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Aaqueous exposure to silver nanoparticles synthesized by abalone viscera hydrolysates promotes the growth, immunity and gut health of zebrafish (Danio rerio)
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Silver nanoparticles (AgNPs) have the potential to be used in aquaculture, but their influence on the growth and health of aquatic organisms has not been extensively investigated. In this study, the abalone viscera hydrolysates decorated AgNPs (AVH-AgNPs) were dispersed into aquaculture water at different concentrations (0, 6, 9, and 18 μg/l) to evaluate the biological effects on zebrafish (Danio rerio). The results showed that the AVH-AgNPs treatments of 6 and 9 μg/l promoted the growth and did not cause obvious damage to the gills, intestines, and livers of zebrafish. All the treatments induced catalase (CAT) and superoxide dismutase (SOD) activities and increased glutathione (GSH) content in the livers and upregulated the expression of immune related genes. The effects of 9 and 18 μg/l AVH-AgNPs treatments were more obvious. After AVH-AgNPs treatment, the abundances of some potential pathogens, such as species Plesimonas shigelloides and Pseudomonas alcaligenes and genus Flavobacterium decreased significantly. In contrast, the abundance of some beneficial bacteria that can degrade pollutants and toxins (e.g., Rhodococcus erythropolis) increased significantly. Thus, the application of low concentrations (6 ~ 18 μg/l) of AVH-AgNPs in aquaculture water is relatively safe and has a positive effect on zebrafish farming.
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Introduction

Nanotechnology has provided innovative modifications to aquaculture industry, and has been used in the detection and control of aquatic pathogens, water treatment in aquaculture systems, nutrient and drug delivery, as well as DNA-nano vaccines, fish packaging, etc. (Luis et al., 2019; Fajardo et al., 2022). These meet the needs for higher quality, lower cost and green sustainability in aquaculture. Nanoparticles especially silver nanoparticles (AgNPs) have gradually been highly valued in aquaculture. AgNPs are considered an ultra-fine metallic silver element with a size of 1–100 nm or a material composed of it as a basic unit. AgNPs have been extensively studied owing to their small size, high surface-to-volume ratio, and strong surface activity. In aquaculture, AgNPs are used as antimicrobials, feed additives, and nano-vaccines (Dar et al., 2020). As feed additives, AgNPs reduced the mortality of marine shrimp (Penaeus monodon) infected with Vibrio parahaemolyticus (RathnaKumari et al., 2018) and enhanced the resistance of white shrimp (Litopenaeus vannamei) to white spot syndrome virus (Romo-Quiñonez et al., 2020). AgNPs feed supplements improved the ability of striped snakehead (Channa striatus) to resist heat and lead (Pb) and reduced the stress response of cells (Kumar et al., 2018b). In addition, the positive effects of AgNPs on intestinal health have been reported. The proper dietary level of chitosan silver nanocomposites has shown lucid benefits on gut immunity of zebrafish (Danio rerio) through increasing beneficial microbial populations, goblet cell density, villi length, and up-regulation of immunity related and mucin encoding genes (Udayangani et al., 2017).

AgNPs can be added and dispersed in water and are mainly used for purifying sewage and repairing wastewater (Badawy et al., 2021). Heavy metals and dyes, such as Pb ions, Congo red, and methyl orange in sewage, are absorbed by AgNPs, and loads of micro-organisms are reduced (Ganguly et al., 2021; Ogunfowora et al., 2021). AgNPs baths can also cure bacterial infections. A previous study showed that the rainbow trout (Oncorhynchus mykiss) infected with Aeromonas salmonicida did not show death or clinical symptoms after immersing in a 100 μg/ml AgNPs solution (Shaalan et al., 2018). The accumulation of AgNPs or high levels of AgNPs in aquaculture water can be toxic to aquatic animals (Lekamge et al., 2018; Hedayati et al., 2019). A previous study investigated the effects of AgNPs exposure in culture water to Nile tilapia (Oreochromis niloticus). Results revealed that 10 μg/l of AgNPs improved the growth performance and antioxidant enzyme activities, while more than 10 μg/l of AgNPs exposure could disturb physiological indicators and cause histopathological changes. Besides, the total bacterial count in water decreased with the increase of AgNPs concentration (Mabrouk et al., 2021).

Gut microbiota is widely recognized as an organ of its host and plays an important role in digestion and absorption, immunomodulation, and inhibition of pathogenic bacteria (Egerton et al., 2018). At present, the effects of AgNPs dispersed in aquaculture water on fish gut microbiota have not been reported before, while a comprehensive evaluation of the effect of AgNPs on cultured aquatic animals is a prerequisite for its application in aquaculture. In our previous study, the AVH-AgNPs with high dispersion stability and low toxicity were synthesized and showed a positive modulation of the bacterial community in aquaculture water (Zhang et al., 2022). In this study, the comprehensive evaluation of AVH-AgNPs effects on growth, antioxidation, immunity, gut health, and gut microbiota of zebrafish was carried out, which lays a theoretical foundation for the practical application of AgNPs in aquaculture.



Materials and methods


AVH-AgNPs preparation and characterization

Fresh abalone viscera were purchased from Xiamen Dao Zhiyuan Biotechnology Co., Ltd., (Fujian, China), and the abalone viscera hydrolysates (AVH) were obtained according to the previously reported method (Wang et al., 2015). The procedure for the preparation of AVH-AgNPs was also described in a previous work (Zhang et al., 2022). Briefly, 125 ml each of 1.3 mM AgNO3 and 0.7 mg/ml AVH was dissolved in 375 ml of deionized water, and the pH of the mixture was adjusted to 7.0. The reaction was carried out for 6 h at 100°C and the prepared AVH-AgNPs were further characterized. The shape and elemental composition of AVH-AgNPs were detected in a transmission electron microscope (TEM) (Tecnai F20, Germany) with a field emission transmission electron microscope (EDX) (FEI talosf200s, Germany) under 200KV voltages, and the average particle size was measured using “zeta-potential (ζ)” (Malvern ZS90, Malvern, United Kingdom).



Zebrafish husbandry and AVH-AgNPs treatment

A total of 600 healthy adult zebrafish were purchased from a commercial aquarium in Xiamen, Fujian, China, and acclimated to the laboratory conditions for 2 weeks. During the acclimatization period, aquaculture water conditions were maintained as follows: water temperature of 25 ± 2°C; dissolved oxygen (DO) of 7.9 ± 0.1 mg/l with 12/12 h light/dark cycle; pH 7 ± 0.2.

Zebrafish were divided into four experimental groups in three replicates of 12 tanks (each tank volume is 80-L), each tank with 50 fish. The first group was a control without AVH-AgNPs addition (C0 group). The other 3 groups were added with AVH-AgNPs at doses of 6 (group C1), 9 (group C2), and 18 μg/l (group C3). All concentrations of AVH-AgNPs were selected based on the acute toxicity test (Zhang et al., 2022). During the 30-day experimental period, the fish were fed to satiation three times a day. The water was renewed at a rate of 1/3 every day, and AVH-AgNPs were added to the water timely to maintain the constant concentration.



Sample collection

On the 10th and 20th days of the experiment, six fish were randomly collected from each tank (fasting for 24 h before sampling) and quickly anesthetized with 0.5 g/l eugenol. The body weight and length of the fish were measured, and the liver was isolated with sterile scissors from the abdomen of the fish, immediately frozen in liquid nitrogen, and stored at −80°C until further use for quantitative analysis of antioxidant enzyme activity and immune gene expression. On the 30th day, six fish were collected from each tank to measure their body weight and length, and livers were sampled for quantitative analysis of enzyme activity and gene expression. The intestine and gill tissues were collected from these fish samples and fixed in a 4% paraformaldehyde fixative solution for subsequent histopathological analysis. Additionally, another 12 fish were randomly sampled from each tank, and the intestinal tissues were separated. The intestinal tissues of every 6 fish were pooled into one sample, and all the samples were quickly frozen in liquid nitrogen and stored at −80°C for subsequent DNA extraction.



Antioxidant enzyme activity and immune-related gene analysis

The activities of superoxide dismutase (SOD) and catalase (CAT), and glutathione (GSH) content were determined using commercial kits purchased from Nanjing Jiancheng Bioengineering Institute, Nanjing, Jiangsu, China. The determinations were carried out following the manufacturer’s protocols.

Total RNA was extracted from the liver of zebrafish using TransZol Up Plus RNA Kit (TransGen, Beijing, China) according to the manufacturer’s instructions. The purity and concentration of total RNA were detected using an ultra-micro spectrophotometer (Thermo NanoDrop 2000, Waltham, MA, United States). RNA was reverse transcribed into cDNA using TransScript All-in-One First-Strand cDNA Synthesis SuperMix for qPCR (TransGen, Beijing, China). The qPCR was performed with cDNA as a template by the intercalation fluorescence method to obtain the PCR melting curve. Ten microliter of the reaction mixtures consisted of 5 μl SYBR Green qPCR Master Mix (TransGen, Beijing, China), 1 μl of forward primer, 1 μl of reverse primer, and 3 μl of ddH2O. The relative mRNA expression levels were calculated by the 2-ΔΔCT method (Schmittgen and Livak, 2008). Primer sequences for the reference gene (β actin) and immune-related genes are shown in Table 1.



TABLE 1 Sequences of primers used for qPCR in this study.
[image: Table1]



Histopathological investigation

The fixed tissue was dehydrated with increasing ethanol concentrations (from 75 to 100%), cleared with xylene, and embedded in paraffin. Four-micron thick paraffin was sliced via a microtome (Leica RM 2016, Shanghai, China). The sections were stained with hematoxylin and eosin (HE) and observed after imaging with an ortho-fluorescence microscope (Nikon Eclipse Cl, Tokyo, Japan).



16S rDNA Illumina sequencing and data analysis

Total DNA was extracted from the intestines with the TruSeqTM DNA Sample Prep kit (QIAGEN, Hilden, Germany) according to the manufacturer’s instructions. The qualified DNAs were sent to Shanghai Majorbio Bio-pharm Technology Co., Ltd., China, for Illumina Miseq sequencing. The single long reads and original libraries were spliced by merging paired-end sequences through the Flash (v.1.2.11) program. Sequence quality was controlled and filtered by Uparse (v.7.0.1090). The reads were optimized, and operational taxonomic units (OTUs) were classified by clustering with a 97% similarity threshold using Usearch (v.7.0) and compared the database Sliva (Release1321) to count the community species composition of each sample. The alpha diversity was performed using Mothur (v.1.30.2). To characterize the differences in bacterial community structure among different samples and groups at phylum, genus, and species levels, principal component analysis (PCA) and Heatmaps were performed by R project ggpolt2 package (v.2.2.1) (Gonzalez-Penagos et al., 2020).



Statistical analysis

All data were analyzed by one-way analysis of variance (ANOVA) and verified by Duncan SPSS v.18 (Chicago, IL, United States). The differences were considered significant at p < 0.05 (Duncan, 1955).




Results


Characterization of AVH-AgNPs

The TEM images of AVH-AgNPs at 50 nm and 100 nm magnification are shown in Figures 1A,B. It can be seen that AVH-AgNPs were spherical and well-dispersed with diameter ranging from 45 nm to 70 nm. The EDX results showed that the main elements present in AVH-AgNPs were C, O, Ag and Cu. A typical absorption peak of silver element appeared at AgLα = 2.98 keV and the percentage of this element in the sample was the highest, indicating that Ag was the main constituent of this sample. The copper (Cu) element was mainly from the copper mesh used for the TEM test, and C and O elements were important constituents in the AVH (Figure 1C). Other characterization (UV–Vis, XRD, zeta potential, silver content and stability) has also been performed (Zhang et al., 2022).

[image: Figure 1]

FIGURE 1
 The TEM images of AVH-AgNPs at 50 nm (A), 100 nm (B) ruler magnification and EDX spectrum acquired at 200 kV (C).




Effects of AVH-AgNPs on growth performance

During the experimental period, the survival rate of zebrafish in each tank was 100%. The effects of AVH-AgNPs on the growth performance of zebrafish are shown in Figure 2. After 10 days of treatment, no significant difference in fish body weight was found among the treatment groups. With the extension of treatment time (on days 20 and 30), the fish weights in groups C2 and C3 increased significantly compared with the control group (p < 0.05) (Figure 2A). All the fish body lengths of treatment groups were higher than those of control group, especially in groups C3 and C2, their body lengths increased significantly on days 10 and 20 (p < 0.05), respectively. After 30 days of AVH-AgNPs treatment, no significant difference in body length was found among the four experimental groups (p > 0.05) (Figure 2B).

[image: Figure 2]

FIGURE 2
 Effects of AVH-AgNPs on body weight (A) and length (B) of zebrafish. C0, C1, C2, and C3 refer to 0, 6, 9, and 18 μg/l of AVH-AgNPs, respectively. Values are expressed as mean ± SE (n = 3). Bars with different letters indicated significant differences (p < 0.05).




Effects of AVH-AgNPs on antioxidant enzymes activities

The SOD and CAT activities and GSH content in zebrafish livers are shown in Figure 3. The SOD activities increased in all AVH-AgNPs treatments throughout the whole experiment, and with the increase of AVH-AgNPs concentration, the difference between treatment and control groups reached significant levels (p < 0.05) (Figure 3A). AVH-AgNPs treatments showed inductive effects on CAT activity, and all the activities in treatment groups were higher than those in controls, but different treatments showed different effects. On day 10, CAT activities of groups C1 and C3 were significantly higher than those of the control group, while no significant difference was found in CAT activity between C2 and C0. On day 20, the differences among the experimental groups did not reach a significant level. On day 30, all the treatment groups were significantly higher than the control group (p < 0.05), and the higher concentration treatment had a higher CAT activity (Figure 3B). All the treatments increased the GSH content to different degrees. At the initial stage of the experiment, the difference between the treatments and controls was more obvious. With time, the differences were not so obvious. On day 30, only the C2 group was significantly higher than the control group (Figure 3C).

[image: Figure 3]

FIGURE 3
 Effects of AVH-AgNPs on SOD (A), CAT (B) and GSH content (C). C0, C1, C2 and C3 refer to 0, 6, 9, and 18 μg/l of AVH- AgNPs, respectively. Values are expressed as mean ± SE (n = 3). Bars with different letters indicate significant differences (p < 0.05).




Effect of AVH-AgNPs on immune gene expression

The effects of AVH-AgNPs on gene expression levels of TNF-α, IL-1β, IL-10, IL-12, and DEFB1 are shown in Figure 4. Compared with the control group, all the gene expression levels of TNF-α in treatments were upregulated, and the higher concentration and longer treatment time had the more obvious upregulation effect (Figure 4A). The effect trends of AVH-AgNPs on the gene expression levels of IL-1β, IL-10, IL-12, and DEFB1 were similar (Figures 4B–E). All of these genes were upregulated to varying degrees after AVH-AgNPs treatment, in which the upregulation effect on IL-1β was the most obvious. The upregulation effects of the C2 and C3 groups were more obvious than those of the C1 group. The upregulation effect was most obvious on the 20th day (IL-1β was also significantly upregulated on the 10th day). However, the upregulation effects of these genes decreased with the extension of the experimental time. On day 30, the expression levels of the DEFB1 gene in the treatment groups were not significantly different from that of the control.

[image: Figure 4]

FIGURE 4
 Effects of AVH-AgNPs on the gene expression levels of TNF-α (A), IL-1β (B), IL-10 (C), IL-12 (D), and DEFB1 (E). C0, C1, C2, and C3 refer to 0, 6, 9, and 18 μg/l of AVH-AgNPs, respectively. Values are expressed as mean ± SE (n = 3). Bars with different letters indicate significant differences (p < 0.05).




Measurement and analysis of intestinal structure

The histological analysis of zebrafish gills, liver, and intestines are showed in Figure 5. All groups had normal, healthy gills without obvious lesions, except that in groups C2 and C3, there was a phenomenon of sub-epithelium cellular infiltrations, and a slight loss of secondary lamella of epithelial cells (marked with blue circle in Figure 5A). Hepatic tissues in all groups showed a regular and normal morphological structure. Hepatocytes in C3 group had mild granular degeneration, but there was no obvious abnormality in morphological structure and inflammatory cellular infiltrations (Figure 5B). The histological examination of intestinal sections from C3 group showed few intestinal chorionic mucosal epithelial cells shed (marked with black circle in Figure 5C). However, the intestinal mucosal epithelium of other groups was intact and no cell exfoliation was observed. Also, statistical analysis showed that, compared with the control group, there were no significant changes in the number, height, width of villi and intestinal tissue area of all AVH-AgNPs treatment groups (Figure 5D).

[image: Figure 5]

FIGURE 5
 Effects of AVH-AgNPs on gills (A), livers (B), intestines (C), and intestinal villi (D) of zebrafish. C0, C1, C2, and C3 refer to 0, 6, 9, and 18 μg/l of AVH-AgNPs, respectively. Values are expressed as mean ± SE (n = 3). Bars with the same letters indicate no significant differences (p > 0.05).




Effects of AVH-AgNPs on gut microbiota


Alpha diversity

After Illumina sequencing, a total of 563,537 effective sequences were obtained from 16 samples, with an average sequence length of 414.75 ± 1.33 bp. Each sample had 40,222 ~ 62,918 valid sequences, and the coverages of all samples were greater than 0.99. To avoid the analysis error caused by different sequencing depths, 40,000 sequences were normalized from each sample for subsequent analysis.

AVH-AgNPs treatment had a certain effect on the alpha diversity of zebrafish gut microbiota, and different treatments had different effects. As shown in Figure 6, compared with the control group, the Sobs, Chao, and ACE indices in the C3 group decreased significantly, while no significant changes were found in groups C1 and C2 and other diversity indices in treatment groups did not change significantly.

[image: Figure 6]

FIGURE 6
 Effects of AVH-AgNPs on alpha-diversity indices of gut microbes of zebrafish. C0, C1, C2, and C3 refer to 0, 6, 9, and 18 μg/l of AVH-AgNPs, respectively. Values are expressed as mean ± SE (n = 3). Bars with different letters indicate significant differences (p < 0.05).




Principal component analysis

PCA showed that AVH-AgNPs affected the intestine bacterial community structure at phylum, genus, and species levels, and the effects were different in different treatments (Figure 7). All the control samples were separated from the AVH-AgNPs treatments. Although the samples of C1 and C2 overlapped at phylum and genus levels, all the other samples from different groups were separated from each other and clustered separately at all taxon levels. Groups C1 and C2 were closer, while group C3 was farther apart from other groups, indicating that the effects of AVH-AgNPs on the intestine microbial community structure of zebrafish showed a concentration-dependent trend from phylum to species levels. The higher concentration of AVH-AgNPs, the more obvious the effect.

[image: Figure 7]

FIGURE 7
 Principal component analysis (PCA) of zebrafish gut microbiota at phylum (A), genus (B), and species (C) levels. C0, C1, C2, and C3 refer to 0, 6, 9, and 18 μg/l of AVH-AgNPs, respectively.




Analysis of intestine microbial composition

The gut microbial composition at phylum, genus, and species levels are shown in Figure 8. A total of 19 phyla were detected in zebrafish guts, and the most dominant phylum was Fusobacteria (occupied 53.18%), followed by Proteobacteria (26.86%), Bacteroidetes (11.51%), Firmicutes (4.14%), Actinobacteria (2.35%) and Verrucomicrobia (1.40%). Chlamydiae (0.14%) was also detected, and others (< 0.1%) were less detected (Figure 8A).

[image: Figure 8]

FIGURE 8
 Gut microbial composition of zebrafish at phylum (A), genus (B) and species (C) levels. C0, C1, C2, and C3 indicate AVH-AgNPs treatments with concentrations of 0, 6, 9, and 18 μg/l, respectively.


A total of 238 genera were detected, and the abundances of 38 of the top 50 genera were identified by comparison (the others were “unclassified” or “norank”). The most dominant genus was Cetobacterium (53.18%), followed by Aeromonas (7.29%) and Flavobacterium (5.4%). The genera with abundances ranged from 1 to 4%, in order of high to low, which were as follows: ZOR0006, Burkholderia-Caballeronia-Paraburkholderia, Vibrio, Plesiomonas, Rhodococcus, Halomonas, Sphingomonas and Bradyrhizobium, and others were less than 1% (Figure 8B).

A total of 319 species were detected, of which 74 species were identified, and the dominant species (arranged from high to low in abundance) were: Aeromonas veronii, Cetobacterium sp. ZOR0034, Plesimonas shigelloides, and Rhodococcus erythropolis (7.28 to 2.22%). Other abundant species were Vibrio harveyi, Firmicutes bacterium ZOR0006, Chitinibacter fontanus, and Flavobacterium cucumis (accounting for 0.87 to 0.5%). Besides, Bacillus aerophilus, Methylobacterium populi, Pseudomonas alcaligenes, Escherichia coli, Flavobacterium suncheonense, Alcaligenaceae bacterium BL-169, etc., were also detected, and their abundances were more than 0.1% (Figure 8C).



Effects of AVH-AgNPs on gut microbiota

Figure 9 shows the identified bacteria with significant changes in abundance at phylum, genus, and species levels after AVH-AgNPs treatment. At the phylum level, the abundance of Proteobacteria and Actinobacteria in all three treatments increased, especially in the C3 group, and the increase reached a significant level compared to the control group. The abundance of Acidobacteria in the C2 and C3 groups were significantly higher than those in the control group, while the abundance of Bacteroidetes decreased significantly in all three treatments.

[image: Figure 9]

FIGURE 9
 Heatmap analysis of the identified bacteria with significant changes after AVH-AgNPs treatment. C0, C1, C2, and C3 indicate AVH-AgNPs treatments with concentrations of 0, 6, 9, and 18 μg/l, respectively. P_, g_, and s_ represent classifications at phylum, genus, and species levels, respectively.


At the genus level, in the identified genera with an abundance of more than 1%, Halomonas and Flavobacterium decreased significantly in all three AVH-AgNPs treatments. Plesimonas decreased significantly in C2 and C3 groups, while Burkholderia-Caballeronia-Paraburkholderia, Sphingomonas, and Rhodococcus increased significantly in the C3 group compared with the control group.

At the species level, in the identified species with an abundance of more than 0.1%, F. cucumis decreased significantly in all three treatments, P. shigelloides, P. alcaligenes, and F. suncheonense decreased significantly in C2 and C3 groups, and C. fontanus decreased significantly in C1 and C2 groups. Alcaligenaceae bacterium BL-169 increased significantly in the C1 group, and R. erythropolis increased significantly in the C3 group.





Discussion

The synthesis of AgNPs mainly includes physical, chemical and biological routes. AgNPs prepared by physiochemical methods are easy to aggregate, and the chemical reagents used to stabilize the nanoparticles (such as surfactants, stabilizers, etc.) are harmful and easy to cause environmental pollution (Hasan et al., 2020). Compared with physiochemical methods, biosynthesis methods have advantages such as low cost, eco-friendly and easy availability (Olga et al., 2022). Many biological substances such as polysaccharides, polyphenols, proteins and extracts from plants or animal tissues are considered suitable capping agents and stabilizers (Sivaramasamy et al., 2016; Kharissova et al., 2019; Jian et al., 2020; Dhar et al., 2021). The AVH-AgNPs used in the present study had been biosynthesized using abalone viscera hydrolysates obtained through primary enzymatic hydrolysis, and showed low toxicity, high dispersion stability and antimicrobial properties (Zhang et al., 2022).

SOD and CAT are the most important antioxidant enzymes for scavenging and repairing reactive oxygen species (ROS). Previous studies showed that dietary supplementation with AgNPs significantly improved the growth of poultry (Mahmoud, 2012), weaned pigs (Fondevila et al., 2009), and striped snakehead and the activities of SOD and GST of striped snakehead (Kumar et al., 2018a). Oral administration of 42.599 mg/kg (equivalent to 1/10 lethal concentration, LC50) AgNPs increased the blood GSH content of irradiated mice and reduced the liver DNA damage caused by the irradiation (Amin et al., 2016). Oral supplementation of AgNPs in the Drinking Water of chickens at low doses (2 ppm) enhanced the antioxidant enzymes and improved growth (Fouda et al., 2021). Immune gene expression is one of the effective ways to evaluate the immune response of animals. Dietary supplementation with 20 g/kg chitosan silver nanocomposites increased the expression of TNF-α, IL-10, IL-12, and DEFB1 genes and enhanced the intestinal immunity of zebrafish (Udayangani et al., 2017). Similarly, adding 50 μg/l AgNPs in water induced the expression of TNF-α and IL-1β genes of skin-wounded zebrafish within 24 h (Seo et al., 2017).

In the present study, low concentrations of AVH-AgNPs (6 to 18 μg/l, equivalent to 1/30 to 1/10 of the LC50) (Zhang et al., 2022) were added to the culture water of zebrafish for 30 days. The higher growth performance, SOD and CAT activities, and GSH contents of zebrafish were found, which indicated that AVH-AgNPs improved the antioxidant capacity of zebrafish. The expression levels of immune genes (TNF-α, IL-12, IL-12, IL-10, and DEFB1) were also significantly upregulated. In addition, the histopathological analysis showed that AVH-AgNPs did not cause significant damage to the tissue structure of gills, livers, and intestines of zebrafish within the experimental concentration range. These results indicate that low concentrations of AVH-AgNPs supplemented in aquaculture water are safe and have antioxidant and immunomodulatory effects on aquatic animals.

After AVH-AgNPs treatment, the abundance of some bacteria associated with disease decreased significantly. P. shigelloides have been reported as a zoonotic pathogen of gastrointestinal diseases and are responsible for the high mortality of many farmed fish (Behera et al., 2018; Yilmaz, 2019; Cortés-Sánchez et al., 2021). It is abundance in control was as high as 2.55% but significantly decreased to 0.27 and 0.58% in the C2 and C3 groups, respectively. P. alcaligenes is considered to be a conditional pathogen for humans and animals (Bowman, 2005) and could be isolated from diseased Asian Swamp Eel (Monopterus albus) (Ma and Shu, 2000), Chinese Sturgeon (Acipenser sinensis) (Xu et al., 2015), Large yellow croaker (Pseudosciaena crocea) (Huang et al., 2019) and Koi carp (Cyprinus rubrofuscus) (Bai et al., 2021). P. alcaligenes is a serious sub-health problem in aquaculture (Suzuki et al., 2013). The abundance of this bacterium was 0.25% in the control group but decreased significantly to 0.032 and 0.037% in the C2 and C3 groups, respectively.

Compared with the control group, the abundance of F. cucumis decreased significantly in all three treatments, and F. suncheonense decreased significantly in C2 and C3 groups. Both strains were isolated from greenhouse soil in Korea and had polysaccharide decomposition potential (Weon et al., 2007; Tashkandy et al., 2016). F. cucumis was isolated from diseased fish (Genbank accession number: KU851954), suggesting a link to fish disease. In addition, there are many unknown species of Flavobacterium decreased significantly. Flavobacterium contains many aquatic pathogens and is one of the pathogenic genera of zebrafish (Gonzalez-Penagos et al., 2020). In some areas, flavobacteriosis causes more fish deaths in both wild and farmed fish than all other pathogens in a combination. In addition to the commonly known pathogens, such as Flavobacterium columnar, Flavobacterium branchiarum, and Flavobacterium psychrophilum, many unidentified Flavobacterium species cause flavobacteriosis (LaFrentz et al., 2021).

Halomonas decreased significantly in all treatment groups. This genus mainly presents in saline environments, and its pathogenicity to humans, animals, and algae has been described (Kim et al., 2013). Additionally, the abundance of some potential toxin-degrading bacteria, such as Rhodococcus and R. erythropolis, increased significantly after AVH-AgNPs treatment. The R. erythropolis could degrade organic pollutants (Bai et al., 2020) and mycotoxins, reducing the embryonic mortality of zebrafish caused by mycotoxins (Garai et al., 2021). After AVH-AgNPs treatment, the abundance of bacterial taxa mentioned above changed significantly, which played important roles in controlling environmental pathogens and reducing the incidence of disease in farmed animals.

After AVH-AgNPs treatment, some functional bacteria that help degrade acephate and polycyclic aromatic hydrocarbons and other pollutants, such as Alcaligenaceae bacterium BL-169, Burkholderia-Caballeronia-Paraburkholderia, and Sphingomonas (Felföldi et al., 2010; Lin et al., 2022), increased significantly in C1 and C3 groups, respectively, which would help farmed animals cope with environmental pollution and improve stress resistance. In addition, the abundance of C. fontanus decreased significantly in some treatment groups, and its role needs further study.

In previous studies, AgNPs were usually used as feed additives in aquaculture, while in this study, the AVH-AgNPs can be stably dispersed in aquaculture water and have been proved to exert positive bioeffects on zebrafish regarding the growth performance, immune gene expression and gut microbiota modulation. Compared with the AgNPs supplement feeds, the application of dispersing AVH-AgNPs in aquaculture water is more convenient.



Conclusion

Low concentrations of AVH-AgNPs (6 ~ 18 μg/l) dispersed in aquaculture water did not cause significant damage to the morphology of gills, livers, and intestinal tissues of zebrafish and promoted the growth, induced the increase of SOD and CAT activities and GSH content, and upregulated the immune-related gene expression of zebrafish. After AVH-AgNPs treatment, some pathogenic or opportunistic pathogens significantly decreased in zebrafish intestines, while the beneficial bacteria that could degrade pollutants and improve the intestinal environment increased significantly. Therefore, applying a low concentration of AVH-AgNPs in aquaculture water is relatively safe and has positive significance in improving antioxidation and immunity, controlling intestinal pathogens, and reducing the incidence of cultured animals. Considering it might be more convenient to apply in water than in feed, we suggest that AVH-AgNPs have good application prospects in aquaculture.
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