed to 6:00, and were significantly different in levels from
those at 2:00, 14:00, 18:00 and 22:00 on Day 11, and at 2:00, 10:00, 14:00, 18:00 and 22:00 on Day 12 (P < 0.05) (Table 2). There were
also three peaks of amylase activity occurring during the ZV stage, which were at 14:00 on Day 10, 10:00 on Day 11, and 18:00 on Day
12. The amylase activity at these time points was significantly different from other time points on Day 10 (P < 0.05), but there were no
significant differences in its activity when comparing the 10:00 and 14:00 time points on Day 11, and comparing 14:00 and 18:00 on
Day 12, after feeding (P > 0.05) (Table 2).

3.3. Expression of metabolism-related genes

The expression profiles of metabolism-related genes, including crustacean hyperglycemic hormone (SpCHH), hormone sensitive lipase
(SpHSL), fatty acid synthetase (SpFAS) and trypsin (SpTryp), showed significantly different changes during larval development (Fig. 3
and Table S2). On Day 1, SpHSL and SpTryp were most highly expressed at 14:00, but the expression decreased from 18:00 to 22:00 (P
< 0.05). From Day 2 to Day 9, both SpHSL and SpTryp had mostly higher expression at 10:00 among the tested time points. During the
ZV stage, their highest expression levels after feeding shifted to 14:00 on Day 10 and Day 11, and eventually to 18:00 on Day 12.
Inversely, most of the lowest expression patterns of SpCHH and SpFAS were observed from 10:00 to 14:00 on Day 1 to Day 11. It was
clear that the expression levels of SpCHH and SpFAS gradually decreased, until they reached the lowest expression at 18:00 on Day 12.
Generally, the pattern for SpCHH and SpFAS was the reverse of SpHSL and SpTryp, with lower expression levels occurring from 10:00 to
14:00, and their expression significantly increasing from 18:00 to 6:00 of the next morning. One common characteristic of the four
tested genes was that on Day 12, the time of most significant down/up-regulation was dynamically changed to 18:00, which was
consistent with the contemporaneous shift in peak of feeding rate (Fig. 1E).

4. Discussion

In the present study, the S. paramamosain feeding rate from the ZI to ZIV stages was significantly higher in the daytime, especially at
10:00-14:00, than that in the evening and at night, implying that the larvae have strong diurnal feeding rhythm. Previous studies
showed that the feeding peaks of some fishes, such as Scortum barcoo and Epinephelus coioides also occurred in the daytime, which
suggested that the feeding times of crustaceans and fish at certain stages of development could be mutually referenced [37,38]. The
S. paramamosain larvae immediately entered into ZI stage after hatching. Unlike fish, the S. paramamosain larvae did not take along
yolk to provide them with nutrients, hence the feeding rate peaked after the first feeding at 14:00 on Day 1. The result suggested that
the mud crab larvae should start being fed food immediately after hatching to ensure the supplement of nutrition and energy (Video
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Fig. 3. Expression profiles of metabolism-related genes at S. paramamosain zoea stages after food intake.
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S1). During the last day at the ZV stage, the time of feeding rate peak visibly shifted to 18:00. This time of feeding peak was consistent
with those of megalopas and crablets during S. paramamosain aquaculture, and also similar to the feeding rhythm of Eriocheir sinensis
juvenile and Penaeus japonicus [39,40]. The feeding rhythm is an essential aspect of aquaculture, influencing a series of physiological
functions in aquatic animals [26,31,41]. Our findings revealed that rhythmic changes in feeding rate reflected the molting cycle of
S. paramamosain zoea larvae. When the feeding peaks underwent two or three diurnal cycles with highest food intake occurring during
the daytime and the lowest at night, a significant growth occurred (Fig. 1). Molting is an essential and recurring process in the growth
and development of all crustaceans [5,19,42,43]. It was clear that the feeding rate of the S. paramamosain larvae decreased signifi-
cantly before molting, and then increased again after molting was completed (the first day of the following zoea larval stage), which
was similar to the change of feeding rates in Carcinus maenas larvae [44]. This might be due to energy consumed by the molting
process. When newly formed carapace hardened, the larvae would quickly replenish lots of energy. The most suitable feeding time
could be 10:00-14:00 during ZI to ZIV stages, whereas for the ZV stage, this time could be changed to 14:00-18:00. Overall, complying
with the feeding strategy according to the peaks of feeding rate during the breeding of S. paramamosain zoea larvae would improve
aquafeed utilization, save labor intensity, and reduce the pollution caused by residual feed to the water environment.

Protein, carbohydrate and lipid are three important substances in energy metabolism, and their content in the body reflects the
intensity of aquatic organisms’ feeding. The digestion and absorption of substances are closely related to digestive enzyme activity
[45]. In our study, the activities of amylase, pepsin and lipase were found to be clearly higher from 6:00 to 14:00, or from 10:00 to
18:00 at different periods, which further confirmed that the feeding peaks occurred in the daytime.

Carbohydrate is essential to the composition and quality of aquafeed [46]. Glucose, which is completely hydrolyzed by amylase, is
first absorbed by the hepatopancreas epithelial cells of crustaceans and then transported to the whole organism [47]. Therefore, the
activity of amylase directly reflects the ability of crabs to decompose carbohydrates [48]. The results showed that amylase activities
during the ZI, ZII and ZIII stages were lower compared with ZIV and ZV. When the larvae developed to the ZV stage, the activity of
amylase increased rapidly, which could be attributed to the imperfect digestive track structure of earlier zoea stages. As the individual
developed, the ability to secrete digestive enzymes became further up-regulated at the ZV stage to decompose more carbohydrates to
maintain the energy expenditure caused by movement. Light is one of the most important regulators of the circadian rhythm of
digestive enzyme activity [49]. Our findings revealed that the circadian rhythm of digestive enzyme activity in S. paramamosain larval
stages was mostly related to photoperiod, showing a single-phase rhythm in one day. The current finding supports the notion that light
plays an important role in digestive enzyme activity during the development of S. paramamosain zoea.

Compared to pepsin and lipase, the activity of amylase was the most consistent with feeding rate, especially peaking at 18:00 on
Day 12. After this day, ZV individuals would metamorphose into megalopa larvae, which is one of the most essential processes
influencing the success of S. paramamosain culture [5]. Due to the potential synchronicity of the feeding activity and enzymatic
variation [50], the activity of amylase could provide a potential reference for determining the best feeding time in large-scale
S. paramamosain larva cultivation. Adjusting feeding schedules according to variation in activity of digestive enzymes, such as
amylase, could contribute to improving the production parameters of S. paramamosain larvae.

Crustacean hyperglycemic hormone (CHH) has important function in regulating carbohydrate metabolism in crustaceans [51], and
crustaceans maintain the stability of glucose mainly through negative feedback regulation [52]. Our study showed that SpCHH had
higher expression mainly between 18:00 and 6:00 of the next day after feeding, which was the opposite of the feeding rate, indicating
that the ability of up-regulated SpCHH expression countered the decrease of glucose content in the hemolymph. Similarly, it has been
reported that higher SpCHH expression could be prompted by decrease in hemolymph glucose level during the beginning of starvation
[51]. Trypsin is the most abundant proteolytic enzyme, responsible for 60 % of protein digestion [53], and is thought to be associated
with digestion after food intake in S. paramamosain [54]. The higher expression levels of SpTryp coincided accurately with the peaks of
feeding rate. For example, both of them shifted to 18:00 on the last day during the ZV stage, suggesting the regulatory role of SpTryp on
hydrolysis of food protein.

Lipid homeostasis involves several key processes, such as lipid uptake, fatty acid synthesis, and lipid catabolism [55]. As an
important gene associated with the synthesis of long-chain fatty acids [56], SpFAS expression is affected by fatty acid content in diet,
and can even be suppressed by polyunsaturated fatty acid (PUFA) [5]. In contrast to SpFAS, SpHSL might be involved in the process of
lipolysis [57]. Fig. 3 displays the opposite expression patterns of SpFAS and SpHSL after food intake. When the feeding rates increased,
SpFAS was notably inhibited by ingested lipids such as PUFA, resulting in a decrease in its expression. In contrast, SpHSL was
up-regulated at these points to participate in fatty acid decomposition, implying the presence of reverse synchronous regulation of
SpFAS and SpHSL. Our findings revealed that SpFAS and SpHSL could play important roles in lipid metabolism during the development
of S. paramamosain zoea.

5. Conclusion

To our knowledge, this is the first study to elucidate the feeding rhythm during the development of the S. paramamosain zoea larvae.
Our findings showed that the larvae generally displayed diurnal feeding rhythm, with the feeding rate and digestive enzyme activity
peaking in the daytime, and declining to the lowest at night. At the ZV stage, the peak of the feeding rate and the enzyme activity of
amylase and lipase was delayed in occurrence compared to the previous four phases, suggesting that the peak was dynamically
changing and not completely synchronized with photoperiod. Additionally, the tested metabolism-related genes were expressed
differently at the mRNA level at different times. The expression characteristics of SpHSL and SpTryp were consistent with the feeding
rate, while the characteristics of Sp)CHH and SpFAS were the opposite. During the S. paramamosain zoea development, the feeding
rhythm changed periodically, which was possibly related to the development period, molt cycle and light. We will pay more attention
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to whether other environmental factors, such as temperature and salinity of the water environment, affect the feeding rhythm in
subsequent studies.
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