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In Zhejiang province, large yellow croakers are primarily cultured in net cages, facing significant challenges during the overwintering period such as susceptibility to cold and starvation stress. Notably, the observable sexual dimorphism in the large yellow croaker hints at the likelihood of gender differences in their responses to these environmental stresses. However, the potential sex-specific adaptive changes during overwintering remain unexplored. To gain deeper insights, we investigated the expression of intestinal barrier-related genes, immune responses, and changes in intestinal microbiota during the overwintering period in males and females separately. The results revealed a more pronounced loss of body weight in females than that in males. In male intestines, there was a significant decrease in the expression of intestinal barrier-related genes (arp2/3, occludin, and zo1), contrasting with a significant increase in females. The expression of TLR1, TLR3, TLR7, TLR9, MyD88, and NF-κB genes in the intestines of female fish decreased significantly in March compared to November, while the opposite trend was observed in male fish. However, in the liver, TLR1, TLR3, TLR7, TLR9, MyD88, and NF-κB genes expression were both decreased significantly in males and females. In the male intestines, there was a significant increase in the expression of inflammatory cytokine genes (IL-1β and IL-6). In the females, IL-1β gene expression significantly decreased, while IL-6 expression increased significantly. The expression of IL-10 genes decreased in both males and females. In the liver, both the males and females exhibited a significant increase in the expression of IL-1β and IL-6 genes. Further analysis revealed greater susceptibility of male intestinal microbiota diversity during the overwintering period. Firmicutes’ relative abundance exhibited opposing changes between the males and females, and Proteobacteria abundance, driven by a significant increase in Vibrio bacteria, significantly increased in the males. In conclusion, the overwintering period may compromise the structural integrity of male fish intestines, reducing their immune function. Additionally, the response strategy of the intestinal microbiota differs between sexes. The findings provide crucial insights for crafting effective strategies and management decisions in cage-cultured large yellow croaker during the overwintering period, as well as offering theoretical references for monosex aquaculture.
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1 Introduction

Winter poses a substantial challenge to fish, especially those cultured in outdoor environments. The prevalence of low temperatures in winter significantly impacts the health and production of farmed fish. Periodically, fish may experience mass mortality attributed to conditions commonly referred to as “Winter Disease” or “Winter Syndrome” (Ibarz et al., 2010). The onset of these conditions is closely associated with low temperatures, serving as the primary precipitating factor. Fish affected by Winter Syndrome exhibit a distinctive pattern of multi-organ dysfunction, resulting in tissue damage, immune suppression, and metabolic depression. Additionally, the low winter temperature can trigger cold-induced fasting in fish, leading to specific physiological responses. Previous studies have demonstrated that starvation leads to a profound disruption of the digestive system (Ibarz et al., 2010). The intestine, serving as the primary organ for food digestion and absorption, also functions as a vital immune organ. The intestinal epithelial tissue, a pivotal component of the intestinal physical barrier, constitutes the first line of defense against infections and plays a crucial role in maintaining fish health. Moreover, exposure to low temperatures can trigger the activation of Toll-like receptors (TLRs), such as TLR3 and TLR5. This activation is concomitant with the initiation of the NF-κB signaling pathway, leading to the overexpression of pro-inflammatory cytokines, including TNF-α, IL-6, and IL-1β (Chen et al., 2021). For instance, the pro-inflammatory cytokines interleukin-1β (IL-1β) and interferon-γ (IFN-γ) exhibited a substantial up-regulation in the spleens of rainbow trout exposed to low temperatures (Raida and Buchmann, 2007).

The intestinal microbiota is essential for the development and regulation of the immune system of the host (Tremaroli and Bäckhed, 2012; Sommer and Bäckhed, 2013). In their natural environment, fish experience complex physiological changes during overwintering, affecting various aspects including metabolism, immunity, and reproduction (Myers, 1949; Cunjak, 1988; Song et al., 2019). The intestinal microbiota is closely linked to fish physiology, with its fluctuations directly impacting the fish’s health (Liu et al., 2021). The large yellow croaker (Larimichthys crocea), widely cultured in China, is predominantly farmed using inshore cage culture methods (Luo, 2020). Zhejiang Province in China stands is the second-largest production area for large yellow croaker aquaculture, achieving a production of 35,000 tons in 2022. In recent years, rapid global climate change has resulted in extremely low winter temperatures in the southern coastal regions of China. In the northern region of Zhejiang Province, specifically Zhou Shan, sea temperatures can drop below 10°C in winter. Large yellow croakers are particularly sensitive to cold conditions, with reports indicating reduced activity and decreased food intake when the water temperature drops below 10°C (Yi et al., 1998).Previous studies have shown that the morphological structures of the digestive tract and liver in large yellow croaker change after overwintering (Wang et al., 2016). Our previous study found that low temperatures impact the antioxidant capability and heat shock protein expression in large yellow croaker (Lv et al., 2021). However, this experiment was conducted in a laboratory setting with temperature regulated by an automatic control system, but there is still a lack of studies in fish living in natural conditions.

Numerous studies have highlighted gender disparities in immune responses. Klein and Flanagan’s research demonstrated that in humans, women with acute HIV infections have lower viral RNA levels in their blood compared to men, alongside heightened phagocytic activity and antibody responses (Klein and Flanagan, 2016). Dou et al. revealed that the abundance of immune-related genes on the X chromosome plays a pivotal role in immune regulation, with these genes exhibiting higher expression levels in females (Dou et al., 2024). In murine models, studies by Dubois et al. using the NZB/NZW mice illustrated the impact of gender differences on autoimmune diseases like systemic lupus erythematosus, where female mice exhibited higher disease incidence and severity (Dubois et al., 1966). These findings not only shed light on gender differences in immune responses among humans and rodents but also underscore the necessity for further research. Notably, investigations into similar phenomena in fish remain unreported, indicating an unexplored area worthy of investigation.

In this study, we collected large yellow croakers from the cage during overwintering to investigate various aspects of their physiology. First, we analyzed the expression levels of genes associated with tight junction barriers in the intestines of both male and female individuals. Second, we examined the expression levels of genes related to Toll-like receptor (TLR) signaling and inflammation-related cytokines in the intestines and livers of both sexes throughout the overwintering period. Third, we investigated the dynamic changes in intestinal microbiota between males and females. By elucidating these aspects, our study aims to comprehensively elucidate how both male and female individuals adapt to low temperatures in winter, providing insights into the sexual dimorphism of large yellow croakers and establishing a theoretical foundation for their monosexual aquaculture.




2 Materials and methods



2.1 Experimental animal

This study obtained juvenile large yellow croakers, bred from fertilized eggs through natural spawning of the Dai-qu broodstock after the injection of luteinizing hormone-releasing hormone (LHRH)-A3 (Ningbo Second Hormone Factory, Cixi, China), from the Zhoushan Fisheries Research Institute in Zhoushan, China. Prior to commencing the experiment, the fish underwent a one-month acclimation period in a holding cage measuring 4 × 5 × 2 m, strategically positioned near Dengbu Island in Zhoushan to facilitate adaptation to the prevailing culture conditions. Subsequently, 1,200 juvenile large yellow croakers, 180 days post-hatch (dph) and averaging 72.35 ± 4.41 g in weight, were selected randomly and allocated evenly to six experimental cages (2 × 2 × 2 m), with 200 individuals per cage. The fish were fed three times daily with commercial feed. The components of this feed included 49.0% crude protein, 8.0% crude fat, 6.0% crude fiber, 16% ash, 3.2% lysine, 11% moisture, and 1.2% total phosphorus. Detailed environmental parameters can be found on Supplementary Table S1. The study was conducted from November 2021 to April 2022.




2.2 Sample collection

The experiment commenced on November 1st, and fish was sampled on November 1st, January 1st, March 1st, and April 1st. Prior to sampling, the fish underwent a 24-hour fasting period. In each cage, we randomly selected twenty individuals and measured their body weight and length. The fish were euthanized with MS-222 (tricaine methane sulphonate) before the dissection. Subsequently, a dissection was performed to observe the gonads and determine the sex of each individual. We sampled the liver, mid-intestine, and mid-intestinal contents following the methods described by Li et al. (2022). We cleaned the surface of each fish using 75% ethanol and then rinsed with sterile water. The mid-intestine was excised, and its contents were transferred into a 2 mL sterile tube. Initially, the mid-intestine was carefully transferred into a sterile culture dish, following which it underwent a meticulous dissection utilizing sterilized scissors. Thereafter, sterile phosphate-buffered saline was employed to gently lavage the mid-intestine, with the resultant contents being cautiously transferred into a sterile 2 mL tube. Similarly, liver and mid-intestinal samples were separately enclosed in 2 mL sterile tubes. All samples were immediately frozen in liquid nitrogen and stored at -80°C. The collected livers and mid-intestines were used for gene expression analysis, and the contents were analyzed for intestinal microbiota. In this study, fish samples were systematically categorized into eight groups based on the sampling month and gender. These groups included ‘Nov-M’ and ‘Nov-F’ for male and female fish sampled on November 1st, ‘Jan-M’ and ‘Jan-F’ for those sampled on January 1st, ‘Mar-M’ and ‘Mar-F’ for the samples taken on March 1st, and ‘Apr-M’ and ‘Apr-F’ for the samples taken on April 1st.




2.3 Growth indices

In the sampling process, twenty individuals were randomly selected from each experimental cage for the measurement of weight, body length, and total length. The calculation of Fulton’s K condition factor was performed using the following equation, which is in accordance with previous reports (Faggion et al., 2021):

	

where BW= body weight (g), and BL= body length (cm).




2.4 RNA preparation, cDNA synthesis, and quantitative real-time PCR

Total RNA from the liver and mid-intestine was extracted using the Total RNA Extraction Kit (Solarbio, China), with three replicates conducted for each sample during the reaction. The quality and concentration of total RNA were assessed with a NanoDrop-2000 (Thermo, USA). cDNA synthesis for each sample was performed using the PrimeScript™ RT Reagent Kit (Takara, Japan). Inflammation-related genes, such as TLR1, TLR3, TLR7, TLR9, MyD88, NF-κB, Arg1, IL-6, IL-10, IL-1β, arp2/3, occludin, and zo1, were analyzed. Primers were listed in Supplementary Table S2. PCR amplification was conducted as follows: 95°C for 10 min, then 40 cycles of 95°C for 5 s and 60°C for 30 s. The relative expression levels of the target genes were quantified using the 2-ΔΔCt method (Livak and Schmittgen, 2001).




2.5 DNA extraction of intestinal contents and 16S rRNA gene sequencing

Total DNA from each intestinal content sample was extracted using the QIAGEN DNeasy PowerSoil Pro Kit (Hilden, Germany). DNA concentration and integrity were detected using NanoDrop-2000 (Thermo, USA). The total DNA samples were sent to Shanghai Oe Biotech Co., Ltd. (Shanghai, China) for Illumina sequencing on the MiSeq platform. The barcoded fusion primers of 343F (5′-TACGGRAGGCAGCAG-3′) and 798R (5′-AGGGTATCTAATCCT-3′) were employed to amplify the V3+V4 region of 16S rRNA.




2.6 Bioinformatic analysis

Raw sequencing data were preprocessed with cutadapt software for adapter detection and removal. Paired-end reads were merged and chimeric sequences removed using DADA2 (Callahan et al., 2016). ASVs were annotated using Silva database Version 138. The bacterial diversity metrics, i.e. Chao1 and Shannon indices, were assessed using QIIME software. The differences of α-diversity metrics were analyzed using a two-way ANOVA test with SPSS software (v. 25.0). Principal coordinate analysis (PCoA) based on weighted Unifrac distance was executed using QIIME software. Adonis analysis was applied to assess the dissimilarity of the bacterial community composition between the female and male based on Bray-Curtis distance using the vegan package in R (v. 4.1.0). The categories of bacterial taxa were assessed according to the report of Dai et al. (2016).




2.7 Statistical analysis

Relative gene expression levels were analyzed using one-way analysis of variance (ANOVA). For multiple comparisons, Tukey’s test was employed. Variations in bacterial composition between groups were assessed using Kruskal-Wallis rank-sum tests. Significant differences were considered at a P value of less than 0.05. All data were presented as means ± standard errors of the mean (SEM).





3 Results



3.1 Growth indices

The body weight, body length, total length and Fulton’s K condition factor were analyzed to evaluate the growth performance of fish which were cultured in the cages (Figure 1). The body length and total length of Jan-M, Mar-M and Apr-M group were significantly larger than those of the Nov-M group (P < 0.05). Similarly, the body length of Jan-F, Mar-F and Apr-F group were significantly larger than those of the Nov-F group (P < 0.05). The body weight of the Jan-M and Mar-M groups were significantly higher than those of the Nov-M and Apr-M groups (P < 0.05). The body weight in the Jan-F group was significantly higher than that of the Nov-F, Mar-F and Apr-F groups (P < 0.05). There was no significant difference in body weight among the Nov-F, Mar-F, and Apr-F groups (P > 0.05). Fulton’s K condition factor significantly decreased during the overwintering period, regardless of males or females. The Jan-F group exhibited a significantly higher Fulton’s K condition factor than the Jan-M group (P < 0.05), and similarly, the Mar-F group’s factor was notably higher than that of the Mar-M group (P < 0.05).




Figure 1 | The changes of the total length, body length, body weight, and Fulton’s K condition factor of large yellow croaker during the overwintering period. Data were expressed as mean ± S. E. M. Data with different letters at the column indicated significant differences (P < 0.05). Nov, Jan, Mar and Apr represented November, January, March and April, respectively. M, males; F, females.






3.2 Expression levels of arp2/3, occludin and zo1 genes in the intestine

The expression levels of arp2/3, occludin and zo1 genes were detected to assess the intestinal structural integrity. Figure 2 showed significantly lower expression of arp2/3 and zo1 genes in the Jan-M and Mar-M groups compared to the Nov-M and Apr-M groups (P < 0.05). The occludin gene expression in the Jan-M and Mar-M groups was noticeably lower than in the Nov-M and Apr-M groups. In contrast, arp2/3, occludin, and zo1 gene expression levels increased significantly in the Jan-F and Mar-F groups compared to the Nov-F group. Specifically, the expression level of arp2/3 gene in the Jan-F and Mar-F groups was significantly higher than those in the Nov-F and Apr-F groups (P < 0.05).




Figure 2 | Expression levels of barrier-related genes in the intestine of males (A) and females (B). Data were expressed as mean ± S. (E) M. * represented P < 0.05 between two groups; ** represented P < 0.01 between two groups. Nov, Jan, Mar and Apr represented November, January, March and April, respectively. M, males; F, females.






3.3 Expression levels of TLR-related genes and inflammation-related cytokine genes in the intestine

The expression levels of TLR-related genes and inflammation-related cytokine genes in mid-intestine of the male and female fish were analyzed during overwintering period (Figure 3). The expression levels of TLR1, TLR7 and TLR9 genes in the Jan-M and Mar-M groups decreased significantly compared to the Nov-M group (P < 0.05). The Jan-M group showed a significant increase in TLR3 gene expression compared to the Nov-M and Mar-M groups (P < 0.05). The expression level of MyD88 and NF-κB genes in the Jan-M group was notably lower than in the Nov-M group. Compared to the Nov-M and Jan-M groups, expression level of MyD88 gene in the Mar-M group significantly decreased (P < 0.05). In female fish, the expression levels of TLR1 and TLR3 genes in the Jan-F and Mar-F groups were significantly higher than those in the Nov-F group (P < 0.05). The expression level of TLR7 gene increased significantly in the Mar-F group compared to the Nov-F and Apr-F groups (P < 0.05). The expression level of TLR9 gene in the Jan-F group was significantly lower than that in the Nov-F group (P < 0.05). The expression level of MyD88 gene in the Jan-F and Mar-F groups significantly increased compared to the Nov-F group (P < 0.05). The expression level of NF-κB gene in the Mar-F group was significantly higher than that in the Nov-F group (P < 0.05). For inflammation-related cytokine genes, the expression levels of IL-6 and IL-1β genes in the Jan-M and Mar-M groups were significantly higher than those in the Nov-M group (P < 0.05). Similarly, the expression levels of IL-6 gene in the Jan-F and Mar-F groups were significantly higher than those in the Nov-F group (P < 0.05). The expression level of IL-1β gene significantly decreased in comparison to the Nov-F and Apr-F groups (P < 0.05). Arg1 and IL-10, as anti-inflammatory genes, showed significantly lower expression in the Jan-M, Mar-M, and Apr-M groups compared to the Nov-M group (P < 0.05). No significant difference in the expression level of Arg1 gene was observed among Nov-M, Jan-M and Mar-M groups (P > 0.05). The expression level of IL-10 gene in the Jan-F, Mar-F and Apr-F groups was significantly lower than that in the Nov-F group (P < 0.05). The expression level of Arg1 gene in the Jan-F group was significantly higher than that in the Nov-F, Mar-F and Apr-F groups (P < 0.05).




Figure 3 | Expression levels of TLR-related genes and inflammation-related cytokine genes in the intestine of males (A) and females (B). Data were expressed as mean ± S. (E) M. * represented P < 0.05 between two groups; ** represented P < 0.01 between two groups. Nov, Jan, Mar and Apr represented November, January, March and April, respectively. M, males; F, females.






3.4 Expression levels of TLR-related genes and inflammation-related cytokine genes in the liver

The expression levels of TLR1, TLR3, TLR7, TLR9, MyD88 and NF-κB genes in the Jan-M and Mar-M groups were significantly lower than those in the Nov-M and Apr-M groups (P < 0.05, Supplementary Figure 1). Similarly, the expression levels of TLR1, TLR3, TLR7 and TLR9 genes in the Jan-F and Mar-F groups were significantly lower than those in the Nov-F and Apr-F groups (P < 0.05). The expression levels of MyD88 and NF-κB genes in the Jan-F group was significantly lower than that in the Nov-F group (P < 0.05). The expression levels of IL-6, IL-1β and IL-10 genes in the Jan-M and Mar-M groups were significantly higher than those in the Nov-M group (P < 0.05). Conversely, the expression level of Arg1 gene in the Jan-M and Mar-M was significantly lower than that in the Nov-M group (P < 0.05). The expression levels of IL-6, IL-1β and Arg1 genes in the Jan-F and Mar-F groups were significantly higher than those in the Nov-F group (P < 0.05). The expression level of IL-10 in the Jan-F, Mar-F and Apr-F groups were significantly lower than that in the Nov-F group (P < 0.05).




3.5 Richness, diversity, and structure of the intestinal microbiota

We obtained 2,940,565 valid sequences (average: 61,261 ± 1,061; range: 35,346–71,388) from 48 samples using Illumina MiSeq sequencing. No significant difference was observed in the species count of intestinal microbiota between males and females at any time point (P > 0.05) (Supplementary Figure 2). The Mar-M group exhibited the lowest number of ASVs in male intestinal microbiota (Figure 4A). Fifty-nine ASVs were shared among Nov-F, Jan-F, Mar-F, and Apr-F groups, and most of them belonged to Proteobacteria (42.39%), Bacteroidota (33.68%), Firmicutes (17.54%) and Desulfobacterota (6.39%) (Figure 4B). The Mar-F group had the lowest number of ASVs in female intestinal microbiota (Figure 4C). Among them, 66 shared ASVs were predominantly from Proteobacteria (40.35%), Bacteroidota (39.93%), Firmicutes (18.50%), and Campilobacterota (1.22%) (Figure 4D). The results of the Kruskal-Wallis test show that there is a significant difference in the number of ASVs among all groups (P < 0.05), with a total of 127 ASVs differing.




Figure 4 | Venn diagram analysis of intestinal microbiota in all groups. Venn diagram analysis of intestinal microbiota in males (A) and females (C). Dominant composition of shared ASVs at phylum level in males (B) and females (D). Nov, Jan, Mar and Apr represented November, January, March and April, respectively. M, males; F, females.



The richness and diversity of intestinal microbiota were assessed using the Chao1 and Shannon indices, respectively (Figure 5). No significant differences in the Chao1 and Shannon indices were observed between the male and female fish (Chao1: F = 1.142, P = 0.291; Shannon: F = 0.191, P = 0.664) (Supplementary Table 3). There were no significant differences in the Chao1 and Shannon indices among Nov-F, Jan-F, Mar-F and Apr-F groups (P > 0.05). Significant differences in the Chao1 index were detected between Nov-M and Mar-M, Nov-M and Apr-M, and Jan-M and Mar-M groups (P < 0.05). Shannon index in the Mar-M group decreased significantly compared to the Nov-M and Jan-M groups (P < 0.05). These results indicated a significant decrease in richness and diversity of male intestinal microbiota during the overwintering period. In contrast, richness and diversity in female intestinal microbiota remained relatively stable during the overwintering period.




Figure 5 | Chao1 and Shannon indices analysis in all groups. Data were expressed as mean ± S. E. M. * represented P < 0.05 between two groups; ** represented P < 0.01 between two groups. Nov, Jan, Mar and Apr represented November, January, March and April, respectively. M, males; F, females.



The β-diversity analysis was implemented by using PCoA based on Bray-Curtis distance (Supplementary Figure 3). The PCoA plot showed that most samples clustered closely together. Adonis analysis revealed no significant differences in β-diversity between Nov-M and Jan-M groups (F = 0.960, P = 0.688), and Jan-M and Mar-M groups (F = 1.158, P = 0.093). Similarly, no significant differences were observed between Nov-F and Jan-F groups (F = 1.005, P = 0.335), and Jan-F and Mar-F groups (F = 1.158, P = 0.092). A similar pattern of intestinal microbiota structure change was found in both male and female fish during the overwintering period. However, significant differences were observed in intestinal microbiota structure between males and females at the same time points. Notably, differences were evident in Nov-F vs Nov-M (F = 1.526, P = 0.002), Jan-F vs Jan-M (F = 1.252, P = 0.042), Mar-F vs Mar-M (F = 1.933, P = 0.004), and Apr-F vs Apr-M (F = 2.056, P = 0.004) (Supplementary Table 4).




3.6 Bacterial community composition and classification

Sequences from all groups, irrespective of gender, predominantly belonged to Bacteroidota, Proteobacteria, and Firmicutes (Figure 6A). Temporal changes in these three phyla were illustrated in Figure 6B. In the males, Bacteroidota and Firmicutes displayed similar trends in relative abundance, while Proteobacteria showed an opposite trend. In the females, the relative abundance of Bacteroidota decreased in Jan-F and Mar-F groups, but increased in Apr-F group. The relative abundance of Firmicutes and Proteobacteria increased in Jan-F and Mar-F groups but decreased in Apr-F group. Kruskal-Wallis rank-sum tests showed that there was no significant difference in the relative abundance of Firmicutes among Nov-M, Jan-M, Mar-M and Apr-M groups (P > 0.05). The relative abundance of Bacteroidota in the Mar-M group decreased significantly compared to the Jan-M group (P < 0.05). As compared to the Mar-M group, the relative abundance of Bacteroidota showed a significant increase in the Apr-M group (P < 0.05). No significant differences in the relative abundances of Bacteroidota and Proteobacteria were observed among the Nov-F, Jan-F, Mar-F and Apr-F groups (P > 0.05). The relative abundance of Bacteroidota in the Mar-F group was significantly higher than that in the Nov-F groups (P < 0.05). In addition, there were no significant differences in the relative abundances of Bacteroidota, Firmicutes and Proteobacteria between the male and female fish at the same time point (P > 0.05).




Figure 6 | The composition of the intestinal microbiota. (A) Relative abundance of different phyla. (B) The abundance changes of dominant phyla in different groups. Nov, Jan, Mar and Apr represented November, January, March and April, respectively. M, males; F, females.



At genus level, as shown in the Supplementary Figure S4, the intestinal microbiota was dominated by norank_f_Muribaculaceae in the Nov-F, Jan-F, Mar-F, Apr-F, Jan-M and Apr-M groups. Acetobacter and Brevinema were the predominant genera in the Nov-M and Mar-M groups, respectively. In females, the relative abundance of norank_f_Muribaculaceae presented increase trend during overwintering period. However, there was no statistically significant difference in the relative abundance of norank_f_Muribaculaceae among the Nov-F, Jan-F, Mar-F, and Apr-F groups (P > 0.05). In the males, compared to the Nov-M, Jan-M and Apr-M groups, the relative abundance of Brevinema increased significantly (P < 0.05). There was no significant difference in the relative abundance of norank_f_Muribaculaceae among Nov-M, Jan-M, Mar-M and Apr-M groups (P > 0.05).

Most ASVs in all samples, ranging from 74.16% to 93.62%, were categorized as rare taxa (Supplementary Tables 5 and 6). Bacteroidota, Firmicutes, and Proteobacteria dominated the rare taxa in Nov-F, Jan-F, Mar-F, Apr-F, Nov-M, Jan-M, Mar-M, and Apr-M groups. Additionally, there was no significant difference in the rare taxa among Nov-F, Jan-F, Mar-F and Apr-F groups (P > 0.05). Similarly, there was no statistically significant differencein the proportion of rare taxa among the Nov-M, Jan-M, Mar-M, and Apr-M groups (P > 0.05).




3.7 Functional prediction of the intestinal microbiota

Functional prediction found that a total of 5532 functional genes were shared among the Nov-M, Jan-M, Mar-M and Apr-M groups (Figure 7A). The NMDS plot revealed clustering of functional genes from Nov-M, Jan-M, and Apr-M groups (Figure 7B). ANOSIM analysis showed significant differences between Nov-M and Mar-M groups (r = 0.664, P = 0.004), and between Mar-M and Apr-M groups (r = 0.267, P = 0.04). There was no significant difference between the Nov-M and Jan-M groups (r= 0.130, P = 0.135), between the Jan-M and Mar-M groups (r = 0.122, P = 0.092). A total of 5,807 shared ASVs were identified among Nov-F, Jan-F, Mar-F, and Apr-F groups (Figure 7C).




Figure 7 | Functional genes analysis in the large yellow croaker. UpSet plot analysis of functional genes of intestinal microbiota in males (A) and females (C). Non-metric multi-dimensional scaling analysis of functional genes in males (B) and females (D). Nov, Jan, Mar and Apr represented November, January, March and April, respectively. M, males; F, females.



Functional genes from the intestinal microbiota of the Nov-F, Jan-F, Mar-F and Apr-F groups clustered together (Figure 7D). ANOSIM analysis revealed no significant differences between Nov-F and Jan-F groups (r = 0.065, P = 0.273), Jan-F and Mar-F groups (r = 0.021, P = 0.393), Mar-F and Apr-F groups (r = 0.556, P = 0.309), Nov-F and Mar-F groups (r = 0.219, P = 0.117), Nov-F and Apr-F groups (r = 0.032, P = 0.373). Most functional genes were clustered into categories like Cellular Processes, Environmental Information Processing, Genetic Information Processing, Human Diseases, Metabolism, and Organismal Systems (Supplementary Figure 5). Kruskal-Wallis tests revealed no significant differences in these six functional pathways among Nov-F, Jan-F, Mar-F, and Apr-F groups (P > 0.05). Significant differences were observed in Cellular Processes, Genetic Information Processing, and Organismal Systems among Nov-M, Jan-M, Mar-M, and Apr-M groups (P < 0.05). These results showed that the functional pathways of the intestinal microbiota in the males were more affected than those in the females during overwintering period.





4 Discussion

Winter, as a natural fasting period, incurred significant economic losses in fish aquaculture. Previous studies have demonstrated that fish activity and growth were minimized at temperatures below 13°C (Ibarz et al., 2010). Large yellow croaker was particularly sensitive to low temperatures. These fish refused food at temperatures below 10 °C (Yi et al., 1998). In this study, the body weight of the fish increased significantly in January, both in the male and female fish. The body weight of the male and female fish showed a downward trend from March until April. The surface of average temperatures in the seawater were 17.73°C in November, 15.90 °C in December, and 13.02 °C in January in the present study. Yi et al. revealed that large yellow croakers feed normally at temperatures above 14 °C (Yi et al., 1998). This likely explained the weight gain observed in the fish in January. In this study, we observed female fish experienced a significant decrease in body weight in March, while male fish showed no significant weight loss between January and March. This suggests that females experienced a more significant decrease in body weight compared to the males.

The preservation of the tight junction barrier in intestinal epithelium is paramount to the well-being of fish. Occludin serves as an indispensable functional and structural constituent of the tight junction (Feldman et al., 2005; Saito et al., 2021). The zo1, serving as the predominant constituent of the tight junction, possesses the capacity to modulate the permeability of this crucial cellular barrier (Fanning and Anderson, 2009; Kuo et al., 2021). The arp2/3 complex, a highly conserved protein, occupies a pivotal position in the regulation of the actin cytoskeleton. Its indispensable function lies in overseeing the morphology and mobility of cells (Liman et al., 2020). In the present study, the expression levels of zo1 and arp2/3 genes exhibited significant decrease in the Jan-M and Mar-M groups as compared to the Nov-M and Apr-M groups. Concurrently, the occludin gene expression level showed a conspicuous decrease in the Jan-M and Mar-M groups when compared to the Nov-M and Apr-M groups. Conversely, the expression levels of arp2/3, occludin, and zo1 genes demonstrated a discernible trend towards augmentation in the Jan-F and Mar-F groups as compared to the Nov-F group. This finding suggested potential structural damage to the tight junctions in the intestines of male fish during the overwintering period, while the tight junction barrier in the intestines of female fish appeared to have been better preserved.

The TLR-NF-κB signaling pathway serves as a crucial mediator of the host’s immune and inflammatory responses. Toll-like receptors (TLRs), as one of most important pattern recognition receptor families, could be activated by low temperature (Chen et al., 2021). Activation of this pathway by low temperature can lead to the generation of inflammatory cytokines (Raida and Buchmann, 2007; Wei et al., 2023a). In this study, TLR3 gene was only significantly up-regulated in the intestine of the male fish during overwintering period. However, in the intestine of the female fish, TLR1, TLR3, TLR7 and TLR9 genes were all significantly up-regulated. In the liver, these genes were significantly down-regulated in both males and females. Meanwhile, pro-inflammatory cytokines interleukin (IL)-1β and IL-6 were both significantly up-regulated. Raida and Buchmann (2007) also found IL-1β significantly up-regulated under low temperature conditions. In the intestines, IL-6 was significantly up-regulated while IL-10 was down-regulated in both males and females during the overwintering period. These findings suggested that immune-related genes exhibited different temperature dependencies in various organs. Additionally, immune-related genes in large yellow croaker displayed sexual dimorphism. These finding were similarly with previous studies that sexual dimorphism in immune function was observed in vertebrates, with females generally exhibiting stronger immune responses than males (Klein and Flanagan, 2016; Chakraborty et al., 2023).

Intestinal microbiota balance is crucial for maintaining host health. Cold exposure led to significant changes in intestinal microbiota composition (Chevalier et al., 2015; Wei et al., 2023b). In this study, ASVs showed significant changes during the overwintering period, irrespective of gender. During the overwintering period, the richness of intestinal microbiota in males was found to be more susceptible to change. Bacteroidota, Firmicutes, and Proteobacteria, being the predominant phyla, were widely present in teleosts (Kumari, 2020). Our study also verified that the majority of ASVs belonged to Bacteroidota, Firmicutes, and Proteobacteria, regardless of gender. In male fish, fluctuations in the relative abundances of Bacteroidota and Firmicutes were opposite to those of Proteobacteria. However, in female fish, the change in the relative abundance of Bacteroidota opposed that of Firmicutes and Proteobacteria. This indicated a differing response strategy between male and female fish. This finding was consistent with observations in a rat model, wherein the relative abundance of Proteobacteria increased under cold exposure, accompanied by a decrease in the relative abundance of Firmicutes (Chevalier et al., 2015).

Accumulating evidence indicated that Bacteroidota and Firmicutes, as the predominant phyla, were pivotal in maintaining the equilibrium of the intestinal microbiota (Sun et al., 2022). In female fish, the balance of Bacteroidota and Firmicutes in the intestinal microbiota remained dynamic. However, in male fish, the percentage of Bacteroidota and Firmicutes in the intestinal microbiota decreased significantly in March, signifying an imbalance in the male fish’s intestinal microbiota during this period.

Upon further analysis at the genus level, we found that the significant increase in Proteobacteria was attributed to a sharp rise in the number of Vibrio bacteria. Vibrio bacteria, as a significant pathogen of marine vertebrates, could potentially lead to mass mortality of fish (Austin and Zhang, 2006). Therefore, this might be a contributing factor to the widespread mortality of large yellow croaker during overwintering period.

In this study, there was a limited number of shared ASVs observed during the overwintering period in both males and females. Intriguingly, the majority of functional genes were shared during the overwintering period in both males and females. Additional KEGG analysis unveiled significant differences in Cellular Processes, Genetic Information Processing, and Organismal Systems in male fish during the overwintering period. Conversely, no statistical difference was observed in the functional pathways in female fish during the overwintering period. This observation suggested that the functional pathways of the intestinal microbiota in male fish were more readily influenced by environmental factors compared to those of female fish.




5 Conclusion

In the present study, we collected samples from the large yellow croaker during the overwintering period from Zhoushan coast, and analyzed the expression of intestinal barrier-related genes, immune responses, and changes in intestinal microbiota in the males and females, respectively. The findings indicated that females experienced a more significant decrease in body weight compared to the males. Analysis of intestinal barrier-related genes showed that the tight junction barrier in the male intestine was more susceptible than in females. Analysis of genes associated with TLR signaling pathway showed distinct expression patterns between males and females, with females exhibiting a higher level of immune competence. Further differences between males and females were revealed through the composition, structure, and function of their intestinal microbiota. Overall, large yellow croakers exhibit sex-specific differences in growth, immune responses, and intestinal microbiota during the overwintering period. These research findings contribute to a better understanding of the sexual dimorphism in large yellow croakers and provide important insights for monosex aquaculture management.
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