

[image: image]





Frontiers eBook Copyright Statement

The copyright in the text of individual articles in this eBook is the property of their respective authors or their respective institutions or funders. The copyright in graphics and images within each article may be subject to copyright of other parties. In both cases this is subject to a license granted to Frontiers.

The compilation of articles constituting this eBook is the property of Frontiers.

Each article within this eBook, and the eBook itself, are published under the most recent version of the Creative Commons CC-BY licence. The version current at the date of publication of this eBook is CC-BY 4.0. If the CC-BY licence is updated, the licence granted by Frontiers is automatically updated to the new version.

When exercising any right under the CC-BY licence, Frontiers must be attributed as the original publisher of the article or eBook, as applicable.

Authors have the responsibility of ensuring that any graphics or other materials which are the property of others may be included in the CC-BY licence, but this should be checked before relying on the CC-BY licence to reproduce those materials. Any copyright notices relating to those materials must be complied with.

Copyright and source acknowledgement notices may not be removed and must be displayed in any copy, derivative work or partial copy which includes the elements in question.

All copyright, and all rights therein, are protected by national and international copyright laws. The above represents a summary only. For further information please read Frontiers’ Conditions for Website Use and Copyright Statement, and the applicable CC-BY licence.



ISSN 1664-8714
ISBN 978-2-83250-642-4
DOI 10.3389/978-2-83250-642-4

About Frontiers

Frontiers is more than just an open-access publisher of scholarly articles: it is a pioneering approach to the world of academia, radically improving the way scholarly research is managed. The grand vision of Frontiers is a world where all people have an equal opportunity to seek, share and generate knowledge. Frontiers provides immediate and permanent online open access to all its publications, but this alone is not enough to realize our grand goals.

Frontiers Journal Series

The Frontiers Journal Series is a multi-tier and interdisciplinary set of open-access, online journals, promising a paradigm shift from the current review, selection and dissemination processes in academic publishing. All Frontiers journals are driven by researchers for researchers; therefore, they constitute a service to the scholarly community. At the same time, the Frontiers Journal Series operates on a revolutionary invention, the tiered publishing system, initially addressing specific communities of scholars, and gradually climbing up to broader public understanding, thus serving the interests of the lay society, too.

Dedication to Quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely collaborative interactions between authors and review editors, who include some of the world’s best academicians. Research must be certified by peers before entering a stream of knowledge that may eventually reach the public - and shape society; therefore, Frontiers only applies the most rigorous and unbiased reviews. 

Frontiers revolutionizes research publishing by freely delivering the most outstanding research, evaluated with no bias from both the academic and social point of view.

By applying the most advanced information technologies, Frontiers is catapulting scholarly publishing into a new generation.

What are Frontiers Research Topics?

Frontiers Research Topics are very popular trademarks of the Frontiers Journals Series: they are collections of at least ten articles, all centered on a particular subject. With their unique mix of varied contributions from Original Research to Review Articles, Frontiers Research Topics unify the most influential researchers, the latest key findings and historical advances in a hot research area! Find out more on how to host your own Frontiers Research Topic or contribute to one as an author by contacting the Frontiers Editorial Office: frontiersin.org/about/contact





ASSEMBLY AND FUNCTIONS OF GUT MICROBIOTA IN AQUATIC ANIMALS

Topic Editors:

Qingyun Yan, Sun Yat-sen University, China

Jinbo Xiong, Ningbo University, China

Piotr Rzymski, Poznan University of Medical Sciences, Poland

Catarina Magalhães, University of Porto, Portugal

Xuemei Li, Yangtze River Fisheries Research Institute, Chinese Academy of Fishery Sciences (CAFS), China

Citation: Yan, Q., Xiong, J., Rzymski, P., Magalhães, C., Li, X., eds. (2022). Assembly and Functions of Gut Microbiota in Aquatic Animals. Lausanne: Frontiers Media SA. doi: 10.3389/978-2-83250-642-4





Table of Contents




Microbial Communities of the Hydrothermal Scaly-Foot Snails From Kairei and Longqi Vent Fields

Shijie Bai, Hengchao Xu and Xiaotong Peng

Comparative Study of the Gut Microbiota Among Four Different Marine Mammals in an Aquarium

Shijie Bai, Peijun Zhang, Changhao Zhang, Jiang Du, Xinyi Du, Chengwei Zhu, Jun Liu, Peiyu Xie and Songhai Li

Environmental Water and Sediment Microbial Communities Shape Intestine Microbiota for Host Health: The Central Dogma in an Anthropogenic Aquaculture Ecosystem

Zhijian Huang, Dongwei Hou, Renjun Zhou, Shenzheng Zeng, Chengguang Xing, Dongdong Wei, Xisha Deng, Lingfei Yu, Hao Wang, Zhixuan Deng, Shaoping Weng, Daliang Ning, Chuanle Xiao, Qingyun Yan, Jizhong Zhou, Zhili He and Jianguo He

Power Play of Commensal Bacteria in the Buccal Cavity of Female Nile Tilapia

Yousri Abdelhafiz, Jorge M. O. Fernandes, Erika Stefani, Davide Albanese, Claudio Donati and Viswanath Kiron

Effect of Chronic Exposure to Textile Wastewater Treatment Plant Effluents on Growth Performance, Oxidative Stress, and Intestinal Microbiota in Adult Zebrafish (Danio rerio)

Chun Wang, Zixi Yuan, Yingxue Sun, Xiaolong Yao, Ruixuan Li and Shuangshuang Li

Autochthonous Probiotics Alleviate the Adverse Effects of Dietary Histamine in Juvenile Grouper (Epinephelus coioides)

Zi-Yan Liu, Hong-Ling Yang, Ling-Hao Hu, Wei Yang, Chun-Xiang Ai and Yun-Zhang Sun

Exploring Sexual Dimorphism in the Intestinal Microbiota of the Yellow Drum (Nibea albiflora, Sciaenidae)

Haidong Li, Lei Lu, Ruiyi Chen, Shanshan Li and Dongdong Xu

Quantifying the Colonization of Environmental Microbes in the Fish Gut: A Case Study of Wild Fish Populations in the Yangtze River

Haile Yang, Jinming Wu, Hao Du, Hui Zhang, Junyi Li and Qiwei Wei

Population Differences and Host Species Predict Variation in the Diversity of Host-Associated Microbes in Hydra

Jan Taubenheim, Máté Miklós, Jácint Tökölyi and Sebastian Fraune

Exploring the Intestinal Microbiota and Metabolome Profiles Associated With Feed Efficiency in Pacific Abalone (Haliotis discus hannai)

Wenchao Yu, Yisha Lu, Yawei Shen, Junyu Liu, Shihai Gong, Feng Yu, Zekun Huang, Weiguang Zou, Mingcan Zhou, Xuan Luo, Weiwei You and Caihuan Ke

Evaluation of Potential Probiotic Properties of a Strain of Lactobacillus plantarum for Shrimp Farming: From Beneficial Functions to Safety Assessment

Cong Wei, Kai Luo, Mingyang Wang, Yongmei Li, Miaojun Pan, Yumeng Xie, Guangcai Qin, Yijun Liu, Li Li, Qingbing Liu and Xiangli Tian

Gut Microbiome Succession in Chinese Mitten Crab Eriocheir sinensis During Seawater–Freshwater Migration

Chenxi Shao, Wenqian Zhao, Nannan Li, Yinkang Li, Huiming Zhang, Jingjing Li, Zhiqiang Xu, Jianjun Wang and Tianheng Gao

Environment and Co-occurring Native Mussel Species, but Not Host Genetics, Impact the Microbiome of a Freshwater Invasive Species (Corbicula fluminea)

Marlène Chiarello, Jamie R. Bucholz, Mark McCauley, Stephanie N. Vaughn, Garrett W. Hopper, Irene Sánchez González, Carla L. Atkinson, Jeffrey D. Lozier and Colin R. Jackson

Gut Microbiome Analyses of Wild Migratory Freshwater Fish (Megalobrama terminalis) Through Geographic Isolation

Yaqiu Liu, Yuefei Li, Jie Li, Qiong Zhou and Xinhui Li

Gut Microbiota of Ostrinia nubilalis Larvae Degrade Maize Cellulose

Junfeng Li, Siran Wang, Jie Zhao, Zhihao Dong and Tao Shao

Quorum Quenching Bacteria Bacillus velezensis DH82 on Biological Control of Vibrio parahaemolyticus for Sustainable Aquaculture of Litopenaeus vannamei

Xiaohui Sun, Jia Liu, Shijing Deng, Renhe Li, Wenhua Lv, Shufeng Zhou, Xu Tang, Yun-zhang Sun, Mingyue Ke and Kunming Wang

The Effect of Dietary Lactic Acid Bacteria on Intestinal Microbiota and Immune Responses of Crucian Carp (Carassius auratus) Under Water Temperature Decrease

Yuan Liu, Haoxin Lv, Liping Xu, Kun Zhang, Yan Mei, Jun Chen, Min Wang, Yifei Guan, Huili Pang, Yanping Wang and Zhongfang Tan

Microbiota Comparison of Amur ide (Leuciscus waleckii) Intestine and Waters at Alkaline Water and Freshwater as the Living Environment

Liang Luo, Yue Xu, Yumei Chang, Bo Sun, Limin Zhang, Zhigang Zhao and Liqun Liang

Microbiome of Penaeus vannamei Larvae and Potential Biomarkers Associated With High and Low Survival in Shrimp Hatchery Tanks Affected by Acute Hepatopancreatic Necrosis Disease

Guillermo Reyes, Irma Betancourt, Betsy Andrade, Fanny Panchana, Rubén Román, Lita Sorroza, Luis E. Trujillo and Bonny Bayot

Subchronic Toxicity of Microcystin-LR on Young Frogs (Xenopus laevis) and Their Gut Microbiota

Jinjin Li, Hongzhao Sun, Chun Wang, Shangchun Li and Yunfei Cai

Responses of Gut Microbial Community Composition and Function of the Freshwater Gastropod Bellamya aeruginosa to Cyanobacterial Bloom

Tianying Lyu, Jinyong Zhu, Xianming Yang, Wen Yang and Zhongming Zheng

Intergenerational Transfer of Persistent Bacterial Communities in Female Nile Tilapia

Yousri Abdelhafiz, Jorge M. O. Fernandes, Claudio Donati, Massimo Pindo and Viswanath Kiron

Effect of Bacillus sp. Supplementation Diet on Survival Rate and Microbiota Composition in Artificially Produced Eel Larvae (Anguilla japonica)

Won Je Jang, Shin-Kwon Kim, Su-Jeong Lee, Haham Kim, Yong-Woon Ryu, Min Gyu Shin, Jong Min Lee, Kyung-Bon Lee and Eun-Woo Lee

Effects of Diet on the Gut Microbial Communities of Nile Tilapia (Oreochromis niloticus) Across Their Different Life Stages

Miao Wang, Zijian Fan, Ziyue Zhang, Mengmeng Yi, Zhigang Liu, Xiaoli Ke, Fengying Gao, Jianmeng Cao and Maixin Lu

Temperature Acclimation Alters the Thermal Tolerance and Intestinal Heat Stress Response in a Tibetan Fish Oxygymnocypris stewarti

Tingbing Zhu, Xuemei Li, Xingbing Wu and Deguo Yang

Dysbiosis of Gut Microbiota and Lipidomics of Content Induced by Dietary Methionine Restriction in Rice Field Eel (Monopterus albus)

Yajun Hu, Minglang Cai, Wuying Chu and Yi Hu

Gut Microbiome as a Potential Biomarker in Fish: Dietary Exposure to Petroleum Hydrocarbons and Metals, Metabolic Functions and Cytokine Expression in Juvenile Lates calcarifer

Francis Spilsbury, Md Javed Foysal, Alfred Tay and Marthe Monique Gagnon

Microbial Community Characteristics of the Intestine and Gills of Medium-Form Populations of Sthenoteuthis oualaniensis in the South China Sea

Xiaojuan Hu, Haochang Su, Peng Zhang, Zuozhi Chen, Yu Xu, Wujie Xu, Jie Li, Guoliang Wen and Yucheng Cao












	 
	ORIGINAL RESEARCH
published: 13 October 2021
doi: 10.3389/fmars.2021.764000





[image: image]

Microbial Communities of the Hydrothermal Scaly-Foot Snails From Kairei and Longqi Vent Fields

Shijie Bai, Hengchao Xu and Xiaotong Peng*

Institute of Deep-Sea Science and Engineering, Chinese Academy of Sciences, Sanya, China

Edited by:
Qingyun Yan, Sun Yat-sen University, China

Reviewed by:
Zhifei Li, Pearl River Fisheries Research Institute, Chinese Academy of Fishery Sciences, China
Chongqing Wen, Guangdong Ocean University, China

*Correspondence: Xiaotong Peng, xtpeng@idsse.ac.cn

Specialty section: This article was submitted to Microbial Symbioses, a section of the journal Frontiers in Marine Science

Received: 24 August 2021
Accepted: 27 September 2021
Published: 13 October 2021

Citation: Bai S, Xu H and Peng X (2021) Microbial Communities of the Hydrothermal Scaly-Foot Snails From Kairei and Longqi Vent Fields. Front. Mar. Sci. 8:764000. doi: 10.3389/fmars.2021.764000

The microbial communities of the hydrothermal Scaly-foot Snails (SFSs) from independent hydrothermal vent fields have not been investigated in depth. In this study, we collected SFSs from two different hydrothermal environments located on the Central Indian Ridge (CIR) and the Southwest Indian Ridge (SWIR), the Kairei and Longqi vent fields, respectively. Additionally, one SFS collected from the Kairei vent field was reared for 16 days with in situ deep-sea seawater. The epibiotic and internal samples of SFSs, including ctenidium, esophageal gland, visceral mass, shells, and scales, were examined for microbial community compositions based on the 16S rRNA gene. Our results revealed significant differences in microbial community composition between SFSs samples collected from Kairei and Longqi vent fields. Moreover, the microbial communities of epibiotic and internal SFS samples also exhibited significant differences. Epibiotic SFS samples were dominated by the bacterial lineages of Sulfurovaceae, Desulfobulbaceae, Flavobacteriaceae, and Campylobacteraceae. While in the internal SFS samples, the genus Candidatus Thiobios, affiliated with the Chromatiaceae, was the most dominant bacterial lineage. Furthermore, the core microbial communities of all samples, which accounted for 78 ∼ 92% of sequences, were dominated by Chromatiaceae (27 ∼ 49%), Sulfurovaceae (10 ∼ 35%), Desulfobulbaceae (2 ∼ 7%), and Flavobacteriaceae (3 ∼ 7%) at the family level. Based on the results of random forest analysis, we also found the genera Desulfobulbus and Sulfurovum were the primary bacterial lineages responsible for the dissimilarity of microbial communities between the SFS samples collected from the Kairei and Longqi vent fields. Our results indicated that the microbial lineages involved in the sulfur cycle were the key microorganisms, playing a crucial role in the hydrothermal vent ecosystems. Our findings expand current knowledge on microbial diversity and composition in the epibiotic and internal microbial communities of SFS collected from different hydrothermal vent fields.

Keywords: scaly-foot snails, epibiotic samples, internal samples, microbial communities, hydrothermal vent fields, Southwest Indian Ridge


INTRODUCTION

Deep sea hydrothermal vents are oases of life in the deep seafloor (Brazelton, 2017). Typically, hydrothermal vents are located at seafloor spreading centers, such as the Mid Ocean Ridges. However, some hydrothermal vents were also been proven to exist in some other geological settings (Dick, 2019). The cold bottom seawater percolates through the fractured and porous basement rock, and then the seawater encountered the geothermal heat of the melting zone underneath the spreading center. Afterward, the subsurface heated seawater ultimately changed its chemical composition through water-rock interaction, leaching of sulfur and metals from the subsurface rocks. Under extremely high pressure and temperature, the hot, buoyant hydrothermal fluid rises constantly along the channels, emerging from hydrothermal vent orifices, and rapidly mixing with cold surrounding ambient seawater, resulting in different redox interfaces at which chemical sources of energy support hydrothermal vent ecosystems, such as the dissolved metal sulfides, H2S, and CO2 (Teske, 2009; Dick, 2019).

Deep sea hydrothermal vent ecosystems are mainly composed of chemosynthetic bacteria and archaea, these microorganisms are profiting from the chemical disequilibrium, caused by the reducing hydrothermal fluids and ambient oxidizing seawater, and these lithoautotrophs are reaping chemical energy to fix inorganic carbon into their biomass. Vent microbial communities, including vent animal symbionts, are fueled by chemosynthesis, and these organic carbons fixed through the chemosynthesis process support dense animal communities mainly through symbiotic relationships. Even there was a study that proposed the Pompeii worms, Alvinella pompejana inhabit an up to 60°C high-temperature environment. However, the rapid mixing of hot vent fluids and cold ambient seawater can result in a dynamic thermal regime that is difficult to ascertain the thermotolerance of vent animals via in situ measurements. Therefore, the current agreement is that the vent animals can not be tolerated sustained temperatures above 55°C (Cary et al., 1998; Girguis and Lee, 2006). The shrimp, crabs, bivalves, tubeworms, and snails constitute the animal communities of deep sea hydrothermal vent ecosystems. These animals have to poise themselves on the balance of harvesting reducing chemicals from hydrothermal fluids for symbiotic bacteria, and tolerating physiological challenges, such as the high-temperature stress, toxic sulfide, heavy metals, and low oxygen levels. Vent animals and their symbiotic bacteria have to adapt to different hydrothermal vent environments, displaying strong biogeography (Van Dover et al., 2001; Childress and Girguis, 2011).

The scaly-foot snail (SFS), Chrysomallon squamiferum, is different from all known mollusks in that its foot is covered by scales of mineralized iron sulfide on conchiolin, was first discovered at Kairei hydrothermal vent field on the Central Indian Ridge (CIR; Van Dover et al., 2001; Warén et al., 2003; Chen et al., 2015c). Since that initial discovery, a total of three morphotypes of SFSs have been reported in the Indian Ocean, each with its distinguishing characteristics (Nakamura et al., 2012; Chen et al., 2015a). The SFSs first discovered at the Kairei were dark morphotypes, with dark shells and scales (Van Dover et al., 2001). A white morphotype of SFSs was observed at the Solitaire hydrothermal field, 750 km to the north of Kairei on the CIR (Nakamura et al., 2012). A third SFSs morphotype, with brown shells and dark scales, was observed at Longqi, a hydrothermal vent field located on the ultraslow-spreading Southwest Indian Ridge (SWIR; Zhou et al., 2018). Despite the color discrepancy, genetic and morphological results reveal that all three morphotypes are genetically the same species (Chen et al., 2015b).

The SFSs have metal-rich sclerites and unique enlarged esophageal gland, which results in the morphologically and presumably physiologically different from other gastropod hosts of chemoautotrophic symbionts. Molecular study of the symbionts utilizing the 16S rRNA gene indicated that two distinct assemblages of bacteria associate with SFS: a diverse community of epibionts, which involved in the formation of the pedal sclerites with iron sulfide minerals, and a single endosymbiont that contribute to the nutritional demands of the snail (Goffredi et al., 2004). Even so, owing to difficulties with the sampling of SFSs around black smoker chimneys located in CIR and SWIR, we limited our focus to the microbiome of SFSs in Kairei and Longqi vent fields to answer the following questions: Whether the microbial communities of epibiotic and internal of SFS are different? Considering the SFS from Kairei and Longqi vent fields are the same species, both with dark shells and scales (Chen et al., 2015c), what are the similarities and differences of microbial community structure and composition? Moreover, after reared with deep-sea in situ seawater (prokaryotic cells and particles were excluded) for 16 days, did the microbial communities changed? For instance, the distribution of two sulfur-oxidizing bacteria, Sulfurovum and Sulfurimonas, which are affiliated with Epsilonproteobacteria, is mostly determined by the concentrations of oxygen and sulfur (Meier et al., 2017). Obviously, the rearing experiment on board will increase the concentration of oxygen.

The goal of this study was to compare microbial communities from multiple locations both within (ctenidium, esophageal gland, and visceral mass) (Nakagawa et al., 2014; Chen et al., 2015a), and on the surface (shell and scales) of SFS collected from two different hydrothermal vent locations, the Kairei and Longqi vent fields. We also analyzed the microbial communities of a single SFS from the Kairei black smoker chimney, which was reared with deep-sea in situ seawater for 16 days until it died.



MATERIALS AND METHODS


Sample Collection

The identified hydrothermal fields of the SWIR are mainly centered on two ridge sections. One ridge section is located between the Indomed and Gallieni transform faults of the SWIR, from 49°E to 53°E, where six hydrothermal fields have been discovered, including Yuhuang (37°56′S, 49°16′E), Longqi (37°47′S, 49°39′E), Duanqiao (37°39′S, 50°24′E), Changbaishan carbonate field (37°37′S, 50°56′E), and two other unnamed fields (37°27′S, 51°19′E and 36°60′S, 53°15′E) (Tao et al., 2014). The other section of the hydrothermal field lies on the SWIR between the Melville transform fault and Rodriguez triple junction (RTJ) from 63°E to 64°E, where Tiancheng (27°51′S, 63°55′E) and Tianzuo (27°57′S, 63°33′E) hydrothermal fields were discovered (Tao et al., 2014). The Kairei vent field (25°19′S, 70°02′E) was discovered in 2000 on the Central Indian Ridge (CIR), approximately 22 km north of the Rodriguez Triple junction (Hashimoto et al., 2001).

Scaly-foot Snails were collected from the Longqi (water depth = 2773 m, assigned as Lq) and Kairei (water depth = 2495 m, assigned as Kr) vent fields at the SWIR and CIR, respectively (Supplementary Figure 1), during the TS10 expedition in the Indian Ocean from November 2018 to March 2019. The scaly-foot snails were grabbed by the mechanical arms of the manned submersible Shenhaiyongshi and then recovered in the sample basket. The Snail samples were kept in a lockable PVC bio-box on the sample basket to avoid contamination. The bio-box was closed during the process of diving and surfacing. Only when the samples were collected, the cover lib could be open, and after sampling, the bio-box will be closed again. Once onboard the supporting vessel R/V Tansuoyihao, these samples were stored at −80°C. A single scaly-foot snail retrieved from the Kairei vent field was reared for 16 days in a covered tank containing 20 L deep sea in situ seawater filtered with 0.22 μm polycarbonate membrane to remove all protozoa and the vast majority of prokaryotic cells (assigned as Kr16), filter samples were stored at −80°C ultra-low freezer. After the expedition, the samples were transferred on dry ice to the laboratory of the Institute of Deep-Sea Science and Engineering, Chinese Academy of Sciences (IDSSE, CAS). The dissection of the SFSs was conducted in a Vertical Flow Clean Bench with sterilized scissors and tweezers. Samples of the ctenidium (Ct), esophageal gland (Gl), visceral mass (Vm), shells (Sh), and scales (Sc; Nakagawa et al., 2014; Chen et al., 2015a), were collected for DNA extraction. The esophageal gland was divided into three parts, the fore-end part (assigned as gl_1), which connected with the ctenidium, the middle part of the esophageal gland (assigned as gl_2), and the tail end (assigned as gl_3), which connected with the visceral mass.



DNA Extraction and Sequencing

DNA was extracted from the different body site samples of SFSs from Longqi and Kairei vent fields (three extraction blank control samples were used) with MoBio PowerSoil extraction kits (Mo Bio Laboratories, Carlsbad, CA, United States), according to the manufacturer’s instructions. The extracted DNA was quantified with a Qubit fluorometer (Invitrogen Inc., Manufacturer: Life Technologies Holdings Pte., Ltd., Singapore) and used for amplification of the V4 region of the 16S rRNA gene with the primer pair 515f Modified and 806r Modified (Walters et al., 2015). The PCR cycling conditions were as follows: denaturation at 95°C for 3 min, followed by 27 cycles at 95°C for 30 s, 55°C for 30 s, and 72°C for 45 s and a final extension at 72°C for 10 min. Triplicate PCR amplicons were combined after purification using a TaKaRa purification kit (TaKaRa, Japan). The PCR products were prepared for library construction with the TruSeq DNA sample preparation kit (Illumina, San Diego, CA, United States), according to the manufacturer’s instructions. The libraries were sequenced at MajorBio Co., Ltd. (Shanghai, China) using the HiSeq platform (Illumina) with a paired-end 250 bp sequence read run.



Microbial Community Analysis

After sequencing, the raw reads were categorized according to their barcodes and forward and reverse primers (one mismatch each was allowed). Paired-end reads of sufficient length were combined with at least a 30 bp overlap into full-length sequences by using FLASH program version 1.2.8 (Magoč and Salzberg, 2011). The average fragment length was 253 bp. Btrim program version 0.2.0 was used to filter out low-quality sequences. The quality score was set to >20 with a 5-base window size as the standard; any sequences containing Ns or <200 bp were discarded. The sequences with lengths of 245–260 bp were retained (Kong, 2011). UPARSE (Edgar, 2013) was used to remove chimeras and cluster the sequences into 97% identical operational taxonomic units (OTUs). Singletons were excluded from further analysis. We also used UNOISE3 to correct sequencing errors to determine real biological sequences at single-nucleotide resolution by generating amplicon sequence variants (ASVs) with default settings (Edgar, 2016). A representative sequence from each OTU/ASV was selected for taxonomic annotation by comparison with the SILVA 132 database (Quast et al., 2013), which includes bacterial, archaeal, and eukaryotic sequences. The OTUs/ASVs were randomly subsampled to normalize the reads of each sample. The raw sequencing reads of all samples were deposited to the NCBI database1 under BioProject accession number: PRJNA679429.



Statistical Analysis

The diversity of the microbial communities from the different body site samples of SFSs from Longqi and Kairei vent fields were determined by statistical analysis of the α-diversity indices. The Shannon and Inverse Simpson indices were calculated using the vegan package in R language version 3.4.3 (R Core Team, 2018). The Chao1 values (Chao, 1984) were generated using the Mothur program (Schloss et al., 2009). The random forest analysis was conducted using the randomForest package in R, and β-diversity-based statistical tools, non-metric multidimensional scaling (NMDS), were used to test the differences within the microbial community structure. DNA extraction and data analysis were followed by the method previously described (Bai and Hou, 2020). Data comparison between different groups was performed by the Wilcoxon rank-sum test using IBM SPSS Statistics 19.



RESULTS


Sequencing Statistics and Microbial Diversity

A total of 932,551 sequences were obtained from 18 samples after quality assessment, including seven SFS samples from the Kairei vent field, seven SFS samples from the Longqi vent field, but only four samples from the reared Kairei vent field SFS were successfully sequenced for their 16S rRNA gene. Since the Kr16_gl_1, Kr16_gl_2, and Kr16_ct samples were not generated enough PCR products after PCR amplification, as well as the three blank control samples, no sequencing actions were taken for these samples. An average of 51,808 ± 11,163 sequences were obtained from each sample. We randomly resampled to 26,217 sequences per sample for the next analyses of microbial diversity, composition, and structure. The α-diversities of microbial communities from different samples were calculated (Supplementary Table 1). As shown in Figure 1, if all samples from a single SFS were treated as an individual, the observed richness and Chao1 indices all indicated that the α-diversity of the microbiome from Kairei field was higher than that of Longqi field (Figures 1C,D). Moreover, if the samples were divided into two groups, an internal group (including the samples of Ct, Gl, and Vm) and an external epibiotic group (shells and scales), it was observed that the α-diversity of the epibiotic group was significantly higher than that of the internal group, especially the Shannon and Inverse Simpson indices (Wilcoxon rank-sum test, p < 0.01) (Figures 1E,F). Moreover, the alpha diversity results based on the ASV table was also showed the same trends (Supplementary Figure 2).
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FIGURE 1. Comparisons of four α-diversity indices, Shannon index (A,E), Inverse Simpson index (B,F), observed richness (C,G), and Chao1 index (D,H), of the SFS samples. Kr refers to SFS samples collected from the Kairei vent field; Kr16 refers to samples collected from the Kairei vent field SFS reared for 16 days; Lq refers to SFS samples collected from the Longqi vent field; The group of Ct, Gl, and Vm refers to the internal samples of SFSs; The group of Sc and Sh refers to the epibiotic samples of SFSs. *Difference is significant at 0.05 level; **Difference is significant at 0.01 level, based on Wilcoxon rank-sum test. The results based on the OTUs datasets.


Non-metric multidimensional scaling analysis of microbial communities clearly separated theses samples into two principal groups, one consisting of the SFS samples obtained from the Longqi vent field, and another composed completely of all SFS samples collected from the Kairei vent field, including the SFS samples of reared one (Figures 2A,B,D). To compare the microbial communities of the SFS directly collected from the Kairei vent field and the one reared for 16 days with in situ deep-sea seawater on aboard, these SFS samples were picked out for further NMDS analysis. The results revealed that although the rearing treatment have changed the microbial communities, however, a significant difference was not observed (Figure 2C). The NMDS analysis based on the ASVs datasets was also support these results (Supplementary Figure 3).
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FIGURE 2. NMDS analysis of the microbial communities separated the samples into two principal groups, one composed of the samples of SFSs collected from the Kairei vent field, and another group composed of SFS samples collected from the Longqi vent field (A). Although the samples of Kr and Kr16 grouped together, they were in a loose pattern with no significant difference (C). However, the microbial community structures of Kr and Kr16 were clearly separated from the microbial community of Lq (B,D). The results based on the OTUs datasets.




The Composition and Statistical Analysis of Microbial Communities

Gammaproteobacteria were the dominant bacterial lineage, being found in the internal (Ct, Gl, and Vm) samples of SFS collected in the Kairei vent field, ranging from 88 ∼ 98% (Figure 3A). Gammaproteobacteria also dominated the internal samples of Longqi SFS, accounted for 99 ∼ 100%, but with one exception, the sample of Lq_ct, which harbored Epsilonbacteraeota as the most dominant bacterial lineage (57%), followed by Bacteroidetes (16%) and Gammaproteobacteria (12%). By contrast, after 16 days of rearing, the dominant bacterial lineages of Kr16_gl_3 had switched to Epsilonbacteraeota, accounting for 65% of sequences, with the exception of sample Kr16_vm, in which Gammaproteobacteria continued to account for almost 100% of sequences. Among the epibiotic samples (Sh and Sc), Epsilonbacteraeota, Bacteroidetes, and Deltaproteobacteria were the dominant bacterial lineages in the Kairei vent field samples, including the reared SFS. However, the Longqi epibiotic samples were dominated by Gammaproteobacteria, Bacteroidetes, and Epsilonbacteraeota. Deltaproteobacteria were not the dominant bacterial lineage in the samples of Lq_sc and Lq_sh, accounting for only 0.2 ∼ 9% (Figure 3A). At the order and family taxonomic levels, the Chromatiaceae, which are affiliated with the Chromatiales, displayed a universal distribution, with high relative abundance, in the majority of CT, Gl, and Vm SFS samples, except for the samples of Kr16_gl_3 and Lq_ct, which were dominated by Sulfurovaceae and Campylobacterales, respectively (Figures 3B,C). In the epibiotic samples (Sc and Sh), the dominant bacterial members from the Kairei vent field consisted of Sulfurovaceae, Desulfobulbaceae, Flavobacteriaceae, and Campylobacteraceae, which belonged to Campylobacterales, Desulfobacterales, Flavobacteriales, and Campylobacterales, respectively. While Lq_sc and Lq_sh showed some heterogeneity, in sample Lq_sc, Flavobacteriaceae and Sulfurovaceae were the dominant bacterial lineages, but Flavobacteriaceae was not dominant in the Lq_sh sample, being replaced by Chromatiaceae. However, regardless of which vent field the SFS were collected from, Sulfurovaceae was the dominant bacterial lineage within all Sc and Sh samples (Figures 3B,C). Furthermore, the genus level was dominated by Candidatus Thiobios (classified to endosymbiont of unidentified scaly snail isolate Monju at species level) in the internal SFS samples, accounting for 88 ∼ 100% of sequences, with the exception of sample Kr16_gl_3, which dominated by Sulfurovum (61%). Sulfurovum was the dominant bacterial genus of all epibiont samples collected from the Kairei and Longqi vent fields (Figure 3D). The Campylobacter and Cocleimonas were among the dominant genera present at higher abundance in the sh, but not sc, SFS samples of the Kairei vent field. Moreover, Desulfobulbus was one of the dominant bacterial lineages in sc and sh SFS samples collected from the Kairei vent field, but not the samples of sc and sh collected from the Longqi vent field samples. The taxonomic annotation of ASVs was also conducted to compare the microbial community composition generated by OTUs and ASVs (Supplementary Figure 4). Our results showed that the biological conclusions based on microbial relative abundance were not affected by the choice of denoising or not. Thereby, we only use the datasets generated by OTUs for the rest of the analysis.
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FIGURE 3. Stacked bar chart showing the relative abundance of microbial communities from all samples at phylum and class levels (A), order level (B), family level (C), and genus level (D). The results based on the OTUs datasets.




The Shared and Key Microbial Communities From Different Scaly-Foot Snail Samples

To better understand the composition of the core microbial community, we explored the detailed differences at the OTU level between different SFS samples. Quality control and random resampling of the 18 samples were conducted, and the sequence reads were clustered into 770 OTUs at 97% similarity level. As shown in Figure 4, 187, 158, and 41 unique OTUs were detected in the samples of Kr, Kr16, and Lq, respectively. 331 OTUs were shared between Kr and Kr16, 182 OTUs were shared between Kr and Lq, and 158 OTUs were shared between Kr16 and Lq (Figure 4A). The 146 OTUs detected in all groups of Kr, Kr16, and Lq, formed the core microbial communities of SFS samples collected from the Kairei and Longqi vent fields. This core microbial community, which accounted for 78 ∼ 92% of sequences, was dominated by Chromatiaceae (27 ∼ 49%), Sulfurovaceae (10 ∼ 35%), Desulfobulbaceae (2 ∼ 7%), and Flavobacteriaceae (3 ∼ 7%) at the family level (Figure 4B). Moreover, Candidatus Thiobios (27 ∼ 49%), Sulfurovum (9 ∼ 33%), Desulfobulbus (1 ∼ 6%), and Maritimimonas (2 ∼ 5%) were the dominant bacterial lineages of this core community. Interestingly, the relative abundance of Sulfurovum dramatically increased after the SFS (Kr16) that was reared for 16 days. By contrast, compared to the samples of Kr, the proportion of Candidatus Thiobios decreased in the samples of Kr16.
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FIGURE 4. Distribution of OTUs in the samples of Kr, Kr16, and Lq (A), and the stacked bar chart showing the relative abundance of the microbial communities consisting of the shared OTUs from all samples at the level of family (B), and genus (C). Kr refers to SFS samples collected from the Kairei vent field; Kr16 refers to SFS samples collected from the Kairei vent field, and reared for 16 days; Lq refers to SFS samples collected from the Longqi vent field.


The microbial community members unique to the Kr, Kr16, and Lq sample sets were revealed by random forest analysis. According to indices such as the Mean Decrease Accuracy and Mean Decrease Gini, the 20 most important OTUs were delineated (Figure 5A). The five most important OTUs were OTU_6, OTU_40, OTU_181, OTU_46, and OTU_1090, which were assigned to Desulfobulbus (Desulfobulbaceae), unclassified (unclassified, Candidatus Moranbacteria), Sulfurovum (Sulfurovaceae), unclassified (unclassified, Candidatus Moranbacteria), and Sulfurovum (Sulfurovaceae), respectively. The heatmap consisting of the 20 most important OTUs indicated the SFS samples of Lq separated from the SFS samples collected from the Kairei vent field, except for the samples of Kr_vm and Kr16_vm, which were almost entirely dominated by a single bacterial lineage, Candidatus Thiobios, affiliated with Chromatiaceae, Chromatiales, just like sample Lq_vm (Figure 5B). Moreover, OTU_6, OTU_1090, OTU_40, OTU_26, and OTU_54, the top five OTUs (Supplementary Figure 5A), that played an important role in shaping the differences in community structure between Kr and Lq. The heatmap results of bacterial communities, which constituted by the top 20 most important OTUs, also displayed a clear separation into two principal groups based upon hydrothermal vent site (Supplementary Figure 5B). The five OTUs most crucial to the differences between the microbial communities of Kr16 and Lq were OTU_46, OTU_40, OTU_181, OTU_1090, and OTU_4 (Supplementary Figure 6A). Furthermore, these 20 most important OTUs can also distinguish the microbial communities of Kr16 and Lq (Supplementary Figure 6B). Based on these results, OTU_6, OTU_40, OTU_181, OTU_46, OTU_1090, OTU_26, OTU_54, and OTU_1090 were the most important OTUs, distinguishing the microbial community between the SFS samples collected from Kairei and Lq vent fields, most of which were affiliated with bacterial lineages involved in deep sea sulfur cycling. Even there were no significant differences between the microbial communities of Kr and Kr16, we still attempted to ascertain the most important OTUs between these two groups. According to the results of random forest analysis, OTUs affiliated with the Arcobacter (Arcobacteraceae) and unclassified Vibrionaceae, Sulfurovum (Sulfurovaceae), Sulfurospirillum (Sulfurospirillaceae) were the key bacterial lineages, which that potentially resulted in differences between the microbial communities of Kr and Kr16 (Supplementary Figure 7).
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FIGURE 5. The importance (A) and the heatmap (B) of the 20 most important OTUs, which distinguish the samples of Kr, Kr16, and Lq. The microbial abundance was scaled with log transformation in the heatmap. Kr refers to SFS samples collected from the Kairei vent field; Kr16 refers to SFS samples collected from the Kairei vent field, and reared for 16 days; Lq refers to SFS samples collected from the Longqi vent field.




DISCUSSION


Characterize the Microbial Communities of Scaly-Foot Snails From Kairei and Longqi Vent Fields

In our study, samples were collected from different parts of scaly-foot snails, which were captured from the Kairei, and Longqi vent fields. The Kairei vent field is located in the CIR and the Longqi vent field is located in the SWIR, indicating these SFSs were from different hydrothermal environments. Furthermore, on the basis of the end-member Vent fluid compositions, there were some geochemical differences between the two vent fields, for instance, the end-member Fe and H2 concentrations of the vent fluids from the Kairei field were higher than those of the Longqi vent field while the concentration of CH4 from Longqi vent fluid was far higher than that of the Kairei vent fluid (Gallant and Von Damm, 2006; Ji et al., 2017). Moreover, one of the SFSs collected from the Kairei vent field was reared in a tank with in situ deep seawater for 16 days at 4°C, the in situ deep seawater were filtered to remove all prokaryotic cells, it should be noted that the filtrate would have still contained in situ deep-sea viruses, which could not be filtered by 0.22 μm filter membranes. The hydrothermal fluid discharging out into seawater causes intense turbulence, which can lead to microorganisms from the ambient near bottom seawater being mixed in Jiang and Breier (2014) and Sheik et al. (2015). Since the SFSs were perched on the root of the hydrothermal chimney, and the shells and scales were exposed to the surrounding seawater, thereby, the microbial communities of seawater samples taken in close vicinity to the hydrothermal chimneys should show some similarities to the shell and scale samples of SFSs. Our results confirmed that the main bacterial lineages of SFS shell and scale samples, including Thiotrichaceae, Sulfurovaceae, Desulfobulbaceae, and Flavobacteriaceae, within the phyla (class) Gammaproteobacteria, Epsilonbacteraeota, Deltaproteobacteria, and Bacteroidetes, respectively, were in line with those of a previous study, which found that the members of these four phyla were the dominant bacterial lineages in SFS shells and scales (Goffredi et al., 2004). Moreover, these four lineages were also present in the near bottom seawater samples (Li et al., 2020). Even hydrothermal systems inflict a strong influence on the habitats of SFS, the microbial communities of SFS shells and scales still showed some peculiarities. For instance, while the (hyper)thermophilic bacterial lineages, Aquificaceae, Hydrogenothermaceae, and Desulfurobacteriaceae within the phylum Aquificae, dominate the samples of the initial root of hydrothermal plumes, but they were not observed in the shell and scale samples of SFSs. Moreover, another thermophilic lineage, the genus Caminibacter, affiliated with Nautiliales, also was not detected in SFS shells or scales, but was found in the ambient near bottom seawater samples of the vent (Li et al., 2020). On the contrary, Cocleimonas, Campylobacter, Desulfobulbus, and Maritimimonas, affiliated with Thiotrichaceae, Sulfurovaceae, Desulfobulbaceae, and Flavobacteriaceae, respectively, dominated the samples of SFS shells and scales. Cocleimonas was previously been detected in the bottom water sample of the Longqi hydrothermal vent, but at extremely low relative abundance (Li et al., 2020). However, it was one of the predominant bacterial lineages in the shells and scales. Very little is known about the genus Cocleimonas, with only one strain (capable of sulfur oxidation) isolated from a sand snail that lives on the sediments of the Japan sea (Tanaka et al., 2011). Subsequently, Cocleimonas related organisms have been found in samples of endemic caridean shrimp living in the deep-sea hydrothermal environment on the Mid Atlantic Ridge (Apremont et al., 2018), and a reared hydrothermal vent squat lobster from the Iheya North hydrothermal field in the Okinawa Trough, Japan (Watsuji et al., 2018). All these lineages of Cocleimonas were known to be the chemoautotrophic sulfur-oxidizers. The genus Campylobacter are very common bacteria in both animal digestive tracts and at hydrothermal vents, whose powerful flagellar motility is very important in nutrient acquisition, whereby bacterial cells attach to surfaces and rotate their flagella to increase nutrient flux for metabolism (Beeby, 2015). Moreover, single-cell-based activity measurements and 16S rRNA-gene analysis have previously shown that autotrophic Campylobacter dominate carbon fixation in oxygen/nitrate limited deep sea hydrothermal environments (McNichol et al., 2018). The family Flavobacteriaceae is comprised of more than 45 genera that are distributed across diverse environments, including freshwater, marine, soil, and epibenthic fauna. However, the genus Maritimimonas, which dominated the shells and scales of SFS collected from Kairei and Longqi vent fields, is not widely reported in the microbial communities of hydrothermal environments. Only one strain of Maritimimonas was isolated from a veined rapa whelk, Rapana venosa, collected from the south sea off the coast of the South Korea (Park et al., 2009). Desulfobulbus, as one of the sulfate-reducing bacteria (SRB), are widely distributed in different environments (Suzuki et al., 2007; Sorokin et al., 2012; Kharrat et al., 2017). These bacterial lineages have an important role in both sulfur and carbon cycling, utilizing sulfate as a terminal electron acceptor in their respiratory metabolism, facilitating the degradation of organic matter, and additionally, bind heavy metal ions from surrounding water into insoluble sulfides (Jørgensen, 1982; El Houari et al., 2017). According to these data, we can infer that the microorganisms present on the shells and scales of SFS are mainly involved in the cycling of sulfur and carbon, with organic matter mineralization. By contrast, different microbial communities were observed in the internal SFS samples. The Candidatus Thiobios of Chromatiaceae was the most dominant bacterial lineage, accounting for nearly 100% sequences of the internal SFS samples. These findings broadly support the work of previous studies (Goffredi et al., 2004; Nakagawa et al., 2014). Candidatus Thiobios is a thiotrophic symbiont that utilizes hydrogen sulfide or other reduced sulfur compounds, which are typically produced either biologically by anaerobic sulfate-reducing bacteria or geothermally at hydrothermal vents, to gain energy for carbon fixation (Dubilier et al., 2008). The complete genome analysis of the scaly snail endosymbiont also confirmed that these bacteria are mainly involved in the functions of sulfur/hydrogen oxidation and carbon fixation (Nakagawa et al., 2014). Previously, the chemoautotrophic Candidatus Thiobios was thought to be unable to survive without its symbionts (Bauer-Nebelsick et al., 1996). However, an autotrophic Chromatiaceae bacterium was found to exist in the water column at 1500 m water depth in the southern Pacific Ocean, based on the phylogenetic analysis of 16S rRNA genes, this bacterium was closely related to the endosymbiont of scaly snails, and showed similar functionality (Sass et al., 2020). Furthermore, cultivation experiments of the thiotrophic symbiosis between Zoothamnium niveum and Candidatus Thiobios zoothamnicoli showed that the symbiosis was not able to survive without sulfide. Intriguingly, a high concentration of sulfide harmed the symbiotic association (Rinke et al., 2007). These findings may help us to understand why Scaly-foot Snails are only present at hydrothermal vent fields, and always maintain a specific distance from the vent orifice, perhaps acquiring the appropriate sulfide concentration for metabolic activities.



Key Microbial Lineages to Distinguish the Microbial Community Structure of Scaly-Foot Snail From Kairei and Longqi Vent Field

Different microbial community structures were observed in the SFS samples collected from Kairei and Longqi vent fields. Based on the NMDS statistical analysis, the microbial communities of all samples were separated into two principal groups by location (p = 0.003, MRPP; p = 0.002, ANOSIM; p = 0.002, PERMANOVA). According to the description of operator who collected these SFSs, the intensity of discharged hydrothermal fluid from the Longqi vent was much stronger than that of Kairei, perhaps this is one of the reasons why the microbial community structure was different between the SFS samples of the two vent fields. In addition, the α-diversity of the microbiome from Longqi field was lower than that of the microbiome from Kairei field. As previously known, once the hot, anoxic hydrothermal fluid discharged from the orifices, the hydrothermal fluids are progressively diluted by cold oxygenated ambient seawater, which exert an important influence on the changes in chemical and microbial features (Elderfield and Schultz, 1996; Marbler et al., 2010; Anantharaman et al., 2016). Thereby, the degree of intense turbulence caused by hydrothermal fluid mixed with surrounding seawater may result in greatly varying chemical conditions, and these different, steep gradients can generate a wide range of geochemical niches and different energy sources for microorganisms, and thus alter the microbial communities. Moreover, based on the random forest analysis, there are several important differences between the SFS samples of Kairei and Longqi at the OTU level, most of the key OTUs were affiliated with bacterial lineages involved in sulfur cycling, such as Desulfobulbus (Desulfobulbaceae) and Sulfurovum (Sulfurovaceae). The genus Sulfurovum is a chemolithoautotroph bacterial lineage, commonly found in many hydrothermal vent fields (Inagaki et al., 2004; Mino et al., 2014; Giovannelli et al., 2016; Mori et al., 2018). Deep-sea hydrothermal vent ecosystems are primarily supported by microbial chemosynthesis (Jannasch, 1985), and these chemolithoautotrophs can use a range of reductive substrates as energy sources (Campbell et al., 2006; Fisher et al., 2007; Sievert and Vetriani, 2012), for instance, chemolithoautotrophs can gain energy from the redox reactions occurred at the interface of cold, oxidized seawater, which carries O2, NO3–, Fe3+, SO42–, and CO2, and hot, anoxic hydrothermal fluid, which contains H2, H2S, CH4, Fe2+, and formate (Fisher et al., 2007; Sievert and Vetriani, 2012). Based on the characteristics of Desulfobulbus and Sulfurovum isolated as pure cultures from deep-sea hydrothermal vents, the genus Sulfurovum mainly involved in sulfur-oxidation, thiosulfate-reduction, nitrate-reduction, and hydrogen oxidation (Inagaki et al., 2004; Mino et al., 2014; Giovannelli et al., 2016; Mori et al., 2018). The genus Desulfobulbus is primarily considered to be composed of sulfate-reducers (Suzuki et al., 2007; Sorokin et al., 2012), with some potentially capable of propionate-oxidation and mercury methylation (Moreau et al., 2015; El Houari et al., 2017). Taken together, these findings suggest that the dissimilarity of microbial communities from the SFS samples of Kairei and Longqi vent fields were likely to due to the steep chemical gradients caused by the mixture of varying hydrothermal fluid and ambient seawater. Moreover, after being reared for 16 days, the microbial communities of Kr16 were altered compared with the microbial communities of Kr. However, no significant difference was observed (p = 0.361, MRPP; p = 0.118, ANOSIM; p = 0.268, PERMANOVA). The results of random forest analysis indicated that Arcobacter (Arcobacteraceae), Sulfurovum (Sulfurovaceae), and Sulfurospirillum (Sulfurospirillaceae) were the main bacterial lineages responsible for the difference between microbial communities. The genera Arcobacter and Sulfurospirillum were previously observed to be common autotrophic bacterial lineages in the hydrothermal vent environment, that acquire energy by sulfur-oxidation (Djurhuus et al., 2017; Zhang et al., 2017; Li et al., 2018, 2020). It should be noted that samples Kr_ct, Kr16_gl_1, and Kr16_gl_2 could not be sequenced due to the inability to generate enough DNA after 16S rRNA gene amplification, indicating the extremely low microbial biomass after the host was reared for 16 days. From this perspective, the SFS may die from a lack of enough symbiotic bacteria to support their metabolic requirements.



CONCLUSION

In this study, we collected SFS samples from the Kairei and Longqi vent fields. Different epibiotic and internal samples were obtained, including samples of the ctenidium, esophageal gland, visceral mass, shells, and scales. The results show that there is a significant difference in microbial community compositions among the SFS samples of Kairei and Longqi vent fields, and this may attributed to the different chemical gradients in the habitats caused by the varying intensity of hydrothermal fluid mixing with the ambient bottom seawater. The lower alpha diversity of microbial communities of the Longqi vent field SFS samples, indicated strong turbulent mixing of hydrothermal fluids and seawater in this region with a harsher environment compared with the Kairei vent field. Candidatus Thiobios, Sulfurovum, Desulfobulbus, and Maritimimonas, affiliated with the Chromatiaceae, Sulfurovaceae, Desulfobulbaceae, and Flavobacteriaceae, respectively, were the dominant bacterial lineages, constituting the core microbial communities of all SFS samples. Moreover, the genus Desulfobulbus and Sulfurovum were the primary bacterial lineages responsible for the dissimilarity of microbial communities between the SFS samples collected from the two vent fields. Additionally, since the deep sea in situ seawater for the rearing were filtered with 0.22 μm membrane, many of the in situ viruses were still present in the filtrate, and perhaps some specific lytic viruses led to the symbiotic bacteria cell lysis and indirectly caused the death of reared SFS (We have detected extreme more phages from the esophageal gland of the Kr16 than other two SFSs, data not shown). While many published papers detail the functions of the main microbial lineages present within hydrothermal vent environments, many bacteria and archaea still lack such functional information. From this perspective, to better understand the role of microorganisms in the epibiotic and internal samples of SFS, 16S rRNA gene sequencing and metagenomics should be conducted on different SFS samples collected from hydrothermal vent fields located around the globe, to reveal more detailed microbial community composition and functional information. Moreover, viral communities should also be addressed.
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Supplementary Figure 1 | Map of deep-sea hydrothermal vent fields where snail samples were collected. SWIR, South West Indian Ridge; CIR, Central Indian Ridge; SEIR, South East Indian Ridge.

Supplementary Figure 2 | Comparisons of four α-diversity indices, Shannon index (A,E), Inverse Simpson index (B,F), observed richness (C,G), and Chao1 index (D,H), of the SFS samples. Kr refers to SFS samples collected from the Kairei vent field; Kr16 refers to samples collected from the Kairei vent field SFS reared for 16 days; Lq refers to SFS samples collected from the Longqi vent field; The group of Ct, Gl, and Vm refers to the internal samples of SFSs; The group of Sc and Sh refers to the epibiotic samples of SFSs. ∗Difference is significant at 0.05 level; ∗∗Difference is significant at 0.01 level, based on Wilcoxon rank-sum test. The results based on the ASVs datasets.

Supplementary Figure 3 | NMDS analysis of the microbial communities separated the samples into two principal groups, one composed of the samples of SFSs collected from the Kairei vent field, and another group composed of SFS samples collected from the Longqi vent field (A). Although the samples of Kr and Kr16 grouped together, they were in a loose pattern with no significant difference (C). However, the microbial community structures of Kr and Kr16 were clearly separated from the microbial community of Lq (B,D). The results based on the ASVs datasets.

Supplementary Figure 4 | Stacked bar chart showing the relative abundance of microbial communities from all samples at phylum and class levels (A), order level (B), family level (C), and genus level (D). The results based on the ASVs datasets.

Supplementary Figure 5 | The importance (A) and the heatmap (B) of the 20 most important OTUs, which distinguished the samples of Kr and Lq. The microbial abundance was scaled with log transformation in the heatmap. Kr refers to SFS samples collected from the Kairei vent field; Lq refers to SFS samples collected from the Longqi vent field.

Supplementary Figure 6 | The importance (A) and the heatmap (B) of the 20 most important OTUs, which distinguished the samples of Kr16 and Lq. The microbial abundance was scaled with log transformation in the heatmap. Kr16 refers to SFS samples collected from the Kairei vent field, and reared for 16 days; Lq refers to SFS samples collected from the Longqi vent field.

Supplementary Figure 7 | The importance (A) and the heatmap (B) of the 20 most important OTUs, which distinguished the samples of Kr and Kr16. The microbial abundance was scaled with log transformation in the heatmap. Kr refers to SFS samples collected from the Kairei vent field; Kr16 refers to SFS samples collected from the Kairei vent field, and reared for 16 days.
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Despite an increasing appreciation in the importance of host–microbe interactions in ecological and evolutionary processes, information on the gut microbial communities of some marine mammals is still lacking. Moreover, whether diet, environment, or host phylogeny has the greatest impact on microbial community structure is still unknown. To fill part of this knowledge gap, we exploited a natural experiment provided by an aquarium with belugas (Delphinapterus leucas) affiliated with family Monodontidae, Pacific white-sided dolphins (Lagenorhynchus obliquidens) and common bottlenose dolphin (Tursiops truncatus) affiliated with family Delphinidae, and Cape fur seals (Arctocephalus pusillus pusillus) affiliated with family Otariidae. Results show significant differences in microbial community composition of whales, dolphins, and fur seals and indicate that host phylogeny (family level) plays the most important role in shaping the microbial communities, rather than food and environment. In general, the gut microbial communities of dolphins had significantly lower diversity compared to that of whales and fur seals. Overall, the gut microbial communities were mainly composed of Firmicutes and Gammaproteobacteria, together with some from Bacteroidetes, Fusobacteria, and Epsilonbacteraeota. However, specific bacterial lineages were differentially distributed among the marine mammal groups. For instance, Lachnospiraceae, Ruminococcaceae, and Peptostreptococcaceae were the dominant bacterial lineages in the gut of belugas, while for Cape fur seals, Moraxellaceae and Bacteroidaceae were the main bacterial lineages. Moreover, gut microbial communities in both Pacific white-sided dolphins and common bottlenose dolphins were dominated by a number of pathogenic bacteria, including Clostridium perfringens, Vibrio fluvialis, and Morganella morganii, reflecting the poor health condition of these animals. Although there is a growing recognition of the role microorganisms play in the gut of marine mammals, current knowledge about these microbial communities is still severely lacking. Large-scale research studies should be undertaken to reveal the roles played by the gut microbiota of different marine mammal species.
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INTRODUCTION

Microorganisms, as a resident group that has colonized the mammalian body, especially the gut, outnumber mammalian cells by as many as ten to one, and therefore encode 100-fold more unique genes than the genome of their hosts (Ley et al., 2006). The gut microbiota and their hosts always evolve together, forming a symbiotic immune system, where the microbiota plays an essential role in the development stage of the immune system, functioning both locally and systemically (Dang and Marsland, 2019). For instance, host immune systems have complex mechanisms to exclude invading pathogens that interact with the hosts. Furthermore, many physiological processes, such as obesity, energy metabolism, blood pressure, glucose homeostasis, clotting risks, and different behaviors of hosts, are influenced by gut microbiota. The metabolites generated by gut microbes and host’s receptors work together through a crucial cross talk between the gut microbiota and different organs to response their different phenotypes (Schroeder and Bäckhed, 2016). The majority of microbes residing in the gut have a profound influence on host physiology and nutrition, both of which are crucial for host health (Bäckhed et al., 2005; Flint et al., 2012). Therefore, revealing the gut microbiota of mammals is vital to fully understand the physiological and health status of mammals themselves. To date, the majority of research has focused on the gut microbiota of humans with very limited information on the composition of gut microbiota from other mammals, especially marine mammals, often due to sampling constraints.

Belugas (Delphinapterus leucas), affiliated with family Monodontidae, are omnivorous toothed cetaceans, and the most abundant odontoceti in Arctic waters. The Arctic cod (Boreogadus saida) is the most important food source of some beluga populations, such as the Beaufort Sea beluga population (Loseto et al., 2009). However, redfish (Sebastes marinus), halibut (Reinhardtius hippoglossoides), shrimp (Pandalus borealis), saffron cod (Eleginus gracilis), rainbow smelt (Osmerus mordax) and Pacific salmon (Oncorhynchus spp.), are also considered as the potential food of belugas (Frost and Lowry, 1981; Heide-Jorgensen and Teilmann, 1994; Quakenbush et al., 2015). The Pacific white-sided dolphin (Lagenorhynchus obliquidens) and the common bottlenose dolphin (Tursiops truncatus) are delphinids. The Pacific white-sided dolphins are one of the most abundant, widely distributed small delphinids in cold temperate waters of the North Pacific Ocean, and their scope of activities includes the eastern North Pacific, ranging from the Gulf of California to the Gulf of Alaska, and the western North Pacific, including the East China Sea, Sea of Japan, and Sea of Okhotsk (Hayano et al., 2004). Pacific white-sided dolphins primarily consume high-energy fishes, including anchovy, sardine, herring, and salmon, and other prey such as squid (Rechsteiner et al., 2013). The common bottlenose dolphins are globally distributed in warm temperate waters as one of the top predators in the marine food chain (Wells and Scott, 1999). Their diet composition includes different fish, such as the herring and mackerel (Scomber scombrus), and other organisms like squid (Kastelein et al., 2002). The Cape fur seals (Arctocephalus pusillus pusillus), affiliated with familly Otariidae (Kirkman and Arnould, 2018), are the only pinniped endemic to the African continent and widely distribute in the range from the southeast coast of South Africa to southern Angola (Kirkman et al., 2013). Their food source includes teleost fish, cephalopods, elasmobranchs, and seabirds, specifically including hake (Merluccius spp.), sardine (Sardinops sagax), chokka squid (Loligo vulgaris reynaudii), horse mackerel (Trachurus trachurus capensis), anchovy (Engraulis encrasicolus), and West Coast rock lobster (Jasuslalandii) (David, 1987; Makhado et al., 2006; Mecenero et al., 2006). Phylogeny of these three marine mammal lineages is shown in Supplementary Figure S1 (modified from Yuan et al., 2021).

Food is not only essential for the survival and growth of mammals but also impacts the symbiotic microbial communities in the gut. Food can shape the gut microbiota, modulating microbial composition and function, impact host–microbe interactions, and lead to changes in health status (McKenzie et al., 2017). Environment is another important factor, which impacts gut microbiota diversity, as underlying environmental changes will either increase or decrease the diversity of gut microbiota (McKenzie et al., 2017; Makki et al., 2018). A network-based analysis of microbial communities from the fecal microbiota of humans and 59 other mammalian species indicated that both host diet and phylogeny impact microbial diversity and composition, the intensity of influence increasing from carnivory to omnivory to herbivory. However, no marine mammals were included in that study (Ley et al., 2008). A subsequent study found that the gut microbiomes of different mammalian lineages have diverged at equally rate over the past 75 million years, but the gut microbiomes of Cetartiodactyla (ruminants, whales, and hippopotami) have evolved much faster than that of Chiropterans, and the gut microbiota are more likely to be associated with a strict mammalian lineage than with a particular dietary category, resulting in a strong phylogenetic influence on gut microbiomes (Nishida and Ochman, 2018). So far, research focused on the gut microbiota of marine mammals has primarily been based on next generation sequencing technologies, rather than the culture-dependent techniques, the latter of which just can reveal only a small fraction of total microbial communities of target samples (Bai et al., 2021; Glaeser et al., 2021). To the best of our knowledge, there have been no studies regarding the gut microbiota of Belugas, Pacific white-sided dolphins, and Cape fur seals. However, few studies have explored the gut microbial communities of common bottlenose dolphins, including captive and wild individuals, based on culture-independent approaches, which have shown that the Proteobacteria (Gamma), Firmicutes, and Fusobacteria dominate (Suzuki et al., 2019; Robles-Malagamba et al., 2020).

The first step toward developing health indices for the rapid assessment of marine mammal health is to explore their gut microbial communities, especially for those housed in aquariums, which are sampled on a regular basis. Characterizing the microbial communities of different marine mammals in aquariums can provide insight into their health status. The aim of this study was to explore the gut microbiota of four different marine mammal species in a shared environment with the same food sources, including herring (Clupea harengus) and capelin (Mallotus villosus). Thirty-five fecal samples from two whales, four dolphins, and nine fur seals were used in this study to address two questions: (i) what are the gut microbial compositions and diversity of belugas, Pacific white-sided dolphins, and Cape fur seals; moreover, what are the similarities and differences of gut microbial community structure and composition of common bottlenose dolphins collected from the aquarium in Sanya, China, with previous studies? and (ii) with the same living environment and food sources, could we find the similar gut microbial communities between different marine mammal species? Of food sources, environment, and phylogeny, which is the most influential factor that shapes the gut microbiota?



MATERIALS AND METHODS


Sample Collection

Two belugas, three Pacific white-sided dolphins, one common bottlenose dolphin, and nine Cape fur seals kept in the Marine and Waterpark in Atlantis hotel, Sanya, China, were surveyed in this study (Supplementary Table S1). All animals were maintained for public display in indoor pools with natural seawater filtered by the same filtration system based on mechanical filtration with percolator filters, pressurized sand filter, and protein skimmers. All seawater was treated with chlorination and ozone sterilization. The diet of all surveyed animals consisted of whole frozen fish including herring (Clupea harengus) and capelin (Mallotus villosus).

For each individual animal, at least one fecal sample was collected during June to July, 2020. All 35 fecal samples were collected from animals under operant conditioning (behavioral training) during routine medical examinations. Fecal samples were harvested by veterinarians between 8:00 and 9:00 in the morning. Whales and dolphins were asked for a “belly-up” position and feces were collected directly from the rectum with a Levin’s tube (Vygon, France), with a diameter of 4mm, inserted 10–20cm into the rectum. Fecal samples of fur seals were collected using anal swabs, with a diameter of 12mm, and inserted 10–15cm into the rectum. All fecal samples were frozen at −20°C until analysis.



DNA Extraction and Sequencing

DNA was extracted using MoBio PowerSoil extraction kits (Mo Bio Laboratories, Carlsbad, CA, United States), according to the manufacturer’s instructions. Three extraction blank control samples were also included. The extracted DNA was quantified with a Qubit fluorometer (Invitrogen Inc. Manufacturer: Life Technologies Holdings Pte Ltd., Singapore) and used for amplification of the V4 region of the 16S rRNA gene with the primer pair 515f Modified and 806r Modified (Walters et al., 2015). The PCR cycling conditions were as follows: denaturation at 95°C for 3min, followed by 27cycles at 95°C for 30s, 55°C for 30s, and 72°C for 45s, and a final extension at 72°C for 10min. Triplicate PCR amplifications were combined after purification with a TaKaRa purification kit (TaKaRa, Japan). The PCR products were prepared for library construction with the TruSeq DNA sample preparation kit (Illumina, San Diego, CA, United States), according to the manufacturer’s instructions. The libraries were sequenced at MajorBio Co. Ltd. (Shanghai, China) using the HiSeq platform (Illumina) with a paired-end 250bp sequence read run.



Microbial Community Analysis

After sequencing, the raw reads were assigned to their respective samples according to their barcodes and forward and reverse primers (one mismatch of each was allowed). Paired-end reads of sufficient length with at least a 30-bp overlap were combined into full-length sequences by using FLASH program version 1.2.8 (Magoč and Salzberg, 2011). The average fragment length was 253bp. Btrim program (version 0.2.0) was used to filter out low-quality sequences. The quality score was set to >20 with a 5-base window size as the standard and any sequences containing Ns or<200bp were discarded. Sequences with lengths of 245–260bp were retained (Kong, 2011). We used UNOISE3 to correct sequencing errors to determine the real biological sequences at single-nucleotide resolution by generating amplicon sequence variants (ASVs) with default settings (Edgar, 2016). A representative sequence from each ASV was selected for taxonomic annotation by comparison with the SILVA 132 database (Quast et al., 2013), which includes bacterial, archaeal, and eukaryotic sequences. To account for varying sequencing depths, the ASVs were randomly resampled to normalize the reads of each sample. The raw sequencing reads of all samples were deposited to the NCBI database1 under BioProject accession number: PRJNA743584.




STATISTICAL ANALYSIS

The diversity of the microbial communities from the fecal samples of different marine mamamals were determined by statistical analysis of the α-diversity indices. The Shannon and Inverse Simpson indices were calculated using the vegan package in R language version 3.4.3 (R Core Team, 2018). The Chao1 values (Chao, 1984) were generated using the Mothur program (Schloss et al., 2009). The indicator ASVs for microbial communities were classified using IndVal.g analysis with the R package labdsv tool (Roberts, 2007). Only ASVs with highly significant indicator values (IndVal.g index >0.95, p<0.001) were considered as strict habitat specialists (Li et al., 2021). To investigate differences in microbial composition among fecal samples, ß-diversity-based statistical tools and non-metric multidimensional scaling (NMDS) were used for calculating Bray-Curtis and Jaccard distance matrices. We also tested whether there were any dissimilarities among defined groupings, including belugas, Pacific white-sided dolphins, common bottlenose dolphin, and Cape fur seals, by performing permutational multivariate analysis of variance (PERMANOVA), multi response permutation procedure (MRPP), and a one-way ordered analysis of similarity (ANOSIM). Data analyses followed the method previously described in Bai and Hou (Bai and Hou, 2020). Data comparison between different groups was performed by the Wilcoxon rank-sum test using IBM SPSS Statistics 19.



RESULTS


Sequencing Statistics and Microbial Diversity

A total of 1,927,942 sequences were obtained from 35 fecal samples of different marine mammals after quality assessment, the marine mammals included two belugas, three Pacific white-sided dolphins, one common bottlenose dolphin, and nine Cape fur seals. An average of 55,084±10,935 sequences was obtained from each sample. In order to obtain a more accurate result of α-diversity, we rarefied to 33,334 sequences per sample, and then used this set for analysis of microbial diversity, composition, and structure. The α-diversities of microbial communities from the gut of different marine mammals were calculated. The Shannon, Inverse Simpson, and Chao1 indices and observed richness indicated that the α-diversity of the gut microbiomes from belugas and Cape fur seals was higher than those from Pacific white-sided dolphins and common bottlenose dolphin (Figure 1).
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FIGURE 1. Comparisons of four α-diversity indices, Shannon index (A), Inverse Simpson index (B), observed richness (C), and Chao1 index (D), of the 35 fecal specimens from belugas, Pacific white-sided dolphins, common bottlenose dolphin, and Cape fur seals. Based on Wilcoxon rank-sum test, *difference is significant at 0.05 level, **difference is significant at 0.01 level. The results are based on the ASVs datasets.




Structure and Composition of the Microbial Communities

NMDS analysis of microbial communities clearly showed three principal groups: belugas, two dolphin species, and Cape fur seals (Figure 2). These results suggest that whales, dolphins, and fur seals possess different gut microbial communities, even in the context of similar food and environment. Furthermore, the MRPP, ANOSIM, and PERMANOVA showed significant differences in the gut microbial communities of whales, dolphins, and fur seals (p<0.01). By contrast, no significant difference was detected between the Pacific white-sided dolphin and the common bottlenose dolphin (p>0.05; Table 1).
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FIGURE 2. NMDS analysis of the gut microbial communities separated the samples into three principal groups, the first group composed of the fecal samples of belugas, the second group composed of fecal samples from the Pacific white-sided dolphins and common bottlenose dolphin, and the third group composed of fecal samples from Cape fur seals. The results are based on the ASVs datasets, and the left (A) and right (B) plots were calculated based on Bray-Curtis distance and Jaccard distance, respectively.




TABLE 1. Dissimilarity tests of gut microbial communities of whales, dolphins, and fur seals based on Bray-Curtis and Jaccard distance.
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The relative abundance of microorganisms was evident at the phylum, family, and genus levels with a similarity of 97% for ASV classification and provided detailed information on the composition of the microbial communities (Figures 3–5). Firmicutes were the dominant bacterial lineage in the fecal samples of belugas, accounting for 94%~96%. The dominant microbial phyla for two of the three Pacific white-sided dolphins were also Firmicutes, the remaining animal (Duomi) was dominated by Proteobacteria (Gamma) (76%~83%). The majority of the fecal samples from the lone common bottlenose dolphin in this study were dominated by Proteobacteria (Gamma), with one exception that was dominated by Firmicutes. The gut microbial communities of Cape fur seals were dominated by Firmicutes, Bacteroidetes, Fusobacteria, Epsilonbacteraeota, and Proteobacteria (Gamma). However, the respective compositions of different seal fecal samples were slightly different. At the family taxonomic level, Lachnospiraceae, Ruminococcaceae, and Peptostreptococcaceae, which are affiliated with the Clostridiales, were the dominant bacterial lineages in the beluga fecal samples. Enterobacteriaceae, Enterococcaceae, Clostridiaceae 1, and Peptostreptococcaceae were dominant in the fecal samples of Pacific white-sided dolphins. The gut microbial communities of the common bottlenose dolphin was also dominated by Enterobacteriaceae, Clostridiaceae 1, and Peptostreptococcaceae, but Vibrionaceae was also one of the dominant bacterial lineage in some of the fecal samples. Campylobacteraceae, Fusobacteriaceae, Family XI (affiliated with the Clostridiales), Moraxellaceae, and Bacteroidaceae were the dominant bacterial lineages in the fecal samples of Cape fur seals. Furthermore, at the genus taxonomic level, the gut microbial communities of belugas were mainly composed of Lachnoclostridium, Romboutsia, Fournierella, and Eubacterium fissicatena group. Meanwhile, Escherichia-Shigella, Clostridium sensu stricto 1, and Enterococcus were the dominant bacterial genera in the fecal samples of Pacific white-sided dolphins, while Vibrio, Morganella, and Clostridium sensu stricto 1 were dominant in samples from the common bottlenose dolphin. As for Cape fur seals, Fusobacterium, Campylobacter, Psychrobacter, Bacteroides, Marinifilum, and Ezakiella were the main bacterial genera.
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FIGURE 3. Gut microbial community members of belugas, Pacific white-sided dolphins, common bottlenose dolphin, and Cape fur seals at the phylum level.
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FIGURE 4. Gut microbial community members of belugas, Pacific white-sided dolphins, common bottlenose dolphin, and Cape fur seals at the family level.
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FIGURE 5. Gut microbial community members of belugas, Pacific white-sided dolphins, common bottlenose dolphin, and Cape fur seals at the genus level.




Gut Microbial Indicators of Different Marine Mammals

To better understand the core microbial communities of different marine mammals, we explored the detailed differences at the ASV level between different marine mammal fecal samples. Quality control and random resampling of the 35 samples were conducted, and the sequence reads were clustered into 572 ASVs at the 97% similarity level. As shown in Figure 6, in the fecal samples of belugas, Pacific white-sided dolphins, common bottlenose dolphin, and Cape fur seals, contained 13, 44, 7, and 206 unique ASVs, respectively. Cape fur seals shared 132, 20, and 15 ASVs with Pacific white-sided dolphins, belugas, and common bottlenose dolphin, respectively, while Pacific white-sided dolphins shared 16 and 13 ASVs with common bottlenose dolphin and belugas, respectively. By contrast, only two ASVs were shared between belugas and common bottlenose dolphin. Furthermore, 44 ASVs were detected in all four different marine mammal species.
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FIGURE 6. Distribution of ASVs in the gut of belugas, Pacific white-sided dolphins, common bottlenose dolphin, and Cape fur seals.


Indicator organisms analysis showed that Lachnoclostridium, Proteus, Eubacterium nodatum group, Tyzzerella, Ruminiclostridium, Oscillospira, Eubacterium fissicatena group, Romboutsia, Hydrogenoanaerobacterium, GCA-900066225 (Ruminococcaceae), Ruminococcus gauvreauii group, Negativibacillus, Mycobacterium, Fournierella, Faecalibacterium, Butyricicoccus, and some other unclassified genera were highly associated with the gut microbial communities of belugas (Figure 7). Enterococcus was the only indicator genus in the gut microbial communities of Pacific white-sided dolphins. In the gut of the common bottlenose dolphin, Ureaplasma and one unclassified genus were the indicator organisms. Three indicator genera, Fusobacterium, Bacteroides, and Peptoclostridium, were observed in the fecal samples of Cape fur seals. The heatmap based on these indicator ASVs reveals that belugas and Cape fur seals harbor distinct gut microbial communities (Figure 8). Meanwhile, the gut microbial communities of Pacific white-sided dolphins and common bottlenose dolphins could not be separated (Figure 8), consistent with the NMDS results.
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FIGURE 7. Stacked bar chart showing relative abundance of indicator ASVs in the gut of belugas, Pacific white-sided dolphins, common bottlenose dolphin, and Cape fur seals. The indicator organisms being shown was at the genus level.
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FIGURE 8. Heatmap diagram showing the distribution of indicator ASVs of belugas, Pacific white-sided dolphins, common bottlenose dolphin, and Cape fur seals. Each row and column of the heatmap diagram corresponds to a single indicator and samples, respectively. The row data for each indicator were z-score transformed. Dendrograms were constructed based on Pearson correlation clustering.





DISCUSSION


Main Factors Affecting the Gut Microbial Community of Different Marine Mammals in the Same Aquarium With Same Food Resources

In this study, we reported the gut microbial communities in two belugas, three Pacific white-sided dolphins, one common bottlenose dolphin, and nine Cape fur seals. These marine mammals resided at the Marine and Waterpark in Atlantis hotel, Sanya, China. Moreover, these creatures also shared the same water filtration system and diet including herring (Clupea harengus) and capelin (Mallotus villosus). The α-diversity indices showed that the gut microbial diversity of belugas and Cape fur seals were higher than that of Pacific white-sided dolphins and common bottlenose dolphin, with the gut microbial diversity of the two dolphin species being similar. Given the same food sources and water quality, we speculate that the low gut microbial diversity of Pacific white-sided dolphins and common bottlenose dolphin may attribute to the poor health status of the animals themselves.

In their pioneering work, Ley et al. (2008) explored the fecal microbiota of humans and 59 other mammalian species living in captivity and in the wild. Results indicated that host diet and phylogeny both influence microbial diversity, and the influence increases from carnivory to omnivory, and to herbivory (Ley et al., 2008). The gut microbiota makes an important contribution to host metabolism by contributing enzymes that are not encoded by the host genome such as the decomposition of polysaccharides and polyphenols and the synthesis of vitamins (Rowland et al., 2018). Different diets can shape gut microbial communities in both the short and long term (Flint et al., 2012). For instance, low intake of accessible carbohydrates and dietary fibers may reduce the microbial diversity and change the microbial communities, contributing to the depletion of specific microbial taxa (Sonnenburg and Sonnenburg, 2014; Sonnenburg et al., 2016). In our study, four different marine mammals are carnivores, living in the same environment, and eating the same food. Therefore, if diet and environment affects gut microbial community composition and structure more than the phylogeny, the gut microbial β-diversity of belugas, Pacific white-sided dolphins, common bottlenose dolphin, and Cape fur seals should tend to be similar. However, according to the results of NMDS and different statistical analyses, belugas, dolphins, and Cape fur seals possess significantly different gut microbial communities. Whereas, the gut microbial communities of Pacific white-sided dolphins and common bottlenose dolphin were statistically undifferentiated, we propose the reason for the similarities in β-diversity may attributed to the animals’ health status and medical treatments prior to sampling; however, further study is required.



Microbial Community Composition and Keystone Species in the Gut of Belugas, Pacific White-Sided Dolphins, Common Bottlenose Dolphins, and Cape Fur Seals

Members of Firmicutes, Bacteroidetes, Fusobacteria, and Epsilonbacteraeota constituted the vast majority of the microorganisms in the gut of Cape fur seals. The most common bacterial genera were Fusobacterium, Campylobacter, Psychrobacter, Bacteroides, Marinifilum, and Ezakiella. However, to date, no Cape fur seal gut microbial communities have been reported. The skin microbial communities of Antarctic fur seal (Arctocephalus gazella) showed that Proteobacteria, Bacteroidetes, Firmicutes, and Actinobacteria were the dominant bacterial lineages (Grosser et al., 2019). Although there are definite similarities, the Fusobacteria, rather than the Actinobacteria were the dominant bacterial lineage in the gut of Cape fur seals. Nevertheless, at the genus level, only Psychrobacter was detected as a dominant bacterial lineage both in the gut and the skin microbial communities of fur seals, and Chryseobacterium and Jeotgalibaca, which were dominant in the skin microbial communities, were either not detected (Chryseobacterium) in the gut microbial dataset or identified as a single ASV (Jeotgalibaca) within in the gut of AX (0.003–0.05%, relative abundance, Pacific white-sided dolphin), and Kun, Flaca (0.003–0.02%, relative abundance, Cape fur seals). The Fusobacterium, as an animal-associated genus affiliated with the Fusobacteriaceae, are widely found in the gut of humans and other animals (Brennan and Garrett, 2019) including rats (Zhang et al., 2020), macaques (Nugeyre et al., 2019), pigs (Wylensek et al., 2020), penguins (Tian et al., 2021), striped dolphin (Godoy-Vitorino et al., 2017), and whales (Li et al., 2019), and some birds and fishes (Michl et al., 2017; Rasheeda et al., 2017; Chen et al., 2018; Michel et al., 2018). These organisms may play a symbiotic or pathogenic role (Brennan and Garrett, 2019).

The genus Campylobacter are very common bacteria in animal digestive tracts, whose powerful flagellar motility is very important in nutrient acquisition, whereby bacterial cells attach to surfaces and rotate their flagella to increase nutrient flux for metabolism (Beeby, 2015). Different species of Campylobacter can have variable characteristics of either pathogen or commensal, depending on their host immune status and the pathotype of the bacteria themselves (Wigley, 2015). For example members of the Campylobacter, such as Campylobacter jejuni and Campylobacter coli, are among some of the most common human gastrointestinal pathogens, causing bacterial diarrheal illness (Fitzgerald, 2015). In addition, the ASVs classified into Campylobacter in this study were further identified by phylogenetic analysis. The results showed that these ASVs clustered together far from the common species of Campylobacter (Supplementary Figure S2). Therefore, the role of Campylobacter in the gut of Cape fur seals remains unclear. The members of the Psychrobacter, another common genus, can be found in different marine environments and marine creatures, such as Arctic fjord (Zeng et al., 2015), Arctic glacier (Zeng et al., 2016), deep sea (Evans-Yamamoto et al., 2019), penguins (Kämpfer et al., 2020), corals (Zachariah et al., 2016), and marine crustaceans (Romanenko et al., 2009). In this and previous studies, the genus Psychrobacter was dominant in the gut of Cape fur seals and the skin of Antarctic fur seal (Arctocephalus gazella). At the same time, we barely detected this bacterium in the gut of belugas, Pacific white-sided dolphins, and common bottlenose dolphin. The members of Psychrobacter, as one of the commensal bacteria, could improve the microbial diversity of gastrointestinal tract, and upregulate the expression of immune-related genes and is therefore considered to be probiotic (Sun et al., 2011; Yang et al., 2011; Makled et al., 2017). According to previous study, it is interesting that the decrease in the relative abundance of Psychrobacter may associate with depressive conditions of hosts. Meanwhile, the results of metabolomics showed that the lower levels of amino acids, and fatty acids, and higher amounts of bile acids, hypoxanthine, and stercobilins were detected in the depression groups. However, the roles of these bacteria in the different stages of depression are not clear (Yu et al., 2017). Moreover, the Psychrobacter, one of the key genera of young-like gut microbial community of African turquoise killifish (Nothobranchius furzeri), was considered to play an important role in extending host life span (Smith et al., 2017). Additionally, after infection by porcine epidemic diarrhea virus, the relative abundance of Psychrobacter, which is a symbiotic group of bacteria in the gut of pigs, was decreased.

Members of the Bacteroidetes, one of the major lineages of friendly bacterial commensuals, possess large numbers of genes encoding carbohydrate active enzymes, which allows them to switch readily between different energy sources in the gut, depending on availability, using sophisticated regulatory mechanisms to control gene expression (Thomas et al., 2011). Polysaccharides comprise the most abundant type of biological polymer and, as such, also the most abundant biological food source. Carbohydrate fermentation by Bacteroides and other intestinal bacteria results in the production of a pool of volatile fatty acids that are absorbed through the large intestine and utilized by the host as an energy source, providing a significant proportion of the host’s daily energy requirement (Hooper et al., 2002). Although most of the Bacteroides are commensals in the gut, some species can also be responsible for infection, including Bacteroides fragilis, Bacteroides distasonis, Bacteroides ovatus, Bacteroides thetaiotaomicron, Bacteroides vulgatus, and Bacteroides uniformis, with significant morbidity and mortality (Wexler, 2007). However, in this study, the genus Bacteroides was only found to be dominant in the fecal samples of Cape fur seals and was rarely detected in the other three marine mammals. Moreover, ASV 12, ASV 24, and ASV 35 were the most predominant ASVs and were classified to Bacteroides at the genus level. The phylogenetic analysis, based on the neighbor-joining method, showed that the strain Bacteroides plebeius DSM 17135 was most closely related to ASV 12, ASV 24, and ASV 35 (Supplementary Figure S3). Bacteroides plebeius is a common bacterium in human faces, with numerous strains (Kitahara et al., 2005). Furthermore, compared to healthy cats, the relative abundance of B. plebeius was significantly decreased in the fecal microbiome of animals with Feline chronic enteropathy (CE; Marsilio et al., 2019). The genus of Marinifilum is often isolated or detected in coastal sea water and sediments (Na et al., 2009; Ruvira et al., 2013; Xu et al., 2016) and is most likely involved in the hydrolysis and fermentation of proteins, carbohydrates, and lipids (Müller et al., 2018). The members of Ezakiella, a genus of Gram-stain positive, coccus-shaped, anaerobic bacteria are often found in the intestinal and vaginal tracts of healthy people (Patel et al., 2015; Diop et al., 2018). However, based on the very limited reports currently available, it is not clear what role(s) this genus may play in the gut and vagina.

The bacterial genus of Lachnoclostridium is commonly found in the healthy human gut (Tidjani Alou et al., 2016a,b; Traore et al., 2017). But, Lachnoclostridium was also isolated from the gut microbiota of an obese patient (Amadou et al., 2016). A previous study reported that the genus of Romboutsia was predominant in the samples of mammalian gut microbiota (Gerritsen et al., 2018). However, this genus can be treated as one of the gut microbiotal markers for obesity in patients (Zeng et al., 2019). The Fournierella can be found in the fecal samples of humans, and it has also been reported to be significantly associated with intrahepatic fat accumulation (Yaskolka Meir et al., 2021). The Eubacterium fissicatena group is closely associated with obesity and obesity-related metabolic disorders of the host. Previous studies found that medium-, long-, and medium-chain (MLM) structured lipids have anti-obesity effects (Song et al., 2021). After supplementation with MLM structured lipids, the relative abundance of E. fissicatena group were decreased (Yue et al., 2020). The dominant gut bacterial lineages of belugas in this study indicated that they were obese or overweight, which we propose to be an essential environmental adaption strategy for the belugas to defense extremely cold in the arctic waters.

Escherichia-Shigella, Clostridium sensu stricto 1, and Enterococcus were the dominant bacterial lineages in the fecal samples of Pacific white-sided dolphins. However, only one ASV (ASV3) was assigned to Escherichia-Shigella. The results of phylogenetic analysis indicate that ASV3 is closely related to either Cronobacter turicensis or Erwinia iniecta (Supplementary Figure S4). Cronobacter turicensis is an opportunistic foodborne pathogen, which can lead to severe disease manifestations, such as brain abscesses, meningitis, necrotizing enterocolitis, and systemic sepsis (Lehner and Stephan, 2004; Stephan et al., 2011). Only one paper has reported that E. iniecta possess virulence to the Russian wheat aphid (Campillo et al., 2015). The most abundant ASV, ASV2, was assigned to Clostridium sensu stricto 1 at the genus level and was closely related to Clostridium perfringens based on the phylogenetic analysis (Supplementary Figure S5). ASV11 was present in the fecal samples of Pacific white-sided dolphins and was closely related to Enterococcus lactis (Supplementary Figure S6), which can produce an antimicrobial substance that is stable over a wide range of pH (2–10) and after heating at 100°C for 15min (Ben Braïek et al., 2018a). Therefore, E. lactis is classified as a probiotic (Sharma et al., 2012; Ben Braïek et al., 2018b). Clostridium perfringens is a typical anaerobic, Gram-positive, spore-forming bacillus that can secrete more than 20 virulence toxins and has been associated with intestinal diseases ranging in severity from diarrhea to necrotizing enterocolitis and myonecrosis in both animals and humans (Ohtani and Shimizu, 2016; Kiu and Hall, 2018). Clostridium perfringens was found to be dominant in the fecal samples of the common bottlenose dolphin of this study. The other two dominant bacterial lineages were Vibrio and Morganella. Phylogenetic analysis showed that ASV40 was closely related to Vibrio fluvialis (Supplementary Figure S7), and ASV 5 was closely related to Morganella morganii (Supplementary Figure S8). Vibrio fluvialis and M. morganii are both pathogenic bacteria. Vibrio fluvialis is a halophilic, Gram-negative pathogen commonly found in coastal environments including sea water and seafood. Several outbreaks and sporadic cases of acute diarrhea caused by V. fluvialis have been reported extensively (Igbinosa and Okoh, 2010; Chowdhury et al., 2012, 2013; Liang et al., 2013). Morganella morganii is a gram-negative bacterium found in the gut of humans and is associated with many diseases including cellulitis, abscessation, sepsis, bacteremia, and diarrhea (Falagas et al., 2006; Kim et al., 2007; Liu et al., 2016). These results indicated that the Pacific white-sided dolphins and common bottlenose dolphin are in poor health condition.

Indicator species refers to a species constrained to one or a few habitat types, and as “specialists” have a greater susceptibility to local or regional extinction. These organisms can also potentially represent a better ecological indicator of environmental change than habitat generalists (Carignan and Villard, 2002). For example, in the vegetation studies, the species of plant that are absolutely inclined to present in a single or, at the most, a few vegetation types are identified as indicator species, and this method is beneficial to the identification of vegetation types in research surveys (Chytrý et al., 2002). To find out the association between single species and one or several groups of sites representing habitat types, community types, or other categories, the indicator value index (IndVal) is used to assess these relationships (De Cáceres and Legendre, 2009). Because there were an uneven number of fecal samples from the different groups of marine mammals in this study, we used the index of IndVal.g to eliminate the effect of different numbers in each group. According to the set threshold (IndVal.g>0.95, p<0.001), our results show that the gut microbial communities of belugas harbor 28 indicator species representing by ASVs. While five and two ASVs were identified in the gut microbial communities of Cape fur seals and common bottlenose dolphin, respectively. However, only a single ASV was detected in the gut microbiota of Pacific white-sided dolphins. Heatmap results based on these indicator species show that different species of marine mammals can harbor distinct microbial communities with the exception of Pacific white-sided dolphins and common bottlenose dolphin, which cannot be separated. Interestingly, in our study, the microbial phyla with the highest relative abundance in the fecal samples of common bottlenose dolphin were Proteobacteria (Gamma) and Firmicutes at the phylum level, and Vibrionaceae, Enterobacteriaceae, Clostridiaceae 1, and Peptostreptococcaceae at the family level. These findings were consistent with previous studies (Soverini et al., 2016;Suzuki et al., 2019 ; Robles-Malagamba et al., 2020). The Fusobacteriaceae of Fusobacteria was also documented in the previous studies as a dominant bacterial lineage (Suzuki et al., 2019; Robles-Malagamba et al., 2020), however, we barely detected Fusobacteria in the gut microbial communities of common bottlenose dolphin but found that it dominated the fecal samples of Cape fur seals. Moreover, at the genus level, previous work has shown that the genera Cetobacterium (70.9%), Clostridium XI (15.3%), and Clostridium sensu stricto (4.2%) had the highest relative abundance in the fecal samples of common bottlenose dolphins, while in our microbial datasets, Vibrio (Vibrio fluvialis), Morganella (Morganella morganii), and Clostridium sensu stricto 1 (Clostridium perfringens) were the dominant bacterial lineages, all of which are pathogenic bacteria, especially the C. perfringens, which have been reported to be the causative agent of common bottlenose dolphins (Buck et al., 1987; Jaing et al., 2015). Furthermore, we also detected lager number of C. perfringens in the fecal samples of Pacific white-sided dolphins, because the C. perfringens can enter other dolphins via skin wounds, which serve as the focus for these bacteria to penetrate and spread (Buck et al., 1987). Meanwhile, the spread of same bacteria between Pacific white-sided dolphins and common bottlenose dolphin may contribute the similarity of microbial community structure between them. Unfortunately, we did not find any published reports on the gut microbiota of Pacific white-sided dolphins. For a comparative and comprehensive understanding, further studies of the microbial communities of Pacific white-sided dolphins from different places should be conducted in the future.




CONCLUSION

In this study, we systematically compared gut microbiota of four different marine mammals in an aquarium; they shared the same food, and depended on the same water filtration system. We found the belugas and Cape fur seals harbored remarkably greater gut microbial diversity than Pacific white-sided dolphins and common bottlenose dolphin. Diet, environment, and host phylogeny, all of these have been reported to have impact on microbial community structure. Our results demonstrated that phylogeny (>family level) has the greatest influence on the shaping of microbial communities. Although diet and water quality were the same for all subjects, we still observed significantly different gut microbial community structure among whales, dolphins, and fur seals. Nevertheless, the microbial communities of Pacific white-sided dolphins and common bottlenose dolphin showed similarities, but most of the dominant bacterial lineages were pathogenic bacteria revealed by phylogenetic analysis. Moreover, some potential pathogens were found in the guts of both Pacific white-sided dolphins and common bottlenose dolphin, and this could be one of the reasons for the similarity in gut microbial community structure of these two dolphins. Our results also indicated that the Pacific white-sided dolphins and common bottlenose dolphin are in poor health condition, and that the gut microbiota of belugas could aid in defense against cold conditions. Our study provides foundamental information on the composition of gut microbial communities in marine mammals; however, knowledge about this subject is still scarce. For better understanding of the gut microbial community structure and composition of marine mammals, further studies should be focused on the spatial and temporal of gut microbiota in different marine mammal species in the future.
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From increasing evidence has emerged a tight link among the environment, intestine microbiota, and host health status; moreover, the microbial interaction in different habitats is crucial for ecosystems. However, how the environmental microbial community assembly governs the intestinal microbiota and microbial communities of multiple habitats contribute to the metacommunity remain elusive. Here, we designed two delicate experiments from temporal and spatial scales in a shrimp culture pond ecosystem (SCPE). Of the SCPE metacommunity, the microbial diversity was mainly contributed to by the diversity of–βIntraHabitats and βInterHabitats, and water and sediment communities had a large contribution to the shrimp intestine community as shown by SourceTracker and Sloan neutral community model analyses. Also, phylogenetic bin-based null model results show that microbial assembly of three habitats in the SCPE appeared to be largely driven by stochastic processes. These results enrich our understanding of the environment–intestinal microbiota–host health closely linked relationship, making it possible to be the central dogma for an anthropogenic aquaculture ecosystem. Our findings enhance the mechanistic understanding of microbial assembly in the SCPE for further analyzing metacommunities, which has important implications for microbial ecology and animal health.

Keywords: microbial community, assembly mechanism, metacommunity, shrimp culture pond ecosystem, water/shrimp intestine/sediment habitat


INTRODUCTION

The intestinal microbiome is increasingly recognized as having a fundamental role in regulating the physiology and health of animals and humans (Clemente et al., 2012; Le Chatelier et al., 2013; Jie et al., 2017). Generally, both host genetics and the environment can shape the composition of the human intestinal microbiota (Benson et al., 2010; Spor et al., 2011; Turpin et al., 2016), and moreover, a recent study demonstrates that the effect of environmental factors appears to outweigh host genetics in shaping the microbiota (Rothschild et al., 2018). Thus, a central issue is the extent to which the intestinal microbial community is determined by host genetics and/or the environment. Increasing evidence has emerged that the composition of the intestine microbiome is shaped by multiple factors and supports a close link among the environment, intestinal microbiota, and host health status (Rothschild et al., 2018; Sun et al., 2020), which is similar to the central dogma of molecular biology (Crick, 1970). It has been long appreciated that microorganisms play an indispensable role in various ecosystems and provide a wide range of environmental services (Wall et al., 2015; Graham et al., 2016; Fierer, 2017), including maintaining the quality of aquatic ecosystems, as this has an impact on animal health and disease control in addition to element cycling and water quality, and affects the productivity and sustainability of aquaculture (Moriarty, 1997; Assefa and Abunna, 2008; Zhou et al., 2009; Tania et al., 2018). More importantly, microbial communities from multiple habitats in aquaculture systems (e.g., surrounding water, animal intestine, and sediment) are all closely related to the occurrence of aquatic animal diseases (Zhu et al., 2016; Hou et al., 2017, 2018; Xiong et al., 2017), challenging us to fully understand the structure, function, and interaction in such complex aquaculture ecosystems.

With increasing demands for animal proteins due to rising populations, global aquaculture production has increased by 500% since the late 1980s (Food and Agriculture Organization, 2016). Aquaculture has become the third largest source of animal proteins, accounting for 17% of global protein consumption, and the annual output of aquaculture products in China is more than 60% of the world’s (Food and Agriculture Organization, 2018). Unfortunately, the frequent occurrence of diseases has threatened the aquaculture industry. Shrimp (mainly Litopenaeus vannamei and others) are among the most important aquatic products among fishery trading commodities worldwide (Zhang et al., 2019). Recently, bacterial diseases, such as white feces syndrome, early mortality syndrome, acute hepatopancreatic necrosis disease, and hepatopancreas necrosis syndrome, have reduced the global production of shrimp by an estimated 23%, leading to a loss of billions of dollars annually (Sriurairatana et al., 2014; Lee et al., 2015; Huang et al., 2016, 2020). The contribution of dysbiosis in intestinal microbiota to human and animal diseases is recognized (Jie et al., 2017; Zhang et al., 2018; Huang et al., 2020). As a unique anthropogenic aquaculture ecosystem, the shrimp culture pond ecosystem (SCPE) is disturbed by artificial manipulation and management and is composed of many biotic and abiotic factors in multiple habitats (e.g., water, shrimp intestine, sediment, and so on), especially with aquatic animals living in the ecosystem, forming a metacommunity, which is different from other natural and engineered ecosystems (Huang et al., 2016; Hou et al., 2018). Therefore, it is necessary to understand the microbial ecology of the SCPE metacommunity for sustainable outputs of aquaculture products.

Microbial communities in aquaculture ecosystems, as in many types of habitats (Rungrassamee et al., 2014; Fan et al., 2016; Hou et al., 2018), are highly diverse and vary concurrently with various environmental and geographic factors (e.g., host developmental stages, environmental factors, and geographical distance) (Yan et al., 2016; Hou et al., 2017; Li et al., 2017; Zeng et al., 2017). Despite recent advances in understanding the microbial ecology of aquaculture ecosystems, their microbial assembly mechanisms remain unclear. In general, the mechanisms shaping the microbial diversity among species are considered to be ecological processes (Hanson et al., 2012). Recently, our knowledge about ecological processes in shaping the microbial community has been enriched substantially (Zhou and Ning, 2017; Ning et al., 2019, 2020). For some aquatic ecosystems (e.g., lakes), deterministic processes play a primary role in shaping the water or sediment microbial community structure (Wang et al., 2013; Yan et al., 2017). Stochastic processes play a dominant role in the assemblage of microbial communities in aquatic animal intestines (Burns et al., 2016). More importantly, in aquatic ecosystems, microbial communities of water, animal intestine, sediment habitats, and other associated habitats constitute a metacommunity (Al-Harbi and Uddin, 2005; Leibold et al., 2014; Del’Duca et al., 2015; Cleary et al., 2019), and although still poorly understood, the interaction among these communities is important for aquatic animal productivity and health (Schryver and Vadstein, 2014). In particular, it is essential to understand the interaction among microbial communities of animal intestine and surrounding environments for healthy aquaculture. However, how microbial communities of multiple habitats (water, animal intestine, and sediment) in aquaculture ecosystems contribute to the metacommunity and the ecological interplay between environmental communities and intestinal microbiota is poorly understood.

In this study, we aimed to understand microbial assembly mechanisms for a metacommunity of three habitats (water, shrimp intestine, and sediment) in SCPE with three ecological questions: (i) What ecological processes shape the microbial community structures in the three habitats? (ii) What is the contribution of communities from each habitat to the SCPE metacommunity? (iii) Is the shrimp intestinal microbiota shaped by environmental microbial communities? To address these questions, we hypothesized that (H1) the communities of three habitats have important contributions to the SCPE microbial metacommunity and (H2) environmental microbial communities have a decisive role in shaping the shrimp intestinal microbiota.

To address these hypotheses, we analyzed microbial communities from the three habitats (water, shrimp intestine, and sediment) in SCPE across six regions in China, tracked the dynamics of microbial communities of six development stages in the entire cycle of shrimp culture, and explored their assembly mechanisms by sequencing of 16S rRNA gene amplicons and metacommunity analysis. This study provides new insights into our understanding of microbial assembly mechanisms in the SCPE, and the developed framework will facilitate metacommunity analysis, significantly advancing microbial ecology of aquaculture ecosystems and animal health.



MATERIALS AND METHODS


Experimental Design and Sample Collection in Shrimp Culture Pond Ecosystem

Samples were collected from 88 L. vannamei cultural ponds in six regions, i.e., Dianbai and Yangjiang (DB + YJ), Zhuhai and Zhongshan (ZH + ZS), Hainan (HN), Qinzhou (QZ), Zhangpu (ZP), and Tianjing (TJ) (19.20°–39.29°N, 108.56°–117.93°E) in China over the period of June to October, 2017. Geographical distances between sites ranged from 0.31 to 2063.35 km. The sampled ponds had similar size (∼3300 m2), water depth (∼1.2 m), shrimp development stage (50–60 days), and stocking density (100,000–200,000 shrimps each pond) (Supplementary Table 1). Site locations were recorded by global positioning system (GPS) (Garmin Vista HCx, United States).

Each water sample (0.5 L) was taken from a depth of 0.5 m below the surface using a sterile bottle, and samples were immediately placed on ice before filtration through a 0.22-μm polyethersulfone membrane (Supor-200, Pall Corporation, Washington, NY, United States) using a vacuum pump (Hou et al., 2017). The surface of shrimp was sterilized with 70% ethanol, and then intact intestine was aseptically dissected from the musculature and placed into a 15-mL sterile centrifuge tube containing 10 mL PBS buffer (Zeng et al., 2017). Each 1.0-g sediment sample was placed into a 15-mL centrifuge tube and washed with 10 mL PBS buffer three times. Three water/shrimp intestine/sediment samples were collected in each pond. All samples were stored at −80°C until DNA extraction (Hou et al., 2018).

Water temperature, pH, dissolved oxygen (DO), and salinity were measured on-site using a YSI handheld multiparameter instrument (Model YSI 380, YSI Incorporated, United States). Sediment pH was measured on-site using a soil pH meter (ZD-05, Beijing Century Euron Co., Ltd., China). The total nitrogen (TN), total phosphorus (TP), dissolved inorganic nitrogen [ammonia nitrogen (NH4+-N), nitrite nitrogen (NO2–-N) and nitrate nitrogen (NO3–-N)], and orthophosphate (PO43–-P) of water samples and TN and TP of sediment samples were measured using an auto discrete analyzer (Model CleverChem 380, DeChem-Tech, Germany). The total carbon (TC) and total organic carbon (TOC) of water and sediment samples were measured using a TOC analyzer (Aurora 1030W, OI Analytical, United States). All physicochemical variables of water and sediment samples are described in Supplementary Tables 2, 3.

To further verify the contribution of microbial communities of multiple habitats to the SCPE metacommunity, we conducted the experiment to explore the temporal dynamics of environmental water and sediment microbiota and intestinal microbiota along L. vannamei development. For the delicate experiment, we selected nine shrimp culture ponds in the study area, which was located at Lianxi shrimp farm of Guangdong Haida Group Co., in Zhuhai, China (22.37°N, 113.22°E). Each pond had similar size (∼3300 m2), water depth (∼1.2 m), and stocking density (∼100,000 shrimp) with strict and uniform culture management. Sampling was carried out at 0, 10, 20, 30, 40, and 50 days post-larval shrimp inoculation (DPI) (named day 0, day 10, day 20, day 30, day 40, and day 50 groups, respectively) during shrimp culture development stage (Supplementary Table 4). Water, shrimp intestine, and sediment samples of each pond were processed and collected accordingly in the same way as those in the six areas mentioned above. The physicochemical factors were also measured with analyzers (Supplementary Tables 5, 6). In total, 162 samples were collected and stored at −80°C prior to DNA extraction.



DNA Extraction, Polymerase Chain Reaction (PCR) Amplification, and 16S rRNA Gene Amplicon Sequencing

Genomic DNA from water, shrimp intestine, and sediment samples were extracted using the Water DNA Isolation Kit (Omega Bio-Tek, Doraville, GA, United States), PowerFecal DNA Isolation Kit (Mobio, Carlsbad, CA, United States), and PowerSoil DNA Isolation Kit (MO BIO, Carlsbad, CA, United States), respectively. The 338F and 806R (5′-ACTCCTACGGGAGGCA GCAG-3′ and 5′-GGACTACHVGGGTWTCTAAT-3′) universal primer pair was used to amplify the V3–V4 regions of the bacterial 16S rRNA gene. The PCR products from the samples were equally combined and then sequenced using the Illumina MiSeq platform (Illumina, San Diego, CA, United States) by Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China). Raw sequencing data were deposited in the NCBI Short Read Archive, BioProjectID PRJNA545396 and PRJNA689351.

Paired-end sequences were merged using FLASH (V1.2.11) (Magočm and Salzberg, 2011), and merged sequences were processed following the Quantitative Insights Into Microbial Ecology pipeline (QIIME, version 1.9.0) (Caporaso et al., 2010). In brief, the sequences with ambiguous bases or truncated at any site of more than three consecutive bases receiving a Phred quality score (Q) <20 were removed. Chimeric sequences were discarded using the UCHIME algorithm (Edgar et al., 2011). Sequences with a distance-based identity of 97% or greater were grouped into operational taxonomic units (OTUs) using UCLUST (Edgar, 2010). The most abundant sequence from each OTU was selected as representative and then was taxonomically assigned against the Silva SSU database 128 using the RDP Classifier algorithm, which enables each identified OTU to have a close relative. To correct for uneven sequencing efforts, the OTU table for bacteria was 10× randomly rarefied to a subset of 14,435 sequences per sample in subsequent analyses. The core OTU was defined based on multiple reported measures: OTU with an occurrence frequency in more than 90% of all samples (Ugland and Gray, 1982; Ainsworth et al., 2015). Following the same criteria as described above, core OTUs in each habitat were identified from water, shrimp intestine, and sediment samples in the SCPE.



Relationships Among Water, Shrimp Intestine, and Sediment Microbial Communities in the Shrimp Culture Pond Ecosystem

The relationship between microbial communities (habitat, location, development stage) was analyzed using Venn analysis based on the detected OTUs (Edwards et al., 2014). For location and development stage, an additive partitioning framework was applied to separate out the total microbial diversity at the ecosystem level (ƔEcosystem) into smaller scale contributions from habitats to local communities (Escalas et al., 2013). More precisely, total ecosystem microbial diversity was expressed as the sum of the inter-habitat difference in the community diversity, the mean intra-habitat difference, and mean local community diversity with ƔEcosystem = βInterHabitats + [image: image]IntraHabitats + [image: image]LocalCommunities. The ecosystem level (ƔEcosystem) may arise from a high microbial dissimilarity among ponds (βInterHabitats), a high dissimilarity among communities within each pond ([image: image]IntraHabitats), or from a high diversity within each local community ([image: image]LocalCommunities; i.e., each water, shrimp intestine, and sediment sample). To further evaluate the relationships among microbial communities, the different sources were used to estimate their contributions to microbial community composition of the SCPE using SourceTracker based on a Bayesian algorithm (Knights et al., 2011), which was run through QIIME with default settings and with one habitat as the sink and the other two habitats as sources. The Sloan neutral community model (Sloan et al., 2006) was used to analyze the OTUs that were shared between the shrimp intestine and surrounding water and/or sediment, in which the microbial community in water and sediment was the source of intestinal microbiota. This model predicts that the probability of detecting an OTU in shrimp intestine due to dispersal is directly proportional to its abundance in the corresponding water and/or sediment community. OTUs were sorted into three categories depending on whether they occur more frequently (overrepresented), less frequently (underrepresented), or within (neutrally distributed) the 95% confidence interval of the neutral model predictions.



Estimation of Ecological Processes and Microbial Ecological Succession in Shrimp Culture Pond Ecosystem

We used the inferred community assembly mechanisms by a phylogenetic bin-based null model (iCAMP) (Ning et al., 2020) to evaluate the contribution of ecological processes on microbial assembly of the three habitats in the SCPE based on location and development stage. First, the observed taxa were divided into 24 “bins” based on their phylogenetic relationships. Then, the process governing each bin was identified based on null model analysis of phylogenetic diversity using a beta net relatedness index (βNRI) and taxonomic β-diversities using modified Raup-Crick metric (RC). For each bin, the fraction of pairwise comparisons with βNRI <−1.96 and >+1.96 were considered as the percentages of homogeneous and heterogeneous selection, respectively. Next, RC is used to partition the remaining pairwise comparisons with | βNRI| ≤ 1.96: The fraction of pairwise comparisons with RC <−0.95 and >+0.95 are treated as the percentages of homogenizing dispersal and dispersal limitation, and remains with | βNRI| ≤ 1.96 and | RC| ≤ 0.95 represent the percentages of drift. The above analysis was repeated for every bin, and then the fractions of individual processes across all bins were further weighted by the relative abundance of each bin and summarized to estimate the relative importance of individual processes at the whole community level.



Statistical Analysis

A ternary plot was applied to reveal the distribution of the dominant genera (>0.1%) among water, shrimp intestine, and sediment habitats using the package “ggtern” in R 3.3.2 (R Core Team, 2015). Welch’s t-test was used to compare the microbial diversity indices among water, shrimp intestine, and sediment habitats by location and development stage. The non-metric multidimensional scaling (NMDS) and analysis of similarity (ANOSIM) were performed to evaluate the overall differences in microbial communities of water, shrimp intestine, and sediment habitats using the Bray–Curtis distance (Li et al., 2017). Then, the differentially abundant taxa among three habitats were identified using one-way analysis of variance (one-way ANOVA) (Cleary et al., 2019). Moreover, we employed molecular ecology network analysis (Deng et al., 2012) to evaluate the extent of microbial interspecies interactions of water, shrimp intestine, and sediment habitats, respectively, across six regions or six culture development stages. To quantify the interspecies interactions, a set of topological properties were calculated, including the average path length, clustering coefficient, and co-occurrences (Mej, 2003), and the resulting network was visualized via Cytoscape 3.6.1.1 The structure equation model (SEM) analysis (Bagozzi and Yi, 2012) was used to illustrate the interplay rearing water sediment and shrimp intestinal microbial communities and implement the effect of water and sediment environmental factors on their microbial communities.




RESULTS


Microbial Community Diversity of the Three Habitats in the Shrimp Culture Pond Ecosystem Across the Country

To understand the microbial diversity in the SCPE, we conducted a large-scale sampling and took water, shrimp intestine, and sediment samples in 88 shrimp cultural ponds in six regions (Figure 1A). We extracted DNA from all 264 samples and sequenced their 16S rRNA gene amplicons. A total of 3,810,840 high-quality sequences were obtained from all samples. The sequences clustered into 7656 OTUs with the highest number (i.e., 7389) in the sediment (Supplementary Table 7). This was enough to capture a majority of the microbial communities in all samples with a coverage index of 0.96–0.99 (Supplementary Table 7). The Shannon index significantly (P < 0.001) differed among those three habitats with the highest in the sediment (6.28 ± 0.28), followed by water (4.37 ± 0.50) and then shrimp intestine (3.39 ± 0.99) habitats. The Chao1 index showed similar results (Figure 1B and Supplementary Table 7). To further evaluate the overall differences among three habitats, NMDS analysis showed that microbial communities clustered based on habitat, and ANOSIM analysis further revealed that the microbial structures differed significantly (r = 0.828, P < 0.001) between any two of the habitats (Figure 1C).
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FIGURE 1. Sampling sites and the α- and β-diversity of microbial communities from three habitats. (A) A total of 264 water, shrimp intestine, and sediment samples (88 samples in each habitat) were collected from 88 cultural ponds in six regions in China. DB + YJ, ZH + ZS, HN, QZ, ZP, and TJ indicate Dianbai + Yangjiang, Zhuhai + Zhongshan, Hainan, Qingzhou, Zhangpu, and Tianjin. (B) The α-diversity of microbial communities among water, shrimp intestine, and sediment habitats in the SCPE of six regions. Statistical significance of the α-diversity indices among three habitats were based on the Welch’s t-test (∗∗: P < 0.01). (C) The β-diversity of microbial communities of three habitats analyzed by NMDS and ANOSIM based on the Bray–Curtis distance.




Core Microbial Operational Taxonomic Units in Each Habitat of the Shrimp Culture Pond Ecosystem at Six Regions Across the Country

We next examined the occurrence of taxa in each SCPE to determine if the core microbial taxa existed in each habitat. We defined the core taxa as those taxa that occurred in ≥90% of water, shrimp intestine, and sediment samples, respectively. The results showed that about 0.6% (28 of 5078 OTUs), 0.6% (23 of 3919 OTUs), and 0.4% (30 of 7389 OTUs) of the OTUs constituted core taxa in the water, shrimp intestine, and sediment habitats, respectively. This accounted for 33.1, 48.1, and 7.7% of all sequences obtained (Supplementary Table 8). The core OTUs in the water belonged to the phyla Cyanobacteria (19.7%), Actinobacteria (7.4%), Proteobacteria (1.2%), Verrucomicrobia (0.8%), and Bacteroidetes (4.1%); in the shrimp intestines to Proteobacteria (36.6%), Cyanobacteria (3.6%), Actinobacteria (0.4%), Tenericutes (7.0%), and Verrucomicrobia (0.5%); and in the sediments to Proteobacteria (2.9%), Bacteroidetes (3.2%), Actinobacteria (0.8%), Cyanobacteria (0.6%), Chloroflexi (0.2%), and Deinococcus Thermus (0.1%) (Supplementary Table 8). Although there were some overlaps of phyla in the different core communities, overall, the core communities from each habitat were distinct, suggesting that each habitat would select their core taxa. Twenty-three core OTUs from the shrimp intestine were also present in the water and/or sediment habitats (Supplementary Table 8), suggesting possible sources (e.g., environmental water and sediment) of shrimp intestinal microbial communities. Additionally, several known opportunistic pathogens in aquatic ecosystems, Photobacterium OTU3557, Vibrio OTU1384, Vibrio OTU1482, Vibrio OTU2357, Vibrio OTU2482, and Candidatus Bacilloplasma OTU1192, were members of the shrimp intestine core community (Supplementary Table 8).



Comparison of the Microbial Composition of Three Habitats in the Shrimp Culture Pond Ecosystem in Six Regions

To understand the microbial composition of the water, sediment, and shrimp intestine in SCPEs in six regions, we compared the OTUs present in each using Venn analysis. The results show that many OTUs were commonly present in all three habitats, and the number of OTUs was found to be in any two habitats of each regional site (Figure 2). For example, at the DB + YJ site, 1270 OTUs were present in all three habitats, and some OTUs were found to be in any two habitats: 1439 (intestine, 56.5%) or 3015 (sediment, 83.0%) out of 2548 water OTUs; 1439 (water, 62.0%) or 1886 (sediment, 81.2%) out of 2320 intestinal OTUs; 1886 (intestine, 35.3%) or 3015 (water, 39.6%) out of 5336 sediment OTUs (Figures 2A,G). Most OTUs detected at each site were present in the sediment habitat, and a high percentage (∼80%) of those were also present in the shrimp intestine and water habitats. Similar trends were observed in each pond (Supplementary Figure 1).
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FIGURE 2. Venn analysis of microbial composition in water, shrimp intestine, and sediment habitats based on detected OTUs of six regions. (A–F) The numbers of OTUs in each habitat and shared in any two or three habitats. (G) The percentage of OTUs shared in any two habitats.


Further comparison showed that most of the detected phyla and genera were always present in at least one of the three habitats but that their relative abundances significantly (P < 0.001) differed (Supplementary Figures 2, 3Supplementary Tables 9–11). Specifically, some opportunistic pathogens, such as Vibrio, Photobacterium, and Candidatus Bacilloplasma, were detected in all the three habitats, but the relative abundance in the shrimp intestine was significantly (P < 0.001) higher than in the other two habitats (Supplementary Figure 3). Additionally, we compared microbial co-association networks of the three habitats. The average degree indices of the water, shrimp intestine, and sediment microbial communities were 14.55, 14.94, and 11.25, and the average clustering coefficient index values were 0.57, 0.51, and 0.71 with an average path distance of 1.87, 1.89, and 2.02, respectively (Supplementary Figure 4 and Supplementary Table 12). These results reveal that the microbial network in shrimp intestine is more complex and better connected than in the water and sediment habitats.

We were able to identify several keystone species in these habitats. Keystone species were those with the largest number of connections. OTU4327 and OTU16092, each with 37 connections, were classified as the keystone species with the highest degree nodes and numerous neighbors in the water habitat; OTU9882 in the shrimp intestine had 50 connections; and OTU16554 in the sediment had 79 connections (Supplementary Figure 4 and Supplementary Table 13).



Microbial Communities of Environmental Water and Sediment Mainly Contribute to Shrimp Intestinal Microbiota in the Shrimp Culture Pond Ecosystem Metacommunity in Six Regions

To evaluate the contribution of each of the three habitats (water, sediment, and shrimp intestine) to the regional diversity of the SCPE metacommunity, we used additive partitioning of diversity from local to regional scales. We examined whether the microbial diversity observed at the ecosystem level (ƔEcosystem) was primarily due to a high microbial dissimilarity among ponds (βInterHabitats), a high dissimilarity among communities within each pond ([image: image]IntraHabitats), or from a high microbial diversity within each local community ([image: image]LocalCommunities, i.e., water, shrimp intestine, or sediment sample). The results show that the contribution of [image: image]LocalCommunities to the metacommunity diversity (ƔEcosystem) was 28.0% ± 5.1%, inferior to βInterHabitats (33.1% ± 10.0%) and [image: image]IntraHabitats (38.9% ± 9.1%) in their contributions to ƔEcosystem (Figure 3A). The results reveal that [image: image]IntraHabitats and βInterHabitats were important for generating the microbial diversity in the SCPE.


[image: image]

FIGURE 3. The contribution of microbial communities in water, shrimp intestine, and sediment habitats to the SCPE metacommunity of six regions. (A) Multiscale hierarchical partitioning of microbial diversity. (B) SourceTracker analysis of contributions of water, shrimp intestine, and sediment source communities to each other’s communities. (C) The SEM shows environmental community drivers of shrimp intestinal microbiota in the SCPE. The directed graph of SEM, and the goodness-of-fit (GoF) statistic value was 0.626. Each box represents an observed variable or latent variable. Path coefficients are reflected in the width of the arrow with solid and dashed arrows indicating significantly positive and negative effects, respectively. ∗∗∗: P < 0.001, ∗∗: P < 0.01. (D) The Sloan neutral model applied to shrimp intestine communities with their corresponding surrounding water and/or sediment communities as the sources. Stacked bar chart depicts the relative abundance of sequences in the neutrally distributed (black), overrepresented (red), and underrepresented (green) OTUs in shrimp intestine.


To test if the microbial communities of environmental water and sediment have a decisive role in shrimp intestinal microbiota, we evaluated the contribution of different source communities to the three habitats in the SCPE in six regions by SourceTracker. For shrimp intestinal communities, the most dominant potential source was sediment (an average of 27.8%), followed by water (15.2%); for water communities, the most dominant potential source was also sediment (40.6%), followed by shrimp intestine (22.3%) (Figure 3B). For sediment communities, water or shrimp intestine only contributed about 10% each (Figure 3B). These results indicate that the microbial communities of each habitat in the SCPE could be a source for the other two. Although sediment appeared to be the most important source for both water and shrimp intestinal communities, more importantly, both water and sediment microbial communities contributed to the shrimp intestinal microbiota in the SCPE. The contribution of water and sediment communities to the shrimp intestinal microbiota was corroborated by the results of SEM analysis (Figure 3C).

The Sloan neutral community model was further applied to analyze the shared OTUs between the environmental water/or sediment and shrimp intestine samples. That is, neutral distribution (black points) accounted for 38.2% ± 8.5% in water and/or sediment microbial communities of six regions, and the proportions of overrepresented (red points) and underrepresented (green points) OTUs were 35.8% ± 9.6% and 11.0% ± 1.1%, respectively (Figure 3D). Thus, the proportion of shared and neutrally distributed OTUs between shrimp intestine and water and/or sediment was relatively high, suggesting that a significant proportion of microbial communities of shrimp intestine tended to colonize from surrounding environments.



Ecological Processes Governing the Microbial Assembly of the Three Shrimp Culture Pond Ecosystem Habitats in Six Regions

To understand the microbial assembly mechanisms at play in the three SCPE habitats in six regions, we quantified the relative contribution of major ecological processes that structure the microbiota using iCAMP. The results show that most of the microbial variation was controlled by dispersal limitation (35–40%) and drift (30–40%) (Figure 4). Thus, stochastic factors appear to be more important in influencing the microbial assembly of the three SCPE habitats at a regional scale. Also, homogeneous selection contributed 20–25% of the microbial variation (Figure 4). Additionally, we also used SEM analysis to reveal the effect of environmental drivers on water and sediment microbiota and found that water (r = 0.406, P < 0.001) and sediment properties (r = 0.579, P < 0.001) significantly affected their microbial community structure (Supplementary Figure 5).
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FIGURE 4. The contribution of ecological processes on the microbial assembly of water, shrimp intestine, and sediment habitats of six regions.




Environmental Water and Sediment Microbiota Contributed to Community Succession of the Shrimp Intestinal Microbiota in the Shrimp Culture Pond Ecosystem Across Different Shrimp Culture Developmental Stages

In the experiment to further verify the contribution of the environmental water and sediment microbial communities to shrimp intestinal microbiota, we analyzed the dynamics of microbial communities from three habitats across six cultural developmental stages: day 0, day 10, day 20, day 30, day 40, and day 50 with similar ecological features being present at each of the six regional sites (Figure 5A). Microbial diversity (based on OTU number, Shannon index, and Chao 1 index) was the highest in the sediment, followed by water and shrimp intestine for all SCPEs examined and at each of the six developmental stages (Supplementary Table 14 and Supplementary Figure 6A). Both NMDS and ANOSIM analyses showed that the microbial community structure significantly (P < 0.001) differed between any two of compared habitats at each culture developmental stage (Supplementary Figure 6B). Similar to the results of the six regions, most OTUs were present in the sediment habitat, and a high percentage (∼80%) of OTUs in the shrimp intestine and water habitats were shared with the sediment habitat at six cultural development stages (Supplementary Figure 7). Similar trends in microbial compositions of the three habitats at each of the six cultural development stages were observed in each pond (Supplementary Figure 8). We also compared microbial co-association networks of the three habitats at each of the six cultural development stages. The microbial networks in the sediment and shrimp intestines were more complex and better connected than that in the water habitat, and OTU31337, OTU433, and OTU13771 were the keystone species in the water, shrimp intestine, and sediment habitats, respectively (Supplementary Figure 9 and Supplementary Tables 15, 16).
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FIGURE 5. Environmental water and sediment microbiota contributed to community succession of the shrimp intestinal microbiota in the SCPE during shrimp developmental stages. (A) Nine shrimp culture ponds were selected in the study area, which was located at Zhuhai in China. Water, shrimp intestine, and sediment samples with nine samples each for each time at six developmental stages: day 0, day 10, day 20, day 30, day 40, and day 50 post-larval shrimp inoculation. Microbial communities of the surrounding water and sediment mainly contributed to shrimp intestinal microbiota in different culture stages. (B) SourceTracker analysis of the contribution of water, shrimp intestine, and sediment source communities to each other’s communities. (C) The SEM shows environmental microbial community drivers of shrimp intestinal microbiota in the SCPE. The directed graph of SEM and the GoF statistic value was 0.370. Each box represents an observed or latent variable. Path coefficients are reflected in the width of the arrow with dashed arrows as significantly negative effects. ∗∗: P < 0.01, ns: no significance. (D) The Sloan neutral model was applied to shrimp intestine communities with their corresponding surrounding water and/or sediment communities as the sources. Stacked bar chart depicts the relative abundance of sequences in the neutrally distributed (black), overrepresented (red), and underrepresented (green) OTUs in shrimp intestine. (E) The contribution of ecological processes to the microbial assembly of shrimp intestine habitat.


Consistent with the results of the six regions, SourceTracker analysis also indicates that, at each cultural development stage, any of the habitat microbial communities could be a source for the other two communities. The most dominant potential source for the water microbial communities was from shrimp intestine and sediment, but for the sediment microbial communities, only ∼12% was attributable to the water and shrimp intestine (Figure 5B). Whereas for the shrimp intestinal microbial communities, water and sediment microbiota were the dominant potential sources, accounting for up to 69.9–84.7% (days 10–50) (Figure 5B), suggesting that environmental microbial communities were important sources for the establishment of the shrimp intestinal microbiota. On days 10 and 50, sediment represented almost half of the potential source for shrimp intestinal microbiota although on days 20, 30, and 40, water was the dominant source (Figure 5B). These results were further supported by results of the SEM and Sloan neutral community model analyses (Figures 5C,D).

Additionally, during the six cultural development stages in the SCPE, stochastic factors were the dominant microbial assembly mechanism for all three habitats (Figure 5E and Supplementary Figures 10A,B), specifically dispersal limitation (20–30%), drift (30–55%), and homogeneous selection (20–30%). SEM analysis shows that water (r = 0.370, P < 0.001) and sediment properties (r = 0.641, P < 0.001) significantly affect the associated microbial structure (Supplementary Figures 10C,D). More importantly, combined with the results of SourceTracker, SEM, and Sloan neutral community model analyses, these results indicate that environmental microbial communities had a large contribution to the succession of shrimp intestinal microbiota in the SCPE metacommunity, which may be due to the relatively highly stochastic processes involved in the microbial assembly of the shrimp intestine.




DISCUSSION

The intimate link among environment, the intestinal microbiota, and host health status is highly concerned with human and animal health (Wall et al., 2015). The microbial communities from the multiple habitats within an aquatic ecosystem constitute the aquatic metacommunity, but how environmental microbial communities shape the shrimp intestinal microbiota has not been well studied. In this study, we considered microbial communities of multiple habitats as the metacommunity in aquatic ecosystems and analyzed the microbial assembly of water, shrimp intestine, and sediment habitats. Our results show that core microbial taxa were in each habitat and the SCPE metacommunity (H1) and that environmental water and sediment communities dominated the shrimp intestinal microecosystem; moreover, microbial assembly of three habitats in the SCPE appeared to be largely driven by stochastic processes (H2), which generally supports our hypothesis.

Core microbial taxa provide information on putatively important microorganisms for ecosystem functioning (Saunders et al., 2016). Previous studies identify several bacterial OTUs as core taxa in soil (9), human feces (6), air (2), fresh water (1), and wastewater treatment plants (2) (Wu et al., 2019), suggesting that various ecosystems may have different core populations, possibly due to the number of samples used or the high dissimilarity of the environments examined. In this study, the core microbial OTUs were distinct in each habitat. There was an overlap of 23 core OTUs from shrimp intestine that were also present in the water and/or sediment habitats, which is generally consistent with previous studies. For example, the surrounding environments are shown to be a source of microbial species colonizing aquatic animal intestine and vice versa (Cahill, 2004; Sullam et al., 2012). Another study suggests that the microbes colonizing shrimp intestines are selected from the surrounding environments to improve host fitness (Xiong et al., 2018). It is noteworthy that some core taxa detected in this study are derived from some known shrimp opportunistic pathogens, including Photobacterium OTU3557, Vibrio OTU1384, Vibrio OTU1482, Vibrio OTU2357, Vibrio OTU2482, and Candidatus Bacilloplasma OTU1192. An increased abundance of these species in shrimp intestines is generally associated with disease outbreaks (Xiong et al., 2017, 2018; Hou et al., 2018). Moreover, the core taxa of water and sediment habitats in the SCPE may associate with their known biological functions. For example, several core OTUs belonged to Rhodobacter, and some oxygenic photosynthetic microbes are known to enhance carbon cycling and energy capture from sunlight in aquatic ecosystems (Chang et al., 1991). A Truepera OTU (OTU15485) was identified as a core taxon in an aquatic sediment habitat, reflecting the importance of this species in organic matter degradation in aquatic ecosystems (Albuquerque et al., 2005). Thus, core microbial taxa were among the three habitats across the SCPE or in each habitat, indicating such core taxa in shrimp intestine may play key roles for shrimp and environment health in the SCPE.

Generally, multiple habitats constitute a metacommunity for the overall microbial diversity in aquatic ecosystems (Zeng et al., 2017), surrounding environments are the main sources of microbes colonizing aquatic animal intestines, and the host animal drives, in a large part, the selection of microorganisms (Bolnick et al., 2014). Theoretically, aquatic animals are microorganism-free at birth, so postnatally acquired intestinal microorganisms should immigrate from their surroundings (Yan et al., 2016). As all activities carried out by aquatic animals (e.g., feeding and defecation) take place in the surrounding water or/and sediment habitats, interactions between a host and its environment are more direct than with terrestrial animals and their environments; thus, the assembly of aquatic animal intestinal microbial communities is directly influenced by the microbes present in the surrounding environment (Bolnick et al., 2014). Consistently, Cahill considers that the bacteria present in aquatic environments influence the composition of animal intestinal microbial communities (Cahill, 2004). Sullam et al. (2012) found that fish could acquire intestinal bacteria through water cyclic transmission by which hosts obtained their bacterial communities from their environments. Our results reveal that microbial communities from the water, shrimp intestine, and sediment habitats in the SCPE had close relationships as these three habitats are connected to each other by various biological and ecological processes, including nutrient sharing, dispersal, and microbial interactions (Hubbell, 2001; Schryver and Vadstein, 2014; Adair and Douglas, 2017). For instance, dispersion is a key factor influencing the metacommunity and its associated community structure (Fodelianakis et al., 2019). In this study, we observed a high percentage of dispersion from sediment to the other two habitats in the SCPE. Compared with water communities, shrimp intestine communities were more closely related to sediment communities. This is likely due to sediment features and the shrimp’s lifestyles. It is well known that L. vannamei is planktobenthos (mainly living in the benthic zone and occasionally floating in the water) and is most often active in the sediment habitat. Also, L. vannamei has the characteristic of feeding from the sediment and ingestion of particulate matter into its intestine. Our results indicate that water and sediment communities mainly contribute to shrimp intestinal microbiota, but such mechanisms need to be further investigated.

We also found that each habitat harbored distinct microbial communities, indicating that different taxa have obvious preferences in three habitats. For example, Vibrio, Photobacterium, and Candidatus Bacilloplasma were enriched in the shrimp intestine. These genera are known opportunistic pathogens and are widespread in cultural pond ecosystems (Vadstein et al., 2004; Li et al., 2017; Xiong et al., 2017). The aquatic animal intestine may offer a more favorable microenvironment for such taxa, allowing them to become dominant in the shrimp intestine. They may then further spread into their surrounding environments through the excretion of aquatic animals, making the control of opportunistic pathogen proliferation extremely challenging (Tania et al., 2018). For example, pathogens may be reintroduced to the SCPE through excrement “seeds” after treatment with disinfectant (Gustafson and Bowen, 1997). As aquatic animals are important for maintaining microbial diversity in aquatic environments (Troussellier et al., 2017), microbial ecological management strategies are needed to inhibit opportunistic pathogens in aquaculture ecosystems.

Examination of underlying microbial assembly mechanisms shows that stochastic processes play a more important role in influencing the microbial community structure than deterministic processes. A possible explanation is that ecological drift (e.g., stochastic processes of birth, death, colonization) becomes stronger due to high dispersal rates (Zhou et al., 2014). A recent global-scale study of activated sludge communities from wastewater treatment plants indicates that microbial spatial turnover is largely driven by stochastic processes (Wu et al., 2019). Similarly, in other natural and engineered ecosystems, such as temperate forest (Bahram et al., 2016), grasslands (under warming conditions) (Guo et al., 2018), bioreactors (Zhou et al., 2013), and groundwater systems (perturbed by adding emulsified vegetable oil for uranium immobilization) (Zhou et al., 2014), stochastic processes played larger roles than deterministic ones in explaining the microbial assembly. Our present study is largely consistent with those previous studies, suggesting that the microbial assembly was largely driven by stochastic processes in the SCPE. Moreover, across different shrimp cultural development stages, the microbial communities in each SCPE habitat consistently displayed similar dynamics variation. Water and sediment microbial communities make important contributions to the shrimp intestinal microbiota at a temporal scale, which may indicate that the microbial succession of the shrimp intestinal community is shaped by the environmental water and sediment microbial communities.



CONCLUSION

In summary, we systematically evaluated the microbial community composition of water, shrimp intestine, and sediment habitats in the SCPE as a metacommunity and revealed their relationships among the environment, the intestine microbiota and host health status, and possible assembly mechanisms (Figure 6). Specifically, we identified core microbial taxa for each habitat and the metacommunity, determined that environmental water and sediment communities dominated the intestinal microecosystem of L. vannamei, and found that microbial variation was largely controlled by stochastic processes in the SCPE. These findings enrich our understanding of the environment–intestinal microbiota–host health closely linked relationship, making it possible to be the central dogma for an anthropogenic aquaculture ecosystem. This study provides new insights into microbial assembly mechanisms and a framework for metacommunity analysis in the SCPE and has important implications for developing new strategies for animal health.


[image: image]

FIGURE 6. A schematic presentation of microbial assembly mechanisms and relationships among microbial communities of water, shrimp intestine, and sediment habitats in the SCPE metacommunity.
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Fish are widely exposed to higher microbial loads compared to land and air animals. It is known that the microbiome plays an essential role in the health and development of the host. The oral microbiome is vital in females of different organisms, including the maternal mouthbrooding species such as Nile tilapia (Oreochromis niloticus). The present study reports for the first time the microbial composition in the buccal cavity of female and male Nile tilapia reared in a recirculating aquaculture system. Mucus samples were collected from the buccal cavity of 58 adult fish (∼1 kg), and 16S rRNA gene amplicon sequencing was used to profile the microbial communities in females and males. The analysis revealed that opportunistic pathogens such as Streptococcus sp. were less abundant in the female buccal cavity. The power play of certain bacteria such as Acinetobacter, Acidobacteria (GP4 and GP6), and Saccharibacteria that have known metabolic advantages was evident in females compared to males. Association networks inferred from relative abundances showed few microbe–microbe interactions of opportunistic pathogens in female fish. The findings of opportunistic bacteria and their interactions with other microbes will be valuable for improving Nile tilapia rearing practices. The presence of bacteria with specific functions in the buccal cavity of female fish points to their ability to create a protective microbial ecosystem for the offspring.
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INTRODUCTION

The buccal cavity harbors a complex and diverse microbiota, and parallels can be drawn between human oral and gut bacterial communities (Maki et al., 2021). Although the oral microbiome composition is different between individuals and there exist differences between their micro-habitats, the principal function of the microbiome remains the same (Caselli et al., 2020). Microbial communities play a vital role in the physiological functions, immune system, and growth of the host.

The potential beneficial/commensal microbes of the oral cavity are essential for the wellbeing of the host. The composition of the oral microbiome in healthy individuals is generally stable. Imbalance in the microbial community is known as dysbiosis, and this condition can be associated with diseases (Zaura et al., 2009; Caselli et al., 2020; Su et al., 2020; Wynne et al., 2020). Although the composition of the oral microbiome changes with the host health status (as observed in the case of adolescence-related depression and anxiety), its diversity remains the same (Simpson et al., 2020). Pregnant women harbor more oral cavity microbes than non-pregnant women, and pathogenic taxa proliferate during early periods of pregnancy (Fujiwara et al., 2017; Lin et al., 2018). Such periodontal pathogens can cause oral diseases, which in turn can complicate the pregnancy and lead to adverse outcomes (Farrell et al., 2006; Salih et al., 2020; Saadaoui et al., 2021). Moreover, it is now known that chewing of betel-areca preparations and the use of tobacco and alcohol can have cytogenetic effects, jeopardize oral health and shift the microbial population; these health-risk factors are linked to oral cancer (Wang et al., 2019; Su et al., 2020).

As mentioned above, the association of the oral microbiome and the health of humans is well studied compared to those in fish. Hence, more information about the symbionts of fishes is essential because dysbiosis may also occur in the fish mouth and may cause a natural outbreak of various diseases (Wynne et al., 2020). To our knowledge, only one study has reported the importance of microbiome balance in the buccal cavity of a fish; a dysbiosis event that occurred in Atlantic salmon (Salmo salar) was linked to yellow mouth disease (Wynne et al., 2020).

Nile tilapia (Oreochromis niloticus) is a preferred farmed species because it exhibits excellent growth and robustness under culture conditions. Wild Nile tilapia are sexually mature when they attain a total length of 20–30 cm (Gómez-Márquez et al., 2003; Shoko et al., 2015). However, under captivity, sexual maturity is reached at a relatively smaller size of 8–13 cm (Gómez-Márquez et al., 2003; Shoko et al., 2015). Nile tilapia is a mouthbrooder species, and the females protect the eggs by incubating them in their mouth until hatching (Konstantinidis et al., 2020). This form of parental care increases offspring survival and fitness; the epidermal mucus of female tilapia changes to ensure protection, development and capacity enhancement of the embryos/fry under different situations, for example, during transport to new locations/environments (Iq and Shu-Chien, 2011; Orlando et al., 2017). Buccal cavity mucus of female tilapia has an array of proteins, namely antioxidant enzymes such as peroxiredoxin and stress proteins like heat shock proteins that are upregulated during infection and parental care (Iq and Shu-Chien, 2011). A possibility of passive immune transfer from mother to offspring during mouthbrooding rather than via eggs has been reported, based on a higher survival rate against ectoparasites compared to those raised through artificial incubation (Subasinghe, 1993; Sin et al., 1994).

There is growing evidence that the microbiome can be horizontally or vertically transmitted from mother to infant (Ferretti et al., 2018) and from parent fish to progeny (Sylvain and Derome, 2017). Hence, we wanted to understand the differences in buccal cavity microbiome profiles in female and male Nile tilapia to understand if the mouthbrooders have specific microbes to protect their offspring.



MATERIALS AND METHODS


Ethics Statement

The study was conducted after obtaining the license from the Norwegian Animal Research Authority (FOTS ID 1042). The guidelines for research using experimental animals were strictly followed during Nile tilapia rearing, handling and tissue sampling.



Experimental Fish and Set Up

In the present experiment, we employed Nile tilapia that were the offspring of the fish obtained by hatching eggs from wild fish that were captured from the Nile River, Luxor, Egypt (location GPS: 25°39′56″ N, 32°37′07″ E). The stocking density was 27 fish/m3, and the fish were reared in a freshwater recirculating system in a tilapia rearing facility at the Research Station of Nord University, Bodø, Norway. The rearing conditions were: dissolved oxygen – 8.33 mg/l, ammonia – 0.06 mg/l, nitrite – 0.03 mg/l, alkalinity – 53.92 mg/l as CaCO3, water temperature – 29.3 ± 0.4°C, photoperiod – LD 13:11. The fish were fed commercial pellets (Skretting, Norway) during the rearing period (Podgorniak et al., 2019). We collected sexually mature males (n = 30) and females (n = 28) (both of average weight 1000 g, average total length 37.48 cm, 8 month-old) from the above mentioned stock by carefully distinguishing them based on the tapered shape or rounded shape below the anus. The sex of the fish was further confirmed by dissection and observation of the gonads.

Prior to sampling, fish were not fed for 48 h, and they were sacrificed by exposing them to an emulsion containing 12 mL of clove oil (Sigma-Aldrich, St. Louis, MO, United States), 96% ethanol (1:10 v/v) and 10 L of water (Konstantinidis et al., 2020). Mouth mucus samples from the buccal cavity were taken using swabs (Copan Italia, Brescia, Italy), which were transferred to cryotubes and immediately frozen in liquid nitrogen (Caselli et al., 2020; Wynne et al., 2020). The collected samples were stored at −80°C until further use.



Microbial DNA Extraction and Library Preparation

Each individual swab sample was transferred to a 5 ml tube containing 1.4 mm zirconium oxide beads (Cayman Chemical, Ann Arbor, MI, United States), and two ml of InhibitEX buffer (Qiagen, Hilden, Germany) were added into the tube. DNA was extracted using QIAamp DNA stool Mini Kit (Qiagen) according to the manufacturer’s protocol. The extracted DNA was eluted in 75 μl ATE buffer. Then, the quality and quantity of the extracted DNA were checked with the NanoDrop spectrophotometer ND-8000 (Thermo Fisher Scientific Inc., Waltham, MA, United States).

Library preparation was performed under sterile conditions. The 16S rRNA gene library was constructed from the extracted DNA using the specific bacterial primers 341F (5′ CCTACGGGNGGCWGCAG 3′) and 805R (5′ GACTACNVGGGTWTCTAATCC 3′) (Klindworth et al., 2013) flanked by overhang Illumina adapters targeting the hypervariable V3-V4 region (∼ 460 bp). The primer concentration was 10 nM and 1 μl was used for the library preparation. PCR reactions were prepared (25 μl total volume) using (12.5 μl) AmpliTag gold Master Mix (Thermo Fisher Scientific Inc.) and 2.5 μl of DNA template (5 ng/μl). PCR conditions consisted of an initial denaturation step at 95°C for 10 min (1 cycle), 30 cycles at 95°C for 30 s, 57°C for 30 s, 72°C for 1 min, and a final extension step at 72°C for 7 min (1 cycle).

Agarose gel (1.5%, 4.5 g/300 ml) electrophoresis was employed to check the amplified products. The purified PCR products obtained using the CleanNGS system (CleanNA, Waddinxveen, Netherlands) were subjected to a second PCR (8 cycles, 16S Metagenomic Sequencing Library Preparation, Illumina, San Diego, CA, United States). CleanNGS system (CleanNA) was used to purify the obtained amplicon libraries. The quality of the libraries was checked on a TapeStation 2200 platform (Agilent Technologies, Santa Clara, CA, United States). Thereafter, the libraries were quantified using the Quant-IT PicoGreen dsDNA assay kit (Thermo Fisher Scientific) on a Synergy 2 microplate reader (BioTek, Winooski, VT, United States). Next, the pooled libraries were quantified using the KAPA library quantification kit (Roche, Basel, Switzerland) on a real-time qPCR LightCycler 480 (Roche). They were then sequenced on an Illumina® MiSeq (PE300) platform (MiSeq Control Software 2.5.0.5 and Real-Time Analysis software 1.18.54.0).



Data Processing and Analyses

The generated paired-end reads were truncated at 270 bp using VSEARCH (Rognes et al., 2016), and then processed using MICCA pipeline (v1.7.2) (Albanese et al., 2015). Sequences with a minimum overlap length of 60 bp and a maximum mismatch of 20 bp were merged. Next, the forward and reverse primers were trimmed off the merged reads and reads that did not contain the primers were discarded. Thereafter, the sequences with an expected error rate (Edgar and Flyvbjerg, 2015) >0.75 were filtered out, and sequences shorter than 400 bp were discarded. The filtered reads were denoised using the “de novo unoise” method implemented in MICCA, which utilizes the UNOISE3 algorithm (Edgar, 2016). The denoising method, which is based on correcting sequencing errors and determining true biological sequences at single-nucleotide resolution, generates amplicon sequence variants (ASVs). The taxonomic assignment of the representative bacterial ASVs was performed using the RDP classifier (Lan et al., 2012). The sequences were aligned using the NAST (DeSantis et al., 2006) multiple sequence aligner, and a phylogenetic tree was prepared using the FastTree software available in the MICCA pipeline.



Statistical Analysis

The similarities/differences in α-diversity were checked by Wilcoxon rank-sum test. Bacterial β-diversity was determined using unweighted and weighted UniFrac distances (Lozupone and Knight, 2005). Differences between bacterial communities in male and female groups were visualized by Principal Coordinates Analysis (PCoA). After checking the dispersions within the data set of each group, statistically significant differences between the groups were assessed using Permutational Multivariate Analysis of Variance Using Distance Matrices (PERMANOVA) (Anderson, 2001) (with 9,999 permutations), implemented in adonis function of the vegan R-package (Oksanen et al., 2013). The DESeq2 (Love et al., 2014) package was employed to detect the differentially abundant ASVs in the non-rarefied data (McMurdie and Holmes, 2014). It is believed that rarefied data reduce statistical power and make it difficult to assess the differences in the actual composition (Weiss et al., 2017).



Microbial Network Analysis

Microbial communities are complex, and their function and structure are greatly influenced by microbe-host and microbe-microbe interactions. To investigate the latter connections, we calculated pairwise relationships from the relative abundances of ASVs associated with the two types of samples (females and males). The networks were constructed at the phylum level using the SpiecEasi package, which considers an inverse covariance matrix and conditional independence (Kurtz et al., 2015). The differences in degrees and betweenness of nodes in the network of female and male fish were checked using the Wilcoxon rank-sum test.



RESULTS


Microbial Composition

To characterize the microbial composition in the buccal cavity of female and male Nile tilapia, the fish were reared in a common garden. The environmental conditions and diet that are known to affect the microbiota were kept constant throughout the experimental period. The amplicon sequencing of the 16S rRNA libraries generated 8706006 high-quality reads with an average of 150104 reads per sample. The reads were rarefied to 53575 reads per sample (without replacement), to take the read count variation in the different samples into account. A total of 1367 denoised ASVs were identified across all samples. Their taxonomic classification revealed the presence of bacteria belonging to 26 phyla and 272 genera.

First, we delineated the microbial composition in the mouth of female and male fish, and then we investigated the abundance of the dominant ASVs/taxa in females and males. The analysis revealed that Proteobacteria, Bacteroidetes, Firmicutes, Deinococcus–Thermus, Actinobacteria, and Acidobacteria were the most dominant phyla in both groups (Figure 1A and Supplementary Figure 1A). The dominance of Proteobacteria was also reflected in the microbial composition at the genus level, i.e., Acinetobacter, Enhydrobacter, Novosphingobium, Pseudomonas, Haliscomenobacter, Rheinheimera, and Vogesella (Figure 1B). However, the abundance of certain dominant genera such as Acinetobacter and Enhydrobacter was higher in females compared to males (Supplementary Figure 1B).
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FIGURE 1. The relative abundance of the microbial composition in the buccal cavity of female and male Nile tilapia. (A) Top 10 dominant phyla. (B) Top 23 dominant genera.


The proportions of the most dominant phyla and genera in both sexes are provided in Table 1. The proportions of Proteobacteria were 29.95 and 35.71% in females and males, respectively. The corresponding values of the phylum Bacteroidetes were 10.20 and 6.64%. Furthermore, Acinetobacter was the most abundant genus in the buccal cavity of female and male fish. The abundance of this genus in females was 28.07% compared to 26.19% males. The proportions (females vs. males) of the other genera belonging to the phylum Proteobacteria were: Enhydrobacter (5.01% vs. 2.87%), Novosphingobium (1.19% vs. 2.98%), Pseudomonas (1.37% vs. 3.15%), Haliscomenobacter (0.4% vs. 0.2%), Rheinheimera (0.99% vs. 4.83%), and Vogesella (4.57% vs. 8.80%).


TABLE 1. The proportion (%) of different bacteria in the buccal cavity of female and male Nile tilapia.
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Alpha diversity analysis of microbial communities in female and male buccal cavities was based on three ecological diversity measures, namely, the Chao1 estimator of the number of species, which is a measure of richness, the Shannon diversity, which measures the evenness of the microbial populations, and the Simpson diversity, which measures the dominant species (Marcon and Hérault, 2015; Hsieh et al., 2016). Wilcoxon rank-sum test did not detect any statistical differences in species richness (P = 0.75), microbial evenness (P = 0.48), and dominant species (P = 0.55) of the microbial communities in the two groups (Figure 2). Beta diversity analysis also did not reveal the differences between the microbial communities in the two groups, based on PCoA and PERMANOVA test using both weighted and unweighted UniFrac distances (P > 0.05) (Figure 3). In the case of unweighted UniFrac distance, we observed a statistical trend (P = 0.08) that could be indicating a difference between rare microbial communities in female and male buccal cavities.
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FIGURE 2. Alpha diversity of the bacteria in the buccal cavity of female and male Nile tilapia. Species richness, Shannon diversity, and Simpson diversity of the groups are not significantly different. The boxplots show minimum, lower quartile, median, upper quartile, and maximum values.
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FIGURE 3. Principal coordinates analyses (PCoA) using distance (Unweighted and weighted UniFrac) matrices of the bacteria in the buccal cavity of female and male Nile tilapia. The ellipses were generated assuming that the data are from a multivariate normal distribution.




Differential Abundance of Amplicon Sequence Variants Present in Female and Male Tilapia

The differences in the abundances of ASVs of the buccal cavity samples of female and male Nile tilapia were evaluated employing the Wald-test in DESeq2. The results revealed significant differences between the two groups. The abundance of many opportunistic pathogens such as Streptococcus, Gemella, Veillonella, Kocuria, and SR1, which belong to Firmicutes, Actinobacteria, and SR1 was found to be significantly lower in the female buccal cavity compared to that in male tilapia; fold changes ranged between −10 and −25 (Figure 4). On the other hand, the abundance of Acinetobacter that belongs to the phylum Proteobacteria was five-fold higher in female tilapia. Furthermore, the abundance of Nitrospira was nine-fold higher in females (Figure 4). Acidobacteria Gp6 and Gp4 had significantly higher abundance (25-fold and five-fold, respectively) in females compared to males. Saccharibacteria was also abundant (10-fold) in females compared to males.
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FIGURE 4. The significantly abundant amplicon sequence variants in the buccal cavity of female Nile tilapia compared to males. The X-axis labels are genus-level annotations of the microbes identified in the buccal cavity.




Microbial Network

Microbial networks were generated using the information from the abundance of the 150 dominant ASVs in both females and males. The microbial connections between the nodes in the networks were different in females and males (Figures 5A,C). The ASVs in female fish had fewer connections compared to males. These results are evident in the degree histograms (Figures 5B,D). Wilcoxon rank-sum test revealed that the node degrees as well as betweenness in female and male fish were significantly different, with a P-value < 0.05. In a network, each node has a degree which refers to the number of connections it has to other nodes. On the other hand, betweenness reveals the ability of a node to act as a bridge along the shortest path. In the present microbial network analysis, the degree of distribution in female fish was lower compared to males (1.73 and 2.96). Similarly, the betweenness in female fish was lower than male fish (75.37 and 329.32). These results indicate that the microbial community in the buccal cavity of male fish has more inter-taxa associations/microbe-microbe interactions compared to that in female fish. In addition, Staphylococcus and Streptococcus had a higher degree and betweenness in the bacterial network of males compared to females.
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FIGURE 5. Predicted association of bacteria in the buccal cavity of female and male Nile tilapia. Network of bacteria in the female (A) and male (C) buccal cavity was constructed using the SpiecEasi package. Each node represents a taxon (ASV) and connections between nodes are shown using edges. The degree distribution in the network of bacteria of the female (B) and male (D) buccal cavity indicates the high node degree in the males (D). The cluster in red is detailed in Figure 6.




DISCUSSION

To our knowledge, this is the first study that shows differences in the oral microbiome in female and male Nile tilapia that were reared in a recirculating aquaculture system. The early stages of embryonic development occur in the mouth of females, i.e., until they become hatchlings. Furthermore, fry seek shelter in the mouth of their mothers even after they start feeding on exogenous feeds (Popma and Masser, 1999; Coward and Bromage, 2000). This close association of fry and their maternal mouthbrooders indicate the importance of the oral microbiome in egg development. Moreover, the oral microbiome that is more exposed to the external environment has an indirect connection with the gut microbiome (Olsen and Yamazaki, 2019). Nevertheless, coaggregation of genetically distinct oral bacterial strains are strong, and a previous study has reported the weak interaction between oral and gut bacteria (Ledder et al., 2008). Although there is ample information about the gut microbiome of fishes, very little is known about their oral microbiome.


Bacterial Diversity in the Buccal Cavity of Female and Male Nile Tilapia

Alpha diversity analysis revealed low differences (not significant) in species richness (191 vs. 186) and evenness (28 vs. 29.7) between females and males, while Simpson diversity was 12.2 in females and 17 in males. The non-significant differences that we observed are similar to those described during a Tenacibaculosis outbreak in Atlantic salmon (Wynne et al., 2020). Nevertheless, the authors reported that dysbiosis in the oral microbiome of the fish was due to the dominance of Tenacibaculum spp. (Wynne et al., 2020). Furthermore, studies on the oral microbiome of healthy human subjects (Caselli et al., 2020), adolescents suffering from anxiety and depression (Simpson et al., 2020), and patients with esophageal carcinoma (Wang et al., 2019) reported non-significant statistical differences in the microbial composition (Wang et al., 2019; Caselli et al., 2020; Simpson et al., 2020). In the present study, the fishes used were apparently healthy, and our results showed that the microbial composition (based on the proportions) in females and males was different.



Microbial Composition in the Buccal Cavity of Female Nile Tilapia Tilts the Abundance of Streptococcus

The most dominant microbial phyla in the buccal cavity were Proteobacteria, Bacteroidetes, Firmicutes, Deinococcus–Thermus, Actinobacteria, and Acidobacteria. These phyla, except Deinococcus–Thermus, were also dominant in the gut and skin of Nile tilapia and Atlantic salmon (Kuebutornye et al., 2020; Sakyi et al., 2020). The presence of these dominant phyla is not affected by factors such as diet, salinity and rearing systems, but their abundances are affected by such environmental parameters (Giatsis et al., 2015; Souza et al., 2020; Yukgehnaish et al., 2020). Proteobacteria, Bacteroidetes and Firmicutes are the most dominant phyla in the oral microbiome of dolphins and sea lions (Bik et al., 2016). Proteobacteria, Bacteroidetes, Firmicutes and Actinobacteria are also dominant in the buccal cavity of humans (Zaura et al., 2009; Almeida et al., 2020; Caselli et al., 2020). At the genus level, the most abundant bacteria in the human mouth is Streptococcus, and in children, there exists a significant negative correlation between the counts of S. mutans and secretory IgA (S-IgA), pH and flow rate of saliva (Sood et al., 2014). Furthermore, the abundance of many other opportunistic pathogens such as Pseudomonas, Gemella, and Veillonella was lower in female fish (1.37%) compared to male fish (3.15%). The proportion of bacteria belonging to the genus Rheinheimera was lower in female Nile tilapia. Diketopiperazines from Rheinheimera japonica, isolated from marine sediments, have been reported to exert antimicrobial activity against Bacillus subtilis, Enterococcus faecium, and Staphylococcus aureus (Kalinovskaya et al., 2017). Furthermore, the diketopiperazine factor in another marine bacterium, Rheinheimera aquimaris QSI02 is efficient in controlling quorum sensing systems of Chromobacterium violaceum and Pseudomonas aeruginosa (Sun et al., 2016). These previous reports indicate the ability of the opportunistic bacteria to suppress the growth of other bacteria and the activity of host defense molecules to regulate the abundance of opportunistic bacteria such as those belonging to Streptococcus sp.

Although the abundances of some of the microbes were higher in males compared to females, the analysis did not detect any statistical differences in beta diversity. This finding is also similar to that observed in the human oral microbiome studies (Almeida et al., 2020; Simpson et al., 2020). In our case, we found a statistical trend in the case of the unweighted UniFrac distance, which could be linked to the near absence of Streptococcus bacteria in female fish.

We found that many opportunistic pathogens had significantly lower abundance in the female fish, namely Streptococcus with about −20 fold-change. Streptococcus is abundant in the human buccal cavity, and many commensal bacteria belonging to this genus play a vital role in maintaining the microbiota balance and ensuring human oral cavity health (Zaura et al., 2009; Caselli et al., 2020). Members of this genus are reactive against S-IgA in saliva, and it is known that certain species of Streptococcus can cause diseases in the human oral cavity and infections in the respiratory tract (Kilian et al., 1996; Zaura et al., 2009). Streptococcal infection caused by the major bacterial pathogen Streptococcus sp. was reported in freshwater fish such as Nile tilapia and marine fish species (Xu et al., 2007; Jantrakajorn et al., 2014), and the disease has caused significant losses in tilapia farming (Xu et al., 2007). However, a study reported that the prevalence of Streptococcus sp. was relatively low in nursing Nile tilapia (Jantrakajorn et al., 2014). Interestingly, in the present study, the abundance of Streptococcus was much lower (0.01%) in females compared to males (3.02%) (Supplementary Figure 2). Similarly, in the oral cavity of pregnant women, the abundance of Streptococcus and Veillonella was lower compared to non-pregnant women (Lin et al., 2018). Therefore, we speculate that the lower abundance of Streptococcus in the buccal cavity of female tilapia could be due to the mouthbrooding nature of this species. Opportunistic pathogenic members of this genus might cause egg mortality. Moreover, Streptococcosis disease can affect any stage of Nile tilapia, and one of the clinical signs is hemorrhage at the base of the mouth (Jantrakajorn et al., 2014).

There were also differences in the abundance of other pathogenic bacteria such as Gemella and Veillonella. Bacteria belonging to these 3 genera (Streptococcus, Gemella, and Veillonella) form biofilms in the human oral cavity (Zaura et al., 2009; Caselli et al., 2020). Interestingly in the human oral microbiome, coaggregation occurs between genetically distinct bacteria (Kolenbrander, 1988), and in children, metabolic cooperation between Veillonella and Streptococcus species occurs at the early stage of biofilm formation (Mashima and Nakazawa, 2015; Mutha et al., 2019). Furthermore, Veillonella was associated with many human dental diseases such as chronic periodontitis (Mashima and Nakazawa, 2015), and the presence of Veillonella can reduce the biofilm formation capacity of certain Streptococcus sp. (Mashima and Nakazawa, 2014). Gemella and Streptococcus species were found in oral plaques of patients without periodontitis (Eberhard et al., 2017), and these microbes are part of the oral microbiota in humans (Welch et al., 2019). In the present study, we found that these microbes are members of the buccal cavity of both females and males, but their abundances were different. Furthermore, the abundance of species belonging to Streptococcus, S. agalactiae was higher in the intestine of Streptococcus-infected Nile tilapia compared to healthy fish (Silva et al., 2020). Streptococci can produce hydrogen peroxide (H2O2), and it is known that while certain oxidative stress-resistant bacteria such as Rheinheimera sp. can benefit from H2O2 treatment, others like Verrucomicrobia may find it difficult to survive (Piel et al., 2021). In our study, we found that when ASVs of Streptococcus had lower abundance in the buccal cavity of female fish, Verrucomicrobia thrived. Another bacterial genus that had higher abundance in female fish was Acinetobacter, which is a member of microbiota in healthy human gum area (Costalonga and Herzberg, 2014), and this bacteria can be exploited for beneficial applications because of their ability in biodegradation, to synthesize high molecular weight molecules, and to enhance growth (Adegoke et al., 2012). However, it should be noted that the benefits of Acinetobacter are not yet exploited in aquaculture, for example, their ability to produce lipase (Adegoke et al., 2012). A study that investigated the oral bacteria in Atlantic salmon reported that the abundance of Acinetobacter was higher in the oral microbiome of yellow mouth disease survivors (Wynne et al., 2020). Bacteria of the genus Acinetobacter need low pH and nitrogen (Baumann, 1968), and the higher abundance of Nitrospira in female tilapia indicates the presence of nitrogen sources in the mucus of the females. In addition, Acidobacteria that are considered K-strategists can thrive in low pH environments (Männistö et al., 2007), and it is presumed that along with Nitrospira, Acidobacteria contribute to nitrification (Gülay et al., 2019). Hence, the hormonal changes that suppress appetite and reproductive functions during mouthbrooding (Das et al., 2019) could also create a conducive environment for bacteria that feeds on nitrogen. Yet another bacterial genus that had significantly higher abundance in the female Nile tilapia was Saccharibacteria. These bacteria are ultrasmall obligate parasites that lack the ability to synthesize their own amino acids and vitamins. It was reported that bacteria from this phylum parasitize other oral bacteria in humans (Bor et al., 2019; McLean et al., 2020). Furthermore, Saccharibacteria is reported to be a parasite of Actinobacteria, and this association causes slow growth of its host (Bor et al., 2020). Our results showed that the abundance of Saccharibacteria was high in the female buccal cavity, while the abundance of the Kocuria which belongs to the phylum Actinobacteria was lower. This could be due to the parasitic activity of Saccharibacteria. Kocuria is an opportunistic pathogen that was reported to be the agent of rainbow trout fry syndrome in salmonids (Pêkala et al., 2018). Interestingly, Sphingomonas, Sphingobium, Novosphingobium, and Sphingopyxis belonging to Sphingomonadaceae that are hydrocarbon degraders (Kertesz and Kawasaki, 2010) had lower abundance, and Saccharibacteria that are organic carbon sinks in hydrocarbon-fueled environments (Figueroa-Gonzalez et al., 2020) and starch degraders (Baker, 2021) had higher abundance in the buccal cavity of female Nile tilapia.

We found that the bacteria in the female buccal cavity with few potential opportunistic pathogens probably create an environment that could likely aid the host in fighting invasive pathogens such as Streptococcus; for example, by reducing the biofilm-forming and H2O2-producing ability of Streptococcus, maintaining a balance between the growth of organic and inorganic compound degraders and lipase producers. This could be a strategy adopted by the parent fish to create a stable egg incubation environment, which eventually would have an effect on the climax community of the juveniles (Krishnan et al., 2017). This climax community may have microorganisms that depend on each other via established cross-feeding strategies or other communication tactics to maintain stability over time (Díaz and Kolenbrander, 2009). However, further investigation is needed to support this hypothesis.



Microbial Networks in the Buccal Cavity of Female Nile Tilapia Disfavor the Abundance of Streptococcus

Network analysis has been extensively used by biologists and computer scientists to explore interactions between entities by analyzing nodes and their connections through edges. This approach offers insight into the structure of complex inter-taxa association. In the present study, microbial network analysis was used to identify the inter-taxa association of the communities of the buccal cavities of female and male tilapia. The strong microbe-microbe interaction in male fish and the presence of more opportunists indicate the importance of cautious monitoring for the early detection of disease outbreaks in male tilapia rearing systems. It should be noted that the abundance of opportunistic pathogens is considerably higher in males, and the network analysis also indicated better microbe–microbe interactions. It was reported that opportunistic pathogens are part of the oral microbiome and their low abundance is not usually related to any disease. Nevertheless, the overgrowth of these pathogens might result in dysbiosis, which increases the risk of diseases (Radaic and Kapila, 2021).

As in any other environment, the oral cavity favors microbe-microbe interactions. Early colonizers are biofilm producers and feed on oral glycoproteins and salivary mucins (Radaic and Kapila, 2021). Around 80% of these microbes in the oral cavity of humans are represented by Streptococcus species (Velsko et al., 2019; Radaic and Kapila, 2021). There is growing evidence that biofilm-producing bacteria can interact physically and metabolically to form the initial biofilm community (Lamont et al., 2018). A study in lumpfish reported that a high abundance of Tenacibaculum on eggs can be an indication of egg mortality (Roalkvam et al., 2019). Hence, the presence of opportunistic bacteria could affect the quality of eggs and eventually the progeny. As stated earlier, Streptococcus spp. can produce hydrogen peroxide (H2O2), which is sufficient to kill many oral microbes, including Staphylococcus spp. (Jakubovics et al., 2008; Janek et al., 2016). However, it has been reported that the majority of Staphylococcus spp. in humans are commensal bacteria and can produce antimicrobial compounds known as bacteriocins with widely diverse activity spectra (Janek et al., 2016). Staphylococcus-derived bacteriocins can inhibit the action of H2O2 from Streptococcus spp., thereby limiting the growth of the latter in the human nasal cavity (Janek et al., 2016). The network analysis in the current study showed that Streptococcus spp. have a limited microbe-microbe interaction in the female buccal cavity. In the female fish-associated network, there were two Streptococcus spp. One (DENOVO91) that interacted with other microbes and another (DENOVO20) that did not. The interaction of Streptococcus (DENOVO91) in females was found in a separate cluster away from the main network (Figure 6), and in the subset we observed two Staphylococcus bacteria interacting with Streptococcus. The presence of many Staphylococcus ASVs compared to Streptococcus may indicate competition between these microbes. In contrast, in males, Streptococcus interacted with Staphylococcus and many other bacteria in the main network (Figure 6). Thus, we found that microbe-microbe interactions were less and the abundance of opportunistic bacteria was lower in the female buccal cavity. This could be due to the mouthbrooding nature of the fish to keep a suitable growth and incubation environment for the eggs.


[image: image]

FIGURE 6. Predicted association of Streptococcus and Staphylococcus in the buccal cavity of female and male Nile tilapia. In females, we find a single cluster (Figure 5A) of microbe-microbe interaction. While in males, microbe interactions are complex (Figure 5C). Bacteria belonging to a particular phylum are color coded. The size of the nodes are based on the abundance of the ASVs.




CONCLUSION

We successfully profiled the microbial communities in the buccal cavity of female and male Nile tilapia. Our results suggest that opportunistic pathogens such as Streptococcus are much less abundant in the female buccal cavity compared to male fish. In addition, the abundance of certain bacteria that have metabolic advantages over others was higher in female Nile tilapia. This is the first report that highlights the importance of the presence of presumed beneficial community in the oral microbiome of female Nile tilapia that are mouthbrooders.
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The ever-increasing production and processing of textiles will lead to greater risks of releasing pollutants into the environment. Textile wastewater treatment plants (TWTPs) effluent are an important source of persistent toxic pollutants in receiving water bodies. The effects of specific pollutants on organisms are usually studied under laboratory conditions, and therefore, comprehensive results are not obtained regarding the chronic combined effects of pollutants under aquatic environmental conditions. Thus, this study aimed to determine the combined effects of TWTP effluents on the growth performance, oxidative stress, inflammatory response, and intestinal microbiota of adult zebrafish (Danio rerio). Exposure to TWTP effluents significantly inhibited growth, exacerbated the condition factor, and increased the mortality of adult zebrafish. Moreover, markedly decreases were observed in the activities of antioxidant enzymes, such as CAT, GSH, GSH-Px, MDA, SOD, and T-AOC, mostly in the intestine and muscle tissues of zebrafish after 1 and 4 months of exposure. In addition, the results demonstrated that TWTP effluent exposure affected the intestinal microbial community composition and decreased community diversity. Slight changes were found in the relative abundance of probiotic Lactobacillus, Akkermansia, and Lactococcus in zebrafish guts after chronic TWTP effluent exposure. The chronic toxic effects of slight increases in opportunistic pathogens, such as Mycoplasma, Stenotrophomonas, and Vibrio, deserve further attention. Our results reveal that TWTP effluent exposure poses potential health risks to aquatic organisms through growth inhibition, oxidative stress impairment of the intestine and muscles, and intestinal microbial community alterations.

Keywords: textile effluent, Danio rerio, chronic toxicity, antioxidant, inflammatory response, intestinal microbiota


HIGHLIGHTS


-The chronic combined biotoxicity of zebrafish exposed to TWTP effluents was studied.

-TWTP effluents exposure significantly inhibited growth and increased mortality.

-TWTP effluents exposure increased MDA and decreased antioxidant enzyme activity.

-TWTP effluent affected the intestinal microbiota and decreased community diversity.





INTRODUCTION

The textile industry is one of the most complicated industries of the manufacturing sector. China is the largest producer of dyed and finished products in the world. The rapid development of the textile industry is leading to the production of large amounts of textile wastewater (Zhou et al., 2020; Li F. et al., 2021). However, textile wastewater contains many harmful biodegraded and toxic substances. It is one of the types of industrial organic wastewaters that are highly difficult to purify (Kishor et al., 2021).

The composition of textile wastewater is extremely complex, particularly owing to the use of new PVA sizes, auxiliaries, and other organic compounds that are resistant to photolysis, oxidation, and biodegradation (Holkar et al., 2016; Paździor et al., 2018; Chowdhury et al., 2020). Therefore, it has become increasingly difficult to purify textile wastewater (Kuleyin et al., 2021; Wang T.Z. et al., 2021). Strict standards in the form of “Discharge standards of water pollutants for dyeing and finishing of the textile industry (GB 4287-2012)” and “Integrated wastewater discharge standard (GB 8978-1996)” were laid out for controlling textile effluent discharge. However, owing to the complex chemical characteristics of dyeing and finishing wastewater, the existing treatment processes of combined chemical coagulation, electrochemical oxidation, and activated sludge treatment cannot completely remove all types of pollutants therein (Li et al., 2014; Zou et al., 2017; Han T.X. et al., 2021; Rodríguez-Narváez et al., 2021). Known pollutants (at relatively low concentrations) and unknown complex pollutants persist in the effluents of textile wastewater treatment plants (TWTPs) even if these meet the discharge standards (Xue et al., 2019; Yuan et al., 2020; Zafar et al., 2021). The chronic ecological toxicity caused to aquatic organisms in receiving waters by long-term exposure to such combined pollutants cannot be insignificant.

Several studies have been performed on ecotoxicology of specific substances (single or combined), such as heavy metals with high biological toxicity occurring in dyeing and finishing wastewater. Toxicological studies of pure substances are especially frequent (Giorgetti et al., 2011; Liang et al., 2017; Khan et al., 2019; Chaturvedi et al., 2021). Previous studies have indicated that dyes, heavy metals, and flame retardants can cause different types of toxicity, such as hepatotoxicity, hematotoxicity, and neurotoxicity, in many aquatic species (Abe et al., 2018; Chen X.P. et al., 2021; Renu et al., 2021; Xia et al., 2021). The effects of toxicants in textile wastewater are generally mediated either by the induction of intracellular oxidative stress and lipid peroxidation or through bioaccumulation in tissues of the affected organisms (Dreier et al., 2021; Kumar et al., 2021). However, there is paucity of research on physiological oxidative stress caused by long-term exposure to contaminants in TWTP effluents.

The intestine is one of the first barriers to pollutant entry in fish. It is considered the primary site for digestion, absorption, transportation of nutrients, and toxin exposure, due to its broad surface areas and physiological characteristics (Anvarifar et al., 2018; Jia et al., 2021). Thus, complete intestinal structure and function are essential to the health of the host. Intestinal functions are strongly influenced by the associated microbial community, which gets affected by toxic pollutants (antibiotics, heavy metals, etc.) when exposed to TWTP effluents (Evariste et al., 2019; Licht and Bahl, 2019; Duan et al., 2020; Jia et al., 2021). However, there is inadequate information on the changes in intestinal health of fish after TWTP effluent exposure.

Aquatic organisms are exposed to pollutants through ingestion of TWTP effluents, which may alter the microbiota composition in their intestines (Licht and Bahl, 2019). Dysbiosis of the gut microbiome may lead to the onset of various diseases in host organisms (Duan et al., 2020; Kayani et al., 2021). The correlation between several diseases and changes in the composition of intestinal microbiota has been reported (Bajaj and Khoruts, 2020; Sun et al., 2021). Numerous factors, such as developmental stage, environmental factors (e.g., water salinity and temperature), geographic habitats, and species, can modulate the composition of gut microbiota (Wang A.R. et al., 2018; Zhao et al., 2020; Jia et al., 2021; Morris et al., 2021; Zhang et al., 2021). However, information on the effects of TWTP effluents on the gut microbiota of aquatic organisms is limited.

Zebrafish (Danio rerio) has been widely used in toxicological studies of specific pollutants and can serve as a bio-indicator for assessing the risks of environmental pollution in TWTP effluents. To understand the effect of TWTP effluent exposure on intestinal health and microbiome in zebrafish, the survival rate, physical parameters, and levels of catalase (CAT), glutathione (GSH), glutathione peroxidase (GSH-Px), malondialdehyde (MDA), superoxide dismutase (SOD), total antioxidant capacity (T-AOC), and the composition and diversity of intestinal microbiota were investigated in zebrafish. This study sheds light on the environmental risks of TWTP effluents in aquatic environments.



MATERIALS AND METHODS


Zebrafish Culture

Adult male zebrafish (Danio rerio) at 3 months of age were purchased from the China Zebrafish Resource Center and were acclimatized for 2 weeks before the experiment. The acclimatized fish were cultured in a semi-static system containing charcoal-filtered, fully aerated tap water, and continuous aeration. Water parameters were as follows: temperature of 26 ± 1.0°C and pH 7.5 ± 0.5. The fish were fed twice daily at 08:30 and 17:30 with newly hatched Artemia salina with apparent satiety. The photoperiod cycle was 14 h:10 h (light:dark). All protocols conformed to the National Institutes of Health Guide for the Care and Use of Laboratory Animals. All experimental procedures were performed strictly according to the guidelines for the care and use of experimental animals (Olfert et al., 1993).



Experimental Design

After 2 weeks of acclimation, 120 healthy adult male zebrafish (Average weight 0.18 ± 0.06 g) were randomly divided into two groups including six tanks. Experiments on the TWTP effluent-exposed group and control group with aerated tap water were performed in triplicate per treatment, with 20 fish per replicate, under the culture conditions described above. The TWTP effluent was sampled from the discharge outlet of three typical textile wastewater treatment plant in Shengze town (Suzhou, China), which was one of the biggest textile industry industrial park in China. The effluents containing all components of textile wastewater contaminants were well-mixed with equal proportions and used for exposure experiment. During the 4 months of the experimental period, the fish in the control and treatment groups were fed diets prepared in the same way as during the acclimatization period.



Morphological Analysis

After a 4-month chronic exposure experiment, all fish were anesthetized with 0.03% tricaine (MS-222; Sigma, United States) (Dong et al., 2020). The body length and body weight of each individual in each group were measured and recorded (n = 60 per group). After being disinfected with 70% alcohol, the fish were dissected under sterile conditions, and the liver was weighed. The condition factor (K-factor) and hepatosomatic index (HSI) were determined using the following formulas:
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Cumulative mortality rates were also determined in the experiment.



Sampling Collection

After 1 month and at the end of feeding trial, zebrafish were deprived of food for 24 h before sample collection. Aseptic forceps and dissecting scissors were used to dissect the anesthetic fish, including gut tissues, gut contents, and muscles, on a clean bench. For biochemical analysis, fish muscles and gut tissues from eight fish per tank were dissected, washed with sterile physiological saline, and mixed as one sample. After 1 month, the tissue samples were collected and snap-frozen in a liquid nitrogen tank for subsequent analysis. At the end of the experiment (i.e., after 4 months), gut contents and water were collected in addition to the tissue samples above. Samples of intestinal contents were aseptically scraped with a sterile scalpel and were collected into sterile tubes (Eppendorf, Germany) for subsequent microbial DNA extraction. Water samples from six tanks were collected with a sterile 1 L beaker and then sequentially filtered through 1.2 μm filter paper (Whatman, NJ, United States) and 0.22 μm filter paper (Millipore, MA, United States) to collect the bacteria. All samples were stored at −80°C until analysis.



Biochemical Analysis

All tissue samples were homogenized (1:9, wt/vol) with ice-cold physiological saline and centrifuged at 3,000 rpm for 10 min. Several crucial oxidation resistance and immunological parameters, including superoxide dismutase (SOD), glutathione peroxidase (GSH-Px), glutathione (GSH), catalase (CAT), malondialdehyde (MDA), and total antioxidant capacity (T-AOC) were quantified using commercial kits according to the manufacturer’s instructions (Jiancheng Bioengineering Institute, Nanjing, China).



DNA Extraction and PCR Amplification

Microbial genomic DNA was extracted from the gut contents samples using the PowerFecal ® DNA Isolation Kit (Mo Bio, CA, United States) following the manufacturer’s instructions. Total DNA was extracted from the water samples using PowerWater ® DNA Isolation Kit (Mo Bio, CA, United States). DNA from the two filters (1.2-μm and 0.22-μm) were pooled together as one sample. The extracted DNA was quantified by spectrophotometric analysis (Nanodrop ND-1000, Thermo Fisher) and agarose gel electrophoresis (1.0%, w/v). Finally, gut and water DNA were stored at −20°C until further analysis.

The V4-V5 hypervariable region of the bacterial 16S rRNA gene was amplified with a forward primer 515F and a reverse primer 909R (Supplementary Table 1) containing a unique 12-base barcode (Ye et al., 2014). The PCR mixture (25 ml) contained: 1 × PCR buffer, 1.0 mol/L each primer, 1.5 mmol/L MgCl2, each dNTPs at 0.4 mol/L, 0.5 U of Ex Taq and 10 ng genomic DNA. The amplification thermal cycling consisted of 94°C for 3 min; 30 cycles of 94°C for 40 s, 56°C for 60 s, and 72°C for 60 s; and 72°C for 10 min. Each sample was subjected to triplicate reactions to minimize PCR bias, and these were finally combined. DNA products were visualized using 1.4% agarose gel electrophoresis and purified using the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, United States).



MiSeq Sequencing and Data Analysis

DNA was purified and quantified. All the samples were combined according to the quantification results. High-throughput sequencing was conducted using an Illumina MiSeq system, as described previously (Wang C. et al., 2018).

Raw sequencing data were processed using the QIIME pipeline (Caporaso et al., 2010). The paired-end reads were merged using the FLASH-1.2.8 (Magoč and Salzberg, 2011) and assigned to each sample for further analysis. UCHIME was used to identify and remove chimeric sequences (Edgar et al., 2011). An operational taxonomic unit (OTU) was generated using a 97% identity threshold. Each sample was rarefied to the same sequencing depth.

Alpha diversity was estimated by Chao1, Shannon–Wiener, Simpson’s diversity, and Good’s coverage indices, which were applied to describe the species composition in one specific treatment and the differences among treatments (Myer et al., 2016). Beta diversity was assessed using unweighted UniFrac-based Principal Coordinates Analysis (PCoA). Taxonomy was assigned using the RDP classifier (Cole et al., 2003).



Statistical Analysis

Data expressed as mean ± SD were determined using Microsoft Excel 2016 (Microsoft Office 2016, Microsoft, United States), and all data were subjected to statistical analysis using SPSS (version 13.0; SPSS Inc., Chicago, IL, United States). Differences between treatments were evaluated by one-way analysis of variance (ANOVA) followed by Duncan’s multiple range test. Before ANOVA, all valid data were normal distribution and conducted homogeneity of variance test. Significant differences were set at P < 0.05.




RESULTS AND DISCUSSION


Growth and Condition Factor in Adult Zebrafish

Supplementary Table 2 shows the growth and condition factors of adult zebrafish after exposure to TWTP effluents. After 4 months of exposure, the mean weights and lengths of zebrafish were 0.35 ± 0.03 and 0.32 ± 0.03 g, 3.44 ± 0.12 and 3.20 ± 0.18 g for control and treatment group, respectively. A significant difference in growth was observed between the control and treatment groups (P < 0.01). Significant differences in K-factor (P < 0.01) and HIS (P < 0.05) were also found. The effects of TWTP effluents on the survival of zebrafish are shown in Supplementary Figure 1. The mortality of zebrafish with chronic exposure to TWTP effluents was much higher than that in aerated tap water. These results indicate that TWTP effluents inhibit the growth of zebrafish.

Growth and condition factors (K-factor calculated as weight/length3 × 100) are important indicators commonly used to evaluate health status of zebrafish and the effects of pollutants on these. In this study, compared with that in the control group, chronic TWTP effluents exposure affected the body length, weight, and K-factor of zebrafish, also causing chronic developmental toxicity that adversely affected growth performance. Similar findings were reported in another study, in which persistent pollutants in effluents from the textile dyeing industry caused growth inhibition (Methneni et al., 2021).

The HSI (calculated as liver weight/body weight × 100) is often used to evaluate liver growth and liver function in fish under dietary exposure to chemicals or diet regulation (Hamid et al., 2021; Zhao et al., 2021). In this study, HSI decreased significantly in the treatment group (P < 0.05, Supplementary Table 2). A significant effect on the HSI value was also reported when zebrafish were exposed to pharmaceutical and personal care products (Hamid et al., 2021).

Hepatosomatic index is considered to be an important indicator of the effects of toxic substances on liver development and metabolism (Field et al., 2008). The significant decrease in HSI in the treatment group might be explained by the decrease in lipids synthesized in the liver. It has been shown that liver weight increases with more hepatic lipids (Hussain et al., 2017). Eventually the zebrafish liver atrophies and the detoxification capacity of the liver is reduced. Furthermore, the zebrafish may be more susceptible to infestation by toxic substances in the effluent, causing a variety of diseases. Similarly, it has been reported that significantly decreased HIS and liver lesions were found by environment-related pollutants exposure, which may also lead to the abnormality of liver development and metabolism (Deng et al., 2010).

In this study spanning 4 months, mortality was higher in the effluent-exposed group compared to the control. Controversial results had been found in previous reports (Han Y. et al., 2021; Rothe et al., 2021). Effects of chronic toxicity on survival rate was showed in this study.



Oxidative Stress of Intestine and Muscle

The primary mechanism of TWTP effluent-induced chronic toxicity is oxidative stress. The effects of TWTP effluents on intestinal and muscle oxidative stress are shown in Figures 1, 2, respectively. The antioxidant activities of catalase (CAT), glutathione (GSH), glutathione peroxidase (GSH-Px), malondialdehyde (MDA), superoxide dismutase (SOD), and total antioxidant capacity (T-AOC) in the intestines and muscles of adult zebrafish were evaluated as indicators of oxidative stress. As shown by the results, the antioxidant capability of zebrafish was significantly compromised upon TWTP effluent exposure, as shown by significant inhibition of GSH (p < 0.05) in gut tissue at 4 months, and significant reduction of MDA and SOD activities (p < 0.01) in muscle tissue at the end of 1 month in the treatment group (compared with those of the control). Moreover, although no statistical significances were reached in the concentrations of CAT, GSH-Px, MDA, SOD, and T-AOC in the gut tissue and that of CAT, GSH, GSH-Px, and T-AOC in the muscle tissue in case of the treatment and control groups, there was markedly changes in the concentrations of these substances in the tissues of adult zebrafish treated with TWTP effluents.
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FIGURE 1. Antioxidant responses of adult zebrafish exposure to TWTP effluents (1 and 4 months) in the gut tissue. Catalase (CAT) (A), glutathione (GSH) (B), Glutathione peroxidase (GSH-Px) (C), malondialdehyde (MDA) (D), superoxide dismutase (SOD) (E), and total antioxidant capacity (T-AOC) (F). Data are presented as the mean ± SD (n = 24 fish/treatment). *Stands for significant differences among treatments compared with the control using one-way analysis of variance (ANOVA) followed by Duncan’s multiple comparisons (P < 0.05).
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FIGURE 2. Antioxidant responses of adult zebrafish exposure to TWTP effluents (1 and 4 months) in the muscle tissue. Catalase (CAT) (A), glutathione (GSH) (B), Glutathione peroxidase (GSH-Px) (C), malondialdehyde (MDA) (D), superoxide dismutase (SOD) (E), and total antioxidant capacity (T-AOC) (F). Values presented are mean ± SD (n = 24 fish/treatment). **Stands for extremely significant differences among treatments compared with the control (P < 0.01).


Oxidative stress is caused by an imbalance between the generation and removal of ROS (Jia et al., 2021; Yang et al., 2021). Fish frequently face challenges of toxic and harmful pollutants in aquatic environments, leading to environmental oxidative stress. Fish use antioxidant defense systems to scavenge reactive oxygen species (ROS). For the comprehensive toxicity of TWTP effluents exposure, increases of ROS in zebrafish can produce oxidative stress. Elevated ROS impairs mitochondrial function and leads to excessive opening of mitochondrial channels (Hussain et al., 2017; Chen L.J. et al., 2021). Excessive ⋅O2– efflux from mitochondria endangers the health of zebrafish. In the antioxidant system, SOD converts ⋅O2– to H2O2, and the resulting H2O2 can be reduced by CAT and GSH (Weisiger and Fridovich, 1973; Mittler, 2017). The major antioxidant enzymes (including CAT, GSH, and SOD mentioned above) represent the first line of the antioxidant defense system against ROS.

In our study, significantly lower GSH was found in the treatment group than control. It can be explained by the fact that intracellular antioxidant enzymes require GSH to eliminate their antioxidant effects, thus depleting a large amount of GSH (Liu et al., 2008; Massarsky et al., 2017). The same phenomenon has been observed in zebrafish exposed to toxic heavy metals (Adeyemi et al., 2015; Jin et al., 2015).

Malondialdehyde is a lipid peroxidation product and known as an essential cofactor of GSH-Px and SOD and plays a significant antioxidative role by binding to the active site of glutathione peroxidase. Increased MDA levels induce lipid peroxidation, resulting in cell toxicity. Thus MDA is considered as a late biomarker of oxidative stress and cellular damage (Muthulakshmi et al., 2018). The level of MDA is positively correlated with the degree of damage to the organism. In this study, increase in MDA (4 months) and decrease in CAT and SOD of gut tissue in the treatment group indicated that the treatment increased the extent of injury to the organism.

Superoxide dismutase catalyzes the dismutation of the highly reactive O2– to O2 and less reactive H2O2 and is known as an important component of the antioxidant defense system of fish (Wang X.L. et al., 2021), which is depleted to mitigate the damaging effects of ⋅O2–. In this study, SOD had decreased significantly due to TWTP effluent exposure at the end of 1 and 4 months, suggesting reduced antioxidant capability in zebrafish, which was in accordance with the chronic effects of wastewater-borne heavy metal and titanium dioxide nanoparticles on rainbow trout (Zeumer et al., 2020). Similar chronic toxicity was also suggested by the relatively lower CAT, GSH, and T-AOC levels in the treatment group.

By assessing sensitive biomarkers after chronic exposure, it was found that antioxidant capability of zebrafish is significantly compromised upon TWTP effluent exposure, which suggested that TWTP effluent exposure causes alterations in the activities of vital antioxidant enzymes in the intestine and muscle of adult male zebrafish.



Microbial Richness and Diversity in Zebrafish Intestines and Water

After separating the low-quality sequence reads, a total of 496,984 usable reads (ranging from 29,511 to 102,030 per sample) were obtained from the 12 samples. The rarefaction curves appear to reach the saturation plateau (Supplementary Figure 2), indicating that the analysis covered most microbial diversity. Sequence composition analyses revealed 1,276.33 ± 138.02 OTUs from the gut of the control group and 1,154.33 ± 44.64 OTUs from the treatment group. The OTUs of the water microbiota in the control group were higher than those in the treatment group. A similar reduction in Chao1 values was also observed in the present study. Although there were no significant differences, the results of OTUs and Chao1 suggested that the microbiota of zebrafish gut and water in the control group had higher microbial community richness. Therefore, TWTP effluents reduced the gut microbial richness in zebrafish.

The alpha diversity of gut and water microbiota was determined using Shannon and Simpson indices, as shown in Table 1. Environmental stress has been shown to reduce microbial community diversity (Ahmed et al., 2020; Li N. et al., 2021). In this study, although no significant difference was observed, the results of diversity indices (Shannon and Simpson) in the treatment group displayed decreased richness compared with the control group. These findings suggest that the diversity of the gut microbial community is reduced in zebrafish following TWTP effluent exposure. Moreover, Good’s coverage values for all groups were relatively high, suggesting that undetected diversity was negligible.


TABLE 1. Species richness and diversity of the microbial communities in zebrafish gut and water exposed to TWTP effluents. Values represents the mean ± SDa.
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Microbial Composition, Community Structure of Zebrafish Intestines and Water Samples

Under the stress of environmental pollutants, several abnormalities generally occur in the intestines, including the induction of oxidative stress and dysbiosis of gut microbiota (Dreier et al., 2021; Han T.X. et al., 2021; Wang M. et al., 2021; Yang et al., 2021). Several studies have demonstrated that pollutants can lead to significant alterations in gut microbiota and dysbiosis (Evariste et al., 2019; Bajaj and Khoruts, 2020; Duan et al., 2020; Jia et al., 2021). However, to our knowledge, no studies so far have investigated the chronic toxic effects of TWTP effluents on the intestinal microbiota of fish.

The gut microbial communities of the zebrafish gut and water were analyzed and are presented in Figure 3. A total of 56 phyla were detected in all the samples. In this study, all groups had similar phyla with different relative abundance. At the phylum level, Actinobacteria, Proteobacteria, Planctomycetes, Firmicutes, Fusobacteria, Bacteroidetes, Cyanobacteria, Chloroflexi, and Deferribacteres were the most abundant phyla (>1%) with different relative abundance in all samples. Among these, Actinobacteria, Proteobacteria, Planctomycetes, and Firmicutes were the major phyla in the gut of the control and treatment groups, accounting for 85.85 and 87.59% of the total abundance, respectively, indicating the crucial role of core intestinal microbiota in generalized zebrafish. The results are in accordance with those of previous studies on the gut microbiota of zebrafish (Bao et al., 2020; Kayani et al., 2021). Similar results were found in the water samples of aerated tap water and TWTP effluent exposures of 79.79 and 70.64%, respectively. Proteobacteria of the zebrafish gut in the control group (27.92 ± 9.11) was much higher than that in the treatment group (19.71 ± 13.00). Increased abundance of Planctomycetes was found in the treatment group 9.38 ± 2.13) than in the control (5.25 ± 1.57). Bacteroidetes in the water samples were significantly higher than that in the zebrafish gut. Exposure to TWTP effluents caused considerable variation in the dominant bacterial phyla (Supplementary Table 3). Our results indicated that TWTP effluent exposure markably altered the composition of the gut microbiota at the phylum level.
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FIGURE 3. Bacterial composition of the different communities of the dominant phylum present in the zebrafish gut and water among different treatments (4 months exposure). Categories with relative abundance < 1% were clustered into “Other.”


At the genus level, further analysis also showed evident alterations in the gut microbiota composition of zebrafish exposed to TWTP effluents. The most abundant genera in the zebrafish gut were Nocardia, Rhodococcus, Mycobacterium, genus of SBR1093, Cetobacterium, and Aeromonas. Among these, Nocardia, Rhodococcus, Mycobacterium, and Cetobacterium dominated all the samples, making 43.11–63.09% of the total genera, respectively (Figure 4A). Polynucleobacter, genus of Rhizobiales, Sediminibacterium, genus of Actinomycetales, and genus Oxalobacteraceae were the most abundant genera in the water samples of the control group. The genera Microbacteriaceae, Novosphingobium, Sediminibacterium, and Bacteroides were the most abundant genera in the water of the treatment group (Figure 4B). Among the dominant genera, a significant reduction in Nocardia was found in the TWTP effluent-exposed group compared with the control, which was proven to be a pathogenic bacterium (Duperron et al., 2019). Gut microbiota and the host are symbiotic, which work together to maintain the balance of intestinal micro-environment of zebrafish. The exposure of textile effluent pollutant induces changes in the composition of intestinal flora, along with the intestinal immune response. The decrease in the relative abundance of pathogenic bacteria Nocardia in this study may have benefited from this process, which merits further study.
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FIGURE 4. Bacterial composition of the different communities of the dominant genera present in the zebrafish gut (A) and water (B) among different treatments (4 months exposure). Categories with relative abundance < 1% were clustered into “Other.”


The relative abundance of Rhodococcus and genera of Isosphaeraceae, Pirellulaceae, and Enterobacteriaceae showed significant increases in the TWTP effluent-exposed group (Supplementary Table 4). Enterobacteriaceae induces inflammation-dependent disruption and disrupts the balance of the original microbial community in the zebrafish gut. Ultimately, it colonizes in the intestinal tract, thereby increasing the risk of intestinal disease in zebrafish (Shealy et al., 2021). Rhodococcus are able to fight against toxic substances in the environment and degrade a wide range of organic compounds (Zampolli et al., 2019; Cappelletti et al., 2020). Researchers have observed physiological responses in Rhodococcus strains to adapt environmental stimuli, in order to generate greater resistance against exogenous harmful factors (Martínková et al., 2009). Rhodococcus erythropolis also adjusts the composition of the bacterial and phospholipid membranes so that the cellular osmotic pressure is appropriate and protects the cell from osmotic stress (Henson et al., 2018).

Linear discriminant analysis effect size (LEfSe) analyses were employed to determine enriched biomarker taxa following TWTP effluent exposure. Twenty-two significantly different taxa at different taxonomic levels between the control and treatment groups were explored using the LEfSe algorithm (Figure 5A). Compared to the control group, the TWTP effluent-exposed group reduced Nocardia (Phylum Actinobacteria). As shown in Figure 5B, the taxonomic branches of Bacillus-Bacillaceae-Bacillales in the TWTP effluent-exposed group were underrepresented compared to those in the control group, suggesting that they might serve as potential biomarkers for TWTP effluent exposure in future research.
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FIGURE 5. Key phylotypes of the zebrafish gut microbiota responding to the dietary exposure to TWTP effluents, as identified using linear discriminant analysis (LDA) effect size (LEfSe): LDA scores of the differentially abundant taxa of the TWTP effluent exposure group compared with the control group (Note: the higher the LDA score, the greater the contribution to the magnitude of the variation) (A). Cladograms based on the LEfSe analysis for the TWTP effluent groups compared with the control group (red and green circles mean differences in the relative abundance; yellow circles mean non-significant differences) (B).


Based on the PCoA analysis of unweighted and weighted UniFrac distances, the microbial communities of the gut samples were categorized into four clear groups. Visible different microbial community structures were found between the control group and the TWTP effluent-exposed group, whatever in the gut of zebrafish or in the aquatic water (Figure 6). The UPGMA hierarchical cluster analysis also confirmed these results (Supplementary Figure 3). These findings indicate that chronic exposure to TWTP alters the gut microbiota structure of adult zebrafish. Previous studies have shown that imbalances in pathogen resistance, nutrient digestion, and immune modulation may occur due to gut microbiota disorders triggered by environmental pollutants (Evariste et al., 2019; Jia et al., 2021; Li N. et al., 2021; Li X.D. et al., 2021). Thus, our findings highlight the hazards of chronic TWTP effluent exposure affecting the intestinal microbiota that might cause host health in zebrafish.


[image: image]

FIGURE 6. Principal coordinates analysis (PCoA) of the unweighted (A) and weighted (B) UniFrac scores of the microbial communities. Unweighted principal components (PCs) 1 and 2 explain 25.91 and 11.09% of the variance, while 60.38 and 15.62% based on weighted principal components, respectively.


Previous reports have shown that gut microbes synthesize many essential vitamins, non-essential amino acids, and other substances for the development of the host immune system (Sudo et al., 2004). Probiotics, such as Lactobacillus, Akkermansia, and Lactococcus, produce exopolysaccharides, enhance intestinal barrier function, and maintain the balance of the intestinal microenvironment and modulate host immunity (Newaj-Fyzul et al., 2014; EI-Saadony et al., 2021). The results revealed slight differences in the relative abundance of Lactobacillus, Akkermansia, and Lactococcus in zebrafish guts chronically exposed to TWTP effluents (Supplementary Table 5). A possible reason might be that the members of the probiotic genus could mitigate gut inflammation and sustain barrier function by chronic TWTP effluent exposure (Belzer and de Vos, 2012; Lam et al., 2012), which requires further investigation. At the end of the experiment, a slight increase in the opportunistic pathogens, such as Mycoplasma, Stenotrophomonas, and Vibrio, were also detected. In summary, the diversity, abundance, and relative abundance of zebrafish gut microbiota has become an important indicator of host and environmental health (Nag et al., 2018). Changes in the intestinal microbial community were associated with a reduction in growth performance, antioxidant enzyme activities, and variations in hematobiochemical parameters. Therefore, the chronic toxic effects of TWTP effluents on pathogen increases deserve further attention.




CONCLUSION

In conclusion, this study demonstrated that chronic exposure to TWTP effluents can lead to growth inhibition, oxidative stress impairment of the intestine and muscle, and intestinal microbial community alterations in adult zebrafish. However, it should be noted that comprehensive chronic toxic effects were observed in this study. However, the precise toxic substances and mechanisms of toxicity are still unknown and merit further investigation. Further extensive studies focused on screening for high-risk toxic substances, and toxicological mechanisms would provide more insights into the environmental risks of TWTP effluents under real conditions.
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High dose (0.3%) of dietary histamine can cause adverse effects on growth performance, innate immunity, and gut health in juvenile grouper (Epinephelus coioides). In the present study, three autochthonous probiotics (Bacillus pumilus SE5, Psychrobacter sp. SE6, and Bacillus clausii DE5) were supplemented separately to diets containing 0.3% of histamine and their effects on growth performance, innate immunity, and gut health of grouper (E. coioides) were evaluated in a 56-day feeding trial. The results showed considerable increase in weight gain, specific growth rate, hepatosomatic index, and decreased feed conversion rate in groupers fed with probiotic-supplemented diets. Supplementation of autochthonous probiotics has improved antioxidant capacity and innate immunity of E. coioides by measuring correlative parameters, such as total antioxidant capacity, superoxide dismutase activity, malondialdehyde content, and so on. Additionally, dietary probiotics have significantly reduced the levels of serum interleukin-1β (at days 28 and 56), fatty acid-binding protein 2, and intestinal trefoil factor (at day 28), and promoted intestinal integrity following remarkably increased muscle thickness and mucosal fold height at day 56, especially in grouper fed with B. pumilus SE5 containing diet (P < 0.05). On day 56, the gut microbial composition of E. coioides was positively shaped by autochthonous probiotics, the relative abundance of potentially pathogenic Photobacterium decreased while beneficial Lactobacillus increased in fish fed with probiotic strains, especially with B. pumilus SE5 and B. clausii DE5. These results suggest that among the three autochthonous probiotic strains tested, B. pumilus SE5 is showing better efficiency in alleviating the adverse effects of (high levels) dietary histamine by decreasing the expression of inflammatory markers and by improving the growth, innate immunity, and gut health of juvenile grouper E. coioides.
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INTRODUCTION

Recently, owing to limitation of global supply and increase in demand of white fish meal (WFM), the traditional and preferred source of animal protein ingredient for commercial aquafeeds, brown fish meal (BFM) has served as a common substitute for WFM. However, it is reported that BFM contains more histamine than WFM (Zhai et al., 2020). Histamine is one of the most common biogenic amines found in fish meal and is derived from decarboxylation of corresponding free histidine by microorganisms (e.g., Photobacterium, Enterobacter, etc.) (Visciano et al., 2020). High doses of histamine in aquatic feed can cause adverse effects on growth performance, innate immunity, and/or gut health in grouper, Epinephelus coioides (Liu et al., 2021), American eel, Anguilla rostrata (Zhai et al., 2020), yellow catfish, Pelteobagrus fulvidraco (Li et al., 2018), Chinese mitten crab, Eriocheir sinensis (Zhao et al., 2012, 2016), and blue shrimp, Litopenaeus stylirostris (Tapia-Salazar et al., 2001). The negative impacts of histamine dosage greatly affect the aquaculture industry, causing major economic loss, hence alleviating its negative impacts in the aquatic animals is crucial by employing economic and effective dietary strategies.

Extensive research has shown that probiotics can alleviate inflammation, positively shape the gut microbiota, facilitate growth performance, and boost the innate immunity in aquatic animals (Liu et al., 2009; Gobi et al., 2018; Xia et al., 2018; Dawood, 2021; Yeganeh et al., 2021). Recently, many researchers have focused on the application of autochthonous probiotics in aquaculture (Sun et al., 2013, 2014; Talpur et al., 2013; Doan et al., 2018; Feng et al., 2019; Liu et al., 2020; Tang et al., 2020; Liao et al., 2021), owing to there is a general consensus that ideal probiotics should be derived from a host or a host environment. A key advantage is that autochthonous probiotics can efficiently colonize, multiply, and work effectively in the host intestine (Lazado et al., 2015). However, it is still not known whether autochthonous probiotics can alleviate the negative effects of dietary histamine in marine fish.

Groupers (Epinephelus sp.) have been widely bred in South-East Asia because of their advantages of high consumer demand, fast growth, and high nutritional and economic value. The annual yield of groupers was reported to be about 192,045 tons in 2020 (China Fishery Statistics Yearbook, 2021). Based on the performance analysis studied previously (Sun et al., 2009), Bacillus pumilus SE5, Psychrobacter sp. SE6, and Bacillus clausii DE5 (GenBank accession numbers EU520340, EU520334, and EU520331) isolated from the gut of the grouper was selected for this study. The performance analysis of the three autochthonous probiotics includes: (1) in vitro analysis showed profound inhibitory ability against several fish pathogens and considerable tolerance to artificial gastric and intestinal fluids, and (2) in vivo analysis showed that the application of three probiotic strains (1.0 × 108 CFU/g diet) to grouper (E. coioides) facilitates its growth by enhancing innate immunity and maintaining intestinal microbiota (Sun et al., 2013, 2014). Our recent study has demonstrated that 0.3% dietary histamine can suppress growth, decrease innate immunity, and cause inflammation and severe gut injury in E. coioides (Liu et al., 2021). The gut microbiota is strongly associated with host health and well-being, and probiotics can positively shape and maintain the gut microbial balance (Hoseinifar et al., 2018), in this study we have determined the effects of the three autochthonous probiotic strains on groupers’ health and gut microbiota. Briefly, the impact of these probiotic strains on the growth, immunity, inflammation, gut morphology, and microbiota were investigated in the groupers’ fed with 0.3% dietary histamine. Supplementation of the diet with 0.3% histamine enables us to evaluate whether these autochthonous probiotics can alleviate the adverse effects of high doses of dietary histamine in juvenile grouper (E. coioides).



MATERIALS AND METHODS


Probiotic Strains

Three autochthonous probiotics (B. pumilus SE5, Psychrobacter sp. SE6, and B. clausii DE5) isolated from the gut of the grouper were selected for this study. The culture media and growth conditions were maintained according to the methods of Sun et al. (2009, 2011).



Diet Preparation

Based on our previous study, supplemented with 0.3% histamine to a basal diet exerted significantly negative impact on grouper (Liu et al., 2021). Therefore, this diet (a basal diet with 0.3% histamine) was set as the control diet (T1) in this study. All dietary ingredients were mixed thoroughly in an electric mixer, blended with the supplementation of oil source and water with 0.3% histamine to form a paste, which was then passed through a two-screw extruder equipped with a 2.5-mm die to obtain uniform pellets, then probiotic strains were sprayed to the surface of the control diet at the level of 1.0 × 108 CFU/g (diets T2–T4, Table 1). Finally, all experimental diets were air dried under sterile conditions and then stored at 4°C to maintain dietary quality. To keep up the viability of probiotics, new diets were produced every 4 weeks with reference to our previous study (Sun et al., 2014).


TABLE 1. The test groups and diets.
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Animals and Experimental Conditions

Healthy juvenile groupers (E. coioides) were purchased from the Haikang Aquaculture Research Base of Dabeilong Aquaculture Group (Zhangzhou, China). Before the test experiment, the groupers (E. coioides) were allowed to adapt to the laboratory environment by feeding with basal diet for a period of 14 days. After adaptation, 480 juveniles (average initial weight: 21 ± 0.41 g) were divided into 16 tanks (supplementing 300 L seawater, salinity: 30–32 g/L), i.e., 30 fish per tank in quadruplicate based on random allocation principle. Fish were hand-fed daily at 08:00 a.m. and 18:00 p.m. to apparent satiation during the whole feeding trial, and three-fifths of the seawater was changed daily in the re-circulating aquaculture system. The rearing water quality was monitored daily and maintained approximately stable (temperature: 18–26°C, pH: 7.5–8.2, dissolved oxygen: ≥7.5 mg/L, and ammonia nitrogen levels: <0.2 mg/L).



Experimental Design

After overnight starvation, 10 fish were randomly collected from each tank (four tanks per group), thus 40 fish for each group were collected to evaluate the growth performance at days 28 and 56. The collected fish were anesthetized batch wise by using eugenol (100 ppm), and each of the fish in all the tanks were weighed for analyzing the growth performance and survival rate. Blood was collected from the caudal vein of the fish, quickly transferred to 1.5 mL sterile tube and stored at 4°C for 12 h. Then, serum was separated and pooled following centrifugation at 10,000 rpm at 4°C for 10 min and stored in 1.5 mL Eppendorf tubes at −80°C for subsequent analysis. Liver and intestine samples were aseptically removed, weighed individually, and stored at −80°C for further analysis. Foreguts were collected from four fish from each tank by random sampling and the samples were kept in Bouin’s fixative solution (PH0976; Phygene Life Sciences Company, Fuzhou, China) for less than 24 h (completely immersed) for histomorphological evaluation. All the above samples were collected on days 28 and 56. At day 56, whole intestine (four samples per group) was sampled to evaluate intestinal microbiota.



Measurement of Serum and Liver Biochemical Parameters

Serum total antioxidant capacity (T-AOC) and activities of alkaline phosphatase (AKP), acid phosphatase (ACP), and superoxide dismutase (SOD) were detected spectrophotometrically by using commercial kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) following the manufacturer’s protocol.

The liver samples were homogenized with ice-cold 0.01 M phosphate buffered saline (PBS, pH: 7.2–7.4; w:v = 1:9), centrifuged at 3000 rpm at 4°C for 10 min and the supernatant was collected. Malondialdehyde (MDA, Beijing Solarbio Science & Technology Co., Ltd.) concentration and activities of glutamic oxaloacetic transaminase (GOT) and glutamic propylic transaminase (GPT) of the supernatant were measured by using commercial kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China).



Serum and Intestinal Inflammatory Factors

Levels of serum fatty acid-binding protein 2 (FABP2) were detected following the instruction of the enzyme-linked immunosorbent assay (ELISA) kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). ELISA kits for determination of interleukin 1 beta (IL-1β), serum amyloid A (SAA), and C-reactive protein (CRP) contents in serum were provided by Shanghai Jianglai Biotechnology Co., Ltd. (Shanghai, China).

Gut samples were rinsed in ice-cold PBS [gut weight (g): PBS volume (mL) = 1:9], subsequently homogenized and centrifuged at 3000 rpm for 10 min at 4°C. The protein concentration of the supernatants were determined by using BCA Protein Assay Kit (Beijing LABLEAD, Inc., Beijing, China). ELISA Kit (Shanghai Jianglai Biotechnology Co., Ltd., Shanghai, China) was used to measure the intestinal trefoil factor (ITF) in the supernatant. The ITF levels were expressed in pg/mg protein.



Gut Morphology

Gut morphology was evaluated by preparing hematoxylin and eosin (HE) stained sections according to Liu et al. (2021). In brief, four pre-fixed foregut samples in each group were dehydrated with varying concentrations of ethanol and xylene treatment. Then, about 1.0 cm foregut were embedded in paraffin, and cut into 6 μm thin slices. Finally, the thin slices were stained with HE. Microscopic observation was performed by using Leica DM5500B Microscope (Germany). Meanwhile, muscular thickness (MT) and mucosal fold height (MFH) were determined by using Lecia Application Suite Version 4.7.0 (Leica Microsystems, Germany).



Gut Microbiota

Quadruplicate gut samples per group were taken to perform high-throughput sequencing at day 56. Bacterial DNA of four gut tissue samples from each test group was extracted by using a DNA extraction kit (Beijing Solarbio Science & Technology Co., Ltd., China). The quantity and purity of the DNA were assessed by using a Nano-Drop®ND-1000 spectrophotometer (Nano-Drop Technologies, Wilmington, DE, United States). The integrity of the extracted genomic DNA was determined by electrophoresis on a 1.2% (w/v) agarose gel. Then, the V3 + V4 hypervariable regions of the 16S rRNA gene of gut bacteria were amplified with the forward primer 338F (5′-ACTCCTACGGGAGGCAGCA-3′) and the reverse primer 806R (5′-GGACTACHVGGGTWTCTAAT-3′) by using polymerase chain reaction (PCR) method. Purified amplification products were transferred to Beijing Biomarker Biotechnology Co. Ltd. (Beijing, China). The products were sequenced using the Illumina HiSeq 2500 platform. The sequencing data of all samples have been uploaded to Sequence Read Archive (SRA) under BioProject ID PRJNA729733. Raw tags were filtered using Trimmomatic (v0.33) and UCHIME (v4.2) in order to remove the low-quality sequences and chimeras. Then, sequences with ≥97% similarity were assigned to the same operational taxonomic units (OTUs) using UCLUST in QIIME V1.8.0 package. A representative sequence for each OTU was annotated by searching the SILVA database1. The unique and shared OTUs were displayed as a Venn diagram. We performed the gut microbiota community analysis on the BMKCloud platform2.



Calculations and Statistical Analysis

Different parameters of growth performances and feed utilization were calculated through the following equations.
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All the data obtained from treatment experiments were subjected to one-way ANOVA, Duncan’s multiple comparison test, and the statistical significance estimations were performed by using SPSS statistical software v.26.0 (IBM, Armonk, NY, United States). The statistical differences were documented as significant when P-value < 0.05 and were expressed as exhibited as means ± SE.




RESULTS


Growth Performance and Feed Utilization

Grouper fed diets with/without autochthonous probiotics were recorded with SR above 97.5% and there was no significant variation among control (T1) and experimental groups (T2, T3, and T4) (P > 0.05) (Table 2) at the initial feeding period (days 0–28) or the whole feeding period (days 0–56). Further, dietary probiotic supplementation (Groups T2, T3, and T4) has improved WGR, SGR of E. coioides on days 28 and 56 without showing any significant statistical difference (P > 0.05). The FCR in the probiotic supplemented groups (T2, T3, and T4) was low as compared to the control group (T1) at days 28 and 56, and there was significant decrease in FCR observed only on day 28 (P < 0.05). HSI of E. coioides was not found to be affected by dietary supplementation of the probiotic bacteria on both days 28 and 56, showing no statistical differences in the values (P > 0.05).


TABLE 2. Effects of autochthonous probiotics on growth performance of grouper (E. coioides) fed diets with high level of histamine.
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Serum Innate Immune Index

The serum ACP, AKP, T-AOC, and SOD activities of E. coioides demonstrated no significant difference among all tested groups (control – T1 and experimental groups T2, T3, and T4) on day 28 (P > 0.05) (Table 3). On day 56, the activities of ACP, AKP, T-AOC, and SOD in the serum of all the experimental groups (except T2) were found to be slightly increased, but with no statistical significance as compared to those of the control group (T1), though group T2 (groupers fed with diet containing B. pumilus SE5 – 1.0 × 108 CFU/g diet) showed considerable variations in the values.


TABLE 3. Effects of autochthonous probiotics on serum immune index of grouper (E. coioides) fed diets with high levels of histamine.
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Liver Biochemical Parameters

The liver biochemical parameters of E. coioides fed test diets are shown in Table 4. Dietary supplementation of three autochthonous probiotics in the diets of groupers (Experimental groups – T2, T3, and T4) showed significant decrease in liver MDA levels on day 28 (P < 0.05). Whereas the activities of GOT and GPT in all experimental groups (T2, T3, and T4) were higher than those in the control group (T1), especially groups T2 and T4 showed significant improvements in GOT and GPT activities (P < 0.05). On day 56, the MDA levels were again found to decrease and the GOT and GPT activities were found to increase, but the differences were not statistically significant.


TABLE 4. Effects of autochthonous probiotics on liver biochemical indices of grouper (E. coioides) fed diets with high levels of histamine.
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Serum and Gut Inflammation Markers

Dietary supplementation of autochthonous probiotics did not significantly alter serum concentrations of SAA and CRP (Table 5) present in E. coioides both on days 28 and 56 (P > 0.05). After 28 and 56 days of feeding, a significantly lower serum IL-1β concentration was found in experimental groups (T2, T3, and T4) than the control group (P < 0.05). The levels of serum FABP2 and ITF on day 28 were found to decrease remarkably in groups T2 and T3 as compared to the control (P < 0.05). On day 56, the contents of serum FABP2 and intestinal ITF in all experimental groups (T2, T3, and T4) were found to be lower than the control group, although the results did not present significant difference (P > 0.05). Groups T2 and T3 showed almost similar levels of FABP2 and ITF, while the lowest levels of serum FABP2 and intestinal ITF were found in the T2 group (fish fed with a diet containing B. pumilus SE5).


TABLE 5. Effects of autochthonous probiotics on inflammation markers of grouper (E. coioides) fed diets with high levels of histamine.
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Gut Morphology

As shown in Table 6, MT and MFH in all experimental groups (T2, T3, and T4) were found to be higher than the control group on day 28. On day 56, the MT and MFH in all experimental groups (T2, T3, and T4) were significantly higher than that of the control group, especially in group T2 (P < 0.05). The gut section of the control group (T1) showed symptoms of damage, mainly reflected as an inferior MT and MFH on day 28, further the more serious damage was observed in the control group (T1) on day 56 as indicated by arrows in Figures 1, 2. Inspiringly, relatively well-developed gut morphology was observed in groupers fed probiotic supplemented diets (Figures 1, 2).


TABLE 6. Effects of autochthonous probiotics on anterior intestinal morphology of grouper (E. coioides) fed diets with high levels of histamine.
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FIGURE 1. Photomicrographs of transverse HE-stained sections of the foregut of E. coioides fed tested diets for 28 days (100×).



[image: image]

FIGURE 2. Photomicrographs of transverse HE-stained sections of the foregut of E. coioides fed tested diets for 56 days (100×).




Gut Microbiota

After removing all unqualified sequences and adaptors, a total of 732,409 effective tags were obtained from all tested samples (208,992 effective tags of T1 group, 189,104 effective tags of T2 group, 171,187 effective tags of T3 group, and 163,126 effective tags of T4 group). A total of 8096 operative taxonomical units (OTUs) were clustered from the samples with over 97% sequence similarity. The Good’s coverage index exceeding 99% across all samples suggests that the sequencing depth is adequate (Table 7). From the Venn diagrams presented in Figure 3, the number of unique OTUs in the foregut of control (T1) and experimental (T2, T3, and T4) groups were 8, 14, 4, and 30, respectively. Compared with the control group (T1), 150, 132, and 163 unique OTUs were observed in the experimental groups T2, T3, and T4, respectively (Figure 3). Compared with the control group (T1), intestinal bacterial diversity (Shannon and Simpson) and richness (Chao1 and Ace) based on OTUs showed apparent increase in groups T2 and T4 without showing any significant statistical difference (P > 0.05, Table 7). Principal component analysis (PCA) and β-diversity boxplots were performed to analyze the microbial similarities among all groups by unweighted UniFrac distance. A generally similar with certain varies in bacterial communities was observed between all treatments (T2, T3, and T4) and the control (T1), and the three treatments (T2, T3, and T4) demonstrated more uniform bacterial communities compared with the control (T1) (Figure 4A). In line with the PCA results, no remarkable alterations were found for the microbial β-diversity in all groups (P > 0.05), although certain variation was noticed in the three treatments (T2, T3, and T4) compared with the control (T1) (Figure 4B).


TABLE 7. Alpha (α)-diversity index of intestinal microbiota in grouper (E. coioides) at day 56.
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FIGURE 3. Venn diagram depicts unique and shared OTUs of gut microbiota in E. coioides at day 56.
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FIGURE 4. Beta diversity of gut microbiota based on unweighted UniFrac distance of E. coioides on day 56. (A) Principal component analysis (PCA) of microbial profiles from gut of E. coioides. (B) Beta (β)-diversity boxplots of microbial profiles from gut of E. coioides.


As shown in Figure 5A, Proteobacteria, Firmicutes, Bacteroidetes, Actinobacteria, and Cyanobacteria are the most predominant phyla in all groups. Compared with the control group, experimental groups displayed the reduced relative abundance of Proteobacteria and Actinobacteria, while increased the relative abundance of Firmicutes (Figure 5A and Supplementary Table 2). At the genus level, reduced abundance of Photobacterium in all treatments was observed compared with the control (T1), especially in groups T2 and T4. On the other hand, Vibrio in experimental groups (except group T3) showed higher abundance when compared with the control group. The relative abundance of Lactobacillus in all experimental groups displayed a certain enhancement, especially in group T4 although no significant difference was observed (Figure 5B and Supplementary Table 2).
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FIGURE 5. Composition and relative abundance of bacterial communities based on 16S rRNA gene sequences on day 56. Panels (A,B) indicate the composition and relative abundance of microbial communities at phylum and genus level, respectively.





DISCUSSION

Probiotics have been widely applied in aquaculture showing abilities in promoting growth performance (Sun et al., 2013, 2014; Doan et al., 2018; Yang et al., 2019), enhancing innate immunity (Sun et al., 2013, 2014; Doan et al., 2018; Yang et al., 2019; Tang et al., 2020), and maintaining intestinal health (Yang et al., 2019; Tang et al., 2020; Zhang et al., 2020). Our previous studies have shown the efficacy of three autochthonous probiotic strains (B. pumilus SE5, Psychrobacter sp. SE6, and B. clausii DE5) by improving the intestinal health, innate immunity, and growth performance in grouper E. coioides (Sun et al., 2013, 2014; Yang et al., 2019). In our recent work, we have explored the dose-dependent effects in grouper by dietary supplementation of different levels of histamine, and the results showed that 0.3% dietary histamine can suppress the growth performance and innate immunity, and induce intestinal microbial imbalance and severe intestinal injury in grouper E. coioides (Liu et al., 2021). In the present study, therefore, a 56-days’ feeding trial was performed for assessing the effects of dietary supplementation with the three autochthonous probiotics on the growth, immune status, and intestinal health of grouper E. coioides fed with high doses of histamine (0.3%).

Evidence from several experimental studies shows that dietary supplementation with probiotics can improve growth performance and/or feed utilization in fish such as grouper (E. coioides; Sun et al., 2013; Yang et al., 2019), hybrid grouper (Epinephelus fuscoguttatus ♀ × Epinephelus lanceolatus; ♂ Liao et al., 2021), fingerlings great sturgeon (Huso huso; Rastekenari et al., 2021), rainbow trout (Oncorhynchus mykiss; Mohammadian et al., 2019), and Nile tilapia (Oreochromis niloticus; Doan et al., 2018). In line with this previous research, this study also showed that the administration of the three autochthonous probiotics can improve the growth performance and feed utilization of grouper E. coioides fed with 0.3% histamine, especially in fish fed with diet containing B. pumilus SE5 as probiotic strain (group T2), suggesting that autochthonous probiotics can improve the growth performance and feed utilization of grouper under high histamine stress. It has been demonstrated that the improvements of growth performance and feed utilization by dietary supplementation of autochthonous probiotics may be due to enhanced secretion of digestive enzymes, improved appetite, efficient liver, and gut health status as well as modulation of the gut microbiota. In this study, we speculate the observed beneficial effects may be attributed to the gut injury repairment functions of autochthonous probiotics, which will be discussed in the following paragraphs.

Stimulating the innate immune response is an important attribute of the probiotics, as they can benefit the host by improving its health status (Hoseinifar et al., 2018). In the current study, different degrees of increased activities of ACP, AKP, SOD, and T-AOC were observed in fish fed with autochthonous probiotics, suggesting that dietary probiotics can stimulate innate immune response and enhance antioxidant capacity of grouper under high histamine stress. These results are in accordance with our earlier observations that application of autochthonous probiotics, B. pumilus SE5 and B. clausii DE5, can increase the growth performance of grouper by improving the serum levels of ACP, AKP, and SOD (Sun et al., 2013). Sun et al. (2011) also reported that the dietary supplementation of Psychrobacter sp. SE6 can boost immune responses (increasing serum SOD activity, phagocytic activity, complement C3 and C4 levels, etc.) of E. coioides. To the best of our knowledge, this is the first study that demonstrates the ability of autochthonous probiotics in improving the innate immune response in fish experiencing stress due to dietary histamine stress.

Liver biochemical parameters can effectively reflect the function and health status of liver. MDA is often served as a useful bioindicator to assess the presence of oxidative damage in the liver. Additionally, the liver GPT and GOT activities specifically detect the liver injury or dysfunction (Wells et al., 1986). After 28 days of feeding, we found significant decrease in MDA levels in groupers fed with probiotic-supplemented diets, and significant improvements in GPT and GOT activities recorded only in groupers fed with diet containing B. pumilus SE5 as probiotics (i.e., experimental group T2) in the present study. In addition, autochthonous probiotics supplementation (experimental groups T2, T3, and T4) for 56 days showed lower MDA content and improved GPT and GOT activities in the liver compared with the control group. These results illustrate that autochthonous probiotics can alleviate liver injury caused by high dietary histamine. A similar study in shrimp (Litopenaeus vannamei) also demonstrated that the three beneficial bacteria (B. pumilus SE5, Psychrobacter sp. SE6, and B. clausii DE5) can relieve liver damage caused by high dietary soybean meal (Zhang et al., 2020).

It has been well-established that increased level of pro-inflammatory molecules (IL-1β, ITF, and FABP2) can trigger inflammation, and cause gut and local tissue injury in organisms (Wang et al., 2011; Oksaharju et al., 2013; Liu et al., 2021). The present study demonstrates that supplementation of autochthonous probiotics can alleviate inflammation caused by 0.3% dietary histamine in E. coioides, and these inflammation indicators reached the most ideal levels in fish fed with diets containing B. pumilus SE5 (group T2). A comparable result was reported by Simo-Mirabet et al. (2017) who noticed Bacillus amyloliquefaciens CECT 5940 supplemented diet can activate anti-inflammatory responses in gilthead sea bream (Sparus aurata) after 14 weeks of feeding. To date, information on the effect of probiotics in modulating the levels of inflammatory signals (such as gut ITF, serum SAA, IL-1beta, and FABP2) in aquatic animals is less (Simo-Mirabet et al., 2017), while relatively more research has been carried out on terrestrial animals (Matsumoto et al., 2005; Wang et al., 2011; Oksaharju et al., 2013). It has been reported that feeding mice (8-weeks-old) with heat-killed Lactobacillus casei has decreased the amount of SAA while down-regulated remarkably pro-inflammatory cytokines such as IL-6 and IFN-γ production in lamina propria mononuclear cells (Matsumoto et al., 2005). Furthermore, similar reports have shown that Lacticaseibacillus rhamnosus treatment ameliorates both intestinal and systemic inflammation by reducing plasma SAA level or suppressing intestinal ITF protein and mRNA expression in mice (Wang et al., 2011; Oksaharju et al., 2013). Oksaharju et al. (2013) hypothesized that probiotics may be conducive to modulate immune function and prevent sharp changes concerning inflammatory molecules. However, the related mechanisms in terrestrial and aquatic animals may not be completely consistent, further studies are necessary to clarify the relationship between probiotics and inflammation molecules in fish.

There are many published studies that reported that probiotics can improve the gut morphology and promote gut integrity in several aquatic animals, such as fingerlings great sturgeon (H. huso) (Rastekenari et al., 2021), sea cucumber (Apostichopus japonicus) (Zhou et al., 2021), Senegalese sole (Solea senegalensis) (Batista et al., 2015), and tilapia (O. niloticus) (Standen et al., 2013, 2016). In this study, we found significant improvements in MT and MFH, indicating that the dietary supplementation of autochthonous probiotics (B. pumilus SE5, Psychrobacter sp. SE6, or B. clausii DE5) can positively affect intestinal morphology of E. coioides. These results are in accordance with our earlier observations reporting that supplementation of probiotics (B. pumilus SE5, Psychrobacter sp. SE6, or B. clausii DE5) can improve intestinal villus height and MT in shrimp (L. vannamei) fed high soybean meal diet (Zhang et al., 2020). These similar findings may be explained by the fact that probiotics can utilize undigested carbohydrates and producing various short-chain fatty acids, such as acetic and butyric acid, which can decrease the gut pH, supply energy for enterocytes, and then improve the gut morphology.

The gut microbiota is essential to maintain intestinal immune homeostasis, which in turn modulates the gut microbial composition and health status of the host (Yang et al., 2019). In this study, the gut microbiota of E. coioides were changed with dietary supplementation of probiotics, which agrees with previous published studies (Tang et al., 2020). Both bacterial diversity and richness of experimental groups showed partial improvement in the present study, which may be conducive to intestinal and systemic health (Clarke et al., 2014). On the other hand, the data of β-diversity and taxonomy classification showed that the gut microbiota of fish fed with probiotics containing diets presented certain variances compared with the control, indicating that autochthonous probiotics could effectively shape the gut microbial community in E. coioides. A previous study has suggested that a healthier gut microbial composition can facilitate fish health via secretion of various enzymes and decreasing the gut pH by producing short-chain fatty acids (Dawood et al., 2019). Generally, common probiotics are Gram-positive bacteria and can balance the abundance of intestinal Gram-negative bacteria, thereby being beneficial to both intestine and general health of the host. In the current study, administration of autochthonous probiotics has greatly enhanced the relative abundance of Gram-positive bacteria (Phylum Firmicutes and genus Lactobacillus) and reduced the relative abundance of Gram-negative bacteria (Phylum Proteobacteria and genus Photobacterium), which suggests that probiotics can positively modulate the intestinal microbiota of groupers. Interestingly, higher abundance of genus Vibrio was observed in groups T2 and T4 compared with the control group. Traditionally, several Vibrio species were considered as opportunistic bacteria to aquatic animals. However, dietary supplementation of Vibrio fluvialis resulted in higher survival in rainbow trout challenged with Aeromonas salmonicida (Irianto and Austin, 2002). Also, combined supplementation of Bacillus and Vibrio sp. in young white shrimp showed beneficial effects on growth performance, survival as well as resistance against Vibrio harveyi and white spot syndrome virus (Antony et al., 2011). Recently, several reviews have summarized and discussed the potential application of Vibrio as a means of disease control in aquaculture at certain circumstances which contradicts the traditional knowledge (Hoseinifar et al., 2018; Butt et al., 2021). In general, these results suggest that autochthonous probiotics can positively shape intestinal microbiota and maintain intestinal homeostasis, and this may benefit the growth performance, immune function, and gut morphology of grouper E. coioides.



CONCLUSION

This study presents evidence for the first time that the three autochthonous probiotic strains (B. pumilus SE5, Psychrobacter sp. SE6, or B. clausii DE5) show high efficiency in alleviating the adverse effects of (high levels of) dietary histamine by decreasing the expression of inflammatory markers and also improving the growth, innate immunity, and gut health of juvenile grouper E. coioides. Among the three autochthonous probiotics, B. pumilus SE5 exhibits the best potential to alleviate the negative effects of high levels of dietary histamine in marine fish.
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Most of fish species exhibit striking sexual dimorphism, particularly during growth. There are also sexual dimorphisms of internal organs and biological functions, including those of intestinal microbiota, which likely plays a key role in growth. In this study, the growth and intestinal microbiota of the female, male, and all-female Nibea albiflora (yellow drums) were comprehensively analyzed. The caged culture female and all-female yellow drums showed higher growth rates than males. A further analysis of the intestinal microbiota showed a significant difference in diversity between females and males in the summer, whereas there were no significant differences in the diversity and richness between females and males in the winter. In contrast, a significant difference in richness was observed between all-female and male fish, regardless of the season. Although the main composition of the intestinal microbiota showed no significant sex differences, the community structure of the intestinal microbiota of yellow drums did. Furthermore, the correlations between intestinal microbial communities are likely to be influenced by sex. The ecological processes of the intestinal microbial communities of the yellow drums showed clear sexual dimorphism. Further network analysis revealed that, although the main components of the network in the intestinal microbiota of female, male, and all-female fish were similar, the network structures showed significant sex differences. The negative interactions among microbial species were the dominant relationships in the intestinal ecosystem, and Bacteroidetes, Firmicutes, and Proteobacteria were identified as the functional keystone microbes. In addition, the functional pathways in the intestinal microbiota of yellow drums showed no significant sexual or seasonal differences. Based on the findings of this study, we gain a comprehensive understanding of the interactions between sex, growth, and intestinal microbiota in yellow drums.

Keywords: sex differences, sexual dimorphism, intestinal microbiota, Nibea albiflora, sciaenidae


INTRODUCTION

Trillions of microbes that form a complex microbial community live in the intestines of organisms and are referred to as the intestinal microbiota. The intestinal microbiota is regarded as an external organ of the host (O’Hara and Shanahan, 2006; Sommer and Bäckhed, 2013), and has largely independent functional genetics for synthesizing enzymes, vitamins, and short-chain fatty acids (Ramakrishna, 2007; Larsen et al., 2014). Thus, the metabolic activities of the intestinal microbiota play key roles in maintaining the health and homeostasis of the host. The homeostasis of intestinal microbiota in turn, is not only related to the balance of diversity and richness of the microbial community, but also to interactions among species (Coyte et al., 2015; Yang et al., 2019a). Microbe-microbe interactions play vital roles in maintaining the stability and balance of the intestinal microbiota and in achieving systematic functions (Cordero and Datta, 2016; Widder et al., 2016). However, the composition of intestinal microbiota is highly malleable. The structure of the intestinal microbial community can be altered by factors such as diet (Smith et al., 2015; Duan et al., 2018; Yang et al., 2019b), habitat (Wu et al., 2018), host genetics (Rothschild et al., 2018), and so on.

Sexual dimorphism is among the most striking phenomena across various species (Fairbairn et al., 2007), particularly in fish. The sexually dimorphic growth of fish encouraged the production of mono-sex cultures in aquaculture. Sexual dimorphism can be observed in external and internal organs as well as biological functions, including the immune system and intestinal microbiota (Org et al., 2016; Strickland et al., 2021). Moreover, studies have shown that differences in immunity with respect to sex, could be a result of sex-specific variations in the intestinal microbiota (Flak et al., 2013; Klein and Flanagan, 2016; Elderman et al., 2018; Vemuri et al., 2019). However, sex differences in the intestinal microbiota are driven by sex hormones (Markle et al., 2013), which also affect bacterial gene expression, virulence, and growth, which have impacts on host physiology (Neuman et al., 2015; Rizzetto et al., 2018). Therefore, a bidirectional interaction could be confirmed between sex hormones and intestinal microbiota. Up to now, these interactions have mostly been reported in mammals. Although Bolnick et al. (2014) showed that gut microbiota composition depends on interactions between host diet and sex in two kinds of fish, the sexual dimorphism of the intestinal microbiota and its interaction with growth are poorly understood in fish. Consequently, in this study, we investigated whether sexual dimorphism of intestinal microbiota exists in fish and its possible role in sexual dimorphic growth.

The yellow drum (Nibea albiflora) belongs to the family Sciaenidae, which is distributed mainly in the coastal areas of China, Korea, and Japan (Xu et al., 2017; Qin et al., 2019). In the past decade, the production and quality of these fish have declined sharply due to environmental pollution and overfishing. Consequently, the mariculture of the yellow drum grew rapidly in the coastal regions of China. Currently, this fish is one of the major mariculture fishes in China because of its high economic value and increasing demand (Dai et al., 2012; Meng et al., 2021). By the age of 15 months, female yellow drums had grown 30% faster than males when subjected to cage culture (Xu et al., 2010; Chen et al., 2017). Thus, the yellow drum showed sexual dimorphism in growth, and mono-sex yellow drum cultures could improve the efficiency and profitability of the aquaculture of this species. Subsequently, we employed a new strategy for the mass production of all-female populations by crossing neo-males with normal females (Xu et al., 2018). In the present study, we analyzed the growth and intestinal microbiota of male, female, and all-female yellow drums, to explore the sexual dimorphism in intestinal microbiota and to clarify the interactions between sexually dimorphic intestinal microbiota and growth. The composition, structure, diversity, bacterial taxa, network structure, and ecological processes of the intestinal microbiota were investigated among female, male, and all-female yellow drums. The results of this study will provide new insights into sexual dimorphism in fish and contribute to better maintenance of guidance for mono-sex cultures.



MATERIALS AND METHODS


Experimental Animal

The yellow drums used in the present study were obtained from a hatchery at the research station of the Marine Fishery Institute of Zhejiang Province, Xishan Island, Zhoushan, China. Normal fish were produced by natural spawning, while the all-female fish were obtained according to the method reported by Xu et al. (2018), by crossing neo-males (XX♂) and females. Normal and all-female fish were produced at the same time (20 May 2019), and the female brooder was from the same broodstock. Juvenile yellow drums (aged at 2 months) were delivered to the cages in the coastal region of Dengbu Island (29°52′21″N, 122°18′56″E). The water quality of the cultured region was shown in Supplementary Table 1. The same number of normal fish and all-female fish were placed in separate cages. After 1 month of acclimatization, the normal fish (female and male) were marked with red fluorescence on the back of the fish, and the all-female fish were marked with green fluorescence. The fish were weighed, and the initial weights of the normal fish and all-female fish were 26.56 ± 1.09 g and 26.98 ± 1.16 g, respectively. Then, the same number (500 individuals per cage) of the marked individuals for each fluorescence were pooled in the same cage (3 × 3 × 3 m) (Supplementary Figure 1). The fish were fed 2 – 3 times daily using commercial feed, and its ingredients were shown in Supplementary Table 2. The culture of the yellow drums in 15 cages was initiated in July 2019 and terminated in July 2021.



Growth Indices

The initial weights of normal and all-female fish were noted at the beginning of the experiment. Body weight (BW), body length (BL), and total length (TL) were measured at 210, 434, 562, and 750 days post-hatch (dph), respectively, from 30 randomly selected individuals. The whole viscera weight was measured at 434 and 562 dph.

Fulton’s body condition factor K was calculated by using Fulton’s condition factor equation (Bagenal and Tesch, 1978):

[image: image]

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

The daily growth coefficient (DGC) was determined from the body weight data of each sample (Faggion et al., 2021). The formula was the following:

[image: image]

where BWf represents the body weight at each time point, BWi represents the initial weight, and t represents the number of days.



Intestinal Sample Collection

Intestinal samples were collected according to the collection method reported by Wei et al. (2018), with some modifications. Eight cages were randomly chosen for sample collection. After a fasting period of 24 h, 15 normal fish were randomly collected from each cage and euthanized with an overdose of 3-aminobenzoic acid ethyl ester methanesulfonate (Sigma-Aldrich, St. Louis, MO, United States). Then, the skin surface of the fish was sterilized with 70% ethanol to reduce contamination. Subsequently, the sex of the fish was determined by dissection. Three female and three male individuals (similar in size) were chosen from the 15 individuals in each cage. The middle-intestine was then excised and transferred to a 10 mL aseptic tube. The middle-intestine contents of three individuals from the same cage were pooled as a single sample. After collection, the samples were immediately stored at −80°C. Samples of all-female fish were collected in the same way. At 434 dph on 17 July (summer), 24 samples were collected, and another batch of 24 samples was collected at 562 dph on 22 Nov. 2020 (winter). All samples were divided into the following six groups:

CS group: female fish samples from the summer;

CW group: female fish samples from the winter;

XS group: male fish samples from the summer;

XW group: male fish samples from the winter;

QS group: all-female fish samples from the summer;

QW group: all-female fish samples from the winter.

The experiment was implemented in strict accordance with the recommendations of the ethical principles of the Experimental Animal Welfare Ethics Committee of China. All procedures were performed in accordance with the Guide for the Care and Use of Laboratory Animals from Zhejiang Ocean University. All surgeries were performed under 3-aminobenzoic acid ethyl ester methanesulfonate anesthesia, and all efforts were made to minimize the suffering of yellow drums.



DNA Extraction and 16S rRNA Gene Sequencing

The total DNA of each sample was extracted using the DNeasy PowerSoil Pro Kit (QIAGEN, Hilden, Germany). The total DNA concentration was quantified using a NanoDrop ND2000 spectrophotometer (Thermo Scientific, Waltham, MA, United States). All DNA samples were placed in a dry ice box and sent to Shanghai Oe Biotech Co., Ltd. (Shanghai, China) for Illumina sequencing on the MiSeq platform. The V3 + V4 regions of 16S rRNA were amplified using the barcoded fusion primers of 343F (5′-TACGGRAGGCAGCAG-3′) and 798R (5′-AGGGTATCTAATCCT-3′).



Bioinformatics Analysis

Raw sequencing data were pretreated using QIIME software (v. 1.8.0; Caporaso et al., 2010). Paired-end reads were preprocessed using Trimmomatic software (v. 0.35) to obtain high-quality sequences. Paired-end reads were merged using FLASH software (v. 1.2.11) with overlapping length > 10 bp and a maximum mismatch rate < 0.2. UCHIME software (v. 2.4.2) was used to discard the chimeric sequences. The valid tags were clustered to generate operational taxonomic units (OTUs) using Vsearch software (v. 2.4.2) with a 97% similarity cutoff. The OTUs were annotated and classified using the Silva database (v. 123).

An UpSet plot was constructed to explore the distribution of OTUs and the composition of the shared OTUs in all groups using R (v. 4.1.0) with the UpSet package. Four α-diversity metrics were calculated namely: the Chao1 estimator, Observed_species for species richness, and phylogenetic diversity (PD) and Shannon index for diversity, using QIIME software. Non-metric multi-dimensional scaling analysis (NMDS) based on Jaccard distance was also performed using QIIME software. Permutational multivariate analysis of variances (PERMANOVA) was implemented to determine the dissimilarity of the microbial community composition among female, male, and all-female fish based on Bray-Curtis and Jaccard distance using the vegan package in R (v. 4.1.0). The Mantel test was used to assess the correlations with one another among the 10 most abundant classes using the ggcor package in R. The method of categorizing bacterial taxa was based on the report of Dai et al. (2016). Six categories based on their range of abundance: (i) rare taxa (RT), OTUs with abundance ≤ 0.1% in all samples; (ii) abundant taxa (AT), OTUs with abundance ≥ 1% in all samples; (iii) moderate taxa (MT), OTUs with abundance between 0.1 and 1% in all samples; (iv) conditionally rare taxa (CRT), taxa with abundance < 1% in all samples and ≤ 0.1% in some samples; (v) conditionally abundant taxa (CAT), taxa with abundance > than 0.1% in all samples and ≥ 1% in some samples but never rare (≤ 0.1%); (vi) conditionally rare or abundant taxa (CRAT), taxa with abundance varying from rare (≤ 0.1%) to abundant (≥ 1%).



Null Model Analysis and Ecological Processes in the Assembly of the Intestinal Microbial Communities

Null model analysis was performed to explore the relative importance of stochastic and deterministic processes in the assembly of the intestinal microbial communities of the yellow drums. The null model analysis was performed using the vegan and parallel packages in R (v. 4.1.0), according to the method reported by Zhang Z. et al. (2019). The Bray-Curtis distance was used as the dissimilarity metric (Dobs) across all communities, ranging from 0 to 1. The observed similarity (Sobs) across the actual communities was complementary to the dissimilarity, that is, Sobs = 1 - Dobs. The null model algorithm was used to obtain the randomly expected similarity (Eexp) of null expected communities (Chase et al., 2011; Stegen et al., 2013). Significant differences between the observed and expected similarities were analyzed using permutational multivariate analysis of variance (PERMANOVA) analysis. If ecological drift (e.g., stochastic colonization and extinction) and possible priority effects leading to multiple stable equilibria play predominant roles in determining community composition, the observed similarity will be statistically indistinguishable from the random null expectation (Zhou et al., 2014). By contrast, if community assembly is primarily shaped by deterministic processes, the observed similarity will be significantly higher than the random null expectation (Chase, 2007; Zhou et al., 2014).

The β nearest-taxon index (βNTI) and Raup-Crick (RCbray) were calculated according to the report by Zhang Z. et al. (2019) using R (v. 4.1.0) with the picante, ape, and parallel packages. βNTI is based on a null model test to evaluate the difference between the observed βMNTD (β mean nearest-taxon distance) and the mean of the null distribution (Stegen et al., 2013). βNTI values > + 2 or < −2 indicate that a pair of communities is regulated mainly by homogeneous selection (βNTI < −2) or heterogeneous selection (βNTI > + 2). In addition, RCbray was used to divide the remaining pairwise comparisons with | βNTI| < 2. A value of RCbray > + 0.95 is treated as the homogenizing dispersal, whereas a value of RCbray < −0.95 represents the dispersal limitation (Stegen et al., 2013, 2015). The value of | RCbray| < 0.95 is considered as undominated, including weak selection, weak dispersal, diversification, and drift (Stegen et al., 2013; Zhou et al., 2014; Ning et al., 2020).



Ecological Network Analysis of the Intestinal Microbiota

Phylogenetic molecular ecological networks (pMENs) were constructed using the random matrix theory-based interface approach in the Molecular Ecological Network Analysis pipeline (MENA1) (Deng et al., 2012). A network was naturally split into modules using the fast greedy modularity optimization method (Newman, 2004). Cytoscape software (v. 3.8.0) was used to delineate the ecological network. One node represented an OTU, corresponding to the microbial population. Nodes with different colors signified different phyla. Blue edges represent a positive interaction between two individual nodes, whereas red edges indicate a negative interaction.

The topological roles of nodes are divided into four types: peripherals, connectors, module hubs, and network hubs (Deng et al., 2012). Nodes with Zi < 2.5 and Pi < 0.6 were treated as peripherals. Nodes with Zi > 2.5 and Pi < 0.6 belonged to module hubs. Nodes with Zi < 2.5 and Pi > 0.6 were treated as connectors. Nodes with Zi > 2.5 and Pi > 0.6 served as network hubs.



Functional Predictions of Intestinal Microbiota

Based on composition of the intestinal microbiota, Phylogenetic Investigation of Communities by Reconstruction of Unobserved States (PICRUSt) was used to predict the functional profiles (Langille et al., 2013). Functional pathways were annotated using the Kyoto Encyclopedia of Genes and Genomes (KEGG) database. NMDS based on Bray-Curtis distance was performed using R (v. 4.1.0) with the vegan package, which was applied to reflect changes in functional pathways among samples. Analysis of similarity (ANOSIM) was used to test the dissimilarity of the functional pathway composition among six groups based on the Jaccard distance method using the vegan package in R (v. 4.1.0). The raw sequencing data are available at the Sequence Read Archive (SRA) of the NCBI under the accession number PRJNA758491.



Statistical Analysis

The differences in the α-diversity metrics were analyzed based on a two-way ANOVA test. One-way ANOVA and the post hoc Duncan test were performed to analyze the differences in the growth indices, DGC, and K. Before statistical analyses, data were checked for normality of distribution and homogeneity of variance using the Kolmogorov-Smirnov test and Levene’s test, respectively. When the raw data did not follow the normal distribution and/or homogeneous variances, Kruskal-Wallis rank-sum tests were performed. The differences between groups at the phylum, class, and genus levels were analyzed by using Kruskal-Wallis rank-sum tests. Significant differences were set at P < 0.05.




RESULTS


Growth Indices, Fulton’s K Condition Factor and Daily Growth Coefficient

The growth indices of the female, male, and all-female yellow drums were determined, and the results of Student’s t-test showed no significant difference in initial weight between normal fish (male and female) and all-female fish (P > 0.05) (Figure 1). However, at 210, 434, 562, and 750 dph, the body weights of the female and all-female fish were significantly higher than that of the male fish (P < 0.05). Furthermore, the body weight of the all-female fish was the highest at 434, 562, and 750 dph. At 434 and 750 dph, the body weights of the all-female fish were significantly higher than that of the female fish (P < 0.05). Body length and total length showed a similar pattern to that of the body weight.
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FIGURE 1. Growth curves of the body weight, body length, and total length of Nibea albiflora male, female, and all-female fish, during an investigation of the composition of the intestinal microbiota. Data with different letters at the same time point represented significant differences (P < 0.05).


Significant differences (P < 0.05) in the DGC were observed between males and females at 210, 434, 562, and 750 dph (Table 1). The DGC values of the all-female fish were significantly higher than that of males at 434, 562, and 750 dph (P < 0.05). Furthermore, the DGC value of the all-female fish was significantly higher than that of normal females at 750 dph (P < 0.05), and no significant differences (P > 0.05) in DGC were observed between females and all-female fish at 210, 434, and 562 dph. In addition, females and all-female fish were in better body condition than the males at 750 dph, with a significant difference in Fulton’s K condition factor. At 90, 210, 434, and 562 dph, the Fulton’s K condition factor was comparable among the male, female, and all-female fish.


TABLE 1. Daily growth coefficient and Fulton’s K condition factor.
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Richness, Diversity, and Structure of Microbial Community

A total of 3,348,327 (mean: 69,757 ± 1,623, min: 65,603, max: 72,778) effective tags were obtained from 48 samples using the Illumina MiSeq sequencing platform. The rarefaction curves of all the samples indicated that the number of tags was sufficient for analyzing the intestinal microbiota samples (Supplementary Figure 2). A total of 1,964 OTUs were shared by the six groups, and the highest number of unique OTUs was observed in the CS group (Figure 2A). In addition, the shared OTUs were mainly clustered into eight classes (relative abundance > 1.0%): Bacteroidia (28.44 ± 1.37%), Clostridia (28.30 ± 1.54%), Gammaproteobacteria (9.34 ± 1.13%), Bacilli (3.72 ± 0.69%), Campylobacteria (3.14 ± 0.30%), Deltaproteobacteria (2.66 ± 0.25%), Alphaproteobacteria (2.43 ± 0.34%) and Actinobacteria (1.46 ± 0.11%) (Figure 2B). Bacteroidia, Clostridia and Gammaproteobacteria were also the dominant classes in all groups (Figure 2C).
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FIGURE 2. UpSet plot analysis of the intestinal microbiota Nibea albiflora male, female, and all-female fish at the operational taxonomic unit (OTU) level. X, C, and Q represented male, female, and all-female fish, respectively. Two seasons: summer (S) and winter (W). (A) UpSet plot analysis at the operational taxonomic unit (OTU) level; (B) dominant composition of shared OTUs at class level; (C) histogram showed the relative abundance of class in six groups.


Significant differences in the Shannon and PD indices were observed among the male, female, and all-female fish (Shannon: F2,48 = 4.149, p = 0.022; PD: F2,48 = 4.272, p = 0.020). Meanwhile, a significant interaction in the Shannon and PD indices was observed between sex and season (Shannon: F2,48 = 4.296, p = 0.019; PD: F2,48 = 9.210, p < 0.001). No significant differences in the Chao1 and Observed_species indices were observed among males, females, and all-female fish (Chao1: F2,48 = 1.694, p = 0.195; Observed_species: F2,48 = 0.325, p = 0.571) (Table 2).


TABLE 2. Comparison of α-diversity metrics in groups and stages based on two-way ANOVA test.
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Further post hoc Duncan tests revealed that the PD, Shannon, and Observed_species indices in the CS group were significantly higher than those in the XS group (P < 0.05) (Figure 3). However, there were no significant differences observed between the CW and XW groups (P > 0.05). In addition, there were no significant differences between the CS and QS groups in all α-diversity metrics (P > 0.05). Furthermore, there were no significant differences between the CS and QS groups seen in any of the α-diversity metrics (P > 0.05). The PD, Chao1, and Observed_species indices in the QS group were significantly higher than those in the XS groups (P < 0.05). However, the PD, Chao1, and Observed_species indices in the QW group were significantly lower than those in the XW group (P < 0.05). No significant difference was observed in the Shannon index among the XS, QS, XW, and QW groups (P > 0.05). In addition, no significant differences in all α-diversity metrics were observed between the CS and CW groups (P > 0.05), or between the XS and XW groups (P > 0.05). However, the PD, Chao1, and Observed_species indices in the QS group were significantly higher than those in the QW group (P < 0.05).
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FIGURE 3. α-diversity metrics (Observed_species, Chao1, Shannon, and PD indices) in all groups of Nibea albiflora male, female, and all-female fish, during an investigation of the composition of the intestinal microbiota. PD: Phylogenetic diversity. X, C, and Q represented male, female, and all-female fish, respectively. Two seasons: summer (S) and winter (W). After running an ANOVA, post hoc Duncan tests were conducted to analyze the differences in the α-diversity metrics among the female, male, and all-female fish. Data with different letters at the column indicated significant differences.


In terms of β-diversity, NMDS based on Jaccard distance was used to evaluate microbial community structural changes. There was a clear crossover among males, females and all-female fish (Supplementary Figure 3A). PERMANOVA analysis was used to explore the variation in the microbial community structure among all groups (Table 3). This analysis showed that the community structures of the intestinal microbiota exhibited no sex-significant difference (P > 0.05). However, significant differences between the two seasons were observed among the three sexes (P < 0.05). Furthermore, ANOSIM, PERMANOVA, and MRPP analysis showed significant differences between each pair of groups (P < 0.05, Supplementary Table 3). The microbial communities belonging to the same group were more closely clustered with one another (Supplementary Figure 3B).


TABLE 3. Dissimilarity tests of the microbial community composition using PERMANOVA based on Bray-Curtis and Jaccard distance. PERMANOVA, permutational multivariate analysis of variances.
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Bacterial Community Composition and Classification

Overall, sequences from all samples were identified as 36 prokaryotic phyla. The three most abundant phyla (relative abundance > 10% in each sample) in all samples were Firmicutes (36.95 ± 0.64%), Bacteroidetes (33.71 ± 0.56%), and Proteobacteria (18.24 ± 0.56%). These were the dominant phyla in all groups (Supplementary Table 4), and a similar composition of intestinal microbiota at the phylum level was observed among all groups (Figure 4A). In addition, the results of the Kruskal-Wallis rank-sum tests showed that there were no significant differences at the phylum level among all groups (P > 0.05). Additional information about the relative abundances at the phylum level among the six groups can be found in Supplementary Table 5.
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FIGURE 4. Relative abundances of different phyla (A) and classes (B) in the intestine of Nibea albiflora male, female, and all-female fish during an investigation of the composition of their intestinal microbiota.


At the class level, the relative abundances of the dominant classes were very similar among all groups (Figure 4B and Supplementary Table 6). In the 87 identified classes, 10 classes with P < 0.05 were identified in the six groups. The three most abundant OTUs in all groups were classified as Bacteroidia, Clostridia, and Gammaproteobacteria, and no significant differences in these classes were observed among the six groups (P > 0.05). Additionally, in the 1027 identified genera, 107 genera were identified with P < 0.05 in the six groups (Supplementary Table 7). The six major genera showed no significant differences among the six groups (Supplementary Figure 4 and Supplementary Table 7). Additional information about the relative abundances at the class- and genus levels can be found in the Supplementary Tables 6, 7.

Table 4 showed the bacterial taxa present in the overall OTUs in the six groups. Most OTUs in the six groups were distributed between RT and CRT, which accounted for more than 90% of the overall OTUs. Most OTUs in RT and CRT were affiliated to Alphaproteobacteria, Bacteroidia, Clostridia, Gammaproteobacteria and Deltaproteobacteria in the six groups (Supplementary Table 8). These results indicated that the global classification of bacterial OTUs exhibited no significant sex differences.


TABLE 4. Categories of bacterial taxa.
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Relationships Between α-Diversity Metrics and Growth Indices

The correlation between the α-diversity metrics and growth indices was analyzed using the Mantel test (Supplementary Figure 5), and the results revealed that there were no significant correlations between growth indices (body length, total length, body weight, and whole viscera weight) and α-diversity metrics (P > 0.05).



Relationships Between Microbial Communities in the Intestinal Microbiota of the Female, Male, and All-Female Fish

Pearson correlation analysis showed that the correlations among the 10 most abundant classes were different for the female, male, and all-female fish (Figure 5). For instance, Bacteroidia and Clostridia were significantly and positively correlated in the intestinal microbiota of females and males (females: P < 0.05; males: P < 0.01). However, no significant correlation was observed between Bacteroidia and Clostridia in the intestinal microbiota of all-female fish (P > 0.05). In the intestinal microbiota of females and males, significant correlations were observed between Alphaproteobacteria and Bacteroidia (female: P < 0.05; male: P < 0.01), between Clostridia and Alphaproteobacteria (female: P < 0.001; male: P < 0.05), between Campylobacteria and Bacteroidia (female: P < 0.05; male: P < 0.01), between Actinobacteria and Bacteroidia (female: P < 0.05; male: P < 0.05), between Actinobacteria and Alphaproteobacteria (female: P < 0.01; male: P < 0.001), between Acidobacteriia and Clostridia (female: P < 0.01; male: P < 0.01), between Acidobacteriia and Alphaproteobacteria (female: P < 0.05; male: P < 0.001). However, the correlations between these classes were not found in the intestinal microbiota of all-female fish.
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FIGURE 5. Relationships between microbial communities in the intestinal microbiota of Nibea albiflora female, male, and all-female fish during an investigation of the composition of their intestinal microbiota. Female: CS and CW groups; Male: XS and XW groups; All-female fish: QS and QW groups. Red in the cells indicated a positive correlation, while bule indicated a negative correlation. * Difference indicated by a significant correlation with P < 0.05. ** Difference indicated by a significant correlation with P < 0.01. *** Difference indicated by a significant correlation with P < 0.001.




Ecological Processes in the Assembly of the Intestinal Microbial Communities

The importance of deterministic and stochastic mechanisms in the assembly of intestinal microbial communities was analyzed using null model analysis (Table 5). The results of PERMANOVA revealed significant differences (CS group, P < 0.001; CW group, P < 0.001) between the observed similarity and null expected similarity, indicating that determinism of community assembly was more important than the stochasticity in the intestinal microbiota of the female fish. Meanwhile, in the XS, XW, QS, and QW groups, the observed similarities were significantly different from the null expected similarities (XS group, P < 0.01; XW group, P < 0.001; QS group, P < 0.001; QW group, P < 0.05), indicating that the dominant positions of stochasticity were observed in the assembly of the intestinal microbial communities of the male and all-female fish.


TABLE 5. Significance test of the similarity between the intestinal microbial communities of the yellow drums and null model simulations, and βNTI and RCBray values based on weighted Bray-Curtis distances.
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β nearest-taxon index was applied to reveal the ecological processes of the assembly of the intestinal microbial communities in the CS, CW, XS, XW, QS, and QW groups. In the CS and CW groups, the diversity of the intestinal microbiota was shaped by the heterogeneous selection of deterministic processes (βNTI value > 2). In contrast, the assemblies of the intestinal microbial communities in the XS, XW, and QW groups were shaped by undominated of stochasticity processes. However, the diversity of the intestinal microbiota of the QS group was shaped by the dispersal limitation of stochastic processes.



Ecological Network Patterns in the Intestinal Microbiota

Phylogenetic molecular ecological networks were constructed to explore the microbial interactions within the intestinal microbial communities (Supplementary Table 9). The overall topology indices revealed that all network connectivity distribution curves fitted well with the power-law model (R2 values from 0.709 to 0.789). This indicated that most nodes in the network had few neighbors, while few nodes had many neighbors. The indices of pMENs (e.g., average path length and average clustering coefficient) were significantly different among each group, indicating that the structures of microbial communities in these groups were notably different. The modularity values in the six networks ranged from 0.888 to 0.927, which were significantly higher than the modularity values in their corresponding randomized networks, indicating that the six networks appeared to be modular. In addition, the indices in the empirical networks were higher than those in their corresponding random networks, indicating that the six networks obtained displayed typical small-world characteristics. In addition, the complexity of the network can be measured by the average connectivity. The QS group showed the most complex network, followed by the CS, XW, XS, CW, and QW groups.

Subsequently, the overall pMENs were visualized using Cytoscape (v. 3.8.0; Figure 6A), and their compositions were shown in Figure 6B and Supplementary Table 10. The networks of CS, CW, QS, QW, XS, and XW consisted of 1072, 882, 1138, 679, 883, and 1007 nodes (OTUs), respectively. Most of the nodes were classified as Bacteroidetes (CS, CW, QS, QW, XS, and XW networks: 23.97, 25.85, 30.84, 24.15, 24.69, and 24.53%, respectively), Firmicutes (CS, CW, QS, QW, XS, and XW networks: 38.71, 47.28, 37.87, 51.10, 43.71, and 42.60%, respectively), and Proteobacteria (CS, CW, QS, QW, XS and XW networks: 21.36, 17.69, 17.14, 16.64, 18.23, and 16.98%, respectively), accounting for more than 80% in all groups. In the CS, CW, QS, QW, XS, and XW networks, the largest sub-modules had 81, 78, 97, 59, 86, and 107 nodes, respectively. Most nodes (> 40%) of the largest sub-modules in the six networks were classified as Firmicutes. Red edges represent negative interactions between nodes (OTUs), and blue edges represent positive interactions. Negative interactions (red edges) were dominant in the six networks (Figure 6A and Supplementary Table 10).
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FIGURE 6. Ecological networks of the intestinal microbiota in the six groups of Nibea albiflora male, female, and all-female fish during an investigation of the composition of their intestinal microbiota (A). Ecological network graph with submodule structure was obtained using the fast-greedy modularity optimization method. Each node indicated one OTU at the phylum level. Node colors indicated different major phyla. Blue edges indicated a positive interaction between two individual nodes, while red edges indicated a negative interaction. Main component in the six networks at the phylum level (B). X, C, and Q represented male, female, and all-female fish, respectively. Two seasons: summer (S) and winter (W).


As shown in the Z-P plot, overall nodes from the six networks were divided into three types (peripherals, module hubs, and connectors), and most nodes (> 97%) were assigned to peripherals (Supplementary Figure 6). No nodes from the six networks were found in the network hubs. Most nodes that were divided into module hubs and connectors from the six networks were classified as Bacteroidetes, Firmicutes, and Proteobacteria (Supplementary Table 11).



Functional Prediction of the Intestinal Microbiota

Functional pathways of the intestinal microbiota in the CS, XS, QS, CW, XW, and QW groups were evaluated by predicting the metagenomes using PICRUSt. The NMDS plot showed that most samples from the six groups tended to cluster together (Figure 7A). Further ANOSIM analysis revealed that significant differences were observed between the XS and XW groups (r = 0.185, p = 0.047), XS and CW groups (r = 0.234, p = 0.032), CS and CW groups (r = 0.196, p = 0.042), and QS and QW groups (r = 0.205, p = 0.036). A total of 5835 functions were shared among the six groups (Figure 7B). As shown in Figure 7C, most of the functional genes were clustered to cellular processes, environmental information processing, genetic information processing and metabolism. The results of the Kruskal-Wallis rank-sum tests showed no significant differences in cellular processes, environmental information processing, genetic information processing and metabolism among the six groups (P > 0.05). Overall, functional genes from the six groups were clustered to 42 functional pathways at level 2 (Figure 7D), and no significant differences in those functional pathways were observed among the six groups (P > 0.05). Additional information about the functional pathways among the six groups can be found in Supplementary Table 12.
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FIGURE 7. Non-metric multi-dimensional scaling analysis of the functional pathways in the six groups of Nibea albiflora male, female, and all-female fish during an investigation of the composition of their intestinal microbiota, based on Bray-Curtis distance (A). Venn diagram of shared and unique functions among the six groups (B). Heatmap showing the compositions of the functional pathways at the class-1 (C) and 2 (D) levels. X, C, and Q represented male, female, and all-female fish, respectively. Two seasons: summer (S) and winter (W).





DISCUSSION

Sexual dimorphism is widespread in the aquatic animals. Previous studies have shown differences in the growth, metabolism, and phenotype of different sexes of aquatic animals (Li et al., 2012; Wang A. R. et al., 2018; Faggion et al., 2021). However, sexual dimorphism in the intestinal microbiota of aquatic animals is poorly understood. In this study, we analyzed the growth and intestinal microbiota of female, male, and all-female yellow drums. We found that the growth indices of females and all-female fish were significantly higher than those of males, and the growth indices of all-female fish were the highest for most of the sampling time. These data indicated that the growth rate of female and all-female fish was higher than that of males. Moreover, caged-culture all-female yellow drums have more benefits for improving the production of yellow drums. In addition, comparisons of DGC in the female, male, and all-female individuals showed the significant differences between the sexes. Faggion et al. (2021) also reported that a significant difference in the DGC was observed between female and male European sea bass at 96 and 103 dph, suggesting that physiological or biological changes occurred during this period. Previous studies have shown that growth was likely to be associated with the host’s intestinal microbiota (Wang et al., 2018). Exploring the differences in the intestinal microbiota between sexes would further improve our understanding of the underlying mechanism of sexual dimorphism in fish.

The structure of the intestinal microbiota is not only associated with the host species, but also with external environmental factors (Goodrich et al., 2014, 2016; Smith et al., 2015). Consequently, we pooled the male, female, and all-female individuals to eliminate the variations in the external environmental factors. We further performed a comprehensive comparison of the intestinal microbiota of yellow drums of different sexes. As revealed in this study, the Shannon and PD indices of the intestinal microbiota of the yellow drums showed significant sex differences. The results of post hoc Duncan tests showed no significant differences in α-diversity metrics in the intestinal microbiota of males or females between summer and winter. Similarly, α-diversity metrics in the intestinal microbiota of males showed no significant differences at the two seasons. However, the PD, Chao1, and Observed_species indices of the intestinal microbiota of all-female fish were significantly lower in the winter compared to the summer. These results indicated that the α-diversity in the intestinal microbiota of all-female fish was more susceptible to the change of seasons. In addition, the PERMANOVA revealed substantial variation in the microbial community structure of female, male, and all-female fish. Moreover, there were significant differences in the microbial community structure of female, male, and all-female fish between the two seasons. Further dissimilarity test results revealed that significant differences in the microbial community composition were observed among female, male, and all-female fish. These results corresponded to those of Strickland et al. (2021), who reported significant differences in the Shannon index and microbial composition of fecal microbiomes between male and female Sigmodon fulviventer. Ma and Li (2019) also observed a difference in the intestinal microbiota diversity between men and women.

Previous studies have shown that Bacteroidetes, Firmicutes, and Proteobacteria were the dominant phyla in the intestines of teleosts (Llewellyn et al., 2014; Colston and Jackson, 2016; Ramírez and Romero, 2017; Yang et al., 2019a). According to Wei et al. (2018) and Zhang C. et al. (2019), Firmicutes and Proteobacteria dominated the intestinal microbiota of yellow drums at the phylum level. In the present study, most OTUs in the intestinal microbiota of the female, male, and all-female fish were affiliated with Bacteroidetes, Firmicutes, and Proteobacteria, and no significant differences in the relative abundance of these three phyla were found among female, male and all-female fish. Similarly, Ma and Li (2019) reported that Bacteroidetes, Firmicutes, and Proteobacteria were the major phyla in the intestinal microbiota of men and women, and that no significant sex differences were observed. Furthermore, a similar composition of the intestinal microbiota at the phylum level was observed among female, male, and all-female fish. These results indicated that the composition of the intestinal microbiota of yellow drums exhibited no significant sex or seasonal differences.

Bacteroides play a key role in maintaining host homeostasis (Hooper and Gordon, 2001; Sears, 2005; Wu et al., 2007). For example, Bäckhed et al. (2005) reported that B. thetaiotaomicron imparts stability to the intestinal ecosystem through its capacity to turn to host polysaccharides when dietary polysaccharides become scarce. Lactobacillus is a potentially beneficial bacterium that could contribute to improving the growth and immunity of aquatic animals (Zheng et al., 2018). Strickland et al. (2021) reported that Lactobacillus was associated with protection against foreign infections. In the present study, Bacteroides and Lactobacillus were the dominant genera in the intestinal microbiota of female, male, and all-female fish and showed no significant sex differences.

Rare taxa served as a reservoir of species, greatly contributing to the quantification of species richness within a given community and functional genes (Jia et al., 2018). Changes in the abundance of rare species could affect ecosystem function (Jia et al., 2018). In the present study, RT and CRT were dominant in the female, male, and all-female fish, and the major categories of bacterial taxa exhibited no distinct sex differences.

The Mantel test showed no significant differences between α-diversity metrics and growth indices. As such, the correlations between α-diversity metrics and growth indices were not significantly different between the sexes. The results of Pearson correlation analysis revealed that the correlations among the 10 most abundant classes were distinctly different among female, male, and all-female fish. This indicated that the correlation between intestinal microbial communities could be influenced by sex.

The determinism and stochasticity mechanisms of the community assembly play key roles in shaping the composition and diversity of the microbial community (Zhang Z. et al., 2019). However, stochastic and deterministic processes in microbial succession are not alterable. For example, Dini-Andreote et al. (2015) reported that community composition was initially governed by stochasticity, but as succession proceeded, there was a progressive increase in deterministic selection correlated with increasing sodium concentration. Burns et al. (2016) reported that ecological processes in the assembly of the intestinal microbial communities varied during zebrafish development; in the larval and juvenile stages, stochastic processes played a dominant role in shaping the assembly of the intestinal microbial communities. However, the determinism of community assembly was more important than stochasticity in the intestinal microbiota of the zebrafish at the adult developmental stage. Wang L. et al. (2020), Wang Y. et al. (2020) reported that the assembly of the bacterial community of Litopenaeus vannamei larvae was overall governed by neutral processes (dispersal among individuals and ecological drift) at all stages. In the present study, the ecological processes of the intestinal microbial communities of yellow drums showed significant sex differences, but no significant differences were observed between seasons.

Ecological network analysis could provide another viewpoint for understanding complex intestinal microbiota. The stability of the ecological network in intestinal microbiota is not only connected to the diversity and composition of the intestinal microbiota, but also to the interactions between different species within the intestinal microbiota (Hooper and Gordon, 2001; Ley et al., 2006; Mazmanian and Lee, 2014). In terms of the properties of the ecological network, modularity is a very important index that delineates its resilience and stability (Olesen et al., 2007). In this study, higher modularity values were found in the six networks, indicating that the resilience and stability of the ecological network of the intestinal microbiota in female, male, and all-female fish were higher. Although the microbial compositions of the six networks tended to be similar, the structures of the six networks still showed differences. The predominant component in all networks was also the major component of the intestinal microbiota, indicating that the predominant microbial communities occupied an important position in the network. In a network, positive interactions might signify cooperation or complementation among species, while negative interactions might indicate competition, predation, or amensalism (Faust and Raes, 2012; Feng et al., 2017). Competitive relationships have been found to be prevalent in natural microbial communities (Foster and Bell, 2012) and are more conducive to maintaining the stability of networks (Coyte et al., 2015). Our data revealed that the microbial relationships were dominated by negative interactions in all six networks. In addition, clear differences in the number of OTUs, edges, and sub-modules were observed between the QS (1138 OTUs, 3060 edges, and 71 sub-modules) and QW networks (679 OTUs, 1350 edges, and 45 sub-modules). This indicated that the composition and structure of the ecological network of all-female fish were easily altered by the different seasons.

Species serving as module hubs or connectors can be regarded as functional keystone species in ecological networks (Olesen et al., 2007). In this study, most OTUs that served as module hubs or connectors of the six networks were affiliated with Bacteroidetes, Firmicutes, and Proteobacteria. Thus, Bacteroidetes, Firmicutes and Proteobacteria could be considered as functional keystone species in the ecological network of the intestinal microbiota of yellow drums, and their functional roles showed no sex and seasonal differences.

The intestine contains trillions of microbes that can shape the host’s metabolism and immune system (Rastelli et al., 2019). Previous studies have suggested that the metabolic function of the intestinal microbiota is associated with the host’s species and environmental factors (Visconti et al., 2019; Fan et al., 2020). However, the functional differences in the intestinal microbiota of aquatic animals between sexes remain unclear. In this study, more than 99.5% of the functional pathways of the intestinal microbiota were found in female, male, and all-female fish, and no significant differences in functional pathways at class-2 and 3 levels were observed among female, male, and all-female fish. These results indicated that the composition and relative abundance of functional pathways showed no significant differences between sexes and seasons.



CONCLUSION

In the present study, sexual dimorphism in the growth of yellow drums was observed. Further intestinal microbiota analysis showed that there were significant differences in the richness of intestinal microbiota between males and all-females, regardless of the season. Correlations between microbial communities were likely influenced by sex. Further intestinal microbial network analysis revealed significant differences in network structures between sexes, indicating that the functions of the intestinal microbial communities might differ between the sexes. The findings of this study will contribute to the understanding of sexual dimorphism in aquatic animals and provide new insights into mono-sex aquaculture.
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In aquatic animals, gut microbial communities shift with host development and living environments. Understanding the mechanism by which the environment impacts the gut microbial communities of aquatic animals is crucial for assessing and managing aquatic ecosystem health. Here, we proposed a simplified framework for the colonization and dynamics of gut microbial communities. Then, to quantify the colonization of environmental microbes in the wild fish gut, the current study used 16S rRNA gene amplicon sequencing to obtain the structure of the water environmental microbial community and the gut microbial community in 10 wild fish populations (Leiocassis crassilabris, Leiocassis longirostris, Pelteobagrus vachelli, Silurus asotus, Siniperca chuatsi, Coilia brachygnathus, Aristichthys nobilis, Hypophthalmichthys molitrix, Coreius heterodon, and Xenocypris argentea) from the Wuhan section of the Yangtze River, and the relationship of these microbial communities was analyzed. The results identified that in most individuals, approximately 80% of gut microbes [at the operational taxonomic unit (OTU) level] were shared with the water environmental microbial community (except for individuals of Siniperca chuatsi and Coilia brachygnathus, approximately 74%). In approximately 80% of individuals, more than 95% of microbial species (OTUs) in the gut were transient. For fish species, more than 99% of microbial species (OTUs) that were introduced into the gut were transient. Nearly 79% of OTUs and 89% of species of water environmental microbes could be introduced into the fish gut. Driven by the introduction of transient microbes, fishes with similar feeding habits had similar gut microbial communities. The results indicated that for adult wild fishes, most gut microbiota were transient from the environmental microbiota that were related to fish feeding habits. We therefore encourage future research to focus on environmental microbiota monitoring and management to promote the better conservation of aquatic animals. It was important to note that, because of various influence factors, interspecific differences and individual variations on gut microbial community characteristics, the quantification of gut microbes in the current work was approximate rather than accurate. We hope that more comparable research could be conducted to outline the quantitative characteristics of the relationship between gut microbial community and aquatic environment microbial community as soon as possible.

Keywords: gut microbiota, wild fish population, natural water, Yangtze River, environmental microbiota


INTRODUCTION

Gut microbial communities of fish shift with host development and living environments (Yan et al., 2016; Lokesh et al., 2018; Derome and Filteau, 2020). Water is a living matrix in which many microbes reside, and it serves as a source for the fish gut microbiome (Sun et al., 2019; Sehnal et al., 2021). Initially, fish embryos develop in a relatively constant bacteria-free environment (i.e., within the egg), although after spawning, some environmental microbes quickly colonize the egg surface from the surrounding water (Butt and Volkoff, 2019; Legrand et al., 2020). After hatching, environmental microbes colonize the gut of larvae through the ingestion of water (Giatsis et al., 2015; Abdul Razak et al., 2019). After the first feeding, new microbial communities are introduced into the gut with the diet, leading to an increase in microbial diversity (Romero and Navarrete, 2006; Giatsis et al., 2015). The gut microbiota further shifts with host development and with changes in diet (Li et al., 2017; Wilkes Walburn et al., 2019). At an early stage, the gut microbiota is influenced mainly by the introduction of environmental microbes with water and diet; however, as the immune system and nutrition metabolism develop, gut microbes are selected and enriched gradually (Yan et al., 2016; Li et al., 2017; Lokesh et al., 2018; Zhang et al., 2018; Wilkes Walburn et al., 2019; Yang et al., 2020). Thus, gut microbial community succession can be clearly separated according to host developmental stages from larvae to adults (Lokesh et al., 2018; Xiao et al., 2021). In adult fish, the gut microbiota can be divided into two groups: resident and transient microbial communities (Ringø et al., 2016; Legrand et al., 2020). Resident microbes are present mainly on mucosal surfaces and are governed mainly by the host, and transient microbes are largely present in the digesta and are influenced mainly by diet (Ringø et al., 2016; Kashinskaya et al., 2018; Legrand et al., 2020). Resident microbes are governed mainly by deterministic processes, and transient microbes are governed mainly by neutral processes (Wilkes Walburn et al., 2019; Heys et al., 2020).

Estimating the impacts of the environment on fish gut microbial communities is a key step to better assessing and managing host health and aquatic ecosystem health (Sehnal et al., 2021). Fish gut microbiomes aid in host nutrient absorption, xenobiotic metabolism, energy homeostasis, intestinal development, immune system function, and so on (Butt and Volkoff, 2019; Sehnal et al., 2021). The fish gut microbiota can be significantly affected by various factors, such as host genotype, immunity, pathobiology, diet, ecotype and abiotic environment (Ni et al., 2014; Yan et al., 2016; Vasemägi et al., 2017; Butt and Volkoff, 2019). These effects are partly driven by deterministic selection processes of the host (Yan et al., 2016; Wilkes Walburn et al., 2019; Dvergedal et al., 2020; Xiao et al., 2021), and the other effects are maintained by neutral microbes introducing processes from the environment (Sun et al., 2019; Heys et al., 2020; Le and Wang, 2020). Here, we described the dynamics of the fish gut microbiota in natural waters using a general introducing-then-filtering framework (Figure 1). Environmental factors influence gut microbial communities and then impact the health of hosts and even of ecosystems (Adamovsky et al., 2018; Duperron et al., 2019; Evariste et al., 2019). To assess these impacts, one needs to first assess the effects of environmental factors on gut microbial communities (Adamovsky et al., 2018; Evariste et al., 2019; Duperron et al., 2020). Before assessing the effects of environmental factors on gut microbial communities, one needs to identify the dominant process of how the environment influences gut microbes.
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FIGURE 1. A general framework for understanding aquatic animal gut microbiota dynamics.


Previous work identified that gut microbial composition was highly influenced by species and diet as well as by the environment (Sullam et al., 2012; Wong and Rawls, 2012; Vasemägi et al., 2017; Adamovsky et al., 2018), and the colonized gut microbiota was governed by both deterministic and neutral processes (Heys et al., 2020). To identify the dominant process by which the environment influences gut microbes, the current study aimed to quantify the colonization of environmental microbes in the fish gut. Following the general introducing-then-filtering framework of gut microbial community dynamics (Figure 1), we hypothesize that, for adult fishes, gut microbial communities are dominated by the introduction of environmental microbes. In other words, in adult fish, gut microbial communities are mainly transient rather than resident. Then, to test our hypothesis, we used a case study to (1) quantify the proportion of gut microbes that shared with environmental microbial community, (2) quantify the proportion of environmental microbes that shared with gut microbial community, (3) quantify the proportion of core (i.e., resident) gut microbes in pan (i.e., whole) gut microbes; and (4) identify the main factors influencing gut microbes by comparing the structure of the water environmental microbial community and the gut microbial community in 10 wild fish populations from the Wuhan section of the Yangtze River.



MATERIALS AND METHODS


Study Area

The Yangtze River is the third longest large river ecosystem in the world, with a length of more than 6300 km and a catchment area of 1.8 × 106 km2. From the headwater to the estuary, the river crosses four climatic zones and has an elevation difference of 5400 m. Supported by the diversity of climate, hydrology and habitat, there is rich aquatic biodiversity, with more than 400 fish species and subspecies, of which 45% are endemic (Zhang et al., 2020a). Fishes in the Yangtze River support approximately 60% of inland fish production in China (Zhang et al., 2020b). Driven by various anthropogenic stressors, such as damming, legal overfishing and illegal fishing, water pollution, the reclamation of lakes for farmland, the isolation of lakes from rivers, waterway channel construction and vessel navigation, wild fish stocks have dramatically decreased and fish biodiversity has obviously decreased in past decades (Zhang et al., 2020a,b). In 2019, a 10-year comprehensive fishing ban was implemented in the Yangtze River and its key tributaries (Zhang et al., 2020c). It is estimated that fish stock in the Yangtze River will increase in future annuals (Zhang et al., 2020b). Understanding the mechanism by which environmental stressors affect recovering fish communities via key elements of gut microbes is critical.



Sampling Procedures

On September 12 to 28 of 2020, we caught the fishes of Leiocassis crassilabris, Leiocassis longirostris, Pelteobagrus vachelli, Silurus asotus, Hypophthalmichthys molitrix, Aristichthys nobilis, Coreius heterodon, Xenocypris argentea, Siniperca chuatsi, and Coilia brachygnathus (Table 1) using a floating gill net in a transect of the Yangtze River (N30°34′14′′, E114°38′36′′) located in Shuangliu town, Xinzhou district, Wuhan city, Hubei province, PRC. These fishes were kept in an ice bath and carried to our lab. All individuals were dissected, and then, approximately 0.5 g of the gut (including gut contents) was sampled aseptically. The guts from multiple individuals were pooled into one sample, especially for the small individuals. At least three replicates per species were collected, and the samples were frozen on dry ice and then stored at –80°C until DNA extraction.


TABLE 1. The 10 fish species in the current study.

[image: Table 1]
Along with fish catching, a 1.5-L surface water sample was collected using a 1.5-L sterilized bottle (rinsed three times with sampling water) each day. Because keeping the samples cool can reduce the rate of eDNA decay and is a convenient and efficient method for conserving eDNA samples (Sales et al., 2019), water samples were transported in an ice bath (0°C) to the lab each day. To obtain the eDNA of the microbial communities (Eichmiller et al., 2016; Li et al., 2018), water samples (with purified water used as a negative control) were filtered by using 0.2-μm membrane filters (JinTeng, Tianjin, PRC) to obtain the eDNA sample in the laboratory. Subsequently, the filter membranes of each water sample were placed in a 50-mL sterilized centrifuge tube. The samples were transported at –20°C (in a dry ice bath) and stored at –80°C until DNA extraction.



DNA Extraction and Sequence Analysis

Here, we analyzed the microbial communities using metabarcoding of 16S rRNA, restricted the amplified fragment length to 300–500 bp and selected the primer 338F/806R (Yang et al., 2020, 2021). Our samples (both gut samples and water eDNA samples) were processed by Shanghai Majorbio Bio-pharm Technology Co., Ltd. (Shanghai, China), and our data were analyzed on the free online Majorbio Cloud Platform1. The technical details of DNA extraction, sequencing and data processing were described in our previous work (Yang et al., 2020, 2021). The data that support the findings of this study have been deposited into CNGB Sequence Archive (CNSA) of China National GeneBank DataBase (CNGBdb) with accession number CNP0002410, CNP0002411.



Statistical Analysis

The raw sequence data of each sample was analyzed on the Majorbio Cloud Platform, and the operational taxonomic unit (OTU), the sequence number of each OTU, and the taxonomic features of each sample were obtained. Subsequently, the sample size, sequence number, OTU number and other sequence characteristics of each sample of ten species group and water environment group were calculated. Additionally, the rarefaction curves of each species group and water environment group at the OTU level were calculated. The OTUs accumulation curves of each species group and water environment, group were calculated. Alpha diversity analysis, including analysis of the Sobs and Chao richness index and Invsimpson and Shannon diversity index at the OTU level, was conducted to reveal the variation in all group samples. NMDS (Non-metric multidimensional scaling) analysis, PLS-DA (Partial Least Squares Discriminant Analysis) and ANOSIM (analysis of similarities) on the samples of all species groups were processed at OTU level to reveal the dissimilarity among the samples of all groups. We defined shared microbial OTUs between fish gut microbes and water environmental microbes as the OTUs appearing in both fish gut microbial community and water environmental microbial community. In each fish gut sample and in each species group, the proportion of gut microbes that shared with water environmental microbial community at the OTU level was calculated to reveal the influence of water environmental microbes on fish gut microbial community. The proportion of water environmental microbes that shared with gut microbial community of each species group at the OTU level and species level was calculated to reveal the introduction capacity of water environmental microbes into the fish gut. The proportion of core gut microbes (indicating resident gut microbes) in the pan gut microbes (indicating whole-gut microbes, including resident and transient gut microbes) at the OTU level and species level was calculated to identify the dominant process in the gut microbial community. The core gut microbes are identified as the OTUs/species that are detected in all gut microbial samples of a fish species group, and were estimated using the core analysis (the curve of shared microbial OTUs/species number vs. sample number) and the power regression equation fitting. The pan gut microbes are identified as the OTUs/species that are detected in any gut microbial sample of a fish species, and were estimated using the pan analysis (the curve of total microbial OTUs/species number vs. sample number) and the power regression equation fitting of new OTUs/species number for a next sample. Community composition analysis and a community heatmap showing the 200 most abundant species in the bacterial communities of each species group and water environment group were conducted to reveal the similarity of groups based on their microbial communities.




RESULTS


Samples Characteristics

A total of 10,477,369 clean sequences were obtained from 168 adult fish gut samples of the 10 species groups and 13 samples of the 1 water environment group (more details in Supplementary Table 1). A total of 15,640 OTUs were detected among these sequences, which belonged to 3 kingdoms, 67 phyla, 198 classes, 500 orders, 860 families, 1977 genera and 4393 species (more details in Supporting Information 2_OTU Table). The rarefaction curve of each sample at the OTU level indicated that the sequence depth was almost sufficient (Supplementary Figure 1). The OTUs accumulation curves of each group indicated that OTUs would increase along with the increase of samples (Supplementary Figure 2). The microbial community richness and diversity of each sample were highly variable among species groups and water environment group (Figure 2 and Supplementary Figure 3). These variations were at both the individual sample level and the species group level (Figure 2 and Supplementary Figure 3). The dominant genera of gut microbial community were cetobacterium, Clostridium, Acinetobacter, Mycoplasma, Ralstonia, Plesiomonas, an unclassified genus in peptostreptococcaceae, an unclassified genus in vibrionaceae, and an unclassified genus in clostridiaceae (more details in Supplementary Figure 4 and Supporting Information 3_Dominant Microbial Genera). There was obvious dissimilarity between fish gut microbial community and water environment microbial community (Supplementary Figures 5–7).
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FIGURE 2. The microbial community richness and diversity of each group. Ten fish species groups of Leiocassis crassilabris (L.C.), Leiocassis longirostris (L.L.), Pelteobagrus vachelli (P.V.), Silurus asotus (S.A.), Hypophthalmichthys molitrix (H.M.), Aristichthys nobilis (A.N.), Coreius heterodon (C.H.), Xenocypris argentea (X.A.), Siniperca chuatsi (S.C.), Coilia brachygnathus (C.B.) and one water environment sample group at the Wuhan transect of the Yangtze River (WHW).




Influence of Water Environmental Microbes on Fish Gut Microbes

For each fish individual, nearly 80% (78.8∼81.5%, CI = 0.95) of the fish gut microbes (at the OTU level) were shared with water environmental microbes, although there was individual variation (Figure 3A). The proportions of the gut microbes (at the OTU level) that shared with water environmental microbes in Siniperca chuatsi and Coilia brachygnathus (both are pelagic piscivorous fish) individuals were lower than those in individuals of other fish species, with a value of only approximately 74%. For fish species, more than 60% of fish gut microbes (at the OTU level) were shared with water environmental microbes, except for Xenocypris argentea (only 55%), which is a bottom scraper (Figure 3B and Supplementary Figure 8).
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FIGURE 3. Proportion of gut microbes for each fish individual (A) and each fish species (B) that shared with water environmental microbial community at the OTU level. Ten fish species groups of Leiocassis crassilabris (L.C.), Leiocassis longirostris (L.L.), Pelteobagrus vachelli (P.V.), Silurus asotus (S.A.), Hypophthalmichthys molitrix (H.M.), Aristichthys nobilis (A.N.), Coreius heterodon (C.H.), Xenocypris argentea (X.A.), Siniperca chuatsi (S.C.), and Coilia brachygnathus (C.B.).




Introduction of Water Environmental Microbes Into the Fish Gut

The proportion of water environmental microbes shared with gut microbes was in direct proportion to fish gut microbes at both the OTU level and the species level (Figure 4). In other words, in a fish with richer fish gut microbes, a higher capacity of water environmental microbes were introduced into the fish gut microbial community. For a species, a higher capacity to take and keep microbes drives more water environmental microbes to be introduced into the gut. For the bottom scraper, Xenocypris argentea, compared with the community richness of gut microbiota, there was a relatively low proportion of water environmental microbes introduced into the fish gut (Figure 4). Comparing the microbial OTUs and species between total fish gut microbes and total water environment microbes, nearly 79% of OTUs and 89% of species of water environment microbes were introduced into the fish gut.
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FIGURE 4. Proportion of water environmental microbes shared with gut microbes. X.A. refers to the fish species group of Xenocypris argentea.




Resident Microbes in Fish Guts

Less than 5% of OTUs (in 86% of individuals) and species (in 77% of individuals) were the core (resident) microbes of the corresponding species group, although there were individual variations and species differences (Figure 5 and Supplementary Figure 9). Moreover, in the pan (including resident and transient) microbes of each species group, less than 1% of OTUs and species were identified to be core (resident) microbes, although there was a species difference (Table 2). The individuals and species of Xenocypris argentea and Aristichthys nobilis had the lowest gut microbial residence rates (Figure 5, Supplementary Figure 9, and Table 2). The individuals and species of Leiocassis crassilabris, Leiocassis longirostris, and Silurus asotus had the highest gut microbial residence rates (Figure 5, Supplementary Figure 9, and Table 2).
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FIGURE 5. The proportion of core (resident) gut microbes in the gut microbial community of each fish species group (CI = 0.95). Ten fish species groups of Leiocassis crassilabris (L.C.), Leiocassis longirostris (L.L.), Pelteobagrus vachelli (P.V.), Silurus asotus (S.A.), Hypophthalmichthys molitrix (H.M.), Aristichthys nobilis (A.N.), Coreius heterodon (C.H.), Xenocypris argentea (X.A.), Siniperca chuatsi (S.C.), and Coilia brachygnathus (C.B.).



TABLE 2. The proportion of core (resident) gut microbes in the pan (including resident and transient) gut microbes of the corresponding fish species group.
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Gut Bacterial Community Similarity Among Fish Species Groups

The result of PLS-DA on the microbial community of all samples showed that the samples of Leiocassis crassilabris, Leiocassis longirostris, Pelteobagrus vachelli, Silurus asotus (bottom predators), and Siniperca chuatsi (pelagic predator) had the highest similarity, and then Coilia brachygnathus (pelagic predator) and Aristichthys nobilis (pelagic planktivore) (Supplementary Figure 7). The samples of Hypophthalmichthys molitrix, Coreius heterodon, and Xenocypris argentea (phytophagy-related fishes) were obviously dissimilar with those samples (Supplementary Figure 7). Moreover, the community heatmap analysis showed that the species group of Siniperca chuatsi and the species group of Coilia brachygnathus (both are pelagic piscivorous fish) had similar gut microbial communities (Figure 6). The species groups Hypophthalmichthys molitrix, Coreius heterodon, Xenocypris argentea, and Aristichthys nobilis (all feed on plants more or less) had similar gut microbial communities (Figure 6). The species groups Leiocassis longirostris, Pelteobagrus vachelli, Leiocassis crassilabris, and Silurus asotus (all bottom predators) had similar gut microbial communities (Figure 6).
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FIGURE 6. Community heatmap of the 200 most abundant species in the bacterial communities of each fish species group and water environment group. Ten fish species groups of Leiocassis crassilabris (L.C.), Leiocassis longirostris (L.L.), Pelteobagrus vachelli (P.V.), Silurus asotus (S.A.), Hypophthalmichthys molitrix (H.M.), Aristichthys nobilis (A.N.), Coreius heterodon (C.H.), Xenocypris argentea (X.A.), Siniperca chuatsi (S.C.), Coilia brachygnathus (C.B.) and one water environment sample group at the Wuhan transect of the Yangtze River (WHW).





DISCUSSION


Most Microbes in the Gut Are Transient

The gut microbes of fish are classified as resident, i.e., those that colonize the host’s epithelial surface or are associated with the microvilli, or as transient, i.e., those that are associated with digesta or are present in the lumen (Ringø et al., 2016; Legrand et al., 2020). A previous work indicated that most gut microbes were transient (Heys et al., 2020). Along with host development, some transient microbes are filtered by the host gut environment (Heys et al., 2020). In the current work, we quantified the proportion of transient gut microbes at both the OTU and the species levels in 10 adult wild fishes according to estimates of the core gut microbes and pan gut microbes. In approximately 80% of individuals, more than 95% (at both the OTU and the species levels) were transient microbes (Figure 5 and Supplementary Figure 9). For each fish species, among the microbes introduced into the gut, more than 99% (at both the OTU and the species levels) were transient microbes (Table 2). Of course, there were weak individual variations and interspecific differences (Figure 5, Supplementary Figure 9, and Table 2). In other words, the gut microbial dynamic of wild adult fish was governed mainly by stochastic processes.



Transient Microbes Originated From Environmental Microbes

Transient gut microbes are driven by stochastic processes, such as the random introduction of environmental microbes to the gut environment without obvious adaptation (Heys et al., 2020), which causes the environment to shape a similar gut microbial structure (Sun et al., 2020). Water, as a microbe matrix, provides a source for the gut microbiota of host animals (Kuang et al., 2020; Sun et al., 2020; Sehnal et al., 2021). In the current work, water samples had the highest microbial community richness (Figure 2 and Supplementary Figure 3). In most individuals, approximately 80% of fish gut microbes (at the OTU level) were shared with water environmental microbes, except for individuals of Siniperca chuatsi and Coilia brachygnathus (approximately 74%) (Figure 3A). For fish species groups, more than 60% of fish gut microbes (at the OTU level) were shared with water environmental microbes (Figure 3B). Considering that OTUs would increase along with the increase of samples (Supplementary Figure 2), for some species, the proportion of shared microbes maybe overestimated in our results.

Moreover, sediment is an important microbe matrix (Kuang et al., 2020; Zhou et al., 2021) and is an important source of intestinal bacteria (Sun et al., 2019, 2020). A previous work showed that approximately 72.5 and 48.2% of gut microbial OTUs from 17 cultured species were shared with sediment and water samples, respectively (Sun et al., 2019). In the current work maybe, influenced by the introduction of sediment environmental microbiota, only 55% of the gut microbiota (at OTU level) of the bottom scraper Xenocypris argentea was shared with water environmental microbes (Figure 3B and Supplementary Figure 8). Perhaps a main part of the gut microbiota of the bottom scraper was shared with sediment environmental microbes.



Introduction of Environmental Microbes Relies on Feeding Habits

Environmental microbes are introduced into the host gut, always with the diet (Kuang et al., 2020; Zhang et al., 2021a; Zhou et al., 2021). Therefore, there were significant differences among transient gut microbes of omnivorous, zoobenthivorous, zooplanktivorous, and piscivorous fishes (Kashinskaya et al., 2018). For pelagic organisms, especially pelagic filter-feeding fish, the water microbiota contributes to the formation of the main gut microbiota (Kuang et al., 2020). For benthonic organisms, especially bottom detritus feeders, sediment is the main source of the bacteria contributing to the formation of the gut microbial community (Zhang et al., 2021a; Zhou et al., 2021). In other words, for certain fish, only certain environmental microbes can be introduced into the gut. Consequently, gut (transient) microbiomes always cluster based on diet, regardless of species (Xing et al., 2013; Kashinskaya et al., 2018; Pratte et al., 2018; Riiser et al., 2020). In reef fish, the gut microbiomes of herbivores are similar to those of omnivore microbiomes and then carnivore microbiomes (Pratte et al., 2018). Due to the propensity of omnivorous fish to consume small invertebrates and plants, the gut microbes of omnivorous fish are similar to planktonic and invertebrate microbial communities (Sullam et al., 2012; Sehnal et al., 2021). In the current work, the gut microbes of Leiocassis crassilabris, Leiocassis longirostris, Pelteobagrus vachelli (bagridae, bottom predators) had the same dominant genera (Supplementary Figure 4). Chloroplast was one of the dominant parts in the guts of Hypophthalmichthys molitrix, Aristichthys nobilis, Coreius heterodon, Xenocypris argentea (phytophagy-related fishes) (Supplementary Figure 4). PLS-DA result showed that bottom predators had the highest similarity, and then was similar with the pelagic predators, the pelagic planktivore, and the phytophagy-related fishes (Supplementary Figure 7). The community heatmap analysis showed that two pelagic piscivorous fishes were clustered as a group, four more-or-less-plants-feeding fishes were clustered as a group, and four bottom predators were clustered as a group (Figure 6). These results verified that the gut microbes of these wild fishes relied mainly on feeding habits.

Driven by the introduction of environmental microbes that rely on feeding habits, omnivores and filter feeders always have high gut microbial community richness and diversity. Considering that sediment is an important microbe matrix (Kuang et al., 2020; Zhou et al., 2021), bottom omnivores, scrapers and detritus feeders have a high gut microbial community richness and diversity (Sun and Xu, 2021). In the current work, the gut microbiota of Xenocypris argentea (a bottom scraper) had the highest community richness, followed by the gut microbiota of Coreius heterodon, Hypophthalmichthys molitrix, and Aristichthys nobilis (Figure 2 and Supplementary Figure 2). The gut microbiota of Leiocassis crassilabris, Leiocassis longirostris, Pelteobagrus vachelli, Silurus asotus, Siniperca chuatsi, and Coilia brachygnathus had similar and the lowest community richness (Figure 2 and Supplementary Figure 2). Because that Siniperca chuatsi and Coilia brachygnathus were pelagic predators, and that Leiocassis crassilabris, Leiocassis longirostris, Pelteobagrus vachelli, and Silurus asotus were bottom predators, they clustered as two groups (Figure 6).



Monitoring and Managing Environmental Microbes to Conserve Aquatic Animals

The gut microbiota is tightly linked to host health and profoundly influenced by the environmental microbiota (Butt and Volkoff, 2019; Sehnal et al., 2021). The current work estimated that in approximately 80% of individuals, more than 95% of microbes were transient (Figure 5 and Supplementary Figure 9), and approximately 80% of the microbial composition was shared with the environmental microbial community (Figure 3A). Moreover, fish gut microbes can be dispersed to the surrounding water (Burns et al., 2017; Troussellier et al., 2017). Monitoring and managing the environmental microbial community is a form of indirectly monitoring and managing aquatic animal gut microbial communities and indirectly monitoring and managing aquatic animal health. As environmental microbial communities respond rapidly (even in hours or days) to environmental disturbances (Païssé et al., 2010; Landesman and Dighton, 2011; Sehnal et al., 2021), monitoring and managing environmental microbial communities could be an active process to conserve aquatic animals.

Considering that the introduction of environmental microbes relies on feeding habits and that certain environmental microbes are introduced into certain fish gut, environmental microbial community monitoring should include different habits, such as surface water, middle-layer water, bottom water, sediment, plants and detritus. Because of the gut microbial functional profiles shaped by the intestinal environment (Sun and Xu, 2021), microbial structure would vary with hosts and environments. Would this impact the effectiveness of monitoring and managing the environmental microbial community to conserve aquatic animal health? We need more research. Of course, environmental microbial community monitoring and management support not only aquatic animal conservation but also ecosystem health conservation (Sehnal et al., 2021). Because of technical progress in high-throughput sequencing and microbiota data analysis, environmental microbiota would be useful and general indicators of host and ecosystem health in the future (Sehnal et al., 2021).



Quantification Variation of Gut Microbial Community Characteristics

The quantification of gut microbial community characteristics maybe vary with samples, seasons, environments and hosts. In adult fish, resident microbes are present mainly on mucosal surfaces and are governed mainly by the host, and transient microbes are largely present in the digesta and are influenced mainly by diet (Ringø et al., 2016; Kashinskaya et al., 2018; Legrand et al., 2020). Therefore, the gut samples with contents would detect more transient microbes than the gut samples without contents do. Along with the seasonal variation of diet supply and environmental microbial community in aquatic ecosystem (Element et al., 2020; Yang et al., 2021), the microbial quantity and assemblage that was introduced into gut would vary with seasons. Because that environmental pollutants affect gut microbiota composition (Evariste et al., 2019; Hua et al., 2021; Zhang et al., 2021b,c), the richness, diversity and structure of gut microbiota would vary with different water environmental conditions. Shaped by host gut environment (Sun and Xu, 2021), the proportion of resident/transient microbes would vary with host species.

In the current work, we take the gut samples (including gut contents) in 10 fish populations from the Wuhan section of the Yangtze River with a good water environmental condition on September. The results showed that in most individuals, approximately 80% of gut microbial OTUs were shared with the water environmental microbial community, and more than 95% of microbe species (OTUs) in the gut were transient. For fish species, more than 99% of microbe species (OTUs) that were introduced into the gut were transient. Nearly 79% of OTUs and 89% of species of water environmental microbes could be introduced into the fish gut. There were interspecific differences and individual variations. Therefore, all these quantitative descriptions of gut microbes were approximate results at the definite research design condition rather than accurate quantities for general conditions. We hoped that our results could provide a reference for future studies.

The proportions of fish gut microbes that shared with water environment microbial community in previous studies range from 4.6 to 48.2% (Borsodi et al., 2017; Sun et al., 2019; Kuang et al., 2020; Meng et al., 2021). In the current work, the proportion is approximately 80% for each wild adult fish individual, more than 60% for each species group (except for Xenocypris argentea, only 55%). It seems that these variations are enormous, but understandable. In the case that derived the proportion of 4.6% from one water sample and one hindgut content sample of Aristichthys nobilis, the microbial OTUs in water and in hindgut contents respectively were 254 and 65 (Borsodi et al., 2017). In the case with 6 gut parallel samples and 9 water samples that was conducted in an unfed aquaculture reservoir, nearly 13% of gut microbes of Hypophthalmichthys molitrix and Aristichthys nobilis were shared with the water (Kuang et al., 2020). In the case with 3 gut parallel samples and 3 water samples that was conducted in aquaculture pond systems, approximately 36% of gut microbes of Hypophthalmichthys molitrix and Aristichthys nobilis were shared with the water (Meng et al., 2021). In the case with 17 gut samples, 12 water samples and 13 sediment samples that was conducted in seawater aquaculture pond systems, approximately 48% of the gut microbes were shared with the water and nearly 73% of the gut microbes were shared with the sediment (Sun et al., 2019). Comparing with the current work, there were relative lower water microbial richness and gut microbial richness in these previous studies (Borsodi et al., 2017; Sun et al., 2019; Kuang et al., 2020; Meng et al., 2021), which was probably driven by insufficient parallel samples or definite aquaculture environment and then resulted in the underestimated or low proportion of gut microbes that shared with water environment microbial community. It should be noted that the shared gut microbes proportion for each species group (Supplementary Figure 8) maybe overestimated in our results, because that the gut microbes richness of part of fish species groups was seriously underestimated (Supplementary Figure 2).




CONCLUSION

In adult fish, for most individuals, more than 95% microbes (at both the OTU and the species levels) were transient, and the gut microbiota dynamic was governed mainly by stochastic introduction processes. Following the continuous random microbes introduced from the environment into the gut, in each individual, approximately 80% of fish gut microbes (at the OTU level) were shared with water environmental microbes, except for individuals of Siniperca chuatsi and Coilia brachygnathus (approximately 74%). As the microbe introduction process was tightly linked to fish feeding habits, only a certain portion of environmental microbes could be introduced into the fish gut, and fishes with similar feeding habits had a similar gut microbial structure. To sensitively monitor and actively manage aquatic animal health under anthropogenic and natural disturbance, we could use the water and sediment environmental microbial community as an early warning index.
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Most animals co-exist with diverse host-associated microbial organisms that often form complex communities varying between individuals, habitats, species and higher taxonomic levels. Factors driving variation in the diversity of host-associated microbes are complex and still poorly understood. Here, we describe the bacterial composition of field-collected Hydra, a freshwater cnidarian that forms stable associations with microbial species in the laboratory and displays complex interactions with components of the microbiota. We sampled Hydra polyps from 21 Central European water bodies and identified bacterial taxa through 16S rRNA sequencing. We asked whether diversity and taxonomic composition of host-associated bacteria depends on sampling location, habitat type, host species or host reproductive mode (sexual vs. asexual). Bacterial diversity was most strongly explained by sampling location, suggesting that the source environment plays an important role in the assembly of bacterial communities associated with Hydra polyps. We also found significant differences between host species in their bacterial composition that partly mirrored variations observed in lab strains. Furthermore, we detected a minor effect of host reproductive mode on bacterial diversity. Overall, our results suggest that extrinsic (habitat identity) factors predict the diversity of host-associated bacterial communities more strongly than intrinsic (species identity) factors, however, only a combination of both factors determines microbiota composition in Hydra.

Keywords: determinants of microbial community, holobiont assembly, metaorganism, ecology of microbial communities, host-microbe balance/interaction


INTRODUCTION

The microbial organisms that animals coexist with [collectively known as the host associated microbiota (Berg et al., 2020)] have an increasingly recognized effect on their host (McFall-Ngai et al., 2013). The microbiota often influences host health (Shreiner et al., 2015; Rathje et al., 2020), behavior (Murillo-Rincon et al., 2017; Vuong et al., 2017), and in some cases it was shown to affect fitness-determining traits of the host, such as its growth rate, reproduction, survival and aging (Shin et al., 2011; Sison-Mangus et al., 2015; Gould et al., 2018; Popkes and Valenzano, 2020).

One of the most important aspects of the microbiota is its composition and diversity. Diversity affects the number and type of interactions that can be present in a microbial community (Coyte et al., 2015) and influence tripartite interactions between the host, microbiota and pathogens (Fraune et al., 2015; Harrison et al., 2019). Furthermore, diversity can affect the stability of microbial communities and their resilience to perturbation (Vieira-Silva et al., 2016) and reduction in diversity often leads to dysbiosis in response to environmental stressors or host diet changes (Infante-Villamil et al., 2020). Therefore, understanding the factors that determine microbial diversity in natural populations is key to explain variation in host physiology.

In natural populations, the diversity and composition of host-associated microbes is affected by several factors, such as host diet (Sullam et al., 2015; Lutz et al., 2019; Youngblut et al., 2019), host genotype and population genetic diversity (Sullam et al., 2015; Griffiths et al., 2018; Webster et al., 2018), features of the habitat, such as salinity (Schmidt et al., 2015; Mortzfeld et al., 2016), water temperature (Vargas et al., 2021), or pH (Sylvain et al., 2016), as well as geography (Llewellyn et al., 2016; Mortzfeld et al., 2016) and climate (Kueneman et al., 2019; Woodhams et al., 2020). However, the importance of these factors is only recently starting to be revealed and the mechanisms driving variation in microbial diversity are still poorly understood. Crucially, accumulating evidence indicates that the relative importance of these factors might vary among taxa. For instance, host evolutionary history was found to be a strong driver of microbial diversity in a range of animal groups from sponges and corals to various vertebrate groups (Franzenburg et al., 2013; Easson and Thacker, 2014; Pollock et al., 2018; Youngblut et al., 2019). Conversely, environmental factors appear to be predominant drivers in other taxa (such as freshwater zooplankton), without any evidence for phylosymbiosis (Eckert et al., 2021).

The freshwater cnidarian Hydra coexists with a rich diversity of host-associated microbes. These microbes colonize external epithelial surfaces (Fraune et al., 2015; Deines and Bosch, 2016), inhabit intercellular spaces (Rathje et al., 2020), and in some species can even occur inside cells as endosymbionts (Fraune and Bosch, 2007). The Hydra microbiota has diverse effects on the host. Animals with their microbiota experimentally removed have reduced movement and contractility (Murillo-Rincon et al., 2017) and impaired ability to reproduce asexually (Rahat and Dimentman, 1982). Interactions between microbial components influence pattern formation (Taubenheim et al., 2020), and can induce tumor development (Rathje et al., 2020), but the presence of core microbial elements also protects the host against fungal infections (Fraune et al., 2015).

Hydra polyps actively shape the composition of their associated bacterial community through the secretion of antimicrobial peptides (Fraune et al., 2010; Franzenburg et al., 2013; Augustin et al., 2017). As a result, laboratory maintained Hydra species differ in the bacterial community (Franzenburg et al., 2013), and show long-term association with the host, partly reflecting differences observed in their natural habitats (Fraune and Bosch, 2007). Furthermore, components of the microbiota are at least partly transmitted vertically to embryos through a process controlled by maternal antimicrobial peptides (Fraune et al., 2010; Minten-Lange and Fraune, 2020), providing an opportunity for coevolution between host physiology and microbial diversity. However, factors driving variation in the microbial composition and diversity of natural Hydra populations remained so far unexplained.

Here, we aimed to understand the factors that shape bacterial diversity in natural Hydra populations. To this end, we collected Hydra polyps belonging to three different co-existing species (H. oligactis, H. vulgaris and H. circumcincta) from 21 Central European locations. We asked whether bacterial diversity in Hydra is affected by (1) sampling population ID, (2) water body type, (3) nutrient load of sampling population, (4) host species, and (5) host reproductive state. In line with previous studies (e.g., Fraune and Bosch, 2007) we predicted that the three Hydra species will be associated with distinct microbial communities and were interested in finding out how consistent these species differences are across a range of distinct populations. Furthermore, we hypothesized that the type of habitat could influence the microbial diversity from which host-associated microbial communities are assembled and therefore recorded, for each location, whether it was standing or flowing water and categorized them in terms of nutrient load: meso-eutrophic, eutrophic or hyper-eutrophic. Finally, we hypothesized that life history stage of the host (specifically, whether it was reproducing sexually or asexually) can affect the diversity of microbial taxa associated with the host because of the altered physiology associated with sexual reproduction. In at least one of the three species (H. oligactis), sexual reproduction is associated with marked reductions in somatic maintenance functions, including loss of regeneration ability, stem cell depletion and disappearance of nematocytes (stinging cells) important for food capture (Sebestyén et al., 2018), and these physiological changes could also affect the ability to regulate host-associated microbes.

We found that the sampling site (population) has the strongest effect on α- and β-diversity, followed by the type of the water body, while the host factors (species and reproduction mode) had a much weaker, but consistent effect on the bacterial diversities. The results showed that environmental factors were most strongly associated with changes in the microbial community while the bacterial communities still specifically reflect the host species.



MATERIALS AND METHODS


Field Sampling

Samples were collected from 21 water bodies (20 located in Hungary, 1 in Romania; Table 1), between 7th November and 27th November 2019. At each location we collected Hydra from multiple locations that were at least 2 m distance from each other.


TABLE 1. Location, sample size, type and trophic state of water bodies from which Hydra polyps were collected[1].

[image: Table 1]
Hydra sampling sites were categorized as standing (lakes) or flowing (rivers, creeks and canals) water bodies. Furthermore, we also categorized trophic level of water bodies as mesoeutrophic, eutrophic or hypereutrophic based on personal observations of the presence of algal blooms and macrophyte cover during the vegetation period, proximity to agricultural areas and hence exposure to agricultural run-off and involvement of the water bodies in commercial fishing and angling activities. In the hypereutrophic category, there is usually a significant nutrient load (mostly nutrients from agricultural areas and nutrients from fish farming) which can result in frequent and significant algal blooms. In water bodies of the eutrophic category, algal blooms are common, but the nutrient load is not so high (mainly nutrients from fish farming and fishing). In waters belonging to the mesotrophic category, algal blooms are occasionally observed with lower nutrient load.

We located Hydra by placing small pieces of aquatic macrophytes into sterile plastic containers. Polyps found attached to these pieces of vegetation were gently removed with an automatic pipette and a sterile tip on the collection site, placed individually into sterile Eppendorf tubes and brought to the laboratory on the day of collection in a cool box.

In the laboratory, each polyp was visually inspected under a stereo microscope (Euromex Stereoblue), while still in the Eppendorf tube. We tentatively assigned species identity of Hydra polyps based on visual inspection of morphological characters (type and shape of gonads, tentacle length and appearance in asexual buds). We also categorized polyps into the following groups: asexual (having at least a bud), sexual male (with mature testes), sexual female (with mature ovaries), sexual immature (with a distinct yellow swelling on the body column but without clearly developed testes or ovaries) or non-reproductive (without buds or gonads; Sebestyén et al., 2018; Miklós et al., 2021).

DNA was extracted from whole polyps that were first gently washed with filtered lake water to remove debris attached to the polyps. Isolating DNA from whole polyps implies that for each Hydra individual we sampled bacteria located inside the gut cavity, on the outer surface of the polyps and those located within the tissue (all of which are known to host components of the microbiota). Furthermore, this also means that microbes only transiently associated with the host (e.g., originating from the food items ingested by Hydra, from the surrounding water or from the biofilms covering the macrophytes to which polyps attach) could also be detected.

After washing, polyps were frozen at −80°C and DNA extraction followed within 1 week of sample collection, using a chloroform/isoamyl alcohol extraction method [detailed description of extraction protocol described in supplementary of Miklós et al. (2021)]. From the extracts, 5 μl was used for 16S sequencing (see below for details). To further verify Hydra species identity, we also performed a PCR reaction on each of the samples with primers specific for Hydra vulgaris HSP70 (Steele et al., 1996). PCR reactions were performed at two temperatures: 56 and 64°C. This primer pair gives a clear signal on both temperatures for H. vulgaris, while no signal is detected in H. circumcincta. In H. oligactis, a clear PCR product is only detected at 56°C. The final species identity assigned to samples is the consensus of visual inspection and PCR results.



16S rRNA Gene Amplicon Sequencing

The 16S rRNA gene was amplified using uniquely bar-coded primers flanking the V1 and V2 hypervariable region (27F–338R) with fused MiSeq adapters and heterogeneity spacers in a 25-μl PCR (Fadrosh et al., 2014). For the traditional one-step PCR protocol, we used 4 μl of each forward and reverse primer (0.28 μM), 0.5 μl dNTPs (200 μM each), 0.25 μl Phusion Hot Start II High-Fidelity DNA Polymerase (0.5 Us), 5 μl of HF buffer (Thermo Fisher Scientific, Inc., Waltham, MA, United States), and 1 μl of undiluted DNA. PCRs were conducted with the following cycling conditions [98°C, 30 s; 30 × (98°C, 9 s; 55°C, 60 s; 72°C, 90 s); 72°C, 10 min; 10°C, infinity] and checked on a 1.5% agarose gel. The concentration of the amplicons was estimated using a GelDoc™XR + System coupled with Image Lab™Software (BioRad, Hercules, CA, United States) with 3 μl of O’GeneRulerTM100 bp Plus DNA Ladder (Thermo Fisher Scientific, Inc., Waltham, MA, United States) as the internal standard for band intensity measurement. The samples of individual gels were pooled into approximately equimolar sub-pools as indicated by band intensity and measured with the Qubit dsDNA br Assay Kit (Life Technologies GmbH, Darmstadt, Germany). Sub-pools were mixed in an equimolar fashion and stored at −20°C until sequencing.

Library preparation for shotgun sequencing was performed using the NexteraXT kit (Illumina) for fragmentation and multiplexing of input DNA following the manufacturer’s instructions. Amplicon sequencing was performed on the Illumina MiSeq platform with v3 chemistry (2 × 300 cycle kit), while shotgun sequencing was performed on an Illumina NextSeq 500 platform via 2 bp × 150 bp Mid Output Kit at the IKMB Sequencing Center (CAU Kiel, Germany).



Data Analysis

The initial analysis 16S-sequencing reads was performed in the Qiime2 framework v2020.8.0 (Bolyen et al., 2019). Adapter trimming was done using Qiime2’s cutadapt (Martin, 2011) with following adapters: fwd: AGRGTTYGATYMTGGCTCAG, rev: TGCTGCCTCCCGTAGGAGT. Surviving reads were required to have a minimum length of 20 bp, all other settings were left to defaults. For denoising we employed the Qiime2 DADA2 plugin (Callahan et al., 2016) using following settings: “–p-trunc-len-f 290 –p-trunc-len-r 235 –p-trunc-q 10 –p-trim-left-f 9 –p-trim-left-r 9.” The resulting representative sequences were used to annotate bacterial taxonomy by using the feature-classifier classify-consensus-blast tool of qiime2 (Camacho et al., 2009) against the SILVA132 database (Yilmaz et al., 2014) using default settings. Furthermore, phylogenetic relationships between ESVs were inferred using the mafft and fasttree implementation (Katoh, 2002; Price et al., 2009) of Qiime2 using default settings. After trimming, denoising, phylogenetic and taxonomic annotation we exported the results and used the R statistical programming language v4.1.0 to analyze and plot the data (R Core Team, 2021).

Samples were filtered for sequencing depth and samples with less than 3,368 read counts were removed (14 in total). The threshold is the result of different filtering steps we have taken. First we filtered for rare ESVs, by removing all ESVs which contributed less than 1% overall sequencing reads per sample and were not found in at least 3 samples in total. We then used a data driven threshold to remove the samples we considered outlier by calculating the logarithm of the read-counts per sample and scaling the data. Checking the distribution of these transformed and scaled read-counts revealed a rather heavy tail on the left hand side, so we decided to symmetrize the data by removing all samples which were smaller than −1 × max(scaled(log(read-counts))). Afterward we excluded again all ESVs which had no reads in the remaining samples. After that we checked for rarefraction curves in the low count samples and detected no major issues with sampling, but were uneasy with samples which remained in the data set and had read-counts as low as 888 in total. We thus decided to remove the lower 5% of the samples, resulting in a threshold of exactly 3,368 reads. This procedure resulted in a total of 1,864 ESVs (from 11,290) and a total of 94.86% of the initial sequencing reads remaining in the data set. 16S sequences and annotation can be found in Supplementary Tables 1, 2.

For general data handling and plotting we used the data.table v1.14.0, ggplot2 v3.3.5 and cowplot packages, respectively (Wickham, 2016; Wilke, 2020; Dowle and Srinivasan, 2021). For β-diversity calculations we normalized and variance stabilization transformed the raw read count data using the vst() function of the DESeq2 package v.1.32.0 (Love et al., 2014), while α-diversity was calculated directly on the raw read count matrix. To avoid infinity values by log-transformation during data normalization we added a single read count to every field in the read count matrix. Since variance stabilizing transformation results in negative entries of the read count matrix, we shifted the whole matrix to only positive values by addition of −1 × min(v) where v is the vector of the flattened matrix. α- and β-diversity measures were calculated using the functionality of the phyloseq and vegan packages (McMurdie and Holmes, 2013; Oksanen et al., 2020). After testing for several measures for α- and β-diversity (data not shown) we obtained best results with the Shannon index for α-diversity and Bray–Curtis dissimilarity for β-diversity and used these measures throughout the study. UMAP ordination were calculated on the β-diversity measures using the umap() function of the umap v0.2.7.0 package (Konopka, 2020), employing the dist-option, while PCA calculation where performed on the same data using the base package prcomp() function, employing scaling and centering. Since we did not rarefy the read counts prior to analysis of alpha diversity, we tested the difference of rarefraction analysis compared to raw species count (Chao1) and Shannon index calculation (Supplementary Figure 1) by calculating rarefied samples using the functionality of the vegan package. Basic statistical analyses were performed with the R base package (linear models, Kruskal–Wallis tests) while PERMANOVA on the β-diversity was performed using the adonis2() function implemented in the vegan package. For the PERMANOVA tests, we regarded population (PopID) as random factor within the permutation block design and the method for testing was the “Terms”-option—equivalent to type I ANOVA tests on main effects. Since type I tests for ANOVA analysis are sensitive to order of appearance in the design formula, we tested several models switching each factor to the last position of the formula to check its significant association to the data.

Linear mixed models and statistical testing was performed using the lme4 v1.1.27.1, lmerTest 3.1.3, car v3.0.11 and lsmeans v2.30.0 packages (Bates et al., 2015; Lenth, 2016; Kuznetsova et al., 2017; Fox and Weisberg, 2019). All models were checked for normal distribution of error terms and random factor coefficients as well as for improved data explanation compared to the null-model. Furthermore, all models use all tested factors as explanatory variables and the population (PopID) as random effect.

Differentially abundant species were calculated using the DESeq2 package v.1.32.0 with default settings and following the design formula: “∼reproduction mode + species + nutrient load + water body type.” Bacteria were regarded as differential abundant when the adjusted p-value was smaller 0.05 and the fold change of read counts was at least twofold (absolute log2 fold change > 1). DESeq2 was chosen for calculation of indicator species for twofold reasons: On the one hand recent comparative studies suggests that DESeq2 is suitable for handling different sample sizes much better than rarifying or fraction based analysis (McMurdie and Holmes, 2014) while being more sensitive with good error control rate if compared to other common methods (Nearing et al., 2021). On the other hand, we tested several methods (LefSe, Ancom2, Simmer) with our data set and found DESeq2 to be the only one sensitive and performant enough to report reasonable results.

For all analyses, p-value adjustments were performed by the method of false discovery rate correction (Benjamini and Hochberg, 1995).

Relative abundance per condition is the fraction of sample weighted read counts summed by members of each bacterial order. This results in contributions from 0–1 where each sample contributes equally to the fraction calculated.




RESULTS


Microbial Diversity in Three Different Hydra Species in the Field

In 2019, we sampled 265 (251 after quality filtering) Hydra polyps from 21 different locations in Hungary and Romania (Figure 1 and Table 1). Within this sampling effort, we took samples from 12 oxbow lakes, 1 lake, 3 rivers, 3 creeks and 3 canals (Table 1) within a geographic range of about 460 km (Figure 1). Overall, we identified polyps from three different coexisting species: Hydra oligactis, Hydra vulgaris and Hydra circumcincta. While Hydra oligactis could be detected in 20 water bodies, Hydra vulgaris was found in nine and Hydra circumcincta in four locations. Independent of the trophic state of the water body in almost all sampled habitats, Hydra oligactis was the dominant species. Only in two lakes (M89 and M90) we detected an even presence of all three species.
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FIGURE 1. Map showing sampling locations and proportion of Hydra species. The inset shows the geographic location of the sampling area in the Europe map. The pie charts represent the proportion of species detected in each water body.


To evaluate the factors contributing to the diversity of bacterial colonization in Hydra, we extracted DNA from all sampled Hydra polyps and compared their associated microbiota by 16S rRNA sequencing. PC and UMAP clustering analyses revealed that the microbial diversity of Hydra polyps sampled is mainly influenced by population identity (Figures 2A,B and Table 2). This was also reflected in Bray–Curtis dissimilarities where polyps from different water bodies show significantly larger dissimilarities as polyps from the same water body (Figure 2C).
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FIGURE 2. Influence of population identity on bacterial colonization in Hydra. UMAP dimensionality reduction (A) and PC-analysis (B) of β-diversity (Bray–Curtis) shows separation of the samples by population, thus environmental conditions. The separation of microbial communities by population is supported by Adonis test (R2 = 0.41, p ≤ 0.001 with 999 permutations, Table 2). Bray–Curtis (C) dissimilarities within one population are generally smaller than those between populations. Furthermore, population ID is a major determinant for alpha diversity (D) (linear model on Shannon index, p ≤ 0.001, Table 3).



TABLE 2. Statistical analysis of host and environmental factors influencing bacterial diversity of Hydra.
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In addition to the differences in beta-diversity, alpha-diversity of the bacterial communities associated with Hydra polyps was also significantly affected by the population identity (Figure 2D and Supplementary Table 3). Interestingly, samples from the water bodies showing the most distinct UMAP clustering (M26, M72, M85) harbored the highest bacterial diversity estimated by chao 1 and Shannon index (Figure 2D).



Environmental Effects on Bacterial Diversity in Three Different Hydra Species

Given that population identity was the most important factor explaining differences in bacterial diversity, we analyzed the contribution of the two environmental factors “water body type” and “trophic state” of the different water bodies to explain bacterial diversity associated with Hydra polyps (Table 1).

The 21 different water bodies were clustered into two different categories—flowing (rivers, creeks and canals) and standing (lakes and oxbow lakes; Table 1). Testing the contribution of this factor to bacterial diversity associated with Hydra revealed a significant association (Figure 3 and Table 2) explaining around 4% of bacterial variation. Interestingly, Bray–Curtis dissimilarities were smallest between flowing water bodies, while dissimilarities between standing only and flowing and standing water bodies were higher (Figure 3C). This indicates that Hydra’s microbiota was more constrained in diversity in flowing water bodies as those in standing water bodies. In support of this result, polyps living in running water, like river and creek, harbor a significantly lower bacterial α-diversity, than polyps living in standing water (Figure 3D). Bacterial taxa that were more frequently present on Hydra polyps in flowing water belong to Sphingobacteriaceae, Myxobacteria and Pseudomonadales, while Betaproteobacteria were more dominant on Hydra polyps living in standing water (Supplementary Figure 2).
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FIGURE 3. Influence of water body type on bacterial colonization in Hydra. UMAP dimensionality reduction (A) and more clearly PC-analysis (B) of β-diversity (Bray–Curtis) show separation of the samples by water body type. This separation of microbial communities is supported by PERMANOVA test (R2 = 0.04, p ≤ 0.001 and R2 = 0.03, p ≤ 0.001 with 999 permutations each for univariate and multivariate PERMANOVA). Bray–Curtis (C) dissimilarities are smallest between flowing water bodies, while dissimilarities between standing only and flowing and standing water bodies are higher. In support of this result, α-diversity is significantly smaller in flowing water than in standing water bodies for α-diversity measures chao 1 and Shannon (D) (univariate linear model: p ≤ 0.001, multivariate linear mixed model on Shannon index with population ID as random effect p ≤ 0.001).


In addition to habitat type, we categorized the different sampling sites according to their trophic state into mesoeutrophic, eutrophic and hypereutrophic waters (Table 1 and Figure 4). Comparing bacterial diversity of Hydra polyps collected from environments with different trophic levels revealed a significant clustering, if the factor was tested individually (Table 2 and Figures 4A,B). In particular, Hydra associated bacterial communities from mesoeutrophic water bodies were significantly less diverse than bacterial communities associated with Hydra polyps living in eu- or hypereutrophic water bodies (Figure 4D and Supplementary Figures 3A,B). This difference was also evidenced by the fact that bacterial communities from Hydra polyps living in mesotrophic habitat were more similar to each other than to bacterial communities from polyps living in eu- or hypertrophic habitats (Figure 4C and Supplementary Figure 3). The indicator analysis revealed that bacteria belonging to Campylobacterales and Cytophagales were specifically enriched on polyps living in mesoeutrophic habitats (Supplementary Figure 3C). However, the statistical difference was lost if testing the trophic level in context of the multivariate models (Tables 2, 3), which indicates that the nutritional effect had only minor contribution to bacterial diversity. The explanatory power for bacterial diversity is probably encoded within the water body type (flowing or standing) where we detected highest correlations between factors (Supplementary Figure 6).
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FIGURE 4. Influence of trophic state of water body on bacterial colonization in Hydra. UMAP plots (A) and PC ordination (B) of β-diversity (Bray–Curtis) show separation of the samples by trophic state of the water body. Separation of microbial communities by trophic state is supported by univariate PERMANOVA (R2 = 0.05, p ≤ 0.001 with 999 permutations, Table 2) but not in multivariate PERMANOVA (R2 = 0.04, p = 0.2570, with 999 permutations, PopID as random effect, all other factors as cofactor). Bray–Curtis dissimilarities (C) are smallest between mesoeutrophic water bodies, while dissimilarities between all other pairs of trophic states are higher. This indicates that Hydra’s microbiota is more constrained in diversity in mesoeutrophic water bodies as those in standing water bodies. In support of this result, α-diversity is significantly smaller in mesoeutrophic water bodies than in eutrophic and hypereutrophic water bodies (D) in univariate linear models (R2 = 0.070, p ≤ 0.2E-4, on Shannon index). However, multivariate models do not support the influence of trophic state on bacterial diversity (linear mixed model on Shannon index with population as random effect, all other factors as cofactor, X 2 = 4.385, p = 0.112).



TABLE 3. Statistical analysis of biotic and abiotic factors determining diversity of the associated bacteria of Hydra.
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Host Effects on Bacterial Colonization in Hydra

In addition to environmental factors, host species identity also explained 4% bacterial diversity variation associated with the different Hydra polyps (Table 2). While bacterial communities associated with Hydra oligactis revealed only weak clustering, the bacterial diversity associated with H. circumcincta was highly distinct (Figures 5A,B and Supplementary Figures 4A,B). This was also demonstrated by the fact that within Bray–Curtis distances of bacterial communities associated with H. circumcincta were smallest, followed by H. vulgaris (Figure 5C). The within distances in bacterial communities associated with H. oligactis showed the highest distances, indicating a less constrained diversity of bacterial associations. A similar trend was evident from the higher alpha-diversity in H. oligactis compared to the microbiota of H. circumcincta and H. vulgaris (Figure 5D) which was also statistically supported if we correct the analysis for environmental cofactors (Table 3). Similar effects could be observed by analyzing samples from a single population separately to test the effect in environmentally similar settings. We performed PERMANOVA analysis for species effect in population M89 and M90 and found strong association of β-diversity with it, explaining up to 23% variability (Supplementary Figures 7, 8 and Supplementary Table 3). Additionally, we observed a similar trend with H. oligactis being associated with higher Shannon-indices (Supplementary Figures 7, 8), but found statistical significance only in population M90 (Supplementary Table 4). Bacterial taxa that colonized H. oligactis with higher frequency belonged to the Bacteroidia, while H. circumcincta was associated more frequently with Rickettsiales (Supplementary Figure 3). Interestingly, most bacteria that were specifically associated with one of the three species (indicator species) belonged to the Betaproteobacteria (Supplementary Figure 3).
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FIGURE 5. The influence of host species on microbial diversity in Hydra. UMAP (A) and PCA (B) ordination plots for the Bray–Curtis dissimilarity show moderate clustering of samples by species. The clustering is supported by testing for differences in Bray–Curtis dissimilarity by PERMANOVA (R2 = 0.04, p ≤ 0.001 with 999 permutations, univariate and multivariate models, Table 2). The boxplot for Bray–Curtis dissimilarity (C) shows reduced values for β-diversity within H. circumcincta samples compared to the rest, while H. oligactis seems to have largest dissimilarity values within one species, indicating that H. oligactis is able to host a more diverse microbial community than the other species. The dissimilarity between H. circumcincta and H. vulgaris is generally smaller than between the other species pairs indicating more similar microbial communities between these two species. α-diversity (D) is similarly affected by the host species (p = 0.089 and p ≤ 0.001 for univariate linear model and multivariate linear mixed model, respectively Table 3). H. circumcincta showed the lowest α-diversity, which was also significantly different compared to the other species (Supplementary Table 3).


In addition, we tested the reproduction status of the polyps and if it is influencing the microbial diversity. Reproducing animals were categorized depending on the presence of gonads (sexual), presence of reproductive buds (asexual) or absence of both (non-reproductive). In general we can say that there were only minor effects of the reproduction state which were reflected in the microbial community. Neither UMAP nor PCA clustering by reproductive mode were clearly visible (Figures 6A,B) and Bray–Curtis distances tended to be slightly smaller within non-reproductive animals as compared to all other pairs (Figure 6C). This small effect could be detected in the univariate PERMANOVA model (p = 0.0012, Table 2) while it was not recovered in the multivariate PERMANOVA (p = 0.2848, Table 2) indicating that correlations with other factors were important to explain the small differences in distances (e.g., species assignment, Supplementary Figure 6). Similarly, we observed only small effects of reproduction mode on α-diversity (Figure 6D)—where we found no support in the univariate linear model on the Shannon index (p = 0.842, Table 3). Interestingly, there was a detectable difference in the α-diversity which was assigned to reproduction in the multivariate linear mixed model (p = 0.007, Table 3), which was driven by a difference between sexual and asexual animals (Supplementary Table 3). Testing for differences in α- and β-diversity in single populations (M89 and M90) showed no significant association between reproduction and diversity measures (Supplementary Figures 7, 8 and Supplementary Tables 3, 4), except in univariate PERMANOVA in population M89. This difference was mainly driven by species differences which showed perfect co-linearity between H. circumcincta and sexual reproduction in this case (Supplementary Figure 9 and Supplementary Table 3). The bacterial composition between reproduction modes were very similar, with noticeable differences in the expansion Betaproteobacteria in non-reproductive animals, while Rickettsiales were associated in slightly higher abundance in sexual polyps, compared to the other conditions (Supplementary Figures 5A,B). Accordingly, we identified only a few indicator species, most of them belonging to the Betaproteobacteria (Supplementary Figure 5C).
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FIGURE 6. The influence of reproduction mode on microbial diversity in Hydra. UMAP (A) and PCA (B) ordination plots for the Bray–Curtis dissimilarity show no clustering of samples by reproduction mode. However, univariate PERMANOVA retrieved a significant effect of reproduction mode on β-diversity (R2 = 0.01, p = 0.0012, 999 permutations, Table 2). However, multivariate PERMANOVA results do not support a statistical effect in differences due to the mode of reproduction in Bray–Curtis dissimilarity (R2 = 0.01, p = 0.2848, 999 permutations, Table 2). Similarly, the boxplot for Bray–Curtis dissimilarity (C) shows no major difference between the different pairs of reproduction modes. However, α-diversity (D) is affected by the reproduction mode in a multivariate linear mixed model (p = 0.007, Table 3), an effect which is not supported by univariate linear models (p = 0.842, Table 3).




Abundance of Curvibacter in Field Sampled Hydra Polyps

Curvibacter bacteria are one of the most prevalent bacterial groups colonizing Hydra polyps in the laboratory (Franzenburg et al., 2013). While Curvibacter could be detected in most Hydra populations sampled, (Figure 7A) the abundance of this group of bacteria was much lower than in laboratory maintained polyps. Interestingly, the presence of Curvibacter species varies strongly within the different Hydra populations (Figure 7A), but not for the tested environmental factors: water body type and nutrient load (Figures 7B,C). The overall Curvibacter distribution to different Hydra species was consistent with results from laboratory experiments (Franzenburg et al., 2013), where H. vulgaris showed a higher prevalence of Curvibacter colonization (Figure 7D). The mode of reproduction seemed to have a small effect on the amount of Curvibacter colonization, with sexually reproducing polyps having lower amounts of Curvibacter in their microbial community (Figure 7E).
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FIGURE 7. Curvibacter, the main colonizer in laboratory strains of Hydra is consistently found in wild Hydra samples. The presence of Curvibacter species is dependent on the environmental conditions of different sampling sites (A) (Kruskal–Wallis, p < 0.001). However, nutrient load of the water (B) and type of water body (C) have no significant effect on the amount of colonizing Curvibacter (Kruskal–Wallis, p > 0.05, respectively). H. vulgaris polyps show a higher prevalence of Curvibacter colonization (D) (Kruskal–Wallis, p < 0.001). The mode of reproduction seems to have a small effect on the amount of Curvibacter colonization (E) (Kruskal–Wallis, p < 0.002). CIR, H. circumcincta; OLI, H. oligactis; VUL, H. vulgaris; ASEX, asexual reproduction; NR, non-reproductive; SEX, sexual reproduction.





DISCUSSION

Here, we investigated factors associated with changes in taxonomic diversity of host-associated microbes in three species of freshwater Hydra (Hydra oligactis, H. vulgaris and H. circumcincta) coexisting in Central European water bodies. We found that: Firstly, Hydra populations differed markedly in bacterial composition with population identity being the most important predictor of microbial α- and β-diversity. Secondly, the type of habitat explained differences in bacterial diversity. Thirdly, we detected significant differences in bacterial diversity among host species (least diverse in H. circumcincta). Fourthly, we did not find a strong effect of reproductive mode (sexual vs. asexual) associated with bacterial composition. We discuss these findings in turn below.

Source population appeared the most important factor explaining diversity of the community of microbes associated with Hydra hosts. This observation is somewhat surprising given that the geographical scope of the sampling was not very large (∼460 km between the most distant populations) and sampling locations were mostly similar habitat types (lowland freshwater bodies). Furthermore, Hydra is known to host distinct and highly specific microbe species (Fraune and Bosch, 2007; Franzenburg et al., 2013; this study) that are partly vertically transmitted from parent to offspring (Fraune et al., 2010), which might suggest that microbial composition is inherited across generations rather than being assembled from the environment. Nonetheless, microbial communities, characteristic for the different habitats seem to transiently colonize Hydra which eventually result in long-term associations with bacteria that are either added to (or replace) host-specific microbes. For instance, if functionally similar but taxonomically different microbes are present in distinct habitats, then Hydra individuals might end up with taxonomically different, but functionally very similar microbial communities. Population-specific variation in microbial composition similar to our results has been described in aquatic vertebrates and explained as the result of variation in interrelated environmental conditions such as temperature, geography, water quality and chemistry affecting the composition of local microbial communities and ultimately, host-associated microbes (reviewed in: Sehnal et al., 2021).

Additionally, population effects on microbial diversity might be further enhanced through genetic differentiation of the host (e.g., due to limited gene flow between populations). If host populations are isolated, then their ancestral microbial composition might also become differentiated due to stochastic losses and gains in microbial taxa or adaptive differences in host genetics and immunity (Chaston et al., 2016; Glasl et al., 2019; Frankel-Bricker et al., 2020). In this case, population differences in microbial composition and diversity would reflect the evolutionary history and population structure of the host. Although we cannot, at present, fully exclude this possibility, a previous study of the population genetics of H. oligactis detected very limited spatial genetic structuring among some of the populations that were also sampled in this study (Miklós et al., 2021). Therefore, we consider it unlikely that population structure or differences in host genotype could explain the site-dependence of microbial diversity.

We also have to note that some of the diversity of host-associated microbes detected in this study might stem from taxa that are only transiently associated with the host, e.g., if locally present bacterial taxa (found either in the water, the substrates to which polyps attach or the food they consume) settle on the surface or basal disk of polyps, or accumulate in their gastric cavity. This possibility could be investigated in the future through laboratory studies, e.g., by maintaining polyps sampled from different locations under similar conditions (same culture medium and food) and testing whether the differences in their microbial community persist under identical environmental conditions. However, such transiently associated taxa cannot explain the species differences observed in this study, since polyps belonging to distinct species were often collected from the same population (also see below). Furthermore, while transiently associated microbial taxa are often discounted as unimportant and most studies focus on the so-called “core” microbial community, recent research shows that such transiently associated microbial species can strongly affect the resident community (Amor et al., 2020). Therefore, we think that the population differences in microbial diversity observed by us could have important functional consequences for the host, although this idea needs to be tested experimentally in the future.

Given that sampling site identity had such an important effect on microbial diversity, what could be the driving force behind these differences? Comparing microbial diversity of Hydra polyps collected from distinct habitat types we found that trophic level and water body type (i.e., standing vs. flowing) significantly affected microbial diversity in single-predictor models, such that Hydra originating from flowing water and/or with reduced nutrient load had reduced microbial diversity. This suggests that the physical properties of the habitat or the higher nutrient content of eutrophic/hypertrophic water bodies could alter the diversity of host-associated microbes, e.g., through influencing the number of bacterial taxa and the diversity of their metabolic function that are present in these habitats and can colonize animals living therein (Dickerson and Williams, 2014; Kiersztyn et al., 2019). Similar observations have been previously made under experimentally altered nutrient loads e.g., in corals (Jessen et al., 2013; Shaver et al., 2017). However, we have to mention that clearly discerning the role of distinct habitat features in driving microbial diversity is difficult based on our data, because the two categorizations (trophic level on one hand and standing vs. flowing on the other) correlated with each other, with complete separation of factor levels in some cases (e.g., all mesoeutrophic habitats were in the flowing category). Therefore, future studies will require a more balanced sampling of distinct habitat types to clearly ascertain which feature of the habitat affects microbial diversity. On another note, it is noteworthy that the explained variability in β-diversity for water body type and trophic state is low (4% and 3%, respectively) compared to the variability which can be assigned to the population (41%), which indicates that other environmental factors contribute to the assemblage of the microbiota in Hydra than those we have assessed. Given the fact that trophic levels of the water body has a large impact on free living bacterial diversity (Dickerson and Williams, 2014; Kiersztyn et al., 2019), it seems to be less important for the Hydra associated microbiota. There could be habitat specific Bdellovibrio and like organisms (BALOs) which explain part of the changes in diversity. BALOs have been described as predatory bacteria feeding on other gram-negative bacteria (Sockett, 2009) and they have been associated with an increase in bacterial diversity if present in the microbial community of different metazoans (Johnke et al., 2020). Differences in the abundance and species prevalence of BALOs in the tested habitats might thus contribute to the diversity differences observed.

We also found that microbial diversity was significantly influenced by host species, even after controlling for host population, implying that interspecific differences are persistent. Polyps belonging to the three distinct species included in our study often co-occurred, sometimes physically very close to each other, on the same pieces of substrate. Therefore, their distinct microbiota is most likely the result of species-specific host-microbe associations. Similar consistent patterns of association between specific microbial taxa and hosts have been described in a number of animal groups from sponges to mammals (Yildirim et al., 2010; Lee et al., 2011; Carlos et al., 2013; Brooks et al., 2016; Youngblut et al., 2019), and are often evident in coexisting species of aquatic animals (Sehnal et al., 2021). Species-specific microbial composition has also been described previously for Hydra (Fraune and Bosch, 2007; Franzenburg et al., 2013). Our observations strengthen those of Fraune and Bosch (2007) on a larger sample size and wider geographical scope, involving multiple Hydra populations.

Although significant differences between host species were detected, interspecific variation was relatively low (lower than interpopulation variation). Of the three species, the smallest microbial diversity was observed in H. circumcincta and the largest in H. oligactis. Moreover, we found that H. circumcincta had a more consistent microbial composition compared to the two other species. This species is phylogenetically the most distinct of the three (Schwentner and Bosch, 2015), and is also biologically different from the rest (e.g., it is a simultaneous hermaphrodite; Reisa, 1973), offering potential explanations for their distinct microbiota. The observation of relatively low interspecific variation echoes a recent study which found limited differentiation among the microbiota of taxonomically diverse co-existing freshwater zooplankton (Eckert et al., 2021). Interestingly, while we found clearly differentiated microbiota of the three Hydra species in some populations, no such differentiation was apparent in others, suggesting that the interaction between host species and sampling site might explain microbial diversity in Hydra. Since H. oligactis was found to be the most widespread species in this study, its higher microbial diversity could be the result of exposure to more diverse environments. Alternatively, the opposite might be also true, such that a more diverse microbiota confers the host greater adaptability and colonization of more diverse habitats (Voolstra and Ziegler, 2020). Again we should note that the effect of species on α- and β-diversity is small compared to the effect of populations. This lets us conclude that species specific differences are very robust, but are implemented in an environmental dependent context—which after all is the main predictor of microbial diversity in Hydra associated bacteria. However, even if the species differences were small, they might still be functionally important. For instance, in laboratory experiments with Hydra, single bacterial taxa can provide important fitness benefits to the host (Fraune et al., 2015; Taubenheim et al., 2020).

Compared to sampling site and host species identity, the reproductive status of Hydra polyps appeared to be less important in determining microbial diversity. We expected a significant difference between sexual and asexual polyps because sexual individuals have markedly different physiology compared to asexual ones. We detected this difference in α-diversity in a multivariate model considering all other covariables, but the signal was very weak, indicating that mode of reproduction has only a marginal effect on the microbial community. In H. oligactis, sexual reproduction is associated with reduced regeneration ability, depletion of somatic stem cells, nematocytes involved in food capture and nerve cells and increased mortality risk (Yoshida et al., 2006; Sebestyén et al., 2018; Tomczyk et al., 2019, 2020; Ngo et al., 2021). Nerve cells in Hydra are prominently involved in the production of antimicrobial peptides that shape microbial composition (Augustin et al., 2017), therefore their loss could be expected to impact microbial composition. Furthermore, sexually reproducing Hydra with developing eggs show markedly increased expression of the antimicrobial peptide periculin, which shapes microbial composition in the developing embryo while it is still attached to the parent animal (Fraune et al., 2010). Finally, a previous study detected consistent differences between sexual and asexual individuals of the snail Potamopyrgus antipodarum (Takacs-Vesbach et al., 2016). Yet, we found only little difference in the microbial diversity of sexual and asexual Hydra polyps, indicating that the physiological changes described above have only limited effects on overall microbial diversity. On the other hand, it is also possible that sexual individuals collected by us were in early stages of sexual development (since we sampled in the first part of the sexual period) and physiological differences were not advanced enough to generate a difference in microbial composition.

To summarize, we found, using a large dataset of field-collected Hydra polyps, that variation in the diversity of host-associated microbes is mainly associated with the local environment, with eutrophication potentially playing a role in increasing microbial diversity. Additionally, the microbial composition changed significantly with host species in Hydra, with H. circumcincta displaying the least diverse and most consistent microbial communities. In comparison, host reproductive mode did not explain changes in microbial diversity. The mechanisms through which the local environment interacts with host species/genotype in assembling the microbiota remains an interesting topic for further investigations in this system.
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Supplementary Figure 1 | Rarefraction analysis shows independence of species richness of sequencing depth. (A) Rarefraction plots for each sample and population shows that most bacterial diversity is sampled with fewer reads per sample, indicating that sampling depth is deep enough to guarantee independence of bacterial diversity and sequencing depth. To test whether the chosen measures for α-diversity are indeed independent of sampling depth, we calculated species richness on rarefractions (subsampling of reads in each sample to the number of reads of the smallest sample). (B) shows the distribution of rarefaction values across the different sampling populations (compare to Figure 2D). Furthermore we correlated these to the Shannon (C) and chao1 (D) indices calculated on the uncorrected samples—both correlations are high (R2 = 0.8 and 0.97, respectively) and highly significant (p < 0.001 for both).

Supplementary Figure 2 | Most indicator species for flowing and standing water bodies belong to the Bacteroidetes or Proteobacteria. Comparing overall relative abundance (mean relative abundance of all samples) of bacteria in flowing and standing water bodies shows drastic changes in microbial composition of Hydra (A). In flowing waters we observed an increase in Pseudomonadales, Myxococcales and Sphingobacteriales, while standing water samples were enriched in uncultured Gracilibacteria, Holosporales, and Betaproteobacteria, as indicated by boxplots of relative abundance per sample (B). Most of the indicator species on the species level (ESV) for both flowing and standing water bodies belong to the phylum of Proteobacteria and Bacteroidetes (C). Certain Leptospiraceae species are indicative for running waters only in our study, while some Xanthomonadales, Rickettsiales, Chitinophagaceae and Cytophagaceae species are specific for standing waters.

Supplementary Figure 3 | There are only minor differences in the bacterial abundances between different trophic states of the water bodies. The changes of the overall relative bacterial abundance between the different trophic states are only minor, while the mesoeutrophic water bodies are more different than the other two states (A). The largest difference can be observed in the reduction of Chitinophagaceae, Gracilibacteria and Holosporales in mesoeutrophic waters, while Cytophagaceae are relatively increased (B). Accordingly, mesoeutrophic waters can be associated with more indicator species (ESV level) than the other two trophic states (C).

Supplementary Figure 4 | Different Hydra species are colonized by distinct microbial communities. The microbiota of all Hydra species are dominated by Betaproteobacteria which comprise >50% of the bacteria (A). At the same time microbial communities of H. circumcincta are more distinct from the other two species. The largest difference can be observed in the expansion of Rickettsiales in H. circumcincta (B). Accordingly, H. circumcincta can be associated with more indicator species (ESV level) than the other two trophic states (C).

Supplementary Figure 5 | Non-reproductive polyps are distinct in microbial composition. The overall bacterial composition between different reproductive states is very similar, but largest changes can be observed for non-reproductive polyps (A). This change is driven by the expansion of Betaproteobacteria in non-reproductive polyps, to the expense of all other phyla (B). Due to the overall similarity of the microbial communities there are only very few indicator species which could be identified for the reproductive state (C).

Supplementary Figure 6 | Correlation matrix for the tested environmental and biotic factors in multivariate statistics. To estimate the co-dependencies of the tested variables we calculated the Kendall correlation coefficient for each integer encoded (A) and hot-one encoded (B) level of all factors of interest. Absolute correlations coefficients never exceeded 0.5 outside one factor, indicating relatively uncorrelated data at hand. The data is derived from single polyp meta data associations, which would include pseudoreplication for the environmental factors, removing pseudoreplication results in following correlation coefficients: flowing—Eutr.: −0.2, flowing—Hypereutr.: −0.14, flowing—Mesoeutr.: 0.47 (opposite sign against standing water body).

Supplementary Figure 7 | Analysis of individual population M89 recapitulates global patterns for species associated changes in the microbiota and no influence of reproduction on microbial changes. The different species form distinct clusters in UMAP representations (A) and PCA representation (B) of β-diversity, which finds statistical support in PERMANOVA analysis (p < 0.001 in multivariate and univariate PERMANOVA respectively, Supplementary Table 3). Lower Bray–Curtis distances can be observed within H. circumcincta, H. vulgaris, and H. circumcincta—H. vulgaris pairs, while all other pairs display higher diversity changes (C)—notably also within H. oligactis pairs higher dissimilarity indices are present. There are smaller Bray–Curtis distances in sexual reproducing animals (D), which find support in univariate PERMANOVA (p = 0.004, Supplementary Table 3) but not in multivariate PERMANOVA (p = 0.59, Supplementary Table 3)—this divergence is caused by perfect collinearity of sexual reproduction and H. circumcincta thus the difference is caused by the species effect on β-diversity. α-diversity changes with different species (E) and mode of reproduction (F), but finds no statistical support in linear models (p = 0.084, p = 0.093 for the univariate and multivariate linear model and species factor, p = 0.083 and p = 0.904 for univariate and multivariate model in reproduction, Supplementary Table 4).

Supplementary Figure 8 | Analysis of individual population M90 recapitulates global patterns for species associated changes in the microbiota and no influence of reproduction on microbial changes. The different species form distinct clusters in UMAP representations (A) of β-diversity, while the effect is less clear in the PCA representation (B) which finds support in statistical analysis (p < 0.001 in multivariate and univariate PERMANOVA respectively, Supplementary Table 3). Lower Bray–Curtis distances can be observed within H. circumcincta and H. vulgaris, while all other pairs display higher diversity changes (C)—notably also within H. oligactis pairs higher dissimilarity indices are present. There are no obvious differences in the Bray–Curtis distances for the different reproduction categories (D), which is also reflected in the statistical test for influence of reproduction mode on microbial diversity (p = 0.323 and p = 0.306 in univariate and multivariate PERMANOVA, Supplementary Table 3). α-diversity changes significantly with different species [(E) p = 0.002 for the univariate and multivariate linear model, respectively, Supplementary Table 4] but do not display significant differences with changes in reproductive mode [(F) p = 1 and p = 0.181 for univariate and multivariate linear model, Supplementary Table 4].
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Feed efficiency (FE) is critical to the economic and environmental benefits of aquaculture. Both the intestines and intestinal microbiota play a key role in energy acquisition and influence FE. In the current research, intestinal microbiota, metabolome, and key digestive enzyme activities were compared between abalones with high [Residual feed intake (RFI) = −0.029] and low FE (RFI = 0.022). The FE of group A were significantly higher than these of group B. There were significant differences in intestinal microbiota structures between high- and low-FE groups, while higher microbiota diversity was observed in the high-FE group. Differences in FE were also strongly correlated to variations in intestinal digestive enzyme activity that may be caused by Pseudoalteromonas and Cobetia. In addition, Saprospira, Rhodanobacteraceae, Llumatobacteraceae, and Gaiellales may potentially be utilized as biomarkers to distinguish high- from low-FE abalones. Significantly different microorganisms (uncultured beta proteobacterium, BD1_7_clade, and Lautropia) were found to be highly correlated to significantly different metabolites [DL-methionine sulfoxide Arg-Gln, L-pyroglutamic acid, dopamine, tyramine, phosphatidyl cholines (PC) (16:0/16:0), and indoleacetic acid] in the high- and low-FE groups, and intestinal trypsin activity also significantly differed between the two groups. We propose that interactions occur among intestinal microbiota, intestinal metabolites, and enzyme activity, which improve abalone FE by enhancing amino acid metabolism, immune response, and signal transduction pathways. The present study not only elucidates mechanisms of variations in abalone FE, but it also provides important basic knowledge for improving abalone FE by modulating intestinal microbiota.
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INTRODUCTION

Feed efficiency (FE) is an essential trait in aquacultural animals because feed accounts for 30–70% of production costs in the aquaculture industry (De Verdal et al., 2017). Improved FE of animals will not only reduce feeding costs and increase profitability but also reduce the environmental impact of large-scale farming (Huntington and Hasan, 2009). Residual feed intake (RFI) reflects the difference between the actual feed intake of the animal and the expected feed intake for growth and maintenance of body weight. Therefore, an animal with a low RFI that consumes less feed per unit of body weight than expected is efficient, while an animal with a high RFI that consumes more feed than expected is inefficient (Patience et al., 2015). RFI was first proposed in 1963 as an index for evaluating the animal FE in beef cattle (Koch et al., 1963) and has subsequently been used to assess FE in other species (Dai et al., 2017; De Verdal et al., 2017; Zhang et al., 2017). Experts from the Animal Genetic Resources Committee of FAO also recommend RFI as an indicator for evaluating animal FE traits (Zhang, 2010).

The intestinal microbiota and the digestive enzyme activity in the intestines are regarded as two key factors in animal digestion (Motlagh et al., 2012; Fang et al., 2015). It is hypothesized that these two factors are strongly associated with the RFI of animals. However, there is an important symbiotic relationship between intestinal microbiota and hosts that contribute to energy balance, metabolism, intestinal health, immune activity, and neural development of hosts (Turnbaugh et al., 2007; Cho and Blaser, 2012; Shreiner et al., 2015). Intestinal microbiota are involved in the regulation of host energy-uptake efficiency, which was significantly associated with weight gain (Looft et al., 2014; Kim et al., 2015) and FE (Singh et al., 2012; Mccormack et al., 2017) and plays an important role in maintaining the stability of the intestinal environment (Chung and Kasper, 2010). Changes in intestinal microbiota could inevitably influence intestinal metabolic function and further affect the physiology of organisms (Levy et al., 2017), which can be partially indicated by intestinal metabolites (Yin et al., 2021). Therefore, numerous studies have analyzed intestinal microbiota structure and metabolites to explore the regulatory mechanisms of FE (Metzler-Zebeli et al., 2019; Gardiner et al., 2020).

Digestive enzyme activity also reflects the digestive and absorptive capacity of the intestine, which in turn determines feeding and growth of animals (Baiao et al., 2017; Ydsr et al., 2019). Digestive enzymes are known to influence diet, growth, and many other traits of abalone (Gao et al., 2016, 2021). In addition, intestinal microbiota can influence the production of some digestive enzymes to some extent (Ekhart et al., 2012).

Abalone is an economically important aquaculture mollusk with high-quality protein resources that is widely cultured around the world (Froehlich et al., 2018). Its feed cost has been elevated with the industrialized production mode and rising feed prices, constraining further development of the abalone aquaculture industry in China, whose abalone aquaculture production accounts for 90% of the world. Studies on the FE of abalone from the perspective of intestinal microbiota are limited, although other investigations have shown that intestinal microbiota are irreplaceable for the growth and immunity of abalone (Jing et al., 2012; Choi et al., 2021). In this study, intestinal microbiota, digestive enzyme activity, and metabolome of the Pacific abalone, Haliotis discus hannai, with high FE (low RFI) and low FE (high RFI) were compared, and their interconnections in the regulation of FE of abalone were explored.



MATERIALS AND METHODS


Experimental Design and Sample Collection

A total of 648 Pacific abalone individuals were selected for the feeding experiment (average shell length: 5.1 cm, average wet weight: 17.8 g). Each abalone was fed in a separate breeding unit (including a breeding container and a breeding net bag). Each abalone was fed with an equal amount of enough dried kelp (approximately 7% of body weight) once every 3 days, and food debris was collected. The feed condition, water temperature (21 ± 1°C), and other factors were identical for all of the individuals. After 72 days of culture experiment, the average daily gain (ADG), daily feed intake (DFI), feed efficiency ratio (FER), and RFI of each abalone were calculated. FER is the ratio of ADG to DFI, while RFI is calculated by a multivariate non-linear model. Two groups of abalone (N = 8 individual/group) were selected according to their RFI values: group A [group high feed efficiency (HFE)] was defined as the high-FE group (The 8 abalone with the lowest RFI), and group B [group low feed efficiency (LFE)] was defined as the low-FE group (The 8 abalone with the highest RFI). The intestines of these abalone individuals were divided equally into two parts. One part was used for 16S rDNA amplicon sequencing, and other part was used for the determination of metabolome and enzyme activity after cleaning and scraping the contents (rinsed out with 0.84% iced saline). All of the intestine samples were flash frozen in liquid nitrogen and stored at −80°C before subsequent measurements.



Intestinal Microbiome Analysis

Total microbe genome DNA of the intestine samples (N = 8 individual/group) from the two groups was extracted using the Cetyl trimethyl ammonium bromide/Sodium dodecyl sulphate (CTAB/SDS) method, and DNA concentration and purity were assessed on 1% agarose gels. Then, DNA was diluted to about 1 ng/μL using sterile water. The 16S rDNA genes were amplified using specific primers with the barcode (primer: 16S V3-V4: 341F-806R). All of the polymerase chain reaction (PCR) reactions were conducted in 30-μL volume, including 15 μL of Phusion® High-Fidelity PCR Master Mix (New England Biolabs, Beijing, China), 0.2 μM forward and reverse primers, and about 10 ng template DNA. PCR products were mixed in equidensity ratios and purified, and the amplicon products were sequenced using an Illumina MiSeq platform.

Raw data was quality controlled (tags filtering and de-chimerise) by quantitative insights into microbial ecology (QIIME) (version 1.8.0) to obtain clean data. Sequence analysis was performed by using the UPARSE software package using the UPARSE-OTU and UPARSE-OUTref algorithms. In-house Perl scripts were used to analyze alpha and beta diversity. Sequences with ≥97% similarity were assigned to the same OTUs (Edgar, 2013). The unweighted unifrac distance for principal coordinate analysis (PCoA) was performed using the QIIME (version 1.8.0) software. Linear discriminant analysis effect size (LEfSe) analysis was performed using the LEfSe package in Python. This method was designed to provide biological class explanations to establish statistical significance, biological consistency, and effect-size estimation of the predicted biomarkers. Phylogenet icInvestigation of communities by reconstruction of unobserved states (PICRUSt) software was used to infer the functional gene composition of the samples by comparing the species composition information obtained from 16S sequencing data. Other statistical analyses were conducted in R (Segata et al., 2011).



Untargeted Metabolite Profiling

Intestine samples (N = 8 individual/group) were homogenized with 200 μL H2O and five ceramic beads, followed by the addition of 800 μL methanol/acetonitrile (1:1, v/v). The mixture was centrifuged for 15 min (14,000g, 4°C), and the supernatant was dried in a vacuum centrifuge. The samples were re-dissolved in 100 μL acetonitrile/water (1:1, v/v) solvent for subsequent liquid chromatography mass spectrometry (LC-MS) analysis performed using an ultra high performance liquid chromatography (UHPLC) (1290 Infinity LC, Agilent Technologies, Shanghai, China) coupled to a quadrupole time-of-flight (AB Sciex TripleTOF 6600) in Shanghai Applied Protein Technology Co., Ltd., Shanghai. China.

ProteoWizard MSConvert, XCMS, and CAMERA software was used for discriminating and annotating metabolites based on an in-house database. After normalization to total peak intensity, the processed data were analyzed by the R ropls package, where it was subjected to orthogonal partial least-squares discriminant analysis (OPLS-DA). Seven-fold cross-validation and response permutation testing were conducted to evaluate the robustness of the model. The variable importance in the projection (VIP) value of each variable in the OPLS-DA model was calculated to determine its contribution to the classification. Metabolites with the VIP value >1 and p-value <0.05 were considered to be significantly different, and they were further searched against the kyoto encyclopedia of genes and genomes (KEGG) database for metabolic pathway analysis by the MetaboAnalyst 4.0 website.1 After that, potential biomarkers were identified using receiver operating characteristic (ROC) analysis by the R pROC package.



Enzyme Activity

The activity of alginate lyase was measured using the 3,5-dinitrosalicylic acid (DNS) method (Bergmeyer, 1974). Briefly, 0.1 g tissue was mixed with 1 mL 0.1 mol/L phosphate buffer for homogenization, and it was centrifuged at 10,000g at 4°C for 10 min. The supernatant was reacted with 1% sodium alginate and 0.51% carboxymethyl cellulose for 30 min, and the absorbance at a wavelength of 520 nm was measured by a microplate reader. Pepsin, trypsin, cellulase, and α-amylase activities were determined using the corresponding kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). Briefly, 0.2 g intestinal tissue per sample was homogenized with 1.8 mL 0.86% normal saline and then centrifuged at 2,500, 8,000, 8,000, and 2,500g/min for 15 min at 4°C to obtain the supernatant for subsequent analysis. One unit of pepsin activity is defined as 1 mg tissue broken down into 1 μg amino acids per min. One unit of trypsin activity is defined as 1 mg protein catalyzed with an increase in absorbance of 1 at a wavelength of 253 nm. One unit of cellulase activity is defined as per g tissue to catalyze 1 μg glucose per min. One unit of α-amylase activity is defined as 1 mg reducing sugar catalyzed per min per unit of tissue (Gao et al., 2021). Protein content in the homogenate was determined using Coomassie blue staining, with bovine serum albumin as the protein marker (Bradford, 1976).



Statistical Analysis

Differences in traits (RFI, ADG, FER, and DFI) and enzyme activity between the high- and low-FE groups were analyzed using independent sample t-tests completed by the statistical product and service solutions (SPSS) software. The correlations between significantly different microbiome and significantly different metabolites screened in the experimental samples were indicated by Spearman’s rank correlation coefficient. Hierarchical clustering analysis was conducted in R and Cytoscape software, respectively.




RESULTS


Feed Efficiency Phenotype

The traits associated with FE were calculated for both group A and group B (Table 1). The RFI values of group A were significantly higher than these of group B (P < 0.05). Although the mean ADG value of group A was 1.4 times higher than that of group B, the difference was not significant (P > 0.05). There was a weak difference in DFI values between the two groups.


TABLE 1. Phenotype statistics of two groups of abalone after a 72-day culture experiment.
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Changes in the Intestinal Microbiome of Abalone With Different Feed Efficiency

The coverage indices of the two groups were >99% (Table 2). Based on the 97% sequence similarity, the number of operational taxonomic unit (OTU) samples ranged from 1,367 to 1,749 (Supplementary Figure 1A). Group A was higher than group B in microbiota diversity (Shannon), microbiota richness (Ace and Chao1), and phylogenetic diversity (PD whole tree) (Table 2). Proteobacteria, Tenericutes, and Bacteroidetes were the three predominant microbes identified in the two groups at the phylum level, accounting for more than 95% of the sequences. However, the proportion of predominant microbes in the two groups was different from the proportion of Proteobacteria in group A (64.6%), which was higher than that in group B (59.4%). The proportion of Tenericutes in group B (31.5%) was higher than that in group A (26.3%) (Figure 1A). The intestinal microbiota was predominated by Mycoplasma, Aquabacterium, Cobetia, and Pseudoalteromonas at the genus level. In addition, the percentages of Pseudoalteromonas and Cobetia were higher in group A than in group B (Figure 1B). The proportions of the different intestinal microbes varied between individuals, but the predominant microbes were almost consistent (Supplementary Figures 1C,D).


TABLE 2. α-Diversity indexes of the two study groups.
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FIGURE 1. (A) Relative abundance of bacteria phyla from the group A and group B. a: Others, b: Deinococcus-Thermus, c: Patescibacteria, d: Epsilonbacteraeota, e: Spirochaetes, f: Actinobacteria, g: Cyanobacteria, h: Firmicutes, i: Bacteroidetes, j: Tenericutes, and k: Proteobacteria. (B) Relative abundance of bacteria genus from different groups. a: Others, b: Formosa, c: Caulobacter, d: Ruegeria, e: Halocynthiibacter, f: Tamlana, g: Pseudoalteromonas, h: Cobetia, i: uncultured, j: Aquabacterium, and k: Mycoplasma.


Principal coordinate analysis (PCoA) analysis was conducted to further evaluate the dissimilarity of bacterial composition among the two groups. Significant difference (P < 0.05) in beta diversity between the two groups. Although individuals in group A were more dispersed, individuals in group B could be well clustered together (Supplementary Figure 1B). To identify specific microbiota characteristics of the two groups, linear discriminant analysis (LDA) analysis coupled with LEfSe was performed, which identified 24 (A) and 4 (B) biomarkers that enriched the two groups, which mainly included Saprospira, Chryseolinea, uncultured_bacterium, Ideonella, and Rhodanobacteraceae (Figure 2A). These biomarkers in the two groups were enriched in cell motility, signal transduction, enzyme families, and immune system according to the KEGG function prediction (Figure 2B) and enriched in cell motility, transcription, and RNA processing, and modification according to the clusters of orthologous groups (COG) function prediction (Figure 2C).
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FIGURE 2. (A) Cladogram showing significant overrepresentation of microbial populations and taxa as assessed by linear discriminant analysis effect size (LEfSe) (P ≤ 0.05 and linear discriminant analysis (LDA) cutoff >3.0). (B) Microbial functional predictions revealed the most differentially regulated metabolic pathways in the fecal microbiome at KEGG level. (C) Microbial functional predictions revealed the most differentially regulated metabolic pathways in the fecal microbiome at the clusters of orthologous groups (COG) level.




Changes in the Intestinal Metabolites of Abalone With Different Feed Efficiency

To identify metabolites that might play roles in intestinal homeostasis, a non-targeted metabolomics analysis based on an UHPLC-quadrupole time-of-flight tandem mass spetrometry (QTOF-MS/MS) platform and self-compiled metabolite database was conducted in both positive and negative ion modes. A total of 384 metabolites were detected (Supplementary Figure 2), which mainly included carboxylic acids and derivatives (159), organooxygen compounds (48), fatty acyls (33), organonitrogen compounds (17), and purine nucleosides (9). The peaks extracted from all of the experimental samples and quality control (QC) samples were analyzed by principal component analysis (PCA), and the QC samples were clustered together and located between the experimental groups, indicating good reproducibility of the experiments. In addition, the identification level of the resulting metabolites was above Level 2.

The results of OPLS-DA analysis can well explain and predict differences (both positive and negative ion mode) between the two groups (Supplementary Figure 3). A total of 28 differentially expressed metabolites (DEMs) in the positive ion mode (19 significantly upregulated and 9 significantly downregulated) (Figure 3) and 1 DEM in the negative ion mode (1 significantly downregulated) were identified. DEMs in the positive ion mode enriched 18 KEGG pathways, including metabolic pathways [PC (16:0/16:0), 1-stearoyl-2-oleoyl-sn-glycerol 3-phosphocholine, L-citrulline, tyramine, D-ornithine, prostaglandin D (PGD2), indoleacetic acid, L-pyroglutamic acid, and dopamine], tyrosine metabolism (tyramine and dopamine), and arachidonic acid metabolism [PC (16:0/16:0), 1-stearoyl-2-oleoyl-sn-glycerol 3-phosphocholine (SOPC), and PGD2] (Figure 4).
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FIGURE 3. Hierarchical clustering analysis of the differential metabolites in the high- and low-residual feed intake (RFI) groups in the positive ion mode. Red and blue respectively represent upregulated and downregulated differential metabolites (DEs).
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FIGURE 4. Upregulated and downregulated metabolic pathways in abalone from groups A and B.


Receiver operating characteristic (ROC) curves were generated to assess the potential usefulness of metabolites as biomarkers for high and low FE. A total of 17 metabolites (AUC > 0.9) were screened in the comparison of group A and group B. Of them, 1-palmitoyl-2-hydroxy-sn-glycero-3-phosphoethanolamine, 3,3-dimethylacrylic acid, Phe-Gly, and indoxyl sulfate have the optimal classification effect (AUC > 0.95). Secondly, Arg-Gln, PC (16:0/16:0) also have a good classification effect (AUC > 0.90) (Supplementary Material).



Relationship Between Intestinal Microbiome and Metabolites

In the comparison between groups A and B, a hierarchical clustering heat map of significantly different intestinal microbiota and significantly different metabolites is shown in Figure 5. A total of 71 pairs of significantly related differential microbiota and metabolites were found. Intestinal microbiota uncultured beta proteobacterium showed a significant positive correlation with the metabolites DL-methionine sulfoxide, Arg-Gln, L-pyroglutamic acid, dopamine, tyramine, PC (16:0/16:0), and indoleacetic acid (r > 0.5, P < 0.05). Intestinal microbiota BD1_7_clade showed a significant positive correlation with the metabolites DL-methionine sulfoxide, dopamine, indoleacetic acid, Lys-Ser, and tyramine. In addition, there was a high correlation between Lautropia and the intestinal metabolites DL-methionine sulfoxide, dopamine, indoleacetic acid, L-pyroglutamic acid, and tyramine (r > 0.6, P < 0.05).
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FIGURE 5. Heat map of the Spearman correlation coefficient matrix for significantly different intestinal microbiota and significantly different metabolites. All intestinal microbiota and metabolites shown in Figure were significantly different between the two groups. The blue dashed line in the middle is the dividing line, and the correlation coefficient matrix heat map can be divided into four quadrants, with the upper left corner showing correlations between different intestinal microbiota, the lower right corner showing correlations between significantly different metabolites, and both the upper right and lower left corners showing correlations of significantly different intestinal microbiota and significantly different metabolites, with mirror symmetry.




Digestive Enzyme Activities

Digestive enzyme activities of the two groups significantly differed. T-tests showed that the activities of alginate lyase, cellulase, and trypsin in group A were significantly higher than those in group B (P < 0.05). The activities of α-amylase and pepsin were higher in group A than in group B, although this was not statistically significant (P > 0.05; Figure 6).
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FIGURE 6. Key digestive enzyme activity and protease activity in the intestines of the high- and low-residual feed intake (RFI) groups. “*” represents a significant difference (P < 0.05).





DISCUSSION

In this study, the hypothesis that microbiota structure, digestive enzyme activity, and metabolome in the intestines are associated with FE of animals was tested. For the assessment of growth and resistance traits in abalone, the feeding experiment period was generally 60–90 days (Huang et al., 2018; Wang et al., 2020). In this experiment, a 72-day feeding experiment period was sufficient to obtain growth and feeding efficiency traits for abalone. Low-RFI abalone individuals were selected as the high-FE group (group A) and high-RFI abalone individuals were selected as the low-FE group (group B). The RFI values of group B were significantly higher than those of group A; however, there was no significant difference between the two groups in ADG, FER, and DFI, possibly because of the small number of individuals. It has been reported that FER is correlated to ADG (Case et al., 2012), whereas RFI has a weak correlation to ADG (Dai et al., 2017). Each abalone in the experiment was raised individually, with adequate food and no competition, which may account for the small difference in DFI.

Recently, the development of high-throughput sequencing has facilitated comprehensive profiling of the microbiota co-occurring in the intestines of the animal (Argumedo-Hernández et al., 2010; Zhao et al., 2018). Diet, living environment, and other factors greatly impact the animal intestinal microbiota (Looft et al., 2014; Singh et al., 2014; Kim and Isaacson, 2015). This is one of the first studies to exploit this technology to examine the intestinal microbiota in abalone with varying FEs. The two groups of abalone in this experiment were subjected to the same management, environmental, and nutritional conditions to eliminate additional effects. The intestinal microbiota of all of the abalones were predominated by the phyla Proteobacteria and Tenericutes, which is consistent with previous findings (Wang et al., 2020; Choi et al., 2021). Proteobacteria are carbohydrate-fermenting bacteria and a high percentage in the intestines of abalone enhances the ability to utilize carbohydrates and improve production performance (Elolimy et al., 2019). Abalones with higher FE had a higher percentage of Proteobacteria, which is consistent with the results in the study on the high-feed conversion ratio (FCR) and low-FCR broiler growers (Singh et al., 2012). In addition, changes in the abundance of Firmicutes may affect energy harvesting ability (Turnbaugh, 2006), which may account for the high abundance of Firmicutes in the high-FE group.

At the genus level, Mycoplasma is the most abundant bacteria and has been reported several times in abalone (Cicala et al., 2018; Nam et al., 2018). Pseudoalteromonas and Cobetia accounted for a higher proportion of the intestinal microbiota in group A than in group B, and both groups could produce alginate lyase (Chaki et al., 2008; Gong et al., 2016). Alginate lyase, a digestive enzyme catalyzing the degradation of alginate, has been isolated from various kinds of organisms with different substrate specificities and is extremely important in food digestion and nutrition absorption in abalone (Zhu and Yin, 2015; Bansemer et al., 2016). The higher proportion of Pseudoalteromonas and Cobetia in the high-FE group may have increased the activity of alginate lyase in abalone, which promoted the digestion and absorption of food and thus improved FE. The presumed possibility was initially established by measuring intestinal enzyme activity, although the gene for alginate lyase is present in abalone (Sim et al., 2012). Combined with the results of other digestive enzyme activities and protein enzyme activities, we hypothesized that alginate lyase and cellulase enzyme activities may play important roles in inducing changes in RFI in abalone. However, whether the increase in cellulase enzyme activity was influenced by the intestinal microbiota needs to be further investigated.

Microbial culture analysis of healthy and diseased abalone intestines revealed a decrease in microbiota diversity in diseased abalone (Huang et al., 2010) and we theorize that microbiota diversity may represent the health condition of the abalone intestine. The reduction in intestinal microbiota diversity in group B may be an indication of abnormal intestinal health conditions, which in turn contributes to the low-FE trait in abalone. Another study showed that the addition of probiotics to feed promoted growth, immunity, and intestinal microbial richness in the small abalone Hediste diversicolor (Zhao et al., 2018), again suggesting that high microbiota diversity is associated with positive aspects of the trait. Abalone individuals with high FE had high microbiota diversity and richness, which is consistent with the results in most animal studies (Bergamaschi et al., 2020).

By establishing associations between microbiota and the FE of abalone, a number of microbiota biomarkers were found in the high- and low-FE groups, which could provide a reference for screening abalone with high FE and improve the FE traits of abalone through targeted regulation of intestinal microbiota. The biomarker Saprospira between groups A and B is a member of Bacteroidetes, and members of this bacteria are closely associated with intestinal microbiota in pigs with low RFI (Mccormack et al., 2017), indicating the strong ability of such bacteria to ferment complex carbohydrates (UmuJeremy et al., 2015). Rhodanobacteraceae are considered to be potentially beneficial bacteria because of their ability to produce beneficial chemicals (Saudo-Wilhelmy et al., 2013). Rhodobacteraceae has the role of catalytic denitrification, degradation of various organic pollutants, and inhibition of the growth of harmful pathogens (Liu et al., 2012; Wang et al., 2018). Therefore, we hypothesized that the immunity of abalone in group A that was enriched with Rhodobacteraceae was higher than that of group B, which in turn influenced FE, and this hypothesis coincided with the results of upregulation of the immune pathway in group A. Actinobacteria has been recognized as an important source of biologically active natural products with a variety of biological properties such as antibacterial, anticancer, and antiviral (Manivasagan et al., 2014). The biomarkers Llumatobacteraceae and Gaiellales in group A belong to Actinobacteria. Taken together, we hypothesized that Saprospira, Rhodanobacteraceae, Llumatobacteraceae, and Gaiellales in the intestines may potentially be utilized as biomarkers for distinguishing high-FE abalone from low-FE abalone. Improvement of intestinal microbiota through the transplantation of specific bacteria or the use of dietary supplements has progressed in other species (Vos, 2013; Wlodarska et al., 2015). Therefore, it is possible to improve the FE of abalone by regulating the intestinal microbiota composition.

Metabolite identification is the main metabolomic bottleneck, especially in marine non-model organisms (Reverter et al., 2020). In this study, the intestinal metabolome of abalone in the high- and low-FE groups was analyzed, and a total of 344 metabolites were identified. The number of metabolites identified was similar to previous studies on abalone (Shen et al., 2021), and major metabolites were identified, including taurine, citrate, succinate, lactate, glutamate, glutamine, and L-carnitine, thus confirming the reliability of our results. Arginine is involved in RNA synthesis and protein glycosylation, and it is an essential amino acid for cellular function (Li et al., 2018). The growth and FE of red drum (Sciaenops ocellatus) have a standard requirement for arginine (Barziza et al., 2000). In this study, the arginine synthesis pathway was upregulated in the low-RFI group, and we hypothesized that arginine plays a regulatory function in abalone FE. Furthermore, differences in amino acid and fatty acid metabolic pathways indicate the importance of intestinal metabolic capacity on FE traits in abalone. This study was also the first to elucidate the mechanisms influencing feed efficiency traits in abalone through metabolome profiles.

Changes in intestinal microbiota may depend on or in turn influence metabolite production in the host (Levy et al., 2017). Therefore, changes in metabolites may be closely related to the intestinal microbiota. Proteobacteria in the intestines has been reported to play a crucial role in amino acid utilization (Neis et al., 2015). The three intestinal bacteria (Uncultured beta proteobacterium, BD1_7_clade, and Lautropia) that were significantly different in the high-/low-FE groups all belonged to Proteobacteria. DL-methionine sulfoxide is involved in the methionine metabolic pathway, which promotes protein synthesis in animal growth (Hu et al., 2016) and production performance (Fagundes et al., 2016). In addition, methionine is required for the biosynthesis of spermidine and spermine, two compounds that help to reduce oxidative stress (Minois et al., 2011). Indoleacetic acid, a metabolite of tryptophan, is a ligand of the aromatic hydrocarbon receptor (AHR) (Roager and Licht, 2018), a transcription factor that is widely expressed in cells of the immune system. Several studies have shown that AHR activation alters innate and adaptive immune responses in a ligand-specific manner. In addition, another important physiological function of tryptophan is protein synthesis (Gargaro et al., 2016). L-pyroglutamic acid is a metabolite in the glutathione cycle, which can be converted to glutamate by the 5-oxoprolinase enzyme (Mello et al., 1995). The addition of glutamate in feed can increase the FE of animals (Cantalapiedra-Hijar et al., 2016). The tyrosine metabolic pathway is upregulated in pigs with low RFI (Mccormack et al., 2017), in which tyrosine and its subsequent metabolites can reduce the production of reactive oxygen species (ROS), and the upregulation of tyrosine metabolism may play a positive role in reducing oxidative damages in the intestines (Beloborodova et al., 2012). This provides evidence that the intestines or microbiota of abalones that are more feed efficient could potentially be “healthier.” Tyramine (TA), as a neurotransmitter, neuromodulator, and neurohormone, controls or regulates many behavioral and physiological processes in animals (Orchard, 1982). The nerve tissues of invertebrates, such as insects, crustaceans, and mollusks, contain large amounts of TA (Robertson and Juorio, 1976). Tyrosine is also required for the synthesis of 5-hydroxytryptamine and dopamine, both of which are important neurotransmitters (Bergwerff et al., 2016). The upregulation of tyrosine and tryptophan in the HFE group may be an adaptation, which promotes metabolism in organisms. DL-methionine, indoleacetic acid, and L-pyroglutamic acid were positively correlated with Proteobacteria (Uncultured beta proteobacterium, BD1_7_clade, and Lautropia) (Figure 5), and it was hypothesized that the above three intestinal bacteria contributed to the FE of abalone through the following two reasons. Firstly, Proteobacteria promote the utilization of amino acids in abalone, which in turn provides more nutrients to maintain the synthesis of amino acids required for abalone growth, ultimately improving the feed efficiency traits. Of course, the increased protease activity of the HFE group also promoted amino acid hydrolysis and protein absorption (Kumlu and Jones, 2010). Second, Proteobacteria improves the immunity of the abalone and reduces oxidative damage of the intestine to ensure that the intestine performs its digestive and absorption functions better, which in turn improves the feed efficiency of the abalone. In summary, we hypothesized that the microbiota, metabolism, and enzyme activity in the abalone intestines interact to alter amino acid metabolism, immune responses, and signaling pathways, which in turn influence FE.



CONCLUSION

This study reveals for the first time differences in intestinal microbiota structures and intestinal metabolism in shellfish with different feed efficiencies. Abalone with high FE have higher microbiota diversity and a higher proportion of Proteobacteria and Firmicutes. Four microbiota, namely, Saprospira, Rhodanobacteraceae, Llumatobacteraceae, and Gaiellales, may be potentially utilized as biomarkers for distinguishing between high- and low-FE abalone. The intestinal digestive enzyme activity also contributed to differences in FE in abalone, and Pseudoalteromonas and Cobetia may influence the activity of alginate lyase in the intestine. The interaction between microbiota and intestines influences amino acid metabolism, immune response, and the signal transduction pathway in abalone, in turn causing differences in FE. The differences in amino acid metabolism may also be influenced by intestinal trypsin activity. This study not only analyzed the mechanisms of variations in abalone FE in terms of intestinal microbiota, intestinal metabolism, and intestinal enzyme activity, but it also provided important basic knowledge for improving abalone FE by modulating intestinal microbiota.
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In recent years the safety of probiotics has received increasing attention due to the possible transfer and spread of virulence factors (VFs) and antibiotic resistance genes (ARGs) among microorganisms. The safety of a strain of Lactobacillus plantarum named W2 was evaluated in phenotype and genotype in the present study. Its probiotic properties were also evaluated both in vivo and in vitro, including adherence properties, antibacterial properties and beneficial effects on the growth and immunity of Pacific white shrimp, Penaeus vannamei. Hemolysis tests, antibiotic resistance tests and whole genome sequence analysis showed that W2 had no significant virulence effects and did not carry high virulence factors. W2 was found to be sensitive to chloramphenicol, clindamycin, gentamicin, kanamycin and tetracycline, and to be resistant to ampicillin and erythromycin. Most ARGs have no transfer risk and a few have transfer risk but no significant enrichment in human-associated environments. The autoaggregation of W2 was 82.6% and the hydrophobicity was 81.0%. Coaggregation rate with Vibrio parahaemolyticus (24.9%) was significantly higher than Vibrio’s autoaggregation rate (17.8%). This suggested that W2 had adhesion potential to mucosal/intestinal surfaces and was able to attenuate the adherence of V. parahaemolyticus. In addition, several adhesion-related protein genes, including 1 S-layer protein, 1 collagen-binding protein and 9 mucus-binding proteins were identified in the W2 genome. W2 had efficiently antagonistic activity against 7 aquatic pathogenic strains. Antagonistic components analysis indicated that active antibacterial substances might be organic acids. W2 can significantly promote the growth of shrimp when supplemented with 1 × 1010 cfu/kg live cells. Levels of 7 serological immune indicators and expression levels of 12 hepatopancreatic immune-related genes were up-regulated, and the mortality of shrimp exposed to V. parahaemolyticus was significantly reduced. Based on the above, L. plantarum W2 can be applied safely as a potential probiotic to enhance the growth performance, immunity capacity and disease resistance of P. vannamei.

Keywords: probiotic safety, virulence, antibiotic resistance, genomic analysis, probiotics, Lactobacillus plantarum, Penaeus vannamei


INTRODUCTION

Lactobacillus plantarum is a kind of highly adaptable lactobacillus that is widely found in various fermented products of plants and animals and occurs naturally in the intestinal tract of animals including humans (Xu et al., 2015). Some strains have already been used as probiotics and play a crucial role in human health, livestock rearing and aquaculture. For example, L. plantarum 0612 competes for surface receptors on human intestinal Caco-2 epithelial cells and significantly inhibits the adhesion of Escherichia coli and Listeriosis monocytogenes (Lau and Chye, 2018). L. plantarum CAM6 can be used as an antibiotic alternative for weaned pigs (Betancur et al., 2020). L. plantarum is generally used as an effective probiotic in aquaculture, and has been widely studied and applied in shrimp and fish culture. Several strains of L. plantarum have been shown to enhance resistance to V. alginolyticus (Chiu et al., 2007), V. harveyi (Vieira et al., 2010; Kongnum and Hongpattarakere, 2012), V. parahaemolyticus (Thammasorn et al., 2017) infections in shrimp. L. plantarum FNCC 226 can alleviate parasitism and growth inhibition of Pangasius hypophthalamus by Saprolegnia parasitica (Nurhajati et al., 2012). Several strains have been found to have beneficial effects on the growth, immunity and disease resistance in various fish species, such as Anguilla japonicav (Lee et al., 2017), Oncorhynchus mykiss (Vendrell et al., 2008), Sparus aurata (Picchietti et al., 2007), Labeo rohita (Giri et al., 2013), Oreochromis niloticus (Van Doan et al., 2017), and Paralichthys olivaceus (Beck et al., 2015).

Safety assessment is a vitally important task for the screening of probiotics to exclude adverse effects (FAO/WHO, 2002). Accurate identification, adequate phenotypic characterization and assessment of potential risks are indispensable steps in the safety assessment of probiotics (Miquel et al., 2015; Reid et al., 2019). Generally, Lactobacillus can be used safely in most cases. For example, there are only sporadic cases of Lactobacillus acting as a clinical infection pathogen in humans, with a very small proportion of L. plantarum involved (Haghighat and Crum-Cianflone, 2016; Nayeem et al., 2018; Koyama et al., 2019). Bernardeau et al. (2006) estimated that the risk of Lactobacillus infection was extremely low, with approximately one case per 10 million people over a period of more than a century in France.

Until now, no cases of animal infection have been reported. However, safety of probiotics has received increasing attention in recent years due to the potential transfer and spread of antibiotic resistance genes (ARGs) among microorganisms (Wang et al., 2008; Doron and Snydman, 2015). Previous studies have shown that the extensive use of antibiotics not only enhances antibiotic resistance in bacteria, but also promotes the transfer of ARGs (Santajit and Indrawattana, 2016). A probiotic should have a low risk of transferring ARG to the environment. However, an antibiotic resistance profile of Lactobacillus demonstrated that acquired resistance genes were occasionally present in Lactobacillus species (Campedelli et al., 2019).

L. plantarum is included in the Qualified Presumption of Safety (QPS) list of European Food Safety Authority (EFSA, 2008). When supplementing with live cells, it is recommended to assess the safety of the strain in use by QPS. EFSA guidance specifies four main aspects of bacterial safety assessment: strain identification; strain toxicity and pathogenicity; antibiotic resistance; and antimicrobial substance identification (EFSA, 2018). It is clear in the guidance that virulence factors (VFs) should be excluded in Enterococcus faecalis (IS16, hylEfm, esp) and Bacillus (enterotoxin, cereulide synthase), while those in L. plantarum are not listed. In response to the transfer of ARGs, EFSA delineated the cut-off value of L. plantarum to 7 antibiotics.

In terms of biological and ecological safety, probiotic screening should be carried out through a careful, phenotypically and genotypically based strategy according to the EFSA guidance (EFSA, 2018). In addition, it is essential to consider the beneficial effects of a probiotic candidate in both laboratory and practical applications, and to uncover the related mechanisms. Unfortunately, due to limited research and knowledge, there are still no internationally accepted screening criteria for probiotics in aquaculture which balance safety and beneficial effects. Therefore, it is important to develop standardized evaluation criteria to screen probiotics for application in aquaculture.

A strain of Lactobacillus was isolated from the intestine of Pacific white shrimp, Penaeus vannamei in our laboratory and named W2. In accordance with the latest EFSA guidelines, this study investigates the safety of the W2 strain in genotype and phenotype, including the assessment of virulence and VFs, antibiotic resistance and ARGs, the origin of VFs and ARGs, and the possible transfer potential of acquired genes. The potential probiotic properties of the strain for shrimp farming are also investigated, including the potential for adhesion, antagonistic activity in vitro and any modulatory effects on shrimp growth, immunity and disease resistance when supplemented in feed. The results from this study would be helpful to develop criteria for the screening and evaluation of probiotics in aquaculture.



MATERIALS AND METHODS


Bacterial Strain Identification

The strain of L. plantarum named W2 was isolated from the intestinal tract of Pacific white shrimp, P. vannamei, and was obtained from the Microbial Culture Centre, Laboratory of Aquaculture Ecology, Ocean University of China, China. W2 was identified using physiological and biochemical assays and 16S rRNA sequencing. The 16S rRNA was amplified with primers 27F (5′-AGAGTTTGATCCTGGCTCAG-3′) and 1492R (5′-GGTTACCTTGTTACGACTT-3′). 16S rRNA sequences were available through Sanger. 19 strains were selected in the NCBI database to construct a phylogenetic tree (MEGAX, Neighbor-Joining).



Assessment of Potential Probiotic Properties


Adhesion Assay in vitro

The microbial adhesion to solvents (MATS) method was employed to determine the hydrophobicity and electron donor-acceptor properties of W2 (Bellon-Fontaine et al., 1996). The autoaggregation and coaggregation assays of bacteria were as described by Kos et al. (2003) with some modifications. Hydrophobicity, autoaggregation, coaggregation were calculated using the following formulas:
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W2 was cultured in MRS broth at 37°C for 20 h and pathogens (V. splendens, V. parahaemolyticus, V. vulnificus) were cultured in broth medium at 26°C for 24 h, then, centrifuged at 5,000 g for 10 min and the supernatant discarded. The bacteria were diluted with sterile saline until reaching an absorbance value of around 0.8 (OD 600), recorded as Ax and Ay. The W2 suspension was fully mixed 3:1 with hydrophobic agent (n-dodecane, xylene, chloroform), allowed to settle for 20 min at 25°C and the OD600 of the aqueous phase was measured and recorded as At. Four ml of bacterial suspension was allowed to stand for 5 h at 25°C and the OD600 of the surface suspension measured and recorded as Ap. The W2 suspension was fully mixed 1:1 with the pathogens, allowed to settle for 5 h at 25°C, and the OD600 of the surface suspension measured and recorded as A(x+y). Each treatment consisted of three replicates and was repeated three times.



Antagonistic Assay in vitro

The antagonistic activity of W2 was evaluated using the agar diffusion method (Oxford cup method) (Kuang et al., 2018). The selected indicator bacteria were 7 common aquatic pathogenic strains, including V. vulnificus S01P2, V. splendidus BSD11, V. harveyi SRTT9 (Wang et al., 2020), V. parahaemolyticus 20130629002S01 (Dong et al., 2017), Streptococcus iniae NUF849 (Sheng et al., 2018), Aeromonas hydrophila AP40301 (Xu et al., 2018), and Shewanella marisflavi AP629 (Li et al., 2010). The culture methods of W2 and pathogens were similar to those described in the adhesion assay. Pathogenic bacteria fermentation broth was centrifuged at 5,000 g for 10 min and the supernatant discarded. It was then diluted with broth medium to a final concentration of 1 × 106 cfu/ml. Different pathogen suspensions were coated onto agar plates and dried for 15 min. An Oxford cup was vertically placed on the plate, and then 200 μl of W2 suspension was dispensed into the cup and allowed to diffuse at 26°C for 24 h. A control experiment was conducted using MRS broth. The inhibition zone diameters were then measured.

For screening for antibacterial activity, the culture broth (CB), cell free supernatant (CFS), and biomass suspension (BS) were used in an antagonistic assay, with V. vulnificus S01P2 and V. parahaemolyticus 20130629002S01 as the indicator bacteria. The CFS was further processed as follows: 1 g/ml Tripsin was added to deproteinated supernatant (CFT). The supernatant was heated to 80°C for 10 min to remove H2O2 (CFH), then the pH was adjusted to 6.0 to exclude the antimicrobial effect of organic acids (CF6.0). Each treatment consisted of three replicates and was repeated three times.




Safety Assessment


Hemolytic Activity

The hemolytic activity was tested using the Oxford cup diffusion test (Kuang et al., 2018). Colombian blood plate (5% sheep blood) was purchased from ELITE-MEDIA. MRS broth was used as the negative control. W2 was incubated in MRS broth for 24 h and the supernatant was obtained by centrifugation. The pH of the supernatant and broth was adjusted to 6.0 to exclude the effects of acidity. The Oxford cups were placed on the blood plate and filled with 200 μl supernatant or broth. The plate was incubated at 28°C for 24 h, then observed for the hemolytic type. Each consisted of three replicates and was repeated three times.



Antibiotic Resistance

Based on the EFSA (2018) guidelines, this study determined the minimum inhibitory concentration (MIC) of 7 antibiotics (ampicillin, kanamycin, chloramphenicol, clindamycin, erythromycin, gentamicin, and tetracycline) against W2 using the micro-broth dilution method (El Shazely et al., 2020). Escherichia coli ATCC 25,922 was used as the standard strain. Separate solutions of 512 μg/ml of the 7 antibiotics mentioned above were prepared. The concentrations of antibiotics in wells 1–11 of the 96-well plate were 128, 64, 32, 16, 8, 4, 2, 1, 0.5, 0.25, 0.125, and 0.0625 μg/ml, respectively. 100 μl bacterial suspension (OD600: 0.1) was added to each well and incubated for 20 h in 37°C. The results were then observed. Each treatment consisted of three replicates and was repeated three times.



Whole Genome Sequencing and Analysis

Whole genome sequencing (WGS) was performed on the Illumina Hiseq and PacBio platforms. Sequencing quality control was done with Fastp (Chen et al., 2018), using an average quality score of 20 and a minimum read length threshold of 30 bp. Assembly was performed using Unicycler v0.4.8 (Wick et al., 2017), with parameters that mainly included kmer values ranging from 21 to 41. The softwares used for gene annotation were DIAMOND v0.8.22 (Buchfink et al., 2015) for NR, KOG, Swiss-Prot, and KEGG (e-value = 1e-5); blast2GO (Conesa and Götz, 2008) for GO (e-value = 1e-5); HMMER 3.0 (Eddy, 2009) for Pfam (e-value = 0.01). ARGs and VFs were obtained by comparison in the CARD (The Comprehensive Antibiotic Research Database) and the VFDB (Virulence Factor Database). Mobile genetic elements (MGEs) were analyzed in W2. Genomic island (GEIs) prediction was performed using IslandViewer (Bertelli et al., 2017), pre-phages were predicted using Phage_Finder (Fouts, 2006), CRISPR-Cas was predicted using MinCED (Bland et al., 2007), integrons in DNA sequences were detected using Integron_Finder (Cury et al., 2016), and insertion sequence (IS) elements in the genome were identified using ISEScan (Siguier et al., 2014). The sequencing data were deposited in the Sequence Read Archive (SRA) repository under the accession number PRJNA797524.




Feeding Trial and Challenge Test for Shrimp


Shrimp Feeding Trial and Sample Collection

To determine the probiotic effects of W2 on aquaculture animals, a 42-day feeding trial of P. vannamei was designed. 225 healthy juvenile shrimps were randomly divided into three treatments. Five replicates were established for each treatment. The three treatments were as follows: (1) shrimp fed basal diet (the control, CON); (2) shrimp fed basal diet supplemented with 1 × 1010cfu/kg live cells (LLP); (3) shrimp fed basal diet supplemented with 15 mg/kg florfenicol for 7 d in a 14-day interval (FLI). Florfenicol treatment was set up as a positive control to compare with the effects of W2 in shrimp. Nutritional compositions of the basal diet are given in Supplementary Table 1. During the experiment, the water was exchanged one third of the aquarium volume (53 × 28 × 34 cm, 50 L) and the shrimp were fed four times per day (08:00, 12:00, 16:00, and 20:00).

Uneaten feed was collected 1 h after feeding, dried at 60°C and weighed. At the end of the feeding trial, the shrimp were starved for 24 h. Then the shrimp were counted, weighed and their tissues were collected. The hemolymph of the shrimp was collected without anticoagulants and stored at 4°C. After 24 h, serum was obtained by centrifugation at 3,000 g for 10 min. Hepatopancreas was collected and immediately frozen in liquid nitrogen. Both serum and hepatopancreas were stored at −80°C waiting for determination of the activities of non-specific immune enzymes activity and expression levels of immune-related genes.



Immunological Parameters Determination

Based on the innate immune properties of crustaceans, the following 8 serological indicators of immune function of shrimp were measured: Alkaline phosphatase (AKP), acid phosphatase (ACP), total nitric oxide synthase (T-NOS), peroxidase (POD), superoxide dismutase (SOD), phenol oxidase (PO) activities, total antioxidant capacity (T-AOC), and lysozyme (LZM) content. They were quantified using commercial detection kits obtained from the Nanjing Jiancheng Bioengineering Institute (Nanjing, China). The relative expression levels of the following 12 immune genes in the hepatopancreas of the shrimp were determined: Imd, Toll, Relish, TOR, 4E-BP, eIF4E1α, eIF4E2, SOD, LZM, proPO, HSP70, and LGBP. All the above immune-related genes are showed in Supplementary Table 2, with gene description and primers used. Total RNA was extracted using Trizol Reagent (Takara, Japan). The quantity and purity of RNA samples were examined using a NanoDrop spectrophotometer (Thermo Fisher Scientific, United States), followed by 1.5% agarose gel electrophoresis. Total RNA was reverse-transcribed to cDNA using the PrimeScript^TM RT reagent Kit (Takara, Japan). Real-time quantitative RT-qPCR was performed using the QuantStudio^TM 5 real-time PCR system (Applied Biosystems, United States).



Challenge Test

After the feeding trial, the remaining shrimp were fed continually for 5 additional days. 24 shrimp were randomly selected from each treatment and divided into 3 replicates for the challenge experiment. Vibrio parahaemolyticus 20130629002S01 were provided by the Microbial Culture Centre, Laboratory of Aquaculture Ecology, Ocean University of China, China. The LC50 of V. parahaemolyticus on 14th day was 5 × 107 cfu/ml determined during the pre-experiment. Shrimp were injected intramuscularly in the third abdominal segment with live V. parahaemolyticus at the concentration of 5 × 107 cfu/ml. Daily management during the challenge test was the same as that during the feeding trial. Cumulative mortality of shrimp was calculated on the 14th day after injection.




Calculations and Statistical Analysis

The growth performance of shrimp is described by the survival rate (SR, %), specific growth rate (SGR, %/d) and feed efficiency rate (FER). These formulas are defined as follows:
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where N0 and Nt represent the number of shrimp at the beginning and end of the culture, respectively; W0 and Wt represent the initial and final weights of the shrimp (g); t refers to the duration of the experiment (d); and F0 refers to the feed intake (dry weight, g).

All non-genomic data in this study were subjected to one-way ANOVA (SPSS 22.0). Data were tested for normality, homogeneity and independence prior to ANOVA. Results are represented as mean ± standard error.




RESULTS


Strain Identification

The physiological and biochemical properties of W2 are presented in Supplementary Table 3. W2 is a Gram-positive bacillus, non-budding, non-motile, catalase negative, and produces acid but not acetyl methyl methanol and not hydrogen sulfide. W2 can ferment most monosaccharides and oligosaccharides except xylose. The identification was consistent with the basic characteristics of L. plantarum. A phylogenetic tree constructed based on 16S rRNA sequences confirmed that W2 is a strain of L. plantarum (Figure 1).
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FIGURE 1. Phylogenetic tree of W2 based on 16S rRNA.




Adhesion Properties in vitro

The adhesion properties of W2 are shown in Figure 2. The autoaggregation rate of W2 was 82.6% compared to less than 50.0% for the three Vibrio strains. The coaggregation rates of W2 with the three Vibrio strains were 31.2% for V. splendidus, 20.4% for V. vulnificu, and 24.9% for V. parahaemolyticus. This indicated that the interaction between W2 and Vibrio significantly enhanced the aggregation of V. parahaemolyticus (P < 0.05) and significantly reduced the aggregation of V. splendens but had no significant effect on the aggregation of V. vulnificu (P > 0.05). In the hydrophobicity assays, W2 showed the highest hydrophobicity in chloroform (81.0%), which was 66.5 and 61.8% higher than n-dodecane and xylene, respectively. Thus, W2 has a high autoaggregation rate (82.6%), a high hydrophobicity (chloroform: 81.0%), and it is strain-specific in co-coaggregation with different Vibrio strains. It can significantly reduce the adhesion of V. parahaemolyticus.
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FIGURE 2. Adhesion properties of L. plantarum W2. (A) Autoaggregation rates of three Vibrio strains (V. splendidus BSD11, V. vulnificus S01P2, V. parahaemolyticus 20130629002S01) and their coaggregation rate with W2. Autoaggregation rate of W2 is indicated by a dotted line. (B) W2 adherence to hydrophobic agent (chloroform, xylene, n-dodecane). P < 0.05.


The extracellular protein/transmembrane protein genes associated with adhesion in W2 are presented in Table 1. 1 S-layer protein, 1 collagen binding protein (CnBP) and 9 mucus binding proteins (Mub) were identified in W2 based on Pfam and NR database annotations.


TABLE 1. Adhesion-associated proteins in W2 genome.
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Antagonistic Activity in vitro

The antagonistic activity of W2 to seven aquatic pathogenic strains is shown in Figure 3A. The average inhibition zone diameter of W2 against pathogens (V. vulnificus S01P2, V. harveyi SRTT9, V. parahaemolyticus 20130629002S01, Streptococcus iniae NUF849) was > 20 mm. The diameters of the inhibition zones of different fermentation components of W2 against 2 Vibrio strains (V. parahaemolyticus 20130629002S01 and V. vulnificus S01P2) are shown in Figure 3B. The diameter of the inhibition zone of the suspension was 7.8 mm, which is the diameter of the Oxford cup and is considered as indicating no antagonistic activity. The zone diameters of the Fermentation broth and supernatant (V. parahaemolyticus: 26.2, 23.7; V. vulnficus: 27.3, 23.3) were significantly larger than 7.8 mm (P < 0.05), indicating that the antagonistic active substance existed in the supernatant. The diameter of the inhibition zones of the fermentation broth was larger than that of the supernatant, probably due to the continued production of antagonistic substances during the experiment. When the pH was adjusted to 6.0 in the fermentation broth and supernatant, their antagonistic activity disappeared. The inhibition zone diameter of the supernatant did not decrease after the removal of H2O2 and treatment with trypsin.
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FIGURE 3. Analysis of the antagonistic activity of W2. (A) Antibacterial activitys of W2 against seven pathogen (V. vulnificus S01P2, V. splendidus BSD11, V. harveyi SRTT9, V. parahaemolyticus 20130629002S01, Streptococcus iniae NUF849, Aeromonas hydrophila AP40301, Shewanella marisflavi AP629). (B) Antibacterial activitys of different fermentation components of W2 against two Vibrios (V. parahaemolyticus 20130629002S01, V. vulnificus S01P2). The groups are as follows: culture broth (CB), cell free supernatant (CFS), cell free supernatant with H2O2 removal (CFH), cell free supernatant treated with tripsin (CFT), biomass suspension (BS), cell free supernatant at pH 6.0 (CB6.0), culture broth at pH 6.0 (CF6.0). P < 0.05.




Antibiotic Resistance

MICs of seven antibiotics against W2 are presented in Table 2. The cut-off value represents the maximum value of MIC assigned by EFSA, which specifies the maximum resistance level the bacteria group should meet. The resistance of W2 to chloramphenicol (8 μg/ml), clindamycin (4 μg/ml), gentamicin (16 μg/ml) were in accordance with the cut-off values, the resistance to kanamycin (16 μg/ml), tetracycline (2 μg/ml) were below the cut-off values, while the resistance to ampicillin (8 μg/ml) and erythromycin (8 μg/ml) were above the cut-off values. This means that W2 can be inhibited in growth by lower concentrations of kanamycin and tetracycline than the cut-off values, but is resistant to ampicillin and erythromycin at cut-off value concentrations.


TABLE 2. Minimum inhibitory concentration (MIC) of L. plantarum W2.
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By alignment with the CARD database, 155 ARGs were annotated in the W2 WGS. Their detailed distributions in different antibiotic classes are presented in Supplementary Table 4. ARGs in W2 were mainly concentrated in macrolide, tetracycline, fluoroquinolone, phenicol, lincosamide, peptides, penam, streptogramin, and oxazolidinone antibiotic. Based on the MIC results, erythromycin and ampicillin resistance genes were analyzed in this study, and the results are presented in Supplementary Table 5. 50 macrolide resistance genes were identified and they were classified by resistance mechanism into 42 antibiotic effluxs, 7 antibiotic target protection, and 1 antibiotic target alteration. The antibiotic efflux includes 3 efrA, 2 evgA, 25 macB, 1 MexL, 3 mtrA, 5 oleC, 3 Staphylococcus aureus LmrS. Antibiotic target protection includes l mrC, 1 lsaA, 1 lsaC, 2 optrA, 1 tva(A), 1 vmlR. The antibiotic target alteration gene is Erm(K). 11 penam resistance genes were found, grouped into 7 resistance efflux pumps (3 mtrA, mgrA, 2 evgA, golS), 1 antibiotic target protection (mecI) and 3 antibiotic inactivation (Escherichia coli ampH beta-lactamase, y56 beta-lactamase, NmcR). In addition to the CARD, 5 penicillin-binding proteins (PBPs) were annotated using the Swiss-Prot database, 13 β-lactamases using the pfam database, 1 penicillin V acylase using the NR database and 1 penicillin amidase using the GO database. Some of the above genes may have mediated the additional high resistance of W2 to erythromycin and ampicillin. Vancomycin resistance genes are not present in W2.



Virulence

There were 274 VFs annotated in W2 in the VFDB. Of these, 202 were attribute to specific I/II level, with a few genes in multiple II level functions (Figure 4). Defensive virulence factors, nonspecific virulence factors and regulation of virulence-associated genes accounted for 62.0%, and offensive virulence factors for 38.0%. Toxin accounted for 27.5% (22) of the offensive virulence factors, with the other factors annotated to adhesion, invasion and secretion systems. The 22 toxins included 4 Alpha-hemolysin, 11 Beta-hemolysin/cytolysin, 1 Cytolysin, 1 Colibactin, 1 Hemolysin III, 3 RTX toxins, and 1 TcdA. Their locations on the DNA are presented in Supplementary Table 6. The haemolysis test showed that both the fermentation supernatant of W2 and the MRS broth (negative control) represent γ haemolysis. This suggests that the haemolysin/cytolysin gene of W2 is not expressed, or slightly expressed without haemolytic effect.
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FIGURE 4. Classification of virulence-related factors (VFs) present in W2 genome.




Transfer Potential of Safety-Related Genes

In this study, MGEs in W2 (Table 3) were analyzed to assess the potential for horizontal transfer of ARGs and VFs. The W2 genome has only one circular DNA and no plasmids. The following MGEs were identified on the circular DNA: 6 genomic islands (GEIs), comprising a total of 200 genes; 2 prephages (Lactococcus phage P335 and Lactobacillus phage phig1e), comprising a total of 99 genes, overlapping with 2 of the 6 genomic islands; 3 insertion sequences (IS); 10 CRISPR sequences (CRISPRs). In addition, 8 possible integrases and 10 possible transposases (3 of which are insertion sequences) were identified by protein sequence comparison in the Swiss-Prot database. No complete integron was found.


TABLE 3. Mobile genetic elements (MGEs) and associated ARGs and VFs statistics.
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Seven of the 155 ARGs were found located on GEIs. Of these, 4 mediated macrolide resistance (efrA, macB), 3 mediated fluoroquinolone resistance (patB, efrA), 2 mediated rifamycin resistance (efrA), 1 mediated nitroimidazole resistance (msbA), and 1 mediated tetracycline resistance (tetT). 10 of the 274 VFs are located on GEIs/pre-phages, with 2 genes encoding toxins (TcdA, RTX toxin). A total of 11 ARGs/VFs were located on GEIs, due to partial overlap between 7 ARGs and 10 VFs. In addition, 6 VFs and 4 ARGs are located near the integrase/transposase. The location of MGEs such as GEIs, prephages, IS, and the ARGs and VFs carried on them are shown in Figure 5 in circle 5, 4.
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FIGURE 5. Circular representation of L. plantarum W2 genome. The outer scale is in mega bases (Mb). Circle 1 (from outside to inside), the marker of genome size. Cycles 2 and 3, CDS with positive and negative chain, different colors represent different functional classifications; Circle 4, ARGs and VFs located on genomic islands and prephages; Circle 5, islands and prephages (yellow), insertion sequences (IS, black), rRNA (blue) and tRNA (red); Circle 6, GC content, the higher value makes redder, the lower makes bluer. Circle 7, GC-skew value, skew+ are expressed in green, skew- are expressed in orange.




Shrimp Growth Performance

The growth performance of shrimp in each treatment is presented in Table 4. The data indicated that the specific growth rate (SGR) of shrimp of LLP and FLI were significantly higher than that of the control (P < 0.05). The feed utilization efficiency (FER) was significantly higher in the LLP and FLI than in the control, but there was no significant difference between the two treatments.


TABLE 4. Growth performance of P. vannamei.
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Shrimp Immune Parameters

Levels of 8 serological immune indicators and expression levels of 12 hepatopancreatic immune-related genes of shrimp are shown in Figures 6, 7. AKP, ACP, TNOS, PO, LZM, POD, and T-AOC were significantly higher in the LLP than in the control. PO was significantly higher in the FLI than in the control, but significantly lower than LLP. SOD was not significantly different in the three groups. The relative expression levels of all 12 immune genes were significantly higher in the LLP group than in the control. Imd, Relish, TOR, proPO, and LGBP were significantly higher in the FLI group than in the control. In summary, levels of serological immune indicators showed the same trend as the relative expression levels of hepatopancreatic immune-related genes. W2 supplementary to the diet significantly improved the immune performance of shrimp (enhanced immune enzyme activity and up-regulation of immune gene expression). Antibiotics florfenicol supplementary to the diet also improved the immune performance of shrimp to some extent, but to a lesser extent than W2.
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FIGURE 6. Levels of serological immune indicators of P. vannamei.
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FIGURE 7. Expression levels of hepatopancreatic immune-related genes of P. vannamei.




Challenge Test

The cumulative mortality of P. vannamei in the challenge test is shown in Figure 8. The LLP group had the lowest cumulative mortality rate (25.0%) and was not significantly different from the FLI group (29.2%). The control group had a high cumulative mortality rate of 54.2%, which was significantly higher than the LLP and FLI (P > 0.05). Compared to the control, calculations showed a 53.8 and 46.2% reduction in cumulative mortality in the LLP and FLI groups, respectively.
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FIGURE 8. Cumulative mortality of P. vannamei.





DISCUSSION

As one of the eco-friendly alternatives to antibiotics, probiotics have been widely considered and their probiotic effect on aquaculture animals have been confirmed by previous studies (e.g., Li et al., 2019a,b; Tran et al., 2019; Yang et al., 2019). L. plantarum was included in the list of microorganisms that can be used in food in many countries and regions such as China, Europe, United States, Australia, and Malaysia (EFSA, 2007; Ministry of Health China, 2010). In this study, the probiotic properties of a L. plantarum W2 strain, isolated from the intestine of healthy Pacific white shrimp, were evaluated including the potential for adhesion, antagonistic activity in vitro and modulatory effects to growth, immunity and disease resistance of P. vannamei.

The adherence of probiotic to epithelial cells is considered to be an important requirement for their colonization and delivery of health effects (Collado et al., 2005; Mohanty et al., 2019). Bacteria develop a cluster through autoaggregation, which facilitates their effective adherence to the intestinal surface (Trunk et al., 2018). Meanwhile, coaggregation between probiotic and pathogen can indicate their intimate interactions (Mohanty et al., 2019). Strain W2 performed high autoaggregation (82.6%) and hydrophobicity (chloroform: 81.0%), which indicated a certain adhesion potential. Notably, its coaggregation with V. parahaemolyticus was significantly greater than the autoaggregation of V. parahaemolyticus, which might mean W2 could make an intimate connection with V. parahaemolyticus, allowing it to release antagonistic substances in a close position (Bujnakova and Kmet, 2002). As a result, W2 might be able to attenuate the adherence and colonization of V. parahaemolyticus to some extent.

Adhesion of Lactobacillus to mucin/epithelial cells is associated with a variety of non-specific and specific ligand-receptor interactions (Boks et al., 2008; Berne et al., 2018). It is generally agreed that the initial mechanism is linked to physicochemical interactions between bacteria and mucin/epithelial cells. Certain features of bacterial surfaces, such as electron-donor properties, surface charges and hydrophobicity, influence the forces of attraction and repulsion between bacteria and surfaces (Humphries et al., 2017; Ren et al., 2018). Xylene and n-dodecane are non-polar solvents and reflect the hydrophobicity of the bacteria. Chloroform is a monopolar and acidic solvent and it served as an indicator of the electron acceptor feature of the bacteria (Bellon-Fontaine et al., 1996). W2 demonstrated a significantly higher hydrophobicity toward chloroform, which meant it was a strong electron donor. This might play an important role in the early stages of adhesion. Meanwhile, special bacterial surface components, such as extracellular proteins/transmembrane proteins, can strengthen the initial contact and play a major role in adhesion (Bath et al., 2005; Tallon et al., 2007; Berne et al., 2013). Previous studies have revealed a variety of proteins associated with Lactobacillus adhesion, including S-layer protein (Mohanty et al., 2019), collagen-binding protein (CnBP) (Roos et al., 1996), mucus-binding protein (Mub) (Roos and Jonsson, 2002), mannose-specific adhesin (Msa) (Pretzer et al., 2005), mucus-binding flagellin (SpaC), and cell wall-anchored protein CwaA (Buntin et al., 2017). In this study, 1 S-layer protein, 1 CnBP and 9 Mubs were annotated in W2 genome. These proteins may help W2 to adhere to mucus/intestinal epithelium and further research into this aspect is needed for validation.

In vitro antagonistic activity against pathogens is one of the more important aspects for the evaluation of beneficial properties of probiotics (Fijan et al., 2018; Doan et al., 2021). In this study, L. plantarum W2 showed strong antagonistic activity against seven common aquatic pathogenic bacteria, with inhibition zone diameters ranging from 13.6 to 27.3 mm. Typical antagonistic substances found in lactic acid bacteria include hydrogen peroxide (Bao et al., 2010), proteins and peptides (Selegard et al., 2019), organic acids (Sanchez-Maldonado et al., 2011; Arena et al., 2016), diacetyl and other compounds (Yan et al., 2019). The effective antibacterial substances of W2 existed in the supernatant and antagonistic activity was pH-dependent. Such pH-dependent antagonistic substances were also found in other strains of L. plantarum. Russo et al. (2017) demonstrated that the antagonistic ability of a L. plantarum strain against 6 filamentous fungi, including Aspergillus niger, derived from organic acids, with lactic acid playing an important role. Gerez et al. (2010) found that the antifungal activity of L. plantarum SL778 was associated with acetic acid, phenyllactic acid, and lactic acid. They also found that higher concentrations of lactic acid production favored the combined antagonistic activity of organic acids. In addition, the accumulation of antagonistic activity occurred when more than one organic acid was involved (Sun et al., 2003). Accordingly, it could be presumed that the antagonistic activity of W2 against the seven pathogens might be derived from organic acids. The exact components of these organic acids still need to be further analyzed in future study.

Until now, the in vitro efficacy and potency of many probiotics against numerous pathogens have been investigated under various conditions (Fijan et al., 2018; Doan et al., 2021). There are, however, many gaps and questions remaining to be clarified, especially the determination of the level of correlation of the in vitro antagonistic activity and the in vivo disease resistance of putative probiotics against pathogenic strains. Strain W2 was found to significantly increase the immune performance of shrimp, as evidenced by a general increase in serum immune enzyme activities and hepatopancreas immune-related gene expression levels. In the challenge test, W2 supplementation significantly enhanced in vivo pathogen resistance of shrimp under V. parahaemolyticus exposure. These results were in accordance with other studies. For example, Zheng et al. (2017) measured the expression levels of non-specific immune genes before and after acute hyposalinity stress in shrimp and showed that dietary supplementation with L. plantarum significantly improved the stress resistance and immune performance of shrimp. Dash et al. (2015) demonstrated that dietary inactivated L. plantarum could enhance non-specific immunity in P. vannamei. Chomwong et al. (2018) found that the use of L. plantarum promoted the immune response of shrimp to VPAHPND infection and improved survival. Based on the above, L. plantarum W2 revealed better performance in vivo efficacy and potency of improving the immune capacity and disease resistance in shrimp.

In recent years, there has been increasing concern about the safety of probiotics due to the potential transfer and spread of ARGs and VFs among microorganisms (Wang et al., 2008; Doron and Snydman, 2015). A systematic safety assessment of L. plantarum W2 was conducted based on the latest EFSA guidelines for feed-added probiotics (EFSA, 2018) and other relevant studies (e.g., FAO/WHO, 2002; EFSA, 2008; WHO, 2014). The evaluation mainly focused on phenotypic and genotypic studies of antibiotic resistance and virulence, and to some extent on the biological and ecological risks of these genes. In this study, 274 VFs were found in the W2 genome although, fortunately, none was any of the genes that need to be excluded according to EFSA guidelines. The 274 VFs mainly perform auxiliary functions such as adhesion, anti-phagocytosis, ion uptake, secretion, and regulation. For pathogenic strains, adhesion and iron uptake are important for their colonization and invasion (Becker and Skaar, 2014; Carpenter and Payne, 2014). However, for probiotics, numerous studies have shown that adhesion to the intestinal surface is essential to its developing probiotic effects. L. plantarum is a kind of bacteria that does not need to absorb iron from its environment (Archibald, 2006). Therefore, some of the VFs might be important for probiotics to exert beneficial effects and should not be considered as malignant virulence factors.

There were 22 toxins in the 274 VFs, including 17 haemolysins/cytolysins, but strain W2 showed no hemolytic activity. These genes may not be expressed in W2, or weakly expressed. Other non-haemolytic toxins, including Colibactin, RTX toxin and TcdA, were difficult to identify as toxic to organisms if they were not highly expressed. Some studies have shown that the expression of some toxins, such as TcdA (Kuehne et al., 2010), can activate host innate immunity to some extent. VFs may be transferred from non-pathogenic bacteria to pathogens through MGEs-mediated Horizontal Gene Transfer (HGT) (von Wintersdorff et al., 2016; Brito, 2021). Gene mapping indicated that 10 VFs of W2 were located on GEIs and 6 were located near integrase/transposases, including no haemolysins/cytolysins genes. These genes may have some risk of HGT but have no predictable virulence to biology (Kuehne et al., 2010; Satchell, 2015).

Currently, antimicrobial resistance has been considered to be a global public health threat (WHO, 2014; CDC, 2019). W2 was considered as innately resistant to kanamycin, chloramphenicol, clindamycin, gentamicin, and tetracycline. However, the MICs of erythromycin and ampicillin against W2 were higher than their cut-off values (erythromycin: 1 μg/ml, ampicillin: 2 μg/ml). A new phenotype may signal a newly acquired gene. Gene mapping showed that none of the penicillin ARGs were located on GEIs/pre-phages or in the near vicinity of integrases and transposases. Thus, penicillin resistance of W2 might be innate resistance. Similarly, ampicillin resistance in L. plantarum was also described as innate resistance in other studies. For example, laboratory adaptive evolution experiments showed that chronic exposure to ampicillin up-regulated MIC of L. plantarum strain, but ampicillin ARGs transfer risk was low (Cao et al., 2020). Gene mapping showed that there are 4 macrolide efflux pump genes located on GEIs in W2. These genes might be acquired genes. HGT is a powerful motivator for bacterial evolution. It is not surprising that L. plantarum, a class of metabolically rich and adaptive bacteria, has acquired new genes from the environment. The increased resistance of W2 to erythromycin might derive from these genes in part, for which further evidence is still needed in future research.

Overall, a total of 11 ARGs, in which 7 are located on GEIs and 4 are located near integrases or transposases, were at some risk of gene transfer. However, on the one hand not all ARGs pose a severe threat to public health. Some genes or sequence homology predicted genes that have conferred antibiotic resistance are widespread in bacteria and play biological roles, such as efflux systems (Blair et al., 2015) and intercellular signaling (Davies and Davies, 2010). On the other hand, genes with transfer potential are not always prevalent on a large scale or have detrimental effects to humans. For example, a recent study by Zhang et al. (2021) suggested that the risk assigned to vanA and sul1 resistance families (resistant to vancomycin and sulforaphane, respectively) should be weakened. These two resistant families belong to the 37 ARG families of Rank I listed by WHO (2019). Studies have shown that they are characterized by gene transfer and host pathogenicity but show weak correlation with human activity. Because gene transfer is constrained by the influence of complex regulatory factors, there may be many unknown environmental and host factors (Wagner et al., 2017). Zhang et al. (2021) classified high-risk mobile ARGs into two classes: Rank I, containing 73 gene families that currently have a high risk of conferring new or multiple drug resistance to pathogen; Rank II, containing 19 gene families that may be transferred to pathogens in new forms of resistance in the future. In this study, none of the ARGs in W2 belonged to Rank I and 3 genes belonged to the mdtG family of Rank II, which conferred multi-drug resistance. However, the 3 genes were neither located on GEIs nor in the vicinity of integrases/transposases. Based the above, W2 may have high biological and ecological safety profiles, in terms of virulence and antimicrobial resistance.

Generally, L. plantarum is a common lactic acid bacterium with a long history of safe use and rarely leads to human infection (Bernardeau et al., 2006; Haghighat and Crum-Cianflone, 2016; Le and Yang, 2018; Nayeem et al., 2018; Koyama et al., 2019). As a potential probiotic strain for shrimp, W2 did not carry highly virulent factors by genome analysis, and its non-haemolytic activity was confirmed by haemolysis tests. Meanwhile, according to the omics-based framework for assessing the health risk of antimicrobial resistance genes (Zhang et al., 2021), W2 also has a low risk of facilitating the formation of multidrug resistant pathogens by conferring ARGs to pathogen both in the present and foreseeable future. Hence, based on the above collectively, it could be believed that W2 should have no or low potential risk to public health.



CONCLUSION

The probiotic properties and safety of L. plantarum W2 were evaluated in this study. Strain W2 represented no significant virulence effect. W2 showed antibiotic resistance to ampicillin and erythromycin to a certain degree, i.e., inherently ampicillin resistant but might acquire resistance to erythromycin. However, it was confirmed that none of the ARGs in W2 belong to the high-risk mobile ARGs. Strain W2 has the ability to adhere to surfaces and can attenuate the adhesion of V. parahaemolyticus. Seven aquatic pathogenic strains were in vitro inhibited efficiently, and organic acids might be the main antagonistic substance produced by W2. Dietary W2 with 1 × 1010 cfu/kg live cells significantly improved the growth performance, enhanced levels of serological immune indicators and the expression levels of hepatopancreatic immune genes of shrimp and reduced the mortality of shrimp exposed to V. parahaemolyticus. Based on these results, L. plantarum W2 can be applied safely as a potential probiotic in shrimp farming to enhance growth performance, immunity capacity and disease resistance of P. vannamei. Additionally, the results from this study would be helpful to develop criteria for the screening and evaluation of probiotics in aquaculture.
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Biological migration is usually associated with disturbances and environmental changes that are key drivers in determining the diversity, community compositions, and function of gut microbiome. However, little is known about how gut microbiome is affected by disturbance such as salinity changes during migration from seawater to freshwater. Here, we tracked the gut microbiome succession of Chinese mitten crabs (Eriocheir sinensis) during their migrations from seawater to freshwater and afterward using 16S rDNA sequencing for 127 days, and explored the temporal patterns in microbial diversity and the underlying environmental factors. The species richness of gut microbiome showed a hump-shaped trend over time during seawater–freshwater migration. The community dissimilarities of gut microbiome increased significantly with day change. The turnover rate of gut microbiome community was higher during seawater–freshwater transition (1–5 days) than that in later freshwater conditions. Salinity was the major factor leading to the alpha diversity and community dissimilarity of gut microbiome during seawater–freshwater transition, while the host selection showed dominant effects during freshwater stage. The transitivity, connectivity, and average clustering coefficient of gut microbial co-occurrence networks showed decreased trends, while modularity increased during seawater–freshwater migration. For metabolic pathways, “Amino Acid Metabolism” and “Lipid Metabolism” were higher during seawater–freshwater transition than in freshwater. This study advances our mechanistic understanding of the assembly and succession of gut microbiota, which provides new insights into the gut ecology of other aquatic animals.

HIGHLIGHTS

- Crab gut microbiome showed a hump-shaped pattern in species richness during seawater–freshwater migration.

- The turnover rate of gut microbiome was higher during seawater–freshwater transition than in freshwater.

- Salinity primarily affected the diversity and community compositions of gut microbiome during seawater–freshwater transition.

- The transitivity, connectivity, and average clustering coefficient of gut microbial co-occurrence networks showed decreased trends, while modularity increased during seawater–freshwater migration.

- “Amino Acid Metabolism” and “Lipid Metabolism” were higher during seawater-freshwater transition than freshwater.

Keywords: gut microbiome succession during migration gut microbiome, Chinese mitten crab, salinity, migration, seawater–freshwater transition


INTRODUCTION

Migration as a form of ecological succession has been an important theme of great concern involved in ecology for lots of years. However, the machine underlying gut microbiota succession in aquatic animals remains unidentifiable (Wang et al., 2019), especially in crustaceans during migration. The gut microbiome could be affected by host phylogeny and exogenous changes (Wong and Rawls, 2012). For instance, environmental factors such as habitat (Lai et al., 2020) and salinity (Lai et al., 2020) can affect gut microbiota composition and species diversity. The gut microbiome as a “filter” is restricted by ambient environments (Yan et al., 2016). Theoretically, all microbiomes colonize in the aquatic organism gut are expected to be derived from surrounding water environments. The findings on gut microbiome of migratory habit of gray mullet show that the gut microbiome of adult fish migrating to different geographical tracts harbor and their respective migration routes are similar to historical records of seawater microbiome (Le and Wang, 2020). In addition, the gut microbiome of medaka under different salinity stress regulates various pathways and facilitates the salinity acclimation of both the host and the bacteria, during seawater transfer freshwater (Lai et al., 2020). However, recent studies reveal that host selection due to genetics is a key factor to filtering gut microbiota (Xiao et al., 2021). Despite the strong influence of geographical factors on the migrating human gut microbiota, cultural similarity due to a shared ethnic origin drives the presence of a shared gut microbiota composition (Dwiyanto et al., 2021). The gut microbiome of swan geese or Atlantic salmon, while somewhat altered after migration, still maintains a core group of species (Dehler et al., 2017; Rudi et al., 2018; Wu et al., 2018). So far, only a few gut microbiome studies consider the host developmental issue, but gut microbiome diversity and composition could be significantly affected by the host development (Yan et al., 2016). Host development prevails over environmental dispersal in governing the ecological succession of zebrafish gut microbiota (Xiao et al., 2021). During migrations, we thus expect that the gut microbiome is associated with environmental changes and host selection, but what the most pivotal factors are is yet unknown in the Chinese mitten crab.

The Chinese mitten crab (Eriocheir sinensis) is a euryhaline species with the characteristics of a catadromous life cycle with migrations between freshwater and seawater. For instance, the mature female adults hatch the eggs which metamorphose into megalopa and live in the seawater. The megalopa metamorphoses into juvenile crab usually in May, which then actively migrates upstream into freshwaters with a benthic life until sexual maturity (Figure 1; Anger, 1991; Lafontaine and Veilleux, 2007). The changes of the water environment during migration will inevitably lead to changes in the diversity and community compositions of gut microbiome, which as an organ that regulates osmotic pressure. Recently, gut microbiome has been shown to play an important role in host physiological functions, including growth (Yan et al., 2012), metabolism (Diaz Heijtz et al., 2011), and regulation of digestion (Stanley et al., 2012). Although extensive researches had been carried out for Chinese mitten crabs (Gao et al., 2018), little is known about the gut microbiome of Chinese mitten crabs especially during the seawater–freshwater migrations.
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FIGURE 1. Experimental design of gut microbiome sampling of Chinese mitten crab. The sampling locations at different sampling days and salinity corresponding to each sampling day are shown.


Here, we tracked the process of Chinese mitten crabs from seawater–freshwater migration and explored the changing patterns and driving factors of their gut microbiome using 16SrDNA sequencing. The Chinese mitten crab is an excellent species to study how the migration affects the assembly and succession of gut microbiota. During the migration process, Chinese mitten crabs constantly experience changes in environmental conditions, such as salinity, temperature, and pressure, and may cause stress to host and associated gut microbiome. We had the following three objectives: (1) How do the biodiversity and community compositions of the Chinese mitten crab gut microbiota change during seawater–freshwater migration? (2) What is the main factor that drives gut microbiome shift during migration? (3) How do the co-occurrence patterns and function of gut microbiome change during migration?



MATERIALS AND METHODS


Experimental Design and Sample Collection

The gut of Chinese mitten crab (Eriocheir sinensis) larvae (n = 9) were collected from a seawater breeding pond in Dongtai City (DT) (32.868°N, 120.933°E) on the east coast of China in May 2020 (Figure 1). During seawater–freshwater transition (1–5 days), one-fourth of the water was replaced every day with freshwater water every day in a breeding pond, and the salinity of the pond water dropped from 20 PSU (practical salinity units) to 10 PSU within 5 days. We collected intestinal samples on the first (n = 3, 20 PSU), the third (n = 3, 15 PSU), and the fifth day (n = 3, 10 PSU) separately. After the fifth day, the Chinese mitten crab larvae in the breeding pond were transported to the freshwater breeding ponds in Sihong (SH) (33.301°N, 118.300°E) and Xinghua (XH) (33.036°N, 120.026°E) (0 PSU). In freshwater, the intestinal samples were collected every 30 days (n = 6) from May 7, 2021, to September 7, 2021, (n = 30). For larval samples, sterile water was used to rinse the surface and remove the intestines through a dissecting needle. For crab samples, the surface of the crab was washed with sterilized water and 75% alcohol and then left for 3–5 min at room temperature. The contents of the hind intestine were collected using a scalpel. The samples were stored in sterile tubes under −80°C until further molecular analyses. In addition, four environmental variables were measured or collected (Supplementary Table 1). Water temperature (WT) and salinity were recorded in situ at a depth of 10 cm (below the water surface) using corresponding probes (Oxi 340i; WTW, Weilheim, Germany). The concentrations of water phosphate (PO43−) and ammonia nitrogen (NH3+) were analyzed according to the seawater analysis standard of China (AQSIQ, 2007).



Community Analyses

Bacterial 16S rDNA amplicon analysis was performed on all intestinal samples (n = 39) by Illumina sequencing. Due to the insufficient amount of DNA obtained from the intestine of a single crab, every three intestines were pooled together to compose one biological sample for each pond. DNA was extracted using OMEGA kit E.Z.N. A™ Mag-Bind Soil DNA Kit according to manufacturer’s instructions and was verified by 0.8% agarose gel electrophoresis. Then V3 and V4 hypervariable regions of prokaryotic 16S rDNA were amplified to generate amplicons, and the forward primers containing the sequence 341F 5′-CCTACGGGNGGCWGCAG-3′ and the reverse primers containing the sequence 805R 5′-GACTACHVGGGTATCTAATCC-3′ were used for classification analysis. For each sample, triplicate 30-μl PCRs were performed, which contained 20 ng DNA extracts as a template with the following conditions: 25 cycles of denaturation at 95°C for 30 s, annealing at 55°C for 30 s, followed by 5 three-step cycles of 20 s at 94°C, 20 s at 55°C, and 30 s and 72°C, and one final fold at 72°C for 5 min. All PCR amplicons were detected by 2% agarose gel electrophoresis, and the library concentration was determined using Qubit3.0 (Invitrogen, United States) fluorescence quantifier. The Prep Kit (Illumina, San Diego, CA, United States) was used according to the manufacturer’s instruction, and 300-bp pair-ended insertion was sequenced using MiSeq Reagent Kit V3 chemistry on Illumina MiSeq platform owned by Sangon Biotech Co., Ltd. (Shanghai, China).

Further, the 16S rDNA amplicon raw reads were processed according to the previous literatures (Zhang et al., 2018). The paired-end reads were merged and relabeled using “-fastq_mergepairs”; reads with low-quality (error rates > 0.01) and redundancy were filtered and dereplicated using “-fastq_filter” and “derep_fulllength,” respectively. The de novo biological sequences, ASVs (exact sequence variants), were clustered, and chimeras were filtered using “-unoise3.” Subsequently, the operational taxonomic units (OTUs) table was created by “-otutab.” Through the ribosome database (RDP) Bayesian algorithm (Wang et al., 2007), the OTU sequence was classified with a threshold of 0.6 and the species annotations were divided into five levels: phylum, class, order, family, and genus; and finally an OTU feature table was generated. All archaeal, chloroplast, and mitochondrial sequences have been deleted, as well as the other sequences that cannot be assigned to bacteria.



Statistical Analyses

Diversity is a composite quantity composed of richness and evenness components (Lou, 2010), Pielou’s evenness [J = H/log (S), where H is the Shannon-Weaver diversity index and S is the number of species] (Pielou, 1967) is a good measure of the distribution of relative abundance in a community. We chose species richness and Pielou’s evenness as biodiversity metrics reflecting the two aspects of community biodiversity. For community composition, considering that the species occurrence percentages were larger than 85%, we only included the highly abundant bacterial phyla. The relationships between richness and elevation, evenness and elevation, and relative abundance of phyla were explored with linear and quadratic models. The most appropriate model was selected based on the lowest value of Akaike’s information criterion (Yamaoka et al., 1978).

The variation in bacterial beta diversity uses the matrices based on Bray-Curtis dissimilarity to examine the dissimilarity in community composition. The distance of sampling day was measured as the Euclidean distance with a log10 transformation. Then, the variations in bacterial beta diversity were plotted against the changes in distance of sampling day. This distance decay relationship was analyzed using a Gaussian generalized linear model, and the significance was determined using Mantel tests (Pearson’s correlation) on 9,999 permutations. The turnover rate of bacterial communities was calculated as the slope of models. In addition, a non-metric multidimensional scaling (NMDS) analysis was used to compare the differences during seawater–freshwater transition and freshwater gut bacterial communities based on Bray-Curtis distances. We applied random forest model (Feld et al., 2016) and redundancy analysis (RDA) to identify the important factors affecting each OTU. Pearson’s correlation coefficients were used to evaluate the statistical correlation between the explanatory variables, and the variables with high correlation coefficients (Pearson r > 0.7) were excluded from the models.

To describe the complex co-occurrence patterns in gut microbiome networks, SparCC was used to construct the association network. We only retained more than 50% of OTUs present in all samples for network construction (Langfelder and Horvath, 2012). The nodes and the edges in the network represent OTUs and the correlations between pairs of OTUs, respectively. A set of network topological properties, such as transitivity (the probability that the adjacent nodes of a node are connected, also called the clustering coefficient) and degree (the number of adjacent edges), were calculated for each co-occurrence network with the “igraph” package in R (Ma et al., 2016). Finally, significance tests were performed through an analysis using Wilcoxon test to examine whether the differences among comparisons are significant.

In order to identify functional pathways based on 16S communities, PICRUSt2 (v.2.3.0) was used to normalize the non-rarefied amplicon data by 16S rRNA gene copy number and to infer metagenomic contents (Louca and Doebeli, 2018). The inferred metagenomic functions were assigned using the Kyoto Encyclopedia of Genes and Genomes database (KEGG; May 2020 Release) to obtain KEGG pathway names. STAMP v2.1.3 (Parks et al., 2014) was used to test statistically significant differences in the pathway contributions to the parent terms using Welch’s t-test, and was corrected for multiple-testing by Benjamini-Hochberg false discovery rate (FDR). Biologically interpretable phenotypes such as Stress Tolerant, Gram staining, and Forms Biofilms within each indicated community were predicted based on the Greengenes OTU table using BugBase (Cai et al., 2021).




RESULTS


Patterns in Bacterial Diversity and Community Composition Along Sampling Day

We found significant relationships between species richness and sampling day of gut microbiome during seawater-freshwater migration (Figure 2A). More precisely, the species richness showed a hump-shaped pattern with the sampling day, showing the peak at 7 days. In addition, the species richness of gut microbiome during seawater–freshwater transition (1–5 days) was significantly higher than those in freshwater stage (Wilcoxon test, p < 0.05). However, the species evenness had no significant relationship with time (p = 0.103) (Figure 2A). The water salinity dropped from 20 to 10 PSU during the transition and remained at zero PSU in freshwater environments. Moreover, we found numerous environmental variables contributing to microbiome diversity during the two stages. The random forest analyses showed that salinity was the strongest variable correlated to the richness and evenness during seawater to freshwater transition (Figure 2B). Other environmental variables, such as PO43−, temperature, and [image: image] of water, also had important effects on richness and evenness during the seawater to freshwater transition (Figure 2B). However, the [image: image] and PO43− were the most crucial factors for richness and evenness in the following freshwater stage, respectively.
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FIGURE 2. The temporal patterns and drivers of species richness and evenness of Chinese mitten crab gut microbiome during seawater–freshwater migration. (A) The relationships between days and alpha diversity were modeled with linear and quadratic models. The better model was selected based on the lower value of Akaike’s information criterion. The significant trend of the model is shown as solid line, and the non-significant trend is shown as dotted line. (B) The abiotic factors related to richness and evenness were identified with random forest during seawater–freshwater transition (SFT) and freshwater (FW), respectively. For abiotic factors, we considered phosphate (PO43−), water temperature (WT), salinity, and ammonia nitrogen ([image: image]) of water.


The community dissimilarity was positively (p < 0.01) related to the sampling day, showing significant distance-decay relationships with sampling day during seawater–freshwater transition (1–5 days) (r = 0.76, p < 0.01) and the freshwater stage (r = 0.56, p = 0.001) (Figure 3A). Notably, community turnover rates varied notably during migration, showing that the turnover rate in seawater (slope = 0.66) was significantly higher than that in freshwater (slope = 0.25). In addition, NMDS showed the gut microbiota of crab individuals of the same stages were generally grouped together (Figure 3B). Further, we found numerous variables regulating community dissimilarity in the two stages. For instance, salinity and sampling day were the important factors (p < 0.01) related to the community compositions in transition, while sampling day and WT showed significant correlations with community in freshwater (Figures 3C,D).


[image: image]

FIGURE 3. The relationships among the community dissimilarities and day change (A); NMDS ordinations showing the structures of gut microbiome during seawater–freshwater transition (SFT) and freshwater (FW) (B); the abiotic factors related to bacterial community (C,D). The regression slopes of the linear relationships based on Gaussian generalized linear model are shown with solid lines. The relationships were statistically significant according to the Mantel test (9,999 permutations, p < 0.05) except for the bacterial communities. These factors were identified with redundancy analysis (RDA) during the seawater-freshwater transition (SFT) (C) and the freshwater stage (FW) (D). For explanatory factors, we considered phosphate (PO43−), water temperature (WT), salinity, and ammonia nitrogen ([image: image]) of water. Overlap among samples in panels (C,D) may due to smaller sample size. *p < 0.5; **p < 0.05; ***p < 0.01.




Community Compositions in Gut Microbiome

The represented OTUs were taxonomically assigned to 20 prokaryotic phyla (Supplementary Figure 1). During seawater to freshwater transition (1–5 days), the dominant abundant phylum was Proteobacteria (86.11%) (Figure 4A). In the later freshwater stage, the relatively abundant phyla were Proteobacteria (34.50%), Firmicutes (29.12%), and Bacteroidetes (16.57%) (Figure 4A). The relative abundance of main phyla all exhibited significant (p < 0.05) and temporal patterns. Specifically, Proteobacteria showed decreased trends over time during seawater–freshwater migration, while Firmicutes showed an increasing pattern (Figure 4B). In addition, the relative abundance of Bacteroidetes showed a hump-shaped trend over time (Figure 4B). We also found that the relative abundance of Proteobacteria in seawater–freshwater transition was significantly lower than those in freshwater (Wilcoxon test, p < 0.05), while the Firmicutes were higher (Wilcoxon test, p < 0.05).
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FIGURE 4. The relative abundance of bacterial phyla in the seawater–freshwater transition and freshwater stage (A), and temporal patterns of dominant bacterial phyla (B). The relationships between time and relative abundance were modeled with linear and quadratic models. The better model was selected based on the lower value of Akaike’s information criterion.




The Co-occurrence Network and Metabolic Functional Shifts of Gut Microbiome

To understand the role of biotic interaction in community assembly, the co-occurrence network of gut microbiome (at the OTU level) in Chinese mitten crabs was constructed based on the significant correlations during seawater–freshwater transition (1–5 days) and freshwater stage, respectively. Compared with the transition, OTUs were more densely linked in the network of the freshwater stage, with higher average degrees and more positive associations (Figure 5A). Some topological characteristics commonly used in network analysis were calculated to describe the complex interrelationship patterns between OTUs (Newman, 2003). Most categories of network topological characteristics of the crab gut microbiome exhibited obvious differences during seawater–freshwater migration (p < 0.05) (Figure 5B). The transitivity, connectivity, and average clustering coefficient exhibited decreased trends, while modularity increased over time during the seawater–freshwater migration (Figure 5B). In addition, the gut microbiome during seawater-freshwater transition had higher average clustering coefficient, connectivity, and transitivity than the freshwater stage (Wilcoxon test, p < 0.05).
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FIGURE 5. The co-occurrence network of gut microbiome on Chinese mitten crabs at the OTU level (A). The nodes each represent unique OTUs in the data sets. The size of each node is proportional to the number of connections (that is, degree). OTUs are colored by different phyla. The green side is positive correlation and the red side is negative correlation. The relationships between network topological properties and time for gut microbiome community were modeled with linear and quadratic models (B). The significant trend of the model is shown as solid line, and the non-significant trend is shown as dotted line. The better model was selected based on the lower value of Akaike’s information criterion.


We inferred the function and organism-level phenotypes of different microbial communities with PICRUSt and BugBase, respectively. There were 328 KEGG pathways from 8,398 ASVs present in the Chinese mitten crab gut microbiome, with an identity cutoff rate of 99%. The metabolism level 2 categories showed the different contributions during seawater–freshwater transition (1–5 days) and freshwater stage (p < 0.01, Welch’s t-test, Figure 6A). For example, “amino acid metabolism” and “lipid metabolism” had particularly a higher contribution during seawater-freshwater transition than in freshwater stage. However, “carbohydrate metabolism,” “enzyme families,” and “nucleotide metabolism” were conspicuously more abundant in freshwater (Figure 6A).
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FIGURE 6. The functional profiles and organism level phenotypes of different microbial communities over time. Phylogenetic Investigation of Communities by Reconstruction of Unobserved States (PICRUSt) analysis was performed to identify the influenced biological pathways of the influence of salinity changes on the gut microbiome of the Chinese mitten crab (A). Phenotype inference of bacterial communities from the Chinese mitten crab gut (B–E). Relative abundances of bacteria differing in Gram staining are shown in panel (C) for Gram-negative and panel (D) for Gram-positive. Relative abundances of bacteria differing in latent pathogenicity phenotypes are shown in panel (B) for oxidative stress tolerance and panel (E) for biofilm formation.


Further, the phenotypical characteristics of bacterial communities such as oxygen tolerance, Gram staining, and pathogenic potential were predicted (Supplementary Figure 2). Stress Tolerant and Gram-positive showed U-shaped and decreasing patterns over time (Figures 6B,C), respectively. On the contrary, Gram-positive and biofilms increased with time (Figures 6D,E). Compared with the transition stage, the gut microbiome in the freshwater stage has a significantly higher proportion of Gram-positive, while the proportion of biofilms formed by the gut microbiome was higher during transition (Wilcoxon test, p < 0.05).




DISCUSSION

Migration is a major area of interest within the field of ecology. Although extensive research has been carried out on migration (Dehler et al., 2017; Zhang et al., 2020), few studies have examined Chinese mitten crab gut microbiota during seawater-freshwater migrations. In this study, we explored the changes in the biodiversity, community compositions, and function of gut microbiome of Chinese mitten crabs in different periods of migration from seawater to freshwater. We found that (1) there were significant relationships between the species richness of gut microbiome and the sampling day, showing a hump-shaped pattern. (2) The community dissimilarities increased significantly over time during the seawater–freshwater migration and the freshwater stage, while in the former stage the turnover rate of gut microbiome was higher. (3) The gut microbiomes showed higher co-occurrence interactions during freshwater stage than seawater-freshwater transition. (4) “Amino acid metabolism” and “lipid metabolism” were higher during seawater–freshwater transitions than the freshwater stage.


The Patterns and Drivers of Gut Microbial Diversity During Seawater–Freshwater Migration

Our results found that there was a significant relationship between richness and sampling day of the crab gut microbiome, showing a hump-shaped trend. This is consistent with previous studies that species diversity of gut microbiota changed during migration (Zhang et al., 2020; Lorgen-Ritchie et al., 2021). For example, from freshwater Recirculating Aquaculture System to open marine sea cages, the richness of Atlantic salmon gut microbiome showed a hump-shaped trend (Zhang et al., 2020; Lorgen-Ritchie et al., 2021). In addition, Atlantic salmon reestablished a completely different community structure after freshwater–seawater transition (Lorgen-Ritchie et al., 2021). For bacterial composition, the community dissimilarities increased remarkably over time during migration, and the turnover rate of gut microbiota of the Chinese mitten crab in freshwater was lower than that during seawater–freshwater transition (1–5 days). This difference might be caused by the fact that the water conditions during seawater–freshwater transition changed more dramatically, such as salinity.

Further, we found various variables regulating gut microbiome during seawater-freshwater migration. The key factor affecting alpha diversity and community dissimilarities was the salinity during seawater–freshwater transition (1–5 day). Salinity has frequently been identified as one of the most important environmental factors influencing gut microbiome of aquatic life (Lin et al., 2021) like fish (Lai et al., 2020) and shrimp (Zhang et al., 2016). For example, the proportion of bacteria regarded as opportunists increased while those regarded as commensal or beneficial bacteria decreased when the Nile tilapia and Pacific white shrimp were facing hyposaline or hypersaline stress (Zhang et al., 2016). However, WT and sampling day were the most critical factors in the freshwater stage. The host selection is known as the important force to provide a primary selection of gut microbiota (Xiao et al., 2021). The deterministic process of homogenous selection increased with host development for the assembly of gut microbiota (Dini-Andreote et al., 2015; Burns et al., 2016). For instance, with a 12-day period of studying Poecilia sphenops, the fish gut microbiota is mainly driven by host selection independent of water microbiota (Feng et al., 2017).

From the seawater-freshwater transition to the following freshwater environments, the hump-shaped pattern in diversity and the strong turnover of community composition of Chinese mitten crab gut microbiome can be explained by two mechanisms: the intermediate-disturbance hypothesis and the host-selection hypothesis. The intermediate-disturbance hypothesis states that the maximum diversity was caused by the medium frequency or intensity interference or environmental changes (Connell, 1978). Diversity peaks at intermediate disturbance levels because very frequent or intense disturbances eliminate disturbance-intolerant species, while rare or weak disturbances fail to prevent competitive exclusion (Fox, 2013). The drastic changes in salinity may thus lead to an uptick in the diversity of gut microbiome from seawater to freshwater migration. The other hypothesis is that the host development will overwhelm environmental dispersal in governing host gut microbial community succession due to host genetics, immunology, and gut nutrient niches (Xiao et al., 2021). As the migrating host matures, its resistance to further invasion is relatively enhanced. Our study found similar compositions of Chinese mitten crab across regional scales regardless of the ambient environments. Host development may overwhelm environmental proliferation in governing the ecological succession of Chinese mitten crab gut microbiome in the freshwater stage. For instance, the finding on Poecilia sphenops suggested that feeding environments have no significant effects on the compositions of fish gut microbiota. Thus, the crab may selectively filter particular microbial members from the environment species pool to function as gut residents at different developmental stages (Yan et al., 2016). Taken together, salinity drives the diversity of gut microbiome of the Chinese mitten crab in seawater to freshwater transition, while host selection would become the dominant factor affecting the diversity of gut microbiome during freshwater stage.



Temporal Changes in the Gut Microbial Composition

There were differences in the composition of gut microbiome of Chinese mitten crabs during the seawater–freshwater migration. Specifically, Proteobacteria was the dominant abundant phylum by accounting for 86.11% during seawater-freshwater transition (1–5 days), while the relatively abundant phyla were Proteobacteria, Firmicutes, Bacteroidetes, and Actinobacteria in the freshwater stage (Figure 4A). This is consistent with previous studies that the dominant phyla were Bacteroidetes, Proteobacteria, and Firmicutes in the Chinese mitten crabs (Wang et al., 2019). In addition, this discrepancy between seawater and freshwater could be attributed to salinity. For example, previous studies show that the proportion of the bacteria regarded as opportunists increased in the Nile tilapia and Pacific white shrimp upon hyposaline or hypersaline stress, while those regarded as commensal or beneficial bacteria decreased (Zhang et al., 2016).

However, the distributional patterns of bacterial abundance during the seawater–freshwater migration, especially among Chinese mitten crabs, have been rarely explored. For the dominant phylum, the relative abundance of Proteobacteria notably decreased, while Firmicutes significantly increased during the migration. Interestingly, the relative abundance of Bacteroidetes showed a hump-shaped trend during the migration. For instance, the decreasing and increasing patterns of the relative abundance of Proteobacteria and Firmicutes are consistent with the patterns found in previous studies on Atlantic salmon during freshwater–seawater transition (Lorgen-Ritchie et al., 2021). These patterns may be explained by the niche positions of each bacterial phylum. For instance, the niche of Proteobacteria is occupied by other phyla, such as Firmicutes which catabolize complex carbohydrates, polysaccharides, sugars, and fatty acids to provide energy (Tap et al., 2009). Thus, the enrichment of Firmicutes in the gut of Chinese mitten crabs may contribute to energy intake and nutrient absorption (Yang et al., 2016). In addition, Bacteroidetes are highly successful competitors in gut, exhibiting considerable nutritional flexibility and an ability to respond to stresses imposed by the host and the gut environment (Flint and Duncan, 2014). Thus, the change of community compositions in gut microbiome may cause the crab to adapt more quickly during migration.



Higher Co-occurrence Interactions of Gut Microbiomes in Freshwater Than Seawater–Freshwater Transition

We found that both node-level and network-level topological features of gut microbiome are different between seawater–freshwater transition (1–5 days) and freshwater. For instance, the gut microbiome during seawater–freshwater transition had higher degree value compared to that in freshwater stage. As the topology of the network could reflect interactions between microorganisms, the degree represents the interactions of microbiome in the network (Ma et al., 2016). Our results suggest that the gut microbiome of crab in freshwater had stronger relationships compared to that during seawater–freshwater transition. Meanwhile, the fewer network connections represent the more generalized microbial interactions (Faust and Raes, 2012; Ma et al., 2016; Yang et al., 2021). In addition, the gut microbiome of crab in freshwater had fewer negative co-occurrences than that during seawater–freshwater transition, while negative co-occurrences among taxa may result from the present day or past evolutionary effects of competitive exclusion (Faust et al., 2012; Dohi and Mougi, 2018). It has been proposed that when nutrients are limited, the relationship between microorganisms occupying similar ecological niche can be transformed from commensalism (positive correlations) to competition (negative correlations) (Yue et al., 2019). Thus, the negative association with co-occurrence of the gut microbiome decreased, which may be due to the decreased stocking density of Chinese mitten crabs in the freshwater stage.



The Shifts of Gut Microbiome in Metabolic Function

“Amino acid metabolism” and “lipid metabolism” had higher contributions during the seawater–freshwater transition (1–5 days), while “carbohydrate metabolism,” “enzyme families,” and “nucleotide metabolism” prominently increased in the freshwater stage. Amino acids, which are major nutrients in the diet, could support the growth of bacteria and their host and also regulate energy and protein homeostasis (Wu, 2009; Dai et al., 2011). Gut Euryhaline mollusks mainly accumulate amino acids as organic osmolytes in their cells under hyperosmotic stress (Pierce and Amende, 2010). For instance, the gut microbiome of snails supports the amino acid supply for the Theodoxus fluviatilis production during salinity stress (Kivistik et al., 2020). Thus, the gut microbiome of crab supports the amino acid supply for the host osmolyte production during seawater-freshwater transition. Moreover, lipid metabolism includes the biosynthesis and degradation of lipids such as fatty acids, triglycerides, and cholesterol. Lipid metabolism is mainly regulated by nutrients such as sugars and fatty acids (Schoeler and Caesar, 2019). We speculate that the differences in lipid metabolism and carbohydrate metabolism may be caused by dietary differences.

For phenotypic functions, there are significantly more Gram-negative bacteria and biofilm forming bacteria during seawater–freshwater transition than in freshwater. Such phenotypical differences are mainly caused by the lower proportion of Proteobacteria (Cai et al., 2021; Supplementary Figure 3). Vibrio was Gram-negative Proteobacteria that concerned form biofilms (Shinoda and Miyoshi, 2011), which decreased during seawater–freshwater migration.




CONCLUSION

Here, we intensively examined the dynamic changes of diversity, community compositions, co-occurrence network, and potential function of Chinese mitten crab gut microbiome during the seawater–freshwater migration. We found that the species richness of gut microbiome showed a hump-shaped trend over time during the seawater–freshwater migration. Meanwhile, the turnover rate of gut microbiome during seawater–freshwater transition was higher than during freshwater stage. Salinity was the main driver for the species richness and community compositions of gut microbiome of the Chinese mitten crab in seawater-freshwater transition, while host selection may become the dominant factor in the freshwater stage. In addition, gut microbiomes of crab in freshwater have stronger microbial interactions compared to that during seawater–freshwater transition. The changes of metabolism-dependent pathways may assist the host and bacteria themselves to survive in the new environment during migration. Considering that diet and other environmental factors have not been measured, we cannot rule out the effects of other factors on the gut microbiome of Chinese mitten crabs. More studies on host associated systems in the seawater–freshwater transition are needed to verify this concept.
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Environment and Co-occurring Native Mussel Species, but Not Host Genetics, Impact the Microbiome of a Freshwater Invasive Species (Corbicula fluminea)
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The Asian clam Corbicula fluminea (Family: Cyneridae) has aggressively invaded freshwater habitats worldwide, resulting in dramatic ecological changes and declines of native bivalves such as freshwater mussels (Family: Unionidae), one of the most imperiled faunal groups. Despite increases in our knowledge of invasive C. fluminea biology, little is known of how intrinsic and extrinsic factors, including co-occurring native species, influence its microbiome. We investigated the gut bacterial microbiome across genetically differentiated populations of C. fluminea in the Tennessee and Mobile River Basins in the Southeastern United States and compared them to those of six co-occurring species of native freshwater mussels. The gut microbiome of C. fluminea was diverse, differed with environmental conditions and varied spatially among rivers, but was unrelated to host genetic variation. Microbial source tracking suggested that the gut microbiome of C. fluminea may be influenced by the presence of co-occurring native mussels. Inferred functions from 16S rRNA gene data using PICRUST2 predicted a high prevalence and diversity of degradation functions in the C. fluminea microbiome, especially the degradation of carbohydrates and aromatic compounds. Such modularity and functional diversity of the microbiome of C. fluminea may be an asset, allowing to acclimate to an extensive range of nutritional sources in invaded habitats, which could play a vital role in its invasive success.
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INTRODUCTION

The introduction of species outside of their native range through human activities is an accelerating phenomenon worldwide (Seebens et al., 2017). Invasive species, spreading aggressively after introduction, have important negative ecological consequences on the ecosystem they invade and are the second leading cause of species endangerment and extinction (Bellard et al., 2016). As with other organisms, invasive species live and interact with a diverse community of microorganisms, their microbiome, which is an integral part of their biology and ecology (Bahrndorff et al., 2016). While the composition and function of microbiomes have been examined for many host species, they have rarely been assessed in an invasion context (but see, e.g., Goddard-Dwyer et al., 2021).

The influence of the microbiome on invasive species success, while increasingly recognized in plants (Kowalski et al., 2015), is still largely unknown in animals (Bahrndorff et al., 2016). This is striking given that numerous hypotheses for the success or failure of the invasion process involve mutualistic or antagonistic partners of invasive and native species, which can include microbes (Lockwood et al., 2013a,b). It has been suggested that a higher variability or diversity of functions displayed by the gut microbiome may benefit a host’s capacity to adapt to a more extensive range of nutritional niches, therefore facilitating its establishment in invaded areas (Bahrndorff et al., 2016; Goddard-Dwyer et al., 2021). The microorganisms transported by an invasive species may also pose a risk to native populations through the transmission of pathogens (Lymbery et al., 2014), or through the modification of environmental microbial communities that may be less beneficial to the native hosts (Coats and Rumpho, 2014).

As with any organism, microbiomes associated with invasive species can be driven by both host-specific (e.g., host condition, life history, genetics) and environmental factors (e.g., water physichochemistry, diet) (Chiarello et al., 2019). Additionally, while invasive species may carry microorganisms that are co-introduced from their native range, they may also lose much of their microbiome during an invasion and thus may acquire novel microbes locally (Parker et al., 2006). This makes the invasion history, such as the number of distinct introductions and subsequent patterns of spatial expansion, important when assessing the microbiome diversity of invasive species (Parker et al., 2020). Interactions with local native communities may be particularly important when the invasive species occupies the same functional role as co-occurring native fauna, as similar niche requirements should increase encounters between native and invasive species, therefore increasing the potential for microbe acquisition (Parker et al., 2006; Shelby et al., 2016). Thus, investigating the microbiome of established invasive populations across ecological gradients provides an opportunity to understand the relative influence of host-specific and environmental influences in shaping the microbiome of invasive species during the invasion process.

Invasive species in freshwater habitats are of particular concern, as these ecosystems are among the most diverse and vulnerable on the planet and have exhibited the most dramatic decreases in biological diversity since the 1970s (Darwall et al., 2018; Lopes-Lima et al., 2018; Albert et al., 2021). Asian clams in the genus Corbicula are among the most problematic invasive freshwater species, having spread rapidly from their native range in Eastern Asia, Australia, and Eastern Africa, to a worldwide distribution in just a few decades (Lee et al., 2005; Sousa et al., 2008). The exact number of species within the genus Corbicula is still unclear, but most invasive lineages are classified as Corbicula fluminea or fluminalis (Sousa et al., 2008). The United States populations are referred to as Corbicula fluminea (National Invasive Species Information Center1, February 2021), but belong to five genetically distinct morphotypes (Haponski and Foighil, 2019). Corbicula fluminea reproduces androgenetically, where the nuclear DNA of juveniles is derived entirely from the male parent (Ishibashi et al., 2003), and clonal reproduction of introduced lineages has contributed to their rapid expansions (Lee et al., 2005; Haponski and Foighil, 2019).

Corbicula fluminea invasions are especially concerning because of their potential impact on native bivalve populations, particularly mussels in the family Unionidae (Sousa et al., 2008; Haag, 2019). Freshwater mussels play important roles in ecosystems through their filter-feeding (Vaughn and Hoellein, 2018) and are among the most threatened faunal groups worldwide, with 45% of the described species being threatened, endangered, or extinct (Lopes-Lima et al., 2014a,2018). Freshwater mussels are typically slow growing and long-lived (most living ∼6-50 years, Haag, 2012) and often occur in dense multi-species aggregations, yet both their diversity and abundance have been declining dramatically (Haag, 2019). C. fluminea occupies the same functional guild as unionids (i.e., filter-feeding bivalves) but shows a faster growth rate and shorter life span (1-5 years) that, together with earlier sexual maturity and clonal reproduction, allows it to reproduce and disperse more rapidly than native mussels and to recover more quickly following perturbations (McMahon, 2002; Sousa et al., 2008; Ferreira-Rodríguez et al., 2018b). Increasing densities of C. fluminea may thus replace unionid populations in the wild (McMahon, 2002; Ferreira-Rodríguez et al., 2018b) and pose a risk to remaining populations (Sousa et al., 2008; Haag, 2019). While field assessments in Western Europe and North America document variable spatial overlap between invasive C. fluminea and native mussel populations (Vaughn and Spooner, 2006; Ferreira-Rodríguez et al., 2018a), experiments have revealed the negative impact of C. fluminea on mussel growth and physiology, with the most likely cause being competition for space and/or resources, as C. fluminea typically displays higher individual filtration rates than native mussels (Ferreira-Rodríguez et al., 2018a,b; Haag, 2019).

Despite these possible threats to native mussels, the microbiome of C. fluminea and its relationship to native mussel microbiomes have never been examined. The unionid microbiome has been increasingly studied over the past few years, suggesting some degree of species-specificity, where mussel species collected from the same environment have distinct microbiomes (Weingarten et al., 2019; Liu et al., 2020; McCauley et al., 2021). However, while opportunistic bacteria are detected within moribund mussels or during mass mortality events, little is known about potential bacterial pathogens of mussel populations in the wild (Grizzle and Brunner, 2009; Leis et al., 2019; McElwain, 2019; Richard et al., 2021), or the risk of a transmission of such pathogens from exotic species such as C. fluminea. Whether C. fluminea likewise harbors its own distinctive microbiome, influences the microbiome of native freshwater mussels, or has acquired a microbial community that reflects that of the local environment and/or one of the native mussels remains unknown. Further, the unique invasion history and reproductive mode of C. fluminea clonal lineages may influence microbiome diversity and transmission within and among populations. Thus, understanding the distribution of different clonal lineages or fine-scale population genetic structure could provide additional clues into the respective roles of host-specific and environmental influences. Given the potential negative impacts on native mussel communities, investigating the diverse factors that may contribute to C. fluminea microbiome diversity alongside native mussel microbiome will help better elucidate possible impacts on freshwater mussel communities.

We report the first investigation into the microbiome of C. fluminea populations that co-occur along a gradient of native freshwater mussel assemblage density in the Mobile and Tennessee River Basins (Figure 1; Hopper et al., 2021). We describe the diversity and inferred function of the microbiome of C. fluminea and assess the main differences compared to that of co-occurring native mussels. By integrating population genomic data, we examine the genetic structure of C. fluminea in the Mobile and Tennessee Basins and test whether ancestry contributes to microbiome diversity, either from clonal lineage or within-lineage genetic variation. Lastly, we examine if the presence and/or higher densities of C. fluminea may lead to changes in the microbiome of co-occurring native mussels and assess the potential reciprocal influence of the native mussel microbiome on that of C. fluminea. By examining how spatial-environmental variation, population genetic structure, and co-occurring mussel communities interact to influence microbiome composition, we provide insights into host-specific and environmental factors driving the microbiome of established invasive freshwater species.


[image: image]

FIGURE 1. Map of the collecting sites (A,C,D) and pictures of the shells (B) of the species studied. (A) Overall map of the United States of America, showing the Mobile and the Tennessee river basins shaded in gray. (C) Density of unionids on our collecting sites along the six rivers of study. (D) Density of the invasive Asian clam Corbicula fluminea on collecting sites and site names represented by three letters. (B) On-scale pictures of representative shells of the native unionid species included in this paper (Lampsilis ovata, Cyclonaias pustulosa, Cyclonaias asperata, Fusconaia cerina, Tritogonia verrucosa, and Amblema plicata) and the invasive Corbicula fluminea.




MATERIALS AND METHODS


Study Area

Samples were collected from six rivers in the Mobile and Tennessee River Basins, in the southeastern United States (Figure 1). The southeastern United States is a hotspot for freshwater mussel biodiversity, containing ∼90% of the North American diversity (Parmalee and Bogan, 1998; Williams et al., 2008). This extraordinarily diverse region has been severely degraded by anthropogenic activity, such that 95% of the 70 United States federally protected mussel species occur in this region (Williams et al., 2008). Although C. fluminea has been considered established in the southeastern United States for more than 50 years (US Geological Survey, 2021), complete accounts of C. fluminea invasion timing and quantitative population estimates are rarely available where mussels are found (Benson and Williams, 2021). On our 16 study sites (1-4 per river), C. fluminea density ranged from low to very high (averaging 0.5-92 individuals/m2) and was generally correlated to native mussel densities, which ranged from 0.6 to 23 individuals/m2 (as reported by Hopper et al., 2021; Figure 1).



Specimen Collection and Environmental Measures

We collected 180 specimens of C. fluminea and 144 specimens of Unionidae belonging to six species (Lampsilis ovata, Cyclonaias pustulosa, Cyclonaias asperata, Fusconaia cerina, Tritogonia verrucosa, and Amblema plicata) between July and September 2019 (Figure 1 and S1-Supplementary Table 1). We collected 3-28 individuals of C. fluminea per site, along with up to 10 individuals each from up to three native mussel species. Mussel species were identified morphologically by author C.L.A.

All specimens were placed on ice and transported back to the University of Alabama on the same day of collection, where they were flash-frozen and stored at −80°C. The entire gastrointestinal tracts of mussels and C. fluminea were subsequently excised using sterile dissecting equipment and transported on dry ice to the University of Mississippi for microbiome analysis. For population genomic analysis, C. fluminea mantle tissue was clipped and stored in molecular biology grade absolute ethanol at −80°C.

Three surface sediment and three 120-mL water samples were collected from each site at the time of sampling. Water samples were filtered through sterile 1 μm pore size glassfiber filters (25 mm diameter; Millipore) placed in sterile tubes. Water temperature, pH, conductivity, and dissolved oxygen were measured at each site using aYSI DO Probe (YSI Inc., Yellow Springs, OH, United States), and 50 mL water samples were collected to determine concentrations of dissolved organic carbon (DOC), Soluble Reactive Phosphorus (SRP), soluble ammonium (NH4+), soluble nitrite (NO2−), soluble nitrate (NO3−). Sediment granulometry was also determined for each sample site. Values of these parameters and methodology are described in S1-Supplementary Table 2.



Microbial DNA Extraction, 16S rRNA Gene Sequencing, and Sequence Processing

A subset of 3-8 C. fluminea specimens per site was selected for microbiome analysis for a total sample size of 80 C. fluminea and 144 native mussels (S1-Supplementary Table 2). Bivalve gut tissue was ground using sterile pellet pestles with the extraction buffer from a PowerSoil Pro kit (Qiagen, Germantown, MD), and bacterial DNA was extracted as described previously (McCauley et al., 2021). DNA from sediment and filtered water (seston) samples were extracted following PowerSoil Pro kit instructions. Dual-indexed barcoded primers were used to amplify the V4 region of the 16S rRNA gene of the extracted DNA from each sample following established techniques (Kozich et al., 2013; McCauley et al., 2021). This hypervariable region was chosen following previous work on unionid microbiome using Illumina MiSeq technology (Weingarten et al., 2019; Aceves et al., 2020; Richard et al., 2021), and recommendations from the Earth Microbiome Project2 (01/2022). The amplified 16S rRNA gene fragments were combined and spiked with 20% PhiX before being sequenced on an Illumina MiSeq at the University of Mississippi Medical Center Molecular and Genomics Core Facility.

Raw sequences were processed using the DADA2 R-package in R version 3.6.3 (R Core Team, 2020b). We followed the general methodology available on the DADA2 Github3 (11/2020). We filtered sequences with more than two and five estimated errors on forward and reverse reads, respectively, and truncated reads on their 3′ end at the first base where quality dropped under a quality score of 2 (TrunQ = 2). After estimation of error rates, Amplified Sequence Variants (ASVs) were predicted and merged using default parameters. Chimeras were removed using the consensus method in “removeBimeraDenovo” function. Any final ASV out of a range of 243-263 base pairs was then removed, leaving a total of 57,556 ASVs in the un-rarefied dataset of 318 samples. Bivalve microbiomes contained 4,042 to 196,506 sequences. To ensure comparable alpha- and beta-diversities, we randomly rarefied bivalve samples to 4,000 sequences. Environmental samples (sediment, seston) contained fewer sequences (2,374 - 16,587 and 2,100 - 34,963, respectively), and were rarefied to 2,000 sequences per sample. After rarefaction, 31,091 ASVs remained in the entire dataset containing all bivalves and environmental samples. Coverage was assessed by Chao’s non-parametric indicator using the “entropart” R-package (Marcon and Hérault, 2015) and averaged 0.98 ± 0.02 (Mean ± Standard Deviation, here and elsewhere) across samples after rarefaction.



Microbial Phylogeny and Diversity Indices

Alpha-diversity (Shannon alpha-diversity) was assessed using the ‘vegan’ R-package and expressed in an equivalent number of species (Dixon, 2003; Jost, 2007). To compute phylogenetic diversity, ASV sequences were incorporated into the GreenGenes 99% phylogenetic tree version 13.8 (McDonald et al., 2012) using SEPP software (Janssen et al., 2018) implemented in QIIME2 (Bolyen et al., 2019), using default parameters. Phylogenetic richness, based on the phylogenetic distance between ASVs, and phylogenetic diversity, taking into account both phylogenetic distances and ASV relative abundance, were, respectively, assessed using Faith’s PD and the index of Allen using “picante” (Kembel et al., 2010) and “entropart” R-packages. Phylogenetic beta-diversity was assessed using the weighted (W-) and unweighted (U-) versions of Unifrac on microbial phylogeny using GUniFrac R-package (Chen, 2021).



Statistical Analysis of Phylogenetic and Taxonomic Data

All data visualizations were made using the “ggplot2” R-package (Wickham, 2016). Comparison of alpha-diversity between C. fluminea and native mussels was assessed using Wilcoxon signed-rank tests, using all native mussel species at once, and separately for each mussel species. Rarefaction curves for each sample were obtained using “vegan” and averaged per species, before plotting. To assess differences in the overall structure of the gut microbiome, U- and W-Unifrac dissimilarities were plotted along the first two axes of a Principal Coordinates Analysis (PCoA) ordination, and significant differences between species, sites, and rivers were assessed using PERMANOVAs. Post hoc pairwise comparisons of microbiome structure were assessed using ‘‘pairewiseAdonis4.” Correlation between microbiome dissimilarities and physicochemical characteristics on site were assessed using the envfit function in “vegan,” removing sites for which we didn’t have all measurements (S1-Supplementary Table 2). Tritogonia verrucosa specimens presented the highest variability and made the ordinations difficult to interpret. Therefore, to ease visualizations, we performed PCoAs without T. verrucosa. Separate PCoAs, including T. verrucosa, are provided in Supplementary Information S2. To assess the geographical variation within C. fluminea microbiome, Spearman correlation tests were performed on U- and W-Unifrac dissimilarities and geographical distances between sites along the same river.

Individual LefSe analyses were computed to identify which microbial taxa differed between C. fluminea and each mussel species consistently across all sites (Segata et al., 2011). Co-variation of mussel and co-occurring C. fluminea gut microbiomes were assessed using 500 Mantel tests computed in “vegan,” on random subsamples of the same number of C. fluminea and native mussel specimens on each site. The median of the 500 p-values was computed and the distribution of Spearman’s correlation values was visualized using boxplots. The potential contribution of the microbiome of C. fluminea to that of native mussels was assessed using FEAST (Shenhav et al., 2019) with each native mussel specimen as a “sink” and all other co-occurring microbial communities (microbiomes of other mussels, C. fluminea, seston, and sediment) as “sources.” Conversely, the potential influence of the microbiome of native mussels over co-occurring C. fluminea was assessed using each native mussel specimen as a “source” and C. fluminea as a “sink.” Such reciprocal influence was then compared across recipient or source species (i.e., distinct mussel species and C. fluminea) and sites using separated Kruskal-Wallis tests (KW). They were then correlated with physicochemical and biotic variables (native mussel and C. fluminea density, native mussel richness) using separated Pearson’s correlation tests on scaled data using the “psych” R-package (Revelle, 2021).



Microbial Functional Inferences and Functional Diversity

Functional inferences from the ASV community table and ASV sequences were obtained using PICRUST2 using default parameters except for a similarity cutoff of 0.75 to remove poorly aligned sequences (Douglas et al., 2020). The inferred enzymatic functions were aggregated into metabolic pathways according to MetaCyc database release May 2020, using the same software. Predictive abundances of pathways were transformed using a clr transformation of predicted expression levels using the “microbiome” R-package (Lahti et al., 2019), and samples were visualized using a Principal Component Analysis (PCA) in the “phyloseq” R-package (McMurdie and Holmes, 2013). Functional Bray-Curtis dissimilarities were computed on the transformed functional table, using “vegan” in order to test the overall differences in predicted functions from mussel vs. C. fluminea microbiome, using PERMANOVAs in “vegan.” To identify which pathways were significantly enriched in C. fluminea compared to native mussels, we performed a DESeq2 analysis with a negative binomial generalized linear model (P < 0.05) using “phyloseq” and “DESeq2” R-packages (Love et al., 2014). The parent class for each significant pathway was manually recorded from the MetaCyc database to simplify result visualization.

Potential structural diversity of degraded compounds was assessed by recording the Simplified Molecular Input Line-Entry System (SMILES) code of each entry compound of all pathways belonging to the Degradation-Utilization-Assimilation class. Pairwise structural dissimilarities between every compound were computed using RDKit (Landrum, 2021), and averaged for each degradation pathway. The obtained dissimilarities were then used to reconstruct a dendrogram using the ‘stats’ R-package, which was used as an input in GUniFrac to assess the predicted structural richness (unweighted Unifrac) of potentially degraded compounds (hereafter, “degradation potential”).



Population Genomics of Corbicula fluminea


Restriction Site-Associated DNA Library Construction and Sequencing

To evaluate the population structure of C. fluminea, we used the Best-RAD protocol (Ali et al., 2016) for reduced representation genomic sequencing (Ali et al., 2016; Andrews et al., 2016) of 185 C. fluminea from the sites described above (Figure 1 and S1-Supplementary Table 1). DNA was isolated from mantle clips using Qiagen DNeasy kits (Germantown, ML, United States). DNA was normalized to 10 ng/μl and digested with the restriction enzyme SbfI-HF (New England Biolabs, Ipswich, MA, United States), followed by ligation of oligonucleotides containing unique 8 base pair Hamming barcodes for each individual. Barcoded samples were combined into two sample pools (94 and 91 haphazardly distributed samples each) and sonicated using a Covaris M220 focused ultrasonicator (COVARIS, INC, Woburn, MA, United States) to generate fragments with a mean of 550 bp. RAD-tag fragments for each sample pool were isolated with streptavidin beads, and biotinylated groups were removed by Sbf-1 digestion. A NEBNext Ultra™ kit (New England Biolabs, Ipswich, MA) was used to prepare Illumina sequencing libraries with unique dual index primers for each sample pool, using 12 PCR cycles to amplify the RAD-tags. Samples were sequenced on an Illumina HiSeq X (Illumina Inc., San Diego, CA, United States) to produce 150 bp paired-end reads (Psomagen, Rockville, ML, United States).



Bioinformatics

Illumina reads were demultiplexed and quality filtered using Stacks v2.53 (Catchen et al., 2013) process_radtags (parameters -c, -q, -r, –best-rad, others default). 173 samples (> 500,000 reads per sample) were retained for downstream analyses. Reads were mapped to the 18 major linkage groups in the chromosome-level C. fluminea genome assembly (Zhang et al., 2021) using BWA-mem v (Li and Durbin, 2009). Alignments were sorted with samtools v1.10 (Li et al., 2009), and duplicate reads were removed with picard v2.18.9 MarkDuplicates5. Single Nucleotide Polymorphisms (SNPs) were called using freebayes v1.2.0 (Garrison and Marth, 2012), with the minimum coverage across samples set at 100 and including monomorphic loci (–report-monomorphic). All data processing of variant call files (vcf) used VCFtools v0.1.16 (Danecek et al., 2011) and statistical analyses using R version 4.0.3 (R Core Team, 2020a). We first removed indels and retained sites with a maximum of two alleles, a minimum sequence coverage of five, and a maximum of 10% missing data. This vcf was used to calculate nucleotide diversity (π) for each site, including monomorphic sites, using –site-pi in vcftools; π was averaged for each chromosome for individuals in each river. After calculating π, for other population genetic analyses, the data set was filtered to only include variant sites (–min-alleles 2) with a minimum quality threshold of 10 (–minQ 10) and a minor allele frequency of 5% (–maf 0.05). SNPs with a minor allele frequency < 0.05 were removed to reduce the impact of low frequency alleles and possible genotyping error (Rochette et al., 2019). Given that C. fluminea is clonal and based on other population genomic studies of this species (Haponski and Foighil, 2019), it was anticipated that there would be substantial excesses in observed heterozygosity (Balloux et al., 2003; Stoeckel et al., 2006). The inbreeding coefficient FIS was thus calculated in “hierfstat” R-package v0.5-7 using the function boot. Pfis with 1,000 bootstraps (Goudet and Jombart, 2021). After observing strongly negative FIS values (see Results), an inspection of the data revealed many SNPs that were fully heterozygous in all samples. We elected to remove SNPs with fixed observed heterozygosity prior to population structure analyses and then thinned loci to ≤ 1 SNP per kb to retain no more than one SNP per RAD-tag locus. This final dataset of 5,225 SNPs was used for all population structure and genetic distance estimations below.

The R-package “vcfR” v1.12.0 was used for import and data format conversion (Knaus and Grünwald, 2017). Individual-level differentiation was examined using a dissimilarity matrix. The “poppr” v2.9.2 package function diss.dist was used to create a distance matrix of the percent allelic differences between individuals (Kamvar et al., 2014, 2015). Population structure was visualized using discriminant analysis of principal components (DAPC) performed in “adegenet” v2.1.4 (Jombart, 2008) and plotted using “ggplot2.” To examine the genetic differentiation among populations, pairwise FST was calculated (significance tested by 1,000 bootstraps) in “StAMPP” v1.6.2 (Pembleton et al., 2013). To assess the geographical patterns within C. fluminea genetics, Spearman tests were performed on individual genetic dissimilarities and river distances between sites along the same river. The overall correlation between individual genetic variation and microbiome was then computed using Mantel tests performed on the 73 individuals in common the microbiome and RADSeq datasets using “vegan” (999 permutations), performed both globally and within each river. A population-level Mantel test was also performed to assess a possible correlation between pairwise FST and U- and W-Unifrac distances computed for site-averaged microbiomes (i.e., averaged ASV relative abundances for all C. fluminea from the same site).



DNA Barcoding

To confirm the clonal lineage assignment of individuals included in the analysis, a subset of individuals from each location (N = 47 total) were amplified for the mitochondrial cytochrome c oxidase subunit I (COI) gene using the LCO1490 and HCO2198 (Folmer et al., 1994) DNA barcoding primers. PCR and sequencing (in both primer directions) following methods in Lozier et al. (2021). Geneious R10 (BioMatters, Ltd.) was used for all sequence inspection, editing, assembly, and alignment. Sequence ends were automatically trimmed (2.5% error limit) followed by manual inspection. Consensus sequences for each sample were aligned with the MAFFT plug-in. Clone identity was determined using NCBI BLAST (default megablast).





RESULTS


Gut Microbiome Diversity and Structure

Phylogenetic richness based on presence-absence data and diversity weighted by relative abundances of ASVs were higher in C. fluminea microbiome than that of native mussels (Figure 2 and S2-Supplementary Table 1, Wilcoxon tests, P < 0.001). The C. fluminea microbiome was richer phylogenetically and taxonomically than every co-occurring mussel species sampled, except for that of L. ovata, which reached similar levels (Figure 2 and S2-Supplementary Table 1). Phylogenetic and taxonomic and diversity accounting for relative abundance were also significantly higher in C. fluminea when compared to two and four of the native mussel species, respectively (S2-Supplementary Table 1). Conversely, estimated coverage was significantly higher for every mussel species compared to C. fluminea, excepted for L. ovata (S2-Supplementary Table 1). While C. fluminea shared 21.4-26.9% of its ASVs with co-occurring mussel species, each mussel species shared 31.5-53.1% of their ASVs with co-occurring C. fluminea.
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FIGURE 2. Alpha diversity of the gut microbiomes of six native freshwater mussel species and the invasive clam Corbicula fluminea, collected from six rivers in the Tennessee and Mobile River Basins, United States. (A) Distribution of phylogenetic richness (Faith’s PD) and phylogenetic diversity (Allen index of diversity) in C. fluminea and mussels. (B) Average accumulation curves representing the number of amplified sequence variants (ASVs) in random subsamples of 1 to 4000 sequences per sample. Other descriptors of alpha diversity and coverage are available in S2-Supplementary Table 1.


The overall structure of the C. fluminea gut microbiome was distinct from that of native mussels as a group (PERMANOVA, P = 0.001, R2 = 0.09 and 0.03 for W- and U-Unifrac, respectively, Figures 3A,C); more distinct from seston bacterial communities (P = 0.001, R2 = 0.17 for both indices); and even more distinct from sediment bacterial communities (P = 0.001, R2 = 0.47 and 0.50). The structure of the C. fluminea microbiome and that of each mussel species were systematically distinct, especially based on W-Unifrac (R2 = 0.11-0.33 depending on the mussel species considered; S2-Supplementary Table 2). The mussels T. verrucosa and A. plicata hosted the most distinctive microbiomes compared to that of C. fluminea, and T. verrucosa sampled from the Buttahatchee and Sipsey Rivers exhibited the most unique microbiome structure compared to all other species (Figure 3 and S2-Supplementary Table 2, S2-Supplementary Figure 1). Variability in microbiome structure was equivalent for C. fluminea and each mussel species, other than greater variability in T. verrucosa and C. asperata (permutation tests on betadisper, P < 0.05).
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FIGURE 3. Dissimilarities between gut microbiomes of six native freshwater mussel species and the invasive clam Corbicula fluminea, collected from rivers in the Tennessee and Mobile River Basins. A and C: Principal Coordinate Analyses (PCoAs) representing the weighted (A) and unweighted (C) versions of Unifrac phylogenetic dissimilarity between individual microbiomes of five of the mussel species, and C. fluminea (PCoAs with all six species including T. verrucosa are available in S2-Supplementary Figure 1). B and D: correlations between dissimilarities of W-Unifrac (B) and U-Unifrac (D) of C. fluminea and mussel microbiomes, assessed by 500 Mantel tests on random subsamples of the same number of specimens at each site (either with all mussel species – “All,” or per species). The median of the 500 p-values, indicating an overall significant co-variation between C. fluminea and mussel microbiomes, is displayed on the right.


The mean dissimilarity between C. fluminea and native mussels (U-Unifrac = 0.73 ± 0.06; W-Unifrac = 0.36 ± 0.10) was similar to that between native mussel species (U-Unifrac = 0.73 ± 0.06; W-Unifrac = 0.39 ± 0.12). When the analyses were performed excluding T. verrucosa, to eliminate the greater influence of this mussel species, C. fluminea vs. mussel dissimilarity (U-Unifrac = 0.73 ± 0.04; W-Unifrac = 0.33 ± 0.08) remained similar to that within native mussel species (U-Unifrac = 0.73 ± 0.05; W-Unifrac = 0.34 ± 0.08).

Additionally, the gut microbiome of C. fluminea tended to co-vary with that of native mussels, especially based on the presence-absence of ASVs (500 Mantel tests on U-Unifrac, median P < 0.1, Figure 3). However, this correlation was not significant in T. verrucosa, A. plicata, and L. ovata when considering relative abundance weighted dissimilarities (median P > 0.1, Figure 3).



Geographic Variation in the Gut Microbiome

Structures of C. fluminea and native mussel microbiomes varied across rivers and sampling sites, and these effects were higher for W-Unifrac than U-Unifrac (PERMANOVAs, P < 0.01 and R2 = 0.14-0.38 for every mussel species, and P < 0.01 and C. fluminea, R2 = 0.15-0.58, respectively; S2-Supplementary Table 3). Microbiome dissimilarities of C. fluminea showed a positive correlation with river distance, i.e., more distant individuals along the same river tended to have more distinct microbiomes (Spearman test, P < 0.001, S2-Supplementary Figure 2). Among environmental variables, soluble nitrate (P = 0.001, R2 = 0.40), nitrite (P = 0.001, R2 = 0.32), SRP (P = 0.02, R2 = 0.14), water temperature (P = 0.02, R2 = 0.14) and dissolved oxygen (P = 0.03, R2 = 0.12), were significantly correlated to variations in the structure of C. fluminea microbiome (Figure 4).
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FIGURE 4. Genetic and microbial dissimilarities in the invasive clam C. fluminea and six native freshwater mussel species, collected from six rivers in the Tennessee and Mobile River Basins. (A) DAPC showing the genetic dissimilarities between all 173 C. fluminea specimens that were included in the population genomics analysis (RADSeq). (B) PCoA displaying W-Unifrac dissimilarities between the gut microbiomes of the 80 individuals analyzed for their microbiome. (C) PCoA displaying W-Unifrac dissimilarities between the gut microbiomes of the native freshwater mussels collected. On plots (B,C), Physicochemical and biological variables were correlated to the coordinates of each individual microbiome and are represented by arrows. Only parameters showing a significant correlation (P < 0.05) are shown. D_Unio: unionid density; D_Corb: C. fluminea density; S: unionid richness; NO2: water nitrite; NO3: water nitrate; SRP: soluble reactive phosphorus in water; Tp: water temperature.


The microbiome dissimilarities between native mussels (other than T. verrucosa) were correlated to unionid density (P = 0.002, R2 = 0.23), dissolved oxygen (P = 0.002, R2 = 0.17), nitrite (P = 0.001, R2 = 0.17), SRP (P = 0.005, R2 = 0.13), pH (P = 0.003, R2 = 0.12), and water temperature (P = 0.02, R2 = 0.08) (envfit, Figure 4). The microbiome dissimilarities between T. verrucosa only correlated to SRP (P = 0.02, R2 = 0.22). There was no significant correlation between C. fluminea density and the microbiome dissimilarities between native mussels (envfit, P = 0.38).



Population Genomic Variation in Corbicula fluminea and Its Relationship to the Gut Microbiome

DNA barcoding with COI confirmed that samples were identical to the C. fluminea lineage “A” (S3-Supplementary Figure 1), the most common in North America. Clonal lineage thus does not appear to have a major contribution to microbiome dissimilarities across C. fluminea individuals in these rivers. 3,580,850 bp were sequenced by RAD-tag sequencing to a mean coverage of 44.15x per site sample, with a mean of 2.4% missing data per sample. Nucleotide diversity was similar among populations (π = 0.0049 - 0.0053 for all rivers) and thus was also not considered a major predictor of microbiome variation (S3-Supplementary Table 1). Consistent with extensive clonal reproduction (Haponski and Foighil, 2019), FIS was strongly negative in all populations (FIS values −0.92 to −0.85, S3-Supplementary Table 1), and there were many SNPs (7,213 of 34,646 SNPs) that were heterozygotes across all sequenced individuals. After removing these sites and thinning to one SNP per kb, 5,225 SNPs remained for analysis of population structure. Pairwise FST showed weak but significant differentiation of C. fluminea across rivers (S3-Supplementary Table 2). DAPC analysis also indicated within clonal lineage variation in diversity that was primarily structured by river, although not by basin; samples from the Bogue Chitto River largely separated on Axis 1 and Axis 2 transitioned from Sipsey River samples (negatively loading) to Paint Rock and Bear Creek River samples, to Duck and Buttahatchee River samples (positively loading) (Figure 4). Within rivers, genetic dissimilarities of C. fluminea exhibited a positive correlation with geographical distance, i.e., more distant individuals tended to have more distinct genomes (Spearman correlation testS, P < 0.001, S2-Supplementary Figure 2). Despite this structuring of C. fluminea genetic diversity and geographic variation in gut microbiomes, no significant correlations between genetic distances and microbiome dissimilarities were detected, either globally (Mantel tests on W- and U-Unifrac and individual genetic dissimilarities, P > 0.05) or within rivers (Spearman’s correlation test on dissimilarities between individuals collected along the same river, P = 0.02, r = −0.1, Figure 4 and S2-Supplementary Figure 2). Similarly, no correlation was detected based on FST between rivers (Mantel tests on averaged W- and U-Unifrac per river and FST, P > 0.05).



Composition

The C. fluminea gut microbiome consisted of 69 different bacterial phyla and 126 bacterial classes, with the classes accounting for the greatest proportion of sequences being similar to those in the microbiome of the six native mussel species. These included Clostridia (34.7 ± 21.2% and 14.1 ± 20.3% of the sequences for C. fluminea and native mussels, respectively), Planctomycetacia (18.1 ± 9.3% and 23.5 ± 15.3%), Alphaproteobacteria (10.6 ± 5.1% and 12.7 ± 8.9%), Gammaproteobacteria (9.7 ± 10.6% and 8.2 ± 7.4%), and Bacilli (4.3 ± 4.9% and 3.5 ± 5.7%). Native mussels also presented high percentages of Mollicutes, which were of a lower abundance in C. fluminea (12.8 ± 14.9% in mussels vs. 4.5 ± 5.5%). Compared to all species of native mussels and across all sites, the C. fluminea microbiome contained higher proportions of Actinobacteriota (LefSE log10 LDA score = 3.0), Verrucomicrobiota (2.9), and Planctomycetes (3.5), especially the Gemmataceae (3.2) and Pirellulaceae (3.0). Eleven of the most abundant ASVs were found to be significantly enriched in C. fluminea compared to native mussels, the most numerous ones classified as members of genera Romboutsia (Clostridiales), Stenotrophomonas (Xanthomonadales), Epulopiscium (Lachnospirales), and Paraclostridium (Peptostreptococcales) (S2-Supplementary Figure 3).



Potential Reciprocal Influences of Corbicula fluminea and Mussel Microbiomes

The estimated influence of the C. fluminea microbiome on that of the co-occurring mussels was on average of 5.8 ± 8.0%, while the influence of the native mussel microbiome on the C. fluminea microbiome was 14.0 ± 12.2% (KW on FEAST results, P < 0.001) (Figure 5). The estimated influence of the C. fluminea microbiome over that of native mussels was primarily dependent on the recipient mussel species (KW, P < 0.001), and independent from the collection site (KW, P = 0.08). Mussel species that were under the greatest influence from the C. fluminea microbiome were Cyclonaias pustulosa (11.6 ± 13.5%) and Lampsilis ovata (7.4 ± 7.7%), while the species that was the least influenced was Tritogonia verrucosa (2.4 ± 3.8%).
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FIGURE 5. Influence of co-occurring host-associated, seston, and sediment microbes over individual microbiomes, estimated using FEAST software and averaged per species. Globally, individual bivalves presenting a higher reciprocal influence (native mussels over C. fluminea, and reversely) presented a higher phylogenetic richness (Pearson’s correlation test on log-transformed data, P < 0.001, r = 0.6).


In contrast, the influence of the native mussel microbiome on that of C. fluminea was significantly distinct across sites, varying from 4.67% on site FAY (Sipsey river) to 15.3% on BTN (Paint Rock river, KW, P = 0.01), but not across source mussel species (KW, P = 0.051, varying from 4.39% from T. verrucosa to 9.47% from C. pustulosa although no mussel species were sampled on every site, making such comparison difficult, Figure 1 and S1-Supplementary Table 1). However, neither water physicochemical characteristics nor biotic variables (C. fluminea and unionid densities) explained such variation of mussel contribution across sites variation (Spearman’s correlation tests, P > 0.05).



Inferred Functions and Degradation Potential

The 436 functional pathways were inferred from the C. fluminea gut microbiome sequence data compared to 443 for native mussels. The functional potential of C. fluminea was distinct overall from that of native mussels (PERMANOVA based on Bray-Curtis, P = 0.001, R2 = 0.07), especially from that of T. verrucosa, A. plicata, and C. asperata (PERMANOVA’s pairwise post hoc tests, P < 0.05). Compared to native mussels, the functional potential of the C. fluminea gut microbiome was enriched in pathways related to the degradation of various compounds (especially carbohydrates and carboxylates, aromatic compounds). In contrast, the microbiome of mussels included higher potential for biosynthesis (especially cofactors and vitamins, nucleotides, and nucleosides) (Figure 6). Among the seven pathways that contributed the most to the differences between the C. fluminea and mussel microbiomes, six were classified as a degradation or assimilation function, and only one to biosynthesis (methylquinone). All seven revealed a potential for higher expression in C. fluminea than in native mussels (S2-Supplementary Figure 4). Accordingly, the degradation potential of each microbiome, taking into account all degradation pathways, was significantly higher for C. fluminea than for any native mussel species except L. ovata, where it reached similar levels (S2-Supplementary Figure 5).
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FIGURE 6. DESeq2 analysis of inferred microbial functions from 16S rRNA gene data of six freshwater mussel species and the invasive clam Corbicula fluminea collected from six rivers in the Tennessee and Mobile River Basins. DESeq2 was used to determine which inferred pathways were significantly enriched in C. fluminea compared to native mussels, before the class of each pathway was recorded from the MetaCyc database and the number of pathways significantly enriched in each class was reported. Pathways enriched in C. fluminea are presented by positive values, while the negative values represent those enriched in mussels. For each host type and each class of pathway, the median of the log2 Fold change was used to color the bars.





DISCUSSION

Here we document for the first time the gut microbiome of the invasive C. fluminea. We demonstrate that while this species’ microbiome is diverse, it is not highly distinctive from that of the co-occurring native mussels. The high correlation of the structure of the C. fluminea microbiome with local environmental parameters, together with the influence of co-occurring mussel species and the lack of influence of host genetic ancestry, suggests that the microbiome of this invasive species may be largely dependent on extrinsic factors such as environmental conditions and local bacterial occurrence.


Differences in the Microbiome Between Corbicula fluminea and Native Mussels

The microbiome structure of C. fluminea was only partially distinct from that of six co-occurring native mussel species, with similar dominant classes of Bacteria but differences occurring at a finer taxonomic level. Overall similarities between the microbiome of native mussels and C. fluminea could be explained by the trophic similarity between these organisms, primarily filter-feeding on suspended particles and deposit-feeding within the sediment (Sousa et al., 2008; Schartum et al., 2017). However, given the species-specificity of microbiomes within freshwater mussels (i.e., distinct species occupying the same habitat host distinct microbiomes, (Weingarten et al., 2019; McCauley et al., 2021), we expected a more distinct C. fluminea microbiome given its contrasting phylogeny and life history traits to those of freshwater mussels. We also found no evidence that intra-specific genetic ancestry or diversity was related to microbiome variation within C. fluminea. All individuals sampled belong to the clonal lineage A (Haponski and Foighil, 2019) and although SNP data revealed significant within-lineage genetic differentiation across rivers, there was no effect of genetic differentiation among individuals or populations on their microbiomes. Instead, the structure of C. fluminea microbiome was tightly correlated to local environmental variables, with nitrates, nitrites, and SRP being the primary drivers.

Studies on other invertebrates have demonstrated a consistent effect of host genotype on the microbiome when hosts are reared under controlled or germ-free conditions (Wegner et al., 2013; Callens et al., 2020), so that it is likely that the lack of correlation between the genotype of C. fluminea and its gut microbiome in this study is related to variable field conditions. Further studies under controlled conditions would be needed to confirm the absence of a host genotype-microbiome link in this aquatic filter-feeder.



Diversity of the Microbiome of Corbicula fluminea and Inferred Functions

We observed a greater microbial richness in the gut microbiome of C. fluminea compared to co-occurring native mussels, except for L. ovata, which had similar levels of microbiome diversity. Such higher diversity may be related to differences in feeding behavior, as a higher clearance rate or a lower selectivity in ingested particles could induce gut colonization by a greater diversity of bacteria. C. fluminea has a higher filter-feeding rate than the few native mussels that have been studied so far (Hills et al., 2020; Pouil et al., 2021), and while systematic comparisons are lacking, C. fluminea also shows a low prey selectivity (seemingly limited to an avoidance of toxic bacterioplankton (Bolam et al., 2019) and assimilates a wider range of substrates (Atkinson et al., 2010). Unionid mussels exhibit a higher degree of filtration selection and a narrower range of substrate assimilation (Beck and Neves, 2003; Atkinson et al., 2010; Lopes-Lima et al., 2014b). The greater bacterial diversity hosted by C. fluminea may allow them to consume a broader range of nutritional sources. This could provide a competitive advantage for C. fluminea and, accordingly, functional inferences predicted a greater diversity of degradation potential in the gut microbiome of C. fluminea compared to native mussels, and most metabolic pathways that were enriched in C. fluminea were associated with degradative functions. This hypothesis is based on functional inferences and should be studied further with appropriate metagenomic analysis of the C. fluminea gut microbiome to confirm such higher prevalence of degradation functions, combined with experiments to assess the relationship between the C. fluminea microbiome and the nature of successfully digested particles.



Reciprocal Influences Between Invasive and Native Species

Overall, native mussels shared a substantial fraction of their microbiomes with co-occurring C. fluminea (31.5-53.1% of ASVs depending on mussel species), and C. fluminea and native mussel microbiomes tended to co-vary across sites. The FEAST estimate of mussel influence over co-occurring C. fluminea microbiome was more than twice that of the reverse interaction. This may indicate that C. fluminea may host gut populations that are obtained locally, including from native mussels that may be indirectly transferred through the water column or the sediment via feces and pseudofeces. While such potential contamination should be further explored in controlled conditions, it may confirm evidence from plants that suggests that invasive species can suffer from the loss of their natural bacterial symbionts when they are introduced to a new environment, and must develop novel interactions with local bacteria, potentially bacteria associated with co-occurring native species (Parker et al., 2006; Shelby et al., 2016).

Accordingly, while comparisons of the microbiome of invasive animal species across native vs. introduced range are lacking, a study on invasive tunicates documented a more variable and more diverse microbiome in individuals in the introduced range than those in their native range, which may also suggest this hypothesis could be confirmed in invasive animals (Utermann et al., 2020). Moreover, in our study, while the estimated influence of mussel microbiome over that of C. fluminea was variable across sites, it was independent of local unionid density. Although appropriate density experiments must confirm this, this may indicate that even low densities of native species may provide microbial partners to C. fluminea microbiome.




CONCLUSION

We show that the gut microbiome of the invasive clam C. fluminea presents several characteristics (e.g., higher diversity, higher functional potential, and potentially a lower selectivity and a higher rate of horizontal transmission from native counterparts) that may be beneficial for such a globally invasive organism to acclimate to a non-native area. This work should be further developed, focusing on understanding which bacterial partners may be more beneficial to C. fluminea to assess whether these partners are also enriched in populations of C. fluminea in their native range, or are indicative of invasive areas. Studies evaluating geographic regions with additional clonal lineages would also be valuable for fully understanding how genetic diversity contributes to microbiome variation in this invasive species. Focused analyses could pave the way for a more nuanced understanding of the transport of symbionts within invasive animal species, which is still a poorly investigated topic, and has the potential to develop pre- or probiotics for endangered native species.
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Gut microbiome is considered as a critical role in host digestion and metabolic homeostasis. Nevertheless, the lack of knowledge concerning how the host-associated gut microbiome underpins the host metabolic capability and regulates digestive functions hinders the exploration of gut microbiome variation in diverse geographic population. In the present study, we selected the black Amur bream (Megalobrama terminalis) that inhabits southern China drainage with multiple geographic populations and relatively high digestive plasticity as a candidate to explore the potential effects of genetic variation and environmental discrepancy on fish gut microbiome. Here, high-throughput 16S rRNA gene sequencing was utilized to decipher the distinct composition and diversity of the entire gut microbiota in wild M. terminalis distributed throughout southern China. The results indicated that mainland (MY and XR) populations exhibited a higher alpha diversity than that of the Hainan Island (WS) population. Moreover, a clear taxon shift influenced by water temperature, salinity (SA), and gonadosomatic index (GSI) in the course of seasonal variation was observed in the gut bacterial community. Furthermore, geographic isolation and seasonal variation significantly impacted amino acid, lipid, and carbohydrate metabolism of the fish gut microbiome. Specifically, each geographic population that displayed its own unique regulation pattern of gut microbiome was recognized as a specific digestion strategy to enhance adaptive capability in the resident environment. Consequently, this discovery suggested that long-term geographic isolation leads to variant environmental factors and genotypes, which made a synergetic effect on the diversity of the gut microbiome in wild M. terminalis. In addition, the findings provide effective information for further exploring ecological fitness countermeasures in the fish population.

Keywords: gut microbiome, Megalobrama terminalis, geographic isolation, degradation enzymes, metabolism


INTRODUCTION

The vertebrate gut contains trillions of microorganisms collectively known as the gut microbiome (Budd et al., 2020). As aquatic vertebrates, the ecological interactions, digestion of materials, nutrient uptake, and energy acquisition of fish can be strongly influenced by their gut microbial community (Parris et al., 2016; Bird et al., 2019; Xu et al., 2019; Liu et al., 2021b). It has been confirmed that the importance of a gut microbiome to host health, fitness, and development with alterations of microbiome composition affects such properties as host nutrient acquisition, growth, reproduction, and even the whole population (Ghanbari et al., 2015; Parris et al., 2016). According to relative research, most fish hosts are essentially sterile during the earliest stages of development, and the gut microbiome is derived from the initial colonization by environmental microorganisms (Green and Bohannan, 2006; Goodrich et al., 2014; Stephens et al., 2016). Specifically, the gut microbial community in the environment can frequently be predicted by variations in environmental factors, such as salinity (SA) and temperature (Fortunato et al., 2012). Meanwhile, differentiation of the gut microbiome in the same species can also reflect variable exogenous environmental conditions (Fishelson et al., 1985; Su et al., 2020; Liu et al., 2021b). Some relevant research demonstrates that the diversity of the gut microbiome can also be partially interpreted by spatial and temporal variations among species, populations, and individuals (Lin et al., 2014; Bierlich et al., 2018; West et al., 2019). Fish hosts exhibit an autonomic selection of their gut microbiota, and the evolution of innate and adaptive immune systems is supposed to regulate the diversity and abundance of gut microbes. However, habitat environment, diet, and phylogeny are often interrelated, and their effects on the fish gut microbiome are prone to be complex and highly confounded. Moreover, intensive research of fish gut microbes has mainly focused on commercial or model species (Spor et al., 2011; Goodrich et al., 2014). How host geographic distribution affects the fish gut microbiome is still poorly understood. Thus, exploring the changes in the gut microbiome in wild hosts is considered an important way to help us to understand the ecological adaptability of the host's gut microbiota.

The black Amur bream (Megalobrama terminalis) is a migratory species that holds an important position in fishery production in southern China drainages. The river drainages located in southern China are complex and diverse. Sea-level fluctuations due to climate changes have been frequently documented to be a pivotal factor that shapes dynamic histories of drainages, particularly rivers near the sea, thereby influencing the geographic distribution of the M. terminalis population (Chen et al., 2020). On the basis of our previous research, M. terminalis exhibits three mtDNA genetic populations (the Pearl River, Moyang River, and Wanquan River population), each population presents a genetic structure related to the local geography (Chen et al., 2020). However, due to the continuous enhancement of human activities (e.g., water conservancy projects, waterway dredging, water pollution, and overfishing), the decline of wild M. terminalis populations has been reported in the Pearl River basin during this decade. Small population size, low genetic diversity, and fragmented distribution in the Moyang River and Wanquan River increase the risk of population extinction. In our latest research, M. terminalis was found to be an omnivorous fish with strong ecological adaptability (Liu et al., 2020). To supply sufficient energy for reproduction, M. terminalis could adjust its feeding habits, gut microbiome, and digestive activity to improve the efficiency of energy intake in the course of breeding migration (Xia et al., 2017; Liu et al., 2021b). Thus, M. terminalis is considered a good candidate for exploring the digestive plasticity of fish through habitats variation by geographic isolation.

According to related research, at the population level, local adaptation to the landscape may be reflected in the variable gut microbiome (Yuan et al., 2015; Trosvik et al., 2018), whereas the microbiome can be impacted by many endogenous and exogenous factors, such as host gender, phylogeny, habitat, and diet (Fishelson et al., 1985; Ley et al., 2008; Scott et al., 2013; Bergmann et al., 2015; Li et al., 2016; Aivelo and Norberg, 2018). To the best of our knowledge, most previous research on M. terminalis has focused on larval resources, feeding habits, ecological investigation of spawning grounds, and gonad development (Tan et al., 2009; Wang et al., 2010; Li et al., 2014; Xia et al., 2017; Liu et al., 2019). Nevertheless, the overall effect on the variation of the gut microbiome in the populations of M. terminalis through geographic isolation is poorly understood. To fill this knowledge gap, we attempted to investigate the diversity of the gut microbiome and their degradation enzyme activity in three wild geographic populations of M. terminalis in the dry (non-reproduction) and flood (reproduction) seasons to gain insights into the altering environmental conditions that drive the effect on the diversity of the gut bacterial community, which is of great importance for the research of its ecology and conservation biology. In parallel, illustrating the fine-scale variation in gut bacterial community of multiple M. terminalis populations can provide useful data for further exploration of host-associated microbiomes in the wild fish populations.



MATERIALS AND METHODS


Sample Collection

In the present study, three geographic populations of the black Amur bream were sampled from six different sites in the Pearl River, Moyang River, and Wanquan River during the flood (July 2019) and dry (January 2020) seasons (Figure 1). A total of 200 wild M. terminalis specimens were collected. Water temperatures, SA, dissolved oxygen (DO), and pH of sampling sites were measured with an HQ30 instrument (Hach Company, Loveland, CO, USA). The sampling variables of time of collection, location, water temperature, SA, pH, and DO are listed in Table 1. Body standard length (SL, to the nearest 1 mm), body weight (Wt, to the nearest 1 g), eviscerated weight (EW, to the nearest 1 g), gonad and liver weights (GW and LW, respectively, to the nearest 0.01 g) were measured. The gonadosomatic index (GSI = 100 × GW/EW), hepatosomatic index (HSI = 100 × LW/EW), and fatness (K = 100 × W/L3) were calculated. To evaluate the fish gut microbiome, 36 individuals (flood season n = 18; dry season n = 18) were randomly selected for sequencing from three populations: the Wanquan River (WS), Moyang River (MY), and Pearl River (XR) populations. All selected fish were anesthetized with an overdose of MS 222 (3-aminobenzoic acid ethyl ester methane sulfonate, Sigma, Germany) and stunned and quickly decapitated. The exterior surfaces of the fish body and instruments were wiped with 75% ethanol to prevent contamination from the skin surface, and instruments were sterilized before dissection. Approximately 0.4 g of gut contents were extracted for DNA extraction, and 0.2 g of gut contents were separated for use in enzymatic analysis; all contents samples were quickly put in liquid nitrogen and then transferred to an ultra-low temperature freezer and stored at −80°C until use.
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FIGURE 1. Locations of the sample sites for study areas, including three geographic populations of Megalobrama terminalis, distributed in South China. Black circles were expressed as the spawning grounds of M. terminalis in Pearl River.



Table 1. Basic environmental information, biological information of the different populations of M. terminalis.
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DNA Extraction and Amplification

Approximately 0.2 g of each sample was extracted using a QIAamp DNA Stool Mini Kit (Qiagen, Valencia, USA). All DNA extracts were stored at −80°C until being tested. The quality and integrity of each DNA concentration and purity were monitored on 1% agarose gels. The V4 hypervariable region of 16S rRNA genes was used in the present study. PCR was performed using the specific primer (515F−806R) that contained a barcode. Total DNA from the gut of different groups of M. terminalis was sent to Novogene Bioinformatics Technology, Co., Ltd., Beijing, China for further sequencing analysis.



High Throughput Sequencing Analysis

Sequencing libraries were created using the Ion Plus Fragment Library Kit 48 rxns (Thermo Scientific, USA) according to the manufacturer's instructions. The library quality was assessed on a Qubit@ 2.0 Fluorometer (Thermo Scientific, USA). After that, the library was sequenced, and single-end reads were generated. Quality filtering of the raw reads was performed under specific filtering conditions to obtain high-quality clean reads according to the Cutadapt quality-controlled process (Martin, 2011). The tags were compared with the reference database using the UCHIME algorithm to detect chimera sequences (Edgar et al., 2011; Haas et al., 2011). Sequence analysis was performed using UPARSE software (Edgar, 2013). Sequences with ≥97% similarity were assigned to the same operational taxonomic unit (OTU). The shared and unique OTUs of different groups were also represented by a Scale-Venn diagram. To compute the alpha diversity of fish gut microbiota, three metrics were calculated: Chao1, Ace, and Shannon indices were calculated with QIIME (version 1.7.0).

Permutation multivariate analysis of variance (PERMANOVA) was utilized to test the statistical significance of WS, MY, and XR populations (Anderson, 2001; Stat et al., 2013). MetaStat was used to compare species abundance between groups and to select species with significant differences (White et al., 2009). To explore the metabolic activity of the bacterial communities on the gut contents of different groups, Phylogenetic Investigation of Communities by Reconstruction of Unobserved States (PICRUSt) was utilized to analyze the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway at levels 2 and 3 (Langille et al., 2013).



Enzyme Assays

The four specific activities (trypsin, amylase, cellulose, and lipase) were measured using corresponding enzyme assay kits from Nanjing Jiancheng Bioengineering Institute, P.R. China [A080-2 (trypsin assay kits), C016 (amylase assay kits), A138 (cellulase assay kits), and A054-2 (lipase assay kits)]. The soluble protein (mg/ml) contents were determined by the Bradford method using bovine serum albumin as the standard (0.563 g/L) (Bradford, 1976). All assays were performed on duplicate samples using an Infinite M200 Pro Tecan Sunrise (Tecan, Männedorf, Switzerland). UV-permeable Corning 96-well microplates (Corning Incorporated, Corning, USA) were used for all assays.



Data Analysis

STATISTICA 6.0 (StatSoft, Inc., Tulsa, OK, USA) was used for statistical analysis of the data. The normality of the data and homogeneity of variance were assessed via the Kolmogorov-Smirnov test and Leven's test, respectively. In the WS, MY, and XR population, enzymatic activities were analyzed by one-way ANOVA. All data were expressed as means ± SD. A canonical correspondence analysis (CCA) was conducted to explain the relationship between the gut microbial compositions of different M. terminalis populations and their basic environmental and biological parameters and the correlation between gut microbial diversity and the degrading enzyme activity in different populations of the black Amur bream. Redundancy analysis (RDA) was conducted to explain the relationship between the KEGG orthologies (KOs) of the gut microbiome and the degrading enzyme activity in different populations of the black Amur bream. Here, we used the R implementation of the procedure (version 3.1.14).




RESULTS


Gut Microbial Diversity and Composition

We obtained a total of 60,978 quality-filtered sequences from each sample. With a 97% sequence similarity cutoff value, the sequences were grouped into a total of 10,613 OTUs. OTU numbers, the alpha-diversity index (Shannon index), and richness indices (Chao1, Ace) were applied to evaluate the gut microbial complexity of the three populations (Table 2). It can be seen from data in Table 2 that the numbers of OTUs, Shannon index, and richness indices of the three geographic populations in the flood season are much higher than those of the dry season (p < 0.05). No matter whether the flood or dry season, the WS population exhibited the lowest alpha diversity and richness indices. Moreover, no significant differences in alpha diversity or richness were found between the MY and XR populations. In general, our results demonstrated that the gut microbiome in mainland populations had higher alpha diversity than that in the Hainan Island population. The Good's coverage of all the groups ranged from 98.87 to 99.53% (Table 2).


Table 2. Overview of operational taxonomic unit (OTU) numbers, alpha-diversity index, and richness estimator of the gut microbial community in the different geographic populations of M. terminalis.
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To compare the similarity of gut bacterial community between different populations, the unweighted pair group method with arithmetic mean (UPGMA) clustering tree based on weighted UniFrac distances elaborated that MY and XR populations formed a cluster, while the WS population was a single cluster apart from the other populations. The bacteria were classified into 84 phyla, 161 classes, 351 orders, 549 families, and 1,260 genera (Figure 2). At the phylum level, Firmicutes were the most abundant in the XRF (42.05%), XRD (40.34%), and MYD (54.98%) groups, while the most abundant phylum of the WSF (35.40%) group was Fusobacteriota (Figure 2). The abundances of Firmicutes (27.71%) and Proteobacteria (27.11%) in the MYF group were similar, and the abundances of Firmicutes (32.21%) and Fusobacteriota (32.67%) in the WSD group were similar. PERMANOVA analysis revealed that the differences in groups were significant (p < 0.05, Table 3), except for MYF vs. XRF (p = 0.249).
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FIGURE 2. Comparison of a gut bacterial community in three geographic populations of M. terminalis. The unweighted pair group method with arithmetic mean (UPGMA) clustering tree of the gut bacterial community compositions of three populations in dry and flood season based on weighted UniFrac distance matrix is presented on the left side. Relative abundance of the top 10 phyla in three populations is shown on the right side.



Table 3. Permutation multivariate analysis of variance (PERMANOVA) analysis of the weighted UniFrac for three geographic populations of M. terminalis.

[image: Table 3]



Spatial and Temporal Differences in Gut Bacterial Community

As can be seen in Figure 3, a Venn diagram is used to illustrate the shared and unique OTUs in different populations. A total of 5,829, 8,309, and 7,202 OTUs were observed in the WS, MY, and XR populations, respectively (Figure 3A). The WS, MY, and XR populations shared 4,063 OTUs (38.8%). The WS population had the fewest unique OTUs (4.0%), whereas the XR population exhibited the largest number of unique OTUs (19.3%). The number of common core OTUs present in the six groups was 706, and unique OTUs for each group varied from 94 to 1,709 (Figure 3B). For WSF groups, the genus Cetobacterium could be considered as a microbiological marker to differentiate WSF groups from the other groups. Aeromonas and Clostridium in the WSD group presented higher linear discriminant analysis (LDA) scores than those in the other groups (Figure 4A). On account of groups cultured in different seasons and habitats, the families, Legionellaceae and Rhodobacteraceae, were significantly different in the MYF group when compared to the other groups, whereas the families, Clostridiaceae and Peptostreptococcaceae, were significantly different in the MYD group. Samples from the XRF group, the relative abundance of the order Pseudomonadales was significantly higher. Compared with the other groups, the representative microbes in the XRD group were the genera Staphylococcus, Bifidobacterium, Lactobacillus, and Desulfovibrio (Figure 4A).
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FIGURE 3. Venn diagram illustrates the shared and unique gut microbial species in the different geographic populations studied of M. terminalis. (A) The Venn diagram shows the number of shared and unique operational taxonomic units (OTUs) among three geographic populations. (B) The Venn diagram shows the number of shared and unique OTUs among three geographic populations in flood and dry seasons.
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FIGURE 4. Spatial and temporal differences in gut bacterial community in three geographic populations of M. terminalis. (A) LEfSe identifies the most differentially abundant taxons among different geographic populations. For the species with significant differences in relative abundance for different groups and their effects, the linear discriminant analysis (LDA) scores (≥4) were listed and the higher score means bigger effects. (B) Canonical correspondence analysis (CCA) demonstrates the correlation between the gut microbial compositions of different populations and their basic environmental and biological parameters. (C) CCA indicates the correlation between the gut microbial compositions of different populations and their gut content enzyme activities. DO, dissolved oxygen; GSI, gonadosomatic index; HSI, hepatosomatic index; K, fatness; pH, pondus hydrogenii; SAR, salinity T, water temperature.




Biological Parameters of Fish in Different Habitats

As seen in Table 1, water temperature in the flood season is much higher than that in the dry season in the habitats of three populations (p < 0.05). It is evident from the result that overall, there was a decreasing trend in SA with latitude change of habitat in the dry season (p < 0.05). The results of fish basic biological information revealed that SL, Wt, GSI, and K of WS, MY, XR populations were rising in turn. Meanwhile, it was exhibited that there were significant differences in SL, Wt, GSI, K, and sex mature ratio (SMR) in three populations between flood and dry seasons. In the flood season, HSI of MY was the highest among the three populations. The gut bacterial community composition in each group had a close relationship with their habitat environment and biological index (Figure 4B). The gut bacterial community composition of the MYF and XRF groups was more related to DO, fatness, and GSI. In contrast, the gut bacterial community composition of WSD and WSF was correlated with SA and water temperature. In brief, there were taxon shifts among the gut microbiota with both season and habitat variations.



Degradation Enzymes Activity of Gut Contents

Gut content enzyme activities in the three geographic populations are shown in Supplementary Figure 1. As a whole, trypsin and cellulase activities of the WS population were higher than that of the XR and MY populations, whereas the amylase and lipase activities of WS population were lower than that of the XR and MY populations. Trypsin activity was declined and cellulase activity was increased from WSF to WSD groups (p < 0.05). Likewise, trypsin activity was decreased significantly while the amylase and lipase activities were clearly increased from MYF to MYD groups (p < 0.05). Lipase activity dropped off sharply, while amylase activity had a dramatic increase from the XRF to XRD groups. As shown in Figure 4C, the fish gut bacterial community has a close relationship with host metabolic enzymes. The gut microbiota composition of WSF and WSD groups was correlated with trypsin and cellulase activities but not with lipase or amylase activities. By contrast, the gut microbial compositions of the MYF and XRF groups were more related to amylase activities. MYD and XRD groups were more closely related to lipase activities.



Function Analysis of Core Bacterial Community

MetaStat was utilized to analyze the relative abundance among the three disparate populations at the genus level. From above Figure 5A, the results indicate that abundances of the genera Aeromonas and Cetobacterium in the WS population are significantly higher than that in the MY and XR populations (p < 0.05), while the genera Lactobacillus and Bacteroides are lower. According to Figure 5B, the relative abundances of 16 genes for carbohydrate metabolism, amino acid metabolism, other amino acids metabolism, lipid metabolism, and the endocrine system show statistically significant differences (p < 0.05; Figure 5B). Geographic isolation had significant effects on amino acid, lipid, and carbohydrate metabolism. Functional microbiota of the WS population related to amino acid metabolism was greater than in the MY and XR populations, while the relative abundances for lipid metabolism and carbohydrate metabolism in the XR population were greater than those in the WS population. RDA based on KOs predicted by PICRUSt and activity revealed that the functional gene of fish gut microbiomes had a close relationship with host degradation enzymes. The gut microbiota KOs of the WS population were correlated with trypsin and cellulase activities. By contrast, the gut microbial compositions of the MY and XR populations were more related to amylase and lipase activities (Figure 5C).
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FIGURE 5. Functional analysis of gut core microbiome in three geographic populations of M. terminalis. (A) MetaStat analysis of gut core microbiome relative abundance of three populations in genera level. “*” means a significant difference between the two groups (p < 0.05). (B) The Kyoto Encyclopedia of Genes and Genomes (KEGG) categories are derived from the 16S rRNA sequences of the fish gut microbiome by Phylogenetic Investigation of Communities by Reconstruction of Unobserved States (PICRUSt). Comparison of the relative abundance of the selected KOs in three geographic populations of M. terminalis. Different superscript letters indicate significant differences in three geographic populations in gene categories at level 3, p < 0.05. (C) Redundancy analysis (RDA) illustrates the correlation between the dissimilarity of the functional profiles (KEGG level 3) of the gut microbiome in different populations and their gut content enzyme activities.





DISCUSSION

In the current study, we evaluated the gut microbiota and their degradation enzyme activities in three wild geographic populations of M. terminalis in the flood and dry seasons. Our results indicated that the XR population had higher alpha diversity than that of the WS population. Moreover, the UPGMA clustering revealed that the MY population was similar to the XR population that was aligned with a genetic divergence of three black Amur bream populations (Chen et al., 2020). Relevant research elaborated a positive relationship between gut microbiome distance and host genetic distance in three-spined stickleback (Steury et al., 2019). It seems likely that a substantial portion of gut microbiota variation is controlled by the host genotype (Smith et al., 2015). When seasonality and habitat environment factor in the mainland and Hainan Island populations was considered, a higher bacterial diversity was present in the flood season than that in three wild populations in the dry season. Converting in environmental factors by seasonal variation is regarded as one of the factors that can shift the gut microbiota (Dulski et al., 2020). Recent studies reveal that the gut microbial community can be altered by dramatic variation of habitat environment (Sullam et al., 2012; Dulski et al., 2020; Kim et al., 2021). In the present research, water temperature expressed a remarkable rise in the flood season (Table 1), which seems to be a critical factor for the shift of gut microbiota. Related research assumes that seasonal variation make effects on fish gut microbial composition by changing temperature (Nayak, 2010; Hatje et al., 2014). The result of PERMANOVA analysis clarified that the relatively geographic location and habitat environment of two populations might indirectly reflect their variant in the gut microbiome (Table 3). The result is consistent with a relevant study that fish gut bacterial community could be shaped by geographic determination and habitat environment (Sullam et al., 2012).

For the core gut microbiome at the phylum level, a relative abundance of Fusobacteriota in the WS population was significantly higher than that of the MY and XR populations, whereas the relative abundance of Bacteroidetes was lower. In grass carp, Fusobacteriota was considered as one of the most dominant flora (Wu et al., 2012). Meanwhile, Bacteroidetes is responsible for the metabolism of steroids, polysaccharides, and bile acids, helping the fish host in the absorption of polysaccharides and synthesis of proteins (Bäckhed et al., 2005; Xu et al., 2019). MetaStat results reflected that the relative abundance of Aeromonas and Cetobacterium in the WS population expressed significantly higher than that of the MY and XR populations, while the relative abundances of Lactobacillus and Bacteroides were lower than that of the WS population (Figure 5A). In the herbivorous fish Ctenopharyngodon idella, Aeromonas was thought to be pivotal cellulase-producing bacteria in the relevant study (Jiang et al., 2011). On the basis of related research, the carnivorous fish species are enriched with Cetobacterium, which has a close relationship with protein digestion (Liu et al., 2016). As vital gut microflora, Lactobacillus and Bacteroides contribute to fish host glucose and lipid metabolism (Samuel et al., 2008; Bjursell et al., 2011; Falcinelli et al., 2015). Furthermore, Lactobacillus isolated from the intestines of some animal can effectively degrade polyunsaturated fatty acids (Druart et al., 2014). In addition, PICRUSt functional analysis of the gut microbiome exhibited greater amino acid metabolism and lower lipid and carbohydrate metabolism in the WS population when compared with the MY and XR populations (Figure 5B). It is evident from the functional analysis result that overall, the gut microbiota of digestive functions in the three populations of M. terminalis presented differentiation by geographic isolation. A recent study clarifies that the gut microbiota is closely associated with host physiological metabolism, nutrient utilization, nutritional status, and health (Wu et al., 2021).

Considering the effects of geographic divergence and seasonal variation on gut microbiome composition and degradation enzymes of the black Amur bream, we investigated four key degradation enzyme activities that had a close relationship with the gut microbiome (Figure 4C). The evidence points to the likelihood that food digestion depends on the aid of gut symbiotic microorganisms to degrade macromolecules of nutrients in food and supply requisite energy to the fish. A further result indicated that there was a close relationship between four host degradation enzyme activities and functional profiles of the gut microbiome in three wild populations (Figure 5C). This work represents a preliminary attempt to explore a variation pattern of the gut microbiome and degradation enzymes in the course of seasonal changes in three wild populations. Seasonal variation not only leads to habitat environmental changes but also leads to fish sexual maturity levels. Our previous research work elaborated that the breeding peak of M. terminalis was from late June to early July (Liu et al., 2021a). Meanwhile, M. terminalis was found as a one-time spawning type of fish, with ovary development is partially synchronous (Liu et al., 2019). In the flood and the breeding seasons, a high abundance of Cetobacterium signified that the black Amur bream digest foods with higher nutrition levels to supply energy demand for spawning migration. In the dry season, the WS population transformed the core genus Cetobacterium to Aeromonas and Clostridium, marking enhancement of cellulose degradation capacity (Mcdonald et al., 2015). The transformation of core bacteria reflected that the gut microbiota of M. terminalis was altered to consolidate the cellulose metabolism to compensate for food shortages. However, the XR population displayed an obviously different transition mode of the core gut microbial community through seasonal changes. High relative abundance of the order Pseudomonadales in the XRF group indicated a heightened ability to metabolize fat (Lésel et al., 1989). A previous study demonstrates that the XR population migrates nearly 250 km upstream to the spawning grounds in the Pearl River (Liu et al., 2021a). Owing to the energy demand of the development of ovaries, the gut microbiome of M. terminalis might be regulated to enhance lipid metabolism. It is possible that M. terminalis might regulate the composition of the gut microbiome to improve the efficiency of nutrient metabolism to furnish enough energy for spawning migration. By analyzing the degrading enzyme of the MY population's gut content, it appears from the evidence that there were similarities and differences between the MY population and the other populations in their digestion strategies. In brief, this seems to imply that there is a diverse digestive strategy for M. terminalis survival and reproduction in three populations, respectively.

In conclusion, gut bacterial communities are assumed of great importance in fish digestion physiology and metabolic homeostasis. Multitudinous factors, such as driving environmental factors, diet, and genotype, synergistically impact on the fish gut microbiome (Bolnick et al., 2014; Liu et al., 2016; Escalas et al., 2021). In comparisons of gut microbiome composition in three geographic populations of M. terminalis, we found that each independent population shaped its own unique variation patterns of gut microbiome through altering environmental factors. This variation pattern of the gut microbiome was recognized as a specific digestion strategy in each geographic population. Due to geographic isolation, genetic and environmental differentiation jointly formed a relatively independent gut microbiome in different populations of M. terminalis. It might be reasonable to suppose that habitat environment was one of the primary factors for shaping the gut bacterial community, then disparate genotype further reinforced these differences in the gut microbiome, deeply influenced the fish's own specific digestive strategies for survival and breeding. Nevertheless, how the gut microbiota effects host food sources, food types, and nutritional content is still unclear. Therefore, the ecology and physiology of the fish gut microbiota should be considered in a future study.
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Most arthropod guts harbor diverse microbiota for symbiotic digestion. The European corn borer (ECB), Ostrinia nubilalis (Hübner), is a devastating pest that feeds the lignocellulose-rich tissues of maize plants. However, the potential role of ECB gut microbes in degrading maize cellulose remains largely unexplored. Here, we investigated the gut microbiota of ECB fed with different diets and their potential function in maize lignocellulose degradation. The diversity and composition of gut bacterial communities varied dramatically between the ECB larva fed with artificial diets (ECB-D) and maize plants (ECB-M). Draft genomes of the microbial consortia from ECB-D and ECB-M showed that the principal degraders of cellulose mainly belonged to Firmicutes or Proteobacteria and they were primarily found in the midgut. The cellulolytic microbial consortia contained genes encoding various carbohydrate-active enzymes (CAZyme). Furthermore, scanning electron microscopy revealed significant breakdown of lignocellulose in maize treated by the two microbial consortia for 9 days in vitro. Metabolomic analyses show that maize particles treated by two microbial consortia generate distinctive metabolomic profiles, with enrichment for different monosaccharides (i.e., Glucose, Rhamnofuranose, Isomaltose, and Cellobiose) and amino acids (i.e., Threonine, Histidine, and Lysine). The results indicated that the diet of the host impacted the composition and function of its gut microbiota and ECB exploited specific gut microbes to digest maize lignocellulose with distinctive products. Our study provides valuable microbiota resources for lignocellulose bioconversion.
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INTRODUCTION

Cellulose is a renewable and abundant biomass resource widely distributed in all higher plants (Varner and Lin, 1989; Naik et al., 2010). The long chains of cellulose polymers are linked together to shape into microfibrils arranged in uniform forming a crystalline structure that cause cellulose less susceptible to biodegradation (Ali et al., 2020). Cellulose degradation is the most critical step for its utilization, but current methods (e.g., physical and chemical) employed for processing cellulose are high in cost and cause environmental pollution (Kumar et al., 2009; Stephen et al., 2012). Many phytophagous insects, such as termites, beetles, and wasps, possess efficient microscale bioconversion systems of cellulose in their bodies (Sun and Scharf, 2010; Luo et al., 2019; Zheng et al., 2019). Gut microbiota that produces cellulases to digest lignocellulose into sugars provides a major energy source to these species (Kundu et al., 2019). These systems can contribute valuable information about utilizing plant cellulosic biomass as a sustainable energy source (Watanabe and Tokuda, 2010).

While the vast majority of Lepidoptera are also herbivores, their gut microbes show relatively low diversity and can be impacted by environmental factors compared to other phytophagous insects (Priya et al., 2012; Yun et al., 2014; Vilanova et al., 2016). It has been previously demonstrated that many caterpillars carry diverse gut bacteria with essential functions for the host (Prem Anand et al., 2010; Belda et al., 2011), but considering their simple gut morphology and rapid digestive throughput, it remains disputed whether microbes persist in the host gut and contribute to host phytophagy (Jones et al., 2019). For example, a recent study showed that wild leaf-feeding caterpillars lack a resident symbiotic gut microbiome (Hammer et al., 2017). Furthermore, although many caterpillars consume cellulose-rich plants (e.g., maize and rice), the composition and role of gut microbiota in their feeding and digestion remain limited. The European corn borer (ECB), Ostrinia nubilalis (Hübner) (Lepidoptera: Crambidae), is a devastating pest that feeds on the leaves and stalks of maize, which contain polysaccharides including cellulose, hemicellulose, and lignin (Dhugga, 2007; Krumm et al., 2008). Like other insects thriving on a cellulose-rich diet, ECB host a diverse bacterial community in their gut (Belda et al., 2011), of which some produce cellulases (Vilanova et al., 2012). However, the role of gut bacteria in their digestion of cellulose has received little attention. Although no convincing evidence of maize cellulose digestion through the gut microbiota of ECB has been reported, developments in next-generation sequencing technologies provide opportunities to better characterize the microbiome and its associated genomic resources in non-model organisms.

In this study, our objectives were to (i) examine the gut microbiota of ECB fed with different diets and (ii) investigate the potential function of their gut bacteria in maize lignocellulose degradation. To achieve these aims, we firstly isolate and identify cellulose-degrading microbial consortia from the gut of ECB larvae that were fed artificial diets and maize plants, respectively. We also analyze the draft genomes of the cellulolytic microbial consortia from the gut of ECB larvae and identify genes encoding the carbohydrate active enzymes (CAZymes). Finally, we estimate the lignocellulose degradation efficiencies of the cellulolytic microbial consortia in vitro and the metabolomic profiles of maize straw after being exposed to each microbial consortium.



MATERIALS AND METHODS


Insect Collection and Maintenance

The ECB, Ostrinia nubilalis (Hübner), was originally collected from maize plants (Zea mays L.) in Nanjing, China (N32°02′, E118°52′) in 2019. About 100 third-instar larvae were split into two groups and fed separate diets: an artificial diet (designated as ECB-D), and maize plants (Z. mays strain Nannong3; designated as ECB-M). An artificial diet was prepared as previously described by Vilanova et al. (2016). Larvae were reared at 25 ± 1°C under 70% relative humidity and 15 h light: 9 h dark conditions. After four generations, third-instar larvae from both the ECB-D and ECB-M populations were collected for dissecting the gut and subsequently experiments.



Analysis of the European Corn Borer Intestinal Microbiota


DNA Extraction, Library Construction, and Sequencing

We randomly selected six individuals from each ECB-D and ECB-M population. The guts of individual ECB were dissected in sterilized phosphate-buffered saline (PBS) and surface sterilized using 75% ethanol and sterile dH2O. Total DNA was extracted from the individual gut using the QIAGEN DNeasy Kit (Germany) according to the manufacturer’s protocol. Amplicons were obtained using the universal primers 341F (5′-CCTAYGGGRBGCASCAG-3′) and 806R (5′-GGACTACNNGGGTATCTAAT-3′), extracted from 2% agarose gels, and purified using the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, United States) and quantified using QuantiFluor™-ST (Promega, United States). Purified PCR products were quantified with Qubit®3.0 (Life Invitrogen). Amplicons from DNA samples and the negative control were sequenced with an Illumina HiSeq 2500 platform (Shanghai BIOZERON Co., Ltd., China).



Microbiota Analysis

A total of 521239 raw reads were obtained. Raw data were processed using QIIME version 1.7.0 (Caporaso et al., 2010). Briefly, raw fasta files were first demultiplexed using in-house Perl scripts to process barcode sequence information for each sample with the following criteria: (i) The 250 bp reads were truncated at any site receiving an average quality score < 20 over a 10 bp sliding window, discarding the truncated reads that were shorter than 50 bp. (ii) exact barcode matching, 2 nucleotide mismatches in primer matching and reads containing ambiguous characters were removed. (iii) only sequences that overlap for longer than 10 bp were assembled according to their overlapping sections. Reads which could not be assembled were discarded. The sequences were assigned to operational taxonomic units (OTUs) at the 97% similarity threshold using UPARSE version 7.11 (Edgar, 2013) and chimeric sequences were identified and removed using UCHIME (Edgar et al., 2011). Prior to microbial analysis, taxa with < 0.1% abundance summed across all samples were removed. Microbial analysis was performed by MicrobiomeAnalyst2 (Dhariwal et al., 2017). Non-parametric t-tests were used to detect significant differences in the Shannon diversity index between the gut bacterial community of ECB larvae fed on an artificial diet and maize plants. Variation in bacterial taxonomic composition among samples was visualized using principal coordinates analyses (PCoA). Additionally, a linear discriminant analysis of effect size (LEfSe) method (Segata et al., 2011) was used to determine significant differences between bacterial communities of two treatments using with α = 0.05 for the initial Kruskal–Wallis test and applying a linear discriminant analysis (LDA) score threshold of 2.0. The metabolic potential of the microbiomes was predicted with PICRUSt (Langille et al., 2013).




Isolation and Enrichment of Cellulolytic Microbial Consortia


Isolation and Identification of Cellulolytic Microbial Consortia

The 50 guts dissected from ECB larvae were blended, homogenized, and filtered using 10 μm syringe filters. Subsequently, 1 mL suspension was immediately plated on Luria-Bertani (LB) media with 5 g/L carboxymethyl cellulose (CMC) agar and incubated at 30°C and 150 rpm for cellulolytic bacteria screening. Congo red dye was used to screen for cellulose-degrading bacteria, as described by Teather and Wood (1959). Two cellulolytic microbial consortia were obtained, one from the gut microbiota of ECB larva fed with an artificial diet (designated as BI-D), and another from those fed with maize plants (designated as BI-M) (Supplementary Figure 1).



Genomic DNA Extraction and Genome Sequencing

Total genomic DNA was extracted from two cellulolytic microbial consortia BI-D and BI-M using the Bacteria DNA Kit (OMEGA), and quality control was subsequently carried out on the purified DNA samples. Genomic DNA was quantified using the TBS-380 fluorometer (Turner BioSystems Inc., Sunnyvale, CA, United States), and DNA libraries were constructed under standard procedures. The qualified Illumina pair-end library would be used for Illumina NovaSeq 6000 sequencing (Shanghai BIOZERON Co., Ltd., Shanghai, China). Raw reads were trimmed and quality controlled by Trimmomatic (version 0.363). Filtered data were used for downstream analyses. We used ab initio prediction methods to obtain gene models for microbial consortia. Gene models were identified using GeneMark.



CAZyme Assignment of Genome Sequences

Protein sequences were analyzed using the dbCAN CAZyme annotation algorithm4 with default parameters to determine the carbohydrate active enzymes (CAZymes) in the two cellulolytic microbial consortia (BI-D and BI-M).



Fluorescence in situ Hybridization

To investigate the localization of the dominant genera in the two microbial consortia within the digestive tract of ECB larvae, fluorescence in situ hybridization (FISH) was performed with genus-specific probes (Supplementary Table 1). Gut tissue (i.e., foregut, midgut, and hindgut) for each sample were washed twice with PBS. Then, samples were fixed in 1 mL of 4% paraformaldehyde for 30 min, followed by two washes in 1 mL of PBS for 2 min. Hybridization was performed for 12 h at 42°C using 1 mL of hybridization buffer [20 mM Tris-HCl pH 7.4, 0.02% sodium dodecyl sulphate (SDS), 0.9 M NaCl, 5 mM ethylenediaminetetraacetic acid (EDTA), 60% formamide] and 0.002 mL of the probe. After hybridization, samples were washed twice at 46°C for 30 min in 1 mL of hybridization wash buffer. Finally, samples were viewed under a ZEISS LSM 700 confocal microscope (Carl Zeiss, Germany). Figures were processed with PHOTOSHOP 4.0 software (Adobe Systems Inc., San Jose, CA, United States). A FISH reaction without a probe was performed as a negative control.




Maize Degradation by Microbial Consortia in vitro


Experimental Design

Experiments were carried out on six independent biological replicates of each treatment. Maize straw was powdered and milled through a 0.5 mm screen. The microbial consortia (5 mL BI-D or BI-M) were separately cultured in 100 mL of the liquid medium at a pH of 8.0, with a temperature of 37°C and 150 rpm for 9 days, respectively. The culture medium comprised of maize straw powder 5 g/L, yeast extract 0.5 g/L, malt extract 0.5 g/L, tryptone 0.5 g/L, NaCl 0.5 g/L, KH2PO4 0.2 g/L, MgSO4⋅7H2O 0.13 g/L, and CaCl2 0.5 g/L. The negative control had only a sterile culture medium. The reaction products were centrifuged at 13,000 rpm for 10 min. The hydrolysate-containing supernatant was stored at −80°C for the determination of cellulolytic activity and metabolomic analysis. Endoglucanase, β-glucosidase and exoglucanase activity were determined using the Solarbio assay kit (Solarbio, Beijing, China). The obtained deposit was dried and weighed to determine levels of cellulose, hemicellulose, and lignin content as described by Van Soest et al. (1991).



Scanning Electron Microscopy

Surface morphology of the untreated and 9-day treated maize straw powder samples were observed and analyzed using scanning electron microscopy (SEM) as described by Karnovsky (1965). Briefly, maize particles from each treatment were fixed overnight at 4°C in 2.5% glutaraldehyde (Electron Microscopy Sciences, United States) and 0.1 M sodium phosphate buffer (pH 7.2). Fixed samples were washed three times in 0.1 M sodium phosphate buffer (pH 7.2) and were stepwise dehydrated with 30, 50, 70, 80, 90, and 100% concentrations of ethanol, followed by a final treatment using 100% acetone. Then, specimens were critical point dried and coated with gold particles in the Technics Hummer VI Sputter Coat Unit (Anatech, United States). After gold-sputtering, the samples were observed under SEM (SU-8010, JEOL Ltd., Japan) at an acceleration voltage of 5.0 kV.



Metabolomic Analysis

Six biological replicates of each treatment were shipped on dry ice to Shanghai BIOZERON Co., Ltd. (Shanghai, China) for metabolomic analysis. The metabolites were extracted in 80% methanol by vortexing for 10 min, centrifuged, and then the supernatant was filtered using a 0.22 μm membrane (J&K Scientific, Beijing, China). One μL of each sample was loaded and analyzed using liquid chromatography-mass spectrometry (LC-MS). Non-targeted metabolite profiling was carried out on a Thermo Ultimate 3000 system equipped with an ACQUITY UPLC® HSS T3 (150 mm × 2.1 mm, 1.8 μm, Waters). Statistical differences between samples were investigated with a one-way ANOVA, followed by Tukey’s HSD post hoc test and FDR correction using MetaboAnalyst (Xia and Wishart, 2016).





RESULTS


Gut Microbiota of European Corn Borer Larvae Is Determined by Diet

A total of 350225 sequences were obtained from the 12 samples sequenced for bacterial 16S rRNA gene amplicons, with an average of 29185 ± 887 (standard deviation) reads per sample after quality filtering and removal of chimeric sequences. All the sequences were classified into 61 OTUs (>0.1% of all sequences) at 97% sequence identity, which belonged to 9 phyla, 13 classes, 24 orders, 30 families, and 34 genera. Overall, the phylum Firmicutes was the most abundant in all samples (50%), followed by Proteobacteria (31%), Bacteroidetes (5%), Patescibacteria (5%). The gut bacterial community composition differed significantly between ECB-M and ECB-D. The genus Enterococcus (96.89%) within Firmicutes was dominant in ECB-D, whereas those from ECB-M were Reyranella (12.92%), Bradyrhizobium (10.29%), Sediminibacterium (8.99%), and Caulobacter (5.38%) (Figures 1A,B and Supplementary Figure 2). The alpha-diversity of the microbiota in ECB-M, indicated by the Shannon index, was significantly higher than that of ECB-D (t = 35.35, P < 0.0001; Figure 1C and Supplementary Table 2). The PCoA score plot showed an obvious separation between the two groups (PERMANOVA: F = 239.26, R2 = 0.95988, P < 0.003; Figure 1D).
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FIGURE 1. Gut microbial diversity and community composition in the ECB larvae fed with an artificial diet (ECB-D) or maize plants (ECB-M). (A) Relative abundance of microbiota in both strains at the phylum level. The number of x-axis indicates individual gut sample. (B) Linear discriminant analysis effect sizes (LEFSe) for the top 10 bacterial genus that differed significantly in relative abundance between ECB-D and ECB-M. (C) α-diversity comparison based on the Shannon diversity index, using a t-test to determine significant differences (**P < 0.01). Horizontal lines indicate the mean (± SE) of biological replicates. (D) Principal coordinate analysis (PCoA) plot generated using OTU metrics based on Bray-Curtis distance. The variation explained by the PCoA axes is given in parentheses. (E) Heatmap showing the main function of microbiota present in the larval gut of ECB-D and ECB-M with different abundance.


Functional capacity analysis of the gut microbial communities revealed that 29 pathways enriched in each gut were similar among two groups and primarily associated with metabolism (Figure 1E). The ECB-associated bacterial symbionts contain genes involved in carbohydrate metabolism and amino acid metabolism. Genes involved in carbohydrate metabolism were significantly different between ECB-M and ECB-D (t = 30.13, P < 0.0001; Figure 1E and Supplementary Table 3). The results indicated that the host diet may alter the gut microbiota of ECB larvae and its associated functions.



Cellulose Degrading Bacteria in the Larval Gut of European Corn Borer

The two cellulolytic microbial consortia (BI-M and BI-D) produced clear zones around the colonies after Congo red staining (Supplementary Figure 1). The genomic features of the two bacterial consortia are as shown in Supplementary Table 4. Sequencing of the two consortia showed that Klebsiella (13.37%), Streptococcus (13.1%), and Enterococcus (5.19%) were the dominant genera in BI-M (Figure 2A and Supplementary Table 5), while Bacillus (26.53%), Enterococcus (18.42%), and Enterobacter (22.57%) were high in proportion in BI-D (Figure 2B and Supplementary Table 5). These bacterial genera were mainly located in the midgut of ECB larva (Figure 3).
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FIGURE 2. Draft genomes of two microbial consortia from the gut of ECB larvae fed with an artificial diet (BI-D) and maize plants (BI-M) respectively. Panel (A) and panel (B) represent the relative abundance of the dominant bacteria in BI-D and BI-M respectively. (C) The number of CAZyme genes defined in the draft genomes of BI-D and BI-M.
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FIGURE 3. FISH analysis of the localization of (A) Streptococcus (green), (B) Klebsiella (purple), (C) Enterococcus (blue), and (D) three bacteria in the larval midgut of ECB-M, and (E) Bacillus (green), (F) Enterobacter (purple), (G) Enterococcus (blue), and (H) three bacteria in the larval midgut of ECB-D.


A total of 781 CAZyme genes were detected from BI-M bacteria, which can be broken down into 344 GHs, 212 GTs, 75 CBMs, 109 CEs, 13 PLs, and 28 AAs. In comparison, 599 genes, including 235 GHs, 159 GTs, 63 CBMs, 110 CEs, 10 PLs, and 22 AAs were found in BI-D (Figure 2C and Supplementary Table 6). Within the most abundant CAZyme category (GHs), 48 families were identified in BI-M, mainly GH1 (β-glucosidase), GH2 (β-galactosidase, β-mannosidase, and β-glucuronidase), and GH13 (α-amylase, and α-glucosidase), whereas BI-D harboured 49 GHs, including GH18 (chitinase, and endo-β-N-acetylglucosaminidase) (Figure 2C and Table 1). These results suggested that bacterial consortia from the gut of larval ECB fed with artificial diets and maize exhibited variation in their GH repertoires.


TABLE 1. A partial list of CAZymes identified in the microbial consortia from the ECB larvae fed with an artificial diet (BI-D) or maize plants (BI-M)
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Degradation Maize Cellulose by the Microbial Consortia in vitro

Scanning electron microscopy analysis showed that the surfaces of the untreated maize particles were smooth (Figure 4A), whereas the structure of maize particles treated with both BI-D and BI-M was destroyed (Figures 4B,C). Cellulose content in maize particles treated with BI-M was significantly lower than those treated with BI-D or the control (Kruskal–Wallis test: X2 = 6.72, df = 2; P = 0.0259; Figure 4E). Meanwhile, lignin, cellulose, and hemicellulose were all reduced on maize particles treated with BI-D and BI-M compared to untreated ones (Figures 4D–F). The cellulolytic activity of endoglucanase, β-glucosidase, and exoglucanase in the cultures of maize particles treated with BI-D and BI-M were higher than those in untreated maize particles, albeit not significantly (Figures 4G–I). Taken together, the results suggested that the bacterial consortia BI-D and BI-M exhibited the ability of maize cellulose degradation in vitro to different extents.


[image: image]

FIGURE 4. In vitro maize cellulose degradation by microbial consortia BI-D and BI-M. Scanning electron micrographs of (A) untreated maize particles, (B) maize particles treated by BI-D for 9 days, and (C) maize particles treated by BI-M for 9 days. The content of (D) lignin, (E) cellulose and (F) hemicellulose in maize particles after treated for 9 days. The cellulose-associated enzyme activity of (G) endoglucanase, (H) exoglucanase, and (I) β-glucosidase in the culture medium of maize particles treated with BI-D and BI-M for 9 days. Horizontal lines in the boxes represent group medians, and whiskers represent the 10th–90th percentiles. Superscripts (a, b) indicate significant differences between different groups (P < 0.05).




Metabolomic Profiles of Maize Cellulose in vitro

Untargeted metabolome analyses document that maize particles treated by two microbial consortia generate distinctive metabolomic profiles, with enrichment for specific monosaccharides and amino acids (Figure 5). The principal component analysis (PCA) shows the difference in metabolic profiles of maize treated by the consortia (Figures 5A,B). The major axes of the PCoA explain 58.6% of the variance for positive ionization mode in metabolomic profiles (PC1 = 37.7% and PC2 = 20.9%; Figure 5A), and 84.0% of the variance (PC1 = 70.3% and PC2 = 13.7%) for negative ionization mode (Figure 5B).
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FIGURE 5. Metabolomic analysis of in vitro degradation of maize particles by two microbial consortia. PCA score plot of metabolic profiles in (A) positive and (B) negative ionization modes. Colored circles represent the metabolic profiles of individual samples. Ellipses indicate 95% confidence region for each group. Relative metabolite levels of maize cellulolytic degradation by two bacterial isolates in (C) positive and (D) negative ionization modes. The color scale shows levels for each metabolite relative to the average abundance. Asterisks indicate significant differences (P < 0.05) between each group. Summary statistics are provided in Supplementary Table 7.


For both ionization modes, a comparison of relative metabolite levels with a one-way ANOVA showed that 38.9% (210 of 540) of the monitored metabolites varied significantly (P < 0.05) among three samples (Supplementary Table 7). The levels of D-fructose, cellobiose, D-maltose, L-rhamnofuranose and isomaltose in maize particles treated with both BI-D and BI-M were significantly higher than those in untreated maize particles (D-fructose: F = 10.146, P < 0.01; cellobiose: F = 19.358, P < 0.001, D-maltose: F = 9.95, P < 0.01; L-rhamnofuranose: F = 7.931, P < 0.01, and isomaltose: F = 10.702, P < 0.01; Figures 5C,D and Supplementary Table 7). Additionally, there were significant differences in levels of several amino acids among the metabolic profiles of maize particles treated or untreated by bacterial isolates, including ornithine (F = 23.38, P < 0.001), L-glutamic acid (F = 13.455, P < 0.001), L-lysine (F = 5.21, P < 0.05), L-isoleucine (F = 9.4291, P < 0.01), L-threonine (F = 17.93, P < 0.001), L-histidine (F = 40.595, P < 0.0001), and L-tryptophan (F = 43.127, P < 0.0001) (Figures 5C,D and Supplementary Table 7).

Several small molecular aromatic metabolites, such as phenol, 2-phenylethanol, coniferyl alcohol, 4-hydroxybenzaldehyde, 4-hydroxyphenylacetaldehyde, p-anisic acid, vanillin, phenylacetic acid, phenylacetaldehyde, 2-aminobenzoic acid, mannitol, 4-nitrophenol, 4-hydroxyphenylpyruvic acid, syringic acid, sinapic acid, sinapyl alcohol, D-glucuronic acid, vanillic acid, D-arabitol, 3-hydroxybenzoic acid, D-xylitol, and L-lactic acid, were detected in the samples treated by both microbial consortia (Figures 5C,D and Supplementary Table 7).




DISCUSSION

While most insects rely on gut bacteria to digest cellulose and produce sugars that are then available to the host, this has been disputed in Lepidopteran larvae due to their simple gut morphology and rapid digestive throughput. In this study, we demonstrate that the composition of gut microbiota in Ostrinia nubilalis is determined by its diet. Draft genome and metabolome analyses showed that two cellulolytic microbial consortia from hosts feeding on different diets have different capabilities to digest maize lignocellulose in vitro and release different downstream products. SEM provides direct evidence for the degradation of maize cellulose by the ECB gut microbial consortia in vitro (Figure 6). A thorough understanding of how cellulosic biomass is digested by gut microbiomes would not only solidify the importance of the gut microbiota in the ecology and evolution of insects, but also provide valuable insights toward the industrial application of microbiota for cellulose conversion.
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FIGURE 6. Graphical summary of the main results. Diet shapes the gut bacterial community of ECB larvae. Two bacterial isolates from the guts of ECB larvae exhibited the ability to degrade maize cellulose to varying degrees in vitro and produced distinctive metabolomic profiles, including reduced sugars and amino acids.



Diet Shapes Gut Microbiota of the Ostrinia nubilalis Larva

Diet is the primary determinant of bacterial community structures in the gut of many herbivorous lepidopteran larvaes (Broderick et al., 2004; Robinson et al., 2010; Mason et al., 2020). Our findings that Firmicutes are the dominant phylum in ECB fed on an artificial diet were similar to that of a previous study (Belda et al., 2011), suggesting that the dominant phyla are relatively stable in the guts of hosts on the same diet. We also show that the dominant phyla in the gut microbiota of ECB fed on maize are distinct from bacteria in ECB reared on pepper tissues (Belda et al., 2011). These observations indicated that diet influences the proliferation and stability of gut microbiota in O. nubilalis larvae (Belda et al., 2011). In addition, we found that the diversity of gut microbiota in ECB fed on maize was significantly higher than that in ECB fed an artificial diet, and included taxa widespread in other environments, such as Pseudomonas and Bacillus. These bacteria might have been actively or passively acquired from microbial communities inhabiting plant surfaces (Partida-Martinez and Heil, 2011). This indicates that these bacteria can establish in the host gut and are not merely transient associates. Another noteworthy observation was that the ECB larva fed with an artificial diet harbored a rather simple gut microbiota consisting mostly of genus belonging to Enterococcus (96.89%). Enterococcus species, which exhibit lignocellulose degradation activity and are commonly present in gut symbiotic microbiota of insects, were also found in the rumen of ruminants (Nyonyo et al., 2014; Shil et al., 2014; Luo et al., 2019; Przemieniecki et al., 2020). The existence of this species in ECB-D provided an important basis for their high cellulolytic ability. Overall, our findings raise the possibility that diet may exert a strong selection pressure and shape the composition of microbiota harboured in the insect intestinal tract. Although it has been speculated that microbes cannot persist in the gut of herbivorous Lepidopteran larvae or contribute to feeding and digestion (Hammer et al., 2017), here we show that O. nubilalis-associated bacteria serve various functions for their host. Thus, it is likely that the degree of reliance on microbes of O. nubilalis is underappreciated.



The Diversity of Cellulolytic Bacteria in the Gut of Ostrinia nubilalis Larvae

Insect gut microbiomes are considered as an endless reservoir for the construction of synthetic microbial consortia for biomass utilization and identification of enzymes of industrial importance (Marynowska et al., 2020). The microbial consortia have more balanced cellulolytic enzyme complements than individual strains, tolerance changes in environmental conditions, and that they have high functional redundancy (Ali et al., 2020). Most dominant genera (Enterococcus, Enterobacter, and Streptococcus) in both microbial consortia obtained from the guts of ECB larvae have been shown to exhibit cellulolytic properties and produce enzymes that efficiently metabolize cellulosic biomass in other host species (Schmid et al., 2014; Manfredi et al., 2015). Bacillus species, which exhibit lignocellulose degradation activity and are known to be safe strains for cellulase production (Ma et al., 2015), were also found in the gut of Holotrichia parallela (Huang et al., 2012), the wood-feeding termite (Tsegaye et al., 2018), and Cyrtotrachelus buqueti (Li et al., 2020). However, previous studies of Lepidopteran larvae have typically observed cellulolytic bacteria from different taxa. For example, the strain Klebsiella sp. MD21 has been found responsible for cellulose digestion in the gut of the cotton bollworm (Helicoverpa armigera) (Dar et al., 2018). In particular, a previous study also focusing on O. nubilalis suggests that Micrococcus and Acinetobacter are the main groups with cellulolytic properties (Vilanova et al., 2012), contrasting our findings. This can be interpreted as host genotype specificity.

Additionally, FISH analysis of the bacteria isolates showed that bacteria with cellulolytic capabilities were mainly located in the midgut of O. nubilalis, unlike other insect species where they are typically found in the hindgut (Warnecke et al., 2007; Mikaelyan et al., 2014). Knowing that differences in gut structure can lead to major functional differences in insects (Engel and Moran, 2013; Ni and Tokuda, 2013; Brune and Dietrich, 2015), our results suggest that the midgut of ECB is where digestion of maize cellulose occurs, although its occurrence in vivo is still undetermined.



The Mechanism of Cellulose Degradation by Microbial Consortia

The presence and diversity of CAZymes in the functional categories of cellulase, hemicellulase, or pectinase/esterase were assessed using records from the CAZy Database. The gut bacteria of insects produce a diverse repertoire of CAZymes (Lombard et al., 2014). The class with the most genes detected in both consortia, GH, is enzymes that play a key role in carbohydrate degradation by acting on glycosidic bonds (Li et al., 2020). Many of the major GH families found in BI-D and BI-M have been previously documented to be abundant in lignocellulolytic microbial consortia, such as those grown on wheat straw, xylan, and xylose (Jiménez et al., 2015). The GH families encompass a variety of hydrolytic enzymes, e.g., cellulases, endo- and exo-glucanases, arabinofuranosidases, endoxylanases, cellobiohydrolases, and xyloglucanases, thus, GHs might be responsible for the degradation of maize cellulose in vitro. Specifically, members of GH1 are often potential β-glucosidases that utilize cellobiose, and the GH43s are considered as another important member for the degradation of hemicelluloses (Romero et al., 2012). The GH3 family is also an important component of cellulose degradation systems and might have enhanced the ability to degrade cellulose in both consortia. Additionally, CEs, PLs, and AAs also contribute to the decomposition of lignocellulose. For example, the major CEs and AAs families found in two microbial consortia (BI-D and BI-M) were CE1, CE4, CE10, AA4, and AA7, all associated with cellulolytic functions (Mamo et al., 2006; Zhang et al., 2011; Li et al., 2020). These cellulolytic enzymes can also act synergistically and increase the overall efficiency of substrate utilization (Murashima et al., 2003). The high diversity of CAZyme families in BI-D and BI-M may have made them potent cellulose decomposers, and the diversity of CAZyme families in BI-M strongly suggests that it is a promising consortium to facilitate cellulose degradation.

Additionally, digestive efficiency in vitro differs among bacteria. It can also depend on the metabolic priorities of the bacteria, cellulase activity, and environmental factors such as temperature and pH (Watanabe and Tokuda, 2010; Engel and Moran, 2013). In our results, the bacteria isolates exhibited relatively low digestive efficiency of maize in vitro; it is unclear which of the above hypotheses can explain this phenomenon. The structure and underlying mechanisms of gut bacteria associated CAZymes and the extent of these roles await further investigation.



Variation in the Metabolome Among Degradation Products of Maize

Products of lignocellulose degradation include many monosaccharides, aromatic compounds, and others (Caffall and Mohnen, 2009; Watanabe and Tokuda, 2010). Here, we find that reduced sugars such as D-fructose, cellobiose, D-maltose, L-rhamnofuranose, and, isomaltose accumulated in maize particles treated by the two microbial consortia compared to the control. This may be due to the larger microbial diversity and higher CAZyme-encoding gene numbers in microbial consortia. GHs acts on glycosidic bonds in crystalline polysaccharides, amino polysaccharides, and other complex polysaccharides present in the biomass and crystalline polysaccharides, amino polysaccharides, and other complex polysaccharides present in the biomass and transform them into fermentable sugars (Alonso-Pernas et al., 2017; Sethupathy et al., 2021). In contrast, the contents of glucose and fructose decreased. Therefore, it is possible that the bacteria absorbed some of the released sugars.

Additionally, gut bacteria often provide amino acids to their host (Moran and Baumann, 2000; Powell et al., 2016). In this study, we find that the levels of many amino acids (e.g., ornithine, L-glutamic acid, L-lysine, L-isoleucine, L-threonine, L-histidine, and L-tryptophan) increase in the metabolic profiles of maize particles treated with bacteria compared to those that were untreated, suggesting that gut bacteria can produce not only sugars but also amino acids in vitro. However, due to differences in physicochemical conditions of the gut compartments such as pH, redox potential, and substrates, it remains to be experimentally validated whether gut bacteria can provide amino acids to benefit itself or its host in vivo.



Application Potential of Gut Microbiota of European Corn Borer in Cellulose Bioconversion

The potential application of insect gut microbiota in cellulose degradation can alleviate negative environmental impacts in current methods (Stephen et al., 2012; Xie et al., 2019). However, the industrialization of cellulolytic microbiota remains a challenge due to its low efficiency and high cost (Sun and Scharf, 2010). Here, we establish that microbial consortia from ECB are capable of degrading maize cellulose with relatively low efficiency. This potential could be further extended through genetic engineering for efficiency. Screening and developing native cellulolytic microbial consortium from the gut microbiota and applying them to lignocellulosic biomass based biofuel production is of great significance in accelerating bioconversion of lignocellulose-rich wastes.




CONCLUSION

This work shows that diet shapes the gut microbial composition in O. nubilalis. The two cellulolytic microbial consortia, mainly belonging to Firmicutes or Proteobacteria, exhibit the ability to degrade maize cellulose in vitro. These results offer valuable microbiota resources for lignocellulose bioconversion and have significant potential in industrial applications. Future research will analyze the enzymatic properties of novel bacteria or genes to clarify the mechanisms of cellulose digestion in insects.
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Aquatic pathogens such as Vibrio parahaemolyticus cause a bacterial infection that reduces the economic benefits of aquaculture and affects the food quality and safety of human beings. Quorum quenching (QQ) is considered a novel strategy of microbial antagonism that inhibits pathogens and reduces the abuse of antibiotics. This study investigates a QQ bacterial strain, Bacillus velezensis DH82 from the deep sea Yap trench, in vitro to examine the effects of DH82 and its functional products against V. parahaemolyticus, focusing on the Quorum sensing (QS) regulation and the inhibition of pathogenicity and bacterial growth. The study also conducted in vivo investigation in the aquaculture of Litopenaeus vannamei challenged with V. parahaemolyticus by immersion and injection challenge. The results of the QS regulator transcription level demonstrated the multiple QQ enzymes in DH82 regulated the pathogenicity but could not fully control the biofilm formation; the effective antibacterial activity of extracellular peptides on microbial antagonism verified the inhibition on bacterial growth of V. parahaemolyticus. The in vivo experiment in aquaria demonstrated the effective enrichment of DH82 and inhibition of Vibrio in both the aquatic system and the shrimp intestine. The dietary DH82 relieved the negative effect of Vibrio on the activity of enzyme acid phosphatase (ACP), alkaline phosphatase (AKP), superoxide dismutase (SOD) under challenge of Vibrio pathogens, and was not harmful to host according to lysozyme (LZM) activity. DH82 also ameliorated the damage to the intestine and muscles induced by V. parahaemolyticus infection according to tissue imaging. Though DH82 did present some dose-dependent adverse effects to the host, the findings revealed the effective QQ and antibacterial activity of DH82 on emerging biocontrol against V. parahaemolyticus, therefore indicating the potential application of DH82 as a biological control reagent in the sustainable and green production of aquaculture.

Keywords: Bacillus velezensis, microbial antagonism, biological control, sustainable aquaculture, Litopenaeus vannamei, Vibrio pathogens, quorum quenching (QQ)


INTRODUCTION

As one of the most important economic activities for food production, marine aquaculture provides high-quality protein resources and therefore is required with high yield and food safety. Though high stocking density aquaculture could maximize the commercial profits on aquatic animal production, the farming conditions would inevitably lead to the frequent occurrence of aquatic diseases (Long et al., 2019), among which, Vibrio parahaemolyticus is a common pathogenic bacterium causing diseases to fish, shrimp, and other aquatic animals (Fuente et al., 2015; Jin et al., 2017). Besides, V. parahaemolyticus is also the primary food-borne pathogen causing infection in humans (Baker-Austin et al., 2018). V. parahaemolyticus could invade aquatic animals via a wound and form a biofilm in the host (Sun et al., 2007), causing a bacterial infection through the released virulence factors under the regulation of quorum sensing (QS) (Chang and Lee, 2018), or intermediate bacterial resistance against antibiotics through the regulation of outer membrane protein and efflux pump protein (Zhao et al., 2018).

There is a lack of effective solutions for dealing with the problems of bacterial infection caused by pathogenic Vibrio. Farmers in less developed regions use an abundance of antibiotics when facing outbreaks of Vibrio to reduce their losses. Due to the abuse of antibiotics, there is now widespread drug resistance in V. parahaemolyticus from aquatic products and aquatic environment (Elmahdi et al., 2016), which not only increases the difficulty of prevention and treatment of V. parahaemolyticus, but also makes it more difficult for scientific researchers to develop novel antibiotics. With the probiotics and immune stimulators being applied as feed additives in aquaculture (Ganguly and Mukhopadhayay, 2010), microbial antagonism based on QS inhibition is regarded as an effective alternative to replacing antibiotics (Defoirdt, 2013) on the biological control of aquatic pathogens.

Bacillus is one of the main antagonistic bacteria widely used for biological control in agriculture (Jiang et al., 2018) and aquaculture (Wang C. et al., 2019). Under the regulation of QS (Bareia et al., 2018), Bacillus can produce lipopeptides, polyketones, and other metabolites with antibacterial, antiviral, or antitumor activities (Wu et al., 2019). In addition, the acyl-homoserine lactonase AiiA (Dong et al., 2000) widely exists in Bacillus, is one of the famous quorum quenching (QQ) enzymes that could recognize and degrade AHLs signal molecules produced by Gram-negative bacteria, and achieve QS inhibition by intervening in the biofilm formation and toxin release of AHLs/Lux mediated pathogens. Nevertheless, the application of QQ enzymes is limited by the enzyme activity and stability under complex environmental conditions of aquaculture and feed production, therefore the in vivo study of QQ is more focused on the utilization of Bacillus strain. Though Bacillus had been verified to modulate gut microbiota and control pathogens as probiotics in shrimp aquaculture (Olmos Soto, 2021), the effects of probiotics with QQ capacity on outbreaks of Vibrio pathogens and the host response still need to be verified by in vivo experiments, especially under the synergistic effect of the antibacterial metabolites.

In previous work, targeting the prevention and disease control of aquatic pathogens, a marine bacterium, Bacillus velezensis DH82 strain, was isolated from underlying seawater of the Western Pacific Yap trench at a depth of 6,000 m (Wang Q. H. et al., 2019) and identified as a QQ bacteria with multiple functional products for microbial antagonism, including the verified extracellular secreted anti-bacterial peptides (Wang et al., 2020) and intracellular products QQ enzymes of AiiA (Liu et al., 2020) and YtnP (Sun et al., 2021). Aiming to qualify the efficiency of DH82 on Vibrio control for sustainable aquaculture, especially under the circumstance of Vibrio outbreaks, DH82 is in vitro investigated against V. parahaemolyticus to assess the antibacterial and QQ ability of its functional products and is also used as biocontrol reagents to culture white shrimp Litopenaeus vannamei, to investigate the probiotic properties and in vivo effects on the host against the infection of V. parahaemolyticus by bath and injection challenge under high stocking density.



MATERIALS AND METHODS


Bacteria, Plasmids, and Reagents

Bacillus velezensis DH82 strain (GenBank accession no. MK203035) was isolated from the seawater of the Western Pacific Yap trench at the depth of 6,000 m and was kindly provided by the Third Institute of Oceanography (Xiamen, China). The engineered Escherichia coli BL21 (DE3) strains respectively carry the expression clone of AiiA and YtnP from DH82, E. coli:pET28a/AiiA (Liu et al., 2020) and E. coli:pET28a/YtnP (Sun et al., 2021), which were constructed in this lab in previous work. V. parahaemolyticus 17SZ strain was isolated from the infected shrimp sample in the Vibrio breakout case at Xiamen in 2017 and was provided by the Center for Disease Control of Siming District, Xiamen, China. The AHLs, C6-HSL (Cat. 56395), 3-O-C6-HSL (Cat. K3255), 3-O-C10-HSL (Cat. O9014), and 3-O-C12-HSL (Cat. O9139), were purchased from Sigma-Aldrich.



Bacterial Culture and Preparation of Functional Products

The QQ enzyme expressing strain was cultured in Luria–Bertani (LB) media containing 50 mg/L kanamycin with shaking at 180 rpm at 37°C, 0.2 mM IPTG was inoculated after 2-h incubation of bacterial culture to induce the protein expression. The overnight cultured bacteria were washed and concentrated 5:1 with PBS (pH 7.0), performed ultrasonic breaking (operate for 3 s at 300 W then break for 6 s, and repeat for 60 times) on ice and centrifuged at 4°C at 8,000 g for 15 min to harvest the crude extract in the supernatant. The supernatant containing crude enzyme was loaded to the high affinity NI-NTA chromatography, washed using a lysis buffer (300 mM NaCl and 50 mM NaH2PO4, pH 7.4), then washed with an imidazole elution buffer (300 mM NaCl, 200 mM imidazole, and 50 mM NaH2PO4, pH 7.4) to purify the His-tagged enzyme. The purified enzyme was sterilized by filtration using 0.22 μm syringe filter (Millipore, Cat. SLGP033R) and analyzed by SDS-PAGE. The concentration of protein was qualified using the Bradford assay.

The overnight culture of DH82 was inoculated 1% (v/v) in 1 L fresh LB broth (10 g/L Tryptone, 5 g/L Yeast extract, and 10 g/L NaCl, pH7.0) and cultured with shaking at 180 rpm at 37°C for 24 h. The bacterial culture was centrifuged at 10,000 rpm at 4°C for 10 min to harvest supernatant, then filter sterilized with 0.22 μm membrane. The filtered supernatant was added slowly with (NH4)2SO4 to 70% of saturability, standing overnight at 4°C, and was centrifuged at 10,000 rpm at 4°C for 20 min to collect the salting-out proteins. The salting-out proteins were re-dissolved in 10 mL PBS (pH 7.0) to harvest crude proteins. The crude proteins were then desalted using Solarbio MD44 dialysis membrane (Cat. YA1078) by soaking in distilled water for 18 h and stored for further study.

DH82 were additionally prepared in a 200 L fermentation tank (15 g/L glucose, 20 g/L bean pulp, 10 g/L peptone, 5 g/L corn flour, 0.5 g/L MgSO4, 1 g/L K2HPO4, 2 g/L NaCl, 3 g/L CaCO3, pH 7.0), attached with corn starch and dried for granulation to produce bacterial powder, at a final concentration of 1011 CFU/g, for further in vivo study.



Agar Diffusion Assay for Antimicrobial Activity Against Vibrio parahaemolyticus

A 1.5 mL overnight culture of 17SZ in LB broth was mixed with 150 mL fresh LB medium (1.5% agar) maintained at 50°C. The agar-culture solution was immediately poured as 20 mL portions in petri dishes. Each 2 mL DH82 overnight culture in LB broth was centrifuged at 6,000 g for 5 min, then filtered using 0.22 μm membrane to collect the supernatant. The pellets were resuspended in PBS and then treated with 1 μg/mL lysozyme at 37°C for 30 min, then centrifuged at 8,000 g for 5 min to harvest the bacterial lysate from the supernatant. 50 μL of above prepared supernatant, cell pellets, and cell lysate were respectively spotted in wells punched in the solidified agar, compared with 50 μL of salting-out antibacterial protein as a positive control. The plates were incubated at 30°C for 24 h for examination of the bacterial inhibition zone.



Assessment of Quorum Quenching Activity Against Vibrio parahaemolyticus by RT-qPCR


Bacterial Growth of Vibrio parahaemolyticus Under Quorum Quenching Regulation

The overnight culture of 17SZ was diluted to OD600 value at 0.1, then 1:100 (v/v) inoculated in 40 mL fresh LB broth for incubation with shaking at 30°C for 12 h, with additional QQ enzyme at a final concentration of 50 μg/mL for treatment, and the same volume of sterile water as the negative control. The bacterial density at OD600 was measured to obtain the growth curve.



Analysis of Quorum Quenching Regulation by RT-qPCR

Each 1 mL of 17SZ culture was sampled at 1, 2, 4, 6, and 12 h during growth, centrifuged at 6,000 g for 5 min, and resuspended with the same volume of sterile water to harvest the bacterial pellets. RNA samples were respectively extracted from the pellets using Trizol RNA extraction kit (Takara, Dalian) and then used as a template for reverse transcription by PrimeScriptRT reagent Kit with gDNA Eraser (Takara) to construct cDNA for the further qPCR program. The primers listed in Table 1 were respectively used to amplify the sequence of 16S rRNA, aphA, opaR, tlh by qPCR using Bio-Rad CFX Connect. The transcription levels of key regulators on QS in V. parahaemolyticus were analyzed, compared with that of 16S rRNA, to determine the activity of QQ enzymes on bacterial inhibition against V. parahaemolyticus.


TABLE 1. List of primers for RT-qPCR.

[image: Table 1]


Microplate Biofilm Assay by Crystal Violet

One microliter of 17SZ overnight culture was inoculated in 200 μL of Biofilm medium [BM, filter sterilized tap water supplemented with 5 mM sodium citrate, 0.5% casamino acids (Difco) and 0.5% v/v standard brain heart infusion broth (Difco)] in 96 well microplates, with additional 50 μg/mL QQ enzyme for treatment in triplicate, compared with sterilized water as a negative control. Bacterial cultures were grown statically at 30°C for 3 days when a luxuriant biofilm was apparent. After this time the wells were subsequently washed with phosphate buffered saline (PBS). Two hundred microliters of 0.1% crystal violet solution was then added to each well and left for 15 min at room temperature, after which the crystal violet was removed prior to three washes with PBS. Two hundred microliters of ethanol was then added to each well to dissolve any crystal violet bound to the well and any remaining biofilm. After 15 min at room temperature, the absorbance of the wells was measured at 580 nm using Tecan Infinite M200 Pro.




In vitro Assessment of DH82 and the Fractions on Pathogen Inhibition

Each 100 μL DH82 overnight culture in LB broth was centrifuged at 6,000 g for 5 min to collect the supernatant and cell pellets. The pellets were resuspended in PBS and then treated with 1 μg/mL lysozyme at 37°C for 30 min, then centrifuged at 8,000 g for 5 min to harvest the bacterial lysate from the supernatant. Each 100 μL of DH82 supernatant and lysate, 0.1, 1, and 10 μL DH82 overnight culture, 0.1, 1 and 10 μL crude QQ enzyme as well, were respectively mixed with 1 μL of 17SZ overnight culture in 200 BM medium in 96 well microplates, to assess the effect of different fractions of DH82 on the inhibition of biofilm formation and planktonic bacterial amount of 17SZ, compared with PBS as a negative control.

The above mixtures were incubated in BM at 30°C for 3 days to form biofilms. The biofilms were analyzed by crystal violet assay, and the supernatants of the biofilm cultures were spread on LB agar plates and incubated at 37°C for 24 h to calculate the planktonic bacterial amount by plate counting method.



In vivo Assessment on the Vibrio Control of DH82

The trial experiments of shrimp farming were performed in aquaria located at Zhaoan, Zhangzhou, Fujian Province, China (longitude 117.17501, latitude 23.71148). White shrimp (L. vannamei), with a length of 10.0 ± 1.0 cm and the weight of 13.3 ± 0.8 g, were grown in an aquarium (length × width × depth = 96 mm × 74 mm × 66 mm) containing 300 L fresh seawater and continuous aeration under high stocking density. The cultures in each aquarium were absorbed by siphon to remove excreta of shrimps and pumped in 30 L fresh seawater to refill the aquarium at noon every day. The aquaria were placed indoors with good air circulation.

The shrimps were fed using non-antibiotic commercial feed thrice daily (6 a.m., 12 a.m., and 6 p.m.) for 1 week to acclimatize to the diet before use. The experiments were approved by the institutional research ethics committee of Huaqiao University and carried out in accordance with the PRC National Standard GB T 35823-2018.


In vivo Assessment Under Bath Challenge

150 shrimps per aquaria were randomly allocated for five treatments in duplicate for 28 days, respectively treated with 100 mL of fresh LB broth (blank) as control (group A), same volume of 17SZ (group B), DH82 (group C), continuous daily dietary of DH82 with the same volume (group D), and the challenge with the same volume of 17SZ on day 1 along with daily dietary of DH82 (group E). The bacterial culture of 17SZ (OD600nm 0.6, 108 CFU/mL) was directly poured into the aquaria to simulate the emerging out-breaking of V. parahaemolyticus, whilst the 0.3 g pre-made DH82 powder was activated in 300 mL of 100 g/L brown sugar water and mixed with feeding stuff to feed the shrimps, to achieve the bacterial inoculation with a final concentration of 105 CFU/mL (Ottaviani et al., 2020) to both 17SZ and DH82 after seawater exchanging.

The water samples in each group were collected and spread on an LB agar medium to calculate the planktonic bacterial number, the Sodium Chloride Polymyxin Base (SCPB) medium containing 250 U/mL Polymyxin B was used to calculate the bacterial number of Vibrio sp.



DNA Extraction and High Throughput Sequencing

Total genomic DNA of microbial community were extracted from the intestine samples of the shrimps in blank groups (int_12), treated with DH82 in the first week (int_13), infected with 17SZ (int_20), and those treated with continuous dietary DH82 after 17SZ infection (int_15), using an MP FastDNA Spin Kit for Soil (MP Biomedicals, Santa Ana, CA, United States) according to the manufacturer’s instructions. The DNA extract was checked on 1% agarose gel, and DNA concentration and purity were determined with NanoDrop 2000 UV-vis spectrophotometer (Thermo Scientific, Shanghai) and used as template DNA to amplify the hypervariable region V3-V4 of the bacterial 16s rRNA with the primer pairs 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′) by PCR using Phusion ® High-Fidelity PCR Master Mix kit (NEB). The PCR amplification of 16s rRNA was performed as follows: initial denaturation at 95°C for 3 min, followed by 30 cycles of denaturing at 98°C for 30 s, annealing at 55°C for 30 s and extension at 72°C for 15 s, and single extension at 72°C for 5 min, and end at 4°C. The PCR products were extracted from 2% agarose gel and purified using a DNA Gel Extraction Kit (Omega Bio-tek, China) according to the manufacturer’s instructions and quantified using Quantus™ Fluorometer (Promega, Beijing).

The purified amplicons were pooled in equimolar and paired-end sequenced on Illumina MiSeq PE300 platform/NovaSeqPE250 platform (Illumina, San Diego, CA, United States) according to the standard protocols by Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai, China).

The raw 16S rRNA gene sequencing reads were demultiplexed, quality-filtered by fastp version 0.20.0 (Chen et al., 2018), and merged by FLASH version 1.2.7 (Magoč and Salzberg, 2011) with the following criteria: (i) the 300 bp reads were truncated at any site receiving an average quality score of <20 over a 50 bp sliding window, and the truncated reads shorter than 50 bp were discarded, reads containing ambiguous characters were also discarded; (ii) only overlapping sequences longer than 10 bp were assembled according to their overlapped sequence. The maximum mismatch ratio of the overlap region is 0.2. Reads that could not be assembled were discarded; (iii) Samples were distinguished according to the barcode and primers, and the sequence direction was adjusted with exact barcode matching or a maximum two nucleotide mismatch in primer matching.

Operational taxonomic units (OTUs) with 97% similarity cutoff were clustered using the UPARSE version7.1 (Edgar, 2013), and the chimeric sequences were identified and removed. The taxonomy of each OTU representative sequence was analyzed by RDP Classifier version 2.2 (Wang et al., 2007) according to the SILVA ribosomal RNA database using a confidence threshold of 0.7. Alpha diversity index including observed OTUs, richness estimators, such as Ace, Chao, Shannon, and Simpson index, were calculated based on the frequency of OTUs and genera in the assigned sequence collections after rare sequences were removed. The OTUs of int_15 and int_20 were analyzed by Fisher’s exact test to compare the difference of the abundance on genus level.



In vivo Assessment Under Injection Challenge

50 shrimps were randomly allocated for 10 treatments for 7 days (five replicates per treatment), respectively injected on day 1 by syringe with 1 mL of 17SZ and DH82 mixture (1:1) at high dose (OD600 nm 0.6, 108 CFU/mL), medium dose (OD600 nm 0.06, 107 CFU/mL) and low dose (OD600 nm 0.006, 106 CFU/mL), compared with those individually injected with the same volume of PBS (pH 7.0), 17SZ and DH82 at the same dose (1:1 mixed with PBS at pH 7.0) as control. The injections were performed on the muscle of the shrimp between the 5th and 6th uromere. The shrimps under injection challenge in each group were partitioned by nets in the aquarium and continuously fed with non-antibiotic feed as normal. The survival number and elapsed days were recorded and analyzed using GraphPad Prism 6 software.



Analysis of Non-specific Immunity

Approximate 1 mL of hemolymph were sampled from the ventral sinus of each shrimp on day 28 after the bath challenge, incubated at 4°C overnight to separate the serum. The serums were centrifuged at 1,000 g for 15 min at 4°C to harvest the supernatants. The enzyme activities of alkaline phosphatase (AKP), acid phosphatase (ACP), superoxide dismutase (SOD), catalase (CAT), and lysozyme (LZM) in the supernatants were respectively assessed using commercial detection kits (Nanjing Jiancheng Bioengineering Institute) and measured using MD microplate reader (SpectraMax M5).



Analysis of Infected Tissues by Hematoxylin-Eosin (H&E) Staining Assay

The infected tissues of white shrimps (intestines from bath challenge and muscles from injection challenge) were immersed in Bouin’s Fixative for 4 h and transferred to 70% ethanol. The individual lobes of infected tissue biopsy material were placed in processing cassettes, dehydrated through a serial alcohol gradient, and embedded in paraffin wax blocks. The tissue sections were dewaxed twice in xylene for 20 min, rehydrated through decreasing concentrations of ethanol from 100% to 75% for 5 min in each step, and washed in sterile water. The sections were then stained with hematoxylin for 5 min, rinse with sterile water, followed with increasing concentration of ethanol from 85, 95% for 5 min in each step, and stained with eosin for 5 min. After staining, the sections were dehydrated through 100% ethanol thrice and xylene twice for 5 min in each step and sealed with neutral gum. The tissue sections were imaged using a brightfield microscope (Nikon Eclipse E100) and an imaging system (Nikon DS-U3).




Statistical Analysis

The experimental data were analyzed by the software GraphPad Prism 6. P value from T-test were used to determine the difference between each experimental group.




RESULTS


Functionals of Bacterial Products From DH82 on Antagonism

The recombinant QQ enzymes were investigated on the in vitro effect of QQ against V. parahaemolyticus, as shown in Figure 1, the treatment of AiiA and YtnP both present a tendency of depression on the gene expression level of key regulatory proteins AphA and OpaR during bacterial growth. AiiA significant functioned at 2 h (P-value was 0.00027) and 12 h (P-value was 0.029) on aphA and significantly depressed on opaR at 4 h (P-value was 0.018); by contrast, YtnP was observed with higher activity on the down-regulation, significantly depressed aphA at early stage of 1 h (P-value was 5.6E-05), 2 h (P-value was 3.9E-07) and 4 h (P-value was 0.049), and down-regulated opaR at 4 h (P-value was 0.013), which indicated the potential cooperation of AiiA and YtnP, and possibly involving other unidentified QQ enzymes in DH82, on the inhibition against pathogens at different growth stages.
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FIGURE 1. Effect of quorum quenching (QQ) enzymes on the regulation of QS against Vibrio parahaemolyticus. Fifty microgram/milliliter QQ enzyme was used to treat the 17SZ culture [OD600 0.1, 1:100 (v/v) inoculation] in LB at 30°C. RNA from bacterial culture sampled at 1, 2, 4, 6, and 12 h was used as temperate for RT-qPCR, using 16S rRNA as internal reference. Panel (A) is the effect on the expression of aphA; Panel (B) is the effect on the expression of opaR; Panel (C) is the effect on the expression of tlh; Panel (D) is the effect of QQ enzyme on biofilm formation of 17SZ. The error bars are presented as the standard deviation. Statistical analysis results are presented by a significant difference indicated by ** where p < 0.01 and * where p < 0.05.


As shown in Figure 1C, the presence of QQ enzymes both remarkably down-regulated the expression level of virulence factors, thermolabile hemolysin (TLH), that the treatment of AiiA present significant difference during the whole test period of 12 h (P-value at 1, 2, 4, and 6 h were all lower than 0.001, and was 0.022 at 12 h), and YtnP functioned with an extremely significant difference at 1, 2, 4, and 12 h (P-value all lower than 0.001).

The effects of QQ enzymes on biofilm formation of V. parahaemolyticus were later investigated (Panel D). The results demonstrated a slight decrease but no significant difference under the treatment of respectively QQ enzyme of AiiA and YtnP (P-value was 0.19 and 0.41). Besides, the addition of different types of exogenous AHLs presented no difference on biofilm formation of 17SZ (P-value all above 0.05), which indicated that AHL mediated QS might not be the only pathway on the combined intermediation of 17SZ on biofilm formation.

Considering the unsatisfactory inhibition on biofilm formation by QQ enzymes, the DH82 pellets and the functional products in different fractions, intracellular QQ enzymes in the lysate fraction, extracellular antibacterial peptides in the supernatant of bacterial culture, and the salting-out crude antimicrobial proteins, were investigated for their effects on the growth of V. parahaemolyticus. As shown in Table 2, the results of antagonistic activity demonstrated positive antibacterial ability by bacterial supernatant (with inhibitory zone at a diameter of 19.4 ± 0.2 mm) and cell pellets of DH82 (with inhibitory zone at a diameter of 16.5 ± 0.3 mm), and negative inhibition by the cell lysate; whilst the crude proteins extracted from the supernatant (approximately 100 times concentrated) presented a larger inhibitory zone at a diameter of 24.3 ± 0.2 mm. The results indicated that the antibacterial property of DH82 was contributed by the secreted extracellular peptides, but not the intracellular products containing QQ enzymes in cell lysate.


TABLE 2. Antagonistic activity of DH82 against Vibrio parahaemolyticus 17SZ.
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In vitro Assessment of Vibrio Control by Different Fractions of DH82

As the status transition between biofilm and planktonic cells of V. parahaemolyticus, an in vitro assessment was designed to investigate the synergistic effects of functional products from DH82 on the Vibrio control. The cell pellets, cell lysate, supernatant of overnight culture, and an enzyme mixture of AiiA and YtnP were used to assess the function of different fractions from DH82 on microbial antagonism against V. parahaemolyticus. As shown in Figure 2, the DH82 lysate significantly decreased the biofilm formation of 17SZ (P-value was 0.0045) and showed no difference to the planktonic bacteria; whilst the supernatant of DH82 containing secreted anti-microbial peptides also limited the biofilm formation (P-value was 0.0026) and reduced approximately half of the planktonic 17SZ. The whole pellets of DH82 demonstrated a dose dependent magnitude reduction on planktonic 17SZ and slight down-regulation of the biofilm formation, including the few biofilms formed by DH82, compared with the control groups of 17SZ and different dose injections of DH82. The treatment of mixed enzymes of AiiA and YtnP also presented a similar tendency on biofilm control to that of bacterial pellets and lysate, but no significant reduction on planktonic 17SZ.
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FIGURE 2. Effect of fractions of DH82 on the biofilm and planktonic bacterial amount of Vibrio parahaemolyticus. Each 100 μL of DH82 supernatant and lysate, 0.1, 1, and 10 μL DH82 overnight culture (107 CFU/mL), 0.1, 1, and 10 μL QQ enzyme (AiiA and YtnP mixture) were respectively mixed with 1 μL of 17SZ overnight culture (OD600 nm 0.1, 108 CFU/mL) in 200 BM medium, compared with 17SZ with PBS as a negative control, the mixtures were incubated in 30°C for 3 days. The biofilms were analyzed by crystal violet assay, and the supernatants of biofilm cultures were spread on Luria–Bertani (LB) agar plates to calculate the planktonic bacterial number. The biofilms are presented by blue bars, the number of planktonic bacteria of 17SZ is presented ■ in red, the DH82 by ▲ in green. The error bars are presented as the standard deviation. The error bars are presented as the standard deviation. Statistical analysis results are presented by the significant difference indicated by * where p < 0.05 and ** where p < 0.01.




In vivo Assessment of Vibrio Control Under Bath Challenge

Compared with the in vitro experiment, the in vivo experiment of bacterial challenge in shrimp trial experiment is designed to assess the synergistic effects of DH82 strain with the multiple functional products on Vibrio control in aquaria with pump-in seawater, which contained the inoculated Bacillus and Vibrio and other microorganisms from marine environments. We monitored the total amount of planktonic microorganisms in the culture system, as shown in Figure 3, compared with the blank control, the total number of Bacillus and Vibrio in the treatment group with DH82 and 17SZ alone in the system showed quantitative advantages respectively 1 day after the bacterial solution was added for bath challenge. In the treatment group with a mixture of DH82 and 17SZ, although Vibrio was still countable, its number was significantly lower than that in the single challenge group with 17SZ alone, which indicated the bacterial inhibition of DH82 against Vibrio.
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FIGURE 3. Effects of DH82 on Vibrio control under bath challenge. Each 100 mL bacterial culture (OD600nm 0.1) was individually poured into aquaria for bacterial bath challenge to white shrimps with the final concentration of 105 CFU/mL. The water samples in each group were collected before water exchange and spread on Luria–Bertani (LB) agar plates to calculate the bacterial number of Bacillus sp. and total amount, and on SCPB agar plates to calculate the number of Vibrio sp. The number of Bacillus sp. is presented by column in blue, Vibrio sp. in red and other bacteria in green. The vertical axis in the stacked column graph is marked as a logarithmic scale.


In the subsequent weekly sampling, the total amount of planktonic bacteria in the aquaria fluctuated greatly affected by the environment. The addition of DH82 in the first week did not show the quantitative advantage of Bacillus in the following 3 weeks, whilst Bacillus was continuously detected and dominant in the treatment group of continuous addition of DH82, and Vibrio was inhibited at a low level. In addition, it could be seen that a high number of Vibrios were detected in the treatment group of 17SZ alone during the whole bacterial bath challenge period. Since there was no artificial addition of Vibrios after the first day, considering the good biofilm-forming capacity of 17SZ observed in the in vitro experiment, and compared with the Vibrio number in other treatment groups, it could be inferred that the planktonic Vibrios might transform from the biofilm statues and cause continuous influence to the shrimps.

High throughput sequencing on 16s rRNA was also used to analyze the bacterial community of gut microbiota on genus level, between the 17SZ infected shrimps (int_20) and those treated with continuous dietary DH82 after Vibrio infection (int_15), compared with the blank groups (int_12) and those treated with DH82 in the first week (int_13) as control.

The richness of microbial community from each sample was analyzed by the Alpha index, as shown in Table 3. The results of OTU coverage in each group were all above 99.84%, which indicated the good recovery and reliable reflection of the tested samples. The results of a comprehensive assessment on the four indexes of Ace, Chao, Shannon, and Simpson demonstrated adverse impact on the richness of bacterial community caused by Vibrio infection, and recovery under the treatment of continuous DH82.


TABLE 3. Richness and diversity of intestinal bacterial community.
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The microbial community of each group is shown in Figure 4. The DH82 treated shrimps were observed with significantly more abundant Bacillus sp. existed (respectively took 7.266% out of 7.457% in the gut of DH82 feed shrimps, and only 0.03143% out of 0.03404% in 17SZ infected ones), and significant lower richness and abundance of Vibrio sp. in the intestine (respectively 0.3842% in DH82 treated groups and 5.57% in 17SZ infected groups), where both P-values were lower than 1E-15. Among these, the Bacillus community mostly contributed B. velezensis on a species level, whose corresponding OTU sequence was 100% matched to that of 16s rDNA of B. velezensis, according to the analysis of further alignment. The results verified the successful colonization of DH82 and the effective inhibition against pathogenic Vibrio in shrimp guts.
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FIGURE 4. Intestinal bacterial community of shrimps under bath challenge. The total genomic DNA from the intestine sample of the shrimps under the treatment of blank (int_12), DH82 in the first week (int_13), 17SZ then continuous with DH82 (int_15), and the 17SZ only (int_20) were respectively performed high throughput sequencing on the 16s rRNA. The taxonomy of each OTU representative sequence was analyzed by RDP Classifier version 2.2 and classified on genus level. The OTUs were analyzed by Fisher’s exact test, to compare the difference of abundance between treatments. Panel (A) is the microbial structure presented by relative community abundance, the bar plot of Bacillus is arrowed in red and that of Vibrio in blue; Panel (B) is the difference of abundance with DH82 treatment after 17SZ infection, the top 15 genera with the highest abundance were listed, including the Bacillus sp. and Vibrio sp. Statistical analysis results are presented by a significant difference indicated by *** where p ≤ 0.001.


The enzyme activities of ACP, AKP, SOD, and LZM in shrimp serum were assessed to demonstrate the non-specific immune response of shrimp to the challenge by bacterial bath, as shown in Figure 5.
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FIGURE 5. Effect of bacterial treatments to acid phosphatase (ACP), alkaline phosphatase (AKP), superoxide dismutase (SOD), and lysozyme (LZM) activities in the serum of shrimps. Each 100 mL bacterial culture (OD600nm 0.1) was individually poured into aquaria for bacterial bath challenge to shrimps with final concentration of 105 CFU/mL. The enzyme activities of serum under the treatment of blank (negative control), DH82 in the first week, continuous DH82 in each week, 17SZ then continuous with DH82, and the 17SZ only as infection control are presented, panel (A) is ACP, panel (B) is AKP, panel (C) is SOD, and panel (D) is LZM. The error bars are presented as the standard deviation. Statistical analysis results are presented by significant difference that indicated by ** where p < 0.01 and * where p < 0.05.


The results demonstrated that ACP activity (Panel A) significantly decreased under the challenge of V. parahaemolyticus (P-value was 0.013), even with the control of DH82 (P-value was 0.030), which indicated the irreversible adverse effects of the pathogen to shrimp on the growth factor of ACP. Moreover, the additional DH82 in the first week improved the ACP activities, however, there was no significant difference to the blank group, and somehow the continuous treatment of DH82 also presented adverse effects to ACP activity.

A similar tendency was observed in the data of AKP activities (Panel B), that the initial delivery of DH82 showed no difference on the effect of the host. However, the long-term giving of DH82 led to a significant reduction in AKP activity, the continuous dietary DH82 significantly relieved the adverse effects caused by V. parahaemolyticus (P-value was 3.2E-06) and showed no difference to that of the blank (P-value was 0.018).

The result of SOD activity (Panel C) also presented a consistent tendency under the challenge of V. parahaemolyticus to that of phosphatases, where both the initial treatment and continuous treatment of DH82 showed no difference in SOD activity to that of the control. In addition, even though the infection of 17SZ generated a decrease in SOD activities, the emerging treatment of DH82 significantly relieved the influence (P-value was 0.00011), which indicated that the treatment of DH82 at the presence of V. parahaemolyticus did contribute to the non-response immune response scavenging for free radicals.

The data of LZM activity (Panel D) presented an interesting result. The treatment of DH82 gradually reduced the congenital immune response of shrimp on the expression of lysozyme, and the continuous addition of DH82 was observed to have a significant difference on LZM activity (P-value was 0.0016), whilst the challenge of V. parahaemolyticus remarkably promoted the LZM activity of host (P-value was 0.0076) despite the addition of DH82 (P-value was 0.00020 compared with the blank). Considering the functional products of QQ enzymes and antibacterial peptides in DH82, the results verified the strategy of “inhibit but not kill” by DH82 against V. parahaemolyticus and also indicated the non-harmful property of DH82 to the shrimps.

The intestines of shrimps in each group were sampled to analyze the effect of bacteria on the intestinal structure of shrimps by bath challenge. The intestines in the blank (negative control), DH82 treated, and mixture treated groups all had thick intestinal walls and were full of feedstuffs when observed by the naked eye, compared with those of the 17SZ challenged group, which were observed to have an empty intestine, thin intestinal well, and clear inflammation.

The sections of the intestines were microscopically examined, as shown in Figure 6. The intestinal epithelial cells of healthy shrimp in the control group (Panel a) were closely arranged with a thick edge of intestinal epithelial cells without any swelling. The intestines of shrimps with DH82 challenge (Panel b) were observed to have a slightly thinner edge with damage to intestinal epithelial cells. However, in the group infected with V. parahaemolyticus (Panel c), the intestinal epithelial tissue of shrimp were nearly exfoliated and shed in the intestinal cavity, with a swollen intestinal wall. For the group treated with DH82 together with 17SZ (Panel d), the symptoms of intestinal damage were milder and they continued to have complete intestinal epithelial cells, though there were few epithelial cells separated from lamina propria and swelling on the intestinal wall was observed. The symptoms of the four groups of shrimps under bath challenge demonstrated the inhibition of DH82 on anti-inflammation and damage-reduction against V. parahaemolyticus.


[image: image]

FIGURE 6. Pathological analysis of intestinal tissue of shrimps challenged with Vibrio parahaemolyticus. Each 100 mL bacterial culture (OD600nm 0.1) was individually poured into aquaria for bacterial bath challenge to shrimps with the final concentration of 105 CFU/mL. The intestine samples were performed H&E staining and imaged by microscopy. Panel (A) is the intestine of blank, panel (B) is intestine challenged with DH82, panel (C) is intestine challenged with 17SZ, panel (D) is intestine challenged with 17SZ and treated with continuous DH82. The arrows point out where the intestinal epithelial cells detach from the basement membrane (black arrows), the occurrence of basophilic hypertrophied nuclei with a reduced volume of eosinophilic cytoplasm (red arrows), and the disintegrated intestinal epithelial cells (green arrows).




In vivo Assessment of Bacterial Effects Under Injection Challenge

The survival rate of shrimps after injection challenge, which is shown in Figure 7, demonstrated a dose-dependent decreasing tendency under the bacterial treatments, and higher percent survival. Compared with the 100% survival of blank in the control group, the shrimps treated by DH82 at a dose of 106 CFU/mL also fully survived after 7 days, and with 80 and 40% survival respectively, when the dose of DH82 was increased to 107 and 108 CFU/mL. The challenge of 17SZ sharply reduced the number of surviving shrimp, especially at the injection dose higher than 107 CFU/mL, whilst the coexisting DH82 raised the survival rate at a dose of 106 CFU/mL and 107 CFU/mL and prolonged the survival time of shrimps at a dose of 108 CFU/mL.
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FIGURE 7. Survival rate of shrimps after injection challenge. Fifty shrimps were randomly allocated to 10 groups, respectively injected at the muscle between 5th and 6th uromere with 1 mL of 17SZ and DH82, and the same volume of the mixture (1:1) of 17SZ and DH82 at different doses, compared with the blank of injection with PBS as control. The survival rates of each treatment are presented: the blank is presented by ● in black line; DH82 at a dose of 106 CFU/mL is presented by ■ in light green line, 107 CFU/mL by ▲ in green line, DH82 at 108 CFU/mL by ▼ in dark green line; 17SZ at 106 CFU/mL by ♦ in pink line, 107 CFU/mL by ○ in light red line, 108 CFU/mL by □ in red line; mixture at 106 CFU/mL by △ in light blue line, 107 CFU/mL by ▽ in light purple line, 108 CFU/mL by ◊ in blue line.


As for the bacterial infection to the muscle, the shrimps in the blank and DH82 treated groups were all observed with no whitish symptoms, and recovered with a black scar at the injection spot; whilst the 17SZ infected shrimps were observed with obvious symptoms of muscle gonorrhea. The muscle sections from survived shrimps were further performed H&E staining and examined by brightfield microscope. As shown in Figure 8, the muscles of shrimp infected by 17SZ (Panels c and d) were observed with serious disorder and large gaps between the muscle fibers, whilst the muscles in the group that were individually injected with DH82 (Panels a and b) were more compact and thicker for the fiber bundle. Besides, both groups were observed to have dose dependent histopathological changes on gaps between the muscle fibers, where a higher dose of bacteria challenge refers to larger gaps and more serious whitish symptoms. For the group with a mixed injection of 17SZ and DH82 (Panels e and f), the muscle fibers of challenged shrimp were tightly arranged with no histopathological changes observed, which indicated the inhibition of DH82 on the pathogenicity of 17SZ.
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FIGURE 8. Pathological analysis of muscle tissue of shrimps challenged with Vibrio parahaemolyticus. The shrimps were injected at the muscle between the 5th and 6th uromere with 1 mL of 17SZ and DH82 and the same volume of the mixture (1:1) of 17SZ and DH82. The muscle sections were performed using H&E staining and imaged by brightfield microscope with magnification of 400 times. Panel (A) is a medium dose of DH82 (107 CFU/mL), panel (B) is a low dose of DH82 (106 CFU/mL); Panel (C) is a medium dose of 17SZ (107 CFU/mL), panel (D) is a low dose of 17SZ (106 CFU/mL); Panel (E) is the medium dose of the mixture of DH82 and 17SZ (1:1, 107 CFU/mL), panel (F) is a low dose of the mixture of DH82 and 17SZ (1:1, 107 CFU/mL).





DISCUSSION

Using microbial antagonism to inhibit pathogen infection, by controlling the biofilm formation and virulence factor expression through QS regulation (Kalia et al., 2019), had become a novel strategy of biocontrol to replace antibiotics for the prevention and control of aquatic pathogenic bacteria such as V. parahaemolyticus (Defoirdt, 2013). It is currently known that the pathogenicity of Vibrio sp. is regulated by three parallel QS pathways, LuxM/LuxN related AHLs, CqsA/CqsS related CAI-1, and LuxS/LuxP related AI-2, all lead to the regulation of core regulatory protein LuxO (Herzog et al., 2019), then to the synergistic action of key regulatory proteins AphA (Lu et al., 2018) and OpaR (Zhang et al., 2016), which both regulate downstream exopolysaccharide synthesis genes to affect biofilm formation and virulence relative genes to release virulence factors including hemolysin.

In this article, the in vitro assessment of QQ enzymes demonstrated that AHL-lactonases significantly down-regulated the expression of AphA, which is mainly regulated at an early stage of low cell density, and OpaR, which plays the leading role at a later stage of high cell density, and the virulence factor tlh (Figures 1A–C), which verified the primary function of AHL mediated QS pathway on the pathogenicity of V. parahaemolyticus, and was consistent to other reports (Bzdrenga et al., 2017; Torres et al., 2018). The performance of biofilm formation under the treatment of inhibition (by AHLs degradation) or induction (by additional exogenous AHLs), both demonstrated the direct relationship between biofilm forming and the AHL mediated QS pathway (Vinoj et al., 2014; Paluch et al., 2020), which could be intervened by free AHL-lactonases (Figure 1D) and DH82 cell pellets (Figure 2), and the phenomenon of non-significant difference also indicated the possibility that other two QS pathways (Henke and Bassler, 2004) might involve the regulation of biofilm formation of V. parahaemolyticus. Besides, the extracellular products, including anti-microbial peptides in the supernatant of the bacterial culture, also contributed to inhibition against V. parahaemolyticus either on the agar plate (Table 2) or in broth media under both planktonic and biofilm-status (Figure 2), which indicated the mechanism of DH82 on microbial antagonism, by using the above described dual functional products in DH82, QQ enzymes, and antibacterial peptides, to control the biomass accumulation and pathogenicity of Vibrio pathogens (Bai et al., 2008; Cai et al., 2019) with a synergistic effect.

Pathogenic Vibrio could exist as planktonic and biofilm status in an aquatic water system, and invade shrimps via gill to cause bacterial gill-rot disease (Shi et al., 2017) through contaminated feed and cause intestine infection (Zhou et al., 2016), or via wounds, it could cause whitish muscle disease (Sun et al., 2007). The environmental conditions such as high stocking density would motivate the agonistic behavior of shrimps (Yuchao et al., 2016), thus increasing the probability of death from wound infection, intestinal inflammation, and cross predation.

The in vivo study of bacterial challenge on shrimp simulated the two pathways of bacterial infection, respectively through the digestive tract and surface wounds. The findings indicate that the shrimps showed intestinal inflammation, cross contamination caused by predation, or decreased exercise ability caused by white muscle turbidity, and the vicious circle, which led to the rapid increase of mortality in the Vibrio infection groups and therefore make the survival rate uncountable in the experiment of bath challenge.

Since the trial experiment was completed in an open system, the newly pumped water would bring environmental microorganisms to the aquaria, and the bacteria attached sediment rolling up by typhoon attack would aggravate this problem. The results of bacterial counting from the water samples (Figure 3) did point out the phenomenon that the continuous addition of DH82 formed a dominant flora in the environment and effectively inhibited the Vibrios in aquaria (not just 17SZ but also other Vibrios from pump-in seawater), these findings were consistent with the data on the bacterial community of gut microbiota analyzed by high throughput sequencing (Figure 4).

Although Typhoon Mekkhala attacked the farming base in the first week of the experiment period after bacteria inoculation, the biochemical indexes of white shrimps under treatments all demonstrated the antibacterial and probiotic properties of DH82, in which the initial dietary DH82 promoted the growth of shrimps by increasing the ACP and AKP activities (Figures 5A,B), both of which were the growth factors of phosphoric acid metabolism, and further leads to weakening of shell-changing, which were regulated by ACP and AKP. However, the continuous delivery of DH82 reduced the ACP and AKP activities instead, the reason was unknown, yet based on the current experiment, the daily inoculation of DH82 with a dose of 105 CFU/mL consumed a lot of oxygen, which might cause additional stress to the shrimps and affect growth. Besides, DH82 enhanced the stress resistance ability of the host by increasing the SOD activity (Figure 5C), the additional DH82 also assists the host with antibacterial ability by increasing the LZM activity when challenged with pathogens and reducing the LZM activity when there was an absence of V. parahaemolyticus, which also verified the antibacterial activity of DH82 (Figure 5D).

Considering that the bacterial challenge might be synergistically affected by other potentially opportunistic pathogens, the subsequent injection challenge was designed to further confirm the direct effect of Vibrio via shrimp wound infection and the pathogenic inhibition of DH82 against 17SZ.

The physical signs of shrimps under bath challenge and injection challenge both supported evidence of the potential probiotic properties of DH82. Additional DH82 presented obvious rehabilitation on intestinal tissue against V. parahaemolyticus, compared with the damage caused by the pathogens in control groups (Figure 6), which indicated the consistent probiotic effects of DH82 on the digestion ability of the host (Vinoj et al., 2014); as for the whitish muscle disease caused by bacterial infection, the presence of DH82 remarkably raised the survival rate of shrimps (Figure 7), and reduced the damage of athletic ability from V. parahaemolyticus (Figure 8), which indicated the effective protection of DH82 as probiotics during shrimp growth, especially to prevent bacterial infection through wounds from fights or the shell-changing of shrimp during growth (Zhou et al., 2012).

Traditional studies on probiotic applications have investigated the immune enhancement of aquatic animals when probiotics are used as feed additives. This article was more focused on emergency treatment against Vibrio outbreak. The trial experiment of dietary DH82 on white shrimp farming verified the effective in vivo bacterial inhibition against V. parahaemolyticus, and also revealed the increasing survival rate of shrimp and the rehabilitation on infected intestine and muscle with additional DH82 when challenged with V. parahaemolyticus. The in vitro and in vivo investigation in this study both verified the QQ capacity and probiotic properties of DH82 and the functional products working along with both QQ and antibiotic against V. parahaemolyticus, and indicated potential application as biocontrol reagents. For example, they could be used for emergency treatment when the breaking out of pathogenic Vibrio, in sustainable aquaculture and green production (Interaminense et al., 2019; Lukwambe et al., 2019).



CONCLUSION

The in vitro and in vivo assessments undertaken in this study revealed that the DH82 strain could significantly reduce the biomass accumulation of V. parahaemolyticus 17SZ on an agar plate and in broth media, including the planktonic bacteria number and biofilm formation. It could inhibit the QS regulation of 17SZ to reduce the pathogenicity by down-regulating the expression level of primary regulator AhpA, OpaR, and the virulence factor of tlh. The delivery of dietary DH82 could enrich their abundance, richness, and quantity in both the aquatic system and the shrimp intestine, and also inhibit the biomass of Vibrio, thus reducing the damage to the non-specific immune system of ACP, AKP, and SOD activities, and assisting host to undertake antibacterial activity. This can reduce the damage to the intestine, infected muscles, and survival rate caused by infection of V. parahaemolyticus. The findings indicated the potential application of DH82 as a biocontrol reagent to prevent and undertake biological control of V. parahaemolyticus. This is a potentially effective strategy for enabling immune regulation in aquatic white shrimp, especially when there is an outbreak of pathogens, which might contribute to the sustainable and green production of aquaculture.
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Temperature changes have a great impact on fish feeding, intestinal microorganisms, metabolism, and immune function. Therefore, it is necessary to develop effective methods to enhance the survival rates and growth of fish under water temperature changes. Lactic acid bacteria (LAB) are promising immunostimulatory feed additive, as demonstrated by their beneficial effects in several fish species. This study investigated the short-term effects of dietary LAB on intestinal microbiota composition and immune responses of crucian carp (Carassius auratus) when water temperature decreased from 30 ± 1°C to 18 ± 1°C. Lactococcus (L.) lactis 1,209 and L. lactis 1,242 with potential probiotics isolated from the intestine of Qinghai naked carp (Gymnocypris przewalskii) were selected as feed additives for the crucian carp feeding experiment. A total of 225 commercially available healthy crucian carp (250 ± 10 g) of similar age were kept in 30°C water for a week and then immediately transferred to 18 ± 1°C water, assigned to three dietary treatments for a 16-day feeding trial randomly: (1) HC, diets without additives (the control group); (2) HT, diets with 106 CFU/ml L. lactis 1,209; and (3) HL, with 106 CFU/ml L. lactis 1,242. Each group was set up with 3 replicates and each with 25 fish. The results showed that the mortality rate of crucian carp in HC, HT, and HL group was 50, 27, and 33%, respectively. High-throughput sequencing results displayed that the composition of the intestinal microorganism varied dynamically in response to different treatments and water temperature decrease. Among them, compared with the HC group, a higher abundance of Firmicutes and Proteobacteria, and a lower of Actinobacteria appeared in HT and HL. The cytokines heat shock protein 70 (HSP-70) in crucian carp intestinal tract significantly decreased when water temperature decreased (p < 0.05).
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INTRODUCTION

In recent years, the rapid development of aquaculture has already surpassed the production of other terrestrial animals used for food such as cattle, poultry, and swine (FAO, 2020). Although the massive growth of aquaculture has improved the livelihood of farmers in many countries, the industry is seriously hampered by diseases which are the principal constraint of nurseries and grow-out mortalities in fish cultures (Loh et al., 2019). Intensive and inefficient, the outbreaks of bacterial diseases cause tremendous economic losses to the industry of aquaculture, especially bacterial infection diseases, including photobacteriosis, furunculosis, and vibriosis (Yukgehnaish et al., 2020). In order to prevent or control the infections, antibiotics have been widely used (Angela et al., 2020). However, antibiotic resistance is a huge concern in the aquaculture industry, and long-term use of these antibiotics could cause the survival of antibiotic-resistant bacteria which endangers the health of humans (Dawood et al., 2018). Therefore, it is necessary to develop alternative methods to enhance the survival rates and growth of cultured aquatic species without antibiotics (Shi et al., 2020b).

During past two decades, numerous studies revealed that modifications of gastrointestinal microbiota by antibiotics can alter the likely benefit of the host–microbiota interaction or relationship (Yukgehnaish et al., 2020). In addition, several studies have demonstrated that the intake of probiotics can modify the composition of the intestinal microbiota and effectively assist in returning the microbiota, which were disturbed by antibiotics or other risk factors, to its normal beneficial composition (Gomez and Balcazar, 2008). In order to address infectious bacterial diseases in the long term, the addition of probiotics, as a more suitable technique approach, is accepted by many scientists due to its necessity and how it provides less harm to the ecosystem (Yukgehnaish et al., 2020). Probiotics can effectively improve the growth rates and feeding efficiency of fish and regulate their gut microbiota (Iribarren et al., 2012; Bachruddin et al., 2018; Volkoff, 2019). Recent studies show that probiotics and prebiotics not only promote the growth performance but also fortify the immune system in cultured aquatic species. In aquaculture, among the available probiotics, lactic acid bacteria (LAB) have been widely studied for their probiotic properties (Kim et al., 2013; Ringo et al., 2018). Previous studies show that the proliferation of LAB in the intestine of fish suppresses the colonization of Gram-negative pathogenic bacteria (Kishawy et al., 2020). Moreover, aqua-feeds supplemented with LAB have been reported to stimulate the growth, enhance the disease resistance, effectively regulate the gut microbiota (Xia et al., 2020), and stimulate immune responses in cultured aquatic species (Ringo et al., 2018; Ashouri et al., 2020). LAB is expected to be growth promoters and immunostimulants in aquaculture (LeBlanc et al., 2017). It is well known that various factors, such as direct-fed microorganisms or diet composition, could alter the composition of intestinal microorganisms (Fan et al., 2021). Therefore, it is important for this study to investigate the effect of feed additives (with or without LAB) on intestinal microbiota. Consequently, the application of LAB blends in fish feed has been proposed as an optimal strategy to explore their potential positive effects on gut microbiota and immune responses on fish (Busti et al., 2020).

Crucian carp is an omnivore and one of the most important economic freshwater fish in China. It is abundant in rivers, lakes, and reservoirs throughout the country (Li et al., 2018; Luo et al., 2021). Crucian carp is chosen as a model fish for this study due to its palatability, high nutritional quality, and fast growth rate (Cui et al., 2020; Wu, 2020; Du et al., 2021). As is well known, environmental change can suppress fish immunity, leading fish to be infected by pathogens (Luo et al., 2021). In addition, environmental fluctuations that induce physiological stress were demonstrated to affect the survival, growth, physiological, and immunological functions of aquatic animals (Pai-Po et al., 2017). Emerging evidence have also shown that exposure to ambient stressors, such as temperature change, may trigger severe diseases (Qi et al., 2020). Therefore, temperature change may render fish to be less resistant against pathogenic infection.

Previous research has shown that acute changes in water temperature can affect body temperature of fish, induce changes their reaction rate of biological processes, and reduce their physiological performance (Yu et al., 2018). Hence, water temperature is a determinant environmental factor for species that are highly susceptible to temperature changes. Water temperature plays a crucial role in nutrient utilization, metabolism, and regulation of gut microbiota (Sánchez-Nuño et al., 2018a; Pelusio et al., 2021). Variations in temperature shape the composition of fish gut microbiota, particularly in lineages of Firmicutes and Proteobacteria (Mateus et al., 2017). Intestinal microbiota exerts a significant part in the regulation of host health. Increasing evidence has revealed that composition disturbances in fish gut microbiota are critical risk factors in disease development (Nie et al., 2019). To date, very limited studies have investigated the LAB diet effect on the gut microbiome structure in fish, especially in crucian carp, when the water temperature drops. Moreover, the precarious conditions of water temperature change disturb the gut microbiota of fish, which is not a choice for sustainable development of aquaculture.

There has been great interest to explore the relationship between the alteration of immune-related cytokine levels and the intestinal flora of crucian carp with LAB treatment under temperature change. Among immune parameters, cytokines have been commonly used as reference indicators in immunomodulatory studies (Liu et al., 2014; Mosca et al., 2014). In particular, several studies show that LAB and other probiotics can electively regulate the expression of proinflammatory and inflammatory cytokines including tumor necrosis factor (TNF)-α, interleukin (IL)-6, IL-1β, and IL-10, interferon (IFN)-γ, etc. (Liu et al., 2016; Zhou et al., 2018; Xia et al., 2019; Jang et al., 2020). On the other hand, immunomodulatory effects of LAB as feed additives have received increasing attention (Feng et al., 2016, 2019; Giri et al., 2016). In the present study, we aim to explore the effects of dietary LAB on the survival rate, intestinal microorganism, immune response and disease resistance of crucian carp against Aeromonas hydrophila ATCC 7966 (A. hydrophila ATCC 7966) under water temperature decrease. This research might contribute to help better understand the advantages involved in stimulating immune response and regulating gut microbiome of dietary LAB with water temperature change for crucian carp, which will be beneficial for understanding the positive influence of dietary LAB on aquaculture.



MATERIALS AND METHODS


Experimental Design and Feeding Management

The experiment was carried out at the Laboratory of Aquaculture, Henan Key Laboratory of Ion-Beam Bioengineering, School of Agricultural Sciences, Zhengzhou University, Zhengzhou, China. Crucian carp were obtained from the vegetable markets around Zhengzhou University. The experiment was conducted in a recirculating system. At the beginning, the tanks were filled with water for 3 days and aerated continuously. Two hundred and thirty trial healthy fish were placed in 700 L (120*120*80 cm3) tanks at 30 ± 1°C for 1 week and fed with the basal diet. Then, 225 healthy crucian carps similar in length (18 ± 2 cm) and body weight (250 ± 10 g) were randomly distributed into three groups [the basal commercial diet, HC; a basal diet with 1 × 106 CFU/ml of Lactococcus lactis 1,209 (L. lactis 1,209), HT; a basal diet with 1 × 106 CFU/ml of Lactococcus lactis 1,242 (L. lactis 1,242), HL]. Twenty-five fish were randomly placed in each tank (70*50*40 cm3), and each experiment was conducted in triplicate. In preparing the experimental diets, the basic feed formula is shown in Table 1. The whole experiment lasted for 16 days. L. lactis 1,209 and L. lactis 1,242, obtained from Zhengzhou University, China, were selected by their strong immunomodulatory activities and adhesion capacities (Cui et al., 2018). Every tank was equipped with a filter and an oxygen supply device, and the water temperature was maintained at 18 ± 1°C throughout the experiment. The averages of pH and dissolved oxygen values were pH 8.0 and 6.3 mg/L, respectively. Fishes of all three groups were fed with common diets once daily at an amount that is 2% their body weight. The HT and HL groups were fed with the prepared feed once every 2 days. All animal experiments were performed in accordance with the legal and ethical regulations by Ethics Review Committee of Zhengzhou University (ZZUIRB2021-111).


TABLE 1. Composition of the basal commercial diet.
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Sample Collection

The fish survival conditions were recorded throughout the feeding experiment. During feed treatment, four fish were randomly selected from every group on 0, 5, 10, and 15 days. All the selected fish was anaesthetized with an overdose of ethyl 3-aminobenzoate methanesulfonate (MS-222, 200 mg L–1). The fishes’ body surfaces were wiped with 75% alcohol cotton. The total fish gut and the total intestine contents were aseptically harvested in a clean bench. Intestines were aseptically excised and intestinal contents were removed by using sterile scissors. Intestinal contents were obtained by gently squeezing the entire intestine. The total fish gut was aseptically removed, opened, and gently agitated three times in sterile phosphate buffered saline (PBS) to remove the contents and non-adhesive bacteria. These were then cut into small sections. Both gut tissues and intestinal contents were immediately frozen in liquid nitrogen and stored at −80°C for further analysis. The total fish gut tissues were collected for inflammation related cytokines, and the collected intestinal contents were used for microbial diversity analysis.



High-Throughput Sequencing Analysis of Gut Microbiota


Genomic DNA Extraction

Deoxyribonucleic acid was extracted from fish intestinal contents samples using the bacterial DNA Kit (D3350-02, Omega Bio-tek, Norcross, GA, United States) according to the manufacturer’s protocol. Moreover, the quality and integrity of DNA were monitored using 1% agarose gel electrophoresis. The concentrations of DNA extracts were measured by a NanoDrop 2000 UV-Vis spectrophotometer (Thermo Scientific, Wilmington, DE, United States). The V3–V4 regions of bacterial 16S rDNA were selected for generating amplicons and subsequent taxonomy analysis with the primer set 338F (5’ -ACTCCTACGGGAGGCAGCAG-3’) and 806R (5’ -GGACTACHVGGGTWTCTAAT-3’) (Yang et al., 2019; Wang et al., 2020).



PCR Amplification

The PCR amplification procedure are as follow: pre-denaturation at 95°C for 3 min, followed by 29 cycles of 30 s at 95°C, 30 s annealing at 53°C, 45 s elongation at 72°C, and a final extension at 72°C for 10 min.



Illumina High-Throughput Sequencing of Barcoded 16S rRNA Genes

After purifying the PCR products, the samples were sequenced on the Illumina MiSeq platform (Shanghai Majorbio Bio-Pharm Technology Co., Ltd., China) to measure the diversity and bacterial composition in fish intestinal contents. Data of high throughput sequencing was analyzed on an online platform, the Majorbio Cloud Platform1.

Quality filtering and demultiplex on joined sequences was performed using the QIIME. After removing the low-quality sequences and reads, operational taxonomic units (OTUs) were generated by clustering with a 97% similarity threshold using UPARSE (version 7.02). The microbial diversity in fish intestinal contents was estimated for the analysis of Venn diagram and alpha-diversities, which included the Shannon index, Simpson index, Chao1 index, and Ace index, using Mothur (version 1.30.23). Beta-diversity was analyzed using PCA and Partial Least Squares Discriminant Analysis (PLS-DA) based on the Weighted-Unifrac distance matrix method. Furthermore, bar plots and heatmaps of species composition and difference analysis were created using R software (version 3.3.1), and a value of p < 0.05 was statistically significant.




Immune-Related Cytokine Assays

The selected immune-related cytokines were TNF-α, IFN-γ, IL-10, IL-6, hsp70, and IL-1β. The gut tissue samples of crucian carp fed for 0, 5, 10, and 15 days, respectively, were selected. The levels of cytokines (as described above) in the gut were evaluated using ELISA kits (Beijing winter song Boyue Biotechnology Co., Ltd., China). The measurement was performed with commercial kits from Beijing winter song Boyue Biotechnology Co., Ltd. (Beijing, China) according to the manufacturer’s instructions. Briefly, the gut tissues were rinsed with ice-cold PBS (0.01 M, pH = 7.4) to thoroughly remove excess blood. Then, the samples were homogenized in PBS with a glass homogenizer on ice. The homogenates were centrifugated at 5,000 × g for 5 min to get the supernatant for further analysis. The immune-related cytokine assays were measured by using tetramethylbenzidine (TMB) as the substrate at 450 nm optical density (OD) with a Microplate Reader (Thermo Scientific). Finally, the concentration of immune-related cytokines in the samples was determined by comparing the OD value of the samples to the standard curve.



Challenge Test With Aeromonas hydrophila ATCC 7,966

After the sample collection, crucian carp in all groups (HC, HT, and HL) were fed as before. Fishes in the HC groups were divided into two groups, HC1 group (the basal commercial diet) and A. hydrophila group (a basal diet with 1 × 105 CFU/ml of A. hydrophila ATCC 7966). Every experiment group was conducted with 8 healthy fish. The survival was monitored in all groups after being fed with A. hydrophila ATCC 7,966, L. lactis 1,209, and L. lactis 1,242, respectively. Strain A. hydrophila ATCC 7,966 was grown at 37°C for 12 h in nutrient agar (NA), and the feed diet was prepared with the same method as before. The concentration of A. hydrophila ATCC 7,966 was 105 CFU/ml of feed diet. The fish were fed once daily. The fish in all groups were observed daily, and dead fish were immediately removed from the tanks. Mortality rates were also recorded daily for each group for 12 days after challenge test.



Statistical Analysis

Microbial communities and immune-related cytokines were analyzed using IBM SPSS Statistics 25.0 and Origin 2017. Two-way ANOVA procedures were used to compare the means with a significant difference of p < 0.05. Duncan’s multiple range method comparisons were used to compare differences among all groups.




RESULTS


Mortality Rate

The number of the dead carp was recorded, and the mortality rate was calculated during the process of the experiment. As shown in Table 2, the mortality rate of HC (50%) was significantly higher than that of HT (27%) and HL (33%). The results showed that the mortality of crucian carp in the LAB treatment group was lower than in the control group under the condition of temperature change.


TABLE 2. Mortality and sequence number based on operational taxonomic unit (OTU) levels in crucian carp.
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Intestinal Microbiota Analyses

A total of 3,313,921 effective sequences were obtained through 16S rRNA high-throughput sequencing of the V3–V4 region in the present study, with an average sequence length of 416 bp. As shown in Table 2, the mean valid sequences from HC, HT, and HL samples were 56,516, 55,590, and 54,558, respectively. These reads were clustered into a total of 2,478 OTUs based on 97% sequence identity. The average Good’s coverage for samples was higher than 99%, indicating that the majority of the microbial species present were identified and sequencing depth was also adequate for robust sequence analysis.



Richness and Diversity

To compare and estimate the bacterial diversity in every group when the temperature suddenly changed, intestinal microbiota community diversity and richness indices were calculated from the proportion of OTUs. As shown in Table 3, on the 5th day, the species diversity (Shannon index) in HT and HL groups was higher than that of the HC groups, and all groups were lower than that of HC group at the 0 day. However, the Simpson index showed otherwise, which signified that the diversity for the all groups decreased, and the HT and HL groups were higher than the HC group. The species richness Chao and Ace indices in HT and HL groups at 5 days was higher than that of the HC group, and all groups at 5 days were lower than that of the HC groups at 0 day, which signified the abundance for the LAB treatment groups was higher than the HC group under the sudden decrease of water temperature.


TABLE 3. Alpha diversity indices of intestinal microbiota based on OTU levels in every group of crucian carp under water temperature decrease.

[image: Table 3]
The effects of LAB diet on intestinal microbiota community diversity and richness in crucian carp was evaluated based on alpha diversity, as shown in Table 3. In general, the Shannon, Chao, and Ace indices of the three groups decreased first and then increased with time, and the HT and HL groups were higher than that of HC group throughout the period. However, the Simpson index showed the opposite trend. The Shannon index of HL group on the 15th day was significantly higher than on the 10th day (p < 0.05). On the other hand, Simpson index was significantly higher between the 10th and 15th day in the HT group (p < 0.05). Chao and Ace index of HC group on the 5th day were significantly lower than that on the 15th day (p > 0.05), and the diversity value on 15th day of the HL group was the highest.



Bacterial Composition Analysis of Intestinal Microbiota

The effects of LAB as feed additive on species composition were shown in Figures 1A–E. The Venn diagram in Figure 1A presents the bacterial communities’ unique or common OTUs between any two treatments. The number of OTUs detected between the HC, HT, and HL groups was 1,345, 1,561, and 1,509, respectively, of which 700 were common OTUs to all groups, accounting for 28.25% of total observed OTUs (2478). Moreover, 124, 228, and 247 OTUs were shared by the HC group and HT samples, the HC group and HL samples, and HT samples and HL samples, respectively.
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FIGURE 1. Beta diversities of intestinal bacterial community composition of crucian carp (Carassius auratus). (A) A Venn diagram showing bacterial numbers shared within and between sample groups. A circos plot at the phylum levels shows the linkage among (B) the control group (HC), (C) the L. lactis 1,209 treatment group (HT), and (D) the L. lactis 1,242 treatment group (HL), with 106 CFU/mL L. lactis 1,242. (E) Bacterial community and relative abundance at the genus levels for all crucians. Taxa with an abundance < 2% are included in “others.” HC: The control group, HT: The L. lactis 1,209 treatment group, HL: The L. lactis 1,242 treatment group.


Based on Illumina platform analyses, microbial composition and relationships at the phylum level were shown (Figures 1B–D). The top five predominant bacterial phyla in the intestine of the crucian carp contained Proteobacteria, Firmicutes, Actinobacteria, Bacteroidetes, and Fusobacteria. Additionally, compared with the HC group, Firmicutes and Proteobacteria increased in the HT and HL groups. On the other hand, Actinobacteria decreased from 20 (HC) to 6.9% (HT) and 13% (HL), respectively.

Taxon-dependent analysis was used to compare the relative abundance of bacterial genus in the intestinal contents of crucian carp fed with different contents of LAB diets with the sudden decrease of temperature (Figure 1E). At the genus level, the top 8 most dominant genera of the crucian carp intestinal microbiota communities were the Cetobacteria, Lactobacillus, Aeromonas, Burkholderia, Aurantimicrobium, Acinetobacter, Ancylobacter, and Vagococcus. On the one hand, the relative abundance of Aeromonas and Lactobacillus significantly increased in the HT and HL groups compared to those in the HC group at 5 days (p < 0.05). In addition, the abundance of Cetobacteria and Burkholderia significantly decreased in the HT and HL groups compared with the HC group (p < 0.05). These results indicate that the decrease of the temperature disrupted the homeostasis of intestinal microbial composition, causing a stress response in crucian carp. On the other hand, with the extension of culture, the abundance of intestinal microbiota changed greatly, including the abundances of Cetobacteria, Lactobacillus, Aeromonas, and Burkholderia. On the 10th day, the abundance of Cetobacteria was significantly higher than that of the HT and HL groups compared with the HC group (p < 0.05). On the 15th day, the abundance of Lactobacillus was decreased in the HL group and increased in the HT group compared with that of the HC group. In general, the relative abundance of the samples with three different treatments significantly changed with the obvious change of environmental temperature at the genus level.



The Principal Component Analysis (PCA) and Partial Least Squares Discriminant Analysis (PLS-DA)

According to beta diversity analyses, the overall structural changes at the genus level of the gut microbiota were analyzed using unsupervised multivariate statistical methods of the Principal Component Analysis (PCA) with QIIME software. As shown in Figure 2A, the area of the group ellipse of sample points in the three groups of different treatments was significantly different, and the area of group ellipse in the HT and HL groups was significantly larger than that in HC group. PC1 axis and PC2 axis were 27.02 and 23.96%, respectively. Moreover, in order to make the differences among three groups more obvious, the supervised discriminant analysis of PLS-DA was further used to analyze the intestinal contents samples of crucian carp (Figure 2B). Samples from fish in the HC, HT, and HL groups were clearly scattered in different quadrants. The results indicated that the microbial composition of the samples of crucian carp intestinal content was significantly different from the HC, HT, and HL groups when the temperature decreased.
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FIGURE 2. Principal coordinate analysis (PCoA) plot (A) and the supervised discriminant analysis with Partial Least Squares Discriminant Analysis (PLS-DA) plot (B) based on QIIME software between intestinal microbiota samples from HC, HT, and HL groups. HC: The control group, HT: The L. lactis 1,209 treatment group, HL: The L. lactis 1,242 treatment group.




Analysis of Species Differences

The Kruskal-Wallis H test was performed to evaluate the differences among different groups (Figure 3). According to different days, species differences were analyzed in 12 genera in HC, HT, and HL groups. As shown in Figures 3A–C, the species composition at 5 (Figure 3A) and 10 days (Figure 3B) showed no significant differences. At the 15th day (Figure 3C), however, there was extremely significant difference between Aurantimicrobium and Reyranella (p ≤ 0.01). Blautia also showed significant differences (p ≤ 0.05). In addition, species differences were analyzed in 10 phyla among intestinal contents samples in HC, HT, and HL groups Figures 3D–F. The results were similar with that of genus level, while Actinobacteriota, Bacteroidota, Verrucomicrobiota, Cyanobacteria showed significant differences (p ≤ 0.05) at the 15 day (Figure 4F).


[image: image]

FIGURE 3. Significant differences in relative abundance of the top 12 genera and top 10 phylum in different periods. (A) 5 days at the genera level, (B) 10 days at the genera level, (C) 15 days at the genera level, (D) 5 days at the phylum level, (E) 10 days at the phylum level, and (F) 15 days at the phylum level. ANOVA was chosen to find the differential abundance using a significance threshold of p < 0.05. “*”indicates p < 0.05; “**” indicates p < 0.01. HC: The control group, HT: The L. lactis 1,209 treatment group, HL: The L. lactis 1,242 treatment group.



[image: image]

FIGURE 4. The concentration of different immune-related cytokines in different intestinal samples. (A) IFN-γ, (B) HSP-70, (C) IL-1β, (D) TNF-α, (E) IL-10, and (F) IL-6. Values are given as the mean ± SD (n = 10–12). HC: The control group, HT: The L. lactis 1,209 treatment group, HL: The L. lactis 1,242 treatment group.




Assay of Immune-Related Cytokines Using ELISA

The levels of pro-inflammatory cytokines TNF-α, IL-6, IL-1β, anti-inflammatory cytokines IL-10, and IFN-γ and synergistic immune activity of HSP-70 were examined. As shown in Figure 4, with the temperature suddenly decreasing, the concentration of HSP-70, TNF-α, and IL-6 in all groups were lower at 5 days than that of 0 day, especially in the HT and HL groups which were lower than of the HC group. The concentration of IL-1β and IL-10 of all groups were higher at 5 day than at 0 day, and IL-10 in the HC group was significantly higher (p ≤ 0.05) between 5 days and 0 day. The concentration of IFN-γ (Figure 4A) decreased with time, and the HT and HL groups were higher than that of HC group on the 15th day. From the results of HSP-70 (Figure 4B), it can be seen that the HT and HL groups were always lower than that of HC group, and the concentration of HT and HL groups on the 15th day were significantly lower than that of the HC group (p ≤ 0.05). In general, IL-1β (Figure 4C) did not change significantly over time, and concentrations were highest at 5 days for all three groups. The concentration of TNF-α (Figure 4D) decreased with time, the HT and HL groups were higher than that of HC group at 15 day, and the highest concentration was found in the HT group. Overall, the concentration of IL-10 (Figure 4E) increased with time, and the highest concentration was found in the HT group at 15 days, whereas HT group was highest on 10 days. The concentration of IL-6 (Figure 4F) in the HC group was decreased, and the concentration of IL-6 in the HT and HL groups were higher than the HC group at 15 days.



The Relationship Between Immune-Related Cytokines and Gut Bacterial Communities

Correlation heatmap showed that the relationship between immune-related cytokines and gut bacterial communities at the genus level in different intestinal samples varied (Figure 5). In the HC group (Figure 5A), IFN-Y was significantly and positively related to Burknerella, but significantly (p < 0.05) and negatively related to Aurantimicrobium. IL-10 was significantly and negatively related to Blautia (p < 0.01). IL-1β was significantly and positively correlated to Aeromonas, and significantly and negatively correlated to Ancylobacter (p < 0.05). In the HT group (Figure 5B), IL-6 was significantly (p < 0.05) and positively correlated to Burkholderia, Rhodococcus (p < 0.01), and Enhydrobacter, and significantly (p < 0.05) and negatively correlated with Aeromonas (p < 0.01) and Vagococcus. HSP-70 was significantly and negatively correlated with Pseudorhodobacter (p < 0.05). IL-1β was significantly and negatively related to Ancylobacter (p < 0.05). In the HL group (Figure 5C), IL-10 was significantly and negatively correlated with Bifidobacterium (p < 0.05) and Streptococcus (p < 0.01). IL-1β was significantly (p < 0.01) and positively related to Acinetobacter and Bifidobacterium. HSP-70 was significantly (p < 0.05) and positively correlated to Burkholderia.
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FIGURE 5. Spearman’s correlation heatmaps of the top 15 genera and immune-related cytokines at (A) HC, (B) HT and (C) HL groups. The X and Y axes are environmental factors and genus, respectively. Yellow indicates a positive correlation, whereas red indicates a negative correlation. “*” indicates p < 0.05; “**” indicates p < 0.01. HC: The control group, HT: The L. lactis 1,209 treatment group, HL: The L. lactis 1,242 treatment group.




Disease Resistance

The survival rate of crucian carp after the 12-day challenge experiment is shown in Figure 6. The survival rate of fish fed with L. lactis 1,209 were significantly higher than that of HC1 group. At 12 days, the survival rate of the crucian carp in both A. hydrophila group and the HC1 group was 0%, which was lower than that of the HT (30%) and HL group (20%). Additionally, the crucian carp in the HC1 group and the A. hydrophila group died relatively earlier than that of the HT and HL groups.
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FIGURE 6. Survival rates of crucian carp (Carassius auratus) fed with experimental diets. HC: The control group, HT: The L. lactis 1,209 treatment group, HL: The L. lactis 1,242 treatment group, A. hydrophila: The A. hydrophila ATCC 7,966 treatment group.





DISCUSSION

The intestinal microflora is a complicated and giant ecosystem that has a mutualistic relationship with its human or animal host. The system plays an important role in being a barrier against harmful microorganisms and various toxins (Xia et al., 2019). The immune system is critical to maintaining the health of the body as it is a defense against pathogenic microorganisms (Wolf and Underhill, 2018; Meng et al., 2019). In this study, the changes of intestinal microflora, immune-related cytokine expression with decreased water temperature were investigated to determine the short-term effects of the additive LAB on the microflora and immunity of crucian carp flora.

After 16 days of feeding trial, the data presented in this study indicated that LAB diet had a positive effect on the mortality rate of crucian carp compared to that of HC group when the water temperature decreased. In fact, “winter mortalities” phenomenon has been reported at persistent low temperature during the winter. The gradual reduction of water temperature often causes growth arrest and metabolic depression for a large number of fish species (Sánchez-Nuño et al., 2018a). Similarly, Sanchez-Nuno et al. also reported the “winter growth arrest,” where gilthead sea bream showed a doubling of feed conversion ratio (FCR) and a fourfold drop of specific growth rate (SGR) from 22°C to 14°C (Sánchez-Nuño et al., 2018b). Accumulating evidence additionally indicated that low temperature contributed to susceptibility to diseases in cultured species (Ibarz et al., 2010). In particular, previous studies have suggested that variations in temperature (also includes low temperature) shape the composition of the gut microbiota across the fish (Sánchez-Nuño et al., 2018a), and the gut microbiota gradually stabilizes as fish adapt to their environment.

The intestinal microflora composition affects the host health and is diet-dependent. Therefore, assessing what impact feeding fish with LAB diets has on fish gut microbiota is essential to fully evaluate current aquaculture feeding strategies (Cláudia et al., 2021). Furthermore, considerable evidence shows that probiotics from the same autochthonous source have a great chance of colonizing the host gut, thereby bringing health benefits to the host (Sun et al., 2010; Mohammadian et al., 2016). In the present study, L. lactis 1,209 and L. lactis 1,242 were selected from the intestinal contents of Qinghai naked carp whose probiotic properties, including antibiotic sensitivity, gastrointestinal survival rate, bacteriostatic activity, bile salt tolerance, temperature range, high salt tolerance and so on, had been previously studied (Cui et al., 2018). The intestinal microflora affects physiological processes, immunological stress, and preventive infections in several hosts (Butt and Volkoff, 2019; Shi et al., 2020a). In aquaculture, an increasing number of studies have focused on probiotics (Akhter et al., 2015), among which LAB was most widely used (Kim et al., 2013; Ringo et al., 2018). LAB has been proven to be effective in modifying the host-associated intestinal microbiota (Xia et al., 2018; Ringo et al., 2020). The intestinal microflora play an important role in fish, such as participating in a variety of physiological functions including feed digestion, reduction of the invasion of pathogenic bacteria, and synthesis of the trace elements, amino acids, and vitamins (Mente et al., 2016; Gao et al., 2019; Siddik et al., 2020). It is well known that various factors could alter the composition of intestinal microorganisms, such as direct-fed microorganisms or diet composition (Fan et al., 2021). Therefore, it was important for this study to investigate the effect of the feed additives (with or without LAB) on intestinal microbiota. The present study employed high-throughput sequencing to investigate the intestinal microbiota of crucian carp fed with LAB. The results showed that decreased microbial community richness, diversity after feeding LAB diet under the water temperature decrease, and the abundance for the LAB treatment groups was higher than that of the control group. In aquaculture, probiotic supplementation is known to alter the host’s gut microbial diversity (Wang et al., 2017; Niu et al., 2018). In accordance with our data, Jang et al. (2021) showed microbial diversity reduced compared to the initial group, and the probiotics treatment group had higher richness and diversity estimates than the control group of juvenile olive flounders (Paralichthys olivaceus).

According to previous reports, regardless of the diet, the gut microbiota in vertebrates is enriched with the phyla Firmicutes, Actinobacteria, Proteobacteria, Bacteroidetes, and Fusobacteria (Sepulveda and Moeller, 2020), consistent with our results. Furthermore, we observed a higher abundance of Firmicutes and Proteobacteria, and a lower abundance of Actinobacteria in the LAB treatment groups when compared with the control group. These results agreed with a recent study showing relative abundances of Firmicutes and rearing temperature have negative associations in rainbow trout (Oncorhynchus mykiss) (Huyben et al., 2018). Moreover, a previous study has shown that many of the compositional changes in the fish gut microbiota in response to temperature change that have been observed are driven by shifts in the relative abundances of Proteobacteria lineages in all fish species (Sepulveda and Moeller, 2020). For instance, the intestinal microflora of yellowtail kingfish (Seriola lalandi) found that increasing temperatures were associated with shifts in the relative abundances of Gammaproteobacteria lineages (Soriano et al., 2018). Similar shifts in Gammaproteobacteria abundances have been observed in salmon (Salmo salar). In addition, it was found that increasing temperatures were associated with decreases in the relative abundances of Acinetobacter, consistent with our results (Neuman et al., 2016). Additionally, the gram-positive bacteria phyla Actinobacteria in mice decreases after probiotic feeding with a high-fat diet (Azad et al., 2018; Liang et al., 2019). It is evident that LAB diet plays an important role in maintaining the intestinal microflora ecosystem in crucian carp under the water temperature decrease.

Furthermore, at the genus level, Cetobacteria, Lactobacillus, and Aeromonas increased in the HT and HL groups. In particular, the Lactobacillus in HT group increased the most, and compared with the HC group, Acinetobacter, Burkholderia, and Aurantimicrobium decreased in the HT and HL groups. According to previous reports, the gut microbiota in freshwater fish species is enriched with members of the family enterobacteriaceae representatives, including of the genera Pseudomonas, Flavobacterium, Aeromonas, Acinetobacter, and obligate anaerobic bacteria of the genera Fusobacterium, Clostridium, and Bacteroides (Gomez and Balcazar, 2008). Moreover, various species of LAB have also been proven to comprise part of this microbiota (Ringo and Gatesoupe, 1998; Balcazar et al., 2007), which is consistent with our results. Our study agrees with what was described by Shi et al. (2020b) over the 12-week trial period. Although the microbial diversity decreased of all treatments, the microbial community structure converged among treatments. Accordingly, these data suggested that the crucian carp feed with or without LAB affected the proportion of bacteria in the intestine, and the dominant bacteria in the LAB treated group tended to be evenly distributed and tended toward healthy levels. In conclusion, LAB for the feed additives can change the intestinal microbiota of crucian carp by regulating the balance of intestinal microbial ecosystem structure under the condition of temperature change.

In the fish immune system, cytokines play an important role. In particular, several studies showed that LAB and other probiotics can electively regulate the expression of proinflammatory and inflammatory cytokines including tumor necrosis factor (TNF)-α, interleukin IL-6, IL-1β, IL-10, and interferon (IFN)-γ which are commonly used as reference genes in immunomodulatory studies (Galindo-Villegas et al., 2012; Ashraf et al., 2014; Angela et al., 2020). On the other hand, immunomodulatory effects of LAB as a feed additive have recently received increasing attention as potential selection parameters for probiotics (Feng et al., 2016, 2019; Giri et al., 2016). In the present study, dietary LAB showed anti-inflammatory effects on the intestine of fish via decreasing the concentration of pro-inflammatory cytokines TNF-α and IL-1β, especially in the HT group. Our results showed that dietary LAB could decrease the concentration of TNF-α and IL-1β, which were consistent with that of Ou et al. (2019). It was reported that TNF-α and IL-1β enhance the inflammatory response by promoting the recruitment and activation of other inflammatory factors, thereby increasing the production and release of inflammatory mediators (Sanchez-Munoz et al., 2008). In this study, IL-6 was increased in the HT and HL groups. These differences of proinflammatory cytokines can be influenced by intestinal microbiota. It is well known that anti-inflammatory cytokines play an important role in maintaining immune homeostasis and preventing damage to host tissues by limiting pathogen activity (Iyer and Cheng, 2012). Interleukin IL-10 is a representative anti-inflammatory cytokine and is generally studied as a cytokine to identify immunoregulatory mechanisms (Jang et al., 2020). IL-10 was increased only in the HL group, which indicated that this group had a better immune balance. The results were in agreement with the previous studies on juvenile olive flounder (Paralichthys olivaceus) (Jang et al., 2020). INF- γ is one of the most important interferons in fish immunity (Zou and Secombes, 2011; Shukry et al., 2021). Heat shock protein 70 (HSP-70) is a stress marker in aquatic animals (Lindquist and Craig, 1988; Iwama et al., 1999; Shukry et al., 2021). In our study, there was no significant difference in INF-γ concentration among the groups, and HSP-70 was decreased in the HT and HL groups compared with the control group. In a similar sense, the mRNA expression levels of HSP-70 were increased of the Nile tilapia when exposed to toxicants and stressors (Abdel-Latif et al., 2021a,b). Additionally, previous research revealed that probiotics Clostridium butyricum could similarly increase the expression of the IL-10 and HSP-70 in weaning rex rabbits (Liu et al., 2019) and colon cancer HT-29 cells (Andriamihaja et al., 2009; Meng et al., 2021). In conclusion, these results suggest that the addition of LAB to the diet can stimulate the intestinal immune reaction of crucian carp. However, in aquaculture, the effects of dietary supplementation of probiotics on cytokines have been extensively studied, but results and expression levels have been inconsistent among many reports. For example, dietary L. casei BL23 could significantly increase the survival rate of zebrafish against A. hydrophila by enhancing the levels of anti-inflammatory cytokine IL-10 and pro-inflammatory cytokines IL-1β and TNF-α at mRNA levels (Qin et al., 2018). Qin et al. (2014) demonstrated that the dietary oligochitosan could significantly improve the growth performance and enhance in resistance against A. hydrophila of tilapia (Oreochromis niloticus) by reducing the levels of mRNAs encoding the stress-response HSP-70 and the pro-inflammatory protein TNF-α, while the diets increased the pro-inflammatory protein TNF-β (Shi et al., 2020a). Moreover, Shi et al. (2020b) showed that grass carp treated with the probiotic B. subtilis H2 revealed a significantly improved immune response in terms of upregulated mRNA levels of inflammatory cytokines IL-11, TNF-α, and IL-8. These inconsistent results could be manipulated by a number of factors, such as the water environment factors, the health status of animals, and the usage mode, dosage, and time of applying the probiotics. Hence, further research needs to be done to investigate the mechanisms by which probiotics are added to regulate animal health.

The activity and composition of intestinal microbiota influences intestinal environments, and therefore cytokines profiles in intestinal content (Liu et al., 2013) which exert vital influence on intestinal health. These cytokines may contribute to the regulation immune response and maintenance of homeostasis of the immune system, enhancement of host defense mechanism against bacteria and fungi (Siddik et al., 2020), lysozyme synthesis, and bactericidal activities (Giri et al., 2015). For example, Jang et al. (2020) reported that probiotics inspired pro-inflammatory responses by promoting proinflammatory (TNF-α, IL-6, and IL-1β) and anti-inflammatory cytokine (IL-10) production. Additionally, probiotic supplementation changed the expression levels of proinflammatory (Hasan et al., 2018) and anti-inflammatory cytokines (Iyer and Cheng, 2012) in fish in previous studies. In our study, due to changes in cytokine levels and bacterial abundance at the genus level, correlations between bacterial abundance and cytokines in different intestinal conditions varied.



CONCLUSION

The probiotics, L. lactis 1,209 and L. lactis 1,242, showed the ability to adjust the composition of intestinal microbiota, stimulate secretes cytokines, and improve the survival rate and disease resistance against A. hydrophila in the crucian carp. In the present study, high-throughput analysis was used to investigate the dynamic changes of intestinal bacterial diversity under water temperature change and demonstrate beneficial effects of dietary LAB in gut compartments of crucian carp. Due to the limited information of LAB usage in crucian carp, whether dietary LAB alters the balance of intestinal microbes under water temperature change and affect host mortality and the mechanisms of immune response remains unknown. Therefore, further investigations are needed to reveal the detailed mechanisms of growth promotion and immune enhancement in crucian carp under water temperature change.
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The intestinal microbiota of marine animals was influenced by the water and environment in which they live. The Amur ide (Leuciscus waleckii) adapts to extremely high alkalinity and is an ideal material for aquacultural studies of alkaline adaptation. In this study, we screened intestinal indicator flora and functional redundancy of intestinal colonies in alkaline-water species (AW) and freshwater species (FW) of Amur ide (L. waleckii) in these different aquatic environments. The available vs. community composition correlations were then predicted by contrasting each other with the flora contained in environmental water samples. Here, five microbial species and six genera were identified owing to the classifiable sequence. The intestinal microbiota that existed in AW and FW had approximately 1/3 of the operational taxonomic units in the respective living water environments, meaning gut microbes in the aqueous habitats will have an influential association with gut microbes in AW and FW. Compared to the bacterial composition of the FW intestine and that present in freshwater, Moraxella osloensis, Psychrobacter maritimus, and Psychrobacter faecalis were significantly enriched in the intestine of AW and alkaline water samples. In the FW intestine and freshwater samples, however, Cryptomonas curvata and Polynucleobacter asymbioticus were highly improved, which can be summarized as Enterobacter sp., the predominant population in the AW gut, while Aeromonas and Ralstonia being primarily present in FW intestines. Photosynthetic bacteria were most significant in both water samples. The results indicated that the intestinal microbiota composition, abundance, and diversity of AW and FW were quite different. In contrast, the microbial composition of the additional alkaline water and freshwater environments showed slight differences. This study expects to enhance our understanding of the alkalinity tolerance of L. waleckii, which will be provided for the breeding of fish living in alkaline water, and push the development of alkaline water resources with increased efficiency.

Keywords: Leuciscus waleckii, intestine, microbiota, alkaline water, freshwater


INTRODUCTION

In contrast to terrestrial animals, fish must exhibit efficient ion and osmolality conditioning to comply with the unconventional changes in salinity, alkalinity, and ion composition of alkaline water and freshwater (Hwang and Lee, 2007). Multiple studies have shown that Leuciscus waleckii living in Dali Nor-Lake, Inner Mongolia, China, also known as alkaline water species (AW), can tolerate harsh water conditions with high alkalinity of ~53.57 mmol/L (pH 9.6) (Chang et al., 2013). On the other hand, freshwater species of L. waleckii (FW) living in freshwater at approximately pH 7.44, such as the Songhuajiang River and Heilongjiang River, became an ideal counterpart of AW due to geographical isolation and environmental elements for year-round impaction (Xu et al., 2013; Chang et al., 2014; Chen et al., 2019), raising broad concerns.

L. waleckii can rapidly adapt to salinity, and alkalinity changes in different water environments and has a high tolerance threshold for adaptation to alkaline water environments (Wang et al., 2021; Luo et al., 2022). It can interconvert from freshwater to alkaline water via a comparatively postponed directional domestication. The intestine is an essential organ for conditioning fish osmotic pressure during this process. It can efficiently exchange fluids to compensate for dehydration caused by hyperosmotic environments (Takei, 2021), which host various microorganisms having complex community structures. During long-term evolution, gut microbes have formed interdependent and mutually constrained relationships with their host's chronotype, influencing the host's susceptibility to infection by exogenous pathogens (Abid et al., 2013; Cahenzli et al., 2013). Thus, the gut microbiota serves as a virtual endocrine organ that defends against pathogen invasion, becoming a route for host nutrient acquisition to provide supplementation (Fan et al., 2019). However, saline-alkaline as a standard parameter affects physiological stress in fish, and changes in thermal pressure and osmolarity occur when saline-alkaline exceeds the tolerance range (Liao et al., 2015). The normal physiological function is altered and triggers subsequent energy-consuming stress responses and multiorgan dysfunction (Polinski et al., 2021) where endocrine pathways are present, leading to multiple stress-induced diseases or death in fish. Recently, it has been shown that saline-alkaline aquatic environments can affect intestinal bacteria (Zhang et al., 2016). However, the effect of alkaline changes paired with the water environment on the intestinal microbiota is unknown.

Therefore, this study aimed to compare the microbiota of the L. waleckii gut and water samples under alkaline water and freshwater via high-throughput sequencing and attempted to reveal some functional predictions using Phylogenetic Investigation of Communities by Reconstruction of Unobserved States (PICRUSt). Our main goals were as follows: (a) differences in the gut microbial composition, abundance, and diversity of AW and FW compared with their situation in alkaline water and freshwater environments, respectively; (b) exploring which primary gut microbial composition can change the function of AW and FW; and (c) to determine the relationship between microbiota composition in the intestines of AW, FW, and water samples. The results of this study will help reveal the role of the intestinal flora of alkaline water and freshwater species of L. waleckii from the simple structural analysis of intestinal flora to the exploration of their physiological function and provide a scientific basis for the development of artificial diets and probiotics in aquaculture.



MATERIALS AND METHODS


Collection of Samples

Intestinal AW of L. waleckii and alkaline water samples were collected from Dali Nor-Lake (116°40′13″ E, 43°24′37″ N), Inner Mongolia, China (Figure 1), which were designated as DLG 1-3 and DLS 1-3, respectively. The living alkaline water conditions were water temperature of 24°C−25°C, pH of 9.4–9.6, the dissolved oxygen level of 8.86–9.34 mg/L, and alkalinity of 52.8–53.6 mmol/L. In addition, intestinal FW of L. waleckii and freshwater samples labeled as TRG 1-3 and TRS 1-3 respectfully were taken from the Tangwang River (129°44′24″ E, 46°41′15″ N) belonging to the Songhuajiang River tributaries, Heilongjiang Province, China (Figure 1). The living freshwater conditions were water temperature of 23°C−25°C, pH of 7.3–7.9, the dissolved oxygen level of 7.56–10.25 mg/L, and alkalinity of 0.5–0.8 mmol/L. Due to the influence of feeding habits and water temperature of L. waleckii, all the samples were collected in August when the bait was most abundant.


[image: Figure 1]
FIGURE 1. Geographical distribution of the sampled populations. Cycles represent the sampling locations and include alkaline water species (AW) from the Dali Nor lake and freshwater species (FW) from the Tangwang River.


The water samples were collected using an aquatic microbial collection method (Li et al., 2017). Microbiological specimens were collected at 0.22 μm filter membrane via vacuum filtration, and the filter membrane containing the whole water sample was maintained in 15 ml sterilized centrifuge tubes, froze in liquid nitrogen, and then stored at −80°C for use. Sixty healthy adult fish (average 398.56 ± 13.58 g) taken from both locations above were quickly brought back to the sterile laboratory after being anesthetized and placed on a sterile operating table. The fishes' surface was sterilized with 75% ethanol, and the intestine was aseptically dissected. Each intestine sample is mixed with 10 healthy fishes intestines. The intestine was put into a 1.5 ml sterile centrifuge tube, froze in liquid nitrogen, and then stored at −80°C for use (Fan et al., 2019).



DNA Extraction

The pure Soil DNA Mini Kit (Magen, Guangzhou, China) was used for microbial DNA extraction as per the instructions of the manufacturer. The proposed DNA concentration and purity were determined using a NanoDrop 8000 spectrophotometer (NanoDrop Technologies, Wilmington, USA). The conditions for PCR amplification of the V3–V4 region of the 16S rRNA were as follows: 94°C for 2 min, 98°C for 10 s, 62°C for 30 s, 68°C for 30 s for 30 cycles, and 68°C for 5 min. The primers used were 341 F (CCTACGGGNGGCWGCAG) and 806 R (GGACTACHVGGGTATCTAAT) (Guo et al., 2017), which were subjected to three PCR replicates as counterparts. The PCR amplification system followed by ReverTra Ace-α-™ (TOYOBO, Japan) contained the following: 5 μl 10 × KOD buffer, 5 μl 2 mM dNTPs, 3 μl 25 mM MgSO4, forward and reverse primers in 1.5 μl each (10 μM), 1 μl KOD polymerase, 100 ng DNA template, and appropriate volume of ddH2O obtaining a total reaction volume of 50 μl. All the PCR products were detected using 2% agarose gels containing ethidium bromide and were purified with the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, USA), and quantified using QuantiFluor™-ST (Promega, USA). Purified PCR amplicons were pooled in equimolar and paired-end sequenced (PE250) using an Illumina MiSeq platform (Illumina, San Diego, CA, USA) according to the instructions of the manufacturer. The raw sequencing reads of all samples were deposited to the NCBI database under BioProject accession number: PRJNA810745.



Library Preparation and Sequencing

Sequencing libraries were generated using the TruSeq® DNA PCR-Free Sample Preparation Kit (Illumina, USA) following the recommendations of the manufacturer, and index codes were added. Next, the library quality was assessed on a Qubit@ 2.0 Fluorometer (Thermo Scientific) and Agilent Bioanalyzer 2100 system. Finally, the library was sequenced on an Illumina NovaSeq platform, and 250 bp paired-end reads were generated.



Data Analysis

The process comprises five main steps: data split, sequence assembly, filtration, chimera removal, and gene function prediction. Briefly, raw fastq sequence files produced in the 18.0 version were demultiplexed, quality-filtered by Trimmomatic, and concatenated by FLASH (Mago and Salzberg, 2011). Cluster sequences with similarities higher than 97% were assigned to the same operational taxonomic units (OTUs) (Caporaso et al., 2010). The most abundant sequence in each OTU was aligned with the Greengene database (DeSantis et al., 2006) to obtain taxonomic information on the OTUs. Using UPARSE (version 7.1 http://drive5.com/uparse/), OTUs were grouped with a 97% similarity criterion, and chimeric sequences were identified and deleted using UCHIME. Based on the Silva16S rRNA database (SSU123), the taxonomy of each 16S rRNA gene sequence was assessed by the RDP Classifier algorithm (http://rdp.cme.msu.edu/) against the Silva 16S rRNA database (SSU115) with a confidence level of 70% (Quast et al., 2012; Amato et al., 2013).



Prediction of Gene Function

Phylogenetic Investigation of Communities by Reconstruction of Unobserved States PICRUSt (http://picrust.github.io/picrust/) is a biocomponent analysis package that aligns microbial community richness and databases by predicting microbial functions and metabolic pathways based on 16S rRNA high-throughput sequencing results. The useful Kyoto Encyclopedia of Genes and Genomes community information via the corresponding OTU table after aligning the sequencing data through the Greengenes database 13.8, and then homogenizing each out abundance (Loudon et al., 2014).



Statistical Analysis

Based on the characteristics of the amplified regions, small fragment libraries were built for single-end sequencing utilizing the single-end sequencing method based on the IonS5TMXL sequencing platform, according to the principle of 16S rDNA amplicon sequencing technology. Furthermore, the t-test method for independent samples was used to compare differences in microbial diversity and relative abundance of bacteria in the analyzed intestines of AW, FW, and water samples. Principal coordinates analysis and analysis of similarity based on distances of unweighted UniFrac, Jaccard, and Bray–Curtis were performed using the R language vegan package (Conway et al., 2017) to compare their groups of samples in terms of differences and significance detection, respectively, in the composition structure of microbial communities.




RESULTS


Statistical Analysis of Sequences

For all samples, 16S rRNA gene V3–V4 regions of bacteria were sequenced to profile the microbiota of the intestines of AW and FW in alkaline water and freshwater, respectively, using the Illumina MiSeq platform. The initial data quality and chimeric filtering delivered 883,017 high-quality sequencing reads from 12 samples split into four groups (three samples per group) followed by 10 fishes per sample (Table 1 and Supplementary Table S1). In Figure 2, the richness and diversity of bacterial species are split into four groups: ACE, Chao, Shannon, and Simpson indices related to OTU level. The Shannon and Simpson indices are commonly used to quantify biodiversity. The richness of each sample was determined using the Chao index and ACE indices (Fan et al., 2019). The estimators of ACE ranged from 677.729 to 1224.136, Chao ranged from 727.238 to 1226.519, Shannon ranged from 5.390 to 7.079, and Simpson ranged from 0.930 to 0.989 (Table 1). These were summarized with a significant difference (P < 0.05) from each sample at a genetic distance of 3%. The results revealed that the microbial richness and diversity were significantly reduced in the alkaline water group compared to the freshwater group. The Good's coverage within each sample to calculate sequence thoroughness was an average of 99.3325%, indicating that the sequences discovered could represent the majority of microorganisms in each group. The data for the t-test can be found in Appendix S1.


Table 1. Richness and diversity indexes relative to each sample (OUT cutoff of 0.03)a.
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FIGURE 2. The richness and diversities of bacterial species in the four groups. (A–D) These figures are the Ace, Shannon, Simpson, and Chao index of OTU level separately. * stands for 0.01 < P ≤ 0.05, **stands for 0.001 < P ≤ 0.01 and ***stands for P ≤ 0.001.




Structure of Bacterial Community

The major phylum and genus relative abundance in intestinal bacteria of all samples from alkaline water and freshwater groups are summarized in Figure 3A, and any known sequences' groups are labeled as “others.” All the samples followed abundant phylum in descending order: Proteobacteria (30.07%) > Actinobacteria (17.52%) > Oxyphotobacteria (16.25%) > Bacteroidetes (13.40%) > Planctomycetes (5.88%) > others (4.54%) > Verrucomicrobia (4.42%).


[image: Figure 3]
FIGURE 3. The bacterial community in all samples at the phylum level (A) and comparison of OTUs in the four groups by Venn diagram (B). Others mean the sum of phylum or genus that relative.


Operational taxonomic unit (OTU) abundance was normalized using a standard sequence number corresponding to the sample with the most miniature sequences. Next, alpha and beta diversity analyses were performed based on the normalized output data. The Venn diagram in Figure 3B was developed to identify prominent OTUs provided in the four groups above to explore the significant microbiome in all samples between intestines and water types in alkaline water and freshwater environments. There were 284 OTUs shared among DLG, DLS, TRG, and TRS (n = 3), representing 4.64% of the total reads; sequencing by the number of OTUs was TRS > DLG > TRG > DLS, and the high-quality sequences were grouped into 1,467 OTUs at 97% similarity level (Figure 3B). Among them, 601 OTUs in the alkaline water group (DLG and DLS) were identified based on a similarity of <730 OTUs inside the freshwater group. Whereas 1,024 OTUs in intestinal samples of L. waleckii (DLG and TRG) were defined totally (specialized OTUs were, respectively, 1,182 and 896), based on a similarity more remarkable than the total 443 OTUs in alkaline water and freshwater (DLS and TRS) had specialized OTUs were, respectively, 428 and 789.

The main strains in the four groups (DLG, DLS, TRG, and TRS) are shown in Figure 4A. According to the relative abundance of strains, four groups are arranged as follows from rich to poor: (a) For DLG (Figure 4B), Planctomycetes (19.68%) > Actinobacteria (17.78%) > Oxyphotobacteria (17.47%) > Proteobacteria (16.85%) > Firmicutes (10.57%) > Verrucomicrobia (9.89%) > Bacteroidetes (3.68%) > others (2.53%) > Deinococcus-Thermus (0.92%) > Tenericutes (0.62%) > Armatimonadetes (0.01%); (b) for DLS (Figure 4C) accounting for more than 10%, Actinobacteria (28.23%) > Bacteroidetes (25.58%) > Oxyphotobacteria (21.40%) > Proteobacteria (16.39%); (c) for TRG (Figure 4D), proteobacteria occupied an absolute advantage of 63.89%, Firmicutes account for 20.50% DLG, and the total proportion of other bacteria is 15.61%; (d) for TRS (Figure 4E), the proportion of main fungi was relatively average, and four kinds of bacteria accounting for more than 20% were dominant: Oxyphotobacteria (24.98%) > Proteobacteria (23.15%) > Actinobacteria (22.14%) > Bacteroidetes (20.85%); and (e) the clustering results of the four groups of samples revealed little difference between each group, (Figures 4F,G), indicating that the detection results are highly correlated and reliable.
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FIGURE 4. The microbiota composition at the phylum level (A–E), the principal coordinates analysis (PCoA) of the bacterial community (F) at OTU level, and hierarchical clustering tree (G) in the four groups. Microbiota composition of bacterial taxa at phylum level in the four groups (A) and, respectively, in DLG (B), DLS (C), TRG (D), and TRS (E). Three samples in each group, each example = 10 fish. The hierarchical clustering tree was calculated using the UPGMA (Unweighted Pair-group Method with Arithmetic Mean) method. The relationship between samples was determined by Bray distance and the average clustering method.




Screening of Sensitive Microorganisms to Determine Survival Status

Several researchers have applied a multinomial logit model to analyze the forecasting accuracy of indicator populations and discovered that they would have highly accurate results at the bacteroideae level (Xiong et al., 2014). Following this method, the indicative evaluation in this study was used to filter the variations in the bacterial genus (Figure 5) and phylum (Figure 6), reflecting the survival status of AW and FW in alkaline water and freshwater, respectively. We chose communities with indicator values > 0.90. We screened 15 microbial families to increase the accuracy of the results, displaying the characteristics of indicator families in all samples. At the genus level, four genera of nine dominant genera, summarized in Figure 5A, showed statistically significant differences (P < 0.05) in all samples, namely, Aeromonas (Figure 5B), Flavobacterium (Figure 5C), Fluviicola (Figure 5D), Unidentified_Synechoccales (Figure 5F), and Unidentified_Oxyphotobacteria (Figure 5G). There were significant differences (P < 0.001) in TRS, DLS, and DLG of the Flavobacterium and Polynucleobacter compared with TRG, but there were no statistically significant differences between the three groups of DLS:TRS, DLG:TRS, and DLG:DLS. In Fluviicola, the change was similar to the former. However, the significant increase was lower (P < 0.05) in the TRS:TRG, TRS:DLG, and TRS:DLG groups. In addition, three groups (TRS:TRG, DLS:TRG, and DLS:DLG) in the Unidentified_Synechoccales showed significant differences (P < 0.001), and TRS:DLG showed a substantial increase (P < 0.01) in the Unidentified_Oxyphotobacteria, additional information about the relative abundances at genus level among the four groups can be acquired in Appendix S2.
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FIGURE 5. Comparison of bacterial abundances in intestine and water at the alkaline water and freshwater environment at the genus level (A). One-way ANOVA bar plot on genus level for Aeromonas (B), Flavobacterium (C), Fluviicola (D), Polynucleobacter (E), unidentified_Synechococcales (F), and unidentified_ Oxyphotobacteria (G). * stands for 0.01 < P ≤ 0.05.
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FIGURE 6. Comparison of bacterial abundances in intestine and water at the alkaline water and freshwater environment at the phylum level (A). One-way ANOVA bar plot on phylum level for Bacteroidetes (B), Firmicutes (C), Oxyphotobacteria (D), Proteobacteria (E), Verrucomicrobia (F), and Planctomycetes (G). *stands for 0.01 < P ≤ 0.05.


Three of the eight dominant phyla showed statistically significant differences (P < 0.05) in all samples (Figure 6A), namely, Bacteroidetes (Figure 6B), Firmicutes (Figure 6C), and Verrucomicrobia (Figure 6F). There were significant differences (P < 0.001) in TRS, DLS, and DLG of the Proteobacteria (Figure 6E) compared with TRG, and slight trends of TRS (P < 0.05), DLS (P < 0.05), and DLG (P < 0.1) in Oxyphotobacteria (Figure 6D) compared with TRG. However, there were no statistically significant differences between the three groups (DLS:TRS, DLG:TRS, and DLG:DLS). In Planctomycetes (Figure 6G), the change was similar to that of the former. However, a significant increase was observed (P < 0.001) in the three groups DLG:DLS, TRS:DLG, and TRS:DLG. Four groups (DLS:DLG, DLS:TRG, TRS:DLG, and TRS:TRG) in the Bacteroidetes showed significant differences (P < 0.05), and two groups (TRG:TRS and TRG:DLS) increased at a similar level in the Firmicutes, and groups of TRG:TRS and TRG:DLS showed a significant increase (P < 0.05). In Verrucomicrobia, there were significant increases in DLG:TRG (P < 0.001), DLS:TRS (P < 0.05), and DLG:DLS (P < 0.05), additional information about the relative abundances at phylum level among the four groups can be acquired in Appendix S3.



Functional Prediction

PICRUSt illustrated significantly changed functions of intestinal microbiota in shrimp intestines and living waters. Compared with the taxonomic profiles, the main functions checked from the samples were broken into 11 parts that showed more similarity in all four groups. The projected capabilities can be prioritized to define the function of gut microbes based on the percentage summarized in Figure 7: unknown function (33.12–33.99%) > membrane transport (9.81–12.89%) > amino acid metabolism (9.87–11.15%) > carbohydrate metabolism (9.71–10.28%) > replication and repair (6.98–7.61%) > energy metabolism (5.35–7.55%) > poorly characterized (4.92–5.20%) > metabolism of cofactors and vitamins (4.10–5.04%) > translation (4.19–4.88%) > lipid metabolism (3.45–3.86%) > cellular processes and signaling (3.21–4.02%). These results showed that the gastrointestinal microbiome of shrimp exhibits biological roles similar to those found in alkaline water or freshwater. Many metabolic activities are aided by microbiome-like membrane transport, amino acid metabolism, glucose metabolism, energy metabolism, replication, and repair.


[image: Figure 7]
FIGURE 7. The KEGG function prediction of the four groups.





DISCUSSION

High-throughput screening technology is widely used to detect a few microbial populations. Compared to previous studies that detected gut microbes, such as traditional culture techniques and bacterial 16S rRNA gene-based DGGE and T-RFLP, such screening can accurately respond to microbial community composition (Ingham et al., 2007; Harrison et al., 2010). In this study, we used Illumina, a high-throughput sequencing technology, to examine intestinal bacterial community composition differences between AW and FW of L. waleckii in their living environments (alkaline water and freshwater, respectively).

Some studies have shown that intestinal microorganisms have a huge effect on the host's development and growth, which can not only maintain appropriate energy yield from the diet but can also imply biodiversity and provide constructive forecasting to the continuously shifting intestinal microecological circumstances (Yano et al., 1995; Turnbaugh et al., 2006; Tremaroli and Bäckhed, 2012). The intestinal bacterial variety of L. waleckii from alkaline water and freshwater ecosystems was investigated in this study, finding that Moraxella osloensis, Psychrobacter maritimus, and Psychrobacter faecalis were the most abundant phylum of L. waleckii gut bacteria in alkaline water. Pseudomonas anguilliseptica, Nitrincola nitratireducens, Rhodonellum ikkaensis, Flavobacterium lacus, and Alishewanella tabrizica were significantly enriched in the alkaline water ecosystem. Among them, Psychrobacter sp. in the gastrointestinal tract of groupers can be used as a probiotic by inhibiting the growth of a variety of common pathogens. Adding this bacterial species to the feed can significantly improve the food utilization rate of groupers and enhance the immune function of animals (Sun et al., 2011, 2014; Zhang et al., 2020). Psychrobacter maritimus, P. faecalis, and P. anguilliseptica belonged to psychrophilic Bacillus in this study, meaning that they are the dominant bacteria in the intestinal contents of fish. Psychrophilic Bacillus belongs to hypothermic bacteria and has vigorous growth activity even in a refrigerated environment, which has great application value for developing hypothermic microorganisms. The results were verified in Brachymystax lenok (Huang et al., 2018). In this study, there was no significant difference in the relative abundance of most phylum in L. waleckii gut bacterial communities in alkaline water and freshwater.

Aquatic organisms, growth, ecosystem surroundings, feed and feeding strategies, and digestive physiological properties influence the composition, quantity, and structure of the fish gut microbiome. Although the design and proportions of the intestinal microbiota group in the early stages of fish advancement are still unknown (Bakke et al., 2015), it is speculated that the obliteration of the dynamic equilibrium of gut bacteria is frequently accompanied by the emergence of host diseases (Allison and Martiny, 2008; Werner et al., 2011). Although the intestinal flora of different fish species differs, these microbial communities have similar bioactivities (Sullam et al., 2012; Li et al., 2015). This study discovered that adjustments in gut bacteria were preceded by substantial changes in the intestinal flora in AW and its alkaline hydrosphere. However, there was little difference in the microbial mixtures of different alkaline water and freshwater environments. This demonstrates a significant positive correlation between the structural and functional similarity of bacterial communities and that the functional redundancy of L. waleckii intestinal flora is relatively low. As a result, the predicted practical genomic change was consistent with the morphology of the microbial colony in the aquatic environment. In this study, the functions of intestinal flora in AW of Dali Nor-Lake were primarily focused on transcription, methane metabolism, and amino acid metabolism.

Meanwhile, the parts of the intestinal flora in FW of the Tangwang River mainly focus on ion transport, protein repair, and bacterial flow. This indicates that the abundance of bacteria is reduced throughout AW in the physiological process of high alkalinity resistance, accompanied by a weakened ability of multiple energy metabolism. In addition, physiological and metabolic functions are slowed. Thus, AW is involved in many digestive and physiological absorption processes, such as amino acid and carbohydrate metabolism, to provide adequate time to adapt to the highly alkaline water gradually.

Furthermore, most microbial functions in the highly alkaline water of Dari Nor-Lake were focused on amino acid metabolisms, such as serine, glycine, and threonine. In contrast, FW microbial parts in the freshwater of the Tangwang River were primarily focused on pyruvate and cholesteryl butyrate metabolism, which indicates that AW promotes amino acid metabolism and indirectly accelerates enzyme activity in the process of alkalinity tolerance in highly alkaline water. For example, peroxidase can use the redox reaction of catalase to play a detoxification role, and catalase is also involved in lipid synthesis (Lincoff et al., 2007; Wilcox et al., 2008). Thus, the emergence methodology of a high alkalinity tolerance may be associated with changes in the intestinal flora, which relieves digestive absorption and energy metabolism-related functions so that AW generates a sharp sense of the highly alkaline water, allowing enough time for adaptation. We cannot currently establish the causality of the gut community composition, function, and increased alkalinity tolerance due to a lack of references, but their close correlation demonstrated here confirms the critical role of gut microbes in maintaining high alkalinity tolerance in the host, which warrants further investigation.



CONCLUSION

There are significant differences in the intestinal microbial community structure and the massive metabolic changes between AW of L. waleckii living in an alkaline environment and FW of L. waleckii living in a freshwater habitat, indicating that the intestinal microorganisms have low functional redundancy. These changes are consistent with their growth waters. Simultaneously, sensitive intestinal indicator bacteria were tested for survival. Although we cannot currently establish a causal relationship between intestinal community composition, function, and living waters, the close relationship between these three parameters confirms the critical role of digestive microorganisms in host physiology.
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Microbiome of Penaeus vannamei Larvae and Potential Biomarkers Associated With High and Low Survival in Shrimp Hatchery Tanks Affected by Acute Hepatopancreatic Necrosis Disease
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Acute hepatopancreatic necrosis disease (AHPND) is an emerging bacterial disease of cultured shrimp caused mainly by Vibrio parahaemolyticus, which harbors the lethal PirAB toxin genes. Although Penaeus vannamei (P. vannamei) postlarvae are susceptible to AHPND, the changes in the bacterial communities through the larval stages affected by the disease are unknown. We characterized, through high-throughput sequencing, the microbiome of P. vannamei larvae infected with AHPND-causing bacteria through the larval stages and compared the microbiome of larvae collected from high- and low-survival tanks. A total of 64 tanks from a commercial hatchery were sampled at mysis 3, postlarvae 4, postlarvae 7, and postlarvae 10 stages. PirAB toxin genes were detected by PCR and confirmed by histopathology analysis in 58 tanks. Seven from the 58 AHPND-positive tanks exhibited a survival rate higher than 60% at harvest, despite the AHPND affectation, being selected for further analysis, whereas 51 tanks exhibited survival rates lower than 60%. A random sample of 7 out of these 51 AHPND-positive tanks was also selected. Samples collected from the selected tanks were processed for the microbiome analysis. The V3–V4 hypervariable regions of the 16S ribosomal RNA (rRNA) gene of the samples collected from both the groups were sequenced. The Shannon diversity index was significantly lower at the low-survival tanks. The microbiomes were significantly different between high- and low-survival tanks at M3, PL4, PL7, but not at PL10. Differential abundance analysis determined that biomarkers associated with high and low survival in shrimp hatchery tanks affected with AHPND. The genera Bacillus, Vibrio, Yangia, Roseobacter, Tenacibaculum, Bdellovibrio, Mameliella, and Cognatishimia, among others, were enriched in the high-survival tanks. On the other hand, Gilvibacter, Marinibacterium, Spongiimonas, Catenococcus, and Sneathiella, among others, were enriched in the low-survival tanks. The results can be used to develop applications to prevent losses in shrimp hatchery tanks affected by AHPND.

Keywords: AHPND, biomarkers, differential abundance, microbiome, Penaeus vannamei larvae, 16S rRNA gene


INTRODUCTION

Diseases that affect the early larval stages of farmed shrimp are one of the main limitations for the sustainability of the shrimp industry. Thus, it is essential to implement mitigation tools, such as administering probiotics for bacterial infections. Some genera and species such as Vibrio harveyi (V. harveyi) (Haldar et al., 2011; Mirbakhsh et al., 2014), Vibrio alginolyticus (V. alginolyticus) (Karunasagar et al., 1998; Hasan et al., 2017), and Vibrio campbellii (V. campbellii) (Hameed, 1995; Soto-Rodríguez et al., 2006; Haldar et al., 2011) have been reported as recurrent pathogens in commercial shrimp hatcheries from many producing countries. Acute hepatopancreatic necrosis disease (AHPND), caused mainly by Vibrio parahaemolyticus (Tran et al., 2013), produces massive mortalities (Kongrueng et al., 2015; Sirikharin et al., 2015) and affects cultured Penaeus vannamei (P. vannamei) and Penaeus monodon (P. monodon) shrimps (de la Peña et al., 2015). AHPND-causing strains contain plasmids of approximately 70 kbp and harbor genes encoding for two toxins related to the PirA and PirB insecticidal toxin (Han et al., 2015). The PirAB toxins are released in the digestive system of the shrimp, causing severe desquamation of the hepatopancreas cells and the consequent death of the infected shrimp.

The diversity of species conforming to the intestinal microbiome performs critical functions in a host, such as aiding nutrient absorption, antagonizing against pathogenic bacteria, and improving the immune system (Dai et al., 2020). Therefore, the studies on the intestinal microbiome are helpful to identify biomarkers that could predict the onset of diseases through comparative analysis. For example, in a study of the shrimp microbiome throughout early stages, the genus Cupriavidus was always present and significantly abundant in healthy larvae (Zheng et al., 2017). Similarly, Meridianimaribacter has been identified in healthy shrimp water (Xue et al., 2015). Recently, the function and assembly of the bacterial community and biomarkers associated with each developmental stage for shrimp P. vannamei have been reported (Wang H. et al., 2020). Most investigations have characterized the P. vannamei microbiome in juvenile stages (Chen et al., 2017; Cornejo-Granados et al., 2017; Xiong et al., 2018; Dong et al., 2021; Restrepo et al., 2021). Thus, the microbiome of juvenile P. vannamei shrimp affected by AHPND is significantly different than in healthy shrimp (Cornejo-Granados et al., 2017). However, little is known about the bacterial community in larval stages under AHPND affectation.

This study aimed to characterize, through high-throughput sequencing (HTS), the microbiome of P. vannamei naturally infected with AHPND-causing bacteria across the larval stages and to obtain biomarkers associated with high and low survival in shrimp hatchery tanks affected with AHPND. The results can be used for further development of probiotics to mitigate AHPND.



MATERIALS AND METHODS


Sample Collection and Processing

Penaeus vannamei larvae were collected from January to March 2021, during the whole production cycle, from 64 tanks (35 tons) from a commercial hatchery in South America (Figure 1). Sampling was performed in each tank at four stages, for a total of 233 samples of larvae: mysis 3 (M3) (n = 64), postlarvae 4 (PL4) (n = 64), postlarvae 7 (PL7) (n = 56), and postlarvae 10 (PL10) (n = 49). Only 56 and 49 samples were collected at PL7 and PL10 as the population of 8 and 7 tanks died at PL6 and PL9 stages, respectively. All the tanks received the same management protocol: feeding, water exchange, and supplementation of commercial probiotics (Supplementary Table 1). Water quality parameters during the production cycles were: water temperature = 32.5–33.0°C, dissolved oxygen concentration = 5.0 mg/L, pH = 7.9–8.1, and salinity = 35.0 ± 0.0 g/L. Observations of external signs of disease were carried out during each sampling (swimming behavior, empty digestive tract, and larval activity). After a maximum of 1 h from sampling to processing at the laboratory, 20 larvae of each sample collected at PL7 and PL10 stages were preserved in Davidson’s AFA fixative solution for histopathologic examination. Approximately, 1 g of each sample (M3, PL4, PL7, and PL10) was rinsed with a 2% NaCl sterile solution to remove impurities and external microorganisms. The last group of samples was macerated for homogenization of the bacterial load. A first aliquot (500 μl) was processed to detect subsequent PirAB toxin genes. A second aliquot (500 μl) was distributed in 2 ml cryovial tubes to submerge them for 30 min in liquid nitrogen (−196°C) and immediately stored at −80°C for further microbiome analysis. Samples of the four commercial probiotics and a pool of the four commercial feeds administered during the production cycle (Supplementary Table 1) were also collected and preserved, as mentioned above, for further microbiome analysis.
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FIGURE 1. Experimental design for the microbiome characterization of Penaeus vannamei (P. vannamei) larvae affected with acute hepatopancreatic necrosis disease (AHPND) and identification of potential biomarkers associated with high and low survival in shrimp hatchery tanks through high-throughput sequencing. *Only 56 and 49 samples were collected at PL7 and PL10 as the population of 8 and 7 tanks died at PL6 and PL9 stages, respectively.




Acute Hepatopancreatic Necrosis Disease Diagnosis and Sample Selection

All the 233 samples collected from the 64 tanks were screened for AHPND by PCR of PirAB toxin genes (Figure 1). Genomic DNA (gDNA) was extracted from each sample using the phenol standard protocol (Kerkhof and Ward, 1993). PirAB toxin genes were amplified with the primers AP4 F1/R1–AP4 F2/R2, VpPirA-284F/R, and VpPirB-392F/R (Dangtip et al., 2015; Han et al., 2015). AHPND-positive samples by PCR at the PL7 and PL10 stages were selected to confirm AHPND affectation using histopathological analysis. The paraffin-embedded tissue sections were cut at 4 μm, stained with Mayer–Bennet H&E (Bell and Lightner, 1988), and examined for histopathological changes. Survival was recorded in all the 64 tanks: at harvest in 49 tanks (PL11) and reported as 0% for the other 15 tanks, as their populations died at PL6 (8 tanks) and PL9 (7 tanks). A 60% survival threshold was determined according to the historical data of the shrimp hatchery, where profits were obtained with survival levels higher than 60% (Figure 1). PirAB toxin genes were detected in 58 out of the 64 tanks and not detected in the other 6 tanks (Figure 1). These six tanks exhibited low survival (<60%). Seven from the 58 AHPND-positive tanks exhibited high survival (>60%), whereas 51 tanks exhibited low survival (<60%) (Figure 1). The seven AHPND-positive tanks with high survival were selected for further analysis (Figure 1). As the number of AHPND-positive tanks with low survival was much higher than the high ones, a random sample of seven tanks was selected for further analysis to obtain an equal number of tanks for each survival condition (Figure 1). Samples of larvae collected from these 14 AHPND-positive tanks were assigned to the two groups of survival conditions: high (survival >60%, n = 22 samples of larvae) and low (survival <60%, n = 25 samples of larvae) and processed for gDNA extraction (Figures 1, 2).
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FIGURE 2. Samples selected for the microbiome characterization of P. vannamei larvae affected by AHPND. (A) High-survival tanks. (B) Low-survival tanks. †Sample did not pass the DNA quality control. ¥Sample not collected as the tank population died at PL9.




Deoxyribonucleic Acid Extraction and High-Throughput Sequencing

The gDNA of the 47 AHPND-positive samples of larvae from the 14 selected tanks (high and low survival), four commercial probiotics, and the pool of commercial feeds were extracted (Figure 1) using the ZymoBIOMICS DNA Microprep Isolation Kit (Zymo Research, United States), following the manufacturer’s instructions. An aliquot of 20 μl of gDNA was diluted in DNase-free ultrapure water. DNA quality (1.8–2.0 A260/280) was examined through a NanoDrop One Microvolume UV-Vis Scanning Spectral Spectrophotometer (Thermo Fisher Scientific, United States). The amplification of the V3–V4 hypervariable region (470 bp) of the 16S ribosomal RNA (rRNA) gene was performed with the 341F/806R primers (Takahashi et al., 2014). DNA was submitted to Novogene Incorporation (Beijing, China) for construction and multiplexing of the amplicon library. Paired-end sequencing was performed with Illumina NovaSeq 6000 P250 platform. The sequences were deposited in the National Center for Biotechnology Information (NCBI) Sequence Read Archive (SRA) under accession number PRJNA800805.



Sequence Processing

Paired-end reads were processed using DADA2 package version 1.16 (Callahan et al., 2016) in the R software version 3.6.3 (Figure 1). Without adapters and primers, paired-ends were filtered and trimmed using the filterAndTrim function [sequences removed with more than two expected errors—maxEE = c(2,2) and trimming of last 10 nt of the forward reads and last 20 nt of the reverse reads—truncLen = c(240,230)]. The filtered reads were dereplicated, denoised, and merged (forward and reverse amplicon sequences) to get a merging sequence. Then, the chimeric sequences were removed using the “consensus” method from the removeBimeraDenovo function. The table of amplicon sequence variants (ASVs) was generated with the makeSequenceTable function and the taxonomy was assigned with the assignTaxonomy function using the public SILVA database version 138.1. A total number of 7 million clean reads was obtained (Supplementary Table 2), with an average of 149,047 clean reads per sample (range: 130,040–168,784). The error rate averaged 0.03% for all the reads. On average, 88% of the reads exhibited a Phred quality (Q > 30) and a GC content of 54%. A reading length of 250 bp was averaged for the alignment. A total of 8,626 ASVs was obtained, with an average of 393 ASVs per sample. The processed reads were normalized by a cumulative sum scaling and rarefied to 77,220 sequences per sample, which was sufficient to capture the alpha-diversity of the microbial communities through all the larval stages. Good’s coverage was higher than 99.99%, indicating an optimal sequencing depth.



Microbiome and Statistical Analyses

The survivals at harvest among the high- and low-survival tanks were compared by the t-test (Figure 1). Previously, the variance homogeneity and assumption of normality of both the treatments were examined through the F and Shapiro–Wilk normality tests. The null hypothesis, equal survival at both the tank groups, was rejected with a p < 0.05.

The microbiome analyses were performed at the ASVs level. The variability of the alpha-diversity indices and relative abundance of the microbiome were studied for the four stages from the high- and low-survival tanks (Figure 1). The alpha-diversity of the larval microbiome was estimated through the Shannon (Shannon and Weaver, 1949) and abundance-based coverage estimator—ACE (Hughes et al., 2001) indices. Three statistical analyses were carried out to evaluate the hypotheses of each alpha-diversity index. The first statistical analysis evaluated the global differences between the high- and low-survival tanks without distinguishing the stage. The second analysis evaluated individual differences between the high- and low-survival tanks at each stage. Both the analyses were performed with the t-tests. Previously, the variance homogeneity and assumption of normality of treatments were examined through the F and Shapiro–Wilk tests. The third statistical analysis evaluated differences between stages within each survival condition group using the one-way ANOVA. The variance homogeneity and assumption of normality of treatments were previously examined through the Bartlett and Shapiro–Wilk tests. When significant results were found in the ANOVA test, the pairwise Tukey’s honestly significant difference test for multiple comparisons was used to evaluate statistical differences of the correspondent alpha-diversity index between stages. The null hypothesis, equal alpha-diversity indices between the groups, was rejected with a p < 0.05.

The beta-diversity was determined through the multivariate analysis of the Bray–Curtis dissimilarity index and visualized through a principal coordinate analysis (PCoA) for each stage (Figure 1). The null hypothesis of equal microbiomes between the high- and low-survival tanks was evaluated by the analysis of similarities (ANOSIM) at each larval stage.

Differential abundance analysis of the larval microbiome between the high- and low-survival tanks (Figure 1) was performed using a linear discriminant analysis (LDA) effect size (LEfSe) (Segata et al., 2011). A p-value correction for the multiple hypotheses, simultaneously tested at the LEfSe analysis, was performed to control the false discovery rate (FDR) (proportion of type I error) and increase the power to detect true positive biomarkers (Nearing et al., 2021; Wallen, 2021). ASVs with LDA cutoff of 2.0 and significant differences (p < 0.05) were considered as potential biomarkers associated with high and low survival in shrimp hatchery tanks affected with AHPND. To assess the robustness of the biomarkers obtained with the LEfSe analysis, a Bayesian t-test analysis was also performed for each biomarker associated either to the high- or low-survival tanks. The predictive performances of the null hypothesis H0 (equal ASVs abundance between the high- and low-survival tanks) and alternative hypothesis H1 (different ASVs abundance between the high- and low-survival tanks) were compared. The hypothesis testing was performed through the Bayes factor BF10, where BF10 indicates the relative performance in favor of H1 over H0 provided by the data and calculated as the ratio of the probability of H1 over the probability of H0 based on the data. Bayes factors higher than 1 showed evidence in favor of H1, with ranges of 1–3, 3–10, and >10 interpreted as weak, moderate, and strong evidence in favor of H1 (van Doorn et al., 2021). Microbiome and statistical analyses were conducted with the MicrobiomeAnalyst (Dhariwal et al., 2017), microbiomeMarker (Cao, 2020), Stats (R Core Team, 2013), and BayesFactor (Morey and Rouder, 2011) packages implemented in the R software version 3.6.3.




RESULTS


Acute Hepatopancreatic Necrosis Disease Diagnosis and Sample Selection

PirAB toxin genes were detected in 58 out of 64 sampled tanks, whereas 6 tanks were negative. Larvae from the positive tanks presented symptoms of diseases (erratic swimming and pale hepatopancreas), especially at PL4 and PL7. The histopathologic analysis of these larvae samples at PL7 and PL10 revealed AHPND lesions at the hepatopancreas. Seven tanks from the 58 AHPND-positive tanks exhibited survival rates higher than 60% at harvest (mean ± SEM = 67.8 ± 3.10%), despite the AHPND affectation. The 22 samples of larvae collected from these 7 AHPND-positive tanks were assigned to the group of high-survival tanks and processed for gDNA extraction (Figure 2). The other 51 AHPND-positive tanks presented survival rates (15.2 ± 1.7%) lower than 60%. The random sample of 7 tanks selected from these 51 tanks exhibited an average survival of 17.9 ± 4.6% at harvest. The 25 samples of larvae collected from these 7 AHPND-positive tanks were assigned to the group of low-survival tanks and processed for gDNA extraction (Figure 2). A significant (p < 0.001) survival difference of 49.9% was observed between the high- and the selected low-survival tanks at harvest. The prevalences of AHPND lesions (mean ± SEM) in the larvae were 40.4 ± 13.6% in the high-survival tanks and 61.3 ± 13.2% in the low-survival tanks.



Microbiome and Statistical Analyses

In the first statistical analysis, significant differences (p = 0.004) in the Shannon index were found between the high- and low-survival tanks without distinguishing the stage (Supplementary Figure 1A); however, the ACE index was non-significantly different (p = 0.273) between both the groups (Supplementary Figure 1B). In the second statistical analysis, significantly lower Shannon and ACE indices (p = 0.002 and p = 0.030, respectively) were observed at M3 between the high- and low-survival tanks (Supplementary Figures 2A,B). Non-significant differences (p > 0.055) in the Shannon and ACE diversity indices were found when the samples from the high- and low-survival tanks were compared at the other three stages (Supplementary Figures 2A,B). In the third analysis, non-significant differences (p = 0.933 and p = 0.538, respectively) of the Shannon and ACE diversity indices were identified within the high-survival tanks (Figures 3A,B). However, the Shannon index was significantly lower (p = 0.038) at M3 than PL7 at the low-survival tanks (Figure 3C). The ACE index was significantly lower (p < 0.026) at M3 compared with the other three stages (Figure 3D), but non-significantly different (p > 0.998) between the other three stages at low-survival tanks (Figure 3D).
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FIGURE 3. Alpha-diversity of the larval microbiome at amplicon sequence variant (ASV) level in the high- and low-survival tanks affected by AHPND. (A) Shannon index for the high-survival tanks. (B) ACE index for the high-survival tanks. (C) Shannon index for the low-survival tanks. (D) ACE index for the low-survival tanks. At each survival condition, pair of larval stages with different letters indicates alpha-diversity indices significantly different at p < 0.05, based on the Tukey’s honestly significant difference test.


Eighteen phyla, 29 classes, 74 orders, 107 families, 180 genera, and 58 species were identified in all the larva samples.

At the phylum level, Pseudomonadota exhibited the highest, and similar, abundances at both the high (74.2%) and low (73.0%) survival tanks, with 73.6% across the four stages at both the survival conditions (Figure 4A and Supplementary Table 3). Bacteroidota and Bacillota followed global average abundances of 13.6 and 5.2%, respectively (Figure 4A and Supplementary Table 3).
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FIGURE 4. Relative abundance of the larval microbiome in the high- and low-survival tanks affected with AHPND. (A) Phylum level. (B) Family level. (C) Genus level.


The Rhodobacteraceae family exhibited the highest dominance compared to other families at both the high- and low-survival tanks (Figure 4B and Supplementary Table 3). The Vibrionaceae was the second most abundant family, especially at PL10 (41%), and at M3 (25%), in the high-survival tanks, contrasted with the same stages at the low-survival tanks (23 and 11%, respectively, Figure 4B and Supplementary Table 3). In contrast, Flavobacteriaceae was more abundant, especially at M3 and PL4, in the low-survival tanks, six and twofold higher than the abundances reported at the same stages in the high-survival tanks (Figure 4B and Supplementary Table 3). Bacillaceae showed the highest dominance in the high-survival tanks, five and twofold higher at M3 and PL4 than the low-survival tanks (Figure 4B and Supplementary Table 3).

The genus Vibrio was observed to be increased at M3 and PL4 stages in the high-survival tanks (Figure 4C and Supplementary Table 3), while Bacillus was more abundant in the high compared with the low-survival tanks (Figure 4C and Supplementary Table 3). The abundance of the Marinibacterium and Gilvibacter genus across stages was higher in the low-survival tanks compared with the high one (Figure 4C and Supplementary Table 3).

The dominant phyla in the probiotics samples were Bacillota (87%) and Pseudomonadota (11%) (Supplementary Figure 3A). At the genus level, the commercial probiotics 1, 2, and 3 samples were dominated by the genus Lentilactobacillus, Bacillus, and Clostridium (Supplementary Figure 3B). The probiotic four sample was dominated by the genus Weissella and Bacillus (Supplementary Figure 3B).

The phyla Bacillota (58%), Pseudomonadota (33%), and Cyanobacteria (10%) dominated the commercial feed sample (Supplementary Figure 3A). At the genus level, Lactobacillus and Bacillus were the most dominant in the commercial feed sample (Supplementary Figure 3B).

The ANOSIM analysis showed that the microbiomes were significantly different (p = 0.001) between the high- and low-survival tanks, with significant differences (p < 0.012) at M3, PL4, and PL7 (Figure 5). Such difference was more evident at M3 (Figure 5). Non-significant differences (p = 0.112) were found in the microbiomes at PL10 comparing both the survival conditions (Figure 5).
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FIGURE 5. Principal coordinate analysis (PCoA) of the Bray–Curtis dissimilarity index from larvae collected at the high- and low-survival tanks affected with AHPND. (A) Mysis 3. (B) Postlarvae 4. (C) Postlarvae 7. (D) Postlarvae 10.


The LEfSe analysis showed 35 significant ASVs, 25 of which were differentially abundant for the high-survival tanks and 10 for the low-survival tanks (Supplementary Table 4 and Supplementary Figure 4). Consistently, the Bayesian analysis showed evidences (strong and moderate) for difference in the ASVs abundances between the high- and low-survival tanks for 33 ASVs (Supplementary Table 5). Only for two AVSs (ASV_58 and ASV_152), a weak evidence in favor of differences in the ASVS abundance between both the groups was reported (Supplementary Table 5). The genera Bacillus, Vibrio, Yangia, Roseobacter, Tenacibaculum, Bdellovibrio, Mameliella, Cognatishimia, and Pelagibaca, among others, were significantly enriched at the high-survival tanks, with Bacillus being the most abundant (Figures 6, 7). On the other hand, the genera Gilvibacter, Marinibacterium, Spongiimonas, Catenococcus, Sneathiella, and Escherichia, among others, were significantly enriched at the low-survival tanks (Figures 6, 7). Gilvibacter and Marinibacterium showed the largest effect size (LDA >2.0) at the low-survival tanks (Figure 6). Four ASVs differentially abundant at the high-survival tanks were also found in the probiotic samples (ASV-8, ASV-9, ASV-29, and ASV-52). These four ASVs were taxonomically identified as Bacillus (Figure 6 and Supplementary Figure 4). One ASV (ASV-73), differentially abundant at the high-survival tanks and identified as Bacillus, was not present in the probiotic samples (Figure 6 and Supplementary Figure 4). In addition, only one commercial probiotic sample (probiotic 1) did not report ASVs with significant abundance at the high-survival tanks.


[image: image]

FIGURE 6. Results of the differential abundance analysis using a linear discriminant analysis (LDA) effect size (LEfSe) of larvae collected from the high- and low-survival tanks affected with AHPND. The length of the bar represents the effect size (LDA cutoff = 2) of all the bacterial lineages at the genus level.
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FIGURE 7. Absolute abundance of ASV biomarkers at the genus level at the high- and low-survival tanks affected with AHPND.





DISCUSSION

Most studies on the P. vannamei microbiome have characterized the bacterial communities by comparing shrimp organs, diets, larval stages, culture systems, culture water and sediments, ecosystems, weight ranges, and stress conditions (Tzuc et al., 2014; Zhang M. et al., 2014; Zeng et al., 2017; Gainza et al., 2018; Huang et al., 2018; Zoqratt et al., 2018; Fan et al., 2019; Liu et al., 2019). Little study has been done on the shrimp microbiome under a sanitary approach, focusing primarily on juvenile stages (Chen et al., 2017; Cornejo-Granados et al., 2017). This study is part of a larger project that intends to discover effective probiotics for the control of AHPND in shrimp hatcheries. In this context, the main objectives of this study were to characterize the microbiome of P. vannamei larvae affected by AHPND in a commercial hatchery and to study the effect of the survival condition (high vs. low) on the microbiomes of larvae affected with AHPND to find biomarkers with the potential of being probiotics for a future AHPND control. For this reason, we did not use the control group (non-infected samples of larvae), as it would not indicate whether their microbiome would provide protection specifically for AHPND infection. The prevalence of AHPND was high and most tanks showed low survival at harvest. However, although a few AHPND-positive tanks with high survival at harvest were reported, a significant survival difference between the high- and low-survival tanks allowed the comparison of the microbiome between both the groups of samples.

We performed a description of the microbiome variability at four stages and compared two survival conditions. The Shannon diversity index was significantly lower at the low-survival tanks. ACE index at the M3 stage was significantly lower than the other stages at the low-survival tanks and lower than the same stage at the high-survival tanks. On the contrary, alpha-diversity indices were not different among stages at the high-survival tanks. Similar findings have been found by Xiong et al. (2018) and Wang Y. et al. (2020), who concluded that the success of a larval culture depends on the high bacterial diversity from the beginning of the host’s life. Also, the comparative analysis of the beta-diversity showed a significant difference in the microbiomes between both the survival conditions at M3, PL4, and PL7, but not at PL10. A plausible explanation for the difference in the microbiome structures at M3, PL4, and PL7 could be that the outbreak events occurred at the earlier stages, as larvae with symptoms of diseases were observed especially at PL4 and PL7. Samples collected at PL10, when the mortality stopped, could have been the survivors with a similar microbiome structure. Three top genera (Vibrio, Marinibacterium, and Gilvibacter) presented similar relative abundance in the high- and low-survival tanks at the end of the production cycle (PL10). However, Bacillus was less predominant in the low-survival tanks at PL10. In fact, Bacillus decreased over the time in the high-survival tanks. Another explanation could be that a different bacterial diversity is adhered to the dermis in the early larval stages, but through larval development, the digestive system is forming, the larvae are acquiring the necessary communities to their benefit and much of the dermal microbiome is lost, thus acquiring a more stable gut microbiome (Angthong et al., 2020; Wang H. et al., 2020; Wang Y. et al., 2020).

Pseudomonadota is the most abundant phylum reported for P. vannamei larvae and cultured water (Wang H. et al., 2020; Xue et al., 2020) for healthy and diseased larvae (Zheng et al., 2016). Pseudomonadota is also reported as abundant in P. vannamei juvenile shrimp (Xiong et al., 2015; Zeng et al., 2017) and wild and domesticated adult P. monodon (Rungrassamee et al., 2014). Bacteroidota is the second most abundant phylum reported for healthy larvae (Zheng et al., 2016) and juvenile P. vannamei (Wang et al., 2019) and water samples from healthy cultures (Xue et al., 2020). Bacillota is also reported but with a lower abundance in the P. vannamei larvae microbiome (Wang Y. et al., 2020) and healthy juvenile shrimp (Zeng et al., 2017; Wang et al., 2019; Restrepo et al., 2021). Our results are consistent with these observations of the highest dominance of Pseudomonadota at both the survival conditions, followed by a lower abundance of Bacteroidota and Bacillota. The Bacillota/Bacteroidota ratios of relative abundance were different between both the groups, with more than sevenfold higher ratio in the high-survival tanks (0.92) compared to the low ones (0.13) (Supplementary Table 3). The Bacillota/Bacteroidota ratio is an important index for several processes where the microbiota plays an important role in their host. Lower Bacillota/Bacteroidota ratios have been reported in the gut microbiome of P. vannamei with a low growth rate (0.06) compared to a normal (0.93) growth rate (Fan and Li, 2019). The latter ratio, which was similar to the value reported in this study for the high-survival tanks, has been explained by a better nutrient uptake in gut shrimp (Fan and Li, 2019). Bacillota could contribute to the energy storage of food by playing a role in the breakdown of polysaccharides. They have been reported in human and shrimp microbiota (Ley et al., 2006; Turnbaugh et al., 2006; Su et al., 2021). Bacillota and Bacteroidota also might contribute to the metabolism regulation to conserve energy during temperature changes, as higher ratios increase during temperature fluctuation. Bacillota is also one of the important bacterial groups for health and immunity in crustaceans (Duan et al., 2018; Foysal et al., 2019). Interestingly, we observed that the ratio Bacillota/Bacteroidota at the M3 stage was higher and exhibited more differences between the high (1.52) and low (0.09) survival tanks, which meant increase of 17-fold of the ratio Bacillota/Bacteroidota at the M3 stage at the high-survival tanks than the same stage at the low-survival tanks. Considering such a consistent pattern of decrease of the Bacillota/Bacteroidota ratio in the low-survival tanks, which was more intense at the M3 stage, it will be important to perform additional investigations to clarify the relation of both the taxa on shrimp health.

Rhodobacteraceae family is dominant and persistent in the digestive tract of juvenile and adult shrimp and adults. Therefore, it is considered vital in the search for probiotics (Xiong et al., 2018). We observed that Rhodobacteraceae was the dominant and ubiquitous family at all the larval stages. Specifically, the genera Yangia, Mameliella, Roseobacter, and Pelagibaca, which belong to this family, were significantly most enriched at the high-survival tanks. Mameliella is a genus involved in toxin degradation and production of metabolites, such as poly-β-hydroxybutyrate (PHB) that has beneficial effects on the immune response of P. vannamei (Duan et al., 2019, 2020). Roseobacter has been described as a suppressor of the growth of pathogenic vibrios in fish and its antibacterial effect against pathogens is enhanced by the presence of phytoplankton (Hjelm et al., 2004; Sharifah and Eguchi, 2011).

Some Vibrio species, such as V. harveyi, V. alginolyticus, and V. campbellii, are pathogenic for shrimp larvae (Karunasagar et al., 1994, 1998; Hameed, 1995; Robertson et al., 1998; Vandenberghe et al., 1998, 1999; Soto-Rodríguez et al., 2006; Haldar et al., 2011; Mirbakhsh et al., 2014; Hasan et al., 2017). Unexpectedly, the Vibrionaceae family was less abundant in larvae collected from the low-survival tanks. These results coincide with observations in diseased larvae (Zhang D. et al., 2014; Zheng et al., 2017) and AHPND-affected juvenile shrimp (Cornejo-Granados et al., 2017). Vibrio is the most important genus of the Vibrionaceae family in shrimp culture. It is ubiquitous in the marine environmental microbiome and, therefore, part of the shrimp culture. Moreover, Vibrio can be effective as a shrimp probiotic (Restrepo et al., 2021). Vibrio is abundant in nauplius and it is not considered a disease biomarker (Wang H. et al., 2020; Wang Y. et al., 2020). Consistently, three ASVs were enriched in the high-survival tanks (ASV-35, ASV-58, and ASV-164) and none in the low-survival tanks. In this study, we did not perform a reverse transcriptase quantitative PCR (RT-qPCR) analysis and, therefore, we could not quantify the expression of PirAB toxin genes. However, given the relevance of the AHPND control, it will important to investigate the relationship between expression of AHPND-causing bacteria and abundance and structure of other members of the Vibrionaceae family in the high- and low-survival tanks.

The Flavobacteriaceae family has been reported to be dominant in the microbiome of shrimp in metamorphosis (pre- and postlarvae) stages (Yan et al., 2020) and prevalent in culture water from zoea to early postlarvae stages (Xue et al., 2020). In this study, Flavobacteriaceae were more abundant at the earlier stages of M3 and PL4, especially at the low-survival tanks. After that, the abundances decreased reaching PL10. We found genera from this family at both the survival tanks meaning that the biomarker condition depends on the bacteria genus.

Bdellovibrio has been described to improve the growth and health of Scophthalmus maximus fish and P. monodon shrimp (Li et al., 2014; Cao et al., 2015). Also, it has the potential to reduce the biofilm formation of Vibrio (Guo et al., 2016), depredate pathogenic Vibrio of P. vannamei (Cao et al., 2020), and has been proposed as probiotics for P. vannamei shrimp (Kongrueng et al., 2017). Furthermore, in this study, an ASV assigned to the Bdellovibrio genus (ASV-112) was significantly more enriched in the high-survival tanks. Therefore, it is a potential candidate for shrimp probiotics, being necessary to resolve the taxonomic identification to a species level.

The Bacillus genus is widely described as an effective probiotic (Balcázar and Rojas-Luna, 2007; Tseng et al., 2009). Some Bacillus strains have significant inhibitory effects on pathogens and improve the resistance of P. vannamei shrimp in the presence of AHPND-causing bacteria (Kewcharoen and Srisapoome, 2019). Four ASVs found in the probiotic samples, taxonomically assigned as Bacillus, were also significantly enriched in the larva microbiota from the high-survival tanks. These ASVs were reported in three probiotic samples. The fourth probiotic did not show any ASVs significantly enriched in the high-survival tanks. The fact that the four Bacillus biomarkers from the probiotics were only detected in the high-survival tanks, despite the administration of probiotics at the same supplementation protocol in all the tanks, may suggest some synergic requirement of a bacteria consortium to obtain a successful performance.

The LEfSe analysis showed some genera and species that can be considered as biomarkers for improved survival after AHPND infection in shrimp hatcheries. However, biomarkers found in this study cannot be considered as healthy biomarkers as we did not perform a comparison with non-infected controls. Only 6 out of 64 tanks were AHPND negative and survival of these 6 tanks was low (32.2 ± 18.4%), indicating that they were not suitable as a control for non-infected successful tanks. Yangia pacifica, Mameliella alba, and Pelagibaca bermudensis, together with other two ASVs (ASV-20 and ASV-80), corresponding to the genera Roseobacter and Cognatishimia, belonging to the Rhodobacteraceae family, were significantly enriched in the high-survival tanks. On the other hand, the genus Gilvibacter has been reported as a biomarker associated at early stages (zoea 2) in P. vannamei larvae (Wang H. et al., 2020). In this study, this genus was significantly enriched in the low-survival tanks. To the best of our knowledge, there are no reports of the association of Gilvibacter with AHPND or any disease affecting P. vannamei. Therefore, it could be recommended to study this genus more closely.

The following evidence sufficiently supported the biomarkers associated with high and low survival in shrimp hatchery tanks: (a) larvae samples used for the microbiota comparison were collected from the two groups of tanks with a marked and significant difference in survival at harvest despite both the groups were AHPND positive, (b) alpha- and beta-diversity indices were significantly different between the high- and low-survival tanks, especially at M3 stage, and (c) Bacillota/Bacteroidota ratios were different between the high- and low-survival tanks. The survival levels reported at both the groups of tanks could depend on the presence or absence of the consortium of biomarkers shown by the LEfSe analysis. It suggests that the biomarkers found in the high-survival tanks could improve the performance of the production cycles. However, due to the high prevalence of AHPND in most tanks, the biomarkers identified for low survival also deserve special attention. This study constitutes the first characterization of the microbiome of the P. vannamei larval stages affected by AHPND in a commercial hatchery. The results provide new insights into the microbiome-host relations and contribute to the development of effective probiotics to prevent significant losses in AHPND-affected larvae. Most probiotics in shrimp culture are identified through in vitro antagonism screening, which overlooks many bacterial strains. Therefore, this analysis contributes with knowledge directed to different approaches of probiotic discovery based on the in vivo identification of prospective probiotics that include modes of action other than just antagonism. This is based on detecting the composition of the natural bacterial consortium present at high survival and the identification of their synergic interactions requirement to obtain a successful performance.
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Although toxic effects of microcystins (MCs) in mammals and fish have been extensively studied, the effects of MCs on the immune system and gut microbiota of amphibians have not received sufficient attention. As MCs cause general damage to the vertebrate liver and immune system and trigger an inflammatory response, and the gut microbiota is closely related to host metabolism and immunity, we speculated that MCs can cause changes in the immune system and gut microbiota of amphibians. To verify this, we examined the intestinal and liver injury of Xenopus laevis exposed to different microcystin-leucine-arginine (MC-LR) concentrations and the effects on the gut microbiota through high-throughput sequencing of 16S rDNA of the gut microbiota combined with histopathological analysis, enzyme activity determination, and qRT-PCR. Our results showed that MC-LR caused focal infiltration of inflammatory cells and increased the number of T cells and local congestion and vacuolization in X. laevis liver, but reduced the number, density, height, and regularity of villi. These liver and intestinal injuries became more obvious with an increase in MC-LR concentration. MC-LR significantly decreased the activities of malondialdehyde and alkaline phosphatase and the expression of TGF-β in the liver. Moreover, MC-LR significantly altered the gut microbiota of X. laevis. The relative abundance of Firmicutes and Bacteroidetes in high-concentration MC-LR groups was significantly reduced compared to that in low-concentration MC-LR groups, whereas Fusobacteria was significantly enriched. The metabolic gene composition of the gut microbiota in low-concentration MC-LR (≤5 μg/L) groups was significantly different from that in high-concentration MC-LR (≥20 μg/L) groups. These results deepen our understanding of the toxicity of MCs to aquatic organisms and assessment of the ecological risk of MCs in amphibians.

Keywords: Xenopus laevis, cyanotoxin, gut microbiota, inflammation, ecological security assessment


INTRODUCTION

With the rapid development of modern industry and agricultural production, a large amount of wastewater containing nitrogen, phosphorus, and other nutrients is discharged into natural water bodies, such as rivers and lakes, resulting in increased freshwater eutrophication and frequent blue-green algal blooms (BGAB) (Ni et al., 2010; Svirčev et al., 2019). Additionally, global warming intensifies nutrient runoff and plays an important role in the occurrence and expansion of BGAB (Paerl et al., 2011; Michalak et al., 2013; Paerl and Otten, 2013). The intensity, frequency, and duration of harmful BGAB have increased worldwide (Huisman et al., 2018; Ho et al., 2019). Many blue-green algae produce cyanotoxins (Banerjee et al., 2021), which accumulate in natural water after BGAB. For instance, the average concentration of microcystins (MCs) was 11.8 μg/L (maximum concentration, 35.8 μg/L) during BGAB in Gonghu Bay, Taihu Lake, China, in 2008 (Wang et al., 2010). The peak concentration of microcystin-leucine-arginine (MC-LR) during BGAB in 2005 was 40.6 μg/L in typical artificial ponds in the Yangtze River Delta of China (Hu et al., 2018). According to the guidelines of the World Health Organization, the maximum acceptable concentration of MC-LR in drinking water is 1.0 μg/L and tolerable daily intake is 0.04 μg/kg body weight (World Health Organization, 1998). MCs can be transferred along the food chain and undergo biomagnification (Banerjee et al., 2021), thereby posing health risks to aquatic organisms, wild animals, livestock, and humans (Xiang et al., 2019). Therefore, BGAB in eutrophic water have become a major environmental and health problem worldwide (Yang et al., 2020).

MCs are the most common toxins produced by BGAB. To date, more than 240 subtypes of MCs have been reported, with MC-LR being the most common and toxic among all (Meriluoto et al., 2017). MC toxicity is organ-specific, with the liver being the most important target organ (Sun et al., 2014). Acute exposure to MCs can lead to hepatomegaly, bleeding, and even death in animals and humans, whereas long-term exposure can lead to chronic liver injury and inflammation (Massey et al., 2018). The main mechanism involves regulation of liver parameters and immunosuppression by inhibiting the production of interferon and synthesis of cytokines (Palikova et al., 2013). Inhibition of protein phosphatases (types 1 and 2A) damaged the liver, affected the redox system, and caused cellular inflammation after acute or chronic exposure (Harke et al., 2016). Moreover, MCs can damage other organs through blood circulation, and their toxic effects include apoptosis induction, cytoskeleton destruction, DNA damage, inflammation, necrosis, and oxidative stress (Liu and Sun, 2015; Zhou et al., 2015). For instance, MCs caused oxidative stress in the kidney and damaged its structure and function (Li et al., 2013). In addition, they caused oxidative stress, damage, and disruption of sex hormone levels in gonad tissues, leading to the destruction of germ cell skeleton, apoptosis, and tumor induction (Chen et al., 2013), and showed toxic effects in immune organs such as thymus and spleen, thereby affecting the immune function (Lone et al., 2016). Moreover, they could pass through the blood-brain barrier and caused functional damage to the nervous system (Kist et al., 2012). After intraperitoneal injection of MC-LR for 24 h and 90 min in Sprague-Dawley rats and Balb/c mice, respectively, significant increase in renal weight, filling of glomerular capillaries with eosinophilic fibrous substances, and moderate vacuolation of the proximal tubular epithelium along with slight dilation of tubules were observed (Hooser et al., 1989). After 13 days of acute exposure to 10 μg/kg MC-LR, the serum urea nitrogen, creatinine, and malondialdehyde (MDA) levels in male Kunming mice increased significantly (Xu, 2005). When tilapia were continuously exposed to 120 μg/kg MC-LR for 7 days, the activity of catalase (CAT), SOD, glutathione (GSH), and GR in the kidney was decreased significantly, and the dynamic redox balance was destroyed (Prieto et al., 2008). The hepatotoxicity experiments of chronic and subchronic exposure to MCs showed that chronic MC-LR immersion and exposure significantly changed the protein expression and metabolic profile of zebrafish liver through abnormal mitochondrial function, impaired aerobic respiration, interference of energy metabolism, and endoplasmic reticulum stress, eventually leading to lipid metabolism disorder (Chen L. et al., 2017). Chronic low-dose MC-LR exposure for 3 months resulted in abnormal lipid metabolism in the liver and serum of mice as well as inhibition of fatty acid β-oxidation and liver lipoprotein secretion, promoting the occurrence of liver inflammation and causing non-alcoholic steatohepatitis (He et al., 2017). However, to date, most studies on eco-toxicological risks of MCs have focused on mammals and fish (Chen et al., 2016).

Amphibians play an important role in the food web. Due to their complex life history and high skin permeability, they are more vulnerable to environmental pollution than other vertebrates (Wang et al., 2019). With amphibians being at a high level in the aquatic food chain, they have been facing a great threat of population decline and extinction in recent years. In addition to chytridiomycosis, exposure to chemical pollutants in their habitats has become the main reason for their population decline (Voyles et al., 2009; Bletz et al., 2017; Xie et al., 2019). Exposure to 2 μg/L MC-LR seriously damaged the gut tissue of Lithobates catesbeianus tadpoles accompanied by inflammation (He et al., 2022). MC-LR (1 μg/L) induced apoptosis in male Rana nigromaculata testicular cells through mitochondrial and endoplasmic reticulum pathways (Zhang et al., 2013a). Exposure of L. catesbeianus to 1 μg/L MC-LR for 7 days resulted in multiple organ toxicity, endocrine disorder, and impaired reproductive function (Zhang et al., 2013b; Jia et al., 2018). Prolonged exposure to BGAB (equivalent to approximately 1 μg/L MCs) caused obvious oxidative damage in the liver of Pelophylax kl. esculentus (Gavrilović et al., 2021). Although the gut microbiota plays an important role in amphibian digestion (Chang et al., 2016), detoxification (Zhang W. et al., 2016), development and immunity (Dawood and Koshio, 2016), and environmental adaptation (Bletz et al., 2017), the effects of MCs exposure on the expression of immune factors and composition and metabolic characteristics of the gut microbiota in amphibians have not been sufficiently studied.

Since MC-LR exposure causes an overall damage to the liver and immune system of vertebrates and triggers an inflammatory response, and gut microbiota is closely related to host metabolism and immunity, we hypothesized that MC-LR exposure might cause changes in the liver immunity and the structure and metabolic characteristics of amphibian gut microbiota, which could increase with the increase in MC-LR exposure concentration. To verify this hypothesis, we examined the intestinal and liver injury of Xenopus laevis under different MC-LR exposure conditions, and their effects on the structure and metabolic characteristics of the gut microbiota through high-throughput sequencing of 16S rDNA of the gut microbiota combined with histopathological analysis of the intestine and liver, and determination of liver enzyme activities and transcriptional regulation of inflammatory factors.



MATERIALS AND METHODS


Experimental Design and Sample Collection

The study proposal was reviewed and approved by the Animal Ethics Committee of the Qilu Normal University. Synchronously developed X. laevis tadpoles at the 49th stage were purchased from Nasco (Fort Atkinson, WI, United States). They were raised in Steinberg’s medium until metamorphosis into young frogs. MC-LR exposure experiment was carried out on day 120 after fertilization. Sixty synchronously developed young frogs were randomly divided into 10 aquariums (capacity, 15 L) with each aquarium having six frogs and 3 L of Steinberg’s medium containing different concentrations of MC-LR (0, 1, 5, 20, and 50 μg/L, indicated by C0, C1, C5, C20, and C50, respectively). Two parallel aquariums were set for each MC-LR concentration. One-third volume of Steinberg’s medium was replaced every 2 days with new medium containing corresponding concentration of MC-LR. Frogs were cultured at the Amphibian Breeding Laboratory of Qilu Normal University under the following conditions: temperature, 23 ± 1°C; humidity, 55 ± 5%; and 12 h/12 h light-dark cycle. After 8 weeks of exposure to MC-LR (Figure 1), three frogs were randomly collected from each aquarium, sacrificed, and fixed on an anatomical plate. Their abdominal cavities were immediately opened (approximately 1 cm in the middle) to collect the liver and intestine, which were divided into two parts: one part was washed with phosphate buffer and fixed in 10% formalin for tissue sectioning, and the other was stored at –80°C for RT-PCR, enzyme activity determination, and sequencing. At week 4 and 8 of the experiment, 500 mL of culture water was collected from each aquarium to monitor physicochemical factors.
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FIGURE 1. Framework shows the experimental design of the study.


MC-LR used in this study was purchased from Taiwan Algal Science Inc. Its purity (≥95%) was analyzed using high-performance liquid chromatography (HPLC; LC-10A; Shimadzu Corporation, Nakagyo-ku, Kyoto, Japan) (Moreno et al., 2004). Kits for GSH, MDA, CAT, and alkaline phosphatase (AKP) were purchased from Nanjing Jiancheng Bioengineering Institute (Nanjing, China). All other reagents were purchased from standard commercial suppliers.



Histological, Morphological, and Immunohistochemical Analysis

Liver and gut tissues were fixed in 10% neutral buffered formalin, routinely processed, embedded in paraffin wax, sectioned (thickness, 4 μm), and stained with hematoxylin and eosin (H&E). Histopathological assessment was conducted using Pannoramic DESK + Pannoramic Scanner (3DHistech Ltd., Hungary). CD4 immunofluorescence was performed to determine the distribution of T cells in the liver and gut of X. laevis (Yamagami et al., 2011).



Determination of Liver Enzyme Activities

To detect the levels of antioxidant and oxidative stress-related markers, liver tissues were homogenized in sterile normal saline in an ice bath and centrifuged at 2,500 rpm for 20 min at 4°C to collect the supernatant. Each exposure group had three biological replicates. The levels of GSH, MDA, CAT, and AKP in the supernatant were determined using commercially available kits, according to the manufacturer’s instructions (Nanjing Jiancheng, China). Coomassie brilliant blue staining was used to determine the protein content of each intestinal tissue sample (Bradford, 1976).



qRT-PCR of Liver Immune-Associated Factors

Total RNA was isolated from liver samples using One-step RT-PCR Kit (Accurate Biology, Hunan, China), according to the manufacturer’s protocol. Total RNA concentration was determined using NanoDrop One spectrophotometer (Thermo Fisher Scientific, United States). Then, 1 μg of total RNA was reverse-transcribed into cDNA using oligo-dT primers. qRT-PCR was performed to analyze gene expression using SYBR Green Premix Pro Taq HS qPCR Kit (Accurate Biology, Hunan, China). Transcriptional levels of the target genes were normalized against that of glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Primers (Table 1) for target genes were designed using Oligo 7.0. Primer synthesis and qRT-PCR amplification reaction conditions were consistent with those reported in our previous study (Li et al., 2022).


TABLE 1. Primer sequences used for qRT-PCR.
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Gut Microbiota DNA Extraction and High-Throughput Sequencing

Gut microbiota DNA was extracted using PowerFecal DNA kit, as previously described (Li et al., 2022). The V4-V5 hypervariable region of 16S rDNA was amplified using the primer pair 515F/909R and sequenced using Illumina MiSeq system at Guangdong Meilikang Bio-Science Ltd., China, as previously described (Xiang et al., 2018).

Raw reads were merged using FLASH 1.2.8 software (Magoc and Salzberg, 2011) and processed using QIIME 1.9.0 pipeline (Caporaso et al., 2010), as previously described (Xiang et al., 2018; Li et al., 2022). LEfSe analysis was used to determine differences in the dominant genera (Segata et al., 2011). Functional profiles of the gut microbiota were predicted by phylogenetic investigation of communities through reconstruction of unobserved states (PICRUSt; Langille et al., 2013).



Data Analysis

Data are presented as the mean ± standard error (SE) for each group. One-way analysis of variance (ANOVA) along with Tukey-Kramer post-hoc test was conducted using R 2.5.1. Non-parametric multivariate analysis of variance (PERMANOVA) was performed using the R vegan package (Dixon, 2003). Principal coordinates analysis (PCoA) was conducted using QIIME 1.9.0 pipeline. Principal component analysis (PCA) was conducted using STAMP software (Parks et al., 2014). Heatmap profiles were obtained using R pheatmap package. Differences were considered statistically significant at p < 0.05.




RESULTS


Effect of Microcystin-LR on Histomorphology and Immunohistochemistry of the Intestine and Liver of Xenopus laevis

The liver tissues of the C0 X. laevis group were evenly stained. The shape and size of hepatocytes were consistent and regularly arranged. The cytoplasm was vacuolar, and no obvious inflammation was observed (Figure 2A). The liver tissues of the C1 group treated with 1 μg/L MC-LR showed multiple focal infiltrations of inflammatory cells (indicated by red arrows, Figure 2B). In the C5 (5 μg/L MC-LR), C20 (20 μg/L MC-LR), and C50 (50 μg/L MC-LR) groups, a large number of focal infiltrations of inflammatory cells was observed in the liver tissues (indicated by red arrows, Figures 2C–E). Moreover, in the C20 and C50 groups, local congestion was observed in the liver tissues (indicated by blue arrows, Figures 2D,E). These results indicate that the liver congestion and inflammation increased with an increase in MC-LR concentration.
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FIGURE 2. Liver microstructural changes of Xenopus laevis exposed to different concentrations of MC-LR. (A–E) Indicate the liver micrographs of Xenopus laevis exposed to 0, 1, 5, 20, and 50 μg/L MC-LR, respectively. Red and blue arrows indicate focal infiltration of inflammatory cells and congestion, respectively.


In the C0 group, the intestinal villi were abundant and highly consistent. The epithelial structure of the mucosal layer was complete. The morphological structure of the epithelial cells was normal and closely arranged, with no obvious inflammation in the lamina propria (Figure 3A). In the C5, C20, and C50 groups, the number, density, and regularity of intestinal villi decreased, and cytoplasmic vacuolization (indicated by black arrow, Figure 3) and gaps between the base and villi appeared locally (indicated by green arrows, Figure 3). With an increase in MC-LR concentration, these intestinal injuries became more obvious. Moreover, the intestinal villus height in the MC-LR-exposed groups decreased with an increase in MC-LR concentration, and the values for the C20 and C50 groups were significantly different compared with the control group (C0) (P < 0.05; Figure 3F).
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FIGURE 3. Intestinal microstructural changes of Xenopus laevis exposed to different concentrations of MC-LR. (A–E) Indicate the intestinal micrographs of Xenopus laevis exposed to 0, 1, 5, 20, and 50 μg/L MC-LR, respectively. (F) Intestinal villus height. Green and black arrows indicate the gap between the base and villi and vesicular vacuolization, respectively. Numbers after the letter C in the group names indicate MC-LR concentrations. Different letters above boxes indicate significant differences between the groups (P < 0.05).


CD4 immunofluorescence of the liver T cells showed that the number of T cells in the liver increased with an increase in MC-LR concentration, and there were significant differences among the groups (P < 0.05; Supplementary Figure 1).



Effect of Microcystin-LR on Liver Enzyme Activity

MDA level in the liver of X. laevis in the C0 group was 4.97 ± 0.24 nmol/mgprot. In the C1, C5, C20, and C50 groups, the levels were significantly lower (2.71 ± 0.12, 1.68 ± 0.11, 3.15 ± 0.19, and 3.41 ± 0.57 nmol/mgprot, respectively; P < 0.05; Supplementary Figure 2) than that in the C0 group.

GSH content in the C0 group was 38.49 ± 4.82 μmol/gprot; the content increased in the C5, C20, and C50 groups (59.83 ± 4.38, 44.61 ± 3.49, and 62.62 ± 1.22 μmol/gprot, respectively), but not in the C1 group (35.92 ± 2.19 μmol/gprot). Moreover, there were significant differences in GSH content in the liver among all groups (P < 0.05; Supplementary Figure 2B) except between the C0 and C1, C0 and C20, C1 and C20, and C5 and C50 groups.

CAT activity in the C0 liver was 44.62 ± 0.26 U/mgprot, and the activity increased with an increase in MC-LR concentration (45.23 ± 0.28, 53.73 ± 0.55, and 63.73 ± 0.35 U/mgprot in the C1, C5, and C50 groups, respectively), except the C20 group (30.80 ± 0.66 U/mgprot). Except between the C0 and C1 groups, there were significant differences in CAT level in the liver among groups (P < 0.05; Supplementary Figure 2C).

AKP activity in C0 liver was 304.68 ± 2.61 U/gprot, whereas it was significantly lower in the liver of C1, C5, C20, and C50 groups (53.39 ± 0.66, 116.32 ± 6.52, 138.91 ± 1.29 and 105.53 ± 2.04 U/gprot, respectively; P < 0.05; Supplementary Figure 2D).



Effect of Microcystin-LR on Transcriptional Levels of Inflammatory Factors

Transcriptional levels of TNF-α and IL-8 in the C1, C5, C20, and C50 groups were 0.35, 0.13, 0.93, and 2.46 times and 0.67, 0.70, 2.58, and 8.79 times that of C0 (Figures 4A,B), respectively. Transcriptional level of TNF-α and IL-8 first decreased and then increased with an increase in MC-LR concentration. Treatment with low concentrations of MC-LR (1 and 5 μg/L) significantly reduced their transcription, whereas treatment with a high concentration of MC-LR (50 μg/L) significantly increased their transcription (P < 0.05; Figures 4A,B). The transcriptional levels of TGF-β in the liver of the C1, C5, C20, and C50 groups were 0.37, 0.32, 0.57, and 0.77 times that of C0 (Figure 4C), which was significantly lower than that of the control (C0), and there were significant differences among the groups except between the C1 and C5 groups (P < 0.05; Figure 4C).
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FIGURE 4. Changes in inflammatory factor gene expression in Xenopus laevis liver under different MC-LR concentration treatments. (A) TNF-α. (B) IL-8. (C) TGF-β. Numbers after the letter C in the group names indicate MC-LR concentrations. Different letters above the bars indicate significant differences between data.




Effects of Microcystin-LR on the Gut Microbiota Structure and Metabolic Characteristics

To analyze the effect of MC-LR on the gut microbiota of X. laevis, we sequenced 16S rRNA gene amplicons of 30 samples from the five groups (six samples in each group), and a total of 1,866,575 effective sequences were obtained. To eliminate the influence of sequencing depth on the results, 27,580 sequences were randomly resampled from each sample for subsequent analysis. A total of 25,781 operational taxonomic units (OTUs) were identified. PCoA results based on the weighted UniFrac distances showed that the samples treated with different MC-LR concentrations were clustered into five distinct groups according to MC-LR concentration (PERMANOVA, F = 2.640, P = 0.030; Figure 5A). OTU numbers of the gut microbiota in the C5, C20, and C50 groups were significantly higher than those in the C0 and C1 groups, which caused the Goods’ coverage of the gut microbiota in the C5, C20, and C50 groups to be significantly lower than those in the C0 and C1 groups (Table 2). With an increase in MC-LR concentration, the Shannon index of the gut microbiota first increased and then significantly decreased (Table 2). The Chao1 indices of the gut microbiota in the C20 and C50 groups were significantly higher than those in the C0, C1, and C5 groups, whereas the Simpson indices of the gut microbiota in the C20 and C50 groups were significantly lower than those in the C0, C1, and C5 groups (Table 2). These results implied that the presence of MC-LR in aquatic habitats significantly changed the structure of X. laevis gut microbiota, and with an increase in MC-LR concentration, α-diversity of the gut microbiota changed. Moreover, our results showed that the OTU number, Goods’ coverage, and Shannon index were more sensitive than Simpson and Chao1 indices in characterizing the change in α-diversity of X. laevis gut microbiota.
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FIGURE 5. Changes in the gut microbiota composition of Xenopus laevis exposed to different MC-LR concentrations. (A) Principal coordinates analysis profile of the gut microbiota composition. (B) Dominant phyla of the gut microbiota. (C) Significant differences of the dominant phyla of the gut microbiota. (D) Cladogram showed the significantly different taxa of the gut microbiota. Numbers after the letter C in the group names indicate MC-LR concentrations. Different letters above boxes indicate significant differences between the groups (P < 0.05).



TABLE 2. Changes in alpha-diversity indices of Xenopus laevis gut microbiota exposed to different concentrations of MC-LR.
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Except a few sequences that could not be divided into any phyla, the other sequences were divided into 64 phyla, and Firmicutes, Bacteroidetes, Fusobacteria, Proteobacteria, Tenericutes, Actinobacteria, and Cyanobacteria dominated the gut microbiota (Figure 5B). The relative abundance of Firmicutes and Bacteroidetes in the C20 and C50 groups was significantly lower than that in the C0, C1, and C5 groups, whereas the relative abundance of Fusobacteria was significantly higher. There were also significant differences in other dominant phyla among the groups (Figure 5C). At the genus level, 1046 genera were detected, of which 66 dominated the microbiota. LEfSe results showed significant differences in all dominant genera that could be determined at the genus level. Epulopiscium, Anaerotruncus, and Butyricicoccus were significantly enhanced in the C0 group; Bacteroides, Parabacteroides, PW3, Rikenella, Dorea, Robinsoniella, Anaerorhabdus, Coprobacillus, and Treponema were significantly enhanced in C1; Synechococcus, Mucispirillum, Christensenella, Clostridium, Oscillospira, Ruminococcus, Eubacterium, Fusobacterium, Rhodobacter, Limnohabitans, Polaromonas, Polynucleobacter, Bilophila, Desulfovibrio, Acinetobacter, Pseudoalteromonas, Vibrio, and Mycoplasma were significantly enhanced in C5; Clavibacter, Cetobacterium, and Citrobacter were significantly enhanced in C20; and Flavobacterium and Acetobacterium were significantly enhanced in C50 (Figures 5D, 6A).
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FIGURE 6. Heatmap profile shows significantly different dominant genera between Xenopus laevis gut microbiota with different environmental MC-LR contents (A) and the correlation of these genera with TNF-α, IL-8, and TGF-β (B). *p < 0.05; **p < 0.01; ***p < 0.001.


Pearson correlation analysis results showed that Parabacteroides and Ruminococcus significantly positively correlated with TNF-α, IL-8, and TFG-β; Bacteroides, Rikenellaceae PW3, Dorea, Fusobacterium and Desulfovibrio significantly positively correlated with TNF-α and IL-8; Flavobacterium and Cetobacterium significantly negatively correlated with TNF-α and IL-8; Rikenella and Eubacterium significantly positively correlated with TNF-α and TFG-β; Mucispirillum, Anaerorhabdus and Coprobacillus significantly positively correlated with TFG-β; and Epulopiscium significantly negatively correlated with TFG-β (Figure 6B).

The prediction results of the metabolic characteristics of X. laevis gut microbiota showed significant changes due to MC-LR exposure. Metabolic characteristics of the gut microbiota exposed to low concentrations of MC-LR (≤5 μg/L) were clearly distinguished from those exposed to high concentrations of MC-LR (≥20 μg/L) (PERMANOVA, F = 1121.7, P = 0.005; Figure 7), and analyses based on the KEGG metabolic subfamilies also exhibited similar results (Supplementary Figures 3–7). Regarding lipid metabolism, high-concentration MC-LR (≥20 μg/L) exposure significantly reduced the relative abundance of genes involved in sphingolipid metabolism and primary bile acid, secondary bile acid, and steroid hormone biosynthesis, whereas it significantly increased the relative abundance of genes involved in ether lipid, glycerolipid, arachidonic acid, and fatty acid metabolism; biosynthesis of unsaturated fatty acids; and synthesis and degradation of ketone bodies (Supplementary Figure 3). Regarding carbohydrate metabolism, high-concentration MC-LR (≥20 μg/L) exposure significantly reduced the relative abundance of genes involved in fructose, mannose, amino sugar, nucleotide sugar, galactose, starch, and sucrose metabolism and pentose and glucuronate interconversions, whereas it significantly increased the relative abundance of genes involved in glycolysis and gluconeogenesis; citrate cycle; and butanoate, propanoate, C5-branched dibasic acid, glyoxylate, dicarboxylate, inositol phosphate, and pyruvate metabolism (Supplementary Figure 4). Regarding energy metabolism, high-concentration MC-LR (≥20 μg/L) exposure significantly reduced the relative abundance of genes involved in methane metabolism but significantly increased the relative abundance of genes involved in nitrogen and sulfur metabolism (Supplementary Figure 5). Notably, high-concentration MC-LR (≥20 μg/L) exposure exhibited the opposite effect on the relative abundance of genes involved in carbon fixation in prokaryotes and photosynthetic organisms (Supplementary Figure 5). With respect to glycan biosynthesis and metabolism, high-concentration MC-LR (≥20 μg/L) exposure significantly reduced the relative abundance of genes involved in peptidoglycan and glycosphingolipid biosynthesis and glycosaminoglycan degradation, whereas it significantly increased the relative abundance of genes involved in lipopolysaccharide, N-glycan, and lipopolysaccharide biosynthesis, and glycosyltransferases (Supplementary Figure 6). In amino acid metabolism, 1 μg/L MC-LR significantly increased the relative abundance of amino acid-related enzyme genes in the gut metagenomes of X. laevis, whereas the relative abundance of these genes decreased significantly with an increase in MC-LR concentration (Supplementary Figure 7B). High-concentration MC-LR (≥20 μg/L) exposure significantly reduced the relative abundance of genes involved in histidine, arginine, and proline metabolism and lysine biosynthesis, whereas it significantly increased the relative abundance of genes involved in tryptophan, cysteine, methionine, phenylalanine, and tyrosine metabolism and lysine, valine, leucine, and isoleucine degradation (Supplementary Figure 7B).
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FIGURE 7. PCA profile based on metabolic characteristics of Xenopus laevis gut microbiota treated with different MC-LR concentrations. Numbers after the letter C in the group names indicate MC-LR concentrations.





DISCUSSION

Liver is one of the most important target organs of MCs (Sun et al., 2014). Acute toxicity of MCs destroys the structure and causes swelling, aggregation, and necrosis of hepatocytes (Yoshida et al., 1997). When cells are necrotic, integrity of the cell membrane is destroyed and the contents are released, causing an inflammatory reaction. MC-LR caused marked histopathological damage to mouse liver tissues, including lymphocyte infiltration and lipid vacuole accumulation (Fawell et al., 1999). In this study, MC-LR induced accumulation of lipid vacuoles in X. laevis liver, which is consistent with the results reported by Gupta et al. (2003). Moreover, accumulation became more obvious with an increase in MC-LR concentration. T lymphocytes are mainly responsible for cellular immune functions (Zapata et al., 2006). The present study showed that the number of T cells in X. laevis liver increased with an increase in MC-LR concentration in aquatic environment, and there were significant differences among the groups (P < 0.05). These results indicated that the severity of liver damage and inflammation caused by MC-LR exposure increased with an increase in MC-LR concentration.

MC-LR caused severe erosion of the intestinal villi, decrease in goblet cell size, and partial loss of microvilli (Ito et al., 2000). MC-LR also induced the release of the inflammatory cytokine TNF-α (Christen et al., 2013), altered cell membrane fluidity, and dysregulated intestinal membrane enzyme activity (Moreno et al., 2003). Moreover, the intestinal villi of zebrafish treated with MC-LR were damaged along with epithelial cell shedding and extensive cytolysis (Chen et al., 2016). In this study, our results showed that MC-LR exposure reduced the number, height, and regularity of intestinal villi as well as resulted in gap between the base and villi in X. laevis. With an increase in MC-LR concentration, these intestinal injuries became more obvious.

MC-dependent injuries of the liver (Massey et al., 2018), kidney (Li et al., 2013), intestine (Moreno et al., 2003), gonad (Zhao et al., 2018), and nervous system (Kist et al., 2012) are accompanied by oxidative stress. To protect the body from oxidative stress, the antioxidant defense system scavenges excessive ROS free radicals through antioxidant enzymes and non-enzymatic antioxidants such as total superoxide dismutase and GSH. GSH level was significantly increased in the intestine of Xenopus tropicalis treated with 0.5 μg/L MC-LR, whereas it was significantly decreased in the intestine treated with 2 μg/L MC-LR (Li et al., 2020). MDA level and enzyme activity and transcriptional levels of the antioxidants CAT were increased in zebrafish ovaries injected with MC-LR (Qiao et al., 2013), indicating the occurrence of oxidative stress. Our results showed that GSH content was significantly increased in the liver of X. laevis treated with 5, 20, and 50 μg/L MC-LR, but not in those treated with 1 μg/L MC-LR. These results indicate that low concentration of MC-LR improved detoxification ability of the antioxidant defense system in X. laevis intestine. However, exposure to a high concentration of MC-LR decreased the ability of the antioxidant defense system in X. laevis intestine. MC-LR exposure caused an initial increase and then decrease in the activity of AKP in the hepatopancreas of Penaeus vannamei (Chen Y. Y. et al., 2017). In this study, similar changes were observed for CAT content in X. laevis liver. Except the group exposed to 20 μg/L MC-LR, CAT content increased with an increase in MC-LR concentration in the other groups. However, in contrast, MDA and AKP contents in X. laevis liver exposed to MC-LR were significantly decreased compared with the control (P < 0.05; Supplementary Figure 2). This was probably because the responses of different species to MC-LR vary based on their toxicity sensitivities, and the mechanism remains to be further investigated.

TNF-α, IL-1β, and IL-8 are important markers of inflammatory responses, and their upregulation is usually associated with inflammatory diseases (Papadakis and Targan, 2000), whereas IL-10, TGF-β, and other anti-inflammatory cytokines inhibit the production of pro-inflammatory cytokines and prevent inflammation (Chen and Manning, 1996). In this study, the expression of TNF-α and IL-8 in X. laevis liver first decreased and then increased with an increase in MC-LR exposure concentration, and their expression in X. laevis liver exposed to low-concentration MC-LR (1 and 5 μg/L) was significantly reduced, whereas their expression in X. laevis liver exposed to high-concentration MC-LR (50 μg/L) was significantly increased comparing to healthy control (P < 0.05; Figures 4A,B). After MC-LR exposure, the expression of TGF-β, an anti-inflammatory factor, was significantly lower than that of the control group (P < 0.05; Figure 4C), which was consistent with previous reports (Li et al., 2019; Ding et al., 2021). These results implied that MC-LR stimulated the release of pro-inflammatory cytokines and induced an inflammatory response, and high concentrations of MC-LR are immunotoxic to X. laevis.

The effect of MC-LR on the gut microbiota diversity remains controversial. Zhang et al. (2021) reported that MC-LR altered the gut microbial composition of freshwater crayfish (Procambarus clarkii), reducing its richness and diversity. In contrast, Chen et al. (2015) reported that MC-LR increased microbiota richness in mouse cecum and colon. Our results showed that OTU numbers of the gut microbiota in the C5, C20, and C50 groups were significantly higher than those in the C0 and C1 groups, which caused the Good’s coverage of the gut microbiota in the C5, C20, and C50 groups to be significantly lower than those in the C0 and C1 groups. The Chao1 indices of the gut microbiota in the C20 and C50 groups were significantly higher than those in the C0, C1, and C5 groups. With an increase in MC-LR concentration, the Shannon index of the gut microbiota first increased and then significantly decreased, whereas the Simpson indices of the gut microbiota in the C20 and C50 groups were significantly lower than those in the C0, C1, and C5 groups. It was speculated that the variation in results might be attributed to differences in species, administration methods, or MC-LR doses.

As a key factor in the regulation of the immune system, the gut microbiota is a rich source of pro-inflammatory factors (Cani et al., 2007; Li et al., 2020). MC-LR probably induced inflammation of the peripheral tissues by changing the composition of the gut microbiota, resulting in lipid metabolism disorder (Zhang Z. Y. et al., 2016). Local expansion of Fusobacteria activates the host inflammatory response and affected the barrier functions (Kostic et al., 2013), and Proteobacteria are mainly responsible for the utilization of amino acids in the intestine and regulation of intestinal inflammation (Shin et al., 2015). Actinobacteria, one of the four most abundant phyla in the gut microbiota, play an important role in the steady-state regulation of the intestinal barrier (Binda et al., 2018). In our study, Fusobacteria, Proteobacteria, and Actinobacteria were detected as dominant phylums in the gut of X. laevis (Figure 5B). The relative abundance of Fusobacteria in the gut microbiota of the C20 and C50 groups was significantly higher than that in the C0, C1, and C5 groups. The previous study has shown that subacute MC-LR treatment impairs the diversity of Bacteroidetes (Chen et al., 2015), and metagenomic analyses of mouse gut microbiota revealed that MC-LR exposure increased abundant ratio of Firmicutes vs. Bacteroidetes in the gut (Zhang Z. Y. et al., 2016). Interestingly, we found that the relative abundance of Firmicutes and Bacteroidetes in the C20 and C50 groups were significantly lower than those in the C0, C1, and C5 groups in X. laevis with subchronic MC-LR exposure. We speculate that it could be attribute to differences in route and magnitude of exposure to the toxin. Additionally, significant differences were observed in Tenericutes and Cyanobacteria abundance among the groups (Figure 5C). The above results suggest that the changes in X. laevis gut microbiota caused by different concentrations of MC-LR are potentially correlated with host inflammation.

As one of the most important symbiotic conditional fish pathogens widely distributed in freshwater, Flavobacterium columnare affects the health status of wild and cultured fish and causes profound loss in aquaculture (Arias et al., 2004; Suomalainen et al., 2009). Highly toxic strains of F. columnare caused death of silver salmon fry (Oncorhynchus kisutch) within 24 h (Rucker et al., 1953). The expression levels of IL-1β and IL-6 in mouse brain were positively correlated with the abundance of Flavobacterium (Szyszkowicz et al., 2017). This indicates that the abundance of Flavobacterium reflects the inflammatory status of the host. Simultaneously, as a gram-negative bacterium, an increase in its abundance aggravates the level of lipopolysaccharide (LPS) and inflammatory responses (Cani et al., 2007). In this study, Flavobacterium was identified as a dominant genus and was significantly enriched in the gut microbiota of X. laevis exposed to 50 μg/L MC-LR. These results indicated that 50 μg/L MC-LR exposure severely damaged the structure and increased inflammation of the gut microbiota of X. laevis.

Vibrio is the main bacterial pathogen in patients with acute diarrhea (Wang et al., 2021). Bilophila and Ruminococcus gnavus are pathogens that cause inflammatory bowel disease (IBD) (Hall et al., 2017). R. gnavus contributed to significant upregulation of oxidative stress-related pathways in the gut microbiota of patients with IBD (Kumar et al., 2016; Hall et al., 2017). Pseudoalteromonas was positively correlated with the occurrence of asthma, rhinitis, and rhinoconjunctivitis. This is probably because Pseudoalteromonas produces cyclodigiosin hydrochloride, an immunosuppressant that inhibits the proliferation of T cells. Immunosuppression overactivates the type 2 response, which in turn increases the risk of allergies and asthma (Spellberg and Edwards, 2001). Acinetobacter is a common opportunistic pathogen that causes serious infections (Munoz-Price and Weinstein, 2008). Increased Clostridia levels are associated with inflammation (Pearson-Leary et al., 2019). An increase in the abundance of Desulfovibrio is closely related to metabolic diseases (Petersen et al., 2019). Fusobacterium induced inflammation through TNF-α and NF-κB in an in vitro cultured colorectal cancer cell line (Salvucci et al., 2021). In steatosis, steatohepatitis, and hepatocellular carcinoma, the abundance of Mucispirillum increases with an increase in the degree of inflammation (Zhang et al., 2021). In this study, Mucispirillum, Clostridium, Ruminococcus, Fusobacterium, Bilophila, Desulfovibrio, Acinetobacter, Pseudoalteromonas, and Vibrio were significantly enriched in the C5 group, indicating that 5 μg/L MC-LR exposure caused a large number of pathogenic bacteria to colonize the gut microbiota of X. laevis and produce a series of pro-inflammatory reactions. Bacteroides reduced the L-glutathione-to-glutathione ratio and hepatocyte apoptosis, and alleviated liver injury by inhibiting the expression of CD95 and CD95/CD95L signaling in mouse hepatocytes (Wang et al., 2022). Short-chain fatty acids produced by Rikenella improved the intestinal barrier by promoting cell differentiation and tight junctions (Cani et al., 2009). Parabacteroides and Coprobacillus were positively correlated with the severity of COVID-19 disease (Zuo et al., 2020; Schult et al., 2022). Dorea and Treponema were significantly enriched in the gut microbiota of patients with autism and endometrial cancer, respectively (Walther-António et al., 2016; Strati et al., 2017). Our results showed that Bacteroides and Rikenella were significantly enriched in the C1 group, implying that they play an important role in maintaining healthy energy metabolism and immune function in X. laevis. However, the enrichment of Parabacteroides, Coprobacillus, Dorea, and Treponema suggested that although water containing 1 μg/L MC-LR complied with the guidelines of the World Health Organization (1998), MC-LR presence still had a certain impact on the gut microbiota of X. laevis. This is probably due to the complex life history and high skin permeability of amphibians (Wang et al., 2019). These results indicated that subchronic exposure to MC-LR significantly affected the gut microbiota structure of X. laevis.

Previous studies have mainly performed acute toxicity experiments. However, because aquatic organisms are exposed to natural water for a long time, the acute poisoning threshold concentration of MCs for them is often lower that the concentration in the environment. Therefore, chronic or subchronic toxicity experiments are valuable for ecological safety assessment.



CONCLUSION

MC-LR caused focal infiltration of inflammatory cells and increased the number of T cells and local congestion and vacuolization in the liver of X. laevis. Simultaneously, MC-LR reduced the number, density, height, and regularity of intestinal villi and led to gaps between the intestinal villi and basal layer. Moreover, with an increase in MC-LR concentration, these injuries to the liver and intestine became more obvious. MC-LR significantly decreased the levels of MDA and AKP and the expression of TGF-β in the liver, whereas the expression of TNF-α and IL-8 first decreased and then increased with an increase in MC-LR concentration. MC-LR significantly altered the structure and metabolic characteristics of the gut microbiota of X. laevis. The OTU numbers of the gut microbiota in the C5, C20, and C50 groups were significantly higher than those in the C0 and C1 groups. The relative abundance of Firmicutes and Bacteroidetes in the C20 and C50 groups were significantly lower than those in the C0, C1, and C5 groups, whereas the relative abundance of Fusobacteria was significantly higher. The metabolic gene composition of the gut microbiota of X. laevis exposed to low MC-LR concentration (≤5 μg/L) was significantly different from that of X. laevis exposed to high MC-LR concentration (≥20 μg/L).
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Freshwater gastropods are widely distributed and play an important role in aquatic ecosystems. Symbiotic microorganisms represented by gut microbes can affect the physiological and biochemical activities of their hosts. However, few studies have investigated the response of the gut microbial community of snails to environmental stress. In this study, the dynamics of the gut microbiota of the gastropod Bellamya aeruginosa were tracked to explore their responses in terms of their composition and function to cyanobacterial bloom. Differences in gut microbial community structures during periods of non-cyanobacterial bloom and cyanobacterial bloom were determined. Results showed that the alpha diversity of the gut microbiota exposed to cyanobacterial bloom was lower than that of the gut microbiota exposed to non-cyanobacterial bloom. The main genera differentiating the two periods were Faecalibacterium, Subdoligranulum, Ralstonia, and Pelomonas. Microcystins (MCs) and water temperature (WT) were the primary factors influencing the gut microbial community of B. aeruginosa; between them, the influence of MCs was greater than that of WT. Fourteen pathways (level 2) were notably different between the two periods. The pathways of carbohydrate metabolism, immune system, environmental adaptation, and xenobiotics biodegradation and metabolism in these differential pathways exhibited a strong linear regression relationship with MCs and WT. Changes in the functions of the gut microbiota may help B. aeruginosa meet its immunity and energy needs during cyanobacterial bloom stress. These results provide key information for understanding the response pattern of freshwater snail intestinal flora to cyanobacterial blooms and reveal the underlying environmental adaptation mechanism of gastropods from the perspective of intestinal flora.
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INTRODUCTION

With the sustained intensification of anthropogenic activities, global climate warming and eutrophication have provoked the widespread occurrence of cyanobacterial blooms in various water bodies worldwide (Paerl, 2018). The increasing frequency, magnitude, and duration of cyanobacterial blooms not only seriously disrupt aquatic ecosystem functions but also pose a major threat to the survival of aquatic animals through the release of cyanotoxins (Huisman et al., 2018). Owing to the high spatial overlap between the cyanobacterial scum accumulation zones and the main activity areas of gastropods during cyanobacterial blooms, and because the major bloom season also coincides with the breeding season of gastropods (Lance et al., 2010), the interactions between cyanobacterial blooms and freshwater snails are inevitable.

Cyanotoxins, represented by microcystins (MCs), may accumulate in the various tissues of snails through intestinal (consumption) or gill/skin (absorption) epithelia (Massey et al., 2018), resulting in a series of adverse reactions in gastropods (Bownik, 2016). Numerous studies have investigated the response of freshwater snails to cyanobacterial blooms and their toxins from multiple layers and perspectives, including biochemistry and histopathology (Zhu et al., 2011), transcriptomics (Qiao et al., 2018a), metabolomics (Yang M. J. et al., 2022), development (Lei et al., 2017), fecundity (Qiao et al., 2018b), feeding ecology (Qiu et al., 2017), and community dynamics (Gérard and Lance, 2019) and structure (Gérard et al., 2009). However, almost all of these studies have focused on the snails themselves and have failed to consider the dynamics and functions of their symbiotic microbes when exposed to cyanobacterial blooms.

With the rapid development of high-throughput sequencing technology, we can effectively and comprehensively gain insights into the composition and dynamics of symbiotic bacteria associated with gastropods, especially gut microbiota (Hu et al., 2018; Li et al., 2019; Hao et al., 2020). Gut microbes not only provide various key digestive enzymes for the snail host (Brendelberger, 1997; Ito et al., 2019) but also strongly affect many physiological processes, such as uric acid oxidation (Van Horn et al., 2012), cold hardiness (Nicolai et al., 2015), and amino acid and energy metabolism (Grandiosa et al., 2018), which were once thought to depend only on the gastropod host genome. Some gut microbes can even adhere to intestinal mucosa and stimulate immune response that is mediated by the regulation of the expression of Toll-like receptors in snail intestinal mucosa (Dushku et al., 2019). Moreover, unlike the largely static host genome, the symbiotic microbiome is highly plastic and can rapidly respond to changes in host diet or environmental conditions through changes in community composition, mutations, exchange of genetic material with bacteria from the environment, or changes in gene expression (Shapira, 2016), as well as enhance host adaptation to the fast and drastic environmental changes by influencing various physiological activities of the host (Gilbert et al., 2015). Thus, the gut microbiota is an important source of metabolic flexibility for the host, and it might be a key, yet understudied, factor in tolerance and adaptation to environmental stress (Macke et al., 2017).

Bellamya aeruginosa is an indigenous freshwater snail in China. It mainly lives in the littoral zones of rivers and lakes and plays a key role in aquatic ecosystems as an important link between primary producers and secondary consumers (Gong et al., 2009). Owing to its high sensitivity to environmental toxins and strong enrichment ability of pollutants, it is considered as an ideal indicator of ecosystem health, and it has been recommended as a model organism for freshwater ecotoxicology studies (Ma et al., 2010). As far as we know, the composition and dynamic characteristics of the gut microbiota of Bellamya have not been described nor have their response pattern and mechanism to environmental stress been reported. Characterizing the responses of gut microbiota to cyanobacterial bloom will help us understand how changing environmental conditions can influence symbiotic microbes and reveal the mechanisms of gastropod-microbiome interactions. The aim of this study was to determine how the intestinal bacterial community and its function change during the snail host exposure to toxic cyanobacterial bloom. We investigated monthly variation in the gut microbiota of B. aeruginosa in a water body experiencing cyanobacterial bloom during the activity period of Bellamya to address this question and test the following hypotheses: (1) the composition and function of gut microbiota are expected to be notably different between periods of non-cyanobacterial bloom and cyanobacterial bloom; (2) the dynamic responses of the gut microbiota in B. aeruginosa are related to environmental conditions and the degree of MCs accumulation.



MATERIALS AND METHODS


Investigation Site and Sample Collection

B. aeruginosa individuals were collected by hand picking from the littoral zone of a eutrophic shallow pond (ca. 0.35 ha, ca. 1.5 m deep, 29.91°N, 121.64°E) at Ningbo, eastern China. Although the pond has undergone several ecological remediations (dredging and macrophyte restoration), cyanobacteria-dominant (mainly Microcystis spp.) algal blooms still frequently occur. Snail samples (three individuals) and water samples were collected every month during the activity period of Bellamya (from March to November 2020). Then, the snail samples were individually placed in a plastic container with sterile water and transported to the laboratory. After scrubbing their surface with 70% ethanol, their shells were carefully crushed, and then their intestines and hepatopancreases were dissected for gut microbiota studies and MCs content analysis, respectively.



Environmental Analysis

Water temperature (WT), pH, and dissolved oxygen (DO) were recorded in situ by using a multi-probe (YSI 6000, YSI Inc., Yellow Springs, USA). Secchi depth (SD) was estimated by a 0.2 m diameter black-white Secchi disk. Levels of nitrite (NO2-N), nitrate (NO3-N), ammonium (NH4-N), orthophosphate (PO4-P), total nitrogen (TN) and total phosphorus (TP) were analyzed following standard methods by using an automated spectrophotometer (Smart-Chem 200 Discrete Analyzer, Westco Scientific Instruments, Brookfield, USA). Concentration of chlorophyll a (Chl-a) was measured via the hot ethanol method (Chen, 2006).



Phytoplankton Analysis

Phytoplankton sample (ca. 250 mL) was obtained from the pond each month and immediately fixed with 1% Lugol's iodine solution. Taxa were counted in sedimentation chambers (Hydro-Bios Apparatebau GmbH Kiel, Germany) by using an inverted microscope (CK2, Olympus Corporation, Tokyo, Japan) according to quantitative Utermöhl method (Utermöhl, 1958). Phytoplankton biomass was calculated volumetrically through the OptiCount software (SequentiX, Klein Raden, Germany). The specific density of phytoplankton cells was assumed to be 1 g cm−3 (wet weight).



Quantification of MCs

The hepatopancreases were weighed before and after lyophilization. Microcystin extraction was conducted as previously described by Yang W. et al. (2022). MCs concentrations in the hepatopancreases were determined by the immunoassay method by using an ELISA test kit (sensitivity: 0.1 μg/L) with a detection range of 0.1–2 μg/L microcystin (Beacon Analytical Systems, Portland, ME, USA) following the manufacturers' instructions. The Beacon Microcystin Plate Kit was not available for the identification of microcystin variants. Thus, MCs concentration was expressed as the equivalent of MC-LR.

Recoveries of MCs extracted and matrix effects were determined by spiking with MC-LR standard (3 μg/g dry weight, purity > 98%; MedChemExpress, Monmouth Junction, NJ, USA) (Zhang et al., 2016). The response was compared with 100% methanol spiked with the same amount. The efficiency of MCs extraction was 91.6%. Matrix effects were negligible for the hepatopancreases of the snails (4.3% of differences between matrix and methanol results). Owing to the high recoveries of MCs extracted and the low matrix effects of the assay methods, the data on MCs contents in the present study were the actual determined data, without any additional calculation using recoveries and matrix effects.



DNA Extraction, Amplification, and Pyrosequencing

Snail intestinal genomic DNA was extracted from individual snails following the standard DNA extraction procedure with a DNA extraction kit (MinkaGene Bacterial DNA Kit) in accordance with the manufacturer's instructions. PCR amplification of the 16S rRNA gene V3–V4 variable regions was performed using the bacterial universal primers 338 F (5′-ACTCCTACGGGAGGCAGCA-3′) and 806 R (5′-GGACTACHVGGGTWTCTAAT-3′) under the following conditions: 95°C for 3 min, followed by 28 cycles of 95°C for 30 s, 50°C for 30 s, and 72°C for 45 s; with a final extension step at 72°C for 10 min. PCR analysis was performed in triplicate for each sample. The PCR amplicons were purified and quantified with a PCR fragment purification kit (Takara, Japan) and a Quant-iT Pico Green dsDNA Quantification Kit (Invitrogen, Carlsbad, CA, USA), respectively. The equimolar PCR products from each sample were combined into equimolar ratios for paired-end library preparation and sequenced on an Illumina MiSeq Platform (Illumina, San Diego, CA, USA).



Processing of Original Sequencing Data

Paired-end sequence reads were merged using USEARCH (version 11). The paired reads were merged into the Fastq mergepairs function and filtered with a “maxee” value of 1.0. Unique sequence reads were obtained using the fastx_uniques function, and then noise reduction was performed using the unoise3 (unoise_alpha = 4, minsize = 6) algorithm to correct errors. The remaining sequences were then screened to remove chimeras and clustered into zero-radius operational taxonomic units (ZOTUs) with 97% similarity or more, after which all quality-filtered reads were mapped to these ZOTUs (Edgar, 2016). The representative sequences for each ZOTU were assigned to taxonomic groups by using the RDP classifier within the SILVA database (16s_v138) clustered at 99% similarity.



Data Analysis

ZOTUs with a relative abundance higher than 0.001% of all ZOTUs were included for further analysis. The gut microbes data were Hellinger transformed, and the environmental factors were normalized before analysis.

The Bray-Curtis dissimilarity of gut microbial community composition was calculated to build the matrix to identify the relationships among samples by using the function vegdist in the “vegan” package. Non-metric multidimensional scaling (NMDS) was implemented to evaluate the overall differences in gut microbial community among different months by using the function metaMDS in the “vegan” package. An analysis of similarity (ANOSIM) was performed to determine the significance of differences in gut microbial community composition between periods of non-cyanobacterial and cyanobacterial blooms by using the function anosim in the “vegan” package. Alpha diversity indices, including Shannon-Wiener index, Simpson index, Pilou's evenness, and richness, were calculated using the R package “vegan.” Student's t-test was used to identify significant differences in the alpha diversity indices between the two periods. The top 10 taxa in terms of abundance at the phylum and class levels were selected for creating stack maps in the “ggplot2” package. Furthermore, bacterial taxa differentially represented between the two periods at the species or higher taxonomic levels (depending on taxa annotation) were identified by performing linear discriminant analysis (LDA) coupled with effect size (LEfSe) (http://huttenhower.sph.harvard.edu/galaxy) (Segata et al., 2011). The environmental factors that have a significant effect on the gut microbial community were assessed by performing a forward selection model with Monte Carlo permutation tests by using the “packfor” package. Multicollinearity among variables was assessed by calculating variance inflation factors (VIF) by using the vif.cca function in the “vegan” package. Then, redundancy analysis (RDA) was conducted to analyze the relationship between the selected factors and the gut microbial community composition. Variance partitioning analysis (VPA) was performed to quantify the fractions of variation explained by the different forward-selected environmental variables by using the varpart function in the “vegan” package with 999 permutation test. PICRUSt2 (https://github.com/picrust/picrust2) was used to obtain information at different pathway levels (levels 1–3) compared with Kyoto Encyclopedia of Genes and Genomes (KEGG) database. The level 2 KEGG pathways were compared between the two periods based on t-test (P < 0.05) and visualized in heatmap via the “pheatmap” package. Pearson correlation and linear regression between the differential KEGG pathways and main influencing factors were analyzed via the “corrplot” package.

All statistical analyses were performed in R environment (https://www.r-project.org/) unless otherwise mentioned.




RESULTS


Phytoplankton Community and Environmental Parameters

A total of 52 species of phytoplankton belonging to seven phyla were identified across all samples during the study period. Among these species, there were 25 species of Chlorophyta, 9 species of Cyanophyta, 8 species of Bacillariophyta, 5 species of Euglenophyta, 2 species of Pyrrophyta, 2 species of Cryptophyta, and 1 species of Chrysophyta. Although surface cyanobacteria biomass decreased in July because of the heavy rainfall brought by a typhoon, severe cyanobacterial blooms were observed that begun in May and continued into November (Supplementary Figure 1). Colonial Microcystis spp. (mainly Microcystis aeruginosa) with an abundance over 107 cells/L were the predominant species in the cyanobacterial bloom. Accordingly, March-April was determined as the non-cyanobacterial bloom (NCB) period and May-November as the cyanobacterial bloom (CB) period.

The environmental parameters showed clear temporal variations (Supplementary Table 1). WT gradually increased from March, peaked in August (29.3°C), and then decreased. The pH ranged from 6.23 to 8.51 throughout the sampling period, with the maximal value in August and the lowest value in October. DO and SD varied from 1.49 to 9.14 mg/L and from 0.17 to 0.71 m, respectively. In general, the variations of NH4-N, NO2-N, NO3-N, and TN all initially decreased and then increased, and their minimal value of 0.04, 0.02, 0.28, and 0.52 mg/L, respectively, was observed in June and July. The trends of phosphate (PO4-P) and total phosphorus (TP) were similar, with variations ranging from 0.05 to 0.15 mg/L and 0.06 to 0.83 mg/L, respectively.



Composition of the Gut Microbial Community of B. aeruginosa in the Two Periods

A total of 2,489 ZOTUs belonging to 25 phyla and 311 genera were detected across the samples. Among these ZOTUs, 893 (35.9%) were shared by two distinct periods, 875 (35.2%) and 719 (28.9%) were unique in samples from the NCB and CB periods, respectively (Supplementary Figure 2). At the phylum level, Proteobacteria and Firmicutes were the two most dominant phyla in the gut of B. aeruginosa (Figure 1A), with an overall relative abundance of 58.8 and 26.3%, respectively. The relative abundance of Proteobacteria was lower during the NCB period but higher during the CB period. The opposite trend was observed in Firmicutes. Moreover, the relative abundance of Bacteroidota was higher during the NCB period than that during the CB period. At the class level, Gammaproteobacteria (49.8%) and Bacilli (19.9%) were the dominant classes, followed by Alphaproteobacteria (8.9%), Clostridia (6.3%), and Bacteroidia (5.4%). As shown in Figure 1B, the relative abundance of Gammaproteobacteria was lower but that of Clostridia was higher during the NCB period than those during the CB period.


[image: Figure 1]
FIGURE 1. Composition of the bacterial community in the gut of B. aeruginosa snails (A) at the phylum level; (B) at the class level. NCB, non-cyanobacterial bloom; CB, cyanobacterial bloom.


NMDS was used to determine the similarity of the gut microbial community of B. aeruginosa in different months (Figure 2). The stress value was 0.09, indicating that the ordination pattern was acceptable and reliable. NMDS indicated that the snail samples clustered into two groups that corresponded to the NCB and CB periods. ANOSIM revealed significant differences between the two periods (P < 0.01, r = 0.884). The alpha diversity of the gut microbial community of B. aeruginosa was assessed. The four alpha diversity indices (Shannon-Wiener index, Simpson index, Pilou's evenness, and richness) were significantly higher during the NCB period than those during the CB period (P < 0.05), indicating that the bacterial richness and microbial diversity in the gut of B. aeruginosa decreased with the occurrence of cyanobacterial bloom (Figure 3). Microorganisms that were differentially represented in the two periods were identified by performing LEfSe on taxa with an LDA score > 2. Firmicutes (including the family [Eubacterium]_coprostanoligenes_group and the genus Faecalibacterium, Subdoligranulum), Fusobacteria (including the genus Cetobacterium), and Proteobacteria (including the family Rhodobacteraceae and the genus Rhizobiales_Incertae_Sedis_uncultured, Escherichia-Shigella) were more abundant during the NCB period than during the CB period (P < 0.05). Proteobacteria (including the genus Ralstonia, Pelomonas, Acinetobacter, and Lysobacter) were more abundant during the CB period than during the NCB period (Figure 4).


[image: Figure 2]
FIGURE 2. NMDS plot used to visualize the dissimilarities of the gut microbial communities of snails in different months.
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FIGURE 3. Comparison of alpha diversity indices of gut microbiota between non-cyanobacterial bloom (NCB) and cyanobacterial bloom (CB) periods. (A) Shannon-Wiener index, (B) Simpson index, (C) Pilou's evenness, (D) richness. **P < 0.01.
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FIGURE 4. Bacterial taxa differentially represented between the non-cyanobacterial bloom (NCB) period and the cyanobacterial bloom (CB) period, as determined by LEfSe by using the default parameters.




Potential Relationships Between the Gut Microbial Community and Environmental Factors

Using the forward selection procedure, MCs (F = 4.508, P < 0.001) and WT (F = 1.989, P = 0.023) were selected as explanatory factors for gut microbial community variations. The relationship between gut microbial community and significant environmental factors was revealed by the RDA model. The first and second axes of the RDA model explained 70.3% and 29.7% of the variations, respectively (Figure 5). VPA revealed that the MCs alone effects explained 11.5% of the variations (P < 0.01), which was higher than that of the WT alone effects (6.3%, P < 0.05). The shared effects of MCs and WT factors explained 7.3% of the variations. The unexplained proportion was 74.9% (Figure 6). In addition, the abundant discriminant taxa of the two periods exhibited a certain correlation with the environmental variables. The abundant discriminant taxa during the NCB period exhibited negative correlations with MCs in tissues, WT, and Chl-a. The abundant discriminant taxa during the CB period were strongly correlated with WT, MCs, DO, and TP. For example, Ralstonia showed a positive correlation with WT, and Lysobacter displayed a positive correlation with TP (Figure 7).


[image: Figure 5]
FIGURE 5. The biplot of the first two axes of the RDA analysis for the significant environmental factors associated with gut microbial community variation.
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FIGURE 6. Variance partitioning plot of gut microbial community of B. aeruginosa. *P < 0.05, ***P < 0.001.
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FIGURE 7. Relationship between the abundant discriminant taxa and environmental factors. The significance is noted as follows: **P < 0.01; *P < 0.05; and “blank,” not significant. Cyano-biomass: Cyanobacteria biomass.




Prediction and Comparison of Gut Microbial Community Functions in the Two Periods

Functional metabolic pathways of the gut microbial community 16S rRNA gene sequences were predicted by PICRUSt2. The mean Nearest Sequenced Taxon Index value was 0.10 ± 0.06. The level 1 KEGG pathway indicated a high abundance of genes related to metabolic pathways, environmental information processing, and genetic information processing (Supplementary Table 2). Nine pathways (e.g., carbohydrate metabolism and immune system) were more abundant during the NCB period, whereas five pathways (e.g., environmental adaptation and xenobiotics biodegradation and metabolism) were more abundant during the CB period (P < 0.05) (Figure 8). The results of significant regression analysis of the differential pathways and the two main influencing factors (MCs and WT) are shown in Figure 9. The pathways of carbohydrate metabolism, immune system, environmental adaptation, and xenobiotics biodegradation and metabolism showed a significant linear regression relationship with MCs and WT.


[image: Figure 8]
FIGURE 8. Differences in KEGG functions in the B. aeruginosa gut microbial community during non-cyanobacterial bloom (NCB) and cyanobacterial bloom (CB) periods (level 2). (P < 0.05).



[image: Figure 9]
FIGURE 9. Linear relationships among the pathways carbohydrate metabolism (A,B), environmental adaptation (C,D), immune system (E,F), and xenobiotics biodegradation and metabolism (G,H) and changes in MCs and WT. The R2 values represent correlation coefficient, P-values represent significant differences (P < 0.05). The gray-shaded area represents a 95% confidence interval.





DISCUSSION


Changes in and Influencing Factors of the Gut Microbiota Composition of B. aeruginosa Exposed to Cyanobacterial Bloom

The main gut microbial community composition of B. aeruginosa was similar to that of other aquatic snails, such as Oncomelania hupensis (Hao et al., 2020) and Pomacea canaliculata (Li et al., 2019). Proteobacteria, Firmicutes, and Bacteroidota constitute the prominent phyla in the intestines of freshwater gastropods. Although the gut microbiota compositions of different species of aquatic snails are relatively similar at the phylum level, notable differences may still be observed at other taxonomic levels. These differences are also common in the gut microbiota from different temporal (Hu et al., 2018) or spatial (Li et al., 2019) samples. In our case, the taxonomic composition and the alpha diversity of the gut microbiota of B. aeruginosa were variable between the NCB and CB periods (Figure 2). These results were consistent with previous field observations that the gut microbiota of aquatic snails could respond to different environmental conditions (Yang et al., 2019; Hao et al., 2020). Although no study has reported on the response of gut microbiota of gastropods to cyanobacterial blooms, the impacts of bloom-forming cyanobacteria and their toxins on intestinal flora have been confirmed in fish (Duperron et al., 2019; Qian et al., 2019) and cladocerans (Macke et al., 2017). The gut bacterial composition and diversity of aquatic gastropods can be determined by multiple factors, including environmental variation (Yang et al., 2019) and diet (Ito et al., 2019). Considering that these snails were all collected from the same habitat in the same location in this study, environmental fluctuations associated with blooms thus may have been the major driver that shaped the gut microbiota of Bellamya. Compared with other physicochemical factors of the habitat, MCs and WT were the main influencing factors on the gut microbial community of B. aeruginosa, and the contribution of MCs was greater than that of WT. This result suggested that the gut microbiome of B. aeruginosa can rapidly respond to changes in host environmental conditions, especially toxin accumulation in tissues, through changes in community composition.

Some indoor experiments have shown that temperature change determines the gut microbiota composition and function of aquatic animals (e.g., Li et al., 2018). However, unlike direct testing of the impacts of temperature under controlled experimental conditions, field studies cannot readily identify the associations between temperature and gut microbiota (Sepulveda and Moeller, 2020). Although multicollinearity among variables was eliminated through statistical approach in this study, and due to the fact that WT often covaries with other environmental variables (Sepulveda and Moeller, 2020), WT likely reflects the dynamics of unobserved or difficult-to-quantify variables, such as changes in food availability or sources. As a facultative suspension feeder, B. aeruginosa tend to obtain food by filter-feeding when sufficient food materials (such as edible algae) are present in the water column, and the presence of large concentrations of toxic cyanobacteria may result in a high percentage of food materials (such as detritus) being collected by scraping (Qiu et al., 2017). Since blooms usually occur during hot seasons, changes in food sources caused by the blooms frequently co-occurred with changes in water temperature. This may explain why the contribution of interaction between WT and MCs was also high, even higher than that of WT alone and the presence of such a high proportion of unexplained residuals.



Responses of Potential Functions of Gut Microbiota of B. aeruginosa to Cyanobacterial Bloom

Faecalibacterium and Subdoligranulum (both belonging to the family Ruminococcaceae) are considered to be able to produce diverse organic acids and short chain fatty acids (Flint et al., 2012; Miquel et al., 2013), which help to enhance anti-inflammatory effects and improve the immunity of the hosts (Lopez-Siles et al., 2017). However, the relative abundance of these bacteria was higher during the NCB period than that during the CB period. Regression analysis revealed that the underlying metabolic functions related to immune system were negatively correlated with the increase of MCs content (Figure 9E), suggesting that the occurrence of cyanobacterial blooms weakened the host immunity mediated by the gut bacteria. Meanwhile, the decrease in carbohydrate metabolism related to MCs also reflected the inhibition of energy metabolism. However, the pathways related to environmental adaptation and xenobiotics biodegradation and metabolism were upregulated during the CB period, suggesting that the potential for host-microbial synergistic detoxification was increasing. Aquatic animals display similar responses to environmental stress, such as heavy metals (Yan et al., 2020) and chemical pollutants (Milan et al., 2019).

During cyanobacterial blooms, the major food source of B. aeruginosa changes to detritus (Qiu et al., 2017), which is believed to be mainly composed of allochthonous resources from terrestrial plants in small and shallow water bodies (Holgerson et al., 2016). Although terrigenous detritus usually consists of cellulose and lignin that most macroinvertebrates are unable to digest and assimilate, studies have found that the gut bacteria of freshwater snails can help their host degrade these indigestible substances (e.g., Brendelberger, 1997). We also found that the abundance of bacteria with similar functions substantially increased after the occurrence of cyanobacterial bloom. As plant pathogens, Ralstonia can secrete various plant cell wall-degrading enzymes (Poueymiro and Genin, 2009), and their increased abundance may help the snail host to adapt to changes in food source. Furthermore, some previous studies indicated that remarkable changes in the abundance of Rhodobacteraceae are associated with the switching of food or energy sources during metamorphosis in aquatic invertebrates (Zhang et al., 2020; Yang M. J. et al., 2022). In our results, the changes in these bacteria at different periods further reflected the response characteristics of the gut microbiota assembly of B. aeruginosa to food changes.




CONCLUSION

Proteobacteria and Firmicutes were the prominent phyla of gut microbes of B. aeruginosa. The composition and relative abundance of the gut microbes were affected by environmental conditions, especially those related to toxic cyanobacteria. The alpha diversity of the gut microbiota of B. aeruginosa exposed to cyanobacterial bloom was lower than that in non-cyanobacterial bloom. The potential functions of the gut microbiome could help the snail meet its immunity and energy needs during cyanobacterial bloom stress. These results not only provide key information for revealing the response mechanism of freshwater snails to algal blooms but also helps clarify the biological adaptation mechanism of gastropod host from the perspective of intestinal flora.
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Resident microbial communities that can support various host functions play a key role in their development and health. In fishes, microbial symbionts are vertically transferred from the parents to their progeny. Such transfer of microbes in mouthbrooder fish species has not been reported yet. Here, we employed Nile tilapia (Oreochromis niloticus) to investigate the vertical transmission of microbes across generations using a 16S rRNA amplicon sequencing approach, based on the presence of bacteria in different generations. Our analysis revealed that the core microbiome in the buccal cavity and posterior intestine of parents shapes the gut microbiome of the progeny across generations. We speculate that the route of this transmission is via the buccal cavity. The identified core microbiome bacteria, namely Nocardioides, Propionibacterium, and Sphingomonas have been reported to play an essential role in the health and development of offspring. These core microbiome members could have specific functions in fish, similar to mammals.
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INTRODUCTION

Microbial colonization and assemblage on various niches of hosts is a complex process, which is dependent on genetic as well as environmental background. Many studies have reported the significant role of these microbial communities in humans (Rackaityte and Lynch, 2020), fish (Legrand et al., 2020), and livestock (Cholewińska et al., 2021); they are composed of bacteria, fungi, and archaea (Berg et al., 2020). Different aspects of microbiota have been intensively studied to report valuable information about their influence on human health (Rackaityte and Lynch, 2020). Microbiota supports many functions to satisfy the nutritional needs of the host, mainly due to the ability of the microorganisms to produce vitamins (Nagy-Szakal et al., 2012) and valuable metabolites such as short chain fatty acids (García-Mantrana et al., 2019; Silva et al., 2020). In addition, host-associated microbes train and modulate the immune system to establish tolerance to commensal bacteria (Chai et al., 2014) as well as ward off invasive pathogens (Sylvain and Derome, 2017; Ferretti et al., 2018; Yukgehnaish et al., 2020; Cholewińska et al., 2021). It is noteworthy that early life food components can promote the colonization of specific microbes and their syntrophy with beneficial microbes (Kostopoulos et al., 2020). In fact, microbiome development during the early life of hosts helps in the intrinsic training of the immune functions and shaping of microbiome composition (Sylvain and Derome, 2017; Ferretti et al., 2018). Therefore, in the past years, scientists have been studying the vertical transfer of microbes from mother to infant (Ferretti et al., 2018; Rackaityte and Lynch, 2020) and from parents to progeny in animals (Sylvain and Derome, 2017; McGrath-Blaser et al., 2021; Mika et al., 2021). Microbe transfer in most organisms occurs in three ways: (i) vertical transfer of essential maternal microbes that aid host development at the early stage of life; (ii) horizontal transfer via ingestion of microbes from diet or surrounding environment to which host is exposed to; (iii) environmental transfer between conspecific organisms during social or sexual interaction (Leftwich et al., 2020). Nevertheless, the transfer routes vary across species. For example, in chicken, successive transfer of resident microbes takes place from the oviduct and cloaca to eggshell, egg white, and then the embryo (Lee et al., 2019). In livestock, microbes present in the birth canal colonize newborns (Estellé, 2019). In humans, microbes from the skin and vagina of mothers colonize different body sites of infants, and this type of vertical transmission continues through direct contact (Ferretti et al., 2018).

The mechanism of microbial transmission in aquatic animals differs from those of mammals. In most fish species, the early stage microbiome is shaped by the environment (Llewellyn et al., 2014). As the fish grows, the environmental influence will be overshadowed by other factors (Llewellyn et al., 2014). Atlantic salmon (Salmo salar) embryos were reported to have lower diversity compared to hatchlings, probably indicating the impact of factors other than the original determinant (Lokesh et al., 2019). In zebrafish (Danio rerio) larvae, horizontal transmission of microbial symbionts occurs from the surrounding environment (Stephens et al., 2016). In another fish model, discus (Symphysodon aequifasciata), also the larvae obtain their microbial symbionts via horizontal transmission from the surrounding water (Sylvain and Derome, 2017). However, during the fry stage of discus, vertical transmission prevails because parents feed their skin mucus to their offspring (Sylvain and Derome, 2017). Interestingly, in pipefish (Syngnathus typhle), specific bacteria from both parents shape the microbiota of the embryo because eggs are transferred from mother to paternal pouches (Beemelmanns et al., 2019). The little skate (Leucoraja erinacea) egg capsule holds a variety of bacteria, which will be transferred to offspring (Mika et al., 2021). To our knowledge there are no publications on the microbial transmission from a mouthbrooder to their offspring. Hence, we used Nile tilapia (Oreochromis niloticus) females as a model to understand the bacterial transfer from mother to offspring, and across generations employing the 16S rRNA amplicon sequencing technology, based on the presence of bacteria in different samples.



MATERIALS AND METHODS


Ethics Statement

This study was performed under a license from the Norwegian Animal Research Authority (FOTS ID 10427). The experiment was conducted according to the guidelines for research using experimental animals; 3Rs principle, fish welfare and respect toward animals were given weightage while balancing between experimental procedures and benefits from the results.



Experimental Fish

Nile tilapia for this study were produced from fertilized eggs that were being incubated by wild mouthbrooders, caught from Nile River, Luxor, Egypt (location GPS: 25°39′56″ N, 32°37′07″ E). The eggs were kept in a 60-L tank for 2 weeks. Water in these tanks was replaced with sterilized water every 2 days. The eggs hatched on day 5–6 after fertilization, and the larvae were transported to the research station of Nord University, Bodø, Norway. Juveniles obtained from different wild females were tagged and assigned as the base population or the first generation (F0). The second (F1) and third (F2) generations were obtained from the F0 generation. All fish generations were reared in a common garden in a recirculating aquaculture system for 8 months to avoid the influence of environmental confounding factors. Rearing conditions were: pH 7.6, oxygen saturation 100%, temperature 28°C, and photoperiod 11:13 dark:light. The experimental fish were fed ad libitum (0.15–0.8 mm) Amber Neptun pellets, Skretting, Norway (Konstantinidis et al., 2021). Figure 1 illustrates the breeding strategy to produce the experimental fish.


[image: image]

FIGURE 1. Breeding plan of the different generations of Nile tilapia. F0 generation: F059 and F072; F2 generation: F2C1, F2S1, and F2S2. Inbred groups (F2C1 and F2S2) and outbred (F2S1). WF59, W68, and WF72 are the wild mothers. The pink color represents female and gray male fish.


In the present study, we first examined the microbiota of the wild mouthbrooders (caught from River Nile, Egypt) from which their offspring (F0, maintained in Norway) were produced. To investigate the microbial transfer across generations, we employed two generations (F0 and F2) -from parent 1: F059 (F0), F2C1 (F2, fish from same parents); from parent 2: F072 (F0), F2S2 (F2, fish from same parents). Furthermore, to investigate differences in the microbial composition in F2, we compared the microbiota of two families (within F2; F2S1, F2S2 from F072 vs. F2C1 from F059) from the above mentioned F0 parents. The F1 generation [data published in Abdelhafiz et al. (2021a)] was not included in this study because we did not employ any microbial enrichment kits (Abdelhafiz et al., 2021a), which limits comparability between datasets.



Sample Collection

Buccal cavity mucus and posterior intestine samples were collected from the wild-caught fish (n = 3) and transferred to cryotubes containing DNA/RNA shield (ZYMO Research Corp, Irvine, CA, United States). As for the samples from the fish reared in controlled conditions, they were collected from fish that were starved for 48 h. Buccal cavity and intestine samples from 20 fish (five fish in each group) were collected for the microbiota studies. Before collecting the samples, the fish were sacrificed by exposing them to an emulsion containing 12 mL of clove oil (Sigma Aldrich, MO, United States), 96% ethanol (1:10 v/v), and 10 L of water (Podgorniak et al., 2019). Mucus samples from the buccal cavity were taken using swabs (Copan Italia, Brescia, Italy), which were transferred to cryotubes and immediately frozen in liquid nitrogen. In addition, posterior intestine mucus samples were collected as described previously (Abdelhafiz et al., 2021a). The collected samples were stored at −80°C until further use.



Microbial DNA Extraction and Library Preparation

DNA was extracted from both the mouth and posterior intestine using QIAamp DNA stool Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer’s protocol. The collected samples were transferred to a 5 ml tube that contained 1.4 mm zirconium oxide beads (Cayman chemical, Ann Arbor, MI, United States). Then, 2 ml of InhibitEX buffer (Qiagen) was added to the tube. The extracted DNA was eluted in 75 μl ATE buffer. Thereafter, the quality and quantity of the extracted DNA were checked with NanoDrop spectrophotometer ND-8000 (Thermo Fisher Scientific Inc., Waltham, MA, United States).

Prior to library preparation, the extracted DNA from each sample was treated with REPLI-G kit (Qiagen) to enrich the microbial DNA. Library preparation and sequencing were performed as described previously (Abdelhafiz et al., 2021a).



Data Processing and Analyses

Paired-end reads were truncated at 270 bp using VSEARCH (Rognes et al., 2016), and then processed using MICCA pipeline, V1.7.2 (Albanese et al., 2015). Sequences of paired-end reads with a minimum overlap length of 60 bp and a maximum mismatch of 20 bp were merged. Next, forward and reverse primers from the merged reads were trimmed off and the reads that did not contain the primers were discarded. The sequences with an expected error rate >0.75 were filtered out (Edgar and Flyvbjerg, 2015). Then the obtained reads were denoised using the “de novo unoise” method implemented in MICCA, which utilizes the UNOISE3 algorithm (Edgar, 2016). Thereafter, RDP classifier (Lan et al., 2012) was used to assign the taxonomic names of the representative bacterial amplicon sequence variants (ASVs). The sequences were aligned using the NAST (DeSantis et al., 2006) multiple sequence aligner, and a phylogenetic tree was prepared using the FastTree software available in the MICCA pipeline, as described previously (Abdelhafiz et al., 2021a,b). The downstream analyses were performed using the phyloseq package in R (McMurdie and Holmes, 2013).



Statistical Analysis

To understand the differences in richness, evenness, and dominance of the bacterial communities across generations, we performed α-diversity analysis by calculating the Chao1 species richness, Shannon and Simpson diversities using estimate_richness function in phyloseq R package (version 1.38.0). Kruskal-Wallis rank sum test (R package stats version 4.1.2) and Dunn’s test (R package rstatix version 0.7.0) were used to check the differences between the study groups. On the other hand, to understand the dissimilarities in bacterial compositions, we performed β-diversity analysis using unweighted and weighted UniFrac distances (Lozupone and Knight, 2005). The differences were visualized by principal coordinates analysis (PCoA). After checking the dispersions within the data set of each generation using the beta.disper function in the R package vegan version 2.5-7, statistically significant differences between the groups were assessed using Permutational Multivariate Analysis of Variance Using Distance Matrices (Anderson, 2001), i.e., employing the adonis function implemented in the vegan R package version 2.5-7 (Oksanen et al., 2013). Furthermore, post-hoc test in RVAideMemoire R package (version 0.9-81) was employed to understand the differences between the groups. To detect the differentially abundant ASVs in the unrarefied data (Weiss et al., 2017), we used the R package DESeq2 version 1.34.0 (Love et al., 2014). The core microbiome analysis was performed using microbiome (version 1.16.0) and microbiomeutilities (version 1.00.16) packages, at a detection level of 0.1% and prevalence level of 0.75%. Euler diagrams were generated for core microbiomes present in different generations; using the R package Eulerr package version 6.1.1 (Larsson, 2018). The differences in core bacterial communities across generations were analyzed by performing PERMANOVA on weighted and unweighted UniFrac distances.




RESULTS

The constructed amplicon 16S rRNA gene libraries generated 8,323,440 high-quality reads with an average coverage of 138,724 reads per sample. The reads were rarefied to 14,000 reads per sample (without replacement). Out of the 58 samples, one library with a number of reads below the cut-off was discarded. After normalization, we obtained 9535 ASVs, distributed among 27 phyla and 383 genera.

We first determined the relative abundance of the most abundant phyla and genera in the buccal cavity mucus and posterior intestine of the wild fish. Thereafter, to understand the microbial transfer across generations, we describe the differences in composition between two F0 families and the corresponding inbred F2, and between F0 and one outbred family (Figure 1). Later we disclose the differences in the bacteria between fish groups within F2.


Microbial Composition in the Wild Parents, F0, and F2 Generations


Relative Abundance of Bacteria in Wild Fish

The dominant phyla in the buccal cavity and posterior intestine of the wild fish were Actinobacteria, Proteobacteria, and Firmicutes. However, their abundance was different across samples (Figure 2A). The most abundant genera in the buccal cavity and posterior intestine were Nocardioides, Propionibacterium, Paenibacillus, and Methylobacterium (Figure 2B).
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FIGURE 2. Relative abundance of bacteria found in the buccal cavity mucus and posterior intestine of wild Nile tilapia. (A) Phylum level. (B) Genus level. Three samples from the posterior intestine of three wild fish (WF59, WF68, and WF72). However, for the buccal cavity we employed the samples from only two wild fish (WF59 and WF72). MO, buccal cavity; PI, posterior intestine; NA, Unclassified.




Relative Abundance of Bacteria in F0 and F2 Generations From Different Mothers

The most abundant phyla in the buccal cavity mucus in F0 and F2 generations were Actinobacteria followed by Firmicutes, Proteobacteria, and Bacteriodetes (Figure 3A). At the genus level, the buccal cavity was mostly dominated by Propionibacterium and Nocardioides (Figure 3B). However, other genera such as Paenibacillus, Sphingomonas, Corynebacterium, and Enhydrobacter were also common but in lower abundance compared to Propionibacterium and Nocardioides (Figure 3B). The most dominant phyla in the posterior intestine of the F0 and F2 generations were Actinobacteria, Firmicutes, and Proteobacteria (Figure 4A) while the dominant genera were Propionibacterium, Nocardioides, and Solirubrobacter (mostly in F2), Corynebacterium, Enhydrobacter, and Paracoccus (Figure 4B).
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FIGURE 3. Relative abundance of bacteria found in the buccal cavity mucus of Nile tilapia bred in captivity. (A) Phylum level. (B) Genus level. F0 generation: F059, F072 and F2 generation: F2C1, F2S2.
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FIGURE 4. Relative abundance of bacteria found in the mucus of the posterior intestine from Nile tilapia bred in captivity. (A) Phylum level. (B) Genus level. F0 generation: F059, F072 and F2 generation: F2C1 (Inbred), F2S2 (Inbred). NA, Unclassified.





Alpha and Beta Diversity and Differential Abundance Across Generations

To delineate the alpha diversity of the bacterial communities in the mucus of the buccal cavity and posterior intestine of the F0 and F2 generations, we employed three different ecological diversity measures. Species richness (Chao1), effective number of common (Shannon diversity), and dominant bacteria (Simpson diversity) in the mucus of buccal cavity as well as posterior intestine were not significantly different between F0 and F2 generations (Figures 5A,B). Weighted and unweighted UniFrac distances-based beta diversity analysis also did not reveal any difference between the mucus bacterial communities (both from the buccal cavity and posterior intestine) of the different generations (Figures 5C,D). As for the posterior intestine of the fish families, we observed a statistical trend that indicated the difference in the weighted and unweighted UniFrac distances of the microbial communities [Figure 5D: unweighted UniFrac (F059, F2C1, F072, and F2S2); R2 = 0.86, P = 0.05, Figure 5D: weighted UniFrac (F059, F2C1, F072, and F2S2); R2 = 0.23, P = 0.09]. The post-hoc test revealed differences in the microbial communities in the posterior intestine between F059 (F0) and F2C1 (F2) (unweighted UniFrac; P = 0.04). Although F059 and F2C1 are statistically significant, DESeq2 did not find any ASV that is significantly different between the two fish groups.
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FIGURE 5. Differences in microbial diversity and composition of mucus bacteria from the buccal cavity and posterior intestine of Nile tilapia from F0 and F2 generations. Chao1, Shannon and Simpson diversities of (A) buccal cavity bacteria, (B) intestine bacteria. PCoA plots of the unweighted and weighted distances associated with (C) buccal cavity bacteria, (D) posterior intestine bacteria. Note that in panel (C), the ellipse is not drawn for F072 because there were only three samples for this group. F0 generation: F059, F072 and F2 generation: F2C1, F2S2.




Core Microbiome in the Wild Fish and Two Generations Bred in Captivity

To investigate the microbial transfer across generations, first we identified the core microbiome/microbes (present in 80% of the samples) in the wild fish. We presume that these microbes are essential for the host and therefore are transferred from one generation to another or common between generations. Hence, we also identified the shared core microbiome that is found in both F0 and F2 generations. At the genus level, Nocardioides and Propionibacterium were the most abundant core microbiome members in the mucus from the buccal cavity and posterior intestine of the wild fish (WF59, WF68, and WF72) (Figure 6A). Moreover, Sphingomonas and Corynebacterium were also core microbiome members in both the mouth and posterior intestine (Figure 6A). The buccal cavity mucus of F0 and F2 generations also had both Nocardioides and Propionibacterium as the most abundant members of the core microbiome (Figure 6B). Furthermore, Sphingomonas and Enhydrobacter were also abundant in some fish from F0 and F2 generations (Figure 6B). In addition, we found Rhodococcus in low abundance in the F2 generation. Furthermore, one ASV which is classified as Propionibacterium was common in both F0 and F2 generations, while three ASVs that also belong to the genus Propionibacterium were common only in the F0 generation (F059 and F072). ASVs of Actinomycetales were also shared in the F0 generation. Moreover, two ASVs of the genus Nocardioides were common in F0 and F2 generations (Figure 6D and Supplementary Table 1). In the posterior intestine of all the samples from both lineages (F059, F2C1, and F072, F2S2), Nocardioides and Propionibacterium were the most abundant bacteria (Figure 6C). Furthermore, in F0 (F059 and F072) Sphingomonas was also observed as the prominent genus, but not detected as frequently as Nocardioides and Propionibacterium. Moreover, ASVs of Nocardioides (DENOVO 2) and Propionibacterium (DENOVO 1) were present in different generations (Supplementary Table 2 and Figure 6E). However, one ASV belonging to Nocardioides (DENOVO 2) was not found in F2S1 generation.
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FIGURE 6. Core and shared microbiome in the mucus from the buccal cavity and posterior intestine of Nile tilapia from wild, F0, and F2 generations. (A) Core microbiome in the mouth mucus and posterior intestine of wild Nile tilapia. Core microbiome in the (B) buccal cavity and (C) intestine of F0 and F2 generations. Shared core microbiome in the (D) buccal cavity and (E) intestine of F0 and F2 generations. In panel (D), five ASVs of Propionibacterium were common in both F059 and F072 and one ASV was common in both F0 and F2 generations. MO, buccal cavity; PI, posterior intestine. F0 generation: F059, F072 and F2 generation: F2C1, F2S2.




Comparison of the Microbial Composition Among Second Generation Families of Nile Tilapia

The differences/similarities in the buccal cavity and posterior intestine mucus of families F2C1, F2S1, and F2S2 from the second generation of Nile tilapia were studied. In the buccal cavity of F2C1 and F2S2, the most dominant phyla were Actinobacteria, Proteobacteria, Firmicutes, Bacteroidetes, and Spirochaetes; latter two only in some samples (Figure 3A). At the genus level, Propionibacterium, Nocardioides, and Corynebacterium (in some samples) were the most abundant bacteria in both families (Figure 3B). Furthermore, in the F2C1 family, Rhodococcus and Enhydrobacter were also abundant in some samples. On the other hand, in F2S2 family, Sphingomonas appeared in some of the samples. In the posterior intestine, Actinobacteria, Firmicutes, Proteobacteria, and Bacteroidetes were the most dominant phyla in both families (Figure 4A). In the F2S2 family, in addition to Propionibacterium, Nocardioides and Corynebacterium, Paenibacillus (in some samples), and Pediococcus (in some samples) also belonged to the most dominant genera (Figure 4). On the other hand, the buccal cavity of F2C1 and F2S1 were mostly dominated by Actinobacteria, Firmicutes, Proteobacteria, Bacteroidetes, Nitrospirae (F2S1, one sample), and Spirochaetes (F2C1, one sample). Bacteria belonging to Nitrospirae were more dominant in F2S1, while Spirochaetes were higher in F2C1 (Supplementary Figure 1A). The most abundant genera in the buccal cavity were Propionibacterium and Nocardioides. The F2S1 family was mostly dominated by Propionibacterium. In addition, Nocardioides, Sphingomonas, Spirosoma, and Nitrospira were also abundant in some samples of F2S1 (Supplementary Figure 1B). In the posterior intestine of F2C1 and F2S1, Actinobacteria, Firmicutes, Proteobacteria, and Bacteroidetes were dominant (Supplementary Figure 2A). At the genus level, F2C1 was mostly dominated by Propionibacterium, Nocardioides, Paracoccus, and Solirubrobacter. The F2S1 family was dominated by Propionibacterium (Supplementary Figure 2B) but Sphingomonas, Geobacillus, Paenibacillus, and Alloiococcus were also abundant.



Alpha and Beta Diversity and Differentially Abundant Amplicon Sequence Variants in the F2 Families From the Second Generation of Nile Tilapia

Statistically significant differences were not detected for the alpha diversity measures of the mucus bacterial communities (in the buccal cavity as well as posterior intestine) between F2C1 and F2S2 families (Figures 5A,B). Similarly, beta diversity analysis did not reveal any statistically significant differences in both unweighted and weighted UniFrac distances (Figures 5C,D). Statistically significant differences were also not found in alpha diversity values of the F2C1 and F2S1 families (Supplementary Figures 3A,B). However, statistically significant differences were detected for the weighted UniFrac distances; for both the buccal cavity and the posterior intestine microbiota (R2 = 0.67, P = 0.01; R2 = 0.30, P = 0.02, respectively; Supplementary Figures 3C,D).

We performed differential abundance analyses to understand the differences between the buccal cavity bacteria of inbred families (F2S2 vs. F2C1) and between outbred and inbred (F2S1 vs. F2S2) to investigate the influence of breeding strategy on the buccal cavity microbial composition. The result revealed that one ASV had significantly lower abundance in F2S2 compared to the F2C1: Kocuria with a log2foldchange (LFC) of −35 (Supplementary Figure 4A). On the other hand, in the buccal cavity of F2S1, Corynebacterium, Propionibacterium, and Staphylococcus had higher abundance (more than 5 LFC) compared to the F2C1 family (Supplementary Figure 4B). While the abundance of Nocardioides and Rothia were lower (5 LFC) in F2S1 compared to F2C1 (Supplementary Figure 4B). In the case of the posterior intestine, Corynebacterium had lower abundance (25 LFC) in F2S1 compared to F2C1. Furthermore, Brevibacillus, Geobacillus, Paenibacillus, and Sphingomonas had higher abundance (10 LFC) in the F2S1 family compared to F2C1 (Supplementary Figure 4C).




DISCUSSION

Microbial transmission from different body sites of parents to offspring is extensively studied in humans compared to other animals. The gathered data on microbial transmission have provided insights into the beneficial as well as disease-causing microbes that are passed on to generations. A recent study has reported that bacterial transmission is dependent on both relationship and cohabitation (Valles-Colomer et al., 2022). Transfer of bacteria from mother to infant shapes the microbial composition in infants. It should be noted that delivery mode (cesarean section) can disrupt the normal assemblage of microbes in infants, and this issue can make the offspring susceptible to diseases such as celiac disease, asthma, and obesity (Mueller et al., 2015). These facts indicate the importance of normal microbial community at the early stage of organism development. Only a few studies have reported microbe transfer in aquatic animals. These studies showed evidence of vertical microbial transmission (Stephens et al., 2016; Sylvain and Derome, 2017). Here we present the first report of bacterial transmission across generations of Nile tilapia, a mouthbrooder fish species.

Our results revealed the dominance of the phyla, Actinobacteria, Proteobacteria, and Firmicutes in the buccal cavity and posterior intestine of the wild Nile tilapia individuals. These phyla are known to be dominant in the gut of wild Nile tilapia (Bereded et al., 2020; Bereded et al., 2021) and many other fish species (Legrand et al., 2020; Yukgehnaish et al., 2020). On the other hand, the buccal cavity microbiome of wild Nile tilapia has not been previously reported. The microbial composition in the buccal cavity and the posterior intestine in F0 and F2 generations was also dominated by the aforementioned phyla. Furthermore, Actinobacteria, Proteobacteria, and Firmicutes were found as the dominant phyla in breast tissue and human milk (Togo et al., 2019). In our study, at the genus level, the most abundant bacteria were Propionibacterium and Nocardioides; in both the buccal cavity and the posterior intestine. We found that these genera are also dominant in the wild fish samples though their abundance was different across individuals.

Various body sites of fishes harbor microbes and different factors such as diet, environment, and host pressure may help in the establishment of a balanced healthy microbiota which is known as normobiosis (Johny et al., 2021). From an ecological point of view, niche- and neutral- processes lead to well-established host microbial communities (Liao et al., 2016). The niche-based theory indicates the deterministic effects of factors such as environmental conditions, among which rearing systems can influence the gut microbiome assemblage during the development of Nile tilapia larvae. Shared OTUs of the rearing water and gut bacterial communities of Nile tilapia larvae points to the niche selection of the water bacteria (Giatsis et al., 2015). Distinct core gut microbiota in zebrafish was suggested to be due to host selective pressure or a niche selection based on certain bacteria in the rearing water (Roeselers et al., 2011). A study reported differences in the gut of larvae reared in two different rearing systems. However, when they were moved to a common recirculating aquaculture system (RAS), the gut microbial diversity and composition was similar in the individuals (Giatsis et al., 2014; Deng et al., 2021). It is also known that as fishes grow host pressure overtakes the environmental factors in deciding the microbial profile (Talwar et al., 2018). In the present study, we did not find any difference in the microbial richness and evenness in F0 and F2 generations that were reared in a common garden. This may indicate that the oral microbiome is colonized by similar microbial communities. However, in the case of the posterior intestine, we found a statistical trend, probably indicating a difference between the microbial communities in F0 and F2 generations. We speculate that the differences are due to breeding/genetic effects in F059 (F0) and F2C1 (F2) families (Abdelhafiz et al., 2021a). To understand this fact, we analyzed the microbial composition in two families of the F2 generation; these results also did not reveal any differences in the diversities of the microbial communities in F2C1 and F2S2, which are both inbred groups. On the other hand, we found dissimilarities between the microbial community compositions of the buccal cavity and the posterior intestine in F2C1 (inbred) and F2S1 (outbred), based on the weighted UniFrac distance of the inbred and outbred groups. Furthermore, the differential expression analysis of ASVs revealed significant differences between ASVs in both the buccal cavity and the posterior intestine in all the F2 family comparisons. When the buccal cavity communities of the two inbred groups (F2C1 and F2S2) were compared, Kocuria was noted to be the less abundant bacteria in F2S2 compared to F2C1. On the other hand, when we compared the buccal cavity communities of an inbred group with those of an outbred group (F2C1 and F2S1, respectively) we found differences in the microbial taxa. Furthermore, one of the ASVs of the core microbiome belonged to Nocardioides (DENOVO 2), which was not found in the outbred group (F2S1). The differences between the microbial communities, in this case, are likely due to the breeding strategy (Abdelhafiz et al., 2021a).

The core microbiome is known to be present across any population of a particular host organism, and this community plays an essential role in the host biological functions (Risely, 2020). Although it is well known that many factors modulate the microbiome composition in a host, the presence of the core microbial community may not be disrupted (Salonen et al., 2012; Henderson et al., 2015; Deng et al., 2021). In our previous study, we reported the lower microbial inter-individual variability amongst the intestine bacteria of the inbred Nile tilapia (Abdelhafiz et al., 2021a). However, in the present study, our analysis showed inter-individual variation across the buccal cavity and posterior intestine samples of the F2 and F0 generation. In fish, microbial inter-individual variation is common. This was observed even in individuals (cod and bluefin tuna larvae) reared in the same tank (Fjellheim et al., 2012; Gatesoupe et al., 2013). Furthermore, when the microbial interactions between core microbiome members and other microbes are positive, competition between the microbes will be less (Jones et al., 2018), allowing host genetic/selection or ecological pressure to shape the microbial compositional variation (Shan and Cordero, 2020). Moreover, the inter- and intra-individual compositional variations in humans are regarded stable over time (Jones et al., 2018).

In Nile tilapia larvae, the core microbiome was not affected by the early life environment (Deng et al., 2021) and these bacteria had high abundance (Wu et al., 2020; Deng et al., 2021). In the current study, the abundance of the members of the core microbiome was high in the buccal cavity and the intestine of the wild as well as F0 and F2 generations, mostly dominated by Nocardioides, Propionibacterium, Sphingomonas, and Enhydrobacter. However, the core microbiome in the intestine of wild Nile tilapia from Lake Awassa and Chamo in Ethiopia was reported by Bereded et al. (2020). At the phylum level, the core microbiome in the fishes from these two lakes was similar to wild tilapia (in the current study) from the Nile river in Egypt. The core microbiome was mostly dominated by Actinobacteria, Firmicutes, and Proteobacteria. However, at the genus level, the core microbiome in our study and that of Bereded et al. (2020) were different. In Awassa and Chamo lakes, the most abundant genera were Clostridium_XI, GPXI, Cetobacterium, and Turicibacter. In the current study, the core microbiome was mostly dominated by Nocardioides, Propionibacterium, Sphingomonas, and Corynebacterium. In our previous study, we observed Cetobacterium as a core member in the mouth and intestine of Nile tilapia from the F1 generation (Abdelhafiz et al., 2021a). These differences in the core microbiome could be attributed to the microbial functional groups. It was reported that microbes with similar metabolic functions can be combined into functional groups which are controlled by various ecological pressures (Shan and Cordero, 2020). Furthermore, in blue tilapia (Oreochromis aureus) maternal cold-tolerant genetic components were reported to be transferred to offspring (Nitzan et al., 2016). In addition, Kokou et al. (2018) reported host-microbe selection of cold-tolerant microbes in the gut of blue tilapia. Therefore, we also speculate that the difference in the core microbiome between wild Nile tilapia from Egypt and Ethiopia could be due to a genetic pressure directed toward environmental factors.

The core microbiome that is vertically transmitted across generations (Funkhouser and Bordenstein, 2013; Sylvain and Derome, 2017; Lee et al., 2019; Jorge et al., 2020) has conserved functions (Ramos et al., 2021). In the current study, we observed a presumed vertical transmission of the core microbiome from the wild Nile tilapia to the subsequent generations (F0 and F2). The core microbiome in the buccal cavity was mostly dominated by different ASVs of Nocardioides, Propionibacterium, Sphingomonas, and Enhydrobacter. These core members were also abundant in the posterior intestine, the exception was Enhydrobacter. Breast milk microbiome of humans is dominated by nine genera, and among them are Propionibacterium and Sphingomonas (Mueller et al., 2015). In infants, breastfeeding promotes the colonization and maturation of the infant gut microbiome in addition to the vertically transmitted microbes from different body sites of mothers (Mueller et al., 2015). However, microbes transmitted from the mother’s skin and vagina are transient microbes that facilitate the early colonization of other microbes also. Maternal gut microbes that are known to have better ecological adaptation capacity were found to be more persistent in the infant gut (Ferretti et al., 2018). In discus fish, maternal skin microbiome that is vertically transmitted to offspring shapes the gut microbial community of the fry (Sylvain and Derome, 2017). In our study, we found that microbes from both maternal mouth and gut shape the microbiome in offspring. For example, in wild fish, Sphingomonas was a member of the core microbiome of only posterior intestine samples. Nevertheless, we detected bacteria belonging to this genus in the mouth of F0 and F2 generations. The egg capsule of little skate was reported to have a high microbial richness and core microbiome that are essential for embryonic development (Mika et al., 2021). Therefore, we speculate that Nocardioides, Propionibacterium, and Sphingomonas may have a role in facilitating the colonization of other microbes in the buccal cavity and gut of Nile tilapia. Furthermore, the incubation of eggs in the buccal cavity of Nile tilapia could be the route for vertical transmission of microbes to the eggs. Propionibacterium have been found in human skin microbiome, raw milk, soil, silage, and anaerobic digesters (Gautier, 2014). Moreover, members of Propionibacterium were reported to break down urea and release ammonia (Gautier, 2014). It was reported that carp and zebrafish gill nitrogen-cycle microbes can detoxify ammonia (van Kessel et al., 2016). In European seabass, Propionibacterium was noted to be dominant in digesta and mucosa (Serra et al., 2021). Furthermore, Propionibacterium species are known for their unique metabolism to convert lactate to propionic acid and acetic acid by fermentation (Ciani et al., 2013). In addition, Propionibacterium sp. have immunomodulatory effects in the mice intestine. It was reported that propionate, which is produced by Propionibacterium, prevents acute colitis in mice (Plé et al., 2015). It is also known that Propionibacterium surface proteins interact with human epithelial cell surface and improve barrier functions in the intestine, and probably act against inflammatory bowel diseases (do Carmo et al., 2017). Nocardioides, the other abundant member of the core microbiome in Nile tilapia, are known to produce the anti-tumor antibiotics, sandramycin, and they can modify complex compounds chemically and enzymatically. Moreover, Nocardioides spp. have antimicrobial and antifungal activities (Lee et al., 2012), and they belong to healthy microbiota, as reported in the case of feces from healthy cottontail rabbits (Zhang et al., 2015). Furthermore, bacteria from this genus were found enriched in mice intestine after Lactobacillus plantarum administration (Xie et al., 2016). Nocardioides was also reported as gut microbiome member in Malaysian population (Chua et al., 2019). Other articles have also indicated the presence of Nocardioides and Sphingomonas in other fishes and fish rearing facilities; Nocardioides in the intestine of Korean spotted sleeper (Odontobutis interrupta) and leopard mandarin fish (Siniperca scherzeri) (Hyun et al., 2021), and Sphingomonas in fish ponds (Chen et al., 2016) and fish intestine (Hyun et al., 2021).

Sphingomonas species produce poly-β-hydroxybutyrate, in situations where carbon is available, but when there is a limited nutrient source (Dedkova and Blatter, 2014; Chen et al., 2016). Furthermore, Sphingomonas species can grow and survive in a wide range of environments that other bacteria do not tolerate (Kuehn et al., 2013). Sphingomonas was found as a core microbiome member in healthy human milk (Hunt et al., 2011), in Cyprus donkey milk (Papademas et al., 2021) and in bovine milk (Kuehn et al., 2013). In humans, feces microbiome of infants are different between breastfed and formula-fed infants, which indicates the transfer of microbes from milk to infant gut and/or involvement of milk prebiotics in the proliferation of specific microbes (Moossavi et al., 2018). Disturbance of the transfer process of the microbes from human milk to the infant was associated with many diseases (Hunt et al., 2011). Sphingomonas protect maternal breast tissue against breast cancer, and the abundance of Sphingomonadaceae family was higher in the nipple aspirate fluid of healthy women (Xuan et al., 2014; Chan et al., 2016). Thus, Propionibacterium, Nocardioides, and Sphingomonas that are transmitted vertically from the wild fish and possess the aforementioned functional potential are likely beneficial members in the core microbiome of Nile tilapia.



CONCLUSION

Here we report for the first time a presumed vertical transmission (based on similar ASVs in different generations) of buccal cavity and intestine microbial communities across generations in a mouthbrooder species. To our knowledge, the buccal cavity microbiomes in wild Nile tilapia has not been previously reported. We presume that the buccal cavity and the intestine core microbiome facilitate the colonization of other gut microbiome across generations. Furthermore, we suggest that the route of vertical transmission is through the mouth when eggs are incubated in the buccal cavity of Nile tilapia. Based on the literature, we believe that the core microbiome members that were likely vertically transmitted from the wild tilapia are beneficial bacteria and could play an essential role in the development of the offspring.
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This study was performed to investigate the effect of microbial supplementation diet on the survival rate and microbiota composition of artificially produced eel larvae. Microorganisms supplemented in the diet were isolated from wild glass eel intestines and identified as Bacillus sp. through 16S rRNA sequencing analysis. In vitro tests confirmed that the strain had no hemolytic activity and virulence genes. Microbial supplemental feeding significantly increased the survival rate of artificially produced eel larvae for 30 days post-hatchling compared with that of the control group. It also caused changes in the α-diversity, β-diversity, and relative abundance of the bacterial communities. Analysis via phylogenetic investigation of communities by reconstruction of unobserved states predicted that these microbial community changes would significantly increase the carbohydrate metabolism, membrane transport, and cellular community pathway of the microbial supplementation group. Therefore, microbial supplementation feeding for eel aquaculture could increase the viability of artificially produced eel larvae and alter the microbial composition to induce metabolic changes.
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INTRODUCTION

Japanese eel (Anguilla japonica) is a typical catadromous fish found in East Asian countries, such as Korea, Japan, China, and Taiwan (Hsu et al., 2015). Although it is considered a commercially valuable aquaculture species (Okamoto et al., 2009), eel aquaculture generally involves catching glass eels from the wild as aquaculture seeds because commercial-scale artificial breeding techniques have yet to be developed (Okamoto et al., 2009; Hsu et al., 2015). Consequently, eel aquaculture is highly dependent on the capture of glass eels. However, natural eel stock is rapidly depleting because of various factors, such as changes in the marine environment and climate, habitat destruction, and overfishing (Tsukamoto et al., 2009; Chen et al., 2014). Therefore, commercial-scale artificial propagation technology should be developed to protect natural eel resources and stabilize the aquaculture industry (Tsukamoto, 2014; Hsu et al., 2015).

Hormonally treated eels can yield consistently abundant eggs and sperm (Ohta et al., 1996a,b), which can be used for leptocephalus production and subsequent metamorphosis into glass eels (Tanaka et al., 2001, 2003). However, egg quality is still unstable (Unuma et al., 2005), and the growth and survival rates of artificially produced larvae are low (Ishikawa et al., 2001; Okamura et al., 2014; Tsukamoto, 2014). Therefore, further studies on maturation induction and larval rearing methods are needed to overcome these deficiencies (Okamoto et al., 2009).

Marine snow is composed of particulate organic matters, including dead or dying animals and phytoplankton, bacteria, and fecal matter; it can be an important food source for various organisms (Decho and Gutierrez, 2017; Shin et al., 2021). In the wild, it has also been suggested that eel larvae may feed on marine snow consistently present on the ocean surface (Otake et al., 1993; Mochioka and Iwamizu, 1996; Miller et al., 2013). They use various nutrients and substances produced by microorganisms and organic matters that constitute marine snow (Kim et al., 2018). Thus far, the most suitable feed for artificially produced eel larvae is a slurry-type feed containing shark-egg powder developed by Tanaka et al. (2001, 2003). However, it causes some problems. For instance, it is not digested and absorbed well in the intestine of the eel larvae; consequently, larvae grow slowly and have a low survival rate (Hsu et al., 2015).

Fish gut microbiota play an important role in nutrient digestion and immunological processes (Jang et al., 2021). For example, the gut microbiota of eel larvae or microbiota in marine snow may help produce monosaccharides required for the synthesis of hyaluronan, which is the main component of the bodies of preleptocephali and leptocephali (Pfeiler, 1991; Hsu et al., 2015). However, the microbiota of Japanese eel are poorly studied, and the effects of microbial supplementation on survival rate at early developmental stages are yet to be explored. Therefore, the present study is conducted to investigate the effect of a microbial supplementation diet on the survival rate and gut microbiota composition at early developmental stages of eel larvae.



MATERIALS AND METHODS


Bacterial Isolation, Identification, and Characterization

Bacteria were isolated from the intestines of wild glass eels (5.1 ± 0.3 cm) caught in the Yeongsan River (34°46′05.2′′N 126°20′58.1′′E). Afterward, the intestines were separated, homogenized, and serially diluted with 0.85% saline solution. The suspension was spread on an LB agar plate and incubated at 25°C for 48 h. A single colony was isolated, cultured in liquid medium, and identified through 16S rRNA sequencing analysis. The isolated strain was evaluated to determine its viability at various temperatures, pH, and salinity. Hemolytic activity was examined by incubating bacteria on a blood agar base plate (Kisan Bio, South Korea) at 37°C for 48 h. Toxicity gene analysis was performed via PCR by using the primers shown in Supplementary Table 1. PCR was performed with a Veriti 96-Well Thermal Cycler (Applied Biosystems, Waltham, MA, United States) at Dong-Eui University Core Facility Center (Busan, South Korea).



Experimental Diet Preparation

For the experimental feed, a slurry-type diet containing shark egg as the main raw material was used (Tanaka et al., 2001; Kim et al., 2014). Shark-egg (50 g), krill meal (6 g), Soybean peptide (3 g), fishmeal (3 g), and vitamin mix (0.3 g) were mixed at 1,200 rpm for 3 min and filtered at 90 μm before use.



Artificial Production of Eel Larvae

Larvae were produced using a previously described method (Kagawa et al., 2005; Kim et al., 2007). Briefly, female (3 years old, 400–500 g) and male (3 years old, 300–400 g) eels were matured by administering salmon pituitary extract and human chorionic gonadotropin, respectively. Ovulation of female eels was induced with 17α, 20β-dihydroxy-4-pregnen-3-one and fertilized with artificially produced sperm.



Rearing System and Condition for Feeding Trial

Fertilized eggs were cultured in a 1 t square tank equipped with a cylindrical net (50 cm diameter); after hatching, they were cultured in a round tank (1.5 m height and 50 cm diameter) for 6 days. A feeding trial was conducted in 6 U-shaped tanks (20 L) (Supplementary Figure 1), and each tank dispensed 500 larvae. Water temperature and flow were maintained at 23 ± 0.1°C and 0.99–1.13 L/min, respectively. Experimental feed was given five times a day (10 ml/time). The survival rate 30 days after hatching was calculated using the following equation: Survival rate (%) = number of surviving larvae/number of hatched larvae × 100.



Microbiota Analysis

After the feeding trial, the larvae in each group were collected and washed thrice with filtered water; then, 100 larvae per group were pooled and homogenized. Bacterial DNA was isolated using FavorPrep™ Tissue Genomic DNA Extraction Mini Kit (Favorgen Biotech Corp., Taiwan) in accordance with the manufacturer’s instructions. The V3–V4 region of the isolated total DNA was amplified using primers containing the Illumina overhang adapter sequence. Afterward, library quantification, quality control, and sequencing were conducted at the Moagen (Daejeon, Republic of Korea). Data were analyzed using the EzBioCloud server.1



Bioinformatics and Statistical Analysis

Normality and homogeneity of variance of all data were assessed using Shaprio–Wilk and Levene tests, respectively. Data were analyzed using IBM’s Statistical Package for the Social Sciences software (SPSS Inc., Chicago, IL, United States) following Student’s t-test. Statistical significance was determined at P < 0.05. Data were presented as means ± standard deviations (SD). Principal coordinate analysis was based on the weighted unifrac metrics of bacterial operational taxonomic units between the different diets. Linear discriminant analytical effect size (LEfSe) was applied to identify differentially displayed taxa (biomarkers) among groups with linear discriminate analysis (LDA) score > 4.0 as the threshold. PICRUSt was used to predict the functional profiling of the intestinal microflora.




RESULTS


Bacterial Isolation and Identification

The 16S rRNA sequences of the isolated bacteria shared 99.86, 99.59, 99.39, and 99.32% homology with the following Bacillus species: B. sonorensis NBRC 101234T (AYTN01000016), B. haynesii NRRL B-41327T (MRBL01000076), B. licheniformis ATCC 14580T (AE017333), and B. paralicheniformis KJ-16T (KY694465), respectively). The isolated strain was named Bacillus sp. FEB-1. In general, Bacillus sp. FEB-1 can survive at 20–50°C, pH 6–8, and 0–4% salinity. Optimal growth conditions were 35°C and pH 7. In addition, no virulence genes (Supplementary Figure 2) and hemolytic activity based on the pathogenic strain B. cereus KCTC 3624 were detected



Survival Rate and Growth of Anguilla japonica Larvae

Table 1 shows the survival rate, body length, and depth (vertical measurement) 30 days after hatching according to diet. The survival rate was significantly increased in the group supplemented with Bacillus sp. FEB-1 (BAC) compared with that of the control group (Con). However, body length and depth did not significantly differ between the two groups.


TABLE 1. Survival rate, total length (TL), and body depth (BD) of Anguilla japonica larvae.

[image: Table 1]


Microbiota Analysis

The diversity estimates of the BAC group significantly differed from those of the Con group. The Shannon value of the BAC group (2.84 ± 0.11) decreased compared with that of the Con (3.60 ± 0.13) groups. The Simpson value of the BAC group (0.21 ± 0.02) increased compared with that of the Con (0.05 ± 0.01) groups. The richness estimates of the two groups did not significantly vary (Table 2).


TABLE 2. Alpha diversity of the bacterial communities of A. japonica larvae.

[image: Table 2]
Figure 1 shows the results of β-diversity analysis at the genus level based on the UniFrac metric using principal coordinate analysis. The Con and BAC groups had relatively long distances, indicating low similarity, whereas each sample in the same group had a relatively close distance. Therefore, Principal coordinate analysis elucidated clear differences between the groups.


[image: image]

FIGURE 1. Principal coordinate analysis based on the weighted unifrac metrics of bacterial operational taxonomic units between the different diets.


The comparison of the relative abundance within the groups at the phylum level revealed that both groups were abundant in the order of Proteobacteria and Bacteroidetes. However, Proteobacteria accounted for a high rate of 78.48% in the Con group and a relatively low rate of 49.29% in the BAC group. The proportions of Bacteroidetes, Actinobacteria, and Acidobacteria in the BAC group were higher than those in the Con group. At the order level, Cellvibrionales was relatively abundant in the Con group, and Flavobacteriales and Rhodobacterales were abundant in the BAC group. At the genus level, Spongiibacter, Ruthia family (unclassified), and Crocinitomix were abundant in the Con group, and Tenacibaculum and Psychrobacter were relatively abundant in the BAC group (Figure 2).


[image: image]

FIGURE 2. Average composition and relative abundance of bacterial communities of Anguilla japonica fed different diets at the phylum (A), order (B), and genus (C) levels.


The heatmap analysis highlighting the relatively high or low levels of the top 30 selected genera is shown in Figure 3. Microbial abundance evidently differed between the two groups. In particular, 14 genera, including Flavobacteriaceae_uc and Nautella, were relatively abundant in the Con group. Conversely, 16 genera, including Microthrix and Serinicoccus, were abundant in the BAC group.


[image: image]

FIGURE 3. Heatmap analysis of the genus abundance within the A. japonica microbiota from each group. Green represents the more abundant genus in the corresponding sample and red represents the less abundant genus.


Linear discriminant analysis effect size was used to identify significant differences in the taxa of the intestinal microbiota of A. japonica larvae. The Con group showed significant differences in Proteobacteria (phylum), Gammaproteobacteria (class), Cellvibrionales (order), Spongiibacteraceae (Family), Spongiibacter (genus), Ruthia (order to genus), Crocinitomicaceae (Family), and Crocinitomix (genus). the BAC group showed significant differences in the Acidimicrobiia (class), Acidimicrobiales (order), Acidobacteria (phylum), Blastocatellia (class), Blastocatellales (order), Blastocatellaceae (Family), Actinobacteria (phylum), Bacteroidetes (phylum), Flavobacteriales (order), Flavobacteria (class), Flavobacteriaceae (Family), and Tenacibaculum (genus) (Figure 4).


[image: image]

FIGURE 4. Linear discriminant analysis effect size (LEfSe) analysis of differential abundance of taxa within A. japonica microbiota from each group. (A) Linear discriminant analysis (LDA) score of abundance of taxa; (B) cladogram showing differentially abundant taxa between the two groups of phylum to genus.


Changes in the presumptive metabolic functions of the microbiota of A. japonica larvae were analyzed on the basis of metagenome prediction via PICRUSt. The metabolic function significantly increased in the BAC group (Figure 5). The proportions of starch and sucrose metabolism, amino sugar and nucleotide sugar metabolism, galactose metabolism, pentose and glucuronate interconversions, ABC transporters, phosphotransferase system, and quorum sensing pathways in the BAC group were significantly higher than those in the Con group.


[image: image]

FIGURE 5. Presumptive metabolism functions of microbiota in A. japonica with different diets. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway was obtained from 16S metagenomic sequences using PICRUSt.





DISCUSSION

In this study, bacteria were isolated from the intestine of wild glass eel, and the isolated strain was identified through 16S rRNA sequencing analysis as a Bacillus sp. Bacillus spp. are abundant in fish intestines and known to provide various beneficial effects to their host (Jang et al., 2021; Santos et al., 2021). For example, they enhance digestive and antioxidant enzyme activity, immunity, and stress-related gene expression; they also produce natural antibacterial compounds that antagonize pathogens, thereby improving the ability of fish to resist pathogenic microbes (Nayak, 2010; Cha et al., 2013; Buruiană et al., 2014; Kuebutornye et al., 2019; Santos et al., 2021). With these advantages, Bacillus spp. can be used as probiotics in aquaculture. Many studies have reported the positive effects of Bacillus as probiotics on various fish species (Hasan et al., 2019; Jang et al., 2021).

Van Doan et al. (2020) defined host-associated probiotics (HAPs) as bacteria originally isolated from rearing water or the gastrointestinal tract of hosts for improving the growth and health of hosts. When used as probiotics, they may have superior functionality because they can evade their hosts’ defense system and are better adapted to the host gut environment (Van Doan et al., 2020; Jang et al., 2021). Bacillus sp. FEB-1 isolated from the intestines of wild glass eels is also a HAP and may provide beneficial effects on the intestines of farmed eels.

Thus far, the most suitable feed for eel larvae is a slurry-type diet based on shark-egg powder developed by Tanaka et al. (2003). Although many studies have been conducted since then, further studies on feed ingredients and composition more suitable than slurry-type diet based on shark-egg powder have yet to be performed (Kim et al., 2014). However, this slurry-type diet is not well digested and absorbed in the intestine of eel larvae; consequently, their growth is slow, and their survival rate is low (Hsu et al., 2015). Therefore, research on feed development for the advancement of artificial propagation technology on a commercial scale is important (Shin et al., 2021).

Marine snow, known as eel food in nature, contains a high amount of carbohydrates belonging to various monosaccharides and polysaccharides, such as glucose and galactose (Cowen and Holloway, 1996; Skoog et al., 2008). Saccharides are necessary for the synthesis of hyaluronan, the main component of the bodies of preleptocephali and leptocephali; they are also important for larval growth (Pfeiler, 1991; Hsu et al., 2015). Hsu et al. (2015) conducted transcriptome analysis and reported that preleptocephalus and leptocephalus stages have low transcript levels of carbohydrate-digesting enzymes. They suggested that the gut microbiota may play an important role in low nutrient digestion and immune processes in fish (Nayak, 2010; Hsu et al., 2015). They further highlighted the importance of the activity of enzymes such as glucosidase detected in bacteria isolated from marine snow (Rath and Herndl, 1994; Hsu et al., 2015). In the present study, FEB-1 supplementation likely changed the microbiota composition of eels, possibly increasing metabolism related to various carbohydrates, such as starch, sucrose, galactose, and glucuronate. These metabolic changes might have increased the survival rate of the larvae. However, further studies involving transcriptome and western blot analysis are needed to confirm whether microbial supplementation actually induces alterations in carbohydrate metabolism in eel larvae.

Other studies have used microorganisms to increase the digestibility and survival rate of larvae. Kim et al. (2018) used biofloc technology (BFT) involving Bacillus species. They fed larvae with biofloc similar to marine snow and investigated its effects on survival and growth. They found that the growth and survival rates of larvae fed with the BFT diet were lower than those fed with a conventional slurry-type diet. Kim et al. (2018) reported that these results may be due to differences in the composition and content of carbon compounds. Tarnecki et al. (2019) investigated the effect of Bacillus supplementation on common snook (Centropomus undecimalis) larvae. They reported that Bacillus supplementation can enhance the survival rate, but it cannot be accounted for the rapid larval growth (Tarnecki et al., 2019). Similarly, our result revealed that the survival rate of eel larvae increased, but their overall length did not significantly differ. Tarnecki et al. (2019) noted that Bacillus supplementation positively affects the fish immune system, but further studies are needed to identify this protective mechanism.

The gut microbiota composition of fish is influenced by numerous factors, such as habitat, water quality, water temperature, growth stage, and feed (Jang et al., 2021). Changes in microbiota composition can affect fish metabolism and ultimately health (Ye et al., 2011; Semova et al., 2012; Ni et al., 2014). In this study, notable changes in microbial composition at the genus level was observed in Tenacibaculum. For example, T. maritimum is a well-known pathogenic bacterium in wild and farmed marine fish (Pérez-Pascual et al., 2017). However, information about its virulence mechanisms is limited (Avendaño-Herrera et al., 2006). In this study, we could not suggest a clear association between the increased survival rate of eel larvae and increased Tenacibaculum in the microbiota of eel larvae by Bacillus supplementation. However, we found that T. maritimum possesses genes encoding the biosynthesis of exopolysaccharide, protease, and glycoside hydrolase (Pérez-Pascual et al., 2017). This finding suggested that these genes may influence the nutrient digestion and absorption of eel larvae.



CONCLUSION

Bacillus sp. FEB-1 supplementation could improve the survival rate of artificially produced eel larvae and increase carbohydrate metabolism in eel larvae by changing the microbiota composition. Microbial supplementation might be used to increase survival rate in artificially produced eel larva aquaculture.
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Nile tilapia (Oreochromis niloticus) is one of the most important commercial freshwater fish in China, and dietary transition occurs in their different life stages. The gut microbiota is important to host health. The relationships among the diet, gut microbiota, and development of tilapia are not well known. In the present study, we attempted to understand how diet is associated with microbiota community dynamics during the development of tilapia. The first experiment was performed under standard laboratory feeding operation to determine the effect of diet transition on intestinal microbiota. In the second experiment, tilapia were fed with Artemia or plant-based dry (PBD) food from the fish started feeding to their late juvenile stage (90 days post-fertilization). The results in the first experiment showed that feeding habit transition in juvenile fish had a low effect on the microbiota of the tilapia intestine. In the second experiment, plant-based food negatively affected the survival rate and intestinal development of tilapia. The phylum Planctomycetes was dominant in juvenile fish fed PBD food. The phylum Fusobacteria was dominant in the juvenile fish fed Artemia. At the genus level, Gemmobacter, Pirellula, and Planctomyces, belonging to the phylum Planctomycetes, were significantly abundant in the guts of fish fed the PBD food diet. Cetobacterium of the phylum Fusobacteria was dominant in juvenile fish fed Artemia. Thus, we can conclude that diet types have a great effect on the microbiota of tilapia intestine in their early life stages. The intestinal microflora of tilapia was established in juvenile tilapia, approximately 2 months after hatching. Our results provide useful information for the experimental design of studies on the microbial community of the tilapia gut. We suggest that modulation of gut microbiota of tilapia could be performed in their early life.
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Introduction

The intestinal microbiota is considered an additional ‘organ’ of fish, which has beneficial effects on nutrition, development, and immunity (Ghanbari et al., 2015; Wang et al., 2018). These are of vital importance regarding fish health. Many researchers have reported that the community structure and function of the fish intestine are related to their diet (Ringø et al., 2016; Wei et al., 2018; Villasante et al., 2019). However, the gut microbiota could be modulated by dietary manipulations as well as by host factors, environmental factors, microbial factors, and individual variations (Ringø et al., 2016). To reduce these effects on the gut microbiota, we conducted research on the intestinal microbial community of a single large sibling all-male group of Nile tilapia (Oreochromis niloticus) throughout development.

Nile tilapia are one of the major fish in tropical and subtropical freshwater (Negassa and Prabu, 2008). Due to their high tolerance to environmental conditions and omnivorous feeding habits, tilapia have become one of the most important commercial fish in several countries throughout the globe, particularly China (Fishery Bureau, 2020). Tilapia have been recorded to undergo dietary transition (Le Roux, 1956; Ibrahim et al., 2015; Tesfahun and Temesgen, 2018). The fry prefer zooplankton (Le Roux, 1956). Juvenile tilapia depend on animal-based food, e.g., zooplankton and insect larvae, whereas adults feed mainly on macrophytes followed by phytoplankton (Tesfahun and Temesgen, 2018). Previous research found that eggs, rearing water, and live feed are possible sources of the intestinal microbiota of fish larvae (Wang et al., 2018). A study on zebrafish showed that fish development affected the intestinal microbial community (Stephens et al., 2016). The intestinal microbiota of blunt snout bream (Megalobrama amblycephala) was influenced by feed transition across development (Wei et al., 2018). Thus, diet and physiology over fish development probably interact, and both are involved in the establishment of intestine microbiota.

During the last decade, to reduce the use of fish meal and oil, sustainable alternative protein sources have been increasingly in demand in the aquaculture industry (Morais et al., 2012; Hansen and Hemre, 2013; Ringø et al., 2016). In the present study, we attempted to determine how diet-associated microbial communities change with the development of tilapia to reveal the possibility of using a plant-based diet for tilapia culture throughout their entire life. One experiment was performed under standard operating tilapia husbandry practices (Fujimura and Okada, 2007) to understand the effect of the diet transition on the gut microbiota, in which tilapia were fed with Artemia until 40 days post-fertilization (dpf). Then, dry pelleted food with fish meal was added to the diet to avoid interindividual variance in growth, and in that case, bigger fish could feed on both Artemia and dry pelleted food, while smaller fish feed on Artemia. After 60 dpf, tilapia were fed dry pelleted food with fish meal. In another experiment, to determine the effect of different diets on the establishment of gut microbiota, tilapia were fed with artemia or plant-based dry (PBD) food from fish started feeding to 90 dpf. The results will provide information on how diet affects the microbiota of tilapia intestine across development, and novel insights into the modulation of the gut microbiome of tilapia.



Materials and Methods


Experimental Design and Sample Collection

Experiment I: To reduce the potential impacts of host genotypic variation, we used offspring from a single mating pair in the experiment. All-male tilapia were obtained by crossing YY super-male tilapia with XX females, in which the genotypes of females and males were confirmed by sex-related molecular markers developed in our laboratory. The intestinal microbiota of offspring of a pair of adult Nile tilapia parents at multiple stages in their development was analyzed using high-throughput 16S rRNA gene sequencing. The offspring (all male) were cultured in glass tanks (45 cm× 35 cm× 35 cm) with three replicate tanks and 120 fish per tank. The fish were raised in a way reflecting commonly operated tilapia husbandry practices for indoor experiments (Fujimura and Okada, 2007) in an recycling aquaculture system with a water exchange rate of 6 m3/h. Tilapia were fed with Artemia from 11 dpf to 59 dpf. From 40 dpf, dry pelleted food was added to their diet to avoid interindividual variance in growth. From 60 dpf, tilapia were fed with totally dry pelleted food. Artemia was offered twice a day (1 nauplii/ml water volume) from 11 dpf (Drossou et al., 2006), and the amount was increased to 2 and 4 nauplii/ml water volume from 20 and 30 dpf. Dry feed was offered twice a day with 5% of the mean wet body weight from 40 dpf, and the amount was increased to 10% of the mean wet body weight from 60 dpf. Live Artemia were hatched from Artemia salina egg (Fengnian Aquaculture Co., Ltd, Tianjin, China) at 28°C for 24 h. Dry pelleted food (Nanhai Jieda Feed Co., Ltd., Foshan, China) contained 30% protein. During the whole experiment, water temperature was 27.5 ± 0.5°C. pH was 7.20 ± 0.10. Light: dark period was 12L:12D. Total nitrogen (TN), ammonia nitrogen (NH4-N), and nitrite nitrogen (NO2-N) content of water of the system was 0.22 ± 0.05 mg/L, 0.10 ± 0.03 mg/L, and 0.01 ± 0.002 mg/L. TN, NH4-N, and NO2-N levels in water were determined weekly using the spectrophotometric method according to Chinese Environmental Quality Standards HJ 636-2012, HJ 535-2009 and GB 7493-87. The dissolved oxygen (DO) concentration of water was 5.90 ± 0.90 mg/L. DO and pH were measured by multi-parameter system (HQ2100, Hach, USA). Tilapia and tank water were sampled at multiple time points to catch vital nutritional transitions: when fish relied on egg yolk for nutrition (11 dpf, before feeding), fish were fed Artemia (15, 20, and 40 dpf), dry pelleted food was added to the fish diet (60 dpf), and fish were fed dry pelleted food (90 dpf; Figure 1A). We sampled the intestines of multiple fish at each time point, resulting in 24 fish per time point for ages 11 and 20 dpf and 9 fish per time point for ages 40 to 90 dpf. The ingredients of the dry pelleted food diet are shown in Table 1.




Figure 1 | Experimental design. (A) Experiment I studied the effect of diet transition on the gut microbiota of tilapia. (B) Experiment II studied the effects of diet on the intestinal microbiota of tilapia after the first feeding. (A) 11-A, 15-A, 20-A, 40-A, 60-A and 90-A: tilapia at 11, 15, 20, 40, 60 and 90 dpf in Experiment I. (B) 11-B: tilapia at 11 dpf in Experiment II. 20-B1, 40-B1, 60-B1, and 90-B1: tilapia at 20, 40, 60 and 90 dpf fed Artemia in Experiment II. 20-B2, 40-B2, 60-B2, and 90-B2: tilapia at 20, 40, 60 and 90 dpf fed PBD food in Experiment II. The same applies below.




Table 1 | Ingredients and chemical compositions of dry food diets (dry matter, g/kg diet).



Experiment II: Offspring (all male) from a single mating pair were used in the experiment. The offspring were split evenly among six glass tanks (40 cm× 32 cm× 32 cm), with three replicate tanks for each group and 80 fish per tank. The fish in group one were fed Artemia, and the fish in group two were fed PBD food from 11 dpf (Figure 1B). The ingredients of the PBD food are shown in Table 1. The PBD food was grounded with mortar and pestle and sieved to a proper particle size according to the fish size. Feed was offered twice a day with 10% of the mean wet body weight. Water temperature was 26.50 ± 2.10°C. pH was 7.40 ± 0.20. Light: dark period was 12L:12D. Tank water was changed every week. TN, NH4-N, and NO2-N content of water of the system was 0.45 ± 0.12 mg/L, 0.30 ± 0.10 mg/L, and 0.02 ± 0.005 mg/L during the whole experiment. DO of tank water was 5.20 ± 0.50 mg/L. Fish were sampled at 11 dpf (before feeding), 20 dpf, 40 dpf, 60 dpf, and 90 dpf. The intestine of 24 fish per time point for ages 11 and 20 dpf and nine fish per time point for ages 40 to 90 dpf were sampled. The mortality of fish was recorded.

Tilapia from each time point were sampled from the facility before they were fed between 9 and 10 a.m. of the sampling day. The intestines were put into 2 ml screw cap tubes, frozen in liquid N2 and preserved at -80°C in a refrigerator before DNA extraction. Two hundred ml of water per tank was sampled. Water samples were filtered through a 0.22 μm cellulose nitrate filter. The filter was preserved at -80°C in a refrigerator for DNA extraction.

All tilapia experiments were performed in conformity with the Ethical Committee for Animal Experiments of Pearl River Fisheries Research Institute, Chinese Academy of Fishery Sciences, China. All tilapia experiments followed the guidelines of the Animal Welfare Council of China.



Intestinal Histology

Fish samples at 20 dpf and 40 dpf in Experiment II were collected and maintained in 4% formalin-buffered saline solution. Then, the whole fish samples were prepared for paraffin embedding, stained with Harris hematoxylin and eosin (HE), and sealed with a neutral gum. Observation of the morphological structure of the intestine was conducted under a photomicroscope (Nikon YS100, Japan).



Illumina Library Preparation and Sequencing

DNA from the samples was isolated using Quick-DNA™ Universal Kits (Zymo Research, USA) following the manufacturer’s instructions. To study the structure and diversity of the bacterial communities in samples, a protocol reported previously was used (Caporaso et al., 2010). PCR amplifications were performed with the 515f/806r primer set (5-GTGCCAGCMGCCGCGGTAA-3′ and 5-GGACTACHVGGGTWTCTAAT-3, accordingly) that amplifies the V4 region of the 16S rRNA gene. DNA was amplified according to a protocol reported previously (Magoč and Salzberg, 2011). Sequencing was performed on an Illumina Hiseq2500 PE250 platform.

FLASH constructed pairs of reads from the original DNA fragments (Edgar, 2013). Sequencing reads were assigned to each sample following the unique barcode of each sample. Sequences were analyzed with the QIIME2 and UPARSE pipeline. The OTUs sequence was annotated based on SILVA138 SSUrRNA database (http://www.arb-silva.de/), and the community composition of each sample was calculated according to the obtained taxonomic information.



Statistical Analysis

Alpha diversity was calculated using Simpson and Shannon indices with the VEGAN package in R (version: 3.6.0). Weighted UniFrac distances were calculated in GUniFrac to evaluate beta diversity. Principal coordinate analysis (PCoA) was conducted for beta diversity with the R (version: 3.6.0) package Ape. A phylogenetic tree was constructed using FastTree (version 2.1). Discriminatory analysis of taxonomic groups among different groups was conducted by a Kruskal-Wallis test with R (version: 3.6.0).




Results


Diet Affected the Dominant Microbial Taxa of the Intestinal Microbiota of Tilapia

The tilapia intestinal microbiota was characterized under diet changes during the larval to juvenile stages in Experiment I. Diet and environment were held constant during the early juvenile stages (15, 20, and 40 dpf). Dry food was added to the diet after 40 dpf to avoid individual variance in growth, and then fish of a mid-juvenile stage (60 dpf) were sampled. Tilapia were fed only dry food after 60 dpf, and after that, fish of a late-juvenile stage (90 dpf) were added to compare gut microbiota (Figure 1). In Experiment II, tilapia were divided into two groups, and within each group, diet and environment were kept constant during the whole experiment. In both experiments, sequencing depth was all > 50000 sequences per sample. The Shannon and Simpson diversity indices showed that larvae before feeding (11 dpf) had higher bacterial diversity than those at other stages, and the bacterial diversity decreased with the development of tilapia (Figure 2). In Experiment I, significant differences were found between 11 and 20 dpf of both the Shannon and Simpson diversity indices (p < 0.05).




Figure 2 | Alpha diversity measures at the OTU level. (A) Shannon index for Experiment I (n=3), (B) Shannon index for Experiment II (n=3), (C) Simpson index for Experiment I (n=3) and (D) Simpson index for Experiment II (n=3). *p < 0.05, **p < 0.01.



These changes in community diversity were accompanied by large changes in the phylum-level composition of fish before feeding (11 dpf) and fish fed different diets (15, 20, 40, 60, and 90 dpf), with especially significant differences in the composition of Planctomycetes in Experiment I (Figure 3A). Planctomycetes were the most abundant phylum of bacteria in larval fish (11 dpf), followed by the mid-juvenile fish (60 dpf) in Experiment I, and were particularly abundant in larval intestines along with water samples. In Experiment II, the relative composition of the phylum Planctomycetes also decreased after fish started feeding (20 dpf), except in one fish sample that was fed with PBD food (Figure 3B). The relative abundance of the phyla Planctomycetes and Proteobacteria was higher in juvenile fish (40, 60 and 90 dpf) in the PBD-food feeding group than in the Artemia feeding group. The relative abundance of Fusobacteria increased after fish started feeding (15 dpf) in Experiment I and showed a marked increase in the juvenile fish (60 and 90 dpf) of the Artemia feeding group in Experiment II. We noticed a high abundance of Fusobacteria OTUs within those intestines (20, 40, 60, and 90 dpf in Experiment I; 60 and 90 dpf in Experiment II), with the large proportion of these OTUs (> 98%) being classified in the genus Cetobacterium. In Experiment I, Proteobacteria and Bacteroidetes were abundant in all Artemia and water samples, which did not always show high abundance in intestinal samples (Figure 3A).




Figure 3 | Taxonomic composition of the microbiota community at the phylum level. (A) Experiment I and (B) Experiment II. (A): 11-A, 15-A, 20-A, 40-A, 60-A and 90-A represent tilapia at 11, 15, 20, 40, 60 and 90 dpf with three duplicates; FE represents dry feed sampled when tilapia at 40 and 60 dpf; A represents Artemia sampled when tilapia at 15 and 20 dpf with two duplicates; W11, W15, W20, W40, W60 and W90 represent water sampled when tilapia at 11, 15, 20, 40, 60 and 90 dpf. (B): 11-B represents tilapia at 11 dpf; 20-B1, 40-B1, 60-B1, and 90-B1 repesent tilapia at 20, 40, 60 and 90 dpf fed Artemia; 20-B2, 40-B2, 60-B2, and 90-B2 represent tilapia at 20, 40, 60 and 90 dpf fed PBD food, all with three duplicates.



Nine genera, including Bacillus, Bosea, Cetobacterium, Gemmata, Gemmobacter, Paracoccus, Planctomyces, Plesiomonas, and Singulisphaera, were identified as core microbiota of the larval and juvenile tilapia intestine in both experiments. In the present study, core microbiota were genus identified in all the tested samples, whose relative abundance was more than 1% in at least one sample (Table 2). Additionally, 11 and 23 core genera were found in the intestines of samples in Experiment I and Experiment II, respectively.


Table 2 | Core microbiota of the intestine of larval and juvenile tilapia at the genus level.





Variation in Microbial Community Composition

Despite the genetic similarity of the tilapia, the composition of microbial intestinal communities displayed a variation among fish since the start of feeding, as calculated by the UniFrac distance (Figures 4A, B). In Experiment I, communities associated with individual tilapia showed a higher similarity to communities associated with tilapia of the same age than they were to those associated with tilapia of different ages (Figure 4C). In Experiment II, most of the fish fed the same diet clustered together (Figure 4D).




Figure 4 | Beta diversity measures at the OTU level. (A) PCoA plot using beta-weighted UniFrac of Experiment I. (B) PCoA plot using beta-weighted UniFrac of Experiment II. (C) Clustering of intestinal samples from Experiment I according to the weighted UniFrac distance metric. (D) Clustering of intestinal samples from Experiment II according to the weighted UniFrac distance metric.





Discriminatory Taxa at the Genus Level

To identify taxonomic groups associated with the feed of tilapia, a nonparametric test of significance implemented by Kruskal-Wallis was used. The top 20 genera identified as discriminatory taxa are shown in Figure 5. In Experiment I, 15 dpf age tilapia, which had begun feeding on Artemia, showed a large presence of the genus Cetobacterium. In Experiment II, this genus showed high relative abundance in the Artemia feeding group for 60 and 90 dpf tilapia (all p < 0.05). Genus Planctomyces was present in 11 dpf age tilapia in both experiments. Its relative abundance in the 60 dpf age tilapia whose feed had added dry food was high in Experiment I, which was significantly higher than in the 15, 20, 40, and 90 dpf age fish (all p < 0.05). The relative abundance of the genus Planctomyces was higher in all the PBD groups than in the Artemia-feeding group for all the age tilapia, with significant differences between the two groups of 60 dpf age (p < 0.05). Gemmobacter and Pirellula were significantly more abundant in fish fed the PBD food diet for all age tilapia. For Pirellula, its relative abundance was significantly higher in the PBD-feeding group for 90 dpf fish (p < 0.05). If only the effect of diet was taken into account, Cetobacterium was significantly higher in the Artemia-feeding group than the PBD-feeding group (p < 0.01) (Figure 5C). While several genera, including Rhodobacter, Gemmobacter, Pirellula, Planctomyces, and Gemmata were significantly higher in the PBD-feeding group (all p < 0.05).




Figure 5 | Discriminatory taxa of top 20 at the genus level. (A) Experiment I (n=3), (B) Experiment II (n=3) comparing all samples, and (C) Experiment II comparing between the two diet groups (n=12). *p < 0.05, **p < 0.01, ***p < 0.001.





Intestinal Structure of 20 dpf and 40 dpf Tilapia

Microphotographs showed that smooth muscle layers were easily separated from the lamina propria, and villi were damaged in the fish intestine of the PBD-feeding group in Experiment II (Figure 6).




Figure 6 | Intestinal morphology of Nile tilapia fed different diets (mid-intestine). (A) 20 dpf fish fed Artemia (10×); (A’) 20 dpf fish fed Artemia (40×); (B) 20 dpf fish fed PBD food (10×); (B’) 20 dpf fish fed PBD food (40×); (C) 40 dpf fish fed Artemia (10×); (C’) 40 dpf fish fed Artemia (40×); (D) 40 dpf fish fed PBD food (10×); (D’) 40 dpf fish fed PBD food (40×).





Cumulative Overall Survival Rate

No death of fish was recorded in Experiment I. In Experiment II, no death of fish was recorded in the Artemia-feeding group. The fish in the PBD-feeding group died from 23 dpf until 41 dpf (Figure 7). The cumulative overall survival rates from 41 dpf to 90 dpf in the three PBD-feeding tanks were 93.57%, 94.29%, and 95.00%, respectively. The cumulative overall survival rate of the Artemia-feeding group was significantly higher than that of PBD-feeding group (p < 0.05).




Figure 7 | Cumulative overall survival rate of tilapia in Experiment II.






Discussion

Under the standard laboratory feeding operation of tilapia, the microbiota composition of fish changed with the development of fish even when the feed and environment remained constant (15 dpf, 20 dpf, and 40 dpf), suggesting that fish physiological development has impacts on the microbiota. This is consistent with research on zebrafish (Stephens et al., 2016). They suggested that the main drivers of changes in the microbiota were morphological changes during development. For tilapia, the ratio of intestine length to body length increases with the development of fish (Hu and Zhang, 1983). When the water temperature was approximately 27°C, tilapia larvae developed to juvenile at 12 dpf (Fujimura and Okada, 2007). The ratio of intestinal length to body length was 1.02, 1.34, and 1.53 for tilapia at 14, 18, and 23 dpf, respectively, with four curvatures. Then, the intestine of tilapia developed into five curvatures at 24 dpf. The intestine of 57 dpf juveniles developed seven curvatures. The preferred food of pond tilapia changed with the development of the fish intestine, from zooplankton to plant-based food. In the present research, the microbiota composition of tilapia fed Artemia changed with development as well, although similar results were not found in tilapia fed with PBD food. We found that tilapia fed with PBD food died from 23 dpf to 41 dpf, suggesting that PBD food was not completely suitable for tilapia during the early juvenile stages. This result was supported by the unhealthy intestinal structure of fish at 20 dpf and 40 dpf in the PBD food group. We found that the microbiota of fish intestines did not simply reflect the microbiota in their habitat or feed but was closely related to species-specific behavior, metabolism, and immunity, which were linked to both their development and diet (Stephens et al., 2016; Zhang et al., 2018). The intestinal microflora of tilapia becomes established at the early juvenile stage, approximately 2 months after hatching. Similar results were reported for goldfish (Carassius auratus) (Sugita et al., 1988).

To understand the effect of diet on the developmental stage-specific gut microbiota composition and diversity, tilapia were fed two different diets since they started feeding. We observed major compositional shifts in the two diet groups. The main intestinal microbiota of tilapia larvae before feeding at the phylum level included Proteobacteria, Firmicutes, Actinobacteria, Planctomycetes, Fusobacteria and Bacteroidetes. The relative abundance of Proteobacteria was high (38.0%-53.8%) in the two experiments. Fusobacteria became the dominant phylum for 90 dpf fish under standard laboratory feeding operation and under Artemia feeding condition. Planctomycetes was the dominant phylum for 90 dpf fish fed with PBD food. Similarly, research on the first-feeding impact on the intestinal microbiota of rainbow trout (Oncorhynchus mykiss) showed that the plant-based diet favored the phylum Firmicutes, whereas the marine-based diet favored the phylum Proteobacteria (Ingerslev et al., 2014). In research on the effect of feeding a high carbohydrate diet to juvenile Atlantic salmon (Salmo salar) on intestinal microbiota composition, the phylum Planctomycetes was significantly increased (Villasante et al., 2019). They suggested that the effect of diet on the structure of gut microbiota was low. It is possible that juvenile fish possess a gut microbiome that is more resistant to dietary changes. In the present research, we also found that feeding habit transition (60 dpf and 90 dpf) had little impact on the gut microbiota composition of juvenile tilapia under standard laboratory feeding operation.

Previous research reported that anaerobic metabolism existed among all major Planctomycetes lineages and that Planctomycetes used fermentations of carbohydrates for growth and survival under anaerobic conditions (Elshahed et al., 2007). An increase in these microbial communities fermenting digestible carbohydrates under anaerobic conditions in the intestine was found in tilapia fed the PBD food diet. Similarly, at the genus level, Gemmobacter, Pirellula, and Planctomyces were significantly more abundant in fish fed the PBD food diet. They are members of Planctomycetes and have been described to be capable of carbohydrate fermentation (Schlesner and Stackebrandt, 1986; Ward et al., 2015; Hao et al., 2016). Pirellula was a dominant genus for tilapia (Zheng et al., 2019) and cyprinid fishes such as bighead carp (Hypophthalmichthys nobilis) and common carp (Cyprinus carpio) (Sakalli et al., 2018; Luo et al., 2021). Gemmobacter was revealed to be dominant in the gut of freshwater fish, including Nile tilapia (Deng et al., 2022) and common carp (Zhang et al., 2020). Gemmobacter were significantly enriched in the intestinal microbiota of blunt snout bream after plants were added to the diet (Wei et al., 2018). The increase in the relative abundance of Gemmobacter in fish fed PBD food could be due to their ability to degrade carbohydrates (Hao et al., 2016).

Cetobacterium, belonging to the phylum Fusobacteria, was a core microbe in the freshwater fish intestine (Sugita et al., 1991; Roeselers et al., 2011; Deng et al., 2022) and was involved in the fermentative metabolism of peptides and amino acids (Finegold et al., 2003). Under standard laboratory feeding conditions, Cetobacterium was the dominant genus from 20 dpf to 90 dpf. Cetobacterium was dominant in 60 dpf and 90 dpf fish fed Artemia. In research on gut microbiota composition in blunt snout bream during feeding habit transition, Cetobacterium was considered a microbiological marker of intestinal microbiota for zooplankton-based diet feeding (Wei et al., 2018). In previous research, it was shown that the dominant food of 24 dpf juvenile tilapia in ponds is zooplankton (Hu and Zhang, 1983). The proportion of phytoplankton increases with fish development. Under standard laboratory feeding operation, we added dry food to the fish diet beginning at 40 dpf. However, Cetobacterium was still dominant after fish were fed dry food. This could be because of the ability of Cetobacterium to utilize glucose (Wang et al., 2021). Previous research also found that Cetobacterium was a core microbiota of wild juvenile Nile tilapia, although they preferred plant-based food at that age (Tesfahun and Temesgen, 2018; Bereded et al., 2020; Bereded et al., 2021). Additionally, Cetobacterium was the main genus constituting the phylum Fusobacteria. This explained the high relative abundance of Fusobacteria in the intestine for 90 dpf fish under the standard laboratory feeding condition and under the Artemia-feeding condition.

We conclude that diet has a strong effect on the microbiota of tilapia intestine in the early life of fish. The intestinal microflora of tilapia is established approximately 2 months after hatching. Plant-based food negatively affected the survival rate and intestinal development of tilapia. The relative composition of the phyla Planctomycetes and Proteobacteria was higher in juvenile fish in the PBD food group than in the Artemia group. The relative abundance of Fusobacteria was higher in the juvenile fish of the Artemia group than in those of the PBD food group. Feeding habit transition in juvenile tilapia had a low effect on the microbiota of the intestine under standard laboratory feeding conditions. Our results provide useful information for future studies on the microbiota in the tilapia gut. We suggest that modulation of gut microbiota of tilapia could be performed in their early life.
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Numerous studies have shown that thermal tolerance and intestinal heat resistance are strongly associated with temperature acclimation. However, few reports have successfully conducted similar research on fishes from the Qinghai–Tibetan Plateau, an area that is facing the threat of climate warming. Therefore, the present study determined the growth, thermal tolerance, and intestinal heat stress (exposure to 30°C) responses in juveniles of a Tibetan fish, Oxygymnocypris stewarti, acclimated to three temperature levels (10°C, 15°C, and 20°C, named as T10, T15, and T20, respectively) for 30 days. The fastest growth was recorded in the T15 group. At 1°C/30 min heating rate, the critical thermal maximum (CTMax) ranged from 31.3°C to 32.3°C, and the lethal thermal maximum (LTMax) ranged from 31.8°C to 32.6°C among the three acclimation temperatures. According to the results of thermal tolerance tests, the heat stress temperature was set to 30°C. When the water temperature reached 30°C, the expression of the intestinal heat shock protein 70 (HSP70) gene as well as the intestinal microbiome and histology of experimental fish were monitored at 0, 2, 6, and 12 h. The expression of HSP70 reached the highest level at 2 h in all three temperature treatments. The histological analysis showed damage to intestinal cells, including diffuse infiltration of lymphocytes, villi epithelial cell swelling, decrease of intestinal villi length, and cytoplasmic light staining at 2 h in all three temperature treatments. In terms of the intestinal microbiome, phyla Proteobacteria and Firmicutes dominated the treatments at each monitored time in the T10 and T15 groups and at 0 h in T20 group, while phyla Fusobacteria, Proteobacteria, and Cyanobacteria were dominant in treatments at 2, 6, and 12 h in the T20 group. The overall results indicated that acclimation temperature could affect the growth, thermal tolerance, and intestinal heat stress response of O. stewarti juveniles. As the first report on intestinal heat stress response associated with temperature acclimation in a Tibetan fish, this study will help to understand the potential effects of climate change on highland fishes.
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INTRODUCTION

Temperature, a variable that is widely recognized as a crucial environmental factor for organisms, affects fish life history traits such as growth (Moltschaniwskyj and Martınez, 1998; Desai and Singh, 2009; He et al., 2014), development (Alami-Durante et al., 2000), reproduction (Leggett and Carscadden, 1978), routine metabolism (Luo and Wang, 2012), and energy allocation (Sogard and Spences, 2004). With global warming, the response of fishes from the Qinghai–Tibetan Plateau have gained widespread attention due to most of the Tibetan fishes being cold water fish and the Tibetan Plateau being highly sensitive to climate change (Liu and Chen, 2000). As the main water system in the Tibetan Plateau, the Yarlung Zangbo River basin was reported to have warmed during 1961–2005 (You et al., 2007), indicating that the Tibetan fishes are facing threats due to global warming. Thus, the response of Tibetan fishes to climate change should be significant for both researchers and management.

Thermal tolerance, the production of heat shock proteins, and histological changes from heat stress are critical to understanding the response mechanism to climate warming. The critical thermal maximum (CTMax) and the lethal thermal maximum (LTMax) are commonly used for equating an animal’s heat tolerance to the temperature at which it loses the ability to escape from constant rapid warming (Paladino et al., 1980). Many studies have shown remarkable effects of acclimation temperature on the thermal tolerance of fish, indicating the plasticity of thermal tolerance (Sarma et al., 2010; Underwood et al., 2012; He et al., 2014). Exposure to heat induces the production of heat shock protein 70 (HSP70) in the intestine, liver, and other tissues (Hotchkiss et al., 1993). Acute heat stress may damage animal tissues and organs (Bouchama and Knochel, 2002; Cronjé, 2005).

In recent years, intestinal microbiome variation induced by heat stress has also been increasingly studied. The intestinal microbiota influences multiple features of the host’s biology, including nutrient acquisition, immune response, metabolism, behavior, and life history traits (Broderick and Lemaitre, 2012; Douglas, 2018; Hoye and Fenton, 2018). Heat stress significantly changes intestinal microbiome diversity (Cao et al., 2021; Jaramillo and Castañeda, 2021; Wen et al., 2021; Yi et al., 2021). Meanwhile, the intestinal microbiota can contribute to host thermal tolerance (Kokou et al., 2018). The ongoing climate change is expected to impose strong selection pressure on the heat tolerance of ectotherms (Hoffmann and Sgrò, 2011). Therefore, knowledge of intestinal microbiome variation associated with heat stress is of special significance to understanding the adaptions to climate warming.

Oxygymnocypris stewarti is a Tibetan fish species distributed in the main body and tributaries of the middle reaches of the Yarlung Zangbo River (Bureau of Aquatic Products, Tibet, China, 1995). The maximum natural habitat temperature of O. stewarti never exceeded 20°C (Li et al., 2010). Due to overfishing and habitat destruction, the distribution area and population resources of O. stewarti are shrinking. To enhance the protection of this species, O. stewarti is listed as near threatened on the IUCN Red List and is classified as endangered at the national level. To date, most reports concerning O. stewarti have focused on age and growth (Jia and Chen, 2011; Huo et al., 2012), feeding habits (Huo et al., 2014), otolith microstructure (Jia and Chen, 2009), reproductive biology (Huo et al., 2013), embryonic and larval development (Xu et al., 2011), genetic structure (Dong et al., 2021), nutrition composition (Luo et al., 2014), and the genome (Liu et al., 2019). For the intestinal microbial communities in O. stewarti, Chen et al. (2017) compared the differences between healthy and diseased individuals. However, no study has examined the thermal tolerance or heat stress induced intestinal microbiome variation in O. stewarti.

The aims of the present study were: (1) to explore the suitable growth temperature and the thermal tolerance of juvenile O. stewarti at three acclimation temperatures (10°C, 15°C, and 20°C); and (2) to examine the expression of intestinal HSP70, the intestinal histology, and the microbiome of juvenile O. stewarti in response to acute heat stress (30°C) after acclimation at the three temperatures mentioned above. The results will be valuable in evaluating the effects of temperature acclimation on thermal tolerance and intestinal heat resistance of Tibetan fishes.



MATERIALS AND METHODS


Experimental Fish and Acclimation Procedure

All of the animal experiments in the present study were approved by the Institutional Animal Care and Use Committee of Yangtze River Fisheries Research Institute, Chinese Academy of Fishery Sciences, and they were performed following the institutional ethical guidelines for experimental animals. The experimental fish were hatchery O. stewarti juveniles from Tibet. The parents of the experimental fish were wild mature O. stewarti caught from the Yarlung Zangbo River. In January 2016, about 1,000 juveniles were chosen and stocked in three conical polypropylene tanks (diameter = 80 cm, water volume = 300 L, and water flow rate = 0.286 L/s) connected to a recirculating aquaculture system. Fish were held in the water at 15°C for 2 weeks prior to the experiment, then were acclimated at three temperatures of 10°C, 15°C, and 20°C (groups T10, T15, and T20) at a rate of 2°C/day using a 1.47 KW aquarium refrigerating and heating machine (temperature control accuracy 0.1°C). For each temperature group, two tanks were used with a density of 45 individuals per tank. After the target temperature was stable (deviation <0.5°C) for 1 week, fish were initiated into the acclimation procedure for 30 days. Fish were fed with 1% of body weight artificial dry diet twice (09:00 and 15:00) per day. The dissolved oxygen was above 8 mg/L, and the photoperiod was 12 L:12D.



Thermal Tolerance Test and Sampling

The thermal tolerance tests were conducted in three conical polypropylene tanks. All of the fish were starved for 24 h prior to the tests. For each acclimation temperature level, 30 fish (10 from each replicate) were chosen at random for the test. The values of CTMax and LTMax were determined at a heating rate 1°C/30 min. The CTMax and LTMax values were calculated as the arithmetic mean of the collective endpoint of individuals (Beitinger et al., 2000). After the test, fish were transported to the water of their acclimation temperature for recovery and the criteria of success recovery was to recover spontaneous breathing within 12 h.



Heat Stress Test and Sampling

The heat stress tests were also conducted in another set of conical polypropylene tanks. The heat stress temperature was set to 30°C based on the results of the thermal tolerance test, which showed the experimental fish reached the most manic state at 30°C. For each acclimation temperature group (T10, T15, and T20), 30 fish were chosen and transferred into the same tank with a water temperature of 30°C. Then, three experimental fish from each tank were sampled at random after 0, 2, 6, and 12 h during the heat stress procedure; the treatments were named T10-0h, T10-2h, T10-6h, T10-12h; T15-0h, T15-2h, T15-6h, T15-12h; T20-0h, T20-2h, T20-6h, and T20-12h. Samples at 12 h were unavailable for the 10°C group, as all of the experimental fish were dead after 6 h of stress. For all of the fish samples, the intestine was first carefully removed under sterile conditions, and all of the hindgut samples except for two samples at 12 h of the 10°C and 15°C groups were separated and collected in 2-ml freezing centrifuge tubes and stored at −80°C for subsequent microbial DNA extraction. The remaining intestinal fragments were washed with saline and divided into foregut and midgut. The foregut samples were fixed in 4% neutral paraformaldehyde solution for histological analysis, while the midgut samples were quickly stored in liquid nitrogen for further detection of HSP70 expression.



Expression of HSP70

Total RNA of the intestine was extracted from each sample using a DP431 Reagent RNA kit (Tiangen, China) according to Li et al. (2015). RNA was dissolved in 50 ml RNase-free water and stored at −70°C until use. cDNA was synthesized for quantitative reverse transcription PCR (RT-qPCR) using the RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific, China) according to the manufacturer’s instructions. The qPCR primers were designed using Primer 5.0 software based on the available cytokine sequences in GenBank. The qPCR was performed in a StepOnePlus™ Software real-time PCR Detection system (ABI, Beijing, China). Each 20-μl real time PCR reaction mixture consisted of 10 μl SYBR Select Master Mix (2×; TIANGEN, Beijing, China), 1 μl primer of each, 2 μl cDNA, and 6 μl distilled/deionized H2O. The cycling conditions were as follows: 95°C for 10 min and then 40 cycles of 95°C for 15 s, 60°C for 60 s, and 60°C for 5 min. All of the qPCRs were performed at least three times. Data analysis was conducted using high resolution melt (HRM) software.



Intestinal Microbiome DNA Extraction, PCR, and Sequencing

The intestinal microbial DNA was extracted using the Powerfecal DNA Isolation kit (Mo Bio Laboratories Inc., Carlsbad, CA, United States) in accordance with the manufacturer’s protocols. The 515F (GTGCC AGCMGCCGCGGTAA) and 909R (CCCCGYCAATTCMTTTRAGT) primers were used to amplify the bacterial 16S rRNA gene V4–V5 fragments. PCR integrant and protocols were carried out as: 94°C for 3 min followed by 30 cycles of 94°C for 40 s, 56°C for 60 s, 72°C for 60 s, and a final extension at 72°C for 10 min until the reaction was halted by the user.

The PCR products were separated by 2% agarose gel electrophoresis, and negative controls were always performed to make sure there was no contamination. All bands of the desired size of approximately 420 bp were purified using the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, United States). The bar-coded amplicons from each sample were pooled in equimolar concentrations and then were sequenced on an Illumina MiSeq platform (Guangdong Meilikang Bio-science Ltd., China) according to the standard protocols.



Data Processing and Taxonomy Assignment

QIIME (v1.9.0) was used to process and quality-filter the raw fastq files according to a quality-control process (Caporaso et al., 2010). All the sequence reads were trimmed and assigned to each sample based on their barcodes. The sequences with high quality (length > 300 bp, without ambiguous base “N,” and average base quality score > 30) were used for downstream analysis. Chimera sequences were removed using the UCHIME algorithm (Edgar et al., 2011). The processed sequences with ≥97% similarity were clustered into the same Operational Taxonomic Units (OTUs) by the UCLUST algorithm. Taxonomic assignments of each OTU were determined using the RDP classifier (Wang et al., 2007).



Intestinal Histology

Intestinal tissues were fixed in 4% neutral paraformaldehyde solution for 7 days, then washed, dehydrated, made transparent, waxed, embedded in paraffin, cut 4- to 5-μm-thick slices, and routinely stained with hematoxylin and eosin (HE). The tissue sections were used in light microscopy and the length of intestinal villus were measured.



Statistical Analysis

The mean specific growth rate of body weight (SGRW) of each acclimation group was assessed by the following function:

[image: image]

where W0 and Wt are the mean body weights of experimental fish before and after acclimation, respectively; t is the period of the acclimation experiment.

A correlation heatmap of dominant bacterial genera was analyzed using the corrplot R package, and Beta diversity was calculated by unconstrained principal coordinates analysis (PCoA) based on weighted UniFrac distance. One way ANOVA and multiple comparison tests were used to compare the differences in individual size and growth among the acclimation treatment groups. The data relating to the microbial community and expression of HSP70 were analyzed on the free online Tutools Platform. A significant difference was set at a value of p < 0.05.




RESULTS


Growth and Thermal Tolerance Under Different Acclimation Temperatures

The mean SGRW of fish in the T15 group was more rapid than those of the T10 and T20 groups (Table 1). Both CTMax and LTMax increased with increasing acclimation temperature (Table 1). The mean recovery rates of fish in the thermal tolerance test were 14.4%, 22.8%, and 23.3% for T10, T15, and T20 group, respectively.



TABLE 1. Final size, specific growth rate of body weight (SGRW), upper thermal tolerance (CTMax), and lethal thermal maximum (LTMax) of Oxygymnocypris stewarti juveniles in three acclimation temperature levels.
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Variation in Expression of Intestinal HSP70 Under Heat Stress

The expression of intestinal HSP70 exhibited a “rising-declining” trend for fish from all of the acclimation treatment groups during the heat stress procedures (Figure 1). Before heat stress (0 h), the highest mean relative expression of intestinal HSP70 (5.73 ± 4.66) in O. stewarti juveniles was recorded in the T15 treatment. Expression of intestinal HSP70 rose rapidly after stress for 2 h, with the highest value (96.63 ± 24.44) in the T10 treatment. After stress for 6 h, the expression of intestinal HSP70 decreased, with a maximum (46.61 ± 38.61) in the T20 treatment. After stress for 12 h, the mean relative expression of intestinal HSP70 continued to decrease, with the lowest value (12.57 ± 9.03) in the T15 treatment.

[image: Figure 1]

FIGURE 1. The relative expression of intestinal HSP70 of heat stressed O. stewarti juveniles with different acclimation histories. T10, T15, and T20 indicate 10°C, 15°C, and 20°C acclimation temperature backgrounds of the experimental fish. The values 0–12 h represent the duration of the heat stress.




Intestinal Histological Variation Under Heat Stress

As shown by the intestinal histological analysis, heat stress caused varying degrees of damage to the intestines of experimental fish (Table 2; Figure 2). Before heat stress (0 h) there was no observable pathological changes in the intestines of O. stewarti juveniles for all treatments. After 2 h, diffuse infiltration of lymphocytes was observed in all treatments. After 6 h, intestinal villi epithelial cells were swollen, and cytoplasmic light staining was observed in all of the treatments, while in local intestinal villi epithelial cells necrosis and abscission were observed in the T10 and T20 groups. After 12 h, intestinal villi epithelial cells displayed swelling, and cytoplasmic light staining was observed in the T10 and T20 groups. The length of intestinal villi of all treatments consistently decreased with the prolonging of heat stress (Table 3).



TABLE 2. Intestinal histological variation of heat stressed O. stewarti juvenile with different acclimation histories.
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FIGURE 2. Sections of intestinal tissue of heat stressed O. stewarti juveniles with different acclimation histories. T10, T15, and T20 indicate 10°C, 15°C, and 20°C acclimation temperature backgrounds of the experimental fish. The values 0–12 h represent the duration of the heat stress. The red arrows show necrosis and shedding of intestinal villous epithelial cells; the yellow arrows show edema, swelling, and cytoplasmic light staining in the intestinal villous epithelial cells.




TABLE 3. Length change of intestinal villus of O. stewarti juveniles under different durations of heat stress.
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Intestinal Microbiome Variation Under Heat Stress

A total of 220,960 high-quality reads (average length = 420 bp) were generated from 10 intestinal samples, averaging 22,096 reads per sample. With a 97% sequence similarity cut off value, 26,535 OTUs were detected in total. The OTU number increased with the acclimation temperature, but heat stress induced a reduction in OTU number (Table 4). Among the microbial taxa, the dominant OTUs across all of the fish samples were classified into 14 phyla (Figure 3).



TABLE 4. Number of Operational Taxonomic Units (OTUs) detected in O. stewarti juveniles under different durations of heat stress.
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FIGURE 3. Relative abundance dynamics of the dominant intestinal bacterial phyla for juvenile Oxygymnocypris stewarti during heat stress. T10, T15, and T20 indicate 10°C, 15°C, and 20°C acclimation temperature background of the experimental fish; 0, 2, 6, and 12 h represent duration of the heat stress.


Variation in intestinal microbiota of O. stewarti juveniles from different acclimation treatment groups was found during the heat stress procedure. Before the heat stress (0 h), the intestinal microbiota in the T10, T15, and T20 treatments were dominated by phyla Proteobacteria (45.9%, 38.8%, and 39.4%, respectively), Firmicutes (15.6%, 21.2%, and 17.0%, respectively), Acidobacteria (5.0%, 10.6%, and 6.5%, respectively), Cyanobacteria (7.9%, 5.8%, and 5.1%, respectively), Actinobacteria (7.5%, 5.7%, and 6.9%, respectively), and Bacteroidetes (3.5%, 7.3%, and 8.8%, respectively). After stress for 2 and 6 h, the intestinal microbial communities in T10 and T15 treatments were similar to those in the T10-0h and T15-0h treatments, except that phylum Cyanobacteria (51.3%) was most abundant in the T10-2h group. Interestingly, the dominant microbial phyla in T20-2h, T20-6h and T20-12h treatments were Fusobacteria (49.6%, 93.4%, and 57.7%, respectively), Proteobacteria (17.3%, 3.1%, and 23.1%, respectively), Cyanobacteria (17.5%, 0.2%, and 2.1%, respectively), and Firmicutes (4.9%, 1.1%, and 5.9%, respectively), results that were different from those in other treatments.

The correlation heatmap of dominant intestinal bacterial at the genus level showed significant changes among treatment groups, as T10-2h, T20-2h, T20-6h, and T20-12h clustered together, while T10-0h, T10-2h, T15-0h, T15-2h, T15-6h, and T20-0h clustered into another group (Figure 4). The dominant genus in T20-2h, T20-6h, T20-12h treatments was Cetobacterium, while the intestinal bacterial composition in other treatments was more diversified and included genera Janthinobacterium, Escherichia, Staphylococcus, Candidatus Nitrososphaera, Achromobacter, Paracoccus, Stenotrophomonas, and Rhodoplanes. Moreover, there were significant increases in the relative abundance of Chlorophyta unclassified genus in the T10-2h treatment and genera Achromobacter and Lactobacillus in T15-2h treatment as well as Streptophyta unclassified genus in the T20-2h treatment. With the extension of the heat stress duration, the intestinal bacterial composition tended to return to pre-stress conditions in the T10 and T15 treatments, while the recovery was limited in the T20 treatment.
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FIGURE 4. Correlation heatmap of dominant intestinal bacterial genera in juvenile O. stewarti samples during heat stress. T10, T15, and T20 indicate 10°C, 15°C, and 20°C acclimation temperature backgrounds of the experiment fish; 0, 2, 6, and 12 h represent the duration of the heat stress.


The results of PCoA showed that the microbial communities in T20-2h, T20-6h, and T20-12h treatments were similar and tended to cluster together, while T10-0h, T10-2h, T15-0h, T15-2h, T15-6h, and T20-0h clustered into another group, and T10-2h was clearly separated from the other treatments (Figure 5).
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FIGURE 5. Principal coordinates analysis (PCoA) at the OTU levels of the intestinal microbiome of juvenile O. stewarti. T10, T15, and T20 indicate 10°C, 15°C, and 20°C acclimation temperature backgrounds of the experimental fish; 0–12 h represent the duration of the heat stress.





DISCUSSION

The crucial effects of temperature on organisms are widely recognized, but few studies have explored the compound effects of temperature acclimation and heat stress on fish. Such knowledge may be valuable for understanding the heat resistance of fish. In this study, we found significant effects of temperature acclimation on the growth, thermal tolerance, and intestinal heat stress response of juvenile O. stewarti. The treatments affected HSP70 levels, intestinal histology, and the intestinal microbial communities of the fish.


Effect of Temperature Acclimation on the Growth and Thermal Tolerance of Oxygymnocypris stewarti

In the present study the optimal growth temperature for the juvenile O. stewarti was about 15°C. Liu et al. (2018) had reported that a suitable growth temperature for O. stewarti juveniles was 14°C–17°C based on comparisons among five water temperature levels (5°C, 8°C, 11°C, 14°C, and 17°C), consistent with the results of our study. In our previous study, we also found that this temperature (15°C) was suitable for the growth of another juvenile Tibetan fish, Schizopygopsis younghusbandi (Zhu et al., 2019). Considering the temperature dependent production of O. stewarti fingerlings, the present results would be useful for its artificial reproduction and protection.

Previous studies had indicated that thermal tolerance was largely dependent on temperature acclimation (Chatterjee et al., 2004; Sarma et al., 2010; Fernando et al., 2016). The present study also showed that the thermal tolerance (i.e., CTMax and LTMax) of O. stewarti juveniles increased with the acclimation temperature, suggesting that temperature acclimation would be a good strategy to improve the heat stress tolerance of O. stewarti. However, the gain in thermal tolerance of O. stewarti and other Tibetan fishes through temperature acclimation was limited (Table 5) compared with those of subtropical and tropical fish species such as Cyprinus carpio (Chatterjee et al., 2004) and Anabas testudineus (Sarma et al., 2010). Therefore, it is reasonable to infer that Tibetan fishes are more vulnerable to climate warming.



TABLE 5. Thermal tolerance of O. stewarti and other reported Tibetan fishes.
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Compound Effects of Temperature Acclimation and Heat Stress on Intestinal HSP70 Levels

HSP70 is an ideal indicator of heat stress, as it can enhance the resistance to heat. The expression of intestinal HSP70 exhibited significant increases for O. stewarti in all of the acclimation treatment groups at a heat stress temperature of 30°C, but the magnitude of this induction was negatively correlated with the acclimation temperature. The common killifish Fundulus heteroclitus in populations from two different latitudes showed increased HSP70-2 levels under heat stress, and the magnitude of this induction was greater in the high latitude population (Fangue et al., 2006). These studies further verified that fish from cold areas may be more susceptible to heat stress.

In addition, a decline of intestinal HSP70 levels was found in O. stewarti from all acclimation treatment groups during 2–12 h of the heat stress experiment. Similar results were found in Megalobrama amblycephala (Ming et al., 2009). These results may be related to the gained heat tolerance of the heat stressed fish (Ming et al., 2009). However, the heart HSP70 levels of broilers increased continuously under 48 h of persistent heat stress (40°C) conditions (Sun et al., 2007). The different variational characteristics of HSP70 levels among different studies may be related to the differences in species, organs, and intensity of the heat stress.

It is worth noting that fish from T10 group were all dead after 6 h of heat stress. The possible reason may be limited heat resistance of fish from T10 group compared with fish from T15 and T20 group. Meanwhile, the heat stress temperature (30°C) was very close to the CTMax (31.3°C) of fish from T10 group, which indicated that death may occur if the heat stress lasts long enough.



Response of Intestinal Histology Under Heat Stress

Most studies have shown adverse effects of heat stress on the intestinal integrity and function (Cronjé, 2005; Ortega and Szabó, 2021). An intact and functional intestinal epithelium is required for the intestine’s digestive, absorptive, and protective functions (Umar, 2010). The injury to the intestinal mucosa is often manifested as intestinal epithelial cell injury and apoptosis (Yang et al., 2015). High temperatures induced atrophy of the small intestinal mucosa and chorion in tilapia (Xie et al., 2008). Heat stress in chickens induced declines in the height, surface area, and volume of the small intestine epithelium (Uni et al., 2001) and led to acute enteritis (Quinteiro-Filho et al., 2010). Heat stress also reduced intestinal barrier integrity in pigs (Pearce et al., 2013). Meanwhile, intestinal integrity can be influenced by the duration and intensity of the exposure to heat stress (Ortega and Szabó, 2021). With the extension of heat stress duration, the intestinal injury to the O. stewarti juveniles became increasingly serious. The observed intestinal histological injuries included diffuse infiltration of lymphocytes, intestinal villi epithelial cell swelling, decrease of intestinal villi length, and cytoplasmic light staining. These signs of intestinal damage induced by heat stress may signal the weakening of nutritional metabolism and higher risk of infection.



Compound Effects of Temperature Acclimation and Heat Stress on the Intestinal Microbiome

The present study demonstrated significant variation in the intestinal microbiome of O. stewarti juveniles under heat stress and different acclimation treatments. At the phylum level, the intestinal microbiota of temperature-acclimated O. stewarti juveniles were dominated by Proteobacteria. After heat stress, the dominant intestinal microbiota of O. stewarti juveniles in the T10 and T20 treatments were Cyanobacteria and Fusobacteria, respectively, while the intestinal microbial composition in the T15 treatment was stable compared with that before stress. This result was consistent with previous studies in which warm-temperature acclimation led to an increase in the relative abundance of Proteobacteria (Berg et al., 2016; Moghadam et al., 2018), and Fusobacteriales comprised the majority of the sequences in high temperature treated juvenile milkfish (Chanos chanos; Hassenrück et al., 2021). It is noteworthy that the intestinal microbial community showed a greater difference in the T20 treatment during stress and a weaker recovery time. A similar trend was also observed in milkfish (Hassenrück et al., 2021). At the genus level, genus Cetobacterium was dominant in the T20 treatment (2 h, 6 h, 12 h); this genus was reported to promote nutrient absorption of fish (Li et al., 2016). Six genera of bacteria (Janthinobacterium, Staphylococcus, Achromobacter, Stenotrophomonas, Rhodoplanes, and Lactobacillus) dominated the T10 and T15 treatments. Genus Janthinobacterium is common in temperate climates and cold climates, and genera Staphylococcus and Achromobacter are potential pathogens and could cause many forms of infection in fish and other animals (Foster, 1996), while genus Lactobacillus is marketed as a probiotic to protect the fish against pathogen infection (He et al., 2017). These results of pronounced variation in intestinal microbiota of heat stressed ectotherms indicates that such variation was closely related to the acclimation temperature. It has been reported that temperature also has important effects on the diversity and structure of the intestinal microbiota in ectotherms (Sepulveda and Moeller, 2020). Meanwhile, intestinal OTU number can respond to temperature change (Jaramillo and Castañeda, 2021). Here, we also found that both cold temperature acclimation and heat stress could induce obvious reduction in the intestinal OTU number in O. stewarti juveniles.

Due to various reasons, we did not examine the possibility of intestinal recovery of O. stewarti after heat stress. Future studies will need to address this important issue for a more comprehensive understanding of the heat resistance of Tibetan fish.




CONCLUSION

Our study demonstrated that thermal tolerance depended on temperature acclimation, and the compound effects of temperature acclimation and heat stress on intestinal HSP70 levels, intestinal histology, and the intestinal microbiome in juvenile O. stewarti were characterized. Overall, temperature acclimation improved the thermal tolerance and heat resistance of juvenile O. stewarti, but this fish species may be more vulnerable to climate warming compared with subtropical and tropical fishes. This study provides a theoretical and experimental basis for further research and protection of Tibetan fishes.
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An 8-week feeding trial was conducted using the rice field eel (Monopterus albus) with six isonitrogenous and isoenergetic experimental diets of basic feed supplemented with different levels of methionine (0, 2, 4, 6, 8, or 10 g/kg). This study built upon previous research findings that showed dietary methionine restriction (M0, 0 g/kg) inhibited hepatic fatty acid metabolism and intestinal fatty acid transportation, but both are improved by dietary supplementation with a suitable level of methionine (M8, 8 g/kg). Hence, M0 and M8 were selected to investigate how methionine regulates the gut microbiota and lipidomics of M. albus. Compared with M0, values for gut bacterial Sobs, Shannon, ACE, and Chao1 indices of M8 were remarkably increased (p < 0.05), with Fusobacteria, Firmicutes, and Proteobacteria the dominant phyla and Cetobacterium, Plesiomonas, and Bacillus the main genera in the community under the M0 vs. M8 treatments. However, compared with M0, the proportion of phyla consisting of Fusobacteria decreased in M8, as did the Cetobacterium and Lactococcus at the genus level; conversely, the proportions corresponding to Firmicutes, Proteobacteria, and Chioroflexi phyla increased in M8, as did the Clostridium and Streptococcus genera. Many edges appeared in the circus and networks, demonstrating the interspecies interactions among different operational taxonomic units (OTUs). In addition, various OTUs within the same phylum were clustered within one module. Cooperative interactions were predominant in the two networks, while competitive interactions were prevalent in their submodules. Gut microbiota mainly played roles in nutrition (lipid, amino acid, and carbohydrate) transport and metabolism under the M0 vs. M8 treatments. The PLS-DA scores indicated a significant difference in the main lipidomic components between the M0 and M8 treatment groups. Namely, the TG(26:0/16:0/17:0), TG(28:0/16:0/16:0), TG(26:0/16:0/16:0), and TG(30:0/16:0/16:0)—among others—comprising the gut content were reduced under the M8 treatment (p < 0.001). The genus Clostridium was positively correlated with TG(18:1/18:1/22:5), TG(16:0/17:0/18:1), TG(18:0/18:1/20:3), and other compounds, yet negatively correlated with TG(18:0/17:0/20:0), TG(16:0/17:0/24:0), and TG(16:0/16:0/24:0), among others as well. According to the lipidomics analysis, the predicted KEGG pathways mainly included lipid and glycan biosynthesis and metabolism, and digestive, sensory, and immune systems. In conclusion, methionine restriction disturbed the microbial community balance and induced microbial dysfunctions, whereas methionine supplementation improved the homeostasis of gut microbiota and lipid metabolism of the rice eel.

Keywords: gut microbiota, lipidomics, lipid metabolism, Monopterus albus, methionine restriction


INTRODUCTION

The gut cavity is home to a diverse and abundant microbiome, which has a pivotal role in maintaining the host’s physiological homeostasis (Xu et al., 2020). Gut microbiota have co-evolved with their hosts and have metabolic characteristics enabling them to contribute to a host’s metabolism (Gaulke et al., 2018). The gut microbial composition is known to be influenced by environmental, dietary, and physiological factors associated with the host, these varying among types of hosts, which mainly alters the species and abundance of microbiota and microbial community composition (Marchix et al., 2018; Peng et al., 2019b). Importantly, the changed commensal microbiota could further affect the host’s immunity, metabolism, and behavior (Kamada et al., 2013; Ridaura et al., 2013; Henriques et al., 2020). The stability of microbial ecological network could be affected by the host’s microbial species and their relative abundances; moreover, within the microbial community and its ecological network, interspecific interactions can have consequences for the dynamic balance, systemic functioning, and metabolism and health of the host (Yang et al., 2019a). Further, the gut microbiome also been considered to function as a metabolic organ, one involved in carbohydrate, energy, lipid, and amino acid metabolism activities that play positive or negative roles in the host (Wang et al., 2020).

Gut microbiota can affect their host’s lipid metabolism via multiple direct and indirect biological mechanisms (Ghazalpour et al., 2016); hence, some have argued the gut microbial community constitutes an endocrine organ (Clarke et al., 2014). Semova et al. (2012) used fluorescent markers to image zebrafish (Barchydanio rerio var.), finding that its gut microbiota could stimulate the uptake of fatty acids and formation of lipid droplets by the intestinal epithelium and liver, with the sclerenchyma enhancing absorption capacity of fatty acids by host’s intestinal cells, thereby promoting an increase in the number of lipid droplets. Meanwhile, the size of these lipid droplets increased as bacterial abundance increased, which the authors demonstrated was primarily regulated by golden rod bacteria (Chrysobacterium hispanicum) and Pseudomonas sp. (P. adaceae). Later, Almeida et al. (2019) reported that gut bacteria could ferment indigestible carbohydrates, and then digest the indigestible fiber of gut contents into short-length chain fatty acids. Additionally, gut microbiota could promote the absorption of fatty acids by activating the absorption capacity of intestinal epithelial cells.

The rice field eel (M. albus) is subtropical freshwater benthic fish with considerable economic value, which is why it is widely raised in central and south China (Hu et al., 2020b). In their natural habitat, M. albus can prey on earthworms, frog eggs, and insects (Duan et al., 2018). Because it has a straight tubular gastrointestinal system, whose stomach and intestine are easily distinguished, this organism is an ideal experimental object to explore the succession of gut microbiota. Our previous study of M. albus indicated that a high-fat feed is capable of affecting the succession of its gut microbiota community, by disturbing the balance of gut microbiota and reducing the average connectivity and number of connectors, as well as competitive interactions, within the ecological network (Peng et al., 2019b). In other work, we also found that oxidized fish oil feed strongly affected the species of gut microbiota, inducing microbial dysbiosis, which led to microbial dysfunction in M. albus; but taurine supplementation of oxidized fish oil feed improved the community stability of gut microbiota, ameliorating the negative effects induced by oxidized fish oil diet, and restoring the relevant functioning of gut microbiota (Peng et al., 2019a).

We had reported that M. albus requires an optimal protein/lipid ratio diet (Ma et al., 2014). In addition, we found that when fish meal is replaced by soybean meal (Hu et al., 2018) and soy protein concentrate (Zhang et al., 2019), this inhibited the growth performance of M. albus. Yet a diet deficient in methionine also inhibits the growth performance of M. albus and reduces hepatic lipid bodies’ deposition, resulting in less hepatic fatty acid synthesis (Hu et al., 2021a). Furthermore, insufficient methionine intake also damaged the gastric and intestinal structure, reduced the function of intestinal barrier, and inhibited the ability of intestinal lipid and fatty acid transportation of M. albus (Hu et al., 2022a). In mice on a high-fat diet, however, suitable methionine restriction improved the gut’s function by regulating the microbiota there and its metabolite profiles (Yang et al., 2019b). Yet how gut microbial community changes adaptively and regulates host’s metabolism in response to methionine restriction remains unknown, especially in aquatic animals.

Here, following our previous study (Hu et al., 2021b), soy protein concentrate was used in basic fish meal to make a severely methionine-deficient experimental feed. The objectives were (1) to explore gut microbiome dynamics in terms of microbial composition, succession, interactions, and network topological roles, and then predict the gut microbial functioning in M. albus, and (2) to use lipidomics to reveal how gut microbiota affect the host’s lipid metabolism and absorption. This study demonstrates the alteration of the microbiome and lipid-related products in response to methionine restriction, and thus may provide a new perspective on the theory of lipid metabolism.



MATERIALS AND METHODS


Experimental Diets

A basic diet (110 g/kg fish meal; 400 g/kg soy protein concentrate), as prepared in previous studies (Zhang et al., 2019; Hu et al., 2021b), was supplemented with different levels of methionine (0, 2, 4, 6, 8, or 10 g/kg). Table 1 shows the composition and nutrition of these methionine diets.



TABLE 1. Composition of the six diets and their nutritive concentrations (g/kg).
[image: Table1]

The proximate analysis (moisture, crude lipid, crude protein, ash, and gross energy) of the experimental feed treatments was determined based on our previous paper (Hu et al., 2021c). Amino acids (Table 2) were analyzed by an automatic amino acid analyzer (Agilent-1,100, Agilent Technologies Co., Ltd., Santa Clara, CA, United States), by referring to the methodology of Wijerath Wiriduge et al. (2020), while fatty acids (Table 3) were analyzed by GC–MS (Agilent 7890B-5977A, Agilent Technologies Co., Ltd., Santa Clara, CA, United States) according to Jin et al. (2017).



TABLE 2. The amino acid content (g/kg) of the six experimental diets.
[image: Table2]



TABLE 3. The fatty acid content (mg/100 g) of the six experimental diets.
[image: Table3]



Feeding Trial and Management

Individuals of M. albus were purchased from Changde, China. Similar-sized M. albus (25.08 ± 0.31 g) were reared in 18 float cages (2.0 m × 1.5 m × 1.5 m), three per dietary treatment (triplicates), with 60 fish per cage. More details about the experiment can be found in our recent paper (Hu et al., 2022b).



Ethics Statement

Our study was approved by the Committee of Laboratory Animal Management and Animal Welfare of Hunan Agricultural University (Changsha, China) {No. 094}. All experimental fish were anesthetized with eugenol (1:12,000; Shanghai Reagent Corporation, Shanghai, China) to reduce their suffering.



Sample Collection and Analyses

Our previous research showed that a methionine-deficient diet (i.e., M0, 0 g/kg) inhibited hepatic fatty acid metabolism (Hu et al., 2021a) and intestinal fatty acid transportation (Hu et al., 2022a), but a suitable level of supplemented methionine (M8, 8 g/kg) enhanced hepatic lipid metabolism and intestinal fatty acid transportation. Hence, M0 (0 g/kg) and M8 (8 g/kg) were focused upon to elucidate the mechanisms by which methionine intake regulates the gut microbiota and lipidomics of M. albus. After the 8-week feeding trial, from each cage the gut contents of five fish were sampled, and these five samples under each experimental group were used for the sequencing analysis.



Gut Microbiota Analysis by 16S rRNA Sequencing

DNA was obtained from the gut content by using the PowerFecal™ DNA Isolation Kit (MoBio Laboratories, Inc.). High-throughput sequencing was performed on the Illumina MiSeq platform, in which all sequences were classified into operational taxonomic units (OTUs) at a minimum 97% similarity by the QIIME (Quantitative Insights Into Microbial Ecology) software pipeline, after first removing any low-quality scores (Q score, 20) with the FASTX-Toolkit (Hannon Lab, United States). For full details about the bioinformatics analysis and molecular ecological network construction, please refer to our previous study (Peng et al., 2019b).



Untargeted Lipidomics by the LC–MS Platform

The samples were analyzed by liquid chromatography, whereby a single component entered the ion source of the high-vacuum mass spectrometer for ionization. The mass spectrum is obtained by separation according to the mass-to-charge ratio (m/z). Finally, the qualitative and quantitative results of each sample were obtained via its mass spectrum data analysis. LC–MS platform used was the UHPLC-Q Exactive system (Thermo Fisher Scientific, Waltham, Massachusetts, United States; Huang et al., 2022).



Statistical Analysis

Our data were analyzed on an online cloud platform of Majorbio (ShangHai Majorbio Bio-pharm technology Co., Ltd.).1 For the M0 and M8 data, their means for a given response variable were compared by an independent t-test in SPSS 22 software. Results are presented as the mean ± SEM (standard error of the mean), with differences considered significant at p < 0.05.




RESULTS


Gut Bacterial Diversity Indices

Both the Coverage and Simpson were similar between the M0 (0g/kg) and M8 (0g/kg) treatment groups. Compared with M0, gut bacterial Sobs, Shannon, ACE, and Chao1 for M8 were significantly increased (p < 0.01, p < 0.01, p < 0.05, p < 0.05, respectively; Table 4).



TABLE 4. Effects of methionine restriction on gut bacterial diversity indices after feeding for 8 weeks (n = 3).
[image: Table4]



Gut Bacterial OTUs and Their Relative Abundances

When compared with M0, the trend is of species diversity being higher in the M8 samples (Figure 1A). There are 283 species common to both M0 and M8 groups, and 338 species overall in M0, of which 55 are unique to M0, and 441 species overall in M8, of which 158 are unique to M8 (Figure 1B).

[image: Figure 1]

FIGURE 1. Effects of methionine restriction on gut bacterial numbers of shared OTUs based on core analysis (A) and gut bacterial relative abundances (B) after feeding for 8 weeks (n = 3).




Gut Bacterial Composition at the Phylum and Genus Levels

Fusobacteria was the main phylum member of the community while Cetobacterium was the dominant genus. When compared with the M0 group, the proportions belonging to the Fusobacteria phylum and Cetobacterium and Lactococcus genera all decreased in M8; by contrast, Firmicutes, Proteobacteria, and Chioroflexi phyla were increased in M8, as were the genera Clostridium and Streptococcus (Figure 2).

[image: Figure 2]

FIGURE 2. Effects of methionine dietary restriction on gut bacterial composition at the phylum (left) and genus (right) levels after feeding for 8 weeks (n = 3).




Ecological Network Analysis

As Figure 3 shows, the dominant phyla in the M0 group were Firmicutes, Proteobacteria, Actinobacteria, Chloroflexi, and Cyanobacteria; those dominant in M8 were Firmicutes, Proteobacteria, Actinobacteria, Chloroflexi, and Cyanobacteria. Hence, dominant taxa were similar between the networks for M0 and M8. Many edges in the circus and networks revealed interspecies interactions among the different OTUs. In addition, six submodules were discernible in the M0 network, whose three largest submodules were M0-1, M0-2, and M0-7. Likewise, six submodules were detected in the M8 network, the three largest submodules being M8-9, M8-4, and M8-3. These OTUs from the same phylum were clustered in a single module; cooperative interactions were predominant in both networks, whereas competitive interactions characterized their submodules, such as M0-7, M0-3, M0-4, and M0-6 of the M0 network, and M8-5, M8-6, and M8-7 of the M8 network (Figure 3).

[image: Figure 3]

FIGURE 3. Circos plots (A) showing the assignment of OTUs at different taxonomic levels of classification. Ecological network (B) showing the submodules and interspecific interactions in the gut bacterial community of M. albus. The data were analyzed using the R Programming Language. The taxonomic levels were phylum, class, order, family, and genus, moving from the outside to the inside of the circle, respectively. Bands differing in color show different genera, and the bar width indicates the abundance of each taxon in the circos plot. The modular organization was constructed by implementing the modularity optimization method. Each node in the network graph corresponds to a single OTU. Colors of the nodes indicate different major phyla. The edges inside the circle and ecological network represent the interactions between species (pink edge, positive interaction; blue and red edges, negative interactions).




Gut Bacterial Function: Wilcoxon Rank-Sum Tests

In Figure 4, human pathogens gastroenteritis, human pathogens, animal parasites or symbionts, nitrate reduction, fermentation and chemoheterotrophy were lower in M8 than M0, and vice versa for photoautotrophy, phototrophy, aerobic-chemoheterotrophy, and nitrate reduction.

[image: Figure 4]

FIGURE 4. Wilcoxon rank-sum tests for the effects of methionine restriction on gut bacterial functioning after feeding for 8 weeks (n = 3). Values are considered not significantly different if p > 0.05.




Gut Bacterial COG Functional Classification

As seen in Figure 5, we observed that gut microbiota mainly played roles in energy production and conversion, Figure 5 and nutrition (lipid, amino acid, and carbohydrate) transport and metabolism processes.

[image: Figure 5]

FIGURE 5. Effects of methionine restriction on COG functional classification of gut bacteria after feeding for 8 weeks (n = 3).




Venn Diagram of Lipidomics

There were 2,734 lipids common to M0 and M8 groups, with 2,761 lipids overall found in M0, of 27 were unique to it; likewise, 2,744 lipids were found in M8, with 10 of these unique to it (Figure 6).

[image: Figure 6]

FIGURE 6. Effects of methionine restriction on different on lipidomics after feeding for 8 weeks (n = 3).




PCA and PLS-DA of Lipidomics

The PCA scores showed that the degree of dispersion for the lipidomics was very high between M0 and M8. Further, the PLS-DA scores indicated significant differences in the main components of lipids between the M0 and M8 treatment groups (Figure 7).

[image: Figure 7]

FIGURE 7. Effects of methionine restriction according to a principal component analysis (PCA) and partial least squares-discriminant analysis (PLS-DA) of the lipidomics data after feeding for 8 weeks (n = 3).




Expression Profiles and VIP of Metabolites

Compared with M0, DG(16:0/14:0), BisMePG(17:1/22:6) and PE(10:0/11:3) of gut content in M8 were remarkably increased (p < 0.001, p < 0.01, and p < 0.01, respectively); while TG(30:1/18:1/18:1) and PE(11:0/20:2) of gut content in M8 (Met5) were remarkably decreased (p < 0.05), TG(6:0/12:4/ 20:2), TG(8:0/11:3/23:1), TG(8:0/10:1/22:0), TG(16:1e/11:4/ 12:2), TG(6:0/12:0/20:4), TG(6:0/6:0/24:1), DG(16:1e/18:3), DG(18:3e/20:5), WE(3:0/19:1), WE(3:0/16:1), WE(3:0/18:2), Cer(d19:2/20:0 + O), WE(3:0/24:2), TG(30:0/18:0/18:1), TG(26:0/16:0/17:0), TG(28:0/16:0/16:0), TG(26:0/16:0/16:0), TG(20:0e/18:0/20:0), TG(18:0e/18:0/19:0), TG(30:0/16:0/16:0), TG(28:0/16:0/17:0), TG(30:0/16:0/18:0), TG(30:0/16:0/17:0), TG(30:0/18:0/22:0) and TG(30:0/16:0/20:0) of gut content in M8 (Met5) were remarkably decreased (p < 0.001; Figure 8).
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FIGURE 8. Effects of methionine restriction on the expression profile and VIP of metabolites obtained via lipidomics after feeding for 8 weeks (n = 3); *p < 0.05, **p < 0.01, and ***p < 0.001.




Correlation Analysis of Microbiota and Lipidomics Data

The g__Acetobacterium had significant positive correlations with TG(18:1/18:1/22:5), TG(16:0/17:0/18:1), TG(16:0/16:1/17:1), TG(15:0/14:0/16:1), TG(16:0/14:0/14:0), TG(16:1/14:0/17:1), and TG(15:0/14:0/18:2; p < 0.05), but significant negative correlations with TG(18:0/17:0/20:0), TG(16:0/17:0/24:0), TG(30:0/18:0/18:1), TG(30:1/16:0/18:0), TG(29:0/18:0/18:1), TG(18:0/18:0/18:3), and TG(19:0/18:1/18:2; p < 0.05). While g__Rhodoblastus was positively correlated with TG(18:1/18:1/22:5; p < 0.05), it was negatively correlated with TG(19:0/18:1/18:2; p < 0.05). The g__Rhodoplanes had positive correlations with TG(18:1/18:1/22:5), TG(16:0/17:0/ 18:1), TG(16:0/16:1/17:1), TG(15:0/14:0/16:1), TG(19:1/18:1/18:2), TG(16:0/14:0/14:0), TG(16:1/14:0/17:1), TG(15:0/14:0/18:2), and TG(20:0e/14:0/16:0; p < 0.05), but negative correlations with TG(18:0/17:0/20:0), TG(16:0/17:0/24:0), TG(30:0/18:0/18:1), TG (30:1/16:0/18:0), TG(29:0/18:0/18:1), TG(18:0/18:0/18:3), and TG(19:0/18:1/18:2; p < 0.05). For g__Rhodopseudomonas, it was positively correlated with TG(18:1/18:1/22:5), TG(16:0/17:0/18:1), TG(16:0/16:1/17:1), TG(15:0/14:0/16:1), TG(16:0/14:0/14:0), TG(16:1/14:0/17:1), and TG(15:0/14:0/18:2), TG(20:0e/14:0/16:0; p < 0.05) though negatively correlated with TG(18:0/17:0/20:0), TG(16:0/17:0/24:0), TG(30:0/18:0/18:1), TG(30:1/16:0/18:0), TG(29:0/18:0/18:1), TG(18:0/18:0/18:3), and TG(19:0/18:1/18:2; p < 0.05). Significant negative correlation with TG(15:0/16:1/18:3), TG(16:1/13:0/14:0), TG(16:0/17:0/18:1), and TG (18:0/18:1/20:3) were found for g__norank_f__Barnesiellaceae (p < 0.05). By contrast, g__norank_f__Caldilineaceae had positive correlations with TG(18:1/18:1/22:5), TG(16:0/17:0/18:1), DG(16:1/18:1), TG(16:0/16:1/17:1), TG(16:0/16:0/17:1), TG(15:0/14:0/16:1), TG(16:0/14:0/14:0), TG(16:1/14:0/17:1), and TG(15:0/14:0/18:2; p < 0.05), for which negative correlations with TG(18:0/17:0/20:0), TG(16:0/17:0/24:0), TG(30:0/18:0/18:1), TG(30:1/16:0/18:0), TG(29:0/18:0/18:1), TG(18:0/18:0/18:3), TG(19:0/18:1/18:2) were also present (p < 0.05). The g__norank_f__Rhizobiales_Incertae_Sedis had a positive correlation with TG(16:0/17:0/18:1; p < 0.05), as did g__norank_f__norank_o__Chloroplast with TG(18:1/18:1/ 22:5), TG(16:0/17:0/18:1), TG (18:0/18:1/20:3), and TG(16:0/16:1/ 17:1; p < 0.05) along with a negative correlation with TG(18:0/ 18:0/18:3) and TG(19:0/18:1/18:2; p < 0.05). For g__norank_f__norank_o__PeM15, it had positive correlations with TG(18:1/18:1/22:5), TG(16:0/17:0/18:1), TG (18:0/18:1/20:3), and TG(16:0/16:1/17:1; p < 0.05) but negative correlations with TG(16:0/17:0/24:0), TG(30:1/16:0/18:0), TG(18:0/18:0/18:3), and TG(19:0/18:1/18:2; p < 0.05). The g__norank_f__norank_o__RBG-13-54-9 was positively correlated with both TG(18:1/18:1/ 22:5) and TG(16:0/17:0/18:1; p < 0.05) and negatively correlated with TG(18:0/18:0/18:3; p < 0.05). Positive correlations with TG(18:1/18:1/22:5), TG(16:0/17:0/18:1), TG(16:0/16:1/17:1), TG(16:1/14:0/17:1), and TG(15:0/14:0/18:2; p < 0.05), as well as negative correlation with TG(18:0/17:0/20:0), TG(16:0/17:0/24:0), TG(30:1/16:0/18:0), TG(29:0/18:0/18:1), TG(18:0/18:0/18:3), and TG(19:0/18:1/18:2) were found for g__norank_f__norank_o__ Saccharimonadales (p < 0.05). With respect to g__unclassified_c__Gammaproteobacteria, it had positive and negative correlation, respectively, with TG(18:1/18:1/22:5) and TG(19:0/18:1/18:2; p < 0.05). Both g__unclassified_f__Chloroflexaceae and g__unclassified_f__Chromatiaceae had positive correlations with TG(18:1/18:1/22:5; p < 0.05), while the latter was negatively correlated with TG(19:0/18:1/18:2; p < 0.05). The g__unclassified_f__ Rhodobacteraceae was positively correlated with TG(18:1/18:1/22:5) and TG(16:0/17:0/18:1; p < 0.05) while negatively correlated with TG(18:0/18:0/18:3; p < 0.05). For g__ unclassified_f__Xanthobacteraceae, it had a positive correlation with the following: TG(18:1/18:1/22:5), DG(16:1/18:1), TG(16:0/16:1/17:1), TG(16:0/16:0/17:1), TG(15:0/14:0/16:1), TG(16:0/14:0/14:0), and TG(16:1/14:0/17:1), TG(15:0/14:0/18:2; p < 0.05). However, it had a negative one with these: TG(18:0/17:0/20:0), TG(16:0/17:0/24:0), TG(30:1/16:0/18:0), TG(29:0/18:0/18:1), and TG(18:0/18:0/18:3), and TG(19:0/18:1/18:2; p < 0.05). The g__unclassified_k__norank_d__Bacteria was negatively correlated with TG(15:0/16:1/18:3) and TG(16:1/13:0/14:0; p < 0.05), as was g__unclassified_o__ Bacteroidales with TG(15:0/16:1/18:3), TG(16:1/13:0/14:0), TG(16:0/ 17:0/18:1), and TG (18:0/18:1/20:3; p < 0.05). For g__unclassified_o__Micrococcales, it had positive correlations with TG(18:1/18:1/22:5), TG(16:0/17:0/18:1), TG(16:0/16:1/17:1), TG(15:0/14:0/16:1), TG(16:0/14:0/14:0), TG(16:1/14:0/17:1), and TG(15:0/14:0/18:2; p < 0.05) in addition to negative correlation with TG(18:0/17:0/20:0), TG(16:0/17:0/24:0), TG(30:1/16:0/18:0), TG(29:0/18:0/18:1), and TG(18:0/18:0/18:3; p < 0.05). The g__unclassified_o__Rhizobiales was positively correlated with TG(18:1/18:1/22:5), TG(16:0/17:0/18:1), TG(16:0/ 16:1/17:1), TG(16:0/14:0/14:0), TG(16:1/14:0/17:1), and TG(15:0/14:0/18:2; p < 0.05), but negatively correlated with TG(18:0/17:0/20:0), TG(16:0/17:0/24:0), TG(30:0/18:0/18:1), TG(30:1/16:0/18:0), TG(29:0/18:0/18:1), TG(18:0/18:0/18:3), and TG(19:0/18:1/18:2; p < 0.05). A positive correlation between g__Chloronema and TG(18:1/18:1/22:5) was found (p < 0.05). The g__Christensenellaceae_R-7_group had positive correlations with TG(18:1/18:1/22:5), TG(16:0/17:0/18:1), TG(16:0/16:1/17:1), and TG(16:1/14:0/17:1; p < 0.05) and negative ones with TG(16:0/17:0/24:0), TG(18:0/18:0/18:3), and TG(19:0/18:1/18:2; p < 0.05). Many correlations were significant for g__Clostridium_sensu_stricto_1, these being positive vis-à-vis DG(18:1/22:5), TG(15:0/20:5/22:1), TG(18:1/18:1/22:5), TG(16:0/17:0/18:1), TG (18:0/18:1/20:3), DG(16:1/18:1), DG(18:1/14:0), DG(18:3e/16:1), TG(19:1/16:0/18:0), TG(18:0/17:1/20:0), TG(16:0/16:1/17:1), DG(15:0/18:1), TG(16:0/16:0/17:1), TG(18:0/16:0/17:1), TG(15:0/14:0/16:1), TG(19:1/18:1/18:2), TG(16:1/14:0/17:1), and TG(15:0/14:0/18:2; p < 0.05); and negative vis-à-vis TG(18:0/ 17:0/20:0), TG(16:0/17:0/24:0), TG(30:0/18:0/18:1), TG(30:1/16:0/ 18:0), TG(29:0/18:0/18:1), TG(16:0/16:0/24:0), TG(26:0/16:0/17:0), TG(26:0/16:0/16:0), TG(28:0/16:0/16:0), TG(30:0/16:0/16:0), TG(28:0/16:0/17:0), TG(18:0/18:0/18:3), TG(19:0/18:1/18:2), WE (3:0/22:2), and WE(3:0/18:1; p < 0.05). By contrast, g__Epulopiscium only had a negative correlation with TG(16:1/13:0/14:0; p < 0.05). For g__Leptolyngbya_ANT.L52.2, there were positive correlations with TG(18:1/18:1/22:5), TG(16:0/17:0/18:1), DG(16:1/18:1), TG(16:0/16:1/17:1), TG(16:0/16:0/17:1), TG(15:0/14:0/16:1), TG(16:0/14:0/14:0), TG(16:1/14:0/17:1), and TG(15:0/14:0/18:2; p < 0.05) and negative correlations with TG(18:0/17:0/20:0), TG(16:0/17:0/24:0), TG(30:1/16:0/18:0), TG(29:0/18:0/18:1), TG (18:0/18:0/18:3), TG(19:0/18:1/18:2; p < 0.05). Finally, g__ Macellibacteroides was negatively correlated with TG(18:1/18:1/ 22:5), TG(16:0/17:0/18:1), DG(16:1/18:1), and DG(18:1/14:0; p < 0.05; Figure 9).
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FIGURE 9. Effects of methionine restriction on the correlations between specific microbiota and lipids after feeding for 8 weeks (n = 3); *p < 0.05 and **p < 0.01.




Correlation Analysis of Lipidomics

Based on the correlations between microbiota and lipidomics data, TG(18:1/18:1/22:5) was chosen as the main reference lipid. We found that TG(20:0e/14:0/16:0), TG(16:0/17:0/22:0), WE(3:0/18:1), WE(3:0/18:2), TG(18:0/18:0/18:3), TG(19:0/18:1/ 18:2), TG(30:0/18:0/18:1), TG(30:1/16:0/18:0), TG(29:0/18:0/ 18:1), WE(3:0/24:2), TG(16:0/16:0/24:0), TG(18:0/17:0/20:0), TG(16:0/17:0/24:0), TG(26:0/16:0/17:0), TG(30:0/16:0/16:0), TG(28:0/16:0/17:0), WE(3:0/22:2), TG(26:0/16:0/16:0), TG(28:0/ 16:0/16:0), Hex1Cer(d18:1/18:0 + 2O), TG(16:0/6:0/11:3), and TG(16:0/6:0/9:0), TG(11:0/10:1/14:3) all had significant positive correlations with TG(18:1/18:1/22:5). Conversely, it was negatively correlated with TG(16:0/16:0/16:0), DG(18:1/22:5), DG (18:1/20:3), TG(15:0/20:5/22:1), TG(16:0/17:0/18:1), TG(18:0/ 18:1/20:3), TG(15:0/16:1/18:3), TG(16:1/13:0/14:0), TG(15:0/ 16:0/16:1), DG(15:0/18:1), DG(18:3e/16:1), DG(18:1/14:0), DG (16:1/18:1), TG(19:1/16:0/18:0), TG(16:0/16:1/17:1), TG(16:0/ 16:0/17:1), TG(18:0/16:0/17:1), TG(16:1/14:0/17:1), TG(15:0/ 14:0/18:2), TG(18:0/17:1/20:0), TG(19:1/18:1/18:2), TG(15:0/ 14:0/16:1), TG(16:0/14:0/16:0), TG(15:0/16:0/16:0), TG(15:0/ 16:0/18:3), and TG(16:0/14:0/14:0; Figure 10).
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FIGURE 10. Effects of methionine restriction on the correlations between lipids after feeding for 8 weeks (n = 3).




KEGG Pathway Analysis of Lipidomics

According to the KEGG results, the enriched pathways included lipid and glycan biosynthesis and metabolism, in addition to those associated with digestive, sensory, and immune systems (Figure 11).
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FIGURE 11. Effects of methionine restriction on the KEGG pathways of lipidomics data after feeding for 8 weeks (n = 3).





DISCUSSION

Our previous studies indicated that a methionine-deficient diet not only impairs muscle fiber growth and the development and differentiation of M. albus, but it also weakens the eel’s overall growth performance (Hu et al., 2022b) and induces a lipid metabolism disorder resulting in a lowered lipid content of M. albus, mainly by impacting fatty acid metabolism (reduced fatty acids synthesis and increased fatty acid decomposition; Hu et al., 2021a). More recently, we showed that a diet deficient in methionine lessened the activity of major gastric-intestinal digestive enzymes (amylase, lipase, and trypsin), reduced the function of intestinal absorption and damaged the intestinal barrier, and decreased the ability of intestinal lipid and fatty acid transportation in M. albus (Hu et al., 2022b). To better understand the mechanisms by which methionine restriction affects gastrointestinal lipid digestion, transportation, and absorption in M. albus, we focused on the M0 (0 g/kg) and M8 (8 g/kg) treatment groups to characterize community succession of gut microbiota and how it regulates lipid mechanisms.

Here, compared with M0, the gut bacterial Sobs, Shannon, ACE, and Chao1 in the M8 group were significantly increased. This phenomenon indicated that restricting methionine intake lowered the diversity of gut microbiota and rendered the community more alike; hence, a suitable dietary level of methionine could promote the balance of gut microbiota of M. albus. Our results are similar to another study done on mice, where a suitable methionine supplementation improved the intestinal barrier functioning, inflammatory response, and lipid metabolism by regulating their gut microbiota (Yang et al., 2019a). In the present study, Fusobacteria was the dominant phylum and Cetobacterium the dominant genus in the gut of M. albus whether under M0 or M8. This finding is consistent with our previous study on M. albus (Peng et al., 2019a). Nonetheless, under M8, the relative abundances of Fusobacteria and of the genera Cetobacterium and Lactococcus decreased, while those of the Firmicutes, Proteobacteria, and Chioroflexi phyla, as well as Clostridium and Streptococcus genera, all increased. Fusobacteria are anaerobic gram-negative bacteria (Thurnheer et al., 2019) whose presence might promote fatty acids’ absorption (Semova et al., 2012), corroborating our previous study’s finding that dietary methionine improved intestinal fatty acid transportation and absorption (Hu et al., 2022a). Cetobacterium is an anaerobic gram-negative bacterium (Xie et al., 2021), being the dominant member of the gut microbiota of many freshwater fish species (Larsen et al., 2014; Peng et al., 2019b; Yang et al., 2019a, 2020), for which lipid metabolism is associated with the abundance of Firmicutes (Peng et al., 2019b; Hu et al., 2020a). This phenomenon suggests dietary differences in the level of methionine could influence the relative abundance of Firmicutes, thus regulating lipid metabolism of M. albus through gut microbiota dynamics (closely related to lipid metabolism).

Gut bacteria can form a complex ecological network that maintains the community’s dynamic equilibrium by each species interacting with others (Coyte et al., 2015). Here, the circos plot and ecology network revealed taxonomic composition and suite of interspecific interactions in the gut microbial community of M. albus. Evidently, the dominant phyla in M0 were Firmicutes, Proteobacteria, Actinobacteria, Chloroflexi, and Cyanobacteria; the dominant phyla in M8 were Firmicutes, Proteobacteria, Actinobacteria, Chloroflexi, and Cyanobacteria. This pattern of dominance was also similar between the networks of the two dietary methionine treatment groups. Our study indicates that methionine restriction induced gut microbiota dysbiosis, such that the predicted ecological network within microbial community was starkly affected by methionine-deficient diet, and interact among different gut microbial community (Herren and McMahon, 2018), eventually affecting the host’s metabolism. Modularity may be considered the degree to which a network could be divided into clearly delimited submodules; it also may be considered as functional units capable of performing an identifiable task (Peng et al., 2019a). Concerning our study, the many edges in the circos plots and networks indicated the interspecies interactions among different OTUs, with various OTUs from the same phylum found clustered within one module. Meanwhile, cooperative interactions were prevalent in the two networks, but competitive interactions predominated in the submodules of each bacterial network. By definition, the dominant gut microbiota constitutes a major component of the ecological networks in the two treatment groups; hence, the y occupied key positions in each network, whose higher average connectivity indicated a more complex ecological network (Herren and McMahon, 2018). Additionally, various OTUs from the same phylum were clustered within one module. Here, many OTUs among the dominant gut microbiota acted as connectors in the network, which indicated a pivotal ecological role fulfilled by the dominant microbiota (Zhou et al., 2011). In the ecological network, certain species act as structural and functional keystone species that maintain certain network properties (Olesen et al., 2007). The methionine-deficient diet not only changed the species that form the gut microbial community but also affected the nutrient metabolism performed by it (Ghanbari et al., 2015). In addition, the COG functional results predicted that gut microbiota are mainly involved in energy production and conversion, amino acid transport and metabolism, carbohydrate transport and metabolism, and lipid transport and metabolism of M. albus in both treatment groups. Compared with methionine-restricted group, nitrate reduction, fermentation, and chemoheterotrophy by gut bacteria in the methionine-supplemented group were lower, while their photoautotrophy, phototrophy, aerobic-chemoheterotrophy, and nitrate reduction functions were higher. This result indicated that supplementing dietary feed with a suitable level of methionine could reduce gastrointestinal tract inflammation, and improve the functioning of intestinal absorption (Kaewtapee et al., 2009).

Plotting the PCA and PLS-DA scores lets one visually display the classification of samples, such that the greater separation degree of the two groups, the more significant are their differences (Miehle et al., 2020). Here, the results indicated the main components of lipidomics differed between the methionine-supplemented and -restricted group. In addition, methionine supplementation decreased the content of fatty acids, especially of saturated fatty acids, such as TG(26:0/16:0/17:0), TG(28:0/16:0/16:0), TG(26:0/16:0/16:0), TG(30:0/16:0/16:0), and others. Fermentation in the methionine-supplemented group also decreased, implying that supplementation could improve the function of gastrointestinal digestion and reduce the remaining nutrients in the gut, thereby reducing the production of harmful substances (Gurry and Scapozza, 2020) and improving gut homeostasis, findings similar to another study on turbot (Scophthalmus maximus L.; Gao et al., 2019). We have already reported that a restricted methionine intake damages the intestinal barrier and reduces the lipid and fatty acid transportation in M. albus (Hu et al., 2022a). We inferred that a dietary change might promote the absorption ability for intestinal fatty acids, mainly for unsaturated fatty acids, thus leaving more partly saturated fatty acids in the gut content. Meanwhile, Clostridium genus had positive correlations with DG(18:1/22:5), TG(18:1/18:1/22:5), TG(16:0/17:0/18:1), TG(18:0/18:1/20:3), etc., and negative correlations with TG(18:0/17:0/20:0), TG(16:0/17:0/24:0), TG(16:0/16:0/24:0), etc. In addition, enriched KEGG pathways for metabolism mainly included those for lipid and glycan biosynthesis and metabolism, and those for digestive, sensory, and immune systems. Therefore, methionine restriction may affect lipid metabolism by mediating the succession of the gut microbiota community. Methionine restriction also inhibited the hepatic lipid deposition of M. albus, and chiefly downregulated hepatic fatty acid synthesis, especially for unsaturated fatty acids (C18:2n − 6, C22:6n − 3; Hu et al., 2021a). Furthermore, we found that g__Acetobacterium, g__Rhodoblastus and g__Clostridium_sensu_stricto_1 each had a significant positive correlation with TG(18:1/18:1/22:5), the latter chosen from among the main lipids to investigate correlations with gut bacterial taxa and other lipids. Many kinds of saturated fatty acids, such as TG(16:0/17:0/22:0), TG(16:0/16:0/24:0), and TG(18:0/17:0/20:0), have significant positive correlations with TG(18:1/18:1/22:5), whereas most unsaturated fatty acids, such as [TG(15:0/20:5/22:1), TG(18:0/18:1/20:3), TG(15:0/16:1/18:3), and TG(19:1/18:1/18:2)] have significant negative correlations with TG(18:1/18:1/22:5). The mechanisms linking fatty acids metabolism and succession of gut microbiota community are highly complex and deserve further systematic study.

In conclusion, a methionine restriction diet disturbed the balance of gut microbiota by deteriorating the submodules of M. albus, which reduced the average connectivity and number of connectors while also decreasing competitive interactions within the ecological network; however, the composition of gut microbiota went unchanged. In stark contrast, methionine supplementation clearly improved the homeostasis of gut microbiota and lipid metabolism.
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The gut microbiome of fish contains core taxa whose relative abundances are modulated in response to diet, environmental factors, and exposure to toxicogenic chemicals, influencing the health of the host fish. Recent advances in genomics and metabolomics have suggested the potential of microbiome analysis as a biomarker for exposure to toxicogenic compounds. In this 35-day laboratory study, 16S RNA sequencing and multivariate analysis were used to explore changes in the gut microbiome of juvenile Lates calcarifer exposed to dietary sub-lethal doses of three metals: vanadium (20 mg/kg), nickel (480 mg/kg), and iron (470 mg/kg), and to two oils: bunker C heavy fuel oil (HFO) (1% w/w) and Montara, a typical Australian medium crude oil (ACO) (1% w/w). Diversity of the gut microbiome was significantly reduced compared to negative controls in fish exposed to metals, but not petroleum hydrocarbons. The core taxa in the microbiome of negative control fish comprised phyla Proteobacteria (62%), Firmicutes (7%), Planctomycetes (3%), Actinobacteria (2%), Bacteroidetes (1%), and others (25%). Differences in the relative abundances of bacterial phyla of metal-exposed fish were pronounced, with the microbiome of Ni-, V-, and Fe-exposed fish dominated by Proteobacteria (81%), Firmicutes (68%), and Bacteroidetes (48%), respectively. The genus Photobacterium was enriched proportionally to the concentration of polycyclic aromatic hydrocarbons (PAHs) in oil-exposed fish. The probiotic lactic acid bacterium Lactobacillus was significantly reduced in the microbiota of fish exposed to metals. Transcription of cytokines IL-1, IL-10, and TNF-a was significantly upregulated in fish exposed to metals but unchanged in oil-exposed fish compared to negative controls. However, IL-7 was significantly downregulated in fish exposed to V, Ni, Fe, and HFOs. Fish gut microbiome exhibits distinctive changes in response to specific toxicants and shows potential for use as biomarkers of exposure to V, Ni, Fe, and to PAHs present in crude oil.

Keywords: barramundi, ecotoxicology, metals, crude oil, gut microbiome, cytokines, bioinformatics, biomarkers
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GRAPHICAL ABSTRACT. Dietary exposure to petroleum hydrocarbons and metals leads to changes in the gut microbiome and cytokine expression in Lates calcarifer.



HIGHLIGHTS


-Fish exposed to dietary metals and crude oils exhibit changes in the gut microbiome.

-Photobacterium is identified as a potential biomarker genus for high m.w. polycyclic aromatic hydrocarbon (PAH) exposure.

-Dietary V, Fe and Ni enrich phyla Firmicutes, Bacteroidetes and Proteobacteria respectively.

-Microbiome diversity is reduced by dietary metals, but not by petroleum hydrocarbons.

-IL-1, IL-10, and TNF-a expression increases after dietary exposure to metals and heavy fuel oil (HFO).




INTRODUCTION

The microbiome of the gastrointestinal tract in fish plays an important role in maintaining the overall health of fish (Hoseinifar et al., 2019), including bi-directional biochemical interactions that influence their immune system (Gómez and Balcázar, 2008; Xia et al., 2014; Adamovsky et al., 2018). The “typical” makeup of the fish gut microbiome is composed of core taxa of bacteria predominantly of the phyla Proteobacteria, Firmicutes, Actinobacteria, Fusobacteria, and Bacteroidetes (Cahill, 1990; Gómez and Balcázar, 2008; Roeselers et al., 2011; Ghanbari et al., 2015; Adamovsky et al., 2018). The relative abundance of genera present in the gut microbiome varies greatly between species of fish (Givens et al., 2015; Egerton et al., 2018; Nikouli et al., 2021) and between individuals within a species (Burke et al., 2011).

The trophic level, and thereby diet, is the predominant factor influencing the relative abundances of phyla present in the gut microbiome of fish (Estruch et al., 2015; Egerton et al., 2018; Talwar et al., 2018; reviewed by Legrand et al., 2020). Lates calcarifer (barramundi or Asian seabass) is a popular sports fish and is a common aquaculture species farmed throughout Asia. Dietary studies have established the relative prevalence of taxa in the microbiome of L. calcarifer (Xia et al., 2014; Gupta et al., 2020), which is generally similar to that found in other comparable species of carnivorous fish (Egerton et al., 2018). Changes in diet result in a change in the relative abundance of dominant genera in the gut microbiome of L. calcarifer (Gupta et al., 2020) and other fish species (Xia et al., 2014; Estruch et al., 2015; Ringø et al., 2016; Egerton et al., 2018).

Exposure to anthropogenic toxicants such as metals and petroleum hydrocarbons also alters the gut microbiome in fish, as illustrated by field studies following the Deepwater Horizon (DWH) spill (Brown-Peterson et al., 2015) and a riverine oil spill in Saskatchewan, Canada (DeBofsky et al., 2020). Laboratory studies have shown that red bream (Pagrus major) exposed to phenanthrene produces significant changes in gut microbiome (Hano et al., 2021). Similarly, benthic microbial communities exhibit a profile shift following exposure to mixtures of benzo(a)pyrene and fluorene (Kahla et al., 2021). Perhaps more ecologically relevant, exposing lined sole (Achirus lineatus) to water accommodated fractions (WAF) generated from crude oil from the DWH spill has similarly shown to produce significant changes in the relative abundances of bacterial genera of the gut microbiome (Améndola-Pimenta et al., 2020).

The gut microbiome plays a significant role in the overall metabolic outcomes of the host organism challenged by environmental toxicants. For example, bacterial metabolism assists the host fish in the detoxification of ammonia (Turner and Bucking, 2019). The gut microbiome of farmed Scophthalmus maximus (turbot) contains genes for heavy metal resistance and exhibits a functional emphasis of iron uptake and metabolism (Xing et al., 2013). Vanadium nitrogenase facilitates an alternative pathway for nitrogen fixation (Gustafsson, 2019), utilized by Pseudomonas and Cyanobacteria species, among others (Lyalkova and Yurkova, 1992; Pessoa et al., 2015). Lactobacillus, a lactic acid-producing bacterium used as a probiotic in aquaculture, is associated with improved resilience against bacterial and viral pathogens (He et al., 2017; Collins, 2019) and moderates the effects of lead (Giri et al., 2018) and cadmium (Zhai et al., 2017) exposure.

Crude oils are highly complex mixtures of compounds, which may enter food webs in the event of a spill (Buskey et al., 2016) and subsequently biomagnify in species of exposed fish to levels as high as 2.2% w/w (Sammarco et al., 2013). Persisting in the environment for several years post-release (Boehm et al., 2008), petroleum hydrocarbons are retained in the tissues of fish for months after exposure has ceased (Cravedi and Tulliez, 1986), and ecotoxicological biomarkers indicating continued exposure remain elevated months after an oil spill (Smeltz et al., 2017).

In contaminated environments, bacterial communities shift toward those resistant taxa that are able to metabolize or sequester toxicants. For example, microbial communities in oil-contaminated soils contain polycyclic aromatic hydrocarbon (PAH)-metabolizing bacteria (Zafra et al., 2014; Lee et al., 2018; Haritash, 2020), and bacterial communities in vanadium-contaminated soils were found to be dominated by Bacteroidetes, Proteobacteria, Actinobacteria, and Firmicutes (Zhang et al., 2018, 2019; Lu et al., 2019), all of which are core taxa found in abundance in the gut microbiome of many species of fish. It seems likely that the gut microbiome of fish exposed to toxicants such as PAHs or metals may become dominated by those taxa able to metabolize those contaminants, and thereby reduce the toxic burden on the host organism by co-metabolization.

Changes in the gut microbiome in response to toxicants may reduce the community complexity (DeBofsky et al., 2021) and alter the metabolic outcomes of the bacterial communities present (Adamovsky et al., 2018), and therefore could be used in ecotoxicological fingerprinting to identify classes of anthropogenic toxicants to which the organisms are exposed (Adamovsky et al., 2018; Walter et al., 2019).

In this study, we present the analysis of the gut microbiome of L. calcarifer exposed via diet to a bunker C heavy fuel oil (HFO), to a typical Australian medium crude oil (ACO), and to three mixtures of a selection of petroleum hydrocarbons enriched with sub-lethal doses of vanadium, nickel, and iron, respectively. Non-metric multidimensional scaling (nMDS) analysis was used to differentiate the microbiome community profiles of the various exposure groups, and comparative analyses of dominant phyla and genera were used alongside cytokine gene expression in the gut microbiome to ascertain the suitability of fish gut genomics as a potential ecotoxicological biomarker.



MATERIALS AND METHODS


In vivo Fish Exposure and Sampling

All fish were handled in accordance with Curtin University animal ethics approval (number ARE2019/11).

Juvenile fish (n = 56; 10–15 cm in length; mean weight 85.0 g) were obtained from a local commercial hatchery. Following a 5-day acclimatization to 32 ppt saline conditions, the fish were placed in tanks containing 100 L of natural Indian Ocean seawater sourced from north of Perth, Australia, with four fish per tank. A static-renewal design was used with a 12-h light/dark interval. Water quality was maintained at 28 ± 2°C, 32 ± 4 ppt salinity, pH 7.6 ± 0.6, dissolved oxygen 5.0 mg/L, and total ammonia < 2.0 mg/L, assisted by Astro 2212 external canister biofilters with a flow rate of approximately 5 L/min and up to 50% daily water exchanges as required.

The fish were fed 2% body weight per day commercial fishmeal (Nova FF, Skretting Pty Ltd., Perth, WA, Australia), in line with similar exposure trials (e.g., Hellou and Leonard, 2004). Toxicant dosage rates were set to align with fish no observed effect concentrations (NOECs) to ensure fish survival throughout the trial. Due to a paucity of ecotoxicological data specifically for L. calcarifer, the sub-lethal dosage of metals and individual petroleum hydrocarbons was estimated using published NOEC data for mortality of other fish species (Hilton and Bettger, 1988; Ptashynski et al., 2002; Craig et al., 2009; U.S. Environmental Protection Agency, 2020). Dosage rates for crude oil were similar to those in other dietary exposure studies (Nahrgang et al., 2010; Vieweg et al., 2018).

Fish in the negative control group were fed unaltered fishmeal. Fish in the petroleum hydrocarbon test groups were fed fishmeal spiked with 1% w/w ACO, or fishmeal spiked with 1% w/w HFO. An additional three groups were fed fishmeal enriched with a small amount of a mixture of aromatic and saturated petroleum hydrocarbons (total petroleum hydrocarbons approximately 25 mg/kg) and 20 mg/kg vanadium (V), 470 mg/kg iron (Fe), or 480 mg/kg nickel (Ni). The detailed composition of fishmeal given to each treatment group is summarized in Table 1 and Supplementary Tables 1, 2.


TABLE 1. Toxicant additives in fish feed.§
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The fish were exposed for a total of 33 days, followed by a 2-day depuration period before euthanasia using the ike-jime technique (Davie and Kopf, 2006). The intestinal tract was removed and stripped using Teflon tweezers, and whole gut contents were collected in 2-mL cryovials that were immediately frozen in liquid nitrogen and then stored at –80°C until analysis.

An outline of study design is presented in Supplementary Figure 1.



Polycyclic Aromatic Hydrocarbon and Metal Analysis of Fish Feed


Polycyclic Aromatic Hydrocarbons

Fish feeds used in the trial were analyzed for a suite of 38 PAHs in a commercial consultant laboratory (ChemCentre, Perth, WA, Australia) using standard published methods (Forth et al., 2017). Analyses were performed in triplicate.

Briefly, an internal standard was added to precisely weighed samples of fish feeds, and extraction was performed by sonication in acetone/dichloromethane, followed by chemical drying with sodium sulfate. Quantitation by GC-MS (SIM) was against a commercially available standard (AccuStandard, New Haven, CT, United States). The response factors of the respective parent PAH were used to quantitate alkylated PAHs (Forth et al., 2017).



Metals Analysis

Metals in crude oils were quantified by ICP-AES and ICP-MS in a commercial laboratory (TSW Analytical, Perth, WA, Australia). Analyses for a suite of 61 metals were performed in triplicate. Briefly, an accurately weighed sample of oil was digested in nitric acid repeatedly and then finally in a mixture of nitric and perchloric acid. Once taken to incipient dryness, the digestate was re-dissolved in nitric acid, hydrochloric acid, and high purity water. Quantification was performed against a commercially available standard (AccuTrace High Purity multi-element standards, Choice Analytical, Sydney, NSW, Australia).




Microbiome Analysis


Collection and Processing of Samples

Water samples were collected before the start of the experiment. One set of freshly prepared feed samples was stored immediately at –80°C and collected in triplicate from each group after the trial. At the end of the trial, the intestinal content was taken from each fish for microbiome analysis: negative control (n = 12), ACO (n = 12), HFO (n = 12), V-enriched (n = 4), Fe-enriched (n = 8), and Ni-enriched (n = 8) diets. Concurrently, samples of feed (n = 4) were collected randomly from each of the six dietary test groups, and seawater samples (n = 6) were collected before the start of the trial from the marine water supply chain. The gut samples of fish were collected inside a biosafety cabinet. Precisely 200 mg of gut and feed samples with 100 μl of DEPC-treated water were homogenized using a tissue lyser (Qiagen, Hilden, Germany) with beads. The water samples (200 ml) were collected in sterile falcon tubes (50 ml ×4), followed by filtration in 0.2-μm polycarbonate filters with a Sentino Microbiology Pump (Pall Corporation, New York, United States). The filters were then cut into small pieces (∼1 mm) inside a biosafety cabinet and transferred into 2-ml bead tubes of the DNeasy PowerSoil Kit (Qiagen, Hilden, Germany).



DNA Extraction and PCR Amplification of 16S rRNA Gene

Bacterial DNA from 86 processed samples (56 gut, 24 feed, and 6 water) was extracted using a DNeasy PowerSoil Kit (Qiagen, Hilden, Germany) following the manufacturer’s instructions. The quantity and quality of DNA were checked using a NanoDrop Spectrophotometer 2000c (Thermo Fisher Scientific, Waltham, MA, United States). A final DNA concentration of 50 ng/μl was achieved by dilution. PCR amplification of V3-V4 hypervariable regions of bacteria was performed according to the Illumina 16S metagenomic sequencing protocol (Part # 15044223 Rev. B). A 50 μl of PCR master mix was prepared by mixing 2 μl of template DNA (50 ng/μl), 1 μl each of forward and reverse primers, 25 μl of Hot Start Taq 2X Master Mix (New England BioLab Inc., Ipswich, MA, United States), and 21 μl DEPC-treated water. A total of 35 cycles of amplification were performed in a S1000 Gradient Thermal Cycler (Bio-Rad Laboratories, Inc., Foster City, CA, United States). Bead purification, amplicon barcoding, and pooling were performed according to the Illumina 16S standard protocol (Part # 15044223 Rev. B). Sequencing was performed with Illumina MiSeq platforms (Illumina Inc., San Diego, CA, United States) using a MiSeq reagent kit (600 cycles, Part # MS-102-3003).



Processing of Illumina Reads

The initial quality of raw fastq sequences was checked by FastQC (Andrews, 2010), multiQC (Ewels et al., 2016), and Micca stat (Albanese et al., 2015). Trimming of low-quality reads and removal of adapter sequences were performed using BBduk (Bushnell, 2014) with the following parameters: qtrim = r, trimq = 20, ktrim = r, k = 23, mink = 11, hdist = 1, minlen = 200, tpe, tbo. The merging, filtering, de-duplicating (fastq-uniques), and picking of amplicon sequence variants (ASVs) was performed in a USEARCH pipeline by implementing UPARSE and UNOISE3 (Edgar, 2010, 2013, 2016a). The final set of ASVs was filtered for chimeras using UCHIME2 (Edgar, 2016b). UNOISE3 flow was used to map all the merge reads to a non-chimeric ASV table. Each representative ASV was assigned to different taxa levels against the SILVA 132 release (Quast et al., 2013). Multiple sequence alignments were performed using micca_msa, followed by a rooted phylogenetic tree construction in micca_rooted_tree (v1.7.0) (Albanese et al., 2015). Each sample of gut, water, and detritus was set to a uniform lowest depth of 7495 bp for the calculation of alpha-beta diversity and microbial community composition.



Downstream Bioinformatics

Alpha diversity regarding richness, Fisher-alpha, and Shannon and Simpson indices were calculated in microbiomeSeq.1 nMDS was used to display beta-ordination in terms of Bray–Curtis dissimilarity of relative abundance in phyloseq R package (McMurdie and Holmes, 2013), while permutational multivariate analysis of variance (PERMANOVA) was performed using the vegan R package (Dixon, 2003). Relative abundances of bacteria at phylum and genus levels were calculated in phyloseq and ampvis2 (Andersen et al., 2018) R packages. Metagenome prediction from the 16S rRNA ASV dataset was performed using the Picrust2 algorithm in support of KEGG pathway descriptions (Douglas et al., 2020).




Gene Expression Analysis

Based on recent studies on gene expression analysis (Gupta et al., 2020; Siddik et al., 2020; Chaklader et al., 2021b) of L. calcarifer after feeding trials and immune-related transcriptome analysis, one anti-inflammatory and four pro-inflammatory cytokines including tumor necrosis factor-alpha (TNF-α) and interleukins IL-1, IL-8, IL-10, and IL-17 were tested for their relative expression in real-time PCR. We have selected cytokines for this study for expression analysis as they are the mediators of immune response and indicators of stress and infection (Reyes-Cerpa et al., 2012). For the gene expression, gut samples (n = 4) from each group were preserved in RNAlater according to the manufacturer’s instructions and stored at –80°C until processing. The gut tissue after removing the intestinal content was used for RNA extraction, and the same fish was used for both DNA and RNA extraction. The samples were thawed on ice, followed by RNA extraction using an RNeasy Plus Mini Kit (Qiagen, Hilden, Germany) by following the manufacturer’s instructions for tissue samples. Digestion of DNA and removal of enzymes were performed using a TURBO DNA-free™ Kit (Thermo Fisher Scientific, United States). An RNeasy MiniElute Cleanup Kit (Qiagen, Hilden, Germany) was used for the purification of RNA. Quality of the extracted RNA was checked using 1% agarose gel. The RNA concentration was measured in a Qubit 4 Fluorometer (Thermo Fisher Scientific, United States) and a NanoDrop 2000c Spectrophotometer (Thermo Fisher Scientific, Waltham, MA, United States). The presence of any DNA inhibitors was checked further with PCR amplification of bacterial universal 16S, 27F, and 1492R. The first strand cDNA was synthesized using a SuperScript™ IV First-Strand Synthesis System (Thermo Fisher Scientific, United States). Quantitative real-time PCR was performed using PowerUp™ SYBR Master Mix (Thermo Scientific, United States) and gene primers with a CFX96 Real-Time PCR Detection System (Bio-Rad Laboratories Inc., United States). The relative expression level of each gene was calculated using the 2–ΔΔCT method, followed by normalization against the β-actin reference gene (Livak and Schmittgen, 2001).



Statistical Analysis

One-way ANOVA, followed by Tukey’s HSD, was used to compare alpha diversity among the groups. Non-parametric statistical analysis of the distance metric was performed using ANODIS with 1000 permutations. Differential abundance of microbial communities at the genus level was calculated using the Kruskal–Wallis test, followed by a Dunn post hoc with Bonferroni adjustment.

Significantly altered metabolic pathways were identified by linear discriminant analysis (LDA), with a stringent LDA cut-off value of ≥4.0 used to compare the functional features of microbial compositions. At all stages, a p-value of <0.05 was considered statistically significant. The “Pearson” correlation coefficient of taxa abundance and dietary variables were calculated using the microbiomeSeq R package.




RESULTS AND DISCUSSION


Characterization of Oils

The two oils we have chosen for this study are chemically very different. HFO is highly sulfurous (102 mg/kg) compared to ACO (3.9 mg/kg) (Table 1 and Supplementary Table 2). The PAH profiles of the two oils are also dissimilar: ACO has higher levels of bicyclic aromatics (491 mg/kg) than HFO (245 mg/kg), similar levels of tricyclic aromatics (160 and 150 mg/kg, respectively), and lower levels of the higher molecular weight tetracyclic (4.5 and 29 mg/kg, respectively) and pentacyclic aromatic compounds (0.87 and 19 mg/kg, respectively). In all crude oils, the concentration of metals varies greatly (Yasnygina et al., 2006; Pereira et al., 2010). Metals of note present in HFO are iron (37.9 mg/kg), vanadium (15.7 mg/kg), nickel (12.2 mg/kg), cobalt (2.15 mg/kg), and zinc (1.19 mg/kg). ACO contains less iron (4.73 mg/kg), nickel (0.11 mg/kg), and no vanadium or cobalt. ACO contains slightly lower amounts of aluminum (10.2 mg/kg) than HFO (15.4 mg/kg) and similar low levels of tin (0.18 and 0.13 mg/kg, respectively). The dosage of PAHs and metals in the fish feeds used in the study is summarized in Table 1.



Sequence Statistics

A total of 5.6 million quality reads were obtained from 86 samples of fish feed, tank water and gut samples. For gut samples alone, 4.2 million quality reads were obtained. The reads generated 6104 ASVs, which were classified into 14 phyla and 478 genera. In the gut, 6104 ASVs were classified into 14 phyla and 336 genera. The average number of reads (52,486.2 ± 14,592.8), Good’s coverage index (0.997 ± 0.001), and rarefaction curve (Supplementary Figure 1) indicated that each sample was sequenced at a high depth to capture maximum bacteria at various taxa levels.



Alpha-Beta Diversity of Water, Feed, and Fish Gut Microbiota

The water and feed had significantly higher bacterial diversity (Figure 1A) and composed of completely different bacterial groups compared to the gut microbiome, as revealed by beta-ordination (Figure 1B). Rearing water harbors diverse and different groups of bacteria (Qin et al., 2016), suggesting little or no correlation to the fish gut bacterial communities (Giatsis et al., 2015; Zeng et al., 2020). The gut microbial signatures in the juvenile stage are considered a valuable indicator of fish health and immunity (Talwar et al., 2018), and the composition of gut bacteria is highly influenced by dietary intervention (Parata et al., 2020; Nguyen et al., 2021; Serra et al., 2021). Since the water quality and other experimental parameters like temperature, pH, salinity, and dissolved oxygen remained constant throughout the trial, the shift of microbial communities in the gut of fish in this study primarily arises from the PAH- and metal-enriched diets used to feed juvenile L. calcarifer.
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FIGURE 1. Alpha-beta diversity of bacterial community. (A) Alpha diversity measurements of bacterial communities in the gut, water, and feed. (B) Beta ordination showing clustering of bacterial amplicon sequence variants (ASVs) in the gut, water, and feed. (C) Alpha-diversity measurements of bacterial communities in the gut with six different dietary treatments. (D) Beta ordination showing clustering of bacterial ASVs in the gut of barramundi fed six different diets. Abbreviations: Neg, negative control; ACO, Australian crude oil; HFO, heavy fuel oil. *Significant at an α-level of 0.05. **Significant at an α-level of 0.005. ***Significant at an α-level of 0.001.




Alpha-Beta Diversity of Fish Gut Microbiota Following Petroleum Hydrocarbon and Metal Exposure

Based on the weighted (relative abundance) UniFrac metric, analysis of gut bacteria from the six different test groups revealed significant reduction of the bacterial diversity in the gut of fish exposed to V, Ni, and Fe, whereas no differences were observed in the groups fed crude oil compared to negative control fish fed the unaltered diet (Figure 1C). The alpha diversity including microbial richness or species diversity and Fisher-alpha in the gut of fish fed the V-enriched diet was significantly lower compared to that of the negative control group (p < 0.001). The Fisher-alpha diversity index of V-enriched diet fish was also significantly less than that of negative controls. The Shannon diversity index, generally a better predictor when the sample size is a large proportion of the whole population (Beck and Schwanghart, 2010), showed that the microbiome of fish fed the Ni- and Fe-enriched diets was also significantly less diverse that of the negative control group (p < 0.005). Centroid analysis of beta-dispersion showed distinctly different bacteria in Fe-enriched diet groups in both weighted and unweighted UniFrac metrics compared to other groups in the present study (Figure 1D).

Legrand et al. (2020) showed that the fish microbiome diversity decreases with the progression of gut enteritis. The decrease in diversity and dissimilar microbes in the present study (Figure 1C and Supplementary Table 3) may indicate reductions in the overall gut health of fish challenged with metal-enriched diets. Further research on histological changes exhibited by the intestinal tissues would be required to confirm this.



Microbial Composition in the Fish Gut Following Petroleum Hydrocarbon and Metal Exposure


At the Phylum Level

The negative control test group showed that the normal microbiome of L. calcarifer on a commercial fishmeal diet contains core taxa of phyla Proteobacteria (62%), Firmicutes (7%), Planctomycetes (3%), Actinobacteria (2%), and Bacteroidetes (1%). This is typical and agrees with other microbiome studies on L. calcarifer (Gupta et al., 2019; Zheng et al., 2019; Chaklader et al., 2021a) and other species (Ghanbari et al., 2015; Adamovsky et al., 2018; DeBofsky et al., 2020).

All metal-enriched feeds produced highly significant changes in the fish microbiome through the alteration of bacterial richness for Proteobacteria, Firmicutes, and Bacteroidetes. These three bacterial phyla are mainly associated with the metabolism, nutrient assimilation, and immunity of host fish. Previous reports have shown that fish exposed to metals demonstrate significantly altered bacterial abundance with complete disruption of Proteobacteria and Bacteroidetes following long-term exposure (Meng et al., 2018; Kakade et al., 2020). Fish fed a Ni-enriched diet had a microbiome dominated by Proteobacteria (81.1%), with no other individual phyla comprising more than 2% of the microbiome. In addition to fish, this effect of dietary Ni altering the relative abundance of Firmicutes and Bacteroidetes has also been shown in rats (Richardson et al., 2018).

Firmicutes comprise 67.9% of bacteria in the microbiome of V-exposed fish. V is generally the most toxic metal included in this study, and Firmicutes is the most resistant taxa in the fish gut that can survive in extreme environments with higher concentration of metals (Xia et al., 2018; Kakade et al., 2020). This increase in the abundance of Firmicutes bacteria may be due to vanadium resistance. Firmicutes are mainly carbohydrate-metabolizing and butyrate-producing bacteria linked to the nutrition and energy of epithelial and gastrointestinal cells, assisting in reducing the carcinogenic and inflammatory effect of metals (Collinder et al., 2003; Kakade et al., 2020). Higher Firmicutes abundance suggests restoration of the intestinal barrier function by the fish to maintain its health and immune performance.

Bacteroidetes and Proteobacteria comprised 47.7 and 46% of total ASVs respectively in the Fe-enriched group, whereas no other group had more than 1% read abundance (Figure 2). This exposure shows complete dysbiosis of Firmicutes, a phylum that links metabolism and immunity in aquatic species (Foysal et al., 2020; Gaudioso et al., 2021). Bacteroidetes are involved in nutrient absorption and epithelial cell maturation of fish (Evariste et al., 2019). Other reports indicate that exposure to cadmium results in a similar dominance by Bacteroidetes and Proteobacteria in the microbiome of Nile tilapia (Oreochromis niloticus) (Zhai et al., 2017; Meng et al., 2018).
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FIGURE 2. Relative abundance of bacteria at the phylum level in the gut of barramundi with six different diets. Abbreviations: ACO, Australian crude oil; HFO, heavy fuel oil.


Unlike the metal-enriched diets, petroleum hydrocarbons had no pronounced effects on gut phyla with similar relative abundances of Proteobacteria, Firmicutes, and Bacteroidetes in the ACO, and HFO test groups compared to negative controls.



At the Genus Level

In the gut microbiome of the negative control group, Ruegeria and Escherichia-Shigella were the most abundant bacteria genera, whereas both crude oil test groups favored the growth of Photobacterium and, to a lesser extent, Bifidobacterium (Figure 3 and Supplementary Figure 3). Photobacterium, Ruegeria, and Escherichia-Shigella had a read abundance of >1% in all samples, regardless of treatments and conditions; therefore, these three genera can be defined as “core” or “resident” bacteria in juvenile L. calcarifer. Photobacterium abundance increased in all treatment groups, compared to control (Figure 4). Among metal-exposed fish, Phaeocystidibacter was enriched exclusively in the Fe-enriched group, and Enterococcus was enriched solely in the V-enriched group (although there was variation in the distribution of reads for the genus Enterococcus within the V-enriched group). Also, in the gut of fish fed the Fe-enriched diet, Phaeocystidibacter, NS3 marine, Devosia, Ilumatobacter, Loktanella, and Woeseia had a significantly higher abundance than the microbiomes of negative control and crude oil-exposed fish. A Ni-enriched diet increased the abundance of Coxiella, Escherichia-Shigella, Thalassobius, and Cohaesibacter.
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FIGURE 3. Differential abundance of bacteria at the genus level in the gut of juvenile barramundi exposed to petroleum hydrocarbon and heavy metals. Rarefied abundances were log1p-transformed for generating plots Calculated using the Kruskal–Wallis along with the post hoc Dunn test. The P-value was adjusted with Bonferroni correction. *Significant at an α-level of 0.05. **Significant at an α-level of 0.005. ***Significant at an α-level of 0.001. Abbreviations: ACO, Australian crude oil; HFO, heavy fuel oil.
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FIGURE 4. Pearson correlation between 40 abundant genera in fish microbiome and five categories of petroleum hydrocarbons and three metals in diets. The color code at the right indicates type and degree of correlation. *Significant at an α-level of 0.05. **Significant at an α-level of 0.005. ***Significant at an α-level of 0.001. Abbreviations: CNT, control; ACO, Australian crude oil; HFO, heavy fuel oil; Al, aluminum; Fe, iron; Ni, nickel; PAH, total aromatic hydrocarbon; S, sulfur; Sn, tin; TBA, total bicyclic aromatics; TPA, total pentacyclic aromatics; TTetA, total tetracyclic aromatics; TTriA, total tricyclic aromatics; V, vanadium.


Compared to negative control fish, Lactobacillus and Legionella were significantly reduced in the microbiomes of fish exposed to Ni, V, and Fe, but not to petroleum hydrocarbons (Figure 3 and Supplementary Figure 2).

A recent study by Hano et al. (2021) showed that Photobacterium is enriched in the gut of red sea bream (Pagrus major) following exposure to phenanthrene (a tricyclic PAH) and proposed microbiome analysis as a possible biomarker for phenanthrene exposure. However, our results indicate that an increase in the relative abundance of Photobacterium is likely not specific to phenanthrene, but also other higher molecular weight PAHs such as pyrenes and benzo(a)pyrenes as well, given the higher concentrations of these 4- and 5-ring compounds in HFO than in ACO. Another study reported high percentages of Vibrionales, mainly Vibrio and Photobacterium, in red snapper (Lutjanus campechanus) following DWH oil spill in Louisiana, composed of 32 and 23% of the total genera (Arias et al., 2013). A very similar shift in the relative abundance was observed in our study, despite a higher cumulative abundance of Photobacterium (19.6%) in the ACO and HFO groups than Vibrio (6.2%). With only 1.6 and 0.3% of Photobacterium and Vibrio abundance in control, the shift of these two genera in the ACO and HFO groups was therefore very distinct. Based on the observation, we can presume that Photobacterium increased in relative abundance in a dose-dependent manner relative to the combined total tri-, tetra-, and pentacyclic PAHs.

Some genera known to be able to metabolize PAHs as their only energy source such as Vibrio (Walter et al., 2019) were enriched in fish fed petroleum hydrocarbon-enriched diets, but curiously other oil-metabolizing bacteria such as Mycobacterium (Walter et al., 2019) were not (Supplementary Figure 2). Other genera capable of PAH degradation, such as Sphingomonas (Pinyakong et al., 2003; Milan et al., 2018; Walter et al., 2019), reported in the microbiome of wild fish populations exposed to petroleum hydrocarbons (Walter et al., 2019) were not detected in our study probably because these genera are never introduced to the microbiome of nursery-raised fish.

Phaeocystidibacter has been found to be enriched in microbial communities exposed to fluorene and benzo(a)pyrene (Kahla et al., 2021). These compounds are present in the HFO, Ni-enriched, and V-enriched test groups, none of which exhibited increases in the relative abundance of Phaeocystidibacter. Conversely, this genus was notably increased in the Fe-enriched test group, which was the only group in the present study to contain neither of these large molecular weight PAHs. This highlights the challenge presented by the inherent variability of microbiome analysis at the genus level.




Metagenome Predictions

Alterations in predicted metabolic pathways were observed among the different treatment groups. Most of the significant changes found in functional features were linked to exposure to metals. A diet containing ACO and HFO was linked to only three of 18 significantly enriched metabolic pathways. While fish exposed to Fe- and Ni-enriched diet responded mostly with perturbations in the metabolism and degradation of amino acids, fish fed a V-enriched diet showed metabolic changes linked to the biosynthesis of bile acid and peptidoglycan. Other upregulated metabolic pathways are flavonoid biosynthesis in HFO, and thiamine metabolism and ribosome biogenesis in the ACO group (Figure 5).


[image: image]

FIGURE 5. Predicted functional features of 16S rRNA metagenomic data using Picrust2. Abbreviations: ACO, Australian crude oil; HFO, heavy fuel oil.


Although Ni is a necessary co-factor for many enzymes (Boer et al., 2014; Alfano and Cavazza, 2020), it appears to have no part in any of the amino acid metabolism which would explain the functional changes predicted in the microbiome of the Ni-enriched test group. Likewise, Fe and V have numerous roles in cellular biochemistry (reviewed by Beard et al., 1996; Gustafsson, 2019), but how they might influence, for example, amino acid metabolism, the breakdown of styrenes or the formation of the peptidoglycan sheath on the bacterial cell wall is not mentioned in current literature. While these links are reported for the first time, a causal relationship could not at this point be established between dietary exposure to petroleum hydrocarbons or to metals.



Taxa-Environmental Correlations

A total of 27 genera in the gut were found to be influenced by various petroleum hydrocarbons and metals in the diet (Figure 4). Of these, only 11 genera, namely, Staphylococcus, Rubritalea, Phaeocystidibacter, NS3 marine bacteria, Non-labens, Nautella, Lactobacillus, Escherichia-Shigella, Enterococcus, Cetobacterium, and Bifidobacterium, had more than 1% of read abundance in at least one of the groups in the trial. The correlation plot shows Phaeocystidibacter, NS3 marine, and Non-labens preferred a higher concentration of Fe for their growth and multiplication, whereas an inverse association was observed between Lactobacillus and Fe concentration (Figure 4). A positive association was also identified between Thalassobius and Ni concentration.



Gene Expression

Cytokines are important markers to analyze fish health and immunity. The gene expression data showed upregulation of pro-inflammatory cytokines IL-1, IL-10, and TNF-α in fish fed V- and Fe-enriched diets. Upregulation of IL-10 and TNF-α was also seen in the Ni-enriched test group, and TNF-α alone was upregulated in fish exposed to dietary HFO. Downregulation of the anti-inflammatory IL-17 cytokine relative to negative control fish was observed in all test groups, except in the ACO-fed treatment group. Compared to the negative control group, no changes in the relative expression level of IL-8 were observed in any of the test groups (Figure 6).
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FIGURE 6. Expression of cytokine genes (fold changes relative to negative control) in the gut of juvenile Lates calcarifer exposed to petroleum hydrocarbons and metals. One-way ANOVA with the Dunnett post hoc test was carried out. #Significant at an α-level of 0.05. ##Significant at an α-level of 0.005. ###Significant at an α-level of 0.001. Abbreviations: ACO, Australian crude oil; HFO, heavy fuel oil.


In aquaculture, the use of probiotic dietary supplements is intended to improve fish health. Changes in cytokine expression in response to probiotic supplements in diets (mainly Lactobacillus) has been reported in zebrafish (Danio rerio) (He et al., 2017; Perry et al., 2020), carp (Cyprinus carpio) (Giri et al., 2018), rainbow trout (Oncorhynchus mykiss) (Nikoskelainen et al., 2003), and crayfish marron (Cherax cainii) (Foysal et al., 2020). However, the Ni- and Fe-enriched dietary groups that showed the largest changes in cytokine expression also evidenced an associated significant reduction of Lactobacillus abundance (p < 0.05) in response to dietary metals exposure (Supplementary Figure 2). Such a trend was also present (non-significantly) in the V-enriched dietary group. This pattern of elevated expression of pro-inflammatory cytokines and an associated reduction in the relative abundance of gut microbiome Lactobacillus has been reported in carp exposed to trichlorfon, an organophosphorus pesticide used for parasite control in aquaculture (Chang et al., 2020).

Part of the normal microbiome of healthy fish (Ringø and Gatesoupe, 1998; Balcázar et al., 2007; Gómez and Balcázar, 2008), Lactobacillus has been shown to reduce the pathogenic effects of lead (Giri et al., 2018) and cadmium (Zhai et al., 2017) and inhibit pathogenic bacterial species (He et al., 2017; Collins, 2019). It may be that the very low abundance of Lactobacillus in the gut microbiota of fish may be useful as a biomarker of exposure to some specific toxicants such as metals and some pesticides, but not petroleum hydrocarbons. Conversely, another widely studied lactic acid bacterium, Bifidobacterium, positively correlated with petroleum hydrocarbon exposure (Figure 3) and may also be a biomarker candidate worthy of future study alongside Photobacterium.




CONCLUSION

We have demonstrated that the gut microbiome of fish exposed via diet to crude oils and V, Ni, and Fe undergoes significant changes. In general, dietary metal exposure produced a greater reduction in diversity and elevated immune response than petroleum hydrocarbons.

Analysis of the microbiome at the phylum level provides clear indications of exposure to V, Ni, and Fe, and to a lesser extent at the genus level where the picture is more complicated. The phylum Firmicutes is greatly emphasized in the microbiome of fish exposed to vanadium, and Protobacteria is enriched in response to Ni. Exposure to Fe increases the abundance of Bacteroidetes, but decreases Protobacteria. At the genus level, enhanced Photobacterium in the fish microbiome shows potential as a biomarker of exposure to PAHs, increasing proportionately to the dietary concentration of higher molecular weight PAHs. Reductions in Lactobacillus may also be a candidate as a biomarker for exposure to metals, and possibly other toxicants. However, the percentage of uncultured, unclassified, and ambiguous taxa that have been classified as “other” was one of the major limitations of this study. Nevertheless, the size of the samples used for data analysis from the fish gut and different sources was sufficient enough to make a conclusive statement on gut microbial signatures following petroleum hydrocarbon and metal exposures. Future studies are needed to further explore the potential of gut microbiome analysis as a biomarker for petroleum hydrocarbons, metals, other toxicants, or as a general indicator of fish health.
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Sthenoteuthis oualaniensis (purpleback squid) is an excellent biological resource in the South China Sea. However, the microbiological characteristics of this South China Sea squid, especially those of the medium-form of different sexes and gonadal maturities, are poorly understood. In this study, the characteristics of the bacterial community in the intestinal and gill tissues of female and male S. oualaniensis with different gonadal maturities, collected from the Nansha Sea of China in spring 2020, were analyzed. The results showed that Tenericutes, Proteobacteria, Firmicutes, and Bacteroidetes were the dominant phyla in the intestinal microbial samples of female immature gonad (FN), male immature gonad (MN), and male sexual maturity (MY) samples of the S. oualaniensis populations. Proteobacteria, Firmicutes, Bacteroidetes, and Tenericutes were the dominant phyla in the intestinal microbial sample of the female sexual maturity (FY) group. The microbial community in the gills differed from that of the intestinal flora. The dominant phyla in the gill samples were Proteobacteria, Firmicutes, and Bacteroidetes, regardless of sex or gonadal maturity. According to the random forest analysis, the gill samples had significantly (p<0.001) more Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways in the top 20 than the intestinal samples. Correlation analysis showed that the mantle length of S. oualaniensis was significantly (p<0.05) negatively correlated with the abundance of Tenericutes, but significantly (p<0.01) positively correlated with Firmicutes and Bacteroidetes. The mantle length of FY was significantly (p<0.05) longer than that of the other types. The results indicated that the differences in the intestinal bacterial community were related to the growth and feeding characteristics of S. oualaniensis of different sexes and maturities.




Keywords: microbial community structure, Sthenoteuthis oualaniensis, medium-form populations, different sexes and gonadal maturities, South China Sea



Introduction

Sthenoteuthis oualaniensis (Lesson, 1830) is a warm-water oceanic cephalopod belonging to the class Cephalopoda, order Oegopsida, and family Ommastrephidae (Dong, 1988). It is mainly distributed in the subtropical and equatorial waters of the Indian and Pacific Oceans. It is most abundant in the South China Sea and northwestern Indian Ocean (Zhang P et al., 2015). Squid from the South China Sea, commonly known as deep-sea red squid, are one of the most promising biological resources in the South China Sea because of their abundance and short life cycle (Zhang et al., 2010). Sthenoteuthis oualaniensis individuals were divided into three categories, namely medium-form population, dwarf-form population, and X3-form population, based on characteristics such as mantle length, dorsal photophore, and statolith morphology (Jiang et al., 2015). Among them, medium-form populations are one of the main squid groups from the South China Sea (Zhang P et al., 2015). At present, research on S. oualaniensis has mainly focused on resource assessment (Chen et al., 2013; Zhang J et al., 2015), growth and feeding (Gong et al., 2018), morphological variations and discrimination (Zhu et al., 2019), genetic diversity (Li M et al., 2019), and nutritional processing (Huang et al., 2020). There have been few reports on the symbiotic relationships of this squid with microorganisms.

Intestinal microbes are an essential part of the digestive system of invertebrates. Research on the composition and determining factors of invertebrate intestinal microbiota, such as that of cephalopods, is essential for understanding their symbiotic mechanism (Kang et al., 2022). In general, invertebrate microbial communities are relatively simple (Webster et al., 2010). Although invertebrates are often exposed to a large number of microorganisms in their habitats, only a few species of bacteria are found in their digestive tracts (Kang et al., 2022). The gill is an essential organ for gaseous exchange. The microbial composition of invertebrate intestines and gills varies with the changes in several factors, such as feeding habits, bait, and various environmental factors (Jin et al., 2017; Duan et al., 2020). However, little is known about the microbiomes of invertebrates, particularly that of S. oualaniensis. Environmental microbes, water salinity, water temperature, bait, drugs, different physiological conditions, and different developmental phases affect the microbial community, especially the microbial species diversity (Wang et al., 2018; Li Y M et al., 2019; Sun et al., 2022).

The microbiological characteristics of the South China Sea squid, particularly those of the medium form of different sexes and gonadal maturities, are poorly understood. Therefore, we aimed to analyze the characteristics of the bacterial community in the intestinal and gill tissues of females and males with different gonadal maturities in medium-form populations of S. oualaniensis collected from the Nansha Sea of China in the spring of 2020. This study aimed to reveal the (a) differences in the intestinal and gill microbial communities in the medium-form squid populations of S. oualaniensis and the (b) relationship among the microbial communities of the different sexes of this species at different gonadal maturities. These results will provide information on the biological characteristics of the microbial communities of S. oualaniensis in the South China Sea.



Materials and methods


Sample collection and processing

South China Sea squids were caught using a light cover net at stations N1 (11.00°N, 114.00°E) and N2 (9.00°N, 114.00°E) in the Nansha area of China, between May 21 and 27, 2020.

Male and female purpleback squid are distinguished by whether or not their left fourth wrist is stemmed and the difference in the gonadal structure (Wang and Chen, 2005; Zhang P et al., 2015). Immature female gonad (FN), female sexual maturity (FY), immature male gonad (MN), and male sexual maturity (MY) samples of medium-form populations of squid were randomly collected. Six squid samples from each group were selected from sites N1 and N2.

The mantle length of S. oualaniensis was measured using a measuring plate with an accuracy of 1 mm, and the body mass was weighed using a weighing scale. The surface of S. oualaniensis was sterilized using 75% alcohol and the intestine and gill samples of different sexes with different gonadal maturities were collected. Each group included six replicates of intestinal and gill samples. The intestinal and gill samples were stored in sterile cryotubes with preservation solution, consisting of 75% absolute alcohol and 1% 0.5 M EDTA, at -20 °C for future analysis.



Ethics statement

The protocols for collecting and handling the animals in this study were approved by the Animal Care and Use Committee of the South China Sea Fisheries Research Institute, Chinese Academy of Fishery Sciences (SCSFRI-CAFS, No. nhdf2022-03). All experimental animal protocols were implemented in accordance with national and institutional guidelines for the care and use of laboratory animals at the SCSFRI-CAFS.



DNA extraction and PCR amplification

Before microbial molecular analysis, intestinal and gill samples of FN, FY, MN, and MY were removed from the preservation solution. The bacterial DNA was extracted using a MoBio PowerFecal DNA Isolation Kit (MoBio, Carlsbad, CA). The primers 515F (GTGCCAGCMGCCGC GG) and 806R (GGACTACHVGGGTWTCTAAT) were used to amplify the V4 region of the 16S ribosomal RNA (Duan et al., 2020). The PCR mixture comprised of a 20 μL reaction volume containing 10 ng of template DNA, 0.4 μL of FastPfu Polymerase, 0.8 μL of each primer (5 μM), 2 μL of 2.5 mM dNTPs, 4 μL of 5× FastPfu Buffer, and distilled water. The PCR conditions were as follows: 95 °C for 2 min; 25 cycles of 95 °C for 30 s, 55 °C for 30 s, 72 °C for 30 s, and a final extension at 72 °C for 5 min. Amplicons were extracted from 2% agarose gels and purified using the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA)



Library construction and sequencing

Purified PCR products were quantified using Qubit® 3.0 (Invitrogen, Waltham, MA), and the 24 amplicons with differing barcodes were mixed equally. According to Illumina genomic DNA library preparation procedure, the pooled DNA products were used to construct the Illumina paired-end library. Paired-end sequencing was performed on an Illumina HiSeq 2500 platform (Mingke Biotechnology Co., Ltd., Hangzhou, China).



16S rRNA sequence analysis

UPARSE was used to cluster operational taxonomic units (OTUs) with 97% similarity (Amato et al., 2013). Rarefaction analysis was conducted using Mothur software to calculate the diversity indices, including the Chao1, ACE, Simpson, and Shannon diversity indices (Schloss et al., 2011). A Venn diagram was drawn to reveal the unique and shared OTUs in the different samples (Fouts et al., 2012). Then, using the Ape package, the beta diversity was analyzed using principal coordinate analysis (PCoA; Paradis et al., 2004). The microbial community composition in the intestinal and gill tissues of the squid samples was determined at the phylum and genus levels. Correlation and differential networks were constructed using Cytoscape software according to the relative abundance of individual OTUs (http://www.cytoscape.org/). The linear discriminant analysis (LDA) effect size (LEfSe) was used for quantitative analysis (Segata et al., 2011). Random forest analyses were performed using the R random forest and ggplot 2 packages at Kyoto Encyclopedia of Genes and Genomes (KEGG) level 3.



Accession number

The raw data in this study was deposited in the National Center for Biotechnology Information (NCBI) Sequence Read Archive (SRA) database. The accession number was PRJNA822533.



Statistical analysis

The correlation between mantle length of S. oualaniensis and relative abundance of the dominant bacteria was analyzed using Pearson correlation analysis in SPSS software. Statistical significance was set at p<0.05.




Results


Mantle length and body mass of Sthenoteuthis oualaniensis

The mantle length and body mass of FY were significantly (p<0.05) higher than that of the other types, with an average mantle length and body mass of 190.8 mm and 342.3 g, respectively (Figures 1, 2). The MY group’s average mantle length and body mass were 143.7 mm and 139.8 g, respectively. The mantle length and body length of MY were significantly (p<0.05) higher than that of FN and MN. The average mantle length and body mass of FN were 119.5 mm and 69.7 g, respectively, and those of MN were 112.5 mm and 58.5 g, respectively. There were no significant (p>0.05) differences in mantle length or body mass between the immature gonad groups.




Figure 1 | Mantle lengths of medium-form populations of Sthenoteuthis oualaniensis. Significant differences are indicated by different letters (p < 0.05).






Figure 2 | Body masses of medium-form populations of Sthenoteuthis oualaniensis. Significant differences are indicated by different letters (p < 0.05).





Microbial richness and diversity

Alpha diversity indices, including the Chao1, ACE, Simpson, and Shannon diversity indices, were calculated (Figure 3). The Chao1 index of the gill samples of immature female gonad (FNG) was significantly higher than that of the male sexual maturity (MYG). The Simpson indices of the intestinal samples of female sexual maturity (FYI) were significantly lower than that of the other samples, except for that of the intestinal samples of immature female gonad (FNI). The Shannon index of the FYI group was the highest.




Figure 3 | Microbial diversity indices in the intestine and gill microbial samples of medium-form populations of Sthenoteuthis oualaniensis. (A) Observed, (B) Chao1 indices, (C) Simpson indices, and (D) Shannon indices. FNI represents the intestine samples of female immature gonad, MNI represents the intestine samples of male immature gonad, FYI represents the intestine samples of female sexual maturity, and MYI represents the intestine samples of male sexual maturity, FNG represents the gill samples of female immature gonad, MNG represents the gill samples of male immature gonad, FYG represents the gill samples of female sexual maturity, and MYG represents the gill samples of male sexual maturity. *Indicates the significant difference between two samples (p < 0.05) and **indicates the extremely significant difference between two samples (p < 0.01).



A total of 676 OTUs were shared among the four intestinal groups as indicated by the Venn diagram (Figure 4A). Among them, the FYI group had the highest number (478 OTUs) of unique OTUs, while those of the intestinal samples of male sexual maturity (MYI; 331 OTUs), FNI (159 OTUs), and the intestinal samples of immature male gonad (MNI; 44 OTUs) were lower. Figure 4B shows that 592 OTUs were shared among the four gill groups. The FNG group had the highest number (342 OTUs) of unique OTUs, while those of the gill samples of female sexual maturity (FYG; 182 OTUs), MYG (173 OTUs), and the gill samples of immature male gonad (MNG; 97 OTUs) were lower. The intestinal and gill bacterial groups of S. oualaniensis were clustered together, according to the PCoA-based weighted UniFrac distances (Figure 5). Most of the intestinal bacterial groups were located in the negative axis region of the abscissa, and most of the gill bacterial groups were located in the positive axis region.




Figure 4 | Venn diagram of the intestine (A) and gill (B) microbial samples of medium-form populations of Sthenoteuthis oualaniensis..






Figure 5 | Principal coordinate analysis (PCoA) of the intestine and gill microbial samples of medium-form populations of Sthenoteuthis oualaniensis based on weighted UniFrac metrics.





Microbial community

A total of 40 phyla and 963 genera were identified in the intestinal and gill microbial samples from the S. oualaniensis populations. Tenericutes, Proteobacteria, Firmicutes, and Bacteroidetes were the dominant phyla in the FNI, MNI, and MYI groups, whereas Proteobacteria, Firmicutes, and Bacteroidetes were the dominant phyla in the FYG, MNG, and MYG groups (Figure 6).




Figure 6 | Bacterial community composition in intestinal and gill tissues of medium-form squid. (A) Phylum level, (B) Genus level.



In the FNI group, Tenericutes (relative abundance of 49.60% ± 25.12%), Proteobacteria (24.87% ± 15.20%), Firmicutes (12.04% ± 6.88%), and Bacteroidetes (8.19% ± 4.43%) were the dominant phyla. At the genus level, the dominant bacteria were Mycoplasma (relative abundance of 49.45% ± 25.16%), Lactobacillus (8.33% ± 4.87%), and Bacteroidales S24-7 group (5.10% ± 2.77%). In the MNI group, Tenericutes (relative abundance of 63.95% ± 28.54%), Proteobacteria (27.89% ± 21.01%), Firmicutes (3.71% ± 4.59%), and Bacteroidetes (2.58% ± 2.65%) were the dominant phyla. The dominant genera in the MNI group were Mycoplasma (relative abundance of 63.89% ± 28.60%), Vibrio (9.35% ± 13.28%), Photobacterium (6.80% ± 12.55%), Cardiobacteriaceae (5.22% ± 2.41%), Lactobacillus (2.41% ± 2.97%), and Bacteroidales S24-7 group (1.47% ± 1.76%). In the FYI group, Proteobacteria (relative abundance of 36.62% ± 18.00%), Firmicutes (21.94% ± 11.55%), Bacteroidetes (16.25% ± 5.69%), and Tenericutes (16.16% ± 11.58%) were the dominant phyla. At the genus level, the dominant bacteria were Mycoplasma (relative abundance of 15.83% ± 11.49%), Lactobacillus (15.00% ± 8.26%), Bacteroidales S24-7 group (9.21% ± 4.49%), Photobacterium (8.20% ± 16.91%), and BD1-7 clade (6.56% ± 7.26%). In the MYI group, Tenericutes (relative abundance of 36.92% ± 37.06%), Proteobacteria (33.94% ± 22.33%), Firmicutes (11.38% ± 11.29%), and Bacteroidetes (10.30% ± 8.47%) were the dominant phyla. The dominant genera were Mycoplasma (relative abundance of 36.78% ± 37.18%), BD1-7 clade (14.67% ± 20.41%), Lactobacillus (7.14% ± 8.59%), Bacteroidales S24-7 group (4.11% ± 5.24%), and Mesorhizobium (3.19% ± 3.46%).

Proteobacteria (relative abundance of 67.75% ± 8.38%), Firmicutes (13.04% ± 3.43%), Bacteroidetes (8.78% ± 2.63%), and Tenericutes (4.34% ± 6.16%) were the main bacteria in the FNG group. The dominant genera were BD1-7 clade (relative abundance of 48.41% ± 7.15%), Lactobacillus (9.21% ± 2.55%), Photobacterium (6.62% ± 9.29%), and Bacteroidales S24-7 group (5.38% ± 1.74%). In the MNG groups, Proteobacteria (relative abundance of 83.56% ± 14.57%), Firmicutes (6.84% ± 6.92%), and Bacteroidetes (4.01% ± 4.13%) were the dominant bacteria. At the genus level, the dominant bacteria were BD1-7 clade (relative abundance of 72.22% ± 29.74%), Photobacterium (5.71% ± 13.20%), Lactobacillus (4.25% ± 4.50%), and Bacteroidales S24-7 group (2.50% ± 2.56%). The bacterial population of the FYG group was composed of Proteobacteria (relative abundance of 83.52% ± 17.42%), Firmicutes (7.46% ± 8.36%), and Bacteroidetes (5.55% ± 6.02%) as the dominant bacteria. The dominant genera were BD1-7 clade (relative abundance of 76.12% ± 24.46%), Lactobacillus (5.01% ± 5.59%), and Bacteroidales S24-7 group (2.64% ± 2.65%). The dominant bacterial phyla in the MYG group were Proteobacteria (relative abundance of 85.10% ± 16.69%), Firmicutes (6.55% ± 7.57%), and Bacteroidetes (3.54% ± 4.91%). At the genus level, the dominant bacteria were BD1-7 clade (relative abundance of 73.97% ± 30.04%), Photobacterium (5.20% ± 12.58%), Lactobacillus (3.09% ± 5.21%), and Bacteroidales S24-7 group (1.96% ± 2.96%).



Differential analysis

Differential abundance analysis of the bacterial taxa in the intestines and gills of medium-form squid was performed using LEfSe. Only the differences in the seven groups are shown in Figure 7A. In the intestinal bacterial community, the abundances of 0, 7, 26, and 9 bacterial groups were enriched in the FNI, MNI, FYI, and MYI groups, respectively, while 2, 1, 3, and 2 bacterial groups were enriched in the FNG, MNG, FYG, and MYG groups, respectively.




Figure 7 | Inter-group variation of intestinal and gill tissues of medium-form squid. (A) LDA score; (B) LEfSe cladogram.



In detail, one class, two orders, and two families were enriched in the MNI group, including Mycoplasmataceae (from the class to the family level) and Cardiobacteriaceae (from the order to the family level). In the MYI group, one class, three orders, and two families, including Dietziaceae (from the class to the family level), Micrococcales (from the class to the order level), and Rhodobacteraceae (from the order to the family level), were enriched. Three classes, four orders, and eight families were enriched in the FYI group, namely Coriobacteriaceae (from the class to the family level), Bacteroidaceae (from the class to the family level), Bacteroidales S24-7 group (from the class to the family level), Prevotellaceae (from the class to the family level), Lactobacillaceae (from the class to the family level), Lachnospiraceae (from the family level), Ruminococcaceae (from the family level), and Phyllobacteriaceae (from the order to the family level). Moritellaceae was enriched in the FNG group. Gammaproteobacteria was also enriched in the MYG group. One class and one family were enriched in the FYG group, including Spongiibacteraceae (Figure 7B).



Network analyses

Comparing the microbiological characteristics among the medium forms of different sexes with different gonadal maturities showed several variations in the relative abundances of phyla. The dominant phyla were Proteobacteria and Tenericutes. Except for OTU1 (belonging to Proteobacteria) and OTU2 (belonging to Tenericutes), the other bacteria showed positive interactions with each other (Figure 8). Based on differential network analyses, the genus Mycoplasma and the family Cardiobacteriaceae were dominant in the MNI group. Class Bacilli, the families Bacteroidales S24-7 group and Lachnospirceae, and genera Lactobacillus, Bacteroides, Mesorhizobium, and Alloprevotella were dominant in FYI. The family Rhodobacteraceae and the class Actinobacteria were dominant in MYI. The family Moritellaceae was more prevalent in the FNG when comparing the gill microbiota. Only Proteobacteria was dominant in MNG. The genus BD1-7 clade was dominant in FYG. The class Gammaproteobacteria was dominant in the MYG (Figure 9).




Figure 8 | Correlation network analyses of the microbial communities of medium-form squid at the bacterial phyla level. The node size represents the abundance of each phylum. The green lines between phyla indicate a positive relationship, while the red lines indicate a negative relationship.






Figure 9 | Differential network analyses of the intestine and gill bacterial communities of medium-form squid. The node indicates the species classification, and its size shows the abundance. Among them, the remaining colors show significant differences in the corresponding groups, and the black nodes represent no significant difference.





Functional prediction

The predicted functions of the intestinal and gill bacterial communities of the squid of different sexes and gonadal maturities were analyzed using the PICRUSt package. The gill samples had a significantly (p<0.001) higher level of the top 20 KEGG pathways than the intestinal samples, including ‘alpha-linoleic acid metabolism’, ‘stilbenoid, diarylheptanoid, and gingerol biosynthesis’, ‘xylene degradation’, ‘basal transcription’, ‘PPAR signaling pathway’, ‘geraniol degradation’, ‘arachidonic acid metabolism’, ‘steroid hormone biosynthesis’, ‘bile secretion’, ‘bisphenol degradation’, ‘fatty acid metabolism’, ‘Vibrio cholerae pathogenic cycle’, ‘dioxin degradation’, ‘lysine degradation’, ‘beta-alanine metabolism’, ‘synthesis and degradation of ketone bodies’, ‘adipocytokine signaling pathway’, ‘caprolactam degradation’, ‘benzoate degradation’, and ‘limonene and pinene degradation’ (Figure 10). The pathways among the top 20 were mainly related to the degradation of environmental organic matter and fatty acid metabolism. There were no significant differences between the gill samples. MNI had a lower level of most pathways, especially ‘bile secretion’.




Figure 10 | Prediction functions according to KEGG pathways in the bacterial communities of medium-form squid. *** indicates the significant difference between samples (p < 0.001).





Correlation analysis

Correlation analysis showed that the mantle length of S. oualaniensis was significantly (p<0.05) negatively correlated with the relative abundance of Tenericutes, but significantly (p<0.01) positively correlated with those of Firmicutes and Bacteroidetes (Table 1). At the genus level, mantle length had a significant (p<0.05) negative correlation with the relative abundance of Mycoplasma; however, it was significantly (p<0.05) positively correlated with Lactobacillus and had a highly significant (p<0.01) positive relationship with Bacteroidales S24-7 group (Table 2).


Table 1 | Correlation analysis between the mantle length of Sthenoteuthis oualaniensis and the relative abundance of dominant intestinal bacteria at the phylum level.




Table 2 | Correlation analysis between the mantle length of Sthenoteuthis oualaniensis and the relative abundance of dominant intestinal bacteria at the genus level.






Discussion


Microbial community characteristics in intestine and gill

Intestinal microbes are an important part of the digestive system, and gills are important organs for gaseous exchange. Few studies have focused on the cephalopod intestinal and gill microbial community characteristics. The intestinal microflora of Octopus mimus were investigated using a 16S rDNA clone library (Iehata et al., 2015). Strugnell and Nishiguchi (2007) analyzed the cephalopod intestinal microbial community in free-living and captive Octopus minor paralarvae using next-generation sequencing. A recent study confirmed the microbial composition of the digestive tract, gills, and skin microbiome of Sepia officinalis (Lutz et al., 2019). The populations of S. oualaniensis are one of the most promising biological resources in the South China Sea because of their short life cycles (Zhang et al., 2010). The microbiological characteristics of the medium forms of different sexes and gonadal maturities are poorly understood. We therefore selected samples of females and males with mature and immature gonads of medium-form squid populations in this study. The differences in the intestinal and gill bacterial communities of the squid and the relationship between the bacterial community and the different sexes and gonadal maturities were analyzed. The results would augment the knowledge on the biology of squid resources in the South China Sea and enable their rational development and utilization.

Mycoplasma, belonging to Tenericutes, was the most dominant group of bacteria in the intestinal samples of FN, MN, and MY in S. oualaniensis. Mycoplasma lack cell wall (Hines et al., 2020). Different species of Mycoplasma colonize different tissues, such as the intestinal tract (Ransom, 2008) and gills (Kirchhoff & Rosengarten, 1984). Mycoplasma spp. are pathogens responsible for some human respiratory diseases (Razin, 1967), while they play a symbiotic role in the intestines of various fish (Huyben et al., 2018; Mora-Sánchez et al., 2020; Hines et al., 2020). Bano et al. (2007) found that Mycoplasma mobile could colonize the intestine of fish without causing disease. Kang et al. (2022) suspected that cephalopods may also have symbiotic relationships with gut Mycoplasma through ammonia metabolism, as in the case of salmonoids, because cephalopods are both carnivorous and ammonotelic. The intestinal bacterial community in FYI differed from that of the other types of squids, with Proteobacteria, Firmicutes, Bacteroidetes, and Tenericutes being the dominant phyla; however, Tenericutes was the dominant phylum in the FNI, MNI, and MYI groups. LEfSe analysis indicated that 26 bacterial taxa were enriched in the FYI group. In contrast, zero, seven, and nine bacterial groups were enriched in the FNI, MNI, and MYI groups, respectively. The phylum Proteobacteria (mainly members of the class Gammaproteobacteria) was one of the most abundant groups, and its members are found in various environments (Etyemez and Balcázar, 2015). The BD1-7 clade was one of the dominant bacteria in the intestines of mature male and female squid, but not in immature individuals. It was the most predominant bacteria in the gill tissue.

The microbial community structure in the gills of squid populations is different from that in the intestinal flora. The gill is an essential organ for exchange of material with the environment; therefore, the structure of the bacterial community in the gill is similar to that of the aquatic environment (Kuang et al., 2020). In this study, Proteobacteria, Firmicutes, and Bacteroidetes were the dominant phyla in gill samples of S. oualaniensis, regardless of sex and gonadal maturity. The dominant genus was the BD1-7 clade, with a relative abundance of 72.22%–76.12% in the FY, MN, and MY groups. Its relative abundance in the FN group was slightly lower (48.41%). The BD1-7 clade belonged to the oligotrophic marine Gammaproteobacteria (OMG) group (Cho and Giovannoni, 2004), which is a dominant bacterial group in marine environments, and was associated with the gorgonians of the Gorgoniidae family, suggesting that it is crucial for the health of these holobionts (van de Water et al., 2018; Yu et al., 2021). In addition, Lactobacillus and Bacteroidales S24-7 group were present in the microbial communities of the gills and intestines of squid. Zhang et al. (2022) reported that Lactobacillus and Bacteroidales S24-7 group are the intestinal probiotic for fish and shrimp, and that they are a part of the normal intestinal bacterial community (Mohammadian et al., 2016).



Relationship of the intestinal bacterial community with squid growth characteristics

Zhang P et al. (2015) found that, in mid-sized S. oualaniensis, the male: female ratio was similar in the 70−100 mm mantle length group, whereas there were more males than females in the 110−130 mm mantle length group. There were significantly more females than males in the 140 mm mantle length group. Squid with a mantle length greater than 160 mm were all females. Females reached sexual maturity when the mantle length was at least 179.7 mm, while in males it was 125.6 mm. In this study, the average mantle lengths of the FY, MY, FN, and MN groups were 190.8, 143.7, 119.5, and 112.5 mm, respectively. These results are similar to those reported by Zhang P et al. (2015). Gong et al. (2016) found that other cephalopods and fish were the main prey for the S. oualaniensis in the South China Sea. In particular, squids with more extended mantle lengths prefer to feed on larger cephalopods and fish.

Correlation analysis showed that the mantle length of S. oualaniensis was significantly negatively (p<0.05) correlated with the relative abundance of Tenericutes, but significantly positively (p<0.01) correlated with that of Firmicutes and Bacteroidetes. The mantle length and body mass results showed that the growth characteristics of squid of different sexes and maturities were different. The mantle length of FY was significantly longer than that of the other types (p<0.05). Furthermore, the intestinal bacterial communities of FYI were different from that of the other types of squids, where the relative abundance of Mycoplasma was significantly (p<0.05) lower than that in MNI, MYI, and FNI. It appears that female sexual maturity of S. oualaniensis is dependent on the consumption of small squids. With the increase in mantle length of S. oualaniensis, the number of smaller prey groups decreased, whereas that of larger ones increased. This is in agreement with the “optimal feeding theory”. Predators will prey on sizeable individual bait organisms as much as possible to maximize energy, because more energy can be obtained from large organisms (Gong et al., 2015). Kang et al. (2022) found that host body weight is associated with cephalopod gut bacterial abundance. Mycoplasma abundance showed a significant correlation with host body weight. They considered that the cephalopod diet may be correlated with the abundance of gut Mycoplasma. Mycoplasma actively metabolize ammonia in the intestine (Rasmussen et al., 2021); therefore, larger cephalopods were likely to produce more ammonia. However, based on the results of this study, we believe that FY was a unique form of S. oualaniensis, as it is different from other groups in terms of predation and reproduction, among others. The mantle length of S. oualaniensis was significantly positively correlated with the relative abundances of Lactobacillus and Bacteroidales S24-7 (p<0.05). Lactobacillus, as a probiotic, can efficiently improve growth performance, digestive enzyme activities, and intestinal microbiota (Gupta et al., 2018). The beneficial bacteria, such as Lactobacillus and Bacteroidales S24-7 group, may be better suited for the growth of S. oualaniensis in the FY group. Therefore, the differences in the diversity of intestinal bacterial community of S. oualaniensis of different sexes and maturities could be related to their growth and feeding characteristics.



Microbial metabolic function

Intestinal and gill bacterial metabolic functions could influence the stability of animal health and the aquatic environment. In this study, some bacterial metabolic processes were significantly different between the gill and intestinal samples, according to random forest KEGG analysis. In particular, the gill samples had significantly more pathways in the top 20 KEGG pathways than those of the intestinal samples (p<0.001). Among the top 20 pathways, the bacteria were mainly related to the degradation of environmental organic matter and fatty acid metabolism. This could be attributed to the contact between the bacteria in the gill tissue and water to obtain sufficient oxygen, resulting in higher metabolic activity than that in the intestinal bacteria. Zhou et al. (2019) suggested that multiple interacting bacterial species in a microbial community form a complex ecological network. Positive correlations between bacteria may represent a cooperative or complementary relationship, while negative correlations represent predatory or competitive relationships (Yang et al., 2015; Duan et al., 2020). In this study, except for OTU1 and OTU2, the other bacteria showed positive interactions. The number of positive correlations was greater than the negative correlations, indicating that the gill and intestinal bacterial communities of S. oualaniensis may have more positive interactions based on the bacterial correlation network.




Conclusion

This study demonstrated that the diversity of the intestinal bacterial community was related to the growth and feeding characteristics of S. oualaniensis of different sexes and maturities. Mycoplasma, belonging to Tenericutes, was the most dominant group of bacteria in the intestinal microbial samples of FN, MN, and MY in the S. oualaniensis populations. The intestinal microbial community structure of the FY group differed from that of other squids, with the dominant bacteria belonging to Proteobacteria, Firmicutes, Bacteroidetes, and Tenericutes. The mantle length of FY was significantly longer than that of the other types. The microbial community in the gills of the squid populations differed from that in the intestines. Proteobacteria, Firmicutes, and Bacteroidetes were the dominant phyla in the gill samples of S. oualaniensis, regardless of sex and gonadal maturity. This study provides insight into the relationship between the bacterial community of S. oualaniensis of different sexes and maturities and its growth and feeding characteristics.
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Group label Species

L.C. Leiocassis crassilabris
Ll Leiocassis longirostris
RPV. Pelteobagrus vachelli
S.A Silurus asotus

H.M. Hypophthalmichthys molitrix
A.N. Atristichthys nobilis
C.H. Coreius heterodon
XA. Xenocypris argentea
S.C. Siniperca chuatsi
C.B. Coilia brachygnathus

Order

Siluriformes
Siluriformes
Siluriformes
Siluriformes
Cypriniformes
Cypriniformes
Cypriniformes
Cypriniformes
Perciformes
Clupeiformes

Family

Bagridae
Bagridae
Bagridae
Siluridae
Cyprinidae
Cyprinidae
Cyprinidae
Cyprinidae
Serranidae
Engraulidae

Data from the China Animal Scientific Database (http://www.zoology.csdb.crV/).

Habitats

Bottom
Bottom
Bottom
Bottom
Pelagic
Pelagic
Bottom
Bottom
Pelagic
Pelagic

Diets

Oligochaeta, small mollusks, shrimps, little fishes

Little fishes, shrimps, aquatic insects

Aquatic insects, Oligochaeta, shrimps, small mollusks, little fishes
Shrimps, little fishes

Phytoplankton, zooplankton

Zooplankton, phytoplankton

Small mollusks, fish eggs and larvae, phytoclasts

Bottom attached algae, phytoclasts

Fishes, shrimps

Little fishes, shrimps
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Group label OTU level % Species level %

L.C. 0.54 0.74
L.L. 0.40 0.85
RV. 0.21 0.39
S.A 0.37 0.96
H.M. 0.20 0.43
AN. 0.07 0.15
C.H. 0.22 0.55
XA 0.12 0.55
S.C. 0.21 0.40
C.B. 0.24 0.61

Ten fish species groups of Leiocassis crassilabris (L.C.), Leiocassis longirostris
(L.L.), Pelteobagrus vachelli (RV.), Silurus asotus (S.A.), Hypophthalmichthys
molitrix (H.M.), Aristichthys nobilis (A.N.), Coreius heterodon (C.H.), Xenocypris
argentea (X.A.), Siniperca chuatsi (S.C.), and Coilia brachygnathus (C.B.).
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Population ID Sample size Coordinates Type of water body Category Trophic state

M26 9 47.58746°N; 21.14895°E River Flowing Hypereutrophic
M28 21 47.67119°N; 20.86334°E Oxbow lake Standing Eutrophic
M31 7 47.04021°N; 18.06975°E Lake Standing Eutrophic
M34 6 46.76484°N; 17.26994°E Canal Flowing Eutrophic
M44 17 48.03405°N; 21.07803°E Oxbow lake Standing Hypereutrophic
Me7 10 46.76848°N; 18.61604°E River Flowing Hypereutrophic
M70 8 46.77169°N; 17.63603°E Creek Flowing Mesoeutrophic
M71 15 46.75138°N; 17.56861°E Creek Flowing Eutrophic
M72 21 46.70316°N; 17.38126°E Canal Flowing Hypereutrophic
M78 2 47.69665°N; 20.68656°E Creek Flowing Mesoeutrophic
M79 18 47.69032°N; 20.74361°E Canal Flowing Hypereutrophic
M83 15 48.17484°N; 21.61385°E Oxbow lake Standing Eutrophic
Ma4 15 47.26047°N; 20.52008°E Oxbow lake Standing Hypereutrophic
M85 15 47.17998°N; 20.31362°E Oxbow lake Standing Hypereutrophic
M86 3 47.14387°N; 20.25956°E Oxbow lake Standing Hypereutrophic
M89 28 46.85608°N; 19.99031°E Oxbow lake Standing Hypereutrophic
M90 25 46.82147°N; 20.00077°E Oxbow lake Standing Hypereutrophic
M107 10 48.17199°N; 21.50517°E Oxbow lake Standing Eutrophic
M108 11 48.12438°N; 21.44716°E Oxbow lake Standing Eutrophic
M109 10 47.68255°N; 20.82135°E Oxbow lake Standing Hypereutrophic

R12 10 47.88977°N; 23.31119°E River Flowing Mesoeutrophic
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Condition

Pop ID

Water body type
Trophic state
Species
Reproduction

Univariate Multivariate
PERMANOVA PERMANOVA
R? F p value R2 F p value
0.41 7.99 <0.001 N/A N/A N/A
0.04 10.64 <0.001 0.03 9.04 0.0001
0.05 7.05 <0.001 0.04 6.16 0.2570
0.04 5.46 <0.001 0.04 5.84 0.0001
0.01 1.78 0.0012 0.01 1.72 0.2848
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Univariate linear Multivariate linear

model mixed model
Condition R2 F p value X2 p value
Pop ID 0.343 6.013 5.4E-12 N/A N/A
Water body 0.085 23.205 6.3E-6 7.148 0.008
Trophic state 0.070 9.355 0.2E-4 4.385 0.112
Species 0.021 2.673 0.089 19.014 7.4E-5

Reproduction 0.001 0.172 0.842 9.892 0.007
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Control group

Experimental groups

T T2 T3 T4
OTUs 403.25 + 45.31 44350 + 41.76 417.25 4+ 53.11 521.50 + 48.53
Chaot 430.11 + 40.50 481.05 + 44.41 442 57 + 52.08 5568.32 + 41.25
Ace 422,97 + 33.65° 469.90 + 39.66%° 434,56 + 51.218 555.95 =+ 42.462
Shannon 5.00 + 1.36 515+ 1.16 465 +1.13 5.54 + 0.81
Simpson 0.77 £0.18 0.83 + 0.09 0.79 £ 0.13 0.90 + 0.04
Good's coverage (%) 99.93 + 0.02 99.89 + 0.03 99.90 =+ 0.01 99.86 + 0.02

Different characters in the same row data indicate significant differences (P < 0.05).
OUTs, operative taxonomical units.
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Control group

Experimental groups

T T2 T3 T4
28 days ACP (U/100 mL) 4.60 &+ 0.43 4.78 + 0.64 4.89+0.77 5.01 £0.63
AKP (U/100 mL) 15.84 +£1.68 18.68 £+ 0.51 16.40 + 1.68 16.99 £ 1.37
T-AOC (mM) 112 £0.11 1.15+£0.11 1.25 £ 0.09 1.21+0.08
SOD (U/mL) 122,18 £ 19.18 126.57 £12.82 138.79 £10.77 131.00 £ 12.92
56 days ACP (U/100 mL) 3.79+£0.73 5.06 + 0.70 4.814+0.89 4.07 £0.62
AKP (U/100 mL) 9.356 +1.37 11.77 £1.70 11.62 £ 1.97 10.25 £ 0.63
T-AOC (mM) 0.76 £ 0.02 0.80 & 0.04 0.77 £ 0.05 0.80 4+ 0.03
SOD (U/mL) 112.04 £+ 9.66 134.61 £17.27 121.02 £ 1.58 116.79 £10.23

ACP, acid phosphatase; AKR, activities of alkaline phosphatase; T-AOC, total antioxidant capacity; SOD, superoxide dismutase.





OPS/images/fmicb-12-792718/fmicb-12-792718-t004.jpg
Control group

Experimental groups

e T2 T3 T4

28 days MDA (nmol/gprot) 8.756 4+ 0.412 7.07 +0.65 6.12 +0.63° 6.21 + 0.43
GOT (U/gprot) 34.52 + 6.532 57.86 + 3.56° 46.98 + 8.15% 59.55 + 9.12P
GPT (U/gprot) 54.38 + 4.132 70.45 + 4.76° 67.67 + 2.00% 66.28 + 5.09%

56 days MDA (nmol/gprot) 8.17 + 0.96 6.22 +0.78 6.09 + 0.37 6.10 £ 0.21
GOT (U/gprot) 33.97 + 2.61 41.78 £ 7.11 36.62 + 2.53 50.69 + 8.22

GPT (U/gprot) 69.84 + 1.33 76.54 +2.33 76.63 & 4.83 78.89 + 3.70

Different characters in the same row data indicate significant differences (P < 0.05).

MDA, malondialdehyde; GOT, glutamic oxaloacetic transaminase; GPT, glutamic propylic transaminase.
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Control group

Experimental groups

T T2 T3 T4
28 days CRP (g/mL) 11.95 + 0.92 8.79 + 0.99 9.40 +1.45 8.01 +£1.70
SAA (ng/mL) 10.11 £1.35 7.92 +0.56 7.42 +1.34 7.45 +1.00
IL-1B (ng/L) 83.11 + 2.682 70.58 + 5.06° 69.01 +9.34° 63.40 + 7.65°
FABP2 (ng/mL) 17.16 £ 2.772 10.64 + 1.49P 10.04 & 1.02P 15.60 + 2.87%
ITF (pg/mgprot) 245.10 + 27.422 138.57 + 14.76P 150.83 & 11.14P 188.17 + 33.29%°
56 days CRP (g/mL) 6.59 + 1.08 491 +1.05 4,67 +1.00 4.44 +0.96
SAA (ng/mL) 6.61 +1.15 6.11 + 0.51 5.81 +0.34 6.06 + 0.49
IL-1B (ng/L) 92.55 + 10.47a 71.49+£7.12b 81.26 + 3.02b 75.80 + 10.97b
FABP2 (ng/mL) 19.11 £2.37 16.71 £1.02 17.78 +2.49 17.45 +1.59
ITF (pg/mgprot) 238.45 + 37.75 181.79 £ 16.77 193.10 + 22.36 211.83 + 25.83

Different characters in the same row data indicate significant differences (P < 0.05).
IL-18, interleukin-1 beta; SAA, serum amyloid A; CRF, C-reactive protein; ITF, intestinal trefoil factor; FABP2, fatty acid-binding protein 2.
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Control group

Experimental groups

T T2 T3 T4
28 days MT (um) 7277 £5.74 76.01 £ 4.91 86.96 + 3.80 82.78 + 5.45
MFH (um) 210.28 + 11.49 223.48 + 11.06 235.29 + 9.84 229.66 + 9.63
56 days MT (um) 70.93 £ 1.17¢ 90.41 £+ 2.622 77.35 + 3.30°° 83.03 + 1.72°
MFH (um) 205.12 + 8.14° 324.32 + 16.802 279.43 + 3.34P 248.04 + 12.44P

Different characters in the same row data indicate significant differences (P < 0.05).

MT, muscular thickness; MFH, mucosal fold height.
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Bray-Curtis Mean of observed Mean of null expected F P2 BNTIP RCpyray® Ecological processes shaping
similarity similarity biodiversity
Female CS 0.648 0.245 39.003 0.001 4.416 0.996 Determinism; Heterogeneous
selection
CwW 0.696 0.256 18.023 0.001 4.348 0.781 Determinism; Heterogeneous
selection
Male XS 0.689 0.280 4.827 0.002 —1.292 0.793 Stochasticity; Undominated
XW 0.668 0.236 14.534 0.001 —1.849 0.917 Stochasticity; Undominated
All-female Qs 0.681 0.228 10.652 0.001 —0.100 0.998 Stochasticity; Dispersal limitation
Qw 0.696 0.283 7.115 0.031 —1.324 0.223 Stochasticity; Undominated

The X, C and Q are respectively represented male, female, all-female fish. Two seasons: summer (S) and winter (\W).

aPermutational multivariate analysis of variance (PERMANOVA) was conducted. P-values < 0.05 were in bold.
PBNTI Bnearest-taxon index) is based on a null model test of the phylogenetic B-diversity index BMNTD (B mean nearest-taxon distance).
°RChray (modified Raup-Crick index) is based on a null model test of the Bray-Curtis taxonomic B-diversity index.
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Age (dph) DGC + SE Fulton’s K + SE

Male Female All-female Male Female All-female
90 (initial value) - - - 18.45 + 0.412 (normal fish) 19.74 4+ 0.592
210 0.78 +£0.032 0.91 + 0.04° 0.89 + 0.05% 21.90 £ 0.972 21.79 +£0.822 21.24 +0.682
434 0.52 +0.032 0.61 +0.03° 0.65 + 0.02° 19.47 £ 0.392 18.54 £ 0.402 18.98 +0.392
562 0.63 +0.012 0.72 +£ 0.020 0.73 + 0.020 21.68 + 0.282 22.41 4+ 0.402 22.97 £0.75°
750 0.51 +£0.022 0.60 + 0.01P 0.64 +£0.01° 12.89 £ 0.252 13.95 + 0.08 14.45 £ 0.18P

Normal fish included female and male fish. Fulton’s K condition factor + standard error for each age. Daily growth coefficient (DGC) + standard error for each age. The
DGC and Fulton’s K were determined from 30 randomly selected individuals. Values (mean + S.E.M.) with different letters at the same row mean significant difference
with each other (P < 0.05).
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Chao1

Observed_species

Shannon PD
Two-way ANOVA test F P F P F P F P
Sex (X, C, Q) 1.694 0.195 0.325 0.571 4.149 0.022* 4.272 0.020*
Season (S, W) 0.132 0.718 2.693 0.078 2.309 0.135 10.756 0.002**
Sex * Season 0.999 0.376 1.404 0.255 4.296 0.019* 9.210 0.000**

The X, C and Q are respectively represented male, female, all-female fish. Two seasons: summer (S) and winter (W). PD, Phylogenetic diversity. ***Difference is significant
at 0.001 level. **Difference is significant at 0.01 level. *Difference is significant at 0.05 level.
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Bray-Curtis Jaccard

PERMANOVA test F P F P

Sex (X, C, Q) 1.056 0.204 1.040 0.199
Season (S, W) 1.418 0.012* 1.259 0.014*
Sex * Season 1.414 0.072 1.089 0.066

The X, C and Q are respectively represented male, female, all-female fish. Two
seasons: summer (S) and winter (W). *Difference is significant at 0.05 level.
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Categories Female

XS (5548) XW (6182) CS (6588) CW (5846)
Rare taxa, RT/% 35.87 (1990) 33.19 (2052) 25.30 (1667) 29.06 (1699)
Abundant taxa, AT/% 0.13(7) 0.02 (1) 0.03 (2) 0.14 (8)
Moderate taxa, MT/% 2.74 (152) 2.18 (135) 2.53 (167) 2.39 (140)
Conditionally rare taxa, CRT/% 61.01 (3385) 64.11 (3963) 71.80 (4730) 68.13 (3983)
Conditionally abundant taxa, CAT/% 0.16 (9) 0.36 (22) 0.18 (12) 0.26 (15)
Conditionally rare or abundant taxa, CRAT/% 0.09 (5) 0.15(9) 1.52 (10) 0.02 (1)

The X, C and Q are respectively represented male, female, all-female fish. Two

the number of OTUSs.

seasons: summer (S) and winter (W).

All-female

Qs (6384) QW (5250)
38.73 (2473) 26.76 (1405)
0.02 (1) 0.13(7)
2.73 (174) 2.76 (145)
58.22 (3717) 70.19 (3676)
0.27 (17) 0.21 (11)
0.03(2) 0.11(6)

The number in bracket represented
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Time
(week) ‘ Xenopus tadpoles at developmental stages at 49 ‘

In the 4th and 8th weeks, 500 mL of water was
taken from each tank for the determination of
physical and chemical indicators
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Xenopus were sacrificed by anesthesia and samples were collected for further analysis
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a-diversity index co Cc1 C5

OTU number 1522.67 + 61.69P 1395.50 + 11.11b 1825.00 + 11.232
Goods' coverage 0.96 4 0.002 0.96 + 0.002 0.95 + 0.00°
Shannon index 516 + 0.07° 5.26 + 0.05° 5.79 4+ 0.042
Chao' index 5469.84 + 313.120 5693.84 + 171.89° 6014.03 + 155.78°
Simpson index 0.92 + 0.00? 0.93 + 0.00? 0.93 + 0.00?

C20

1862.50 + 32.69%
0.95 4+ 0.00°
3.90 4+ 0.054

8082.84 + 274.072
0.67 £ 0.01°

C50

1930.33 + 48.902
0.95 + 0.00°
4.50 + 0.06°

7938.73 + 429.462
0.78 £ 0.01P

Different lowercase letters in the upper right corner indicate significant differences between data.
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Gene name

Glyceraldehyde-3-phosphate dehydrogenase

TNF-a

Gene ID

14433

21926

20309

21813

Primer name

MGAPDH-F
mGAPDH-R
minfa-F
mTnfo-R
miL-8-F
miL-8-R
mTGFB-F
mTGFB-R

Primer sequence (5'—3)

CACAGACTTACACAGGGGTTGA
AGGGGTCATTGATAGCGACG
CTGTACCAGAAGCCAGAGCC
CGATGGCGTTATCCTTGAGC
GTGTCCTGGCAATACTGGCTCTC
GGGATGGATAGGCTTGCTTTCTGTC
GGCTGTGGATATGGAAGAAGTCAGG
GGCACTGTCATCTTCTCGCTGTC
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Groups Coverage Shannon Simpson Ace Chaol PD whole tree

A 0.998 4.1 0.84 603.9 604.3 101.2
B 0.998 3.97 0.86 517.7 517.9 54.0
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Group A (N =8) Group B (N =8)

Mean Max Min Mean Max Min
FER 0.4272 0.610 0.157  0.296% 0424  0.020
RFI (g/day) —0.0292  —0.026 —-0.378 0.022® 0.082 —0.005
ADG (g/day)  0.2002 0.255 0.071 0.143% 0212  0.011
DFI (g/day) 0.4672 0.490 0.443  0.488% 0530 0474

RFI, residual feed intake; FER, feed efficiency ratio; ADG, average daily gain; DFI,
daily feed intake; A group, group with low RFI; B group, group with high RFI; a,b,
lowercase letters in the same row indicate differences between the two groups

(P < 0.05).
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Treatment Initial weight /g Final weight/g SGR%/d

FER% SR%
CON 0.94 £ 0.01@ 6.01 £0.14° 4.42 +0.08° 73.8 £ 3.48° 89.33 £ 3.407
LLP 0.93 £0.022 710+£0.172 4.84 +0.087 85.2 4 3.567 85.33 + 3.89°
FLI 0.95 £ 0.012 6.79 £ 0.232 4.68 +0.10° 86.5 + 1.90° 90.67 £ 1.637

Data with different letters indicate significant difference with each other (P < 0.05).
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Antibiotics MIC (rg-mi=7)

Cut-off value Test values
Ampicillin 2 8 (R)
Kanamycin 64 16 (S)
Chloramphenicol 8 8(S)
Clindamycin 4 4(S)
Erythromycin 1 8(R)
Gentamicin 16 16 (S)
Tetracycline 32 2(S)

S means L. plantarum W2 was sensitive to the antibiotic, and R means resistance
to the antibiotic.
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Protein name Numbers Genes location

Mucus binding proteins (Mub) 9 Gene0330, gene1041,
gene2166, gene1016,
gene1387, gene0768,
gene2725, gene2666,

gene2713

Collagen binding protein (CnBP) 1 Gene2581

S-layer protein 1 Gene3124
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Ingredient (g/kg diet) Diet in Experiment Diet in Experiment Il (PBD

1 food)
Fish meal’ 150 0
Soybean meal’ 300 75
Rapeseed meal' 225 140
Vital gluten 270 730
Soybean oil 20 20
Vitamin premix? 10 10
Mineral premix® 10 10
Monocalcium 12 12
phosphate
Choline chloride 3 3
Total 1000 1000
Dry matter 6% 7%
Ash 6% 10%
Crude protein 30% 17%
Crude lipid 10% 5%
Crude fiber 8% 15%

'Crude protein content: fish meal: 60%; soybean meal: 35%; rapeseed meal: 30%; vital
gluten: 14%.

2Containing the following (/kg vitamin premix): Vitamin A, 10,000 1.U.; Vitamin D, 1500 .U.;
Vitamin E, 0.1 g; Vitamin C, 0.5 g; thiamine, 2.0 g; riboflavin, 0.9 g; pyridoxine HCI, 0.1 g;
vitamin B-12, 0.9 g; menadione sodium bisulfite, 0.1 g; retinyl acetate, 0.6 g;
cholecalciferol, 0.1 g; dl-a-tocopherol-acetate, 0.1 g.

3Containing the following (g/kg mineral premix): CuSO45H50, 1.2; FeSO47H-0, 6.5;
MnSO,H,0, 1.5: KIO4, 0.3: ZnSO,7H-0, 1.2: Ca(HoPO4)»2H,0, 0.1.
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Groups Richness estimate Diversity estimate

ACE CHAO Jackknife Shannon Simpson
Con 730+ 151 693+ 140 769+ 159 3.60+0.13° 0.05 +0.012
BAC 515+25 487 +29 527+36 284+0.112 0.21+0.02°

Values with different superscript letters within the same column are significantly
different (P < 0.05). The lack of superscript letter indicates no significant differences
(P> 0.05).
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Groups Survival rate (%) TL (mm) BD (mm) BD/TL (%)

Con 50.40 + 2.242 11.72+£0.74 1.13+£0.13 9.66 + 0.68
BAC 66.73 + 6.87° 11.561 £0.84 1.11+£0.156 9.63 4+ 0.98

Values with different superscript letters within the same column are significantly
different (P < 0.05). The lack of superscript letter indicates no significant differences
(P> 0.05).
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p P
Group (Whales and Dolphins)

PERMANOVA 0001(%), F=7.569 0.001(%), F=6.056
MRPP 0001(9),
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Group (Whales and Fur seals)
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*Difference is significant at 0.001 level. Whales refer to belugas; dolphins refer to Pacific
white-sided dolphins and common bottlenose dolphin; and fur seals refer to Cape fur
seals.
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Different superscript letters indicate significant differences in different populations, p < 0.05.
DO, dissolved oxygen; GSI, gonadosomatic indiex; HSI, hepatosomatic index; K, fatness; pH, pondus hydrogenii; SL, standard length; W, body weight.
“Means significant difference between flood and dry seasons, p < 0.05.
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Ingredients Mo M2 M4 M6 M8 mi0

Fish meal 110 110 110 110 110 110
Soy protein concentrate 400 400 400 400 400 400
Fish oil 40 40 40 40 40 40
'DL-Methionine 0 2 4 6 8 10
Lysine 36 36 36 36 36 36
Glycine 16 14 12 10 8 6
Glutamate 4 4 4 4 4 4
‘Attractant L | 1 1 1 1 1
Wheat meal 138.4 138.4 138.4 138.4 138.4 138.4
o-starch 200 200 200 200 200 200
Brewer yeast 50 50 50 50 50 50
Choline chioride 5 5 5 5 5 5
CalH,PO.), 20 20 20 20 20 20
*Vitamin and mineral premix 12 12 12 12 12 12
Total 1,000 1,000 1,000 1,000 1,000 1,000
Proximate analysis

Dry matter (g/kg) 92266 90527 92812 928.43 923.63 92478
Crude protein (g/kg) 445.92 443.41 458.73 447.40 451.84 450.77
Crude lipid (g/kg) 67.86 67.11 68.69 67.70 67.92 68.07
Crude ash (g/kg) 102.60 101.90 100.60 102.60 101.90 100.60
Gross energy (kJ/g) 19.10 18.86 18.74 19.17 19.25 19.10

'DL-Methionine (BR, 99%) was purchased from the Shanghai Yuanye Biotechnology Co., Ltd. (Shanghai, Chine).
Attractant: 40% betaine; 20% DMPT; 20% threonine; 10% glycine; 10% inosine-5'-diphosphate trisodium salt

*This vitamin and mineral premix was provided by the MGOTer Bio-Tech Co. Ltd. (Qingdao, Shandong, China). Its composition was as follows (mg/kg diet): KCI, 200mg; KI (1%),
60mg; CoCly6H.0 (1%), 50mg; CuSO,5H,0, 30mg; FeSO,H;0, 400mg; ZnSOH;0, 400mg; MnSO.H,0, 150mg; Ne:SeOy5H.0 (1%), 65mg; MgSO.H.0, 2,000mg; Zeolite
powder; 3645.85mg; VB, 12mg; riboflavin, 12mg; VB, 8mg; VB, 0.05mg; VK, 8mg; inositol, 100mg; pantothenic acid, 40mg; niacin acid, 50mg; folic acid, 5mg; biotin,
0.8mg; VA, 25mg; VCP,, 5mg; VE, 50mg; VC, 100mg; ethoxyquin, 150mg; wheat meal, 2434.15mg.





OPS/images/fmicb-13-858454/fmicb-13-858454-g004.gif
:






OPS/images/fmicb-13-917051/fmicb-13-917051-g011.jpg
Sensory system
Nervous system

Immune system

Excretory system
Environmental adaptation
Endocrine system

Digestive system
Development and regeneration
Circulatory system

Lipid metabolism
Neurodegenerative disease
Infectious disease: viral
Infectious disease: parasitic

Pathway classification

Infectious disease: bacterial
Endocrine and metabolic disease
Drug resistance: antineoplastic
Cancer: specific types

Cancer: overview

Signal transduction

Cellular community - eukaryotes

Number of compounds

M Organismal Systems Ml Metabolism Ml Human Diseases I Environmental Information Processing Il Cellular Processes

e ey XX ]





OPS/images/fmicb-13-858454/fmicb-13-858454-g003.gif





OPS/images/fmicb-13-917051/fmicb-13-917051-g010.jpg





OPS/images/fmicb-13-858454/fmicb-13-858454-g002.gif





OPS/images/fmicb-13-917051/fmicb-13-917051-g009.jpg
= |

5 "’"’ﬁ"’ G g
v" "{i:;q/ fg gj by w‘?ﬁ‘gggfg
Q/ /\/%f Qﬁ/ﬁ'zé f§§§ sz/

d /\@aff %"’ gg}f





OPS/images/fmicb-13-858454/fmicb-13-858454-g001.gif
18 E e e 14°E

v 2ex

n © Samplesic
0O Spowningsc
— b

00 20 Ky
[E———)

08 E e T E





OPS/images/fmicb-13-917051/fmicb-13-917051-g008.jpg
= |

™

e

Expression Profile & VIP of Metabolites

DG(16:0114:0)
BisMePG(17:1122:6)
PE(10:0/11:3)
TG(0:1/18:1/18:1)
PE(11:0/20:2)
TG(6:0/12:4120:2)
TGE0/11:323:1)
TG(8:010:1/22:0)
TG(16:1e/11:4/122)
TG(6:0/12:0/20:4)
TG(6:016:0/24:1)
DG(16:1e/18:3)
DG(18:3e1205)
WE3019:1)
WE:0/16:1)
WE(3.01182)
Cer(d19:2/20.0+0)
WE(3:024:2)
TG(E0:018018:1)
TG(26:0/16:0117:0)
TG(2B:0/16:0/16:0)
TG(26:0/16:0116:0)
TG(20:00/18.0220.0)
TG(18:0/18:0119.0)
TGR0:0/16:0116:0)
TG(28:016:0117:0)
TG(30:0116:0118:0)
TG(R0:016:0117:0)
TG(0:0/18.0/22:0)
TGEO:016:0/20:0)

‘A
%
ok

K
!.I
H

iy

7
6
5
a
3
2
1





OPS/xhtml/Nav.xhtml




Contents





		Cover



		ASSEMBLY AND FUNCTIONS OF GUT MICROBIOTA IN AQUATIC ANIMALS



		Microbial Communities of the Hydrothermal Scaly-Foot Snails From Kairei and Longqi Vent Fields



		INTRODUCTION



		MATERIALS AND METHODS



		Sample Collection



		DNA Extraction and Sequencing



		Microbial Community Analysis



		Statistical Analysis









		RESULTS



		Sequencing Statistics and Microbial Diversity



		The Composition and Statistical Analysis of Microbial Communities



		The Shared and Key Microbial Communities From Different Scaly-Foot Snail Samples









		DISCUSSION



		Characterize the Microbial Communities of Scaly-Foot Snails From Kairei and Longqi Vent Fields



		Key Microbial Lineages to Distinguish the Microbial Community Structure of Scaly-Foot Snail From Kairei and Longqi Vent Field









		CONCLUSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES









		Comparative Study of the Gut Microbiota Among Four Different Marine Mammals in an Aquarium



		Introduction



		Materials and Methods



		Sample Collection



		DNA Extraction and Sequencing



		Microbial Community Analysis









		Statistical Analysis



		Results



		Sequencing Statistics and Microbial Diversity



		Structure and Composition of the Microbial Communities



		Gut Microbial Indicators of Different Marine Mammals









		Discussion



		Main Factors Affecting the Gut Microbial Community of Different Marine Mammals in the Same Aquarium With Same Food Resources



		Microbial Community Composition and Keystone Species in the Gut of Belugas, Pacific White-Sided Dolphins, Common Bottlenose Dolphins, and Cape Fur Seals









		Conclusion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Publisher’s Note



		Supplementary Material



		Footnotes



		References









		Environmental Water and Sediment Microbial Communities Shape Intestine Microbiota for Host Health: The Central Dogma in an Anthropogenic Aquaculture Ecosystem



		INTRODUCTION



		MATERIALS AND METHODS



		Experimental Design and Sample Collection in Shrimp Culture Pond Ecosystem



		DNA Extraction, Polymerase Chain Reaction (PCR) Amplification, and 16S rRNA Gene Amplicon Sequencing



		Relationships Among Water, Shrimp Intestine, and Sediment Microbial Communities in the Shrimp Culture Pond Ecosystem



		Estimation of Ecological Processes and Microbial Ecological Succession in Shrimp Culture Pond Ecosystem



		Statistical Analysis









		RESULTS



		Microbial Community Diversity of the Three Habitats in the Shrimp Culture Pond Ecosystem Across the Country



		Core Microbial Operational Taxonomic Units in Each Habitat of the Shrimp Culture Pond Ecosystem at Six Regions Across the Country



		Comparison of the Microbial Composition of Three Habitats in the Shrimp Culture Pond Ecosystem in Six Regions



		Microbial Communities of Environmental Water and Sediment Mainly Contribute to Shrimp Intestinal Microbiota in the Shrimp Culture Pond Ecosystem Metacommunity in Six Regions



		Ecological Processes Governing the Microbial Assembly of the Three Shrimp Culture Pond Ecosystem Habitats in Six Regions



		Environmental Water and Sediment Microbiota Contributed to Community Succession of the Shrimp Intestinal Microbiota in the Shrimp Culture Pond Ecosystem Across Different Shrimp Culture Developmental Stages









		DISCUSSION



		CONCLUSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES









		Power Play of Commensal Bacteria in the Buccal Cavity of Female Nile Tilapia



		INTRODUCTION



		MATERIALS AND METHODS



		Ethics Statement



		Experimental Fish and Set Up



		Microbial DNA Extraction and Library Preparation



		Data Processing and Analyses



		Statistical Analysis



		Microbial Network Analysis









		RESULTS



		Microbial Composition



		Differential Abundance of Amplicon Sequence Variants Present in Female and Male Tilapia



		Microbial Network









		DISCUSSION



		Bacterial Diversity in the Buccal Cavity of Female and Male Nile Tilapia



		Microbial Composition in the Buccal Cavity of Female Nile Tilapia Tilts the Abundance of Streptococcus



		Microbial Networks in the Buccal Cavity of Female Nile Tilapia Disfavor the Abundance of Streptococcus









		CONCLUSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		REFERENCES









		Effect of Chronic Exposure to Textile Wastewater Treatment Plant Effluents on Growth Performance, Oxidative Stress, and Intestinal Microbiota in Adult Zebrafish (Danio rerio)



		HIGHLIGHTS



		INTRODUCTION



		MATERIALS AND METHODS



		Zebrafish Culture



		Experimental Design



		Morphological Analysis



		Sampling Collection



		Biochemical Analysis



		DNA Extraction and PCR Amplification



		MiSeq Sequencing and Data Analysis



		Statistical Analysis









		RESULTS AND DISCUSSION



		Growth and Condition Factor in Adult Zebrafish



		Oxidative Stress of Intestine and Muscle



		Microbial Richness and Diversity in Zebrafish Intestines and Water



		Microbial Composition, Community Structure of Zebrafish Intestines and Water Samples









		CONCLUSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		REFERENCES









		Autochthonous Probiotics Alleviate the Adverse Effects of Dietary Histamine in Juvenile Grouper (Epinephelus coioides)



		INTRODUCTION



		MATERIALS AND METHODS



		Probiotic Strains



		Diet Preparation



		Animals and Experimental Conditions



		Experimental Design



		Measurement of Serum and Liver Biochemical Parameters



		Serum and Intestinal Inflammatory Factors



		Gut Morphology



		Gut Microbiota



		Calculations and Statistical Analysis









		RESULTS



		Growth Performance and Feed Utilization



		Serum Innate Immune Index



		Liver Biochemical Parameters



		Serum and Gut Inflammation Markers



		Gut Morphology



		Gut Microbiota









		DISCUSSION



		CONCLUSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		References









		Exploring Sexual Dimorphism in the Intestinal Microbiota of the Yellow Drum (Nibea albiflora, Sciaenidae)



		INTRODUCTION



		MATERIALS AND METHODS



		Experimental Animal



		Growth Indices



		Intestinal Sample Collection



		DNA Extraction and 16S rRNA Gene Sequencing



		Bioinformatics Analysis



		Null Model Analysis and Ecological Processes in the Assembly of the Intestinal Microbial Communities



		Ecological Network Analysis of the Intestinal Microbiota



		Functional Predictions of Intestinal Microbiota



		Statistical Analysis









		RESULTS



		Growth Indices, Fulton’s K Condition Factor and Daily Growth Coefficient



		Richness, Diversity, and Structure of Microbial Community



		Bacterial Community Composition and Classification



		Relationships Between α-Diversity Metrics and Growth Indices



		Relationships Between Microbial Communities in the Intestinal Microbiota of the Female, Male, and All-Female Fish



		Ecological Processes in the Assembly of the Intestinal Microbial Communities



		Ecological Network Patterns in the Intestinal Microbiota



		Functional Prediction of the Intestinal Microbiota









		DISCUSSION



		CONCLUSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		References









		Quantifying the Colonization of Environmental Microbes in the Fish Gut: A Case Study of Wild Fish Populations in the Yangtze River



		INTRODUCTION



		MATERIALS AND METHODS



		Study Area



		Sampling Procedures



		DNA Extraction and Sequence Analysis



		Statistical Analysis









		RESULTS



		Samples Characteristics



		Influence of Water Environmental Microbes on Fish Gut Microbes



		Introduction of Water Environmental Microbes Into the Fish Gut



		Resident Microbes in Fish Guts



		Gut Bacterial Community Similarity Among Fish Species Groups









		DISCUSSION



		Most Microbes in the Gut Are Transient



		Transient Microbes Originated From Environmental Microbes



		Introduction of Environmental Microbes Relies on Feeding Habits



		Monitoring and Managing Environmental Microbes to Conserve Aquatic Animals



		Quantification Variation of Gut Microbial Community Characteristics









		CONCLUSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES









		Population Differences and Host Species Predict Variation in the Diversity of Host-Associated Microbes in Hydra



		INTRODUCTION



		MATERIALS AND METHODS



		Field Sampling



		16S rRNA Gene Amplicon Sequencing



		Data Analysis









		RESULTS



		Microbial Diversity in Three Different Hydra Species in the Field



		Environmental Effects on Bacterial Diversity in Three Different Hydra Species



		Host Effects on Bacterial Colonization in Hydra



		Abundance of Curvibacter in Field Sampled Hydra Polyps









		DISCUSSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		REFERENCES









		Exploring the Intestinal Microbiota and Metabolome Profiles Associated With Feed Efficiency in Pacific Abalone (Haliotis discus hannai)



		INTRODUCTION



		MATERIALS AND METHODS



		Experimental Design and Sample Collection



		Intestinal Microbiome Analysis



		Untargeted Metabolite Profiling



		Enzyme Activity



		Statistical Analysis









		RESULTS



		Feed Efficiency Phenotype



		Changes in the Intestinal Microbiome of Abalone With Different Feed Efficiency



		Changes in the Intestinal Metabolites of Abalone With Different Feed Efficiency



		Relationship Between Intestinal Microbiome and Metabolites



		Digestive Enzyme Activities









		DISCUSSION



		CONCLUSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES









		Evaluation of Potential Probiotic Properties of a Strain of Lactobacillus plantarum for Shrimp Farming: From Beneficial Functions to Safety Assessment



		INTRODUCTION



		MATERIALS AND METHODS



		Bacterial Strain Identification



		Assessment of Potential Probiotic Properties



		Adhesion Assay in vitro



		Antagonistic Assay in vitro









		Safety Assessment



		Hemolytic Activity



		Antibiotic Resistance



		Whole Genome Sequencing and Analysis









		Feeding Trial and Challenge Test for Shrimp



		Shrimp Feeding Trial and Sample Collection



		Immunological Parameters Determination



		Challenge Test









		Calculations and Statistical Analysis









		RESULTS



		Strain Identification



		Adhesion Properties in vitro



		Antagonistic Activity in vitro



		Antibiotic Resistance



		Virulence



		Transfer Potential of Safety-Related Genes



		Shrimp Growth Performance



		Shrimp Immune Parameters



		Challenge Test









		DISCUSSION



		CONCLUSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		REFERENCES









		Gut Microbiome Succession in Chinese Mitten Crab Eriocheir sinensis During Seawater–Freshwater Migration



		INTRODUCTION



		MATERIALS AND METHODS



		Experimental Design and Sample Collection



		Community Analyses



		Statistical Analyses









		RESULTS



		Patterns in Bacterial Diversity and Community Composition Along Sampling Day



		Community Compositions in Gut Microbiome



		The Co-occurrence Network and Metabolic Functional Shifts of Gut Microbiome









		DISCUSSION



		The Patterns and Drivers of Gut Microbial Diversity During Seawater–Freshwater Migration



		Temporal Changes in the Gut Microbial Composition



		Higher Co-occurrence Interactions of Gut Microbiomes in Freshwater Than Seawater–Freshwater Transition



		The Shifts of Gut Microbiome in Metabolic Function









		CONCLUSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		REFERENCES









		Environment and Co-occurring Native Mussel Species, but Not Host Genetics, Impact the Microbiome of a Freshwater Invasive Species (Corbicula fluminea)



		INTRODUCTION



		MATERIALS AND METHODS



		Study Area



		Specimen Collection and Environmental Measures



		Microbial DNA Extraction, 16S rRNA Gene Sequencing, and Sequence Processing



		Microbial Phylogeny and Diversity Indices



		Statistical Analysis of Phylogenetic and Taxonomic Data



		Microbial Functional Inferences and Functional Diversity



		Population Genomics of Corbicula fluminea



		Restriction Site-Associated DNA Library Construction and Sequencing



		Bioinformatics



		DNA Barcoding















		RESULTS



		Gut Microbiome Diversity and Structure



		Geographic Variation in the Gut Microbiome



		Population Genomic Variation in Corbicula fluminea and Its Relationship to the Gut Microbiome



		Composition



		Potential Reciprocal Influences of Corbicula fluminea and Mussel Microbiomes



		Inferred Functions and Degradation Potential









		DISCUSSION



		Differences in the Microbiome Between Corbicula fluminea and Native Mussels



		Diversity of the Microbiome of Corbicula fluminea and Inferred Functions



		Reciprocal Influences Between Invasive and Native Species









		CONCLUSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES









		Gut Microbiome Analyses of Wild Migratory Freshwater Fish (Megalobrama terminalis) Through Geographic Isolation



		Introduction



		Materials and Methods



		Sample Collection



		DNA Extraction and Amplification



		High Throughput Sequencing Analysis



		Enzyme Assays



		Data Analysis









		Results



		Gut Microbial Diversity and Composition



		Spatial and Temporal Differences in Gut Bacterial Community



		Biological Parameters of Fish in Different Habitats



		Degradation Enzymes Activity of Gut Contents



		Function Analysis of Core Bacterial Community









		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References









		Gut Microbiota of Ostrinia nubilalis Larvae Degrade Maize Cellulose



		INTRODUCTION



		MATERIALS AND METHODS



		Insect Collection and Maintenance



		Analysis of the European Corn Borer Intestinal Microbiota



		DNA Extraction, Library Construction, and Sequencing



		Microbiota Analysis









		Isolation and Enrichment of Cellulolytic Microbial Consortia



		Isolation and Identification of Cellulolytic Microbial Consortia



		Genomic DNA Extraction and Genome Sequencing



		CAZyme Assignment of Genome Sequences



		Fluorescence in situ Hybridization









		Maize Degradation by Microbial Consortia in vitro



		Experimental Design



		Scanning Electron Microscopy



		Metabolomic Analysis















		RESULTS



		Gut Microbiota of European Corn Borer Larvae Is Determined by Diet



		Cellulose Degrading Bacteria in the Larval Gut of European Corn Borer



		Degradation Maize Cellulose by the Microbial Consortia in vitro



		Metabolomic Profiles of Maize Cellulose in vitro









		DISCUSSION



		Diet Shapes Gut Microbiota of the Ostrinia nubilalis Larva



		The Diversity of Cellulolytic Bacteria in the Gut of Ostrinia nubilalis Larvae



		The Mechanism of Cellulose Degradation by Microbial Consortia



		Variation in the Metabolome Among Degradation Products of Maize



		Application Potential of Gut Microbiota of European Corn Borer in Cellulose Bioconversion









		CONCLUSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES









		Quorum Quenching Bacteria Bacillus velezensis DH82 on Biological Control of Vibrio parahaemolyticus for Sustainable Aquaculture of Litopenaeus vannamei



		INTRODUCTION



		MATERIALS AND METHODS



		Bacteria, Plasmids, and Reagents



		Bacterial Culture and Preparation of Functional Products



		Agar Diffusion Assay for Antimicrobial Activity Against Vibrio parahaemolyticus



		Assessment of Quorum Quenching Activity Against Vibrio parahaemolyticus by RT-qPCR



		Bacterial Growth of Vibrio parahaemolyticus Under Quorum Quenching Regulation



		Analysis of Quorum Quenching Regulation by RT-qPCR



		Microplate Biofilm Assay by Crystal Violet









		In vitro Assessment of DH82 and the Fractions on Pathogen Inhibition



		In vivo Assessment on the Vibrio Control of DH82



		In vivo Assessment Under Bath Challenge



		DNA Extraction and High Throughput Sequencing



		In vivo Assessment Under Injection Challenge



		Analysis of Non-specific Immunity



		Analysis of Infected Tissues by Hematoxylin-Eosin (H&E) Staining Assay









		Statistical Analysis









		RESULTS



		Functionals of Bacterial Products From DH82 on Antagonism



		In vitro Assessment of Vibrio Control by Different Fractions of DH82



		In vivo Assessment of Vibrio Control Under Bath Challenge



		In vivo Assessment of Bacterial Effects Under Injection Challenge









		DISCUSSION



		CONCLUSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		REFERENCES









		The Effect of Dietary Lactic Acid Bacteria on Intestinal Microbiota and Immune Responses of Crucian Carp (Carassius auratus) Under Water Temperature Decrease



		INTRODUCTION



		MATERIALS AND METHODS



		Experimental Design and Feeding Management



		Sample Collection



		High-Throughput Sequencing Analysis of Gut Microbiota



		Genomic DNA Extraction



		PCR Amplification



		Illumina High-Throughput Sequencing of Barcoded 16S rRNA Genes









		Immune-Related Cytokine Assays



		Challenge Test With Aeromonas hydrophila ATCC 7,966



		Statistical Analysis









		RESULTS



		Mortality Rate



		Intestinal Microbiota Analyses



		Richness and Diversity



		Bacterial Composition Analysis of Intestinal Microbiota



		The Principal Component Analysis (PCA) and Partial Least Squares Discriminant Analysis (PLS-DA)



		Analysis of Species Differences



		Assay of Immune-Related Cytokines Using ELISA



		The Relationship Between Immune-Related Cytokines and Gut Bacterial Communities



		Disease Resistance









		DISCUSSION



		CONCLUSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		FOOTNOTES



		REFERENCES









		Microbiota Comparison of Amur ide (Leuciscus waleckii) Intestine and Waters at Alkaline Water and Freshwater as the Living Environment



		Introduction



		Materials and Methods



		Collection of Samples



		DNA Extraction



		Library Preparation and Sequencing



		Data Analysis



		Prediction of Gene Function



		Statistical Analysis









		Results



		Statistical Analysis of Sequences



		Structure of Bacterial Community



		Screening of Sensitive Microorganisms to Determine Survival Status



		Functional Prediction









		Discussion



		Conclusion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Supplementary Material



		References









		Microbiome of Penaeus vannamei Larvae and Potential Biomarkers Associated With High and Low Survival in Shrimp Hatchery Tanks Affected by Acute Hepatopancreatic Necrosis Disease



		INTRODUCTION



		MATERIALS AND METHODS



		Sample Collection and Processing



		Acute Hepatopancreatic Necrosis Disease Diagnosis and Sample Selection



		Deoxyribonucleic Acid Extraction and High-Throughput Sequencing



		Sequence Processing



		Microbiome and Statistical Analyses









		RESULTS



		Acute Hepatopancreatic Necrosis Disease Diagnosis and Sample Selection



		Microbiome and Statistical Analyses









		DISCUSSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		REFERENCES









		Subchronic Toxicity of Microcystin-LR on Young Frogs (Xenopus laevis) and Their Gut Microbiota



		INTRODUCTION



		MATERIALS AND METHODS



		Experimental Design and Sample Collection



		Histological, Morphological, and Immunohistochemical Analysis



		Determination of Liver Enzyme Activities



		qRT-PCR of Liver Immune-Associated Factors



		Gut Microbiota DNA Extraction and High-Throughput Sequencing



		Data Analysis









		RESULTS



		Effect of Microcystin-LR on Histomorphology and Immunohistochemistry of the Intestine and Liver of Xenopus laevis



		Effect of Microcystin-LR on Liver Enzyme Activity



		Effect of Microcystin-LR on Transcriptional Levels of Inflammatory Factors



		Effects of Microcystin-LR on the Gut Microbiota Structure and Metabolic Characteristics









		DISCUSSION



		CONCLUSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		REFERENCES









		Responses of Gut Microbial Community Composition and Function of the Freshwater Gastropod Bellamya aeruginosa to Cyanobacterial Bloom



		Introduction



		Materials and Methods



		Investigation Site and Sample Collection



		Environmental Analysis



		Phytoplankton Analysis



		Quantification of MCs



		DNA Extraction, Amplification, and Pyrosequencing



		Processing of Original Sequencing Data



		Data Analysis









		Results



		Phytoplankton Community and Environmental Parameters



		Composition of the Gut Microbial Community of B. aeruginosa in the Two Periods



		Potential Relationships Between the Gut Microbial Community and Environmental Factors



		Prediction and Comparison of Gut Microbial Community Functions in the Two Periods









		Discussion



		Changes in and Influencing Factors of the Gut Microbiota Composition of B. aeruginosa Exposed to Cyanobacterial Bloom



		Responses of Potential Functions of Gut Microbiota of B. aeruginosa to Cyanobacterial Bloom









		Conclusion



		Data Availability Statement



		Author Contributions



		Funding



		Supplementary Material



		References









		Intergenerational Transfer of Persistent Bacterial Communities in Female Nile Tilapia



		INTRODUCTION



		MATERIALS AND METHODS



		Ethics Statement



		Experimental Fish



		Sample Collection



		Microbial DNA Extraction and Library Preparation



		Data Processing and Analyses



		Statistical Analysis









		RESULTS



		Microbial Composition in the Wild Parents, F0, and F2 Generations



		Relative Abundance of Bacteria in Wild Fish



		Relative Abundance of Bacteria in F0 and F2 Generations From Different Mothers









		Alpha and Beta Diversity and Differential Abundance Across Generations



		Core Microbiome in the Wild Fish and Two Generations Bred in Captivity



		Comparison of the Microbial Composition Among Second Generation Families of Nile Tilapia



		Alpha and Beta Diversity and Differentially Abundant Amplicon Sequence Variants in the F2 Families From the Second Generation of Nile Tilapia









		DISCUSSION



		CONCLUSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		REFERENCES









		Effect of Bacillus sp. Supplementation Diet on Survival Rate and Microbiota Composition in Artificially Produced Eel Larvae (Anguilla japonica)



		INTRODUCTION



		MATERIALS AND METHODS



		Bacterial Isolation, Identification, and Characterization



		Experimental Diet Preparation



		Artificial Production of Eel Larvae



		Rearing System and Condition for Feeding Trial



		Microbiota Analysis



		Bioinformatics and Statistical Analysis









		RESULTS



		Bacterial Isolation and Identification



		Survival Rate and Growth of Anguilla japonica Larvae



		Microbiota Analysis









		DISCUSSION



		CONCLUSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES









		Effects of Diet on the Gut Microbial Communities of Nile Tilapia (Oreochromis niloticus) Across Their Different Life Stages



		Introduction



		Materials and Methods



		Experimental Design and Sample Collection



		Intestinal Histology



		Illumina Library Preparation and Sequencing



		Statistical Analysis









		Results



		Diet Affected the Dominant Microbial Taxa of the Intestinal Microbiota of Tilapia



		Variation in Microbial Community Composition



		Discriminatory Taxa at the Genus Level



		Intestinal Structure of 20 dpf and 40 dpf Tilapia



		Cumulative Overall Survival Rate









		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		References









		Temperature Acclimation Alters the Thermal Tolerance and Intestinal Heat Stress Response in a Tibetan Fish Oxygymnocypris stewarti



		Introduction



		Materials and Methods



		Experimental Fish and Acclimation Procedure



		Thermal Tolerance Test and Sampling



		Heat Stress Test and Sampling



		Expression of HSP70



		Intestinal Microbiome DNA Extraction, PCR, and Sequencing



		Data Processing and Taxonomy Assignment



		Intestinal Histology



		Statistical Analysis









		Results



		Growth and Thermal Tolerance Under Different Acclimation Temperatures



		Variation in Expression of Intestinal HSP70 Under Heat Stress



		Intestinal Histological Variation Under Heat Stress



		Intestinal Microbiome Variation Under Heat Stress









		Discussion



		Effect of Temperature Acclimation on the Growth and Thermal Tolerance of Oxygymnocypris stewarti



		Compound Effects of Temperature Acclimation and Heat Stress on Intestinal HSP70 Levels



		Response of Intestinal Histology Under Heat Stress



		Compound Effects of Temperature Acclimation and Heat Stress on the Intestinal Microbiome









		Conclusion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		References









		Dysbiosis of Gut Microbiota and Lipidomics of Content Induced by Dietary Methionine Restriction in Rice Field Eel (Monopterus albus)



		Introduction



		Materials and Methods



		Experimental Diets



		Feeding Trial and Management



		Ethics Statement



		Sample Collection and Analyses



		Gut Microbiota Analysis by 16S rRNA Sequencing



		Untargeted Lipidomics by the LC–MS Platform



		Statistical Analysis









		Results



		Gut Bacterial Diversity Indices



		Gut Bacterial OTUs and Their Relative Abundances



		Gut Bacterial Composition at the Phylum and Genus Levels



		Ecological Network Analysis



		Gut Bacterial Function: Wilcoxon Rank-Sum Tests



		Gut Bacterial COG Functional Classification



		Venn Diagram of Lipidomics



		PCA and PLS-DA of Lipidomics



		Expression Profiles and VIP of Metabolites



		Correlation Analysis of Microbiota and Lipidomics Data



		Correlation Analysis of Lipidomics



		KEGG Pathway Analysis of Lipidomics









		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Footnotes



		References









		Gut Microbiome as a Potential Biomarker in Fish: Dietary Exposure to Petroleum Hydrocarbons and Metals, Metabolic Functions and Cytokine Expression in Juvenile Lates calcarifer



		INTRODUCTION



		MATERIALS AND METHODS



		In vivo Fish Exposure and Sampling



		Polycyclic Aromatic Hydrocarbon and Metal Analysis of Fish Feed



		Polycyclic Aromatic Hydrocarbons



		Metals Analysis









		Microbiome Analysis



		Collection and Processing of Samples



		DNA Extraction and PCR Amplification of 16S rRNA Gene



		Processing of Illumina Reads



		Downstream Bioinformatics









		Gene Expression Analysis



		Statistical Analysis









		RESULTS AND DISCUSSION



		Characterization of Oils



		Sequence Statistics



		Alpha-Beta Diversity of Water, Feed, and Fish Gut Microbiota



		Alpha-Beta Diversity of Fish Gut Microbiota Following Petroleum Hydrocarbon and Metal Exposure



		Microbial Composition in the Fish Gut Following Petroleum Hydrocarbon and Metal Exposure



		At the Phylum Level



		At the Genus Level









		Metagenome Predictions



		Taxa-Environmental Correlations



		Gene Expression









		CONCLUSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES









		Microbial community characteristics of the intestine and gills of medium-form populations of Sthenoteuthis oualaniensis in the South China Sea



		Introduction



		Materials and methods



		Sample collection and processing



		Ethics statement



		DNA extraction and PCR amplification



		Library construction and sequencing



		16S rRNA sequence analysis



		Accession number



		Statistical analysis









		Results



		Mantle length and body mass of Sthenoteuthis oualaniensis



		Microbial richness and diversity



		Microbial community



		Differential analysis



		Network analyses



		Functional prediction



		Correlation analysis









		Discussion



		Microbial community characteristics in intestine and gill



		Relationship of the intestinal bacterial community with squid growth characteristics



		Microbial metabolic function









		Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		References























OPS/images/fmicb-13-858454/crossmark.jpg
©

2

i

|





OPS/images/fmicb-13-917051/fmicb-13-917051-g007.jpg
Scores(PCA)

omponent Z(16.7%)

Score (PLS-DA) plot






OPS/images/fmicb-13-800061/fmicb-13-800061-g006.jpg
Amino acid Biosynthesis -
Carbohydrate Degradation -
Fermentation

Aromatic Compound Degradation -
Nucleoside and Nucleotide Degradation -
Carboxylate Degradation -
Polyamine Degradation -

Other Biosynthesis -

Amine and Polyamine Biosynthesis -
Aspartate Biosynthesis

C1 Compound Utilization and Assimilation -
Respiration A

Amino acid Degradation -

Amino Acid Biosynthesis -
Secondary Metabolite Degradation -
Amine and Polyamine Degradation -
Inorganic Nutrient Metabolism -
Carbohydrate Biosynthesis -
Polyprenyl Biosynthesis

Metabolic Regulator Biosynthesis -
Aromatic Compound Biosynthesis -
Alcohol Degradation -
Aminoacyl-tRNA Charging
Proprenyl Biosynthesis -

Fatty Acid and Lipid Degradation -
Aldehyde Degradation

Pentose Phosphate Pathways -
Nucleic Acid Processing

TCA Cycle 1

Secondary Metabolite Biosynthesis
Tetrapyrrole Biosynthesis -
Glycolysis -

Fatty Acid and Lipid Biosynthesis -
Carbohydrate Biosynthesis -

Cell Structure Biosynthesis -
Cofactor, Carrier and Vitamin Biosynthesis -

Nucleoside and Nucleotide Biosynthesis -

Median fold change (log2)

4
3
2

bt

3

-30

20 10 0 10
Number of enriched pathways






OPS/images/fmicb-13-917051/fmicb-13-917051-g006.jpg
Venn plot

[





OPS/images/fmicb-13-800061/fmicb-13-800061-g005.jpg
C. fluminea-

C. pustulosa+
L. ovata-

F. cerina-

C. asperata-

A. plicata+

T. verrucosa-

0%

5% 50% 75%
Estimated Influence

100%

Potential origin
. C. fluminea
. Same mussel species
. Other mussel species
Sediment
Seston

Unknown





OPS/images/fmicb-13-917051/fmicb-13-917051-g005.jpg
Samples

Relative Abundance

COG function classification

NETCawBOTOZErxCTzoOTIMOOD>

RNA processing and modifcation

Carbonycrate Uanspor and metabolsm
nzyme tansportand metabotsm

Lipa Gansprtand metabotsm

ansiaion, ibasoma sructure and iogenesis

Transcripton

Repicotin,tocombination andrepai

Col walmembran emvelops biogenesis

Coil mot

Fostr

Siional modicaton, proten turnover, chaperones
Inorgaic lon ransport and metabatsm

Secondary Matabolies Blosynthess, Gansport3nd catabolsm
GeneralTonchon prdicion ony

Funcion unknown

Signal wansducton mechanisms

Inkacolar rffking, socreton, and vesiculr ansport
Defense mechanisms.

Exiaceur suctures

Croskeleton






OPS/images/fmicb-13-800061/fmicb-13-800061-g004.jpg
LD2 (7.5%)

R B 0201 "I C 5 |
® : :
A 0.154 + E;; : ¥ *
A + R
........................... s e e | + g ® DO/O 2 : x Djbmo *
— 0.10 . e=s B e W -~ pH: PO%
o~ T * o~ ¥ =g s '
© . D AA ﬁ% * ¥ *
o 0.054 - > '.**' (ap] = L*‘_*__ & AL -
2 St .. = &3 ;3 ol A‘.I.ﬁ+!l‘!-;§*.*' ..................
Y i+ * o AA U EE »
O 0.00---m:-eerrerrnanns s v 0 35 s *%’ .......... O = .-)k*
0- " -* 1) A 2 s ‘F‘ s & %
e am K m g A®G 4 4 %
0051 , + ¥ 0.1 = "
R o ae ... * * "
AL ;
-0.104 . ,:. A “niliaTp : La
; ] 1 L] 1 I I L] L] i 1 1 ] -0.2 1 ] 1 i I ‘ 1 L]
0 5 10 15 20 25 30 -0.2 -0.1 0.0 0.1 0.2 0.3 -0.2 -0.1 0.0 0.1 0.2 0.3
LD1 (81.9%) PC1 (40.6%) PC1 (29.1%)
® Bear Creek 4 Bogue Chitto ©  Lampsilis ovata ® Corbicula fluminea ® Cyclonaias pustulosa
River = Buttahatchee + Duck Species ® Cyclonaias asperata ®  Fusconala cerina ® Tritogonia verrucosa

® Paint Rock % Sipsey ® Amblema plicata





OPS/images/fmicb-13-917051/fmicb-13-917051-g004.jpg
Wilcoxon rank-sum test on function

95% confidence intervals

photoautotrophy »—.—,
phototrophy —
aerobic_chemoheterotrophy —_—
human_pathogens_gastroenteritis —_—
animal_parasites_or_symbionts —_—
nitrate_reduction -_—
fermentation
chemoheterotrophy —_—

0 10 20 30 40-15 -0 5 5 10 15

Proportions(%) Difference between proportions(%)

0.2963

04034

0.4034

02101

08345

06761

06761

W ™Mo
L L0

onend





OPS/images/fmicb-13-917051/fmicb-13-917051-g003.jpg
»_Acdobacera

»_Actobacira

p_Amatinonadetes

p_sict

»_saceroidees

p_Chiamydiae

b_Chorotex

p_Cpanobactera

p_Dadabacera

b_Deinococcus-Thermas

p_Dependentae

p_Fimictes

p_fusobacteia

p_Paescbacera

p_Panciomycetes

b_Proteobacteia

p_RsahF31

b_Tenerctes

p_Verucomicrobia

b_wse

p_undasifid &_orank 4_Sactera

LIsl Ioisiel Y R R R R N B B Jejop Amp j )





OPS/images/fmars-08-764000/fmars-08-764000-g003.jpg
>

—_
o (o)) (o] o
o o o o

Relative Abundance(%)

N
o

[e2]
o

Relative Abundance(%)

N
o

I Acidobacteria
I Actinobacteria

I Proteobacteria(Delta)
I Epsilonbacteraeota
I Fusobacteria

I Proteobacteria(Gamma)

[ Kiritimatiellaeota
I Patescibacteria
I VVerrucomicrobia
B Others

Relative Abundance(%)

[ Arenicellaceae
I Campylobacteraceae

[ ] Actinomycetales
I Aminicenantales
[ Bacteroidales
I Campylobacterales

I Chitinophagales
I Chromatiales

I Cytophagales
I Desulfobacterales
I Flavobacteriales
B Fusobacteriales
I Methylococcales
[ Thiotrichales

I Verrucomicrobiales
I Unclassified

[ Candidatus Moranbacteria

[ ] Campylobacter
I Candidatus Thiobios

[ Chromatiaceae ~ 80~ [ Cocleimonas
Cyclobacteriaceae )
I Desulfobacteraceae 3
I Desulfobulbaceae é 60 - I /chthyobacterium
I Flavobacteriaceae = I Maritimimonas
B Fusobacteriaceae 2 B Nitratifractor
B Marinilabiliaceae o 40- B Persicirhabdus
I Methylomonaceae = I Psychrilyobacter
B Rubritaleaceae = B SEEP-SRB

| I Saprospiraceae 0 20 B Sulfurospirillum
[ Sulfurovaceae I Sulfurovum
B Thiotrichaceae B Thiolapillus

. I Unclassified ' Unclassified

KS’\ wara2 L S22 S E 5,’\\'/\ a2 ¢ & Il Others L- Others
P78 V020267
< VNNV





OPS/images/fmars-08-764000/fmars-08-764000-g004.jpg
A

187 OTUs
1 82‘.‘9T Us
\\ \
M
Aot |
e ot
331 OTUs

( Acidobacteria @ Actinobacteria
@ Chloroflexi
. Fusobacteria

@ Patescibacteria

.Kr

@ Verrucomicrobia

B Kr16

@ Deltaproteobacteria

41 OTUs

. 163 OTUs

‘o‘:;:’

158 OTUs

( Bacteroidetes

() Epsilonbacteraeota

@ Gammaproteobacteria @ Kiritimatiellaeota

@ Minor groups

B L

W

Relative Abundance(%)

0.0 -

(@

Relative Abundance(%)

B Arenicellaceae

[ Campylobacteraceae

B Chromatiaceae
I Cyclobacteriaceae
B Desuifobacteraceae
I Desulfobulbaceae
B Flavobacteriaceae
B Fusobacteriaceae
I Methylomonaceae
B Rubritaleaceae
B Saprospiraceae
I Sulfurovaceae
Thiotrichaceae
B Unclassified
I Others

Kr Kr16 Lq

I Actibacter
B campylobacter
I Candidatus Thiobios
B Cocleimonas
I Desulfobulbus
I /chthyobacterium
B Viaritimimonas
I Nitratifractor
B Persicirhabdus
B Psychrilyobacter
Sulfurovum
B Thiolapillus
B Unclassified
Il Others

Kr Kr16 Lq





OPS/images/fmars-08-764000/fmars-08-764000-g001.jpg
Xapu| uouueys

L 4 * o
@ 1 uw [ 4 A
® 7))
— + g
S %
R ©
1 e | — T
=
. 7
—a . B
o o
. [ O
o o o o o o o o
3 St & 3 = &
Xapu| Loeyd Xopu| Loeyd
-
* * o
"v L 4 AF lL . 1 ﬁlw
= —+ -+
N &)
. : -
A 4 -
\'d
| =
| N =
| P s | w IH
4 * - o ¢ 0)
* & | - S 7 ||-*||_.
¢ : < | O
: : : : : : : : :
[s2} (q\] ~ <t (op] (q\} ~—
SSBUYIIl paAIasqO 0 SSauUYIIll paAIasqO
& ¢ Am (on
_| . 4 =
& ) ! . * mm
...... +|0 |+ R .hTu
f N
% ©
— o 4 -mm 5
_ =
>
} 4 R
L 4 ¢ ‘ G
- +
-2 _ O
8 _E & 3 3 3 _ B ?
Xxopu| uosdwig Auj Xopu| uosdwig Au|
LL
*
< o3 ey
I ke — . =
..... = — -+
¥ &)
& ©
e — " ;
X
£
% 4 QM -H
*° e “ G
- +
p AR 3 )w& -\ m
N _ o o 0 H o A o -
Xopu| UOUUBYUS LLl





OPS/images/fmars-08-764000/fmars-08-764000-g002.jpg
(Kr+Kr16) vs Lg: MRPP(p = 0.003), ANOSIM(p = 0.002), PERMANOVA(p = 0.002)
1.0 A
-
e \
== \
\'.' - ‘\
0.5 \‘ v \
'\
~ . \
X Y
| S . - o - A \\
1 S T g \
c?l) (] ' = ~ < =~ - - -~ \
D _ [} ~ < . - - o = a $
s 00 % g - SRTUR 3}
Z e @ Ty
l* = ~
\ > o
\ v = ~
\ S
_05 = \ A = ~
w ~ o
S o - . N .’\’
-1.0 = =< ~ o - . _ & g -
| | I | | I |
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0

NMDS1

i Kr vs Kr16: MRPP(p = 0.361), ANOSIM(p = 0.118), PERMANOVA(p = 0.268)
4 4 N
R 2N
- ' \\
1 >
02 = ] ~
) . \\
! \\
0.0 - ' T~
- ] ,\ ~
\\*(.\\ \\
4 \\ \\ \\
/ . ~ ’[ ~
o 02 i S ..
Q \ ' ™y S
= -04 - \ Al RS RN
\ \\ ™o \\
Z " . .o .
\\ ‘\ \\\ \\
'0.6_ NS \\ \\ \\
‘0.8_ \\\ \\ \\\.\/
S o - ~ o ~
'1 0 = S o - .\ N
~ o/
_12 | 1 | I | | 1
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0

NMDS2

D

NMDS2

Kr vs Lg: MRPP(p = 0.002), ANOSIM(p = 0.004), PERMANOVA(p = 0.002)

1.0 5 .
el
- el \
.- \
g \
O 5 _ \‘ \
: \ ° v \
\ \
'y A \
S~ o G \
s g \
Te- ol \
0.0 - ~e T Teeal '
/l' o T ?:\
‘e €
NG ¢ -
\ S
\ v ~ .
\ ~
-0.5 4 \ A ~
'1.0 = =~ - o v
Sy
| | I | | I |
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0 2.5
NMDS1
1.0 4 Kr16 vs Lg: MRPP(p = 0.042), ANOSIM(p = 0.046), PERMANOVA(p = 0.031)
. . _ ,.— \‘
0.8 -
J Lam =T - \
i \
0.6 - r.’ - \
\
- “ v "
0.4 - ~ & \
< * \
- :‘ < ‘\ - o - A \
0.2 - | h ~ =~ - o \
(I s ~ T~a “ '
4 i ~ . -~ - \
0.0 - ! S~ kT i
p 'j g S ~ =~ \0\\
-0.2 - = ™~ S o b ~ <
-04 - T~ - ® .
-0.6 4 DR TNl
_0.8 - = ~ - \\ 7
-1.0 T T I T T T T
-1.5 -1.0 -0.5 0.0 0.5 1.0 15 2.0 2.5

Kr_ct
Kr gl 1
Kr gl 2
Kr gl 3
Kr_sc
Kr_sh

Kr vm
Kr16 gl 3
Kr16_sc
Kr16_sh
Kr16_vm
Lg ct
Lg gl 1
Lq gl 2
Lq gl 3
Lg sc
Lq_sh

Lg vm





OPS/images/fmicb-12-769012/fmicb-12-769012-g001.jpg
== =l RN B
2 : - g
5 ; i £ .
1 =
5. el 9. ! seeraiy §
1 E S
. *
gmr é &
S b S| Bwl &
B : S 0l :
s ‘ g al I8 'u

o

Beluga

Pacific white-sided dolphin
Common bottlenose dolphin
Cape fur seal





OPS/images/fmicb-12-769012/fmicb-12-769012-g002.jpg
NMDS2

15 15
10 T
s
o 05 < Beluga
2 ®  Pacific white-sided dolphin
0o H ®  Common bottienose dolphin
Z 00 © Capefur seal
05
05
10
10
a
15
20 A5 10 05 00 05 10 15 45 40 05 00 05 10 15





OPS/images/fmars-08-764000/fmars-08-764000-g005.jpg
OTU_6 . OTU_6 - .
OTU_40 - o OTU_40 - o
OTU_1 81 - /_,./ OTU_1 81 - ________---‘

OTU_46 e OTU_1090 o

OTU_1090 P OTU_46 .

OTU_67 o OTU_26 - .

OTU_38 - [ OTU_67 - '

OTU_65 - @ OTU_68 - &

OTU_54 ® OTU_54 ®
OTU_62 - @ OTU_38 - ®
OTU_64 ) OTU_85 - ®
OTU_26 e OTU_62 - ®
OTU_68 - ] OTU_64 - o
OTU_95 - 2 OTU_688 &

OTU_35 - ® OTU_401 4 @

OTU_36 1 @ OTU_178 [
oTU_ 1784 @ OTU_296 - o
OTU_401] e OTU_36 - @

OTU 296 e oTU 354 e
OTU 6884 @ OTU 954 e
T T T ) T ) T ) T ) TN (VRTINS SRR, SRR (SRS, PR (PO SR A R
2 3 4 5 6 7 00 01 02 03 04 05 06
Mean Decrease Accuracy Mean Decrease Gini

Log10(abundance+1)

HE i
35 3 25 2 185 1 4085 ¥
OTU_65|Epsilonbacteracota|Campylobacteria| Campylobacterales|Sulfurospirillaceae|Sulfurospiriflum
OTU_67|Proteobacteria|Gammaproteobacteria|Vibrionales| Vibrionaceae|Unclassified
OTU_64|Epsilonbacteraeota|Campylobacteria| Campylobacterales|Arcobacteraceae|Arcobacter
] OTU_62|Epsilonbacteraeota|Campylobacteria| Campylobacterales|Arcobacteraceae|Arcobacter
. OTU_95|Proteobacteria| Gammaproteobacteria| Thiomicrospirales| Thiomicrospiraceae|endosymbionts
[ N OTU_1090|Epsilonbacteraeota|Campylobacteria| Campylobacterales|Sulfurovaceae| Sulfurovum

| || | | OTU_688|Epsilonbacteraeota|Campylobacteria|Campylobacterales|Sulfurovaceae| Sulfurovum
H A ,J._llll OTU_178|Epsilonbacteraeota|Campylobacteria| Campylobacterales|Sulfurovaceae|Sulfurovum

. | OTU_401|Epsilonbacteraeota|Campylobacteria|Campylobacterales|Campyiobacteraceae|Campylobacter

OTU_6|Proteobacteria|Deltaprotecbacteria| Desulfobacterales|Desulfobulbaceae|Desulfobulbus
OTU_296|Patescibacteria|Parcubacteria|lUnclassified|Unclassified|Unclassified
OTU_36|Bacteroidetes|Bacteroidia|Bacteroidales|Marinilabiliaceae|Carboxylicivirga
OTU_68|Epsilonbacteraeota|Campylobacteria| Campylobacterales|Sulfurovaceae|Sulfurovum
OTU_35|Proteobacteria| Deltaproteobacteria|Desulfobacterales|Desulfobulbaceae| SEEP-SRB
OTU_54|Aegiribacteria|Unclassified|Unclassified|Unclassified|Unclassified
OTU_26|Bacteroidetes|Bacteroidia|Chitinophagales|Saprospiraceae|Unclassified
OTU_46|Patescibacteria|Parcubacteria|Candidatus Moranbacteria|Unclassified|Unclassified
OTU_40|Patescibacteria|Parcubacteria|Candidatus Moranbacteria|Unclassified|Unclassified
OTU_38|Kiritimatiellaeota|Kiritimatiellae| WCHB1-41|Unclassified|Unclassified
OTU_181|Epsilonbacteraeota|Campylobacteria| Campylobacterales|Sulfurovaceae|Sulfurovum

Bk Bk B Lg

= B { e PR e =

R R S

m©<mm<n|mmmmmmgggom

Gl Sl 370 Tol b L T ST

=N Jw 885 -pw
w





OPS/images/fmicb-12-769012/crossmark.jpg
©

2

i

|





OPS/images/fmars-08-764000/cross.jpg
3,

i





OPS/images/fmicb-13-800061/fmicb-13-800061-g003.jpg
PC2 (14.5%)

PC2 (3.2%)

Type Species
® corbicula 4 mussel ® Amblema plicata ® Cyclonaias asperata ® Fusconaia cerina
® Corbicula fluminea ® Cyclonaias pustulosa © Lampsilis ovata
B .
2 Al ——[D—a ° 0.10
[ ] .. A‘
[ 1 A
0.1 ¢« ° .: ® . o i Aa Amblema plicata - ®es 0.31
o % @ v A b
& 8% o 00 s : 4 .A}“A’ E
. o 1 * 0 Ta Qac st A Tritogonia verrucosa - —I—O 0.13
- rY : ® A .A O. A‘ A“‘A .
r's A A ;
oo :'l'b"“ Iy Fusconaia cerina - . <0.05
A & A A ° é AAA :
. - E
ot l: Cyclonaias asperata - +“ <0.05
A :
-0.2 - A Aa )
A g A Cyclonaias pustulosa : 0.06
-0.3 4 oo
Lampsilis ovata - —- 0.35
03 02 01 00 01 0.2 02 0.0 0.2 0.4 0.6 0.8
PC1 (31.2%) Mantel correlation (r)
D .
0.3 4 :
All- P—[[I—O <0.05
0.2 4 A A
& A, A a4 A Amblema plicata - : o 0—-—<€J.05
A A R ;
0.1 T Ao ah b, A :
r? FOCTRN Ne, n - Tritogonia verrucosa - : + <0.05
°s AA.‘ At ADA? ® . ;
0.0 4 : 4 AA‘*A = AAA. AO ' :
' %A & :',. K_ .3 Fusconaia cerina - o —- oo 0.07
Lo .‘ o +° :
5.4 o 40 " % ree :
- o s A':: - s Cyclonaias asperata - @ + 0.07
021 . I N ?
' « Cyclonaias pustulosa A —F- <0.05
-0.3 - . :
Lampsilis ovata - ;—- 0.08
03 02 -01 00 01 02 03 0.2 0.0 0.2 0.4 0.6 0.8

PC1 (8.7%)

Mantel correlation (r)






OPS/images/fmicb-13-800061/fmicb-13-800061-g002.jpg
Phylogenetic richness

Phylogenetic diversity

60 A

Value

20 1

Wilcoxon, p = 2.5e-10 °

Wilcoxon, p = 2.6e-05

corbicula mussel

corbicula

mussel

Average number of ASVs

300 -

200 1

100 1

0 1000 2000 3000 4000
Number of sequences

Species

—— Lampsilis ovata

— Corbicula fluminea
— Cyclonaias pustulosa
— Cyclonaias asperata
— Fusconaia cerina

— Tritogonia verrucosa
— Amblema plicata





OPS/images/fmicb-13-917051/fmicb-13-917051-g002.jpg
Community analysis pieplot on Genus level

Clostioum_seos_sricto 000 | | atvers30%
-1 [

Community analysis pieplot on Phylum level

-

Actiobacin0 2%

Clowaum.senme_srete 1150
[——
Community analysis piepiot on Phylum level :M8 Community analysis pieplot on Genus level :M8
[IS—
— Fuscbscacatz o [LRm———,
Pren—
Clotidum._senssrto 1637 7






OPS/images/fmicb-13-800061/fmicb-13-800061-g001.jpg
Cyclonaias pustulosa

Cyclonaias asperata

Corbicula fluminea
Fusconaia cerina

Amblema plicata .
Tritogonia verrucosa

Lampsilis ovata 50 mm

Paint Rock

Bear creek

Tennessee basin

' Mobile basin

Slp'aoy

D

DRN

\’\ CWEN MUS

Unionid density (n/m2)

10

Bogue Chitto
s \

100 km-

C. fluminea density (n/m2)
2 BOG
G
- 20
10

BIS 100 km

«

2






OPS/images/fmicb-13-917051/fmicb-13-917051-g001.jpg
Relatve Abundance

100%

001%

0.001%
0

Rank-Abundance curves

100

200

OTU Level Rank

300

—mo
—ms

Ve






OPS/images/fmicb-13-800061/cross.jpg
3,

i





OPS/images/fmicb-13-917051/crossmark.jpg
©

2

i

|





OPS/images/fmicb-13-858508/fmicb-13-858508-i000.jpg
NH





OPS/images/fmicb-13-898145/fmicb-13-898145-t005.jpg
Species Tucoimten  Heating rate  CTiuy LTy References

Schizopygopsis 10°C  1°C/30min 3098 31.76 Zhuetal.,
younghusbandi 15°C 1°C/30min 31.72 32.14 2019

20°C 1°C/%0min 3201 82.31
Schizopygopsis 12°C 1°C/h 323 - Zengetal.
younghusbandi 2019
Schizothorax oconnori 12°C 1°Ch %4 -
Plychobarbus 12°C 1°Ch 302 -
cipogon
Orygymnocypris 10°C  1°C/30min 313 318 Present
stewarti 15°C  1°C/80min 321 326 study

20°C 1°C/30min 323 325
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SampleID  Resampling sequence otus Singletons

T10-0h 10072 2,576 1709
T10-2h 10072 2,041 1452
T10-6h 10072 3,534 2301
T15-0h 10072 2,982 1927
T15-2h 10072 2,795 1617
T15-6h 10072 3,104 1903
T20-0h 10072 3,381 2187
T20-2h 10072 2,428 1802
T20-6h 10072 1,557 1350
T20-12h 10072 2,187 1578

T10, T15, and T20 indicate 10°C, 15°C, and 20°C acclimation temperature backgrounds
of the experimental fish; 0, 2, 6, 12h represent the duration of the heat stress.
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The structure of intestinal mucosa was intact
and no obvious pathological changes, such as
inflammation, were found

Some blood vessel lumen dilation can be seen
inthe muscular layer of intestinal tissue.
Difuse infitration of lymphocytes was
observed in the intestinal mucosa.

Focal infitration of ymphocytes can be seen in
the mucosal layer of intestinal tissue.

Local intestinal vili show epithefial cells
necrosis and abscission.

Some intestinal vl epithelil cels displayed ederma,
el sweling, and cytoplasmic ight staining,

15

The structure of intestinal mucosa was intact
and no obvious pathologioal changes, such
as inflammation, were found

Diffuse infitration of lymphocytes was
observed in the intestinal mucosa.

Diffuse infitration of lymphocytes was
observed in the intestinal mucosa.

Some intestinal vili epithelial cells displayed

edema, cel sweling, and cytoplasic ight
staining,

Local diffuse infitration of lymphocytes can
be seen in the mucosal layer of the tissue.
Local intestinal vili show epithelial cells
necrosis and abscission.

Some intestinal vil epithelel cels display edema,
cell sweling, and cytoplasmic light staining,

The structure of intestinal mucosa was intact and no
obvious pathological changes, such as inflammation,
were found

Diffuse infitration of lymphocytes was observed in
the intestinal mucosa.

Local intestinal vill show epithelial cells necrosis
and abscission.

‘Some intestinal vili epithelial cells displayed

edema, cell sweling, and cytoplasmic light
staining.

Local diffuse infitration of ymphocytes can be seen
in the mucosal layer of the tissue.

Local intestinal vili show epithelial cells necrosis
and abscission.

‘Some intestinal vl epithelal el cisplay edema, cel
sweling, and cytoplasmic light staining.
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Acclimation 10 15 20
temperature (‘C)
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Final body weight (o) 594167 583137  580x136
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CTise () 313 321 323
[T (°C) 318 326 325

Means merked with different superscripts in each column indicate a significant
difference between the means (o <0.05).
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Compound Neg control 1% ACO fish 1% HFO fish V-enriched Fe-enriched Ni-enriched
(mg/kg) feed (mg/kg) feed (mg/kg) fish feed fish feed fish feed
(mg/kg) (mg/kg) (mg/kg)
Bicyclic aromatics Naphthalene <0.5 41.33 12.33 213 =01 <0.1
2-methylnaphthalene <0.5 116.67 37.33 <0.1 <0.1 <0.1
1-methylnaphthalene <0.5 57.33 21.33 <0.1 247 <0.1
C2-alkylnaphthalenes <0.5 136.67 52.33 <0.5 <0.5 2.47
C3-alkylnaphthalenes <0.5 85.00 44.33 <0.5 =05 «0.5
C4-alkylnaphthalenes <0.5 31.00 21.67 <0.5 <0.5 <0.5
Dibenzothiophene <0.5 3.87 3.43 0.87 <0.5 <'0.5
Methyldibenzothiophenes <0.5 77 11.67 <0.5 =05 <0.5
C2-alkyldibenzothiophenes =06 713 21.33 <0.5 <05 =0.5
C3-alkyldibenzothiophenes <0.5 3.70 18.33 <0.5 <05 <0.5
Acenaphthylene <0.5 <0.5 <0.5 <0.5 <05 <0.5
Acenaphthene <0.5 1.47 0.97 <0.5 <0.5 <0.5
Total Bicyclic aromatics <0.5 491 245 3.00 217 2.47
Tricyclic aromatics Phenanthrene <0.5 19.00 5.33 0.90 =05 «0.5
Methylphenanthrenes <0.5 34.67 17.00 <0.5 <05 <0.5
C2-alkylphenanthrenes <0.5 30.00 26.67 0.17 2.77 0.57
C3-alkylphenanthrenes <0.5 46.33 52.00 <0.5 =05 <0.5
C4-alkylphenanthrenes =06 6.43 11.67 0.63 0.60 =0.5
Anthracene <0.5 0.5 0.70 <0.5 <05 <0.5
Total Tricyclic aromatics <0.5 136 113 1.70 3.37 0.57
Tetracyclic aromatics Fluoranthene <0.5 0.23 <0.5 <0.5 <0.5 <05
Pyrene <0.5 0.60 1.53 2.50 <0.5 <05
Benzo(a)anthracene <0.5 <0.5 1.13 <0.5 =05 «0.5
Chrysene <0.5 0.97 2.30 <05 <0.5 <05
Methylpyrenes/flucranthenes <0.5 4.97 6.93 <0.5 <0.5 <0.5
C2-alkylpyrenes/fluoranthenes =0.5 4.77 13.00 0.5 =05 =0.5
CB-alkylpyrenes/fluoranthenes =06 3.23 13.00 <0.5 <05 =0.5
Methylchrysenes <0.5 127 8.57 <0.5 <05 <0.5
C2-alkylchrysenes <0.5 1.67 14.67 0.87 <0.5 <0.5
Methylindenopyrenes <0.5 0.50 2.90 0.33 =05 <0.5
C2-alkylindenopyrenes =06 <0.5 2.70 <0.5 <05 =0.5
Fluorene <0.5 10.67 1.83 3.20 <0.5 <0.5
Total Tetracyclic aromatics <0.5 28.9 68.6 6.90 <0.5 <0.5
Pentacyclic armoatics Benzo(b)fluoranthene <0.5 <0.5 0.33 <0.5 <0.5 <0:5
Benzo(k)fluoranthene =0.5 «D.5 «0.5 0.5 =05 =0.5
Benzo(a)pyrene <0.5 <0.5 1.20 <0.5 =05 «0.5
Indeno(1,2,3-cd)pyrene <0.5 <0.5 <0.5 <0.5 <05 <0.5
Dibenzo(a,h)anthracene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Benzo(g,h,i)perylene <0.5 <0.5 <0.5 <0.5 =05 <0.5
Methylbenzopyrenes =06 <0.5 517 <0.5 <05 =0.5
C2-alkylbenzopyrenes <0.5 0.37 7.28 <0.5 <05 <0.5
Total Pentacyclic aromatics <0.5 0.37 13.9 <0.5 <0.5 <0.5
Metals Sulfur 0 3.9 102 0 270 260
Vanadium 0 0 0.15 19.4 0 0
Iron 0 0 0.38 0 470 0
Nickel 0 0 0.12 0 480
Aluminum 0 0.31 0.15 0 0
Tin 0 0.18 0.13 0 0

Amounts reported are an average of triplicate analyses. “<0.1” or

Supplementary Tables 1, 2.

“

<0.5” denotes no amounts detected above the respective limits of reporting. $See also
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Taxa Female Male

Phyla

Proteobacteria 29.95 35.71
Bacteroidetes 10.20 6.64
Firmicutes 0.10 3.47
Deinococcus-Thermus 1.18 3.13
Nitrospirae 0.48 3.13
Actinobacteria 0.67 1.23
Acidobacteria 1.76 0.97
Fusobacteria 0.32 0.30
Genera

Acinetobacter 28.07 26.19
Turneriella 1.18 0.54
Vogesella 4.57 8.80
Pseudomonas 1.37 3.15
Enhydrobacter 5.01 2.87
Rheinheimera 0.99 4.83
Novosphingobium 1.19 298
Streptococcus 0.01 3.02

Chryseobacterium 2.21 2.93
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GHs

GH1
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GH37
GH38
GH39
GH42
GH43

GH51
GH53
GH63
GH65

GH70
GH73
GH74
GH77
GH78
GH80
GH85
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Number of

proteins
BI-M BI-D
22 39
6 6
6 8
9 16
3 2
2 5
38 49
0 1
0 3
10 3
1 1
3 1
12 20
3 17
6 10
1 4
5 5
4 13
2 0
2 1
2 7
2 5
6 5
0 2
0 1
4 13
3 4
0 3
1 1
7 6
0 2
16 20
3 0
2 6
2 6
1 0
1 0
3 2

Known activities (http://www.cazy.org.)

B-glucosidase, p-galactosidase, p-mannosidase,
others

B-galactosidase, p-mannosidase, B-glucuronidase,
others

B-glucosidase, 1,4-p-xylosidase, 1,3-p-glucosidase,
1,4-B-glucosidase, others

a-glucosidase; a-galactosidase; a-glucuronidase,
others

chitosanase, p-mannosidase, cellulase,
1,3-B-glucosidase, others

chitosanase, cellulase, licheninase,
endo-1,4-B-xylanase, others

a-amylase, a-glucosidase, pullulanase,
cyclomaltodextrinase, others

glucoamylase, glucodextranase, a,a-trehalase

endo-1,3-B-glucanase, licheninase, xyloglucanase,
others

chitinase, endo-B-N-acetylglucosaminidase, others
chitinase

B-hexosaminidase, B-1,6-N-acetylglucosaminidase,
others

lysozyme, peptidoglycan lyase

lysozyme

lysozyme

polygalacturonase, exo-polygalacturonase, others

a-glucosidase, a-1,3-glucosidase, a-xylosidase,
a-glucan lyase, others

invertase, endo-inulinase, endo-levanase, others

sialidase, trans-sialidase, 2-keto-3-deoxynononic
acid sialidase

B-galactosidase, exo-B-glucosaminidase

a-galactosidase, a-N-acetylgalactosaminidase,
others

a,a-trehalase

a-mannosidase, a-1,3-1,6-mannosidase, others
a-L-iduronidase, p-xylosidase

B-galactosidase

B-xylosidase, p-1,3-xylosidase, xylanase,
1,3-B-galactosidase, others
a-L-arabinofuranosidase, endoglucanase
endo-B-1,4-galactanase

a-1,3-glucosidase, a-glucosidase

a,a-trehalase, maltose phosphorylase, trehalose
phosphorylase, others

dextransucrase, alternansucrase, others
peptidoglycan hydrolase

endoglucanase, xyloglucanase
amylomaltase, 4-a-glucanotransferase
a-L-rhamnosidase

chitosanase
endo-B-N-acetylglucosaminidase

d-4,5 unsaturated p-glucuronyl hydrolase
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KEGG pathways
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Pair-Wise test P-value

MY-WS-XR <0.001*
WSD-WSF 0.004**
MYD-MYF 0.007**
XRD-XRF <0.001*
MYF-WSF 0.004**
MYF-XRF 0.249
WSF-XRF 0.005™
WSD-XRD 0.013*
MYD-XRD 0.01*
MYD-WSD 0.029"

*Means significant difference between two populations (o < 0.05).
‘Means very significant difference between two populations (o < 0.07).
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Indices. Mo ™8 P value
Coverage 1£0 1£0 0.205
Sobs. 815£55 330+2 0.006
Shannon 1.69£0.04 2.83+0.04 0.002
Simpson 08+0.03 0.79 £ 0.06 0.823
ACE 196.96 = 4.26 367.58 + 10.35 0019
Chaot 131.58 £ 1.42 359.15+9.79 0.024

Values are the means + SEM, not significantly different if p>0.05.
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ws MF
WSF WSD MYF
Numbers of OTUs 2,069 + 504% 736 + 208* 3,099 + 574"
Alpha-Diversity index  Shannon 5.12 4 0.36% 4.06 + 0.40* 7.85 £ 0.58%

Richness estimator ~ Chao1 ~ 2,102.63 & 536.30% 747.19+237.66° 3,047.10 + 611.21%"
Ace 204334+ 49507% 735.89 +20239° 3,075.18 £ 614.06™
Goods coverage % 98.87+0.16 99.63+0.13 98.650.28

Different superscript letters indicate significant differences in different populations, p < 0.05.
“Means significant difference between flood and dry seasons in the same population, p < 0.05.

MYD

1,198 + 288°
628 +0.34°

XRF

2,934 + 256%
7.51+035"

XR

120591 £286.51°  3,139.96 + 263.71%
3164.42  255.24"

1178.81 + 286.49°
99.5340.18

98.61+0.20

XRD

1812 +233°
6.83+032°
1,328.22 & 251.64°
1801.74 & 242.62°
99.47 £0.14
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Fatty acid Mo M2 M4 M6 ™8 m10
C4:0 13.21 18,72 14.49 13.53 13.15 14.16
C8:0 5.07 5.08 491 5.05 504 5.00
C12:0 3.13 364 434 3.35 3.35 437
C13:0 11.13 10.39 9.71 11.29 10.32 10.14
C14:0 181.39 183.69 18255 182.37 183.62 182.57
C1a:1 2.19 262 281 2.88 270 283
C15:0 19.90 2022 2052 19.93 2021 2051
C16:0 609.04 608.96 606.58 609.36 608.55 606.84
C16:1 6.46 7.59 6.88 6.56 758 6.88
C17:0 12.58 13.74 13.65 12.80 13.42 13.52
C17:1 6.27 691 7.33 673 6.97 7.38
C18:0 12068 12192 12178 121.68 121.97 121.80
18:1-T 16.16 16.09 17.89 16.10 16.02 17.86
C18:1N9C 415.27 41017 418,66 413.30 410.15 418.53
18:2-T 2.74 3.35 2.45 273 3.34 2.46
C18:2N6C 17.35 16,63 18.71 18.34 16.86 18.12
C20:0 11.13 10.45 10.49 10.30 10.40 10.42
C20:1 25.44 27.37 27.27 2343 27.34 27.22
C18:3N3 286.71 236,00 236.16 235.11 236.65 235.11
C20:2 10.35 10.88 1031 10.36 10.85 10.34
C22:0 5.84 5.85 5.95 5.39 5.88 591
C22:1N9 197.83 197.62 194.40 197.33 197.65 196.49
C20:3N3 32.37 3117 34.19 32.74 3313 34.16
C20:4NB 25.20 25.82 2545 25,57 2518 25.40
C24:0 248.36 249.92 237,64 248.40 249.18 237.43
C20:5N3 101.77 10098 101.88 101.17 101.90 101.89
C24:1 21.19 2136 2229 21.39 21.32 2323
C22:6N3 575.88 571.14 571.93 575.90 571.16 570.93





OPS/images/back-cover.jpg
Advantages
of publishing
in Frontiers






OPS/images/fmicb-13-917051/fmicb-13-917051-t002.jpg
Amino acids Mo M2 M4 M6 ™8 10
His* 9.787 9.629 9.926 9.727 9.996 9.768
Ser 18.942 18.519 19.070 18.690 18.904 18,570
Arg* 23.417 23.854 23.425 23.199 23.535 23118
Gly 32.731 30514 28.362 26275 24132 22,012
Asp 42245 42158 42106 2711 425535 42,631
Glu 75.484 75.673 75215 75.742 75.918 75.681
Thre 15514 15.230 15.556 15.925 15.412 15.881
Ala 19.718 19.301 19.759 19.447 19.697 19.424
Pro 20227 19.697 20153 20330 20575 20.228
Cys 1.084 1.029 1.088 1.091 1.084 1.004
Lys* 36.887 36.186 36.894 36.382 36818 36.248
Tyr 9.802 9.759 9.852 9.040 9.307 9.634
Met* 1.860 3.781 5.920 7.739 9.609 11525
Val* 18.640 18211 18.637 18.379 18.590 18.323
le* 17.478 17.136 17.618 17.638 17.890 17.465
Leu* 29.125 29612 29.267 29.666 29.493 29.420
Phe* 18.457 18.104 18.558 18.220 18.565 18.100
Tp / / / / / {

*An essential amino acid; Tip not detected.
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Test groups

Control group
T

Experimental
groups

Diet

Control diet (a basal diet supplemented with 0.3% histamine)

Control diet + probiotic B. pumilus SE5
Control diet 4 probiotic Psychrobacter sp. SE6
Control diet + probiotic B. clausii DE5.
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Control group Experimental groups

m T2 T3 T4
0—28 days WGR (%) 78.33+9.43 85.58 + 8.87 84.66 + 12.08 82.26 + 4.45
SGR (%) 2.21£0.20 2.36 £0.18 2.34 £0.24 2.31 £ 0.09
FCR 1.26 £0.012 1.15 4 0.02° 1.16 &+ 0.01° 1.17 £0.01°
HSI 1.48 £ 0.11 1.73+£0.15 1.65 £ 0.09 1.51 £ 0.08
SR (%) 99.17 £ 0.83 100.00 £ 0.00 98.33+ 0.96 99.17 £0.83
0—56 days WGR (%) 84.67 £9.13 116.35 + 12.68 100.00 £ 15.51 102.81 £ 11.30
SGR (%) 1.09 £ 0.09 1.37 £ 0.11 1.22+£0.14 1.256+£0.10
FCR 1.28 £ 0.08 1.10 £ 0.09 1.16 £0.12 1.20 £0.12
HSI 2.08 £ 0.10 2.56 £ 0.28 2.22 £ 0.11 2.51+0.14
SR (%) 97.50 + 1.60 98.33 + 0.96 98.33+0.96 98.33 + 1.67
Different characters in the same row data indicate significant differences (P < 0.05).
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Samples Treatment Observed OTUs Chao 1P

Zebrafish gut CGM 1,276.33 + 138.02 2,030.56 + 207.72
TGM 1,1564.33 + 44.64 1,880.76 + 120.04

Water CWM 1,042.00 + 29.44 1,735.59 + 81.24
TWM 940.33 + 195.11 1,606.83 + 282.00

aValues represents the mean + SD (n = 3).
bindiicatives of bacterial community richness.
CIndiicatives of bacterial community diversity.
dindiicatives of bacterial sequencing coverage.
®Indicatives of bacterial phylogenetic diversity.

Shannon®

5.63 £ 0.36
5.45 4+ 0.47
5.19 4+ 0.47
4.86 4+ 1.76

Simpson®

0.91 +£0.02
0.89 £ 0.04
0.90 £0.04
0.83 £0.18

Good’s coveraged

0.981 £ 0.002
0.983 + 0.001
0.984 + 0.001
0.986 + 0.002

Phylogenetic diversity®

87.48 + 8.83
79.23 + 2.60
66.70 &+ 2.46
60.11 &+ 8.59
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‘Weight gain rate (WGR, %) = 100 x (final body weight
—initial body weight)/initial body weight

Specific growth rate (SGR, %/d) = 100 x (In final body weight
—In initial body weight) /days of feeding trial

Feed conversion rate (FCR) = feed intake/(final body weight
—initial body weight)

Hepatosomatic index (HSL, %)
=100 x (liver weight/body weight)

Survival rate (SR, %)

00 x number of survived fish in sampling/30.
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HC 0 day
5 day
10 day
15 day

HT 5 day
10 day
15 day

HL 5 day
10 day
15 day

Coverage

0.99772 £ 0.001
0.99867 + 0.0004
0.99675 + 0.003
0.99672 £ 0.0007
0.99815 + 0.001
0.99804 + 0.0009
0.99701 £ 0.002
0.99847 £ 0.0006
0.99685 + 0.002
0.99681 £ 0.001

Diversity index

Richness estimato

Shannon

4.0799 + 0.5672
1.7332 + 0.513%
3.5256 + 0.3872P
2.9509 =+ 1.008b
1.9385 + 1.15%
1.6681 4 0.5042°
2.7821 4 0.823%
2.7448 + 1.392b
1.8005 + 1.132
3.8 + 0.669°

Simpson

0.05591 =+ 0.035%°
0.4005 + 0.19420
0.10256 =+ 0.0502°
0.21192 + 0.1742°
0.37588 =+ 0.2122°
0.48613 + 0.0872
0.26546 + 0.150P
0.24844 + 0.226%
0.49453 + 0.32720
0.12125 £ 0.12P

Ace

487.28 + 28.4280
215.32 4 79.722
521.05 4 256.522°
506.34 + 84.69°
306.01 + 202.0320
207.85 + 144.2820
465.3 + 265.28°
332.98 + 173.9%
466.83 + 329.06%°
602.77 + 136.25°

Chao

485.4 + 23.4578b
187.31 + 31.0632
523.66 =+ 254.5920

497.4 + 92.986°
292.77 + 207.92%°
292.81 + 150.692°
468.13 + 263.44P

317.2 4+ 190.03%
404.98 + 248.3420
611.47 + 139.73°

Values were expressed as means + S.E (n = 3), and values within the same row with different letters are significantly different (p < 0.05). HC: The control group, HT: The
L. lactis 1,209 treatment group, HL: The L. lactis 1,242 treatment group.
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Group  Mortality(%) Sequence number OTU number Coverage

HC 50 56,516 1,345 0.99733
HT 27 55,590 1,561 0.99760
HL 33 54,558 1,509 0.99738

HC: The control group, HT: The L. lactis 1,209 treatment group, HL: The L. lactis
1,242 treatment group.
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Sample ID Read numbers Coverage Number of OUTs Alpha diversity

ACE Chao ‘Shannon Simpson
DLG1® 51898 0.998 682 719.832 727.238 6.449 0.971
bLG2 80316 0.996 666 791.44 793.991 5718 0.989
DLG3 82980 0.997 594 682.288 701.639 5.888 0.963
TRG1 80182 0.995 851 1,050.436 1,067.496 5.546 0.946
TRG2 54944 0.995 1,045 1,224.136 1,226.519 5.844 0.93
TRG3 80184 0.996 856 956.533 963.79 5.39 0.909
DLst 80149 0.997 609 732673 740.211 6.417 0.969
DLS2 56961 0.998 599 677.729 660.348 6.345 0.968
DLS3 80400 0.997 608 770.233 766.08 6.326 0.967
TRS1 80222 0.996 878 988.458 967.877 7.024 0.982
TRS2 80185 0.995 889 1,065.644 1,031.245 7079 0.984
TRS3 74596 0.996 756 883.959 870.874 6.761 0977

20TUs were defined at the 97% similaty level (threshold is 0.03).
PDL stands for Dali Nor-Lake, TR stands for Tangwang River, and G stands for Amur ide intestines, S stands for water.
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