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Abstract: In this study, we evaluated how gut microbes associated with hepatopancreatic and gonadal
expression genes impact on growth traits in different sex of M. rosenbergii. By comparing the relative abundance
of gut microbes between the male (high weight gain, HIWG) and female (low weight gain, LoWG) animals, we
have shown that at the phyla, family and genera level, the abundance of microbes existed significantly
difference between both group. At the genera level, the abundance of Candidatus Hepatoplasma and unidentified
Chloroplast lower in the LoOWG animals than in the HIWG animals, and Lactobacillus and Ligilactobacillus have
opposed trend. The abundance of Candidatus Hepatoplasma and unclassfied Chloroplast was associated with the
growth traits in the HIWG group. The Lolium perenne microbial species belong to unclassfied Chloroplast genera
have tight association with Ralstonia pickettii, both might association on Geobacter anodirecteducens abundance,
which correlation with the expression of glutathione peroxidase and collagen, which were highly expressed in the
hepatopancreas and gonads of HiWG group animals of M. rosenbergii and might promote growth and
development. These associations were not detected in the female LoWG group.

Keywords: Macrobrachium rosenbergii; growth trait; gut microbiome

1. Introduction

M. rosenbergii, a major freshwater aquaculture prawn species, has become the primarily-
consumed freshwater prawn in the world due to the rapid increase in annual yields (Hossain et al.
2017). Although the M. rosenbergii industry has expanded dramatically in the past decades (Ahmed
et al. 2010), there is still a big difference in the average yield per unit compared with other shrimp
species (Siddiqui et al. 1996; Sui et al. 2019), such as Penaeus vannamei (Martinez-Cordova et al. 1997).
There are also significant gender differences in the growth rate and other growth traits between males
and females in M. rosenbergii (Dan and Ziva, 1983; Kumar et al. 2000; Dinh and Nguyen,
2014).Therefore, the factors influencing the growth of M. rosenbergii still need to be further explored
to provide the theoretical basis for improving molecular breeding rapidly (Sui et al. 2019).As a
sexually dimorphic organism, the growth rate of male prawns were significantly higher than those
of female prawns (Dinh and Nguyen, 2014). The growth rate of prawns heavily depend on the
secretion capacity of digestive enzymes (Dong et al. 2001; Jun-jie et al. 2006; Silva et al. 2018) and the
diversity of intestinal microorganisms (Moss et al. 2000; Landsman et al. 2019). Recent studies on
the digestive glands and gut microbes have shown that the coordination between the secretion
capacity of enzymes (Habte-Tsion et al. 2013; Belsare et al.2017) and the activity of microbes is
associated with feed conversion ratio and growth in multiple animals, and it might provide novel
methods and strategies for the selection of high growth ratio populations in aquaculture animals.
Concurrently, studies have shown that the intestinal microbes of shrimps assist food digestion and
improve disease resistance, respectively (Cornejo-Granados et al. 2017). Therefore, further research
to find out the coordination of the digestive glands, intestinal microbiome, and sex glands of different
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sexes in M. rosenbergii, which may cause the differences in the growth performance of different sexes
of M. rosenbergii, is very important for improving the efficiency of feed conversion and for improving
the growth rate of M. rosenbergii.

Sexual dimorphism of growth traits is quite common in aquatic animals and has been found in
fish, shrimps and crabs (Davey and Jellyman, 2005; Tang et al. 2019). However, how the growth
advantage is gained by males varies among aquatic animals. Previously, quantitative PCR and
microbial taxonomic studies have shown that gut microbes are related to the growth traits of
organisms (Carani, 2014; Huang et al. 2016). The potential role of gut microbes in the growth of
aquatic animals is still under investigation. Gender differences in growth traits and digestive function
in shrimps have been observed, and such gender differences in M. rosenbergii are more significant,
especially after adulthood (Tang et al. 2019). Transcriptome analyses of intestinal and digestive
glands have shown that there are significant differences in the expression of digestive enzymes
between male and female digestive glands, and there is a significant association between the
expression of digestive enzymes and the growth traits of male and female shrimps (Martinez-Alarcén
et al. 2019). In addition, gut microbes are also a major cause of gender phenotypic differences in
aquatic animals (Landsman et al. 2019). However, due to the poor reproducibility of gut microbe
analysis, few microbes were reported to be significantly associated with gender phenotype
differences. Although there are conservative differences in the types of gut microbes, previous studies
have shown that the metabolomics characteristics of gut microbes are significantly conserved, and
they also have a great contribution to the phenotypic characteristics of organisms (Xue et al. 2022).
Whether there is an association between the digestive gland transcriptome and gut microbiome of
prawns, which would affect the growth traits of different sexes, still remains unclear.

At present, whether there is a significant functional coordination between the differentially
expressed genes of the digestive gland and gut microbial diversity, which would impact on the
growth traits of male and female prawns, still remains unclear. Therefore, it is necessary to integrate
phenotypic differences, transcriptome data, and gut microbiome diversity to evaluate the
mechanisms underlying the differences in growth traits between male and female in M. rosenbergii.
The revelation of these mechanisms will help us to further understand the causes for the growth
differences between males and females, and to select prawns with significant advantages in growth
rate in M. rosenbergii.

2. Methods and materials

2.1. Animals and samples

The experimental animal protocol was approved by the Laboratory Animal Welfare and Ethics
Committee of Zhejiang Academy of Agricultural Sciences (Hangzhou, China). The analyses of the
gut microbe diversity, digestive gland and sex glands transcriptomes of M. rosenbergii were
conducted in our study. Ten male and 10 female prawns, which were sexually mature, but had not
brooded, were selected from a brood stock of 20,000 prawns reared for 182 days in a breeding farm
(Xiangshan, China). The 20 animals were transferred to an indoor culture environment with a
controlled-temperature of 28 °C, and were fed with 5% of the total weight as described previously
(Claudio et al. 1997). The male prawns were fed 33 g per day as the high weight gain group (HIWG),
and the female prawns were fed 17 g per day as the low weight gain group (LoWG). After two weeks
of feeding, all animals were measured for body weight (BW), body length (BL), carapace length (CL),
and absolute weight gain(WG), and 10 animals were selected as the experimental subjects of HIWG
and LoWG group respectively. At-test of absolute weight gain showed the sample size enabled 99.6%
power and a type 1 error of 1% (effect size = 0.761 and Cohen's d = 2.35).

2.2. 165 rDNA sequencing and data processing

The animal’s gut content was collected from the dissected intestines of 20 prawns, and sent to
Novgene Bioinformatics Technology Co., Ltd (Tianjing, China). Total bacterial DNA extraction and
sequencing were performed according to standard protocols. Briefly, genomic DNA from each
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sample was extracted using CTAB/SDS method. DNA concentration and purity was monitored on
1% agarose gels. According to the concentration, DNA was diluted to Ing/uL using sterile water. 165
rRNA gene fragments were amplified using a 341f/806r primer set targeting the V3 and V4 regions
of bacterial 16S rDNA (341f: 5'-CCTAYGGGRBGCASCAG -3, 806r: 5'-
GGACTACNNGGGTATCTAAT-3') (Giuseppe et al. 2003; Qiong et al. 2007). All PCR reactions were
carried out within 15 pL of Phusion® High-Fidelity PCR Master Mix (New EnglandBiolabs).
Sequencing libraries were constructed using a TruSeq® DNA PCR-Free Sample Preparation Kit
(Ilumina, USA). The library quality was assessed on the Qubit@ 2.0 Fluorometer (Thermo Scientific)
and the Agilent Bioanalyzer 2100 system. The library was sequenced on Illumina MiSeq 2x250
platforms according to the published protocol. Sequencing reads were assembled using FLASH
(V1.2.7) (Mago¢ and Salzberg, 2011). The quality filtering of the raw reads were performed on
QIIME(V1.9.1) as described (Gregory et al. 2010). All reads were compared using UCHIME algorithm
to detect chimera sequences, and then the chimera sequences were removed. After the valid reads
were finally obtained, operational taxonomic units (OTUs) were picked using the de novo OTU
picking protocol with a similarity threshold of 97% by Uparse software (Uparse v7.0.1001) (Edgar,
2013).

2.3. Digestive gland transcriptome sequencing and data processing

Five male and five female prawns were firstly anesthetized by putting on ice for 1 min. After
anesthetizing, the samples of eye-stalk, heart, muscle, hepatopancreas, stomach, testis, ovary, big
claw, gill, androgenic glands of each shrimp were collected separately and dissected, and pooled by
sex. Total RNA was extracted from each type of samples using an RNeasy Plus Micro Kit (QIGEN
Group, Germany). Five micrograms of total RNA extracted from each type of pooled samples were
used for the construction of Iso-Seq libraries for 3¢ generation sequencing, respectively. The Iso-Seq
libraries were prepared according to the Isoform Sequencing protocol (Iso-Seq) as described by
Pacific Biosciences (PN 100-092-800-03). Sequencing was performed on a PacBio Sequel platform. The
raw read data were generated by PacBio Sequel, and were processed using the SMRTlink 7.0
software. The circular consensus sequences (CCSs) were generated from the sub-reads and then the
output reads were classified into full-length and non-full length reads. Full-length reads were
corrected using the Illumina RNAseq data with the software LoRDEC to obtain final transcripts. The
function of each transcript was annotated with NR, NT, Pfam, KOG/COG, Swiss-Prot, KO and GO,
and analyzed by BLAST. The e-value ‘le-10'was set to construct a unique library with gene
identifications for the expression level of each analyzed functional gene.

A total quantity of 3 pug RNA per sample was used as the initial material for RNA sample
preparation. RNA was used to generate sequencing libraries with various index labels using a
NEBNextUltra™ Directional RNA Library Prep Kit. The clustering of index-coded samples was
carried out on a cBot cluster generation system. After cluster generation, the libraries were sequenced
on an Illumina Hiseq 4000 platform (Illumina, San Diego, CA, USA) and 150 bp paired-end reads
were generated. All data generated by this study have been deposited in Gene Expression Omnibus
(GEO) with the accession code: GSE212385. Additional nucleotide errors in consensus reads were
corrected using the Illumina RNAseq data with the software LoRDEC. After correction, the
expression levels of each gene were analyzed, and read counts from each sample presented by FPKM
values were obtained and used for following analysis.

2.4. Bioinformatics and statistical analysis

For each representative 16S sequence, the Silva Database (http://www.arb-silva.de/) (Christian
etal. 2019) was used to annotate taxonomic information based on Mothur algorithm. In order to study
the phylogenetic relationship of different OTUs and the difference of the dominant genera in different
samples, multiple sequence alignments were conducted using the MUSCLE software (Version 3.8.31,
http://www.drive5.com/muscle/) (Edgar, 2013). OTUs abundance was normalized using a standard
of sequence number corresponding to the sample with the least sequences. Subsequent analyses of
alpha diversity and beta diversity were performed based on this normalized output data. Alpha
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diversity was applied to analyze the complexity of species diversity through6 indices, including
Observed-species, Chaol, Shannon, Simpson, ACE, Good-coverage. All these indices in our samples
were calculated with QIIME (Version 1.9.1) and presented with R (Version 2.15.3). Beta diversity
analysis was used to evaluate the differences of samples in species complexity. Beta diversities
assessed by both weighted and unweighted UniFrac were calculated by QIIME software (Version
1.9.1).

Differential expression analysis of each gene between the two groups was performed using the
R DESeq package (1.10.1). The resulted P values were adjusted using the Benjamini and Hochberg’s
approach to control the false discovery rate. Genes with an adjusted P-value <0.05 found by DESeq
were assigned as differentially expressed genes (DEGs).Quantitative reverse transcription PCR (qRT-
PCR) was performed in triplicate for each sample using a Power SYBRGreen RT-PCR Reagents Kit
(Applied Biosystems, Carlsbad, CA, USA). Actin was used as a reference gene. Quantification of all
chosen mRNA expressions was conducted using the comparative CT method.

In order to find the differences between the groups under each classification level (Phylum,
Class, Order, Family, Genus, Species), we did the Wilcoxon rank-sum test between the two groups
(P value < 0.05). Growth traits were compared between the two groups using a one-way ¢ test (P value
<0.05). We selected the top 100 microbial genera to calculate the correlation coefficients with Pearson
method, and then selected those with the significant (P-value<0.05) correlation coefficients greater
than 0.6 or less than -0.6. According to the results of the correlation analysis, the networks were
visualized using Cytoscape to reveal the relationship between the gut microbes and digestive gland
DEGs or growth traits, in which the genus-level bacteria taxa with a relative abundance >0.01% were
used in the correlation analysis, and only those with a correlation coefficient> 0.3 or <-0.3 and a P
value< 0.05 were used in co-occurrence network analysis.

The third-generation transcriptome sequencing generated a total of 82.8 Gb and 148.5 Gb of raw
data for male and female animals, respectively, which were used to establish the reference gene
sequences and annotations of male and female adult prawn whole transcriptome. Taking the third-
generation transcriptome sequencing results as the reference, the second-generation sequencing
analysis of the digestive glands and gonad transcriptomes of 10 shrimps (5 males and 5 males) was
performed, and the average raw data of each type of sample was 1.51 + 0.28 Gb. After assembly, a
total of 30,260 unique transcribed genes were obtained, and 26,401 functional annotations were
completed.

3. Results

3.1. Animal growth traits, 165 characteristics of gut microbes and the statistics of transcriptome data

The experimental animals were fed with the same amount of feed every day to ensure there were
no surpluses of feed for the animals, so that there were no differences in relative feeding amount (P
> 0.05).However, after the feeding experiment, there were significant differences between HiWG
(male animals) and LoWG (female animals) groups in 4 growth traits: absolute gain weight (GW),
body weight (BW), body length (BL) and carapace length (CL). The HiWG prawns had a better
performance than the LoWG prawns in the 4 traits (P < 0.01) (Figure 1A). The two groups of M.
rosenbergii did not differ in the relative growth ratio (GW/BW prior to the experiment) (P > 0.05).
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Figure 1. Comparison of growth trait data and gut bacterial taxa identified by 16s RNA sequencing
between the HiIWG and LoWG groups. Absolute gain weight (GW), body weight (BW), body length
(BL) and carapace length (CL) were compared using the t-test (A). The 10 most abundant bacterial
phyla (B), 10 most abundant bacterial family (C), and 10 most abundant bacterial genera (D) were
shown. The Wilcoxon rank-sum test or t test was used for mean comparison. *P < 0.1, **P <0.05.

A total of 37.2 Gb of raw sequencing data were obtained from 16S gut microbiome sequencing,
with an average of 1.7 + 0.3 Gb of raw data and 83,371 reads per sample (Table 1). A total of 36.1 Gb
of clean data were retained after quality filtering and removing redundant reads. After trimming the
reads, 82,549 reads were obtained on average. After quality control, an average of 67, 106 valid reads
were obtained. All the valid reads were clustered into OTUs (Operational Taxonomic Units) with
97% identity, and a total of 3,207 OTUs were obtained, among which 1,429 OTUs were annotated to
the genera level.
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Table 1. Summary of 16S sequencing data.

Samples Raw Reads Clean Percent of Raw Combined Avg len(bp)
Reads After QC  Reads Reads Base (bp)
M_1 76,572 75,525 73,923 97 31,972,529 423
M_2 93,276 92,943 91,410 98 39,665,221 427
M_3 85,249 84,239 82,615 97 35,704,576 424
M_4 85,772 84,836 83,122 97 36,052,131 425
M_5 83,747 83,088 81,442 97 35,224,899 424
M_6 81,666 80,814 79,266 97 34,292,685 424
M_7 83,560 82,339 80,770 97 34,721,445 422
M_8 91,816 91,446 89,938 98 38,774,502 424
M_9 78,963 76,914 75,060 95 32,340,659 420
M_10 62,424 61,029 59,572 95 25,832,115 423
F_1 64,308 62,805 61,146 95 26,599,649 424
F 2 83,589 83,549 82,172 98 35,196,754 421
F_3 87,626 86,937 85,372 97 37,107,699 427
F 4 96,123 96,114 94,697 99 40,550,962 422
F 5 86,936 85,955 84,729 97 36,088,150 420
F 6 93,045 92,924 91,425 98 39,274,389 423
F 7 81,241 81,019 79,468 98 34,038,359 420
F_8 85,989 85,117 83,283 97 36,230,851 426
F_9 90,110 89,011 86,804 96 37,882,353 426
F 10 75414 74372 72,978 97 31,512,108 424
Total 1,667,426 1,650,976 1,619,192 1,941 699,062,036 8,469
Mean 83,371 74,372 51,292,360 99 99 99
SD 8,756 3,247,250 3,247,465 0 0 0
SEM 1,958 726,107 726,155 0 0 0

3.2. Gut microbiome diversity determined by 16Ssequencing

The whole microbial NMDS analysis, which based on 16Ssequencing, revealed 3 clusters (Stress
= 0.123) between the two groups. Analyses of 16S sequencing results from the gut microbiome
identified a total of (83371+8756 sequences per sample) 57 phyla, 683 genera, and 3207 species of
bacteria (data not shown), of which top 10 phyla, 10 family, 29 genera were used for the main bacterial
analysis in this study (each taxa with a relative abundance >0.5% in at least one sample) (Table 2).
Two of these major bacterial phyla significantly differed in the relative abundance between the HIWG
and LoWG groups (P < 0.05) (Figure 1B). At the family level, the abundance of Latobacillaceae and
Rhodobacteraceae were more abundant in LoWG than in the HIWG group (P <0.05) (Figure 1C). At the
genera level, unclassified Chloroplast and Candidatus Hepatoplasma were more abundant in the HIWG
animals than the LoWG (P < 0.05) (Figure 1D).

Table 2. Predominant phyla, genera, family of microbial identified in the 16S.

Taxa name HiWG HiWG LoWG LoWG Adjusted P
Mean SEM Mean SEM J

Bacterial taxa (%)

Phyla
Proteobacteria 53.1297 6.3318 37.6731 5.7137 0.0868
Firmicutes 29.5914 5.6405 43.4210 4.8073 0.0788
Cyanobacteria 3.0797 1.3399 0.5254 0.2673 0.0919
Bacteroidota 1.4351 0.2252 2.1690 0.7803 0.3865
unidentified_Bacteria 1.6541 0.2910 2.7085 0.4995 0.0889

Actinobacteria 1.5417 0.2751 1.6255 0.3646 0.8566
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Campylobacterota 0.0043 0.0024 0.7399 0.4265 0.1187
Desulfobacterota 0.5377 0.2235 0.4397 0.1281 0.7092
Chloroflexi 0.4303 0.1186 0.5593 0.1909 0.5742
Acidobacteriota 0.2378 0.1055 0.4611 0.1422 0.2246
Family
Enterobacteriaceae 23.2514 8.1339 16.5275 6.5691 0.5286
Aeromonadaceae 21.1362 8.0862 10.9639 4.2364 0.2845
Streptococcaceae 12.4784 4.0837 19.2597 3.9061 0.2457
umde““ﬁedjé‘stom‘)plasmat 96770 33075 42299 17712 0.1689
Lactobacillaceae 0.1058 0.0329 10.8595 4.3907 0.0368
unidentified_Chloroplast 3.0589 1.3372 0.5132 0.2664 0.0923
Burkholderiaceae 2.2766 0.7630 2.2447 0.6699 0.9753
Enterococcaceae 1.1623 0.4529 1.5660 0.7085 0.6379
Erysipelotrichaceae 1.1862 0.4884 1.1310 0.6086 0.9445
Rhodobacteraceae 0.5931 0.1447 1.5901 0.4991 0.0826
Genera
Citrobacter 21.0443 7.1495 16.2914 6.5735 0.5706
Aeromonas 21.1353 8.0863 10.9630 4.2365 0.4359
Lactococcus 12.4164 4.0829 19.0958 3.9278 0.2176
Candidatus_Hepatoplasma  9.6770 3.3075 4.2299 1.7712 0.0892
Lactobacillus 0.0154 0.0125 5.7691 2.3568 0.0549
unidentified_Chloroplast 3.0589 1.3372 0.5132 0.2664 0.0147
Ligilactobacillus 0.0128 0.0074 4.0450 1.6643 0.2083
Ralstonia 1.9932 0.6661 1.9298 0.5852 0.9118
Enterococcus 1.1615 0.4530 1.5660 0.7085 0.3930
ZOR0006 1.1362 0.4949 1.1007 0.6097 0.2897

3.3. Gut microbial functions determined by 16S sequencing

The correlation analysis of the beta diversity index of each sample showed that different groups
were significantly clustered together (Figure 2A). The functional analysis of gut microbes showed
that the main functions of gut microbes in the two groups were enriched in the transmembrane
transport pathway, followed by carbohydrate metabolism and amino acid metabolism pathways
(Figure 2B). The analysis of intestinal hygiene function between the HIWG and LoWG groups found
that the terms of amino acid metabolism, membrane transport, glycan synthesis and metabolic
pathways were significantly higher in the HIWG group with a high growth rate than the LoWG group
with a low growth rate, while the lipid metabolism and endocrine metabolism were significantly
higher in the HiIWG group than that of LoGW group with a low growth rate. An opposite trend in
the term of energy metabolism was observed (Figure 2C).
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Figure 2. The function analysis of gut microbiome. The microbial clustering at the specie level. (A).
The relationship of all gut microbiomes (B). The functions of gut microbiotome in each sample (C).
Heatmap of functional clustering of gut microbiomes across different groups (D).

3.4. Digestive glandular and gonadal DEGs and functional analyses

A total of 1779 DEGs were identified between the hepatopancreas and gonad of the two groups
of M. rosenbergii (Supplementary Table S1 and Figure 3A). According to the DEG analysis results, in
the hepatopancreas, the expression levels of 43 genes were found to be significantly higher in the
HiWG group than in the LoWG group, and only 3 genes were highly expressed in the hepatopancreas
of the LoWG group (Figure 3A). In the gonads of M. rosenbergii, 1173 genes were identified to be
significantly highly expressed in the testis of the HIWG group than the gonad of the LoWG group.
560 differential genes were expressed at a higher level in the LoWG group (Figure 3B). To further
investigate the functions of DEGs in the digestive glands and gonads, GO and KEGG enrichment
analyses of the identified hepatopancreatic DEGs and gonadal DEGs were performed, respectively.
The hepatopancreatic DEGs were significantly enriched in four GO terms, including phosphatase
activity, phosphoric ester hydrolase activity, metallocarboxy peptidase activity, and metalloexo
peptidase activity, which were related to digestion, absorption and molecule transport processes
(Figure 3C). The KEGG pathway analysis of these DEGs revealed that they were significantly
enriched in the pathways of folate biosynthesis, vitamin digestion and absorption, and biotin
metabolism (Figure 3E). The analysis of gonadal DEGs showed that the testis DEGs functioned in the
terms of cellular component organization, cell cycle, and organelle composition as shown by the GO
analysis (Figure 3D), while KEGG Pathway analysis showed significant enrichment in ECM-receptor
interaction, folate biosynthesis, protein digestion and absorption and other pathways. In addition,
the upregulated genes in the LoWG animals’ ovaries were significantly enriched in Ubiquinone and
other terpenoid-quinone biosynthesis and Jak- STAT signaling pathway, which are related to lipid
metabolism (Figure 3F).
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3.5. Gut microbial interactions and their associations with growth traits

Spearman analyses were conducted on the correlations of the four growth traits with the top 10
abundant gut microbial in family and genera level, and the results showed that unclassified
Entomoplasmatales and Chloroplast in family level, and unclassified Chloroplast and Candidatus
Hepatoplasma in genera level were highly enriched in the HiIWG group were significant positive
correlations (P<0.05) with the body weight (BW) and gain weight (GW) were observed, and the
correlation coefficient between unclassified Chloroplast and Candidatus Hepatoplasma with GW
reached 0.525, 0.545 respectively (Figure 4A). The correlation network analysis was carried out with
10 selected gut microbial in family and genera level. Correlation network analysis revealed a total of
25 significant associations were found. Among them, 10 gut microbial family and genera presented
tight associations. Two gut microbial in family and genera level were found tightly association with
other microbial in HIWG group, and two gut microbial in family and genera level also found tightly
association with other microbial in LoWG respectively (Figure 4B and 4C).

The results of correlation network analysis in family level showed that there were 6 co-
occurrences with a negative spearman coefficient, and the minimum spearman coefficient reached -
0.582. The correlation network analysis in genera level showed that there were 4 co-occurrences with
a positive spearman coefficient, and the maximum spearman coefficient reached 0.848 between
ZOR0006 and Enterococcus. The top four key gut microbial genera are unclassfied Chloroplast,
Lactobacillus, Aeromonas and Ligilactobacillus (Figure 4B). Among the positive co-occurrences, the
smallest significant spearman coefficient was 0.463 and was detected between Candidatus
Hepatoplasma and unclassified Chloroplast (Figure 4C). Candidatus Hepatoplasma and unclassified
Chloroplast exhibited positive correlations in the HIWG group, and exhibited negative correlations in
the LoWG group. Lactococcus and Ligilactobacillus exhibited opposite trend in this study.
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Figure 4. The correlation between gut bacterial in family, genera level and growth traits and the
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bacterial in family level in both group, and network of significant association among gut bacterial in
the top 10 family (B). Venn diagram of highly enriched bacterial in genera level in both group, and
network of significant association among gut bacterial in the top 10 genera (C). Note: The red line

indicates significant positive associated relationship, and the blue line indicates negative associated relationship.

3.6. Interaction between gut microbes with DEGs from the hepatopancreas and gonads

The 4 gut microbial genera, which had tight relationships with the 4 phenotypic traits at the 90%
confidence level in adult M. rosenbergii, were selected to conduct the association analysis with the
hepatopancreatic and gonadal DEGs. The results showed that 4 gut microbial genera have no directed
correlation with all DEGs from the hepatopancreas and gonads. For further exploring the interaction
between gut microbes with DEGs, the correlation analysis between gut microbial in species level with
DEGs from the hepatopancreas and gonads were conducted. Among all gut microbial species, the 9
gut microbial, which all had tight relationships with the 4 phenotypic traits, were selected. The results
showed that the Lolium perenne miacrobial species belong to unclassified Chloroplast microbial genera
which existed a 0.27 relationship coefficient with Ralstonia microbial genera, might associated with
Ralstonia pickettii, and both associated undirected with Geobacter anodirecteducens which had a
significant correlation with GW in the HIWG group, had a significant negative correlation with the
expression level of cathepsin C in the hepatopancreas. The relative abundance of the gut microbial
species, Geobacter anodirecteducens, presented a negative correlation with C type lectin super family gene
17Ain the HiWG group (Figure 5A). A positive correlation between superoxide dismutase gene and
Lactococcus garvieae abundance, which was highly enriched in LoWG group and belong to
Lactobacillus genera, was identified. The abundance of Oryza meyeriana, which was enriched in the
HiWG group and belong to unclassified Chloroplast microbial genera, was associated with Ras related
protein Rab-11A expression, which was highly expressed in the ovary of the LoOWG animals. There
was a significant positive correlation between the expression level of arachidonic acid 5-
lipoxygenaseand glutathione peroxidase genes and Oryza meyeriana abundance (Figure 5B). The
abundance of Lolium perenne, Ralstonia pickettii, Pseudomonas azotoformans and Geobacter
anodirecteducens, which were highly enriched in the gut of the HiWG group, had a significant
correlation with the genes highly expressed in the testis of the HIWG prawns, among which Geobacter
anodirecteducens has a key role in promoting protein digestion and absorption (Figure 5C) and the
COL9A gene expression was positively correlated with its abundance strongly, and have strongly
negative correlated with the genes involved in fatty acid biosynthesis and metabolism pathway,
indicating that the gut microbiota and specific gene expression in the testis of male prawns could
coordinately promote the digestion, absorption and metabolism of amino acids and inhibit fatty acid
synthesis, thereby providing a large amount of amino acid as raw materials for protein synthesis
needed to increasing the growth for male shrimp.
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Figure 5. Associations of bacterial diversity with hepatopancreatic and gonadal DEGs and .
Associations of bacterial diversity with hepatopancreatic DEGs (A). Associations of bacterial diversity
with gonadal DEGs (B and C). The microbes in red are more abundant in the HIWG group and the
genes in red have higher expression level in the HIWG group, and the microbes or genes in blue are

more abundant or have higher expression level in the LoWG group.

4. Discussion

M. rosenbergii, the third highest freshwater aquaculture production in China and in the world, is
an important source of high-quality animal protein for human, and its global production increases
5% annually owing to its growth rate advantage (Hossain and Chakraborty, 2017). Consistent with
the dimorphic characteristics of body size in most aquatic animals, there are also significant gender
differences in the body size of adult M. rosenbergii (Carlson and Langkilde, 2017). In the same rearing
environment, sexually mature male prawns are significantly larger than female prawns, and their
weights can be 2 to 3 times of the female animal (Barki et al. 1997), which is consistent with the results
of this study. At the same time, this study found that the absolute weekly-gain weight of sexually
mature male M. rosenbergii was also significantly higher than that of females, but there was no
significant difference in gain weight rate after sexual maturity. This result indicates that the difference
in the growth rate between the sexes primarily happens at the youth developmental stage before
sexual maturity. The causes for the differences in the sexually dimorphic growth traits of M.
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rosenbergii are a hot topic in the field (Chong et al. 2019). Studies on the determination of sexual
development are a key direction to explore the phenotypic differences of M.rosenbergii (Wilhelm and
Pask, 2018). The different levels of hormones secreted by the gonads of M. rosenbergii result in
differences in the differentiation and proliferation of male and female cells (Ren et al. 2021), which
ultimately lead to differences in the growth rate and the characteristics of morphological differences.
Regarding the impact of gut microbes on growth traits, studies on other aquatic animals have shown
that gut microbes have a significant impact on animal growth and development. In addition, gut
microbes also affect the immune system of shrimps, which in turn affects their development, leading
to phenotypic differences.

Microbes in the animal gut are thought to be important drivers of several metabolic processes in
the host, including those related to growth and development. Therefore, the characterization of the
microbial flora is a very attractive topic for aquaculture research. The association between the gut
microbiome and growth traits has been investigate recently and reported not only in aquatic animals,
but also in other vertebrates (Elin et al. 2018). A report on shrimp gut microbes has shown that the
polymorphism of gut microbes can not only affect the digestive process of shrimps (Wen-Fang et al.
2018), but also improve the health by influencing the immune system, thereby achieving rapid
growth and development (Yilong et al. 2019). Since the survival rate and disease resistance of shrimps
are directly related to growth traits, the current research on how shrimp gut microbes promote
growth mainly focuses on the regulation of shrimp gut microbes on animal health, and their indirect
effects on animal growth and development (Seibert and Pinto, 2012; Chaiyapechara et al. 2012). A
previous study shows that at the phylum level, Gamma proteobacteriais the major component of the
gut microbes of tiger shrimp and Litopenaeus vannamei (Chaiyapechara et al. 2012; Rungrassamee et
al. 2016), while our study found that the intestinal microbes of M. rosenbergii are mainly enriched with
two similar contents, Proteobacteria and Firmicutes. Their abundance accounted for more than 87%
of the gut microflora of M. rosenbergii, which is similar to the gut microflora of mouse (Guo et al.
2021). An investigation on shrimp gut microbes show that the main shrimp gut microbes primarily
regulate growth performance and immune ability by regulating processes such as carbohydrate and
protein digestion and metabolism, as well as the susceptibility of the digestive tract to foreign
pathogens (Holmes et al. 2007). In this study, we also found that the gut microbes of male prawns
were significantly enriched with pathways of protein digestion and absorption, and the gut microbes
of the female group had a significant advantage of lipid metabolism. This result further explained the
reasons for the different growth and development in different sex shrimp from the perspective of gut
microbes.

Further correlation analysis of gut microbes in our study found that Candidatus Hepatoplasma,
unclassified Chloroplast were highly enriched in the male group, and Lactobacillus and Ligilactobacillus
were highly enriched in the female group. The abundance of these gut microbes was associated with
the growth traits. The two bacteria genera highly abundant in the male gut were associated with 6
other bacteria genera and 4 phenotypics, and participated in pathways of protein digestion and
amino acid metabolism, while the female group also had two bacteria genera existed negative
association between abundant with phtenotypic traits. Further investigation of the relationship
between gut microbes with digestive glandular and gonadal DEGs revealed that Lolium perenne and
Ralstonia pickettii might association on Geobacter anodirecteducens abundance, a flora enriched for
amino acid metabolism and protein metabolism in males, was tightly associated with collagen gene
expression, which was differentially expressed in the gonads with a function of protein digestion and
absorption. This association indicates that the male gut microbe, Lolium perenne, Ralstonia pickettii,
Geobacter anodirecteducens, can coordinate with collagen to regulate protein digestion, absorption and
metabolism. The other gene associated with the abundance of Geobacter anodirecteducens is lectin gene,
whose protein product promotes the accumulation of proteins, thereby promoting growth. In
addition, the higher expression of arachidonic acid 5-lipoxy synthase in the male hepatopancreas also
has a tight relationship with gut microbe, Oryza meyeriana, which can inhibit lipids, promote lipid
metabolism, and accelerate growth. An opposite correlation was observed in the females in our study.
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Candidatus Hepatoplasma belongs to the phyla Desulfobacter of gram-negative bacteria, a group of
microorganisms that are widespread in the environment (Roling et al. 2001; Holmes et al. 2007). It
has been reported that these microorganisms can enhance protein synthesis (Wilkins et al. 2011).
Another gut microbe that is highly enriched in the fast-growing male prawns identified in this study,
Oryza meyeriana, is a gram-negative bacterium of phyla Proteobacteria that can promote metabolism
and improved disease resistance (Barve, 2013). As the main cultured species of freshwater prawns,
M. rosenbergii, like other crustaceans, has a strong demand for protein metabolism at the early stage
of growth (Denis et al. 1998), and protein intake determines the size of weight gain (Nasir and Allen,
2002). In addition, studies on Lifopenaeus vannamei have also shown that the protein metabolism
pathways of shrimps that are beneficial to animal growth and development under stress response
conditions are significantly improved (Chang et al, 2017). This study confirmed that the rapid growth
and development of M. rosenbergii also depends on key genes in the hepatopancreas and gonad to
promote protein digestion and absorption, and these genes can coordinate together with gut microbes
to promote protein absorption and metabolism, thereby promoting the rapid growth and
development of prawns. Our study found that collagen gene is highly expressed in the higher weight
gain group, which is consistent with L. vannamei under stress conditions (Atrux-Tallau et al. 2011).
And our study also found that collagen expression had a significant association with the gut microbe,
Geobacter anodirecteducens. In addition, the highly expressed gene glutathione peroxidase found in the
high weight gain group was also inhibited before female sexual maturity in other organisms,
indicating that after sexual maturity of female prawns, the ovary needs to synthesize a large amount
of lipids to store energy. And glutathione peroxidase, which is necessary for the lipid metabolism, has
a inhibitory effect on growth (Simsek et al. 1998), which also indicates that the rapid growth and
development before sexual maturity of M. rosenbergii mainly depend on the accumulation of protein,
supplementation of lipids. And the gut microbes may supplement this function.

5. Conclusion

In the absence of a host reference genome, 16s RNA sequencing and transcriptome profiling are
currently the best approaches to study the association between gut microbiome or differential genes
with the fast-growing trait. The correlation analysis showed that there were significant associations
among the gut microbes of M. rosenbergii, and the gut microbiota was also associated with the growth
traits of body weight and weight gain, both in the HiWG group and the LoWG groups. The
abundance of Geobacter anodirecteducens correlation with the expression of glutathione peroxidase and
collagen in HIWG group have synergistic and positive effects with the hepatopancreatic and gonadal
on protein digestion and absorption and might promote growth and development. These associations
were not detected in the female LoWG group.
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