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Simple Summary: The individual-rearing method has proven beneficial for detailed studies on the
growth and feeding of aquatic organisms, helping to minimize the impact of non-dietary factors
such as cannibalism. The Kuruma shrimp Penaeus japonicus occupies a significant niche in global
aquaculture, but there is still a gap in the research on its nutrient supply, particularly in comparing
the nutritional impacts of live feed and pellet diets. This study employed an individual-rearing
method to investigate the effects of live feed (Perinereis aibuhitensis), formulated pellet diets, and
their combinations on the growth and health of P. japonicus. The results revealed that live feed can
enhance shrimp growth performance compared to pellet diets and provide a healthier and more
stable intestinal flora. Growth and feeding performance on a mixed diet were comparable to live feed
while also reducing costs. And the individual-rearing method allowed us to find inter-individual
differences in growth and feeding, with daily intake varying cyclically with the molting cycle. These
findings elucidate the feed preferences as well as the growth and feeding characteristics of shrimp,
offering novel methodologies for shrimp feed selection, trait collection, and breeding strategies. This
has the potential to significantly enhance aquacultural practices.

Abstract: This study developed an individual-rearing method to compare the effects of live feed
(sandworms Perinereis aibuhitensis), formulated pellet diets, and a mixture of live feed and formula
feed on the Kuruma shrimp Penaeus japonicus, aiming to minimize the influence of non-dietary factors
on the growth of P. japonicus, like cannibalism. Results indicated that live feed, with its higher
protein, essential amino acids, and fatty acid content, led to significantly better growth and feeding
performance in P. japonicus (p < 0.05) compared to pellet diets. A mixed diet resulted in a lower
average daily protein intake yet maintained a growth and feeding performance comparable to live
feed. The intestinal microbiota of shrimp, dominated by Proteobacteria, Bacteroidetes, Firmicutes, and
Actinobacteria, showed significant shifts with diet changes. Specifically, formulated feed increased
the relative abundance of Vibrio and Photobacterium while decreasing Shimia and Rhodobacterales
(p < 0.05), and feeding live food resulted in a more complex and stable bacterial network. Notably,
individual variances in growth and feeding were observed among shrimps, with some on formulated
diets showing growth comparable to those on live feed. Each shrimp’s final weight, specific growth
rate, protein efficiency rate, and average daily food intake positively correlated with its initial body
weight (p < 0.05), and daily intake varied cyclically with the molting cycle. These findings suggest
that individual-rearing is an effective approach for detailed feed evaluation and monitoring in P.
japonicus, contributing to improved feed selection, development, and feeding strategies.
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1. Introduction

Shrimps have historically been among the most widely traded aquatic commodities,
constituting 17% of the global value of all aquatic product exports in 2022, playing a crucial
role in the aquaculture sector of many countries [1–3]. The Kuruma shrimp, Penaeus japonicus,
is a key species in both trade and aquaculture, extensively cultivated in the Indo-West
Pacific region, including China, Australia, the Philippines, and Japan, due to its high
commercial value and palatable flavor [4–7]. With increasing market demand and a decline
in wild catch, aquaculture has become pivotal in meeting the demand for this high-valued
seafood [8,9].

The nutritional aspects comprise one of the most critical components in aquaculture
production, as these influence biological performance and enterprise profitability [10].
In the early stages of P. japonicus cultivation, commonly used live foods include frozen
squids, oysters, clams, mussels, and polychaetes. These feeds are rich in EPA, DHA, and
protein, making them easily digestible and absorbed by the shrimp, thereby promoting their
growth [11–13]. However, scaling up cultivation has raised challenges with live feed supply
and biosecurity, limiting industry growth [14]. Consequently, to enable a scientific, high-
quality, and sustainable shrimp culture, researchers employed refined test diets to reveal
the nutritional requirements of P. japonicus for adequate proteins, lipids, carbohydrates,
minerals, and vitamins, like other aquatics [15,16]. Building upon previous research on the
nutritional requirements of P. japonicus, researchers have extensively investigated the effects
of varying nutrient compositions [17–19] and nutrient sources [8,9,20,21] on the growth,
immunity, and digestion of P. japonicus. These studies have contributed to the formulation
of numerous compounded diets for P. japonicus, thereby supporting the rapid expansion
of the Kuruma shrimp culture. Nevertheless, some studies have found that shrimp-fed
formulated feeds grow more slowly than those fed live feeds during the juvenile stage of
the species [22,23]. However, comparative studies on live feed and formulated feed for
shrimp are still limited.

A vast number of analytical techniques and monitoring methods have shed light on
the nutritional performance of experimental diets and feeding regimes designed for aquatic
organisms at different life stages growing under a variety of production systems [10]. As
shrimp are generally reared in large groups in water, macro and micro methods have been
used to study their growth, nutrition, and molting under group-rearing conditions [24–27].
However, some results, especially for metrics such as feed-influenced survival rates, can
be inaccurate due to uncontrolled intraspecific interactions, including cannibalism of the
shrimp [28]. Aquatic organism studies have employed individual-rearing methods to
reduce the impact of confounding factors like group competition and enable the accurate
monitoring of each individual’s growth and feeding performance, thus improving the
accuracy of experimental results [29–32]. In shrimp, researchers have employed individual-
rearing methods to collect growth and feeding information of individual shrimp, which
has been used for the precise evaluation of feed efficiency traits. This approach has been
successfully applied in breeding programs for Litopenaeus vannamei and Fenneropenaeus
chinensis [27,31,33]. However, there is a lack of research evaluating shrimp feed using
individual-rearing methods, particularly concerning the growth and feed of P. japonicus.

This study employed the individual-rearing method to compare the effects of live
feed (sandworms Perinereis aibuhitensis) and formulated pellet diets on development and
feeding performance of P. japonicus and analyze their individual variation. A feeding trail
with three different feeding regimes was conducted with shrimp fed either sandworms
exclusively, a formulated pellet diet only, or a mix of a sandworm-formulated diet. The
objectives were to (1) use the individual-rearing method to assess the effects of sandworms,
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formulated diet, and mixed feeding on P. japonicus growth, digestion, immunity, intestine
microbiota, and feeding behavior; (2) Use the individual-rearing method to collect more
precise data on the growth and feeding of P. japonicus and to confirm that the strategy can
be used to evaluate the growth and feed of this species.

2. Materials and Methods
2.1. Animals Acquisition

All P. japonicus shrimps were obtained from a full-sib family in an aquaculture farm
in Dongshan (Zhangzhou, China) in November 2022 and acclimated in environmentally
controlled small tanks with a recirculating water system with aerated seawater at 26 ◦C and
salinity of 31‰ prior to experimentation in the National Observation and Research Station
for the Taiwan Strait Marine Ecosystem, Dongshan Swire Marine Station (Zhangzhou,
China). The in situ seawater supply system provided filtered, flowthrough seawater, and
shrimps were fed the right amount of bait daily at 17:00.

2.2. Culture System and Experimental Design

The individual-rearing system was used during the experiment. There were 3 inde-
pendent tanks (116 cm × 36 cm × 15 cm) with a water volume of about 62 L per tank.
Twenty-four separate spaces (145 mm × 120 mm × 150 mm) were created in each tank
using plastic plates with holes (Figure 1A). The three tanks had a common experimental
environment, except for their daily diets, since pipes connected them in series and used
pumps to support an adequate exchange in water flow to create a stable internal circulation
system (Figure 1B). The temperature was maintained at 26.0 ◦C ± 0.5 ◦C, and seawater was
exchanged by 80% daily.
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Figure 1. Individual-rearing device (A). Tank connection and distribution pattern during the experi-
ment (B).

Prior to the experiment, each tank was randomly loaded with 20 healthy shrimp
(2.16 ± 0.18 g in body weight; the remaining 4 separate spaces were used to place heating
rods and air stones). After being placed in the tanks, all shrimps had a one-week adaptation
to the experimental environment. The experiment then proceeded for 4 weeks. Dead
shrimp and molts were promptly removed. Three diet groups—the first, a diet of 1.2 mm
diameter formulated pellet diets (group F) purchased from Fujian Haida Feed Co., Ltd.
(Zhangzhou, China), known for its high protein content, widely used by local farmers, and
can remain stable in pellet form for at least one day; the second, live food (P. aibuhitensis,
group N) purchased from an aquaculture farm in Dongshan (Zhangzhou, Fujian); the
third, a 1:1 mixture of pellet diets and live food (by wet weight, group NF)—were created
during the experiment. These diets were hand-fed to different tanks at 17:30 each day
according to these shrimps’ inactive habits. Taking each tank as a unit, feed for each
individual was stored independently. During the experiment, an appropriate feed dose
per meal was ensured for their apparent satiation, and the amount of daily feed intake of
the shrimp was equal to the weight difference between the feed supply and the remaining
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diets. The remaining bio-diets were also recorded in the same way. Based on previous
breeding and experimental experiences, the live food was all fresh P. aiibuhitensis, which
was disinfected with iodophor to eliminate potential pathogens and washed with clean
water before feeding. The remaining pellet diets were thoroughly dried and weighed. The
number of shrimps in each group was counted at the end of the experiment to determine
each group’s survival rate.

Following 24 h of starvation after the feeding trial, the animals were weighed individ-
ually. Subsequently, 15 shrimp were then randomly taken from each tank, and the entire
body surface was disinfected using some drenched cotton dipped in 75% ethanol. The
shrimps were then dissected on ice to collect the hepatopancreas, intestine, and muscle
samples, and all of these samples were stored at −80 ◦C for analysis of the enzyme and
immunity activities. In addition, the pellet diets and live foods were collected to analyze
the nutrient composition.

2.3. Growth Performance

Body weight (BW) was recorded for all animals at the start (IBW) and end (FBW) of
the experiment, respectively. During the experiment, the molting time was recorded to
calculate the molt cycle of every animal. The daily feed intake (DFI) and feed intake (FI)
of each animal were also recorded. The body weight gain (BWG), body weight gain rate
(WGR), specific growth rate (SGR), feed efficiency ratio (FER), and protein efficiency rate
(PER) were calculated as follows:

BWG (g) = FB (g) − IB (g). (1)

WGR (%) = 100 × [FB (g) − IB (g)]/IB (g). (2)

FER = BWG (g)/FI (g). (3)

PER = BWG (g)/protein intake (g). (4)

SGR = [ln FB (g) − ln IB (g)]/days × 100. (5)

2.4. Analysis of Enzyme Activity and Antioxidant Capacity

The hepatopancreas was used to analyze the immunological, digestive, and antioxi-
dant enzymes. The total antioxidant capacity (T-AOC and colorimetry), total superoxide dis-
mutase (T-SOD and hydroxylamine method), malondialdehyde (MDA and thiobarbituric
acid (TBA)), catalase (CAT and ammonium molybdate method), glutathione Peroxidase
(GSH-Px and colorimetric method), reduced glutathione (GSH and microplate method),
alkaline phosphatase (AKP and visible light colorimetry), phenoloxidase (PO and competi-
tion method), lysozyme (LZM and turbidimetry), lipase (LPS and colorimetry), Trypsin
(colorimetry), and α-amylase (AMS and starch-iodine colorimetry) were measured using
respective kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) according to
the manufacturer’s instructions.

2.5. Dietary Proximate Composition Analysis

The proximate composition of the diets was evaluated according to the standard
procedure published in AOAC [34]. In brief, moisture was determined with the drying
method at 105 ◦C, crude protein (nitrogen × 6.25) was analyzed by the Kjeldahl method
after acid digestion, and crude lipid was determined by Soxhlet extraction.

2.6. Dietary Amino Acid and Fatty Acids Composition

Freeze-dried diet samples (approximately 100 mg) were put into tubes with 25 mL
trichloroacetic acid (5 g/100 mL) and then kept at 4 ◦C for 2 h. Approximately 0.4 mL of
the supernatant was collected after centrifugation (15,000 rmp, 30 min, 4 ◦C) and filtered
through a 0.22 µm membrane, and then analyzed for free amino acid composition using an
L-8900 amino acid analyzer (Hitachi, Japan).
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The diet samples (approximately 200 mg) were added to a 10 mL glass tube with
3 mL chloroform/methanol (2:1 by volume). The extracted fats were mixed with 2 mL
KOH-methanol (c = 0.5 mol/L) and reacted in 50 ◦C water for 10 min. After cooling for
3 min, 2 mL of BF3-methanol solution (w = 10%) was added to the mixture and incubated
in a water bath at 80 ◦C for 20 min. Then, 1 mL n-hexane and 2 mL saturated NaCl solution
were added to the above mixture. The solution was shaken vigorously to promote layer
separation and centrifuged at 1500 rpm for 5 min, and the supernatant was filtered through
a 0.22 µm ultrafiltration membrane and collected in a 1.5 mL ampoule bottle. Finally, the
obtained fatty acid methyl esters were analyzed using a GC2010 plus gas chromatograph
(Shimadzu, Japan). Methyl tridecanoate (Sigma, St. Louis, MO, USA) served as the internal
standard. The results were presented as the relative percentages of each fatty acid (% total
fatty acids).

2.7. Intestinal Microbial Analysis

Total bacterial DNA from all shrimp intestine samples was extracted by the CTAB
method. The V4–V5 region of 16S rRNA genes was amplified by PCR using primers
515F (5′GTGCCAGCMGCCGCGGTAA 3′) and 806R (5′CCGTCAATTCCTTTGAGTTT 3′).
Sequencing libraries were generated using a TruSeq® DNA PCR-Free Sample Preparation
Kit (Illumina, Inc., San Diego, USA). The library was checked with Qubit, and a real-
time PCR was used for quantification. A bioanalyzer was also used for size distribution
detection. Quantified libraries were pooled and sequenced on Illumina platforms according
to an effective library concentration and the amount of data required. The sequences
obtained in this study are available in the NCBI SRA database with the accession number
PRJNA1059777.

Quality filtering of the raw tags was performed using the fastp (Version0.23.1) software
to obtain high-quality clean tags [35]. The tags were compared with the reference database
(Silva database (16S/18S), https://www.arb-silva.de/ (accessed on 24 February 2023);
Unite Database (ITS), https://unite.ut.ee/ (accessed on 24 February 2023)) using UCHIME
Algorithm (http://www.drive5.com/usearch/manual/uchime_algo.html (accessed on 24
February 2023)) to detect chimera sequences, and then the chimera sequences were moved
and the effective tags were finally obtained [36]. For the obtained Effective Tags, denoise
was performed with the DADA2 module in the QIIME2 software (Version QIIME2-202006)
to obtain initial ASVs (Amplicon Sequence Variants), and then ASVs with an abundance
of less than 5 were filtered out [37]. Species annotation was performed using the QIIME2
software based on the silva database (https://www.arb-silva.de/ (accessed on 24 February
2023)), and the taxa relative abundances of community compositions in samples were
identified at different levels (phylum, class, order, family, and genus), respectively, and
displayed with R software (version 4.2.3).

Alpha diversity indices, including Chao1, Shannon indexes, Simpson, and Dominance,
were calculated by the QIIME2 software. The beta diversity among bacterial communities
was evaluated using un-weighted Unifrac distances and visualized via non-metric multi-
dimensional scaling (nMDS), which was plotted in R software. In addition, we screened
ASVs with a relative abundance greater than 0.1% and calculated microbial co-occurrence
network metrics using the WGCNA package, and the co-occurrence networks were assessed
using the R package igraph 1.2.6 and visualized using Gephi 0.10.

2.8. Statistical Analysis

All of the statistical analyses were performed using SPSS software (version 21.0). After
verifying normality and homogeneity of variances using Levene’s test, one-way ANOVA
was used to evaluate the effects of different diets. Differences between treatments were
compared using Tukey’s test when the effect was significant (p < 0.05). Differences are
denoted as significant at p < 0.05, very significant at p < 0.01, and extremely significant at
p < 0.001. Levene’s test for equality of variances was performed to ensure homogeneity
of variances. The relationships between the final weight, specific growth rate, protein

https://www.arb-silva.de/
https://unite.ut.ee/
http://www.drive5.com/usearch/manual/uchime_algo.html
https://www.arb-silva.de/
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efficient rate, and average daily food intake versus the initial weight in P. japonicus and the
relationship between the feed conversion ratio and daily feed intake versus individuals’
specific growth rate were calculated using Pearson’s correlation analysis. Results are shown
as the mean ± standard deviation (S.D.).

3. Results
3.1. Nutrient Composition of the Diets

The proximate analysis shows that the protein content in sandworms was 12.27%
higher than that in the formulated pellet diet (59% and 46.73%, respectively), and the lipid
content followed a similar trend (10.73% and 8.90%, respectively, Table 1). The fatty and
amino acid profiles are also presented in Table 1. Among the amino acids, the essential
amino acid content of sandworms was higher than that of the pellet diet (18.86% and
16.22%, respectively). Among the fatty acids, sandworms had a higher content of highly
unsaturated fatty acids compared to the pellet diet (1.13% and 0.42%, respectively).

Table 1. Nutritional composition of the live food (sandworms) and formulated pellet diet (% dry
matter).

Ingredient (g/100 g) Pellet Diet Live Food

Proximate analysis
Crude protein 46.73 59.00
Crude lipid 8.90 10.73
Moisture 10.16 80.10
Essential amino acids
Threonine 1.52 1.74
Methionine 0.82 0.88
Valine 1.91 2.00
Isoleucine 1.57 1.79
Leucine 2.85 3.08
Phenylalanine 1.67 1.92
Histidine 0.99 0.97
Lysine 2.72 3.57
Arginine 2.18 2.90
Non-essential amino acids
Aspartic acid 3.44 4.62
Serine 1.33 1.50
Glutamic acid 5.30 6.83
Glycine 2.33 2.54
Alanine 2.32 4.00
Cysteine 0.32 0.39
Tyrosine 1.04 1.40
Proline 1.87 2.88
TAA 34.16 43.01
EAA 16.22 18.86
NEAA 17.94 24.15
EAA/TAA 47.49 43.85
NEAA/TAA 52.51 56.15
Fatty acids (% fatty acids)
C14:0 0.02 0.30
C16:0 1.89 1.64
C16:1n7 0.13 0.28
C18:0 0.57 0.44
C18:1n9 0.92 0.96
C18:2n6 1.27 1.22
C18:3n3 0.09 0.15
C20:4n6 0.22 0.07
C20:5n3 (DHA) 0.18 0.44
C22:1n9 0.02 0.02
C22:6n3 (EPA) 0.03 0.62
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Table 1. Cont.

Ingredient (g/100 g) Pellet Diet Live Food

∑SFA 2.47 2.37
∑MUFA 1.05 1.23
∑PUFA 1.35 1.36
∑HUFA 0.42 1.13
DHA + EPA 0.21 1.06

TAA: sum of total amino acids. EAA: sum of essential amino acids NEAA: sum of non-essential amino acids.
∑SFA, saturated fatty acid: C16:0, C14:0, C18:0, C17:0. ∑MUFA, monounsaturated fatty acids: C16:1n-7, C18:1n-9,
C18:1n-7, C20:1n-9. ∑PUFA, polyunsaturated fatty acid: C18:2n-6, C18:3n-3. ∑HUFA, highly unsaturated fatty
acids: C20:4n-6, C20:5n-3, C22:5n-3, C22:6n-3.

3.2. Shrimp Feeding and Growth Performance

After a four-week feeding trial, the growth performance of shrimps on different diets
varied. Shrimps in groups N and NF had final body weights significantly higher than
the shrimp in group F (p < 0.001) at the end of the experiment. Various diets significantly
influenced the WG and SGR; the findings revealed that the WG and SGR of shrimps in
groups N and NF did not differ significantly (p > 0.05) but were significantly greater than
shrimps in group F (p < 0.001). While the PER of shrimp in groups N and NF did not differ
significantly from one another, both were significantly higher than in group F. The FER of
shrimp in group NF was significantly higher than that of the other two groups. Notably,
group NF shrimps showed the lowest daily protein intake (DPI) in comparison to the
other two groups (p < 0.05, Figure 2A). Additionally, during the experimental period, three
shrimp in group F died as a result of an unsuccessful attempt to molt (survival rate: 85%,
Table 2); one of them died halfway through the molt on day 13th of the experiment, and the
other two died after the molt with soft bodies and without forming a new exoskeleton on
day 20th of the experiment. Still, the shrimp in the other two groups remained alive. The
results show that all of the shrimp in groups N and NF underwent three moltings, whereas
only 57.89% of the shrimp in group F underwent three moltings (p < 0.05).
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Furthermore, the growth and feeding behaviors of the shrimp also showed a significant
level of inter-individual variation; notably, while the overall PER and SGR of the F group
were lower than that of the N and NF groups, some individuals within the F group
exhibited a PER and SGR comparable to the average levels observed in the NF and N
groups (Figure 2B). According to every individual’s growth and feeding performance, a
strong correlation was found between FER and SGR (p < 0.001, r = 0.86, Figure 3A), and a
similar correlation was found between the DFI and SGR (p < 0.05, r = 0.47, Figure 3A). The
results show that the DFI had a cyclical trend throughout the entire molting cycle. Although
feeding activities persisted, the DFI of the shrimp peaked on the molting day of each cycle.
The overall daily feeding of the shrimp showed an increasing tendency during the cultural
experiment (Figure 3B). It is also noteworthy that the shrimp’s average daily food intake,
final body weight, protein efficiency ratio, and specific growth rate showed positive linear
correlations with its initial body weight (Figure 3C, with correlation coefficients of p < 0.01,
r = 0.65; p < 0.001, r = 0.91; p < 0.05, r = 0.47; and p < 0.05, r = 0.48).
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Table 2. Differences in growth performance of shrimp under different feeding conditions after the
4 weeks feeding trial (nN = 20, nNF = 20, nF = 17, respectively).

N NF F

IBW/g 2.17 ± 0.14 2.11 ± 0.15 2.21 ± 0.24
FBW/g 4.20 ± 0.43 a 4.20 ± 0.42 a 3.18 ± 0.41 b

WG/% 93.96 ± 14.35 a 98.20 ± 9.86 a 45.51 ± 18.43 b

SGR %/day 2.27 ± 0.25 a 2.35 ± 0.17 a 1.26 ± 0.43 b

FER 0.13 ± 0.02 a 0.28 ± 0.06 b 0.20 ± 0.05 c

PER 0.98 ± 0.17 a 1.06 ± 0.22 a 0.44 ± 0.12 b

FC/% 42.46 ± 2.37 41.70 ± 1.78 41.22 ± 1.51
SR/% 100.00 a 100.00 a 85.00 b

3MR/% 100.00 a 100.00 a 57.89 b

Values are means ± SD. a, b, c Mean values within a row with unlike superscript letters were significantly different
(p < 0.05).

3.3. Activities of Digestive Enzymes

The activities of ASM and lipase were significantly higher in group N and group NF
compared to group F (Table 3, p < 0.05). Additionally, the activities of Trypsin in group
N exhibited the highest levels, although no significant difference was observed between
group NF and group F (Table 3, p > 0.05).

Table 3. Effects of different dietary groups on digestive enzyme of shrimp’s hepatopancreas (n = 3).

Digestive Enzyme
Groups

N NF F

ASM (U/g prot) 0.83 ± 0.08 a 0.76 ± 0.02 a 0.70 ± 0.05 b

Trypsin (U/mg prot) 117.63 ± 46.13 a 85.52 ± 10.01 b 78.79 ± 2.93 c

Lipase (U/g prot) 88.96 ± 14.35 a 83.20 ± 9.86 a 60.18 ± 8.43 b

ASM, α-amylase. Values are means ± SD, a, b, c Mean values within a row with unlike superscript letters were
significantly different (p < 0.05).

3.4. Activities of Immunity Enzyme and Antioxidant Capacity

The activities of AKP in group N and group NF were significantly elevated compared
with group F (Table 4, p < 0.01). Similarly, the activity of PO in group N and group NF
was significantly higher than in group F (Table 4, p < 0.05). There were no significant
differences in LZM levels among all groups (Table 4, p > 0.05). The highest T-SOD was
observed in group N, while group NF and group F exhibited significantly reduced T-SOD
levels (Table 4, p < 0.001). Furthermore, the activities of CAT in group N were the highest,
whereas group F exhibited the lowest levels (Table 4, p < 0.05). The activity of GSH-Px was
highest in group N, and the lowest activity was observed in group F (Table 4, p < 0.05). The
GSH levels of shrimp in group N and group NF were significantly higher than those in
group F (Table 4, p < 0.01). No significant difference in MDA levels was observed among
the three groups (Table 4, p > 0.05).

Table 4. Effects of different dietary group on immunity enzyme and antioxidant capacity of shrimp’s
hepatopancreas (n = 3).

Immunity Enzyme
Groups

N NF F

AKP (U/g prot) 0.31 ± 0.09 a 0.37 ± 0.14 a 0.20 ± 0.07 b

PO (ng/mL) 17.35 ± 1.27 a 17.09 ± 1.16 a 14.45 ± 0.85 b

LZM (U/mg prot) 19.02 ± 3.32 18.37 ± 1.26 18.36 ± 8.46
T-SOD (U/mg prot) 188.95 ± 49.07 a 121.87 ± 12.56 b 87.31 ± 2.52 c
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Table 4. Cont.

Immunity Enzyme
Groups

N NF F

CAT (U/mg prot) 13.33 ± 13.87 a 8.15 ± 7.76 b 8.78 ± 9.35 b

GSH-Px (U/mg prot) 244.48 ± 51.56 a 143.47 ± 48.36 b 119.81 ± 33.43 c

GSH (U/mg prot) 405.59 ± 153.84 a 501.94 ± 112.20 a 155.74 ± 39.43 b

MDA (U/mg prot) 16.63 ± 7.96 23.07 ± 9.97 14.86 ± 7.81
AKP, alkaline phosphatase; PO, phenoloxidase; LZM, lysozyme; T-SOD, total superoxide dismutase; CAT, catalase;
GSH-Px, glutathione Peroxidase; GSH, reduced glutathione; MDA, malondialdehyde. Values are means ± SD,
a, b, c Mean values within a row with unlike superscript letters were significantly different (p < 0.05).

3.5. Diversity, Taxonomic Composition, and Co-Occurrence Network Analysis of
Intestinal Microbiota

A total of 750,405 high-quality, effective sequencing reads were obtained from
12 samples of P. japonicus guts, ranging from 36,169 to 73,050, and the average length
of the sequences was 345 bp. A total of 887 amplicon sequence variants (ASVs) were
obtained, and the number of ASVs increased from 38 to 220 (Table 5).

Table 5. Effects of different diets on the diversity of intestinal microbiota in P. japonicus (n = 3).

Items (%) N NF F

ASV Number 110–185 38–220 44–192
Shannon 1.97 ± 0.82 1.74 ± 1.03 2.07 ± 0.93

Chao1 136.25 ± 40.95 121.72 ± 92.74 138.98 ± 84.50
Simpson 0.48 ± 0.22 0.47 ± 0.27 0.55 ± 0.24

Higher Shannon, Chao 1, and Simpson indexes occurred when the shrimp in group F
was compared to the shrimp in groups N and NF, but there were no significant differences
in these three groups (Table 5, p > 0.05). The analysis of unique or shared ASVs of live food
(N), mixed food (NF), and formulated food (F) demonstrated that 25 ASVs were common
to the three groups. The number of ASVs unique to the N, NF, and F groups was 289, 270,
and 292, respectively (Figure 4).
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dimensional space. Group NF was clustered more tightly than other groups, and the
bacterial communities in groups F and NF were separated from group N (Figure 5).
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The relative taxa abundance of bacteria in the P. japonicus intestine is shown in Figure 6.
The main phyla in the shrimp intestines among the three groups were Bacteroidota, Pro-
teobacteria, Firmicutes, and Actinobacteriota. At the genus level, the prevalent microbial
communities in the shrimp intestines consisted of Spongiimonas, Ralstonia, Photobacterium,
Shimia, Pseudomonas, Vibrio, and Methyloversatilis. Compared with group N, the gut micro-
biota composition at different taxonomic levels was more consistent in both groups NF and
F. Shrimp in group N showed lower relative abundances of the family Flavobacteriacea
and its lineage (the phylum Bacteroides, the class Bacteroidia, the order Flavobacteriales)
significantly (p < 0.05). Conversely, it exhibited higher relative abundances of the family
Burkholderiaceae and its constituent genus Ralstonia (p < 0.05). Furthermore, compared to
the N and NF groups, the F group exhibited higher relative abundance levels of the family
Vibrionaceae and the genus Photobacterium (p < 0.05).

Shrimp in group N exhibited the largest and most complex network, with 181 nodes
and 4755 edges (Figure 7A). In contrast, group NF had 113 nodes and 2897 edges (Figure 7B),
and group F only had 111 nodes and 1727 edges (Figure 7C). Positive interactions dominated
in all groups, with group N having the highest at 4662, followed by group NF with 2862,
and group F with 1669. Group N had a lower density (0.29) compared to group NF, which
had the highest density (0.45), and group F had the lowest density of 0.28 (Table 6).
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Table 6. Comparison of topological parameters of co-occurrence networks (n = 3).

Items N NF F

Number of nodes 181 113 111
Number of edges 4755 2897 1727

Positive correlation number 4662 2862 1669
Negative correlation number 93 35 58

Average degree 52.54 51.27 31.11
Network density 0.29 0.45 0.28

4. Discussion
4.1. Differences in Growth Performance and Molting under Different Dietary Conditions

The growth of aquaculture has escalated the demand for formulated dietary resources,
yet these diets often fall short of meeting the growth requirements of P. japonicus. In China,
P. aibuhitensis is commonly used as live food for shrimp, especially in broodstock aquacul-
ture [38,39]. Notably, P. aibuhitensis is rich in essential amino acids, more palatable to aquatic
organisms, and contains a diverse range of fatty acids, including both monounsaturated
and polyunsaturated types [40]. Given that shrimp have a limited capacity to synthesize
unsaturated fatty acids [41,42], P. aibuhitensis can provide these crucial nutrients. This study
analyzed the nutritional composition of live feed (P. aibuhitensis) and formulated feed, com-
paring their effects on the growth of P. japonicus through individual-rearing. The findings
reveal that P. aibuhitensis exhibits superior crude protein and lipid levels, along with a more
beneficial composition of essential amino acids and unsaturated fatty acids compared to
formulated feed, aligning with previous studies. Feeding with P. aibuhitensis, solely or in
a 1:1 mix with pellet diets, significantly enhanced P. japonicus’s growth performance and
feed utilization. Proteins and lipids are vital for shrimp growth; P. aibuhitensis is rich in
phospholipids and omega-3 fatty acids and acts as a feeding stimulant [43]. The proper
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composition of essential amino acids is also a key factor in promoting shrimp growth; P.
aibuhitensis are good nutrition resources as live feed for shrimp to obtain better growth and
maturation performance since they contain high levels of unsaturated fatty acids, other
phospholipids, hormones like prostaglandin, and protein, especially n-3 and n-6 PUFAs,
which are believed to be essential for the growth and development of shrimps [44,45].
These research findings are consistent with our results.

Notably, P. japonicus fed a mixed diet demonstrated a lower daily protein requirement
and a higher protein efficiency rate compared to those fed exclusively on live food or a
pellet diet. This discrepancy may arise from the shrimp’s varied nutritional needs and a
more balanced protein-to-lipid ratio in the mixed diet, leading to enhanced diet utilization
efficiency. Furthermore, an analysis of individual P. japonicus feeding and growth revealed
instances of protein efficiency exceeding 100%. This phenomenon could be linked to the
presence of beneficial nutrients in sandworms beyond proteins that contribute to shrimp
growth. Prior research has highlighted the critical role of ω3-highly unsaturated fatty acids
in promoting weight gain in Penaeid shrimp [46]. Consequently, the rich nutritional profile
of sandworms creates an optimal growth environment for P. japonicus.

Furthermore, we employed an individual-rearing method to prevent mortality re-
sulting from interactions between individuals, ensuring that observed fatalities were at-
tributable to dietary factors. Results indicated that shrimp exclusively fed pellets experi-
enced higher mortality due to unsuccessful molting attempts, adversely affecting growth
and survival. Ecdysis is the process of intermittently enlarging crustacean body mass,
which is crucial for shrimp growth [47]. There are many factors that affect shrimp molting,
of which nutrients are one of the important nutritional factors; some studies have shown
that crustaceans accumulate energy and important substances from ingested food, which
has an important influence on the endocrine regulation of the molt cycle, in which sterols
and long-chain unsaturated fatty acids play an important role. Kumar suggested that a high
dietary cholesterol level is recommended due to shortened molting intervals in mud crab
larvae [48], and dietary fatty acids, especially C18:2, C20:5, and C22:6, and other long-chain
polyunsaturated fatty acids are essential for crustaceans and have a significant impact on
growth, reproduction, and molting [49]. This study showcased that live food offers richer
sterol and fatty acid content, facilitating successful molting and promoting the molting
cycle in shrimp compared to a pellet diet. The addition of live food to pellet feed notably
increased the molting survival rate, consistent with prior research.

4.2. Enzyme Activity and Antioxidant Capacity of Shrimp under Different Dietary Conditions

The hepatopancreas is a vital organ in shrimp, essential for nutrient assimilation and
maintaining normal function [50]. Shrimp growth hinges on nutritional utilization, with
the digestion and absorption of nutrients being contingent on the activities of digestive
enzymes in the hepatopancreas, notably amylase, lipase, and Trypsin [51,52]. This study
found that shrimp fed live food and mixed diets exhibited a superior growth performance
compared to those on a pellet diet. Correspondingly, the digestive enzyme activities in the
hepatopancreas mirrored this pattern. Amylase is crucial for nutritional assimilation in
the hepatopancreas [53] and showed significantly higher activity in shrimp fed live food
and mixed diets than in those on a pellet diet, aligning with the observed growth perfor-
mance. Given P. japonicus’s high dietary protein requirement, Trypsin, the predominant
proteolytic enzyme in the shrimp hepatopancreas [54], exhibited elevated activity with live
food, enhancing digestion and thereby contributing to improved growth. Additionally,
the highest lipase activity was observed in shrimp fed live food, possibly reflecting the
fat composition of the sandworms and pellet diet. These results indicate that live food
significantly enhances shrimp growth performance, and incorporating a small amount of
live food into the pellet diet markedly improves growth compared to a pellet-only diet.

The endogenous antioxidant system, comprising enzymes and other molecules, is piv-
otal in eliminating reactive oxygen species and protecting cells from oxidative stress [55,56].
Antioxidant enzymes constitute the primary defense against reactive oxygen species, and
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they have been extensively identified in shrimp, including T-SOD, GSH, CAT, MDA, GSH-
Px, and GPX [57]. In this study, shrimp fed live food showed increased hepatopancreatic
levels of GSH and CAT. T-SOD and GSH-Px are functional antioxidant enzymes widely
present in living organisms, playing a vital role in defending against damage. The results
showed a significant increase in T-SOD levels in the hepatopancreas when shrimp were fed
live food and mixed diets. Moreover, GSH-Px activity was notably higher in shrimp fed live
food than those on a pellet diet, with mixed diets also enhancing GSH-Px activity. In recent
years, sandworms have been rich in a variety of active substances and have been well
documented, and an important function of these active substances is antioxidants [58,59];
thus, when being fed live food, shrimp may have acquired additional active substances
that have boosted their antioxidant capacities. However, MDA levels in the hepatopancreas
have not differed significantly across diets. Despite the absence of an adaptive immune
system in shrimp, they possess a robust innate immune system for protection [60,61]. PO,
AKP, and LZM play crucial roles in the immune defense of shrimp. AKP is involved in
the transfer and metabolism of phosphoric acid, serving as a vital metabolic regulatory
enzyme in organisms [51]. The results demonstrated that the AKP activity of shrimp fed
live food and mixed diets was higher than in those fed a pellet diet. PO represents the
terminal component of a complex cascade of enzymes that function in non-self-recognition
and host defense in arthropods [60]; the current study indicated a significantly higher
activity of PO in shrimp fed live food and mixed diets compared to shrimp fed a pellet diet.
These results indicate that a pellet-only diet may not suffice for optimal shrimp health, and
supplementing with live food can bolster their immunity and antioxidant capacity.

4.3. Effects of Different Dietary Structures on the Characteristics of Shrimp Intestinal Microbiota

Intestinal microbiota plays an important role in the health status of the host because it
is closely linked to nutrient absorption and utilization, mucosal modification, and pathogen
defense, which are necessary for the growth and health of the shrimp [62–66]. In aquacul-
ture, the impact of different feed types on the intestinal microbiota of aquatic animals has
been extensively studied [67–69]. Particularly, certain studies have examined the effects of
live and formulated feeds on the intestinal microbial communities in aquatic species [70–72].
This study compared the differences in the intestinal microbial community composition
of P. japonicus under live feed, formulated feed, and mixed feeding regimes. A total of
25 shared ASVs were detected in the intestinal microbiota of three P. japonicus groups,
and the ASVs of the intestinal microbiota were higher in group F than those in groups
N and NF. Furthermore, seen from the phylum to the genus, the sorts of microbiota in
shrimp among the three groups shared a high similarity index, and the results revealed
that the dominant bacteria in the intestinal tract of P. japonicus were mainly Bacteroidota,
Proteobacteria, Firmicutes, and Actinobacteriota, which is consistent with the results of
previous studies [55,73]. However, the relative abundances of intestinal microbiota varied
with different treatments significantly. Compared to the other two groups, the shrimp in
group N had a lower relative abundance of Bacteroidota. Previous studies have shown that
higher ratios of Frimicutes to Bacteroidota improve nutrient transportation and digestion,
which aligns with our observation of higher digestive enzyme activity in the shrimp from
group N [64,74,75].

In healthy shrimp, both opportunistic pathogens and beneficial bacteria exist in the
intestine [76]. Beneficial bacteria in the intestine usually improve the host’s health and
promote the host’s nutrient absorption and immune response. This study identified the
presence of several beneficial bacteria in P. japonicus intestines, including the yjr genus
Ruegeria and Shimia and the order Rhodobacterales. The relative abundance of Rhodobac-
terales significantly increased in group N shrimps. The bacterial polyhydroxybutyrate
(PHB) produced by Rhodobacterales might serve as an energy source for aquatic animals,
which improves growth [64,77]. Similarly, live feed enhanced the relative abundance of
Shimia in the shrimp intestines, which have an essential role in nutrient absorption, intesti-
nal health, and improved growth in aquatic animals [78]. However, the shrimp intestine
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also harbors opportunistic pathogens present in the shrimp intestines, which are typically
benign components of the normal intestinal microbiota; however, under certain conditions,
these bacteria can become pathogenic [79]. This study found the presence of opportunis-
tic pathogens such as the genus Vibrio, Photobacterium, the family Flavobacteriaceae, and
Vibrionaceae in the gut of P. japonicus, aligning with previous research findings [80]. Com-
pared to feeding live feed, feeding formulated feed significantly increased the relative
abundance of Vibrio and Photobacterium. Shrimp fed with live food obtained a better growth
performance and antioxidant capacity due to the higher nutrient content; some evidence
suggests that retarded shrimp or shrimp with poor nutrition are more prone to pathogen in-
vasion [65,81]. Thus, this may explain the increased abundance of opportunistic pathogens
in P. japonicus fed formulated feed.

Microbial co-occurrence networks provide insights into the potentially complex in-
teractions among species within a community [82–84]. In this study, the differences in
network parameters across the conditions suggest that different diets can significantly influ-
ence microbial community structures and interaction patterns. The higher complexity and
balanced interaction types in group N may indicate a more resilient microbial ecosystem
capable of adapting to environmental changes. Conversely, after mixed feeding of live
feed and formulated feed, the higher network density in group NF suggests a tightly knit
community that might be more efficient in nutrient utilization but potentially less resilient
to changes in environmental conditions. Group F, with its simpler network, may indicate
that the gut is in a system under stress or nutrient limitations when only formulated food
is fed, which is reflected by fewer interactions and lower connectivity.

4.4. Individual Variations in Growth and Feeding of Shrimp

Social interaction is widely recognized as a significant factor in individual growth
variation among various species [85,86]. Typically, dominant fish exhibit superior growth
performance and behaviors that afford greater resource access, often hindering the growth
of subordinate fish. In populations where cannibalism occurs, subordinate individuals are
more prone to being cannibalized, leading to increased growth variations within the group.
Additionally, stocking density significantly influences individual growth variation [87–89].
In the present study, P. japonicus were individually housed, revealing that in the absence
of social interaction and cannibalism, there is still notable inter-individual variation in
growth and feeding performance. Moreover, there were substantial differences in growth,
food intake, and food conversion efficiency among individuals correlated with their initial
body weights (Figure 3C). Generally, smaller individuals displayed lower ingestion rates,
growth rates, and food conversion efficiencies compared to larger ones [32]. Notably,
individual monitoring revealed that some individuals in the F group matched the average
growth and feeding efficiency observed in the NF and N groups. This indicates that
certain individuals adapt well to formulated feed, an insight potentially obscured in group
rearing. This approach facilitates the accurate selection of shrimp with better adaptability
for further research. Similarly, selective breeding research on feeding efficiency traits using
individual-rearing methods has also seen significant advancements [90–92].

Feeding significantly influences shrimp growth. This study identified considerable
variations among individuals in feeding intake and feed conversion rates, which are
both strongly linked to growth. Similar observations were made in Pacific white shrimp
Litopenaeus vannamei reared individually, which exhibited substantial inter-individual
differences in DFI, FER, and ADG; furthermore, high heritability estimates for these traits
were reported [31]. Strong correlations between feed efficiency and growth rate have also
been documented in terrestrial animals and fish, underscoring the general relevance of this
relationship across species [93–95].

4.5. The Influence of Molting on Shrimp Feeding

Molting significantly influences the feeding behavior of shrimp. Unlike terrestrial
animals and fish, shrimp demonstrate considerable day-to-day variability in feed intake
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throughout the production period. This study found that the shrimp’s DFI exhibits a
cyclical pattern aligned with their molting cycle. It is well-documented that penaeid shrimp
reduce feeding activity in the initial stages before and during molting [96,97]. Typically,
the highest activity levels occur during the intermolt phase, decreasing as the shrimp
approach the premolt phase, eventually reaching a state of inhibition; however, general
activity remains high. Feeding and general activity levels plummet during molting. After
molting, shrimp temporarily cease feeding, resuming normal activity as their exoskeleton
hardens, aligning with our observations [98]. Despite considerable daily variations in
individual feeding, the overall trend is consistent across individuals during each molting
cycle. This consistency suggests new feeding strategies for shrimp culture. Research has
indicated that adjusting the feed quantity based on molt status can optimize feed balance
and protein efficiency in L. vannamei, underlining the importance of tailoring feeding to the
molt cycle [99,100].

5. Conclusions

P. japonicus requires balanced nutrition for optimum growth. Despite the high protein
content in commercial feed, it may not sufficiently fulfill all growth requirements. Our
findings demonstrate that live food enhances shrimp growth, digestion, and immunity, and
even a small addition of live food to the commercial diet significantly improves growth
and immune function in P. japonicus. To our knowledge, this study is the first detailed
investigation into how live and formulated feeds differently influence the intestinal micro-
biota composition in Kuruma shrimp (P. japonicus). The results indicate that feeding live
feed increases the relative abundance of beneficial bacteria while decreasing opportunistic
pathogens compared to formulated feed. Additionally, complementary feeding of live
feed promoted a more tightly packed and complex network of intestinal flora in shrimp,
enhancing their response to complex environmental changes.

Individual-rearing has proven effective in assessing the growth, feeding performance,
and feed evaluation of P. japonicus. This approach allows for detailed growth and feeding
data collection from individual shrimp, reducing the influence of non-dietary factors.
Consequently, it offers a novel method for feed assessments and enables the exploration of
individual growth and feeding variations. Additionally, the daily feed intake of P. japonicus
shows consistent cyclical changes aligned with their molting cycle. These insights suggest
that the nutritional profile of commercial feed is insufficient compared to live food, and the
strategic inclusion of live food can significantly improve culture efficiency. The method
of individual-rearing can effectively evaluate the growth and feeding performance of P.
japonicus and conduct feed evaluation studies. Adjusting the diet based on the shrimp’s
molting cycle could also optimize feed usage and enhance culture outcomes.
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