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The migratory bird’s gut microbiome composition and function change during the overwintering period, helping the host to adapt to different environments. Our study investigated the gut microbiome of migratory relict gulls (Larus relictus) in the early and late wintering stages from their overwintering grounds in Tianjin, China. We collected 24 and 29 fecal samples at the early and late stages, respectively, and analyzed the samples using high-throughput sequencing technology to find the relationship between diet, living environment, and gut microbiome of migratory birds. The results showed that the diversity and abundance of microbial communities (alpha diversity) increased during the overwintering period and significantly differed between both groups (beta diversity). Based on the gut microbial taxonomic composition, the relative abundance of Firmicutes decreased during the overwintering period, and Proteobacteria increased significantly. Furthermore, Catellicoccus and Breznakia were the main genera in both the early and late stages. Prediction of KEGG functions based on the PICRUSt2 method showed that changes in the gut microbiome resulted in an increased abundance of bacteria associated with amino acid metabolism, metabolism of cofactors and vitamins, energy metabolism, and environmental adaptation in the late stage. Differences in diet and environment at different stages during the overwintering period may have led to the differentiation of microbial communities, and their adaptive mechanisms need to be further investigated. This is the first in-depth study of the gut microbial composition of L. relictus during the overwintering period in northern China. These findings may contribute to the protection of migratory birds.
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1 Introduction

Avian species play an essential ecological function in natural ecosystems, and the study of their gut microbiomes will help us understand birds’ evolutionary biology, contributing to the protection of endangered species and their living environment (Hird, 2017; Grond et al., 2018; Ingala et al., 2018). Numerous studies have shown that habitat conditions and diet could affect the gut microbial community of wild animals (Davidson et al., 2020), and the intestinal microbiome may also change to help the host adapt to different environments (Youngblut et al., 2019). Currently, abundant studies have shown that migratory bird feces can increase the carbon, nitrogen, and phosphorus content in wetland soil, which helps maintain the diversity of wetland vegetation (Irick et al., 2015; Wu et al., 2018).

Previous studies have shown that most of the world’s birds are migratory (Grond et al., 2018), and monitoring the health of migratory birds at stopover, breeding, and wintering sites is important for the conservation of the species concerned, especially at wintering sites, which are directly related to the survival of their populations (Zhao et al., 2021). However, due to human activities and other reasons, the wintering sites of some bird species show a shrinking trend or fragmentation characteristics (Song et al., 2014). Therefore, focusing on the intestinal flora characteristics of migratory birds, especially for the wintering period of rare and endangered birds, has positive implications for the conservation of this species. Studies have illustrated that the diet and living environments directly affect the gut microbiome composition of birds (Jiang et al., 2020; Wang et al., 2021), especially migratory birds whose living conditions change during the different life activity cycles (Zhao et al., 2021). For example, Zhou et al. (2016) found significant differences between the gut microbiome communities of Tibetan chickens from five different habitats (Zhou et al., 2016). Furthermore, Jarma et al. (2021) analyzed the bacterial community of migratory waterbirds and found that the intestinal microbiome of these birds varied according to changes in feeding habits (Jarma et al., 2021). Zhao et al. (2021) elucidated the gut microbiome of black-necked cranes (Grus nigricollis) between early and late wintering periods, understanding the adaption mechanism of migratory birds (Zhao et al., 2021).

The relict gull (Larus relictus), a migratory bird, is classified as “vulnerable” in the International Union for Conservation of Nature Red List (BirdLife International, 2017; Yang et al., 2021; Wang et al., 2022). Their main breeding grounds are the Russian Far East, eastern Mongolia, and Kazakhstan; every winter, the gulls migrate from colder places to spend winter in China (Liu et al., 2017). Most individual wintering sites of the relict gulls are located in the coastal mudflats of Bohai Bay, China (Liu et al., 2017), but Tianjin Relict Gull Park is one of their main wintering sites in Tianjin, China. During migration, wild birds can obtain food from different environments and interact with other birds (Pekarsky et al., 2021). Therefore, their potential to transmit microorganisms is high (Araujo et al., 2014), and monitoring their health levels will not only help conserve endangered migratory birds but also in the timely detection of the transmission of pathogenic microorganisms. Thus, studying microorganisms from fecal samples will provide a tool to monitor potential pathogens (Turjeman et al., 2020), and changes during the overwintering period will lay the foundation for analyzing the adaptation mechanisms of relict gulls to the living environment (Sun et al., 2022). Numerous studies have shown that the dynamic adjustment of the gut microbiome composition allows the host to absorb food more efficiently to meet their energy and nutrient requirements (Hooper et al., 2002; Koren et al., 2012; Chevalier et al., 2015). However, previous studies of relict gulls have only compared gut microbiome composition at different breeding sites in Inner Mongolia (Liu et al., 2022), and comparative data on gut microbiome at early and late wintering stages have not been studied.

In this study, we for the first time identified the composition and structure of gut microbiome of relict gulls in the early and late wintering stages from Tianjin city, China, using 16S rRNA high-throughput sequencing. Furthermore, the effects of the gut microbiome on host function were characterized by PICRUST 2 at each overwintering period (early and late). These findings may provide new insight into the gut microbiome composition of L relictus during the overwintering period and contribute to protecting migratory birds during this time period.




2 Materials and methods



2.1 Ethics statement

The current study was based on non-invasive techniques for collecting stool samples. Since there was no direct contact with the wild animals, approval from the Institutional Animal Care and Use Committee was not required. Tianjin Normal University approved the project, and the management department of Tianjin Relict Gull Park approved the collection of fecal samples of relict gulls.




2.2 Sample collection

The migratory relict gull typically arrives at Tianjin Relict Gull Park in October and leaves the following Spring. Fresh feces of L. relictus were collected from October 2021 to January 2022 by non-invasive methods. The sampling process overlapped with the monitoring of wintering birds, and all fresh feces were collected as soon as possible after the birds had migrated under binocular observation.

A total of 53 fecal samples from multiple individuals (whole stage, named as “total group”) were collected in this study, including 24 samples collected during October 2021 (early stage, named as “E group”) and 29 samples collected during January 2022 (late stage, named as “L group”) (Table 1). All the samples were placed into sterilized 5 ml EP tubes using a sterilized spoon and frozen temporarily on dry ice in a portable storage box. The feces samples were immediately transported back to the laboratory and stored at -80°C before DNA extraction. The fecal samples were soaked fully in a saturated bioenzyme washing solution for 24 h, and then after washing out, food residue in feces was observed and identified with a stereo microscope.


Table 1 | Larus relictus fecal sample collection information.






2.3 DNA extraction, amplification, and sequencing of fecal microorganisms

Total fecal DNA was extracted using the TIANamp Stool DNA Kit (TIANGEN, Beijing, China), following the manufacturer’s instructions. The absorbance ratios at A260/A230 and A260/A280 were measured using a NanoDrop 2000 spectrophotometer (ThermoFisher Scientific, Wilmington, DE, USA) to assess the quality of the DNA. The DNA concentration in the final extract was measured using a Qubit 2.0 Fluorometer (Life Technologies, Carlsbad, CA, USA).

After extraction, PCR amplification of the 16S rRNA gene (V3-V4 hypervariable region) was conducted using the primers 338F 5′-ACTCCTACGGGAGGCAGCA-3′ and 806R 5′-GGACTACHVGGGTWTCTAAT-3′ (Fadrosh et al., 2014). PCR products were detected by gel electrophoresis (2% agarose gel [w/v]) and recovered by an AxyPrep DNA Gel Recovery Kit (AXYGEN Corporation, Silicon Valley, CA, USA). The concentration and purity were determined by the QuantiFluor-ST™ Blue Fluorescence Quantification System (Promega, Madison, WI, USA). The purified PCR amplicons were then sequenced on an Illumina MiSeq platform at Shanghai Majorbio Bio-pharm Technology Co., Ltd.




2.4 Sequence analysis

The raw data were quality-filtered and merged using QIIME 2 (Chen et al., 2018). The quality-filtered Operational Taxonomic Unit (OTUs) were taxonomically annotated by a pretrained Naive Bayes classifier based on the SILVA 138 database. ADONIS was implemented in the R vegan package, and UniFrac distances were calculated in the Mothur software (Vikram et al., 2021). A one-way ANOVA was used to assess significant differences (p < 0.05 was considered significant) in bacterial abundances between the early and late groups. Venn diagrams are presented to demonstrate the unique and shared OTUs. The Wilcoxon rank-sum test was used to detect variability in community abundances between different subpopulations at the phylum and genus levels with SPSS 26.0 software.




2.5 Statistical analyses and functional predictions

Alpha diversity indices (including the ACE, Chao1, Shannon, Simpson, and Coverage indices) were calculated using the Mothur software (v.1.30.1) to compare the richness and diversity of the microbial communities of the samples. In this study, the Wilcoxon rank-sum test was used to compare the alpha diversity parameters of species at the OTU level. The similarity of the gut microbiome of the two different groups was detected by principal coordinate analysis (PCoA) based on weighted and unweighted UniFrac metrics. PICRUSt 2 (v.2.4.1) was used to predict the 16S rRNA gene sequence and abundance based on the bacterial functional potential of the community to analyze metabolic pathways (Douglas et al., 2020).





3 Results



3.1 Sequencing data

Following Illumina MiSeq sequencing and denoising of the relict gull fecal samples, a total of 2,777,539 optimized sequences were obtained with an average length of 422 bp from 53 samples (Supplementary Table 1). After OTU clustering at 97% similarity, 4182 OTUs were obtained. OTUs were classified into 50 phyla, 134 classes, 323 orders, 532 families, and 1092 genera. The rarefaction based on OTU abundance reached a plateau in both the early and late groups, indicating that the amount of sequencing data was reasonable to reflect the maximum level of microbial diversity, and the species distribution was uniform (Supplementary Figure 1).

Among the 4182 OTUs, 1924 (46%) were shared by relict gulls between the two groups, 763 were present only in the gut microbiome of the E group, and 1495 were present only in the L group (Supplementary Figure 1). The number of phyla and genera shared between the two groups was 38 and 664, respectively (Supplementary Figure 1). The shared phyla belonged to Firmicutes (64.06%), Proteobacteria (21.73%), and Actinobacteriota (4.25%).




3.2 Gut microbiome taxonomic composition

Phyla/genera with more than 1% abundance were classified as dominant phyla/genera. Based on 16S rRNA sequencing at the phylum level, Firmicutes (64.06%), Proteobacteria (21.73%), Actinobacteriota (4.25%), Fusobacteriota (2.26%), Desulfobacterota (1.92%), Bacteroidota (1.01%), and Chloroflexi (1.01%) were the dominant phyla (Figure 1A; Supplementary Figure 2A). Three and nine dominant phyla were detected for the E and L groups, respectively, with the top three for both groups being similar.




Figure 1 | The gut microbiome composition from the relict gull at the phylum/genus level. (A) Microbial structure of fecal samples from the E and L group at the phylum level and (B) microbial structure of fecal samples from the E and L group at the genus level.



A total of 41 phyla were identified in the E group microbiome composition, with the dominant being Firmicutes (81.47%) and Proteobacteria (11.97%), followed by Actinobacteriota (2.07%). The cumulative proportion of these three phyla was above 96%. 47 phyla were identified for the L group microbiome composition, which was dominated by Firmicutes (49.64%) and Proteobacteria (29.81%), followed by Actinobacteriota (6.06%), Fusobacteriota (3.99%), Desulfobacterota (2.68%), Bacteroidota (1.45%), Patescibacteria (1.40%), Chloroflexi (1.37%) and Campilobacterota (1.07%) (Figure 1A; Supplementary Figure 2A; Table 2).


Table 2 | The mean relative abundance of the top 10 most abundant at phyla level.



The gut microbiome composition of the relict gulls was also analyzed at the genus level. A total of 14 bacterial genera were found, showing an average relative abundance above 1% for all samples. The dominant genera in the E group were Catellicoccus (51.60%), Breznakia (8.75%), unclassified_f_Mycoplasmataceae (6.61%), Catenisphaera (6.07%), Methylobacterium-Methylorubrum (4.55%) and unclassified_f_Erysipelotrichaceae (2.34%). The dominant genera in the L group were Catellicoccus (39.17%), Methylobacterium-Methylorubrum (5.47%), unclassified_c_Gammaproteobacteria (5.21%), Psychrobacter (4.23%), Cetobacterium (3.96%), Breznakia (3.64%), Sulfitobacter (1.96%), norank_f_ Desulfocapsaceae (1.93%), Ilumatobacter (1.90%), unclassified_Rhodobacteraceae (1.83%), Ruegeria (1.69%), unclassified_Intrasporangiaceae (1.55%), Actinomarinales (1.25%), Tyzzerella (1.13%), and Actibacter (1.04%) (Figure 1B; Supplementary Figure 2B; Table 3).


Table 3 | The mean relative abundance of the top 10 most abundant at genus level.



Stacked histograms of relative abundance at the phylum (others <1%) and genus level of the gut microbiome (others <1%) are compared in Supplementary Figure 2. The microbiome composition at the class, order, and family level is shown in Supplementary Figure 3.




3.3 Differences between gut microbial communities

The differences in gut microbiome between the E and L groups of the relict gulls were further investigated. The Wilcoxon rank-sum test showed that the abundance of Firmicutes was significantly higher in the E group than in the L group (p < 0.001), whereas the abundance of Proteobacteria, Actinobacteriota, Fusobacteriota, and Desulfobacterota was significantly lower in the E group than in the L group (p < 0.05) (Figure 2A).




Figure 2 | Differences in the gut microbiome and taxa identified by the LEfSe (LDA=3.5). Differential analysis of dominant bacterial phyla (A) and genera (B) between E and L groups based on Wilcoxon rank-sum tests. LEfSe analysis is based on characterizing discriminative features of OTUs (C). *p < 0.05, **p < 0.01, and ***p < 0.001.



At the genus level, the abundance of unclassified_f_Mycoplasmataceae and unclassified_f_Erysipelotrichaceae in the E group was significantly higher than those in the L group (p < 0.01), whereas the abundance of unclassified_c_Gammaproteobacteria, Cetobacterium, unclassified_f_Rhodobacteraceae, norank_f_Desulfocapsaceae, Ruegeria, Ilumatobacter, Sulfitobacter, unclassified_f_Intrasporangiaceae, and Ralstoria in the E group was significantly lower than those in the L group (p < 0.05) (Figure 2B). As a result, the composition of the gut microbiome differed significantly (p < 0.05) between the E and L groups of relict gulls.

Using linear discriminant analysis effect size (LEfSe) analysis to examine intestinal microbial biomarkers, we identified differences in relative abundance between the E and L groups for 4 and 42 taxa (LDA = 3.5) (Figure 2C; Supplementary Figure 4). The results indicated significant differences in important characteristic biomarkers between the two groups for at the genus level (LDA = 3.5). The biomarkers for the E group were unclassified_Mycoplasmataceae and unclassified_Erysipelotrichaceae (LDA = 3.5). The biomarkers for the L group were Erysipelotrichaceae, Sulfitobacter, unclassified_Rhodobacteraceae, Ruegeria, unclassified_Gammaproteobacteria, Cetobacterium, Actinomarinales, Ilumatobacter, unclassified_Intrasporangiaceae, Desulfocapsaceae, and Actibacter (LDA = 3.5) (Figure 2C; Supplementary Figure 4).




3.4 The alpha and beta diversity of the gut microbiome from different groups

For the alpha diversity analysis, the ACE, Chao1, Shannon, and Simpson indices were calculated for each sample. The SPSS 26.0 software was used to perform statistical analyses with the Wilcoxon rank-sum test, and the results revealed significant differences between the E and the L groups (p < 0.05) (Figure 3; Supplementary Table 2). In this study, the ACE (p = 0.001), Chao1 (p = 0.001), and Shannon (p = 0.014) indices were significantly higher in the L group than in the E group. In comparison, the Simpson (p = 0.039) index was significantly lower in the L group than in the E group. This indicates an increase in the abundance and diversity of gut microorganisms during the overwintering period in Tianjin city.




Figure 3 | Alpha diversity between the two groups. (A) Bacterial community richness (ACE index), (B) bacterial community diversity (Shannon index), (C) bacterial community diversity (Chao index), and (D) bacterial community diversity (Simpson index). *p < 0.05 and ***p < 0.001.



Beta diversity was performed using principal coordinate analysis. The PCoA plots were generated for both weighted and unweighted UniFrac metrics to determine whether differences in bacterial composition exist between different populations (Figure 4). The contribution of the first and second principal coordinates for the weighted UniFrac PCoA was 51.84% and 8.11%, respectively (Figure 4A). For the unweighted UniFrac PCoA, the contribution of the first and second principal coordinates were 21.26% and 6.78%, respectively (Figure 4B). The higher contributions for the weighted UniFrac also increased the reliability of the results. This analysis showed that individuals of the same group clustered together, and fecal samples from different groups were clearly separated, suggesting that there were significant differences in the bacterial composition of relict gulls between the E and L groups (weighted UniFrac, p = 0.001; unweighted UniFrac, p = 0.009) (Figure 4).




Figure 4 | PCoA plots of beta diversity of the gut microbiome from the relict gull. PCoA plots based on (A) weighted and (B) unweighted UniFrac distances.






3.5 Functional predictions of the gut microbiome

The main potential functions were annotated using PICRUSt2, including metabolism, genetic information processing, environmental information processing, and cellular processes at KEGG level 1, which significantly (p < 0.05) differed across the two groups (Figure 5A). A total of 409 KEGG pathways (level 3) were classified into 46 secondary KEGG pathways (level 2) and there is significantly difference in KEGG level 2 functions between the E and L groups (Supplementary Figures 5).




Figure 5 | Gut microbial functional predictions of total individuals based on the KEGG database. (A) The results of significantly different functional predictions at KEGG level 2 between E and L groups. Relative abundance of genes associated with (B) carbohydrate metabolism, (C) amino acid metabolism, (D) energy metabolism, (E) metabolism of cofactors and vitamins, and (F) nucleotide metabolism predicted by PICRUSt. The error bars represent standard deviations. The difference was compared based on the post hoc Tukey–Kramer test. *p < 0.05, **p < 0.01, and ***p < 0.001.



Of these pathways, the relative abundance of metabolism accounted for more than 50% of all the pathways the whole process, and most metabolic pathways were similar. Among the latter, the relative abundance of genes related to amino acid metabolism, metabolism of cofactors and vitamins, energy metabolism, and environmental adaption in gut microorganisms in the L group was significantly higher than those in the E group (p < 0.05; Welch’s t-test). On the contrary, the relative abundance of genes related to carbohydrate metabolism, membrane transport, translation, and nucleotide metabolism was significantly lower (p < 0.05; Welch’s t-test) in the L group (i.e., when the migratory relict gull lived in the wintering area for some time) than in the E group (Figures 5B–F; Supplementary Figure 5).

In order to study the health status of the migratory birds, phenotypic predictions based on the gut microbiome composition were performed. Based on BugBase phenotypic predictions, the abundance of Potentially_Pathogenic bacteria (p < 0.001), Gram_Positive bacteria (p < 0.001), and Contains_Mobile_Elements bacteria (p < 0.001) were significantly higher in the E group than those associated with the L group, whereas the abundance of Forms_Biofilms bacteria (p < 0.001), Gram_Negative bacteria (p < 0.001), Aerobic bacteria (p < 0.001) and Stress_Tolerant bacteria (p < 0.01) were significantly lower in the E group than those associated with the L group (Supplementary Figure 6).





4 Discussion

The gut microbiome contributes to host health, and studying gut microorganisms will shed light on the different periods during the life cycle of endangered animals (Waite and Taylor, 2014; Zhang et al., 2021b). To the best of our knowledge, the present study is the first to investigate the gut microbiome of relict gulls during the winter, for which we concluded some important findings.

At the phylum level, the gut microbiome was dominated by Firmicutes and Proteobacteria, which have also been found to predominate among swimming birds (e.g. whooper swans (Cygnus cygnus): Wang et al., 2021; Baer’s pochards (Aythya baeri): Xi et al., 2021) and wading birds (e.g. red-crowned cranes (Grus japonensis): Xie et al., 2016; black-necked cranes (Grus nigricollis): Wang et al., 2020; hooded cranes (Grus monacha): Dong et al., 2019; Gu and Zhou, 2021; Zhang et al., 2021a). Furthermore, it has also been demonstrated that the fecal microbiome of Asian crested ibises (Nipponia nippon) (Zhu et al., 2021) and great tits (Parus major) (Goossens et al., 2022) is dominated by Firmicutes and Proteobacteria. Firmicutes have been found in some avian species to help the host break down complex carbohydrates, polysaccharides, and fats (Turjeman et al., 2020), thus improving the ability of hosts to absorb energy and nutrients from daily food. Proteobacteria have several physiological functions and use high-carbon sources, which help to meet the higher energy and nutritional requirements of the organism (Wang et al., 2021; Xi et al., 2021). It is worth noting that although the dominant phyla of avian species converge, there are species-specific dominant phyla, and these interspecific differences are also reflected in the diverse characteristics of the dominant genera of the species, which are related to the evolutionary status (Hoar et al., 2007), habitat environment (Berlow et al., 2021), habits (Risely et al., 2017), and food habits (Davidson et al., 2020; Zhang et al., 2021a) of the avian species. For instance, within the gull genus, the gut flora of Bradford Beach and Grant Park gulls (Koskey et al., 2014) are dominated by Firmicutes and Proteobacteria, with Catellicoccus as the most abundant genus, which is consistent with the results of this study. Furthermore, our results are overall in line with the dominant phylum found in wintering hooded cranes, but hooded cranes were dominated by Clostridium and Epsilonproteobacteria as the dominant genera (Dong et al., 2019), which is inconsistent with the results of this study. This suggests, in part, that the intestinal flora of species with similar evolutionary statuses converge, while the intestinal flora of species with more different evolutionary statuses vary greatly.

To date, only two related reports have been published on the gut microbiome of relict gulls. One study focused on the wild population in June (Liu et al., 2022), whereas the other focused on the captive population in May (Gao et al., 2021). The top two dominant phyla of these studies were similar to our study. Thus, gut microorganisms belonging to the phyla Firmicutes and Proteobacteria may help the relict gulls adapt to living conditions, a result consistent with previous findings in the breeding period of this species (Liu et al., 2022). At the genus level, the results of this study are consistent with those of Liu et al. (2022), with Catellicoccus as the dominant genus. Catellicoccus, belonging to Firmicutes, is widespread in various bird gut microbiomes (Ryu et al., 2014; Laviad-Shitrit et al., 2019) and is detected predominantly in gull feces (Lu et al., 2008; Koskey et al., 2014). The genome of Catellicoccus marimammalium shows that this bacterium encodes multiple functions (e.g., nutrient transport), suggesting that it may have beneficial effects on its hosts (Koskey et al., 2014). Furthermore, studies on thick-billed murres (Uria lomvia) suggested that Catellicoccus may help these birds to optimize their nutrition. Thus, the high abundance of Catellicoccus in wild relict gulls may be related to limited feeding conditions. The results of Liu et al. (2022) and Gao et al. (2021) showed that Lactobacillus was the co-dominant genus. Although no potential association of Lactobacillus has been found in avian studies, it has been shown that its abundance increases during pregnancy and lactation in humans (Koren et al., 2012). Therefore, we speculate that such differences are likely due to the different life histories of the species related to the sampling time.

Firmicutes produces short-chain fatty acid (SCFAs) that can be directly absorbed by the host’s intestinal wall as an energy source (Yadav et al., 2021). Based on the LEfSe analysis, the relative abundance of Firmicutes was significantly higher in the E group than in the L group. Therefore, a high proportion of Firmicutes may help hosts to digest food and improve energy absorption, facilitating their rapid adaptation to the overwintering environment (Zhang et al., 2021a). Erysipelotrichaceae are part of the phylum Firmicutes. Based on previous research, the levels of Erysipelotrichaceae were associated with the host’s carbohydrate consumption (Cox et al., 2013) and may have the ability to produce SCFAs (Li et al., 2020). Wu et al. (2021) also found that this strain could use plant polysaccharides. The abundance of unclassified_Erysipelotrichaceae belonging to the family ‘ Erysipelotrichaceae ‘ within the phylum Firmicutes was higher in the E group than in the L group, consistent with the predicted metabolic pathways, in which the carbohydrate metabolism was also higher in the E group. We speculate that the content of Firmicutes is high in the early period, while the proportion of Firmicutes decreases in the later period, mainly because the living conditions along the migration route are more diverse and involve many plants in addition to fish. After living in overwintering site Tianjin Relict Gull Park, the main food of relict gull is fish, shellfish and other marine organisms (the information was shown in Supplementary Figures 7, 8). As a result, the proportion of bacteria that could help degrade plant polysaccharides in the E group is higher.

Proteobacteria have a variety of metabolic functions that facilitate the high collective requirements for energy and nutrients (Sun et al., 2022). In this study, the abundance of Proteobacteria was significantly higher in the L group than in the E group, which could be a change made by the relict gulls to adapt to cold weather and scarce food resources. This study also found that the relative abundance of Actinobacteriota was significantly higher in the L group than in the E group, consistent with the findings for overwintering of G. nigricollis, but its potential association with avian species has not been studied. We further found a high relative abundance of Fusobacteriota in this study, consistent with the high relative abundance of Fusobacteriota in some carnivorous birds (Waite and Taylor, 2015); therefore, we hypothesize that the high abundance of Fusobacteriota is related to the predominant consumption of high-protein foods by relict gulls during the wintering period (Supplementary Figures 7, 8). Cetobacterium, which belongs to Fusobacteriota, is predicted to be involved in lipid metabolism (Zhu et al., 2021), and we observed a higher relative abundance of Cetobacterium in the L group than in the E group, improving the utilization of carbon sources after the temperature decreased in the later wintering period. The results suggest that these bacteria may play important functional roles in the relict gulls, such as food digestion, nutrient absorption, and adaptability to the environment, in agreement with previous findings on other avian species (Wang et al., 2021; Yadav et al., 2021; Sun et al., 2022).

Based on beta diversity using both weighted and unweighted UniFrac distances, the two groups were clustered separately and had significant differences. Our finding suggests that the gut microbial composition of the relict gulls varied at the early and late stages of overwintering, similar to many studies demonstrating that different periods of overwintering could have different influences on the compositional structure of microbial communities (Grond et al., 2019; Wang et al., 2021; Zhao et al., 2021) as it relates to different needs. Risely et al. (2018) found no statistically significant differences in microbial communities between migrants and residents of Calidris shorebirds based on alpha diversity (Risely et al., 2018). Inconsistent with the above finding by Risely et al. (2018), the results of this study showed that alpha diversity increased during the overwintering period and may be related to the food source and the living environment in Tianjin city (Supplementary Figures 7, 8). Furthermore, through functional predictions, the proportion of sequences related to human diseases (e.g., Figure 5) was similar between the two groups, indicating that the pathogenic microorganisms carried by relict gulls did not change with migration and wintering grounds. Thus, our analyses of the gut microbiome of the relict gull suggest that the environment and food source for our study site are suitable for L. relictus to survive the winter, to some extent.

In conclusion, this study demonstrates for the first time the microbial community structure of early and late wintering relict gulls. The significant change of some predominant phyla and genera during early and late overwintering periods could be explained as an adaptation to the habitat to some extent. However, it should be mentioned that the limited sample size from one study site likely influenced the statistical power of the present study. Therefore, in future studies, a larger sample size from more habitats could be considered to further determine the comprehensive characteristics of the gut microbiome across the life history of this endangered species.





Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary Material.





Author contributions

DZ, HW, ZZ and HY conceived and designed the study and wrote the manuscript. HY, ZZ, NW, MW, and QW collected the samples and conducted the experiments. DZ, HW, HY, and ZZ analyzed the data. All authors contributed to the article and approved the submitted version.





Funding

This study was supported by Tianjin Bureau of Planning and Natural Resources.




Acknowledgments

We thank the staff of Tianjin Bureau of Planning and Natural Resource and Management Department of Tianjin Relict Gull Park for allowing us access to work at these venues. We also thank the editors and reviewers at Frontiers in Microbiology for improving the manuscript with their professional suggestions.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/frmbi.2023.1218281/full#supplementary-material




References

 Araujo, S., Henriques, I. S., Leandro, S. M., Alves, A., Pereira, A., and Correia, A. (2014). Gulls identified as major source of fecal pollution in coastal waters: a microbial source tracking study. Sci. Total Environ. 470, 84–91. doi: 10.1016/j.scitotenv.2013.09.075

 Berlow, M., Phillips, J. N., and Derryberry, E. P. (2021). Effects of urbanization and landscape on gut microbiomes in white-crowned sparrows. Microb. Ecol. 81 (1), 253–266. doi: 10.1007/s00248-020-01569-8

 BirdLife International (2017). Larus relictus. The IUCN Red List of Threatened Species 2017: e.T22694447A119398496. doi: 10.2305/IUCN.UK.2017-3.RLTS.T22694447A119398496.en

 Chen, S., Zhou, Y., Chen, Y., and Gu, J. (2018). fastp: an ultra-fast all-in-one FASTQ preprocessor. Bioinformatics 34 (17), i884–i890. doi: 10.1093/bioinformatics/bty560

 Chevalier, C., Stojanovic, O., Colin, D. J., Suarez-Zamorano, N., Tarallo, V., Veyrat-Durebex, C., et al. (2015). Gut microbiota orchestrates energy homeostasis during cold. Cell 163 (6), 1360–1374. doi: 10.1016/j.cell.2015.11.004

 Cox, L. M., Cho, I., Young, S. A., Anderson, W. H., Waters, B. J., Hung, S. C., et al. (2013). The nonfermentable dietary fiber hydroxypropyl methylcellulose modulates intestinal microbiota. FASEB J. 27 (2), 692–702. doi: 10.1096/fj.12-219477

 Davidson, G. L., Wiley, N., Cooke, A. C., Johnson, C. N., Fouhy, F., Reichert, M. S., et al. (2020). Diet induces parallel changes to the gut microbiota and problem solving performance in a wild bird. Sci. Rep. 10 (1), 20783. doi: 10.1038/s41598-020-77256-y

 Dong, Y., Xiang, X., Zhao, G., Song, Y., and Zhou, L. (2019). Variations in gut bacterial communities of hooded crane (Grus monacha) over spatial-temporal scales. PeerJ 7, e7045. doi: 10.7717/peerj.7045

 Douglas, G. M., Maffei, V. J., Zaneveld, J. R., Yurgel, S. N., Brown, J. R., Taylor, C. M., et al. (2020). PICRUSt2 for prediction of metagenome functions. Nat. Biotechnol. 38 (6), 685–688. doi: 10.1038/s41587-020-0548-6

 Fadrosh, D. W., Ma, B., Gajer, P., Sengamalay, N., Ott, S., Brotman, R. M., et al. (2014). An improved dual-indexing approach for multiplexed 16S rRNA gene sequencing on the Illumina MiSeq platform. Microbiome 2 (1), 6. doi: 10.1186/2049-2618-2-6

 Gao, L., Liu, L., Du, C., and Hou, Q. (2021). Comparative analysis of fecal bacterial microbiota of six bird species. Front. Vet. Sci. 8. doi: 10.3389/fvets.2021.791287

 Goossens, E., Boonyarittichaikij, R., Dekeukeleire, D., Hertzog, L., Van Praet, S., Pasmans, F., et al. (2022). Tree species diversity and forest edge density jointly shape the gut microbiota composition in juvenile great tits (Parus major). Front. Microbiol. 13. doi: 10.3389/fmicb.2022.790189

 Grond, K., Sandercock, B. K., Jumpponen, A., and Zeglin, L. H. (2018). The avian gut microbiota: community, physiology and function in wild birds. J. Avian Biol. 49 (11), e01788. doi: 10.1111/jav.01788

 Grond, K., Santo Domingo, J. W., Lanctot, R. B., Jumpponen, A., Bentzen, R. L., Boldenow, M. L., et al. (2019). Composition and drivers of gut microbial communities in arctic-breeding shorebirds. Front. Microbiol. 10. doi: 10.3389/fmicb.2019.02258

 Gu, J., and Zhou, L. (2021). Intestinal Microbes of Hooded Cranes (Grus monacha) Wintering in Three lakes of the middle and lower Yangtze River floodplain. Anim. (Basel) 11 (5), 1390. doi: 10.3390/ani11051390

 Hird, S. M. (2017). Evolutionary biology needs wild microbiomes. Front. Microbiol. 8. doi: 10.3389/fmicb.2017.00725

 Hoar, B. M., Whiteside, D. P., Ward, L., Douglas Inglis, G., and Morck, D. W. (2007). Evaluation of the enteric microflora of captive whooping cranes (Grus americana) and sandhill cranes (Grus canadensis). Zoo Biol. 26 (2), 141–153. doi: 10.1002/zoo.20125

 Hooper, L. V., Midtvedt, T., and Gordon, J. I. (2002). How host-microbial interactions shape the nutrient environment of the mammalian intestine. Annu. Rev. Nutr. 22, 283–307. doi: 10.1146/annurev.nutr.22.011602.092259

 Ingala, M. R., Simmons, N. B., Wultsch, C., Krampis, K., Speer, K. A., and Perkins, S. L. (2018). Comparing microbiome sampling methods in a wild mammal: fecal and intestinal samples record different signals of host ecology, evolution. Front. Microbiol. 9. doi: 10.3389/fmicb.2018.00803

 Irick, D. L., Gu, B., Li, Y. C., Inglett, P. W., Frederick, P. C., Ross, M. S., et al. (2015). Wading bird guano enrichment of soil nutrients in tree islands of the Florida everglades. Sci. Total Environ. 532, 40–47. doi: 10.1016/j.scitotenv.2015.05.097

 Jarma, D., Sanchez, M. I., Green, A. J., Peralta-Sanchez, J. M., Hortas, F., Sanchez-Melsio, A., et al. (2021). Faecal microbiota and antibiotic resistance genes in migratory waterbirds with contrasting habitat use. Sci. Total Environ. 783, 146872. doi: 10.1016/j.scitotenv.2021.146872

 Jiang, H., Chen, W., Su, L., Huang, M., Lin, L., Su, Q., et al. (2020). Impact of host intraspecies genetic variation, diet, and age on bacterial and fungal intestinal microbiota in tigers. MicrobiologyOpen 9 (7), e1050. doi: 10.1002/mbo3.1050

 Koren, O., Goodrich, J. K., Cullender, T. C., Spor, A., Laitinen, K., Backhed, H. K., et al. (2012). Host remodeling of the gut microbiome and metabolic changes during pregnancy. Cell 150 (3), 470–480. doi: 10.1016/j.cell.2012.07.008

 Koskey, A. M., Fisher, J. C., Traudt, M. F., Newton, R. J., and McLellan, S. L. (2014). Analysis of the gull fecal microbial community reveals the dominance of Catellicoccus marimammalium in relation to culturable Enterococci. Appl. Environ. Microbiol. 80 (2), 757–765. doi: 10.1128/AEM.02414-13

 Laviad-Shitrit, S., Izhaki, I., Lalzar, M., and Halpern, M. (2019). Comparative analysis of intestine microbiota of four wild waterbird species. Front. Microbiol. 10. doi: 10.3389/fmicb.2019.01911

 Li, L. L., Wang, Y. T., Zhu, L. M., Liu, Z. Y., Ye, C. Q., and Qin, S. (2020). Inulin with different degrees of polymerization protects against diet-induced endotoxemia and inflammation in association with gut microbiota regulation in mice. Sci. Rep. 10 (1), 978. doi: 10.1038/s41598-020-58048-w

 Liu, L., Du, C., Liu, Y., and Gao, L. (2022). Comparative analysis of the fecal microbiota of relict gull (Larus relictus) in Mu Us Desert (Hao Tongcha Nur) and Bojiang Haizi in Inner Mongolia, China. Front. Vet. Sci. 9. doi: 10.3389/fvets.2022.860540

 Liu, D., Zhang, G., Jiang, H., Chen, L., Meng, D., and Lu, J. (2017). Seasonal dispersal and longitudinal migration in the Relict Gull Larus relictus across the Inner-Mongolian Plateau. PeerJ 5, e3380. doi: 10.7717/peerj.3380

 Lu, J., Santo Domingo, J. W., Lamendella, R., Edge, T., and Hill, S. (2008). Phylogenetic diversity and molecular detection of bacteria in gull feces. Appl. Environ. Microbiol. 74 (13), 3969–3976. doi: 10.1128/AEM.00019-08

 Pekarsky, S., Corl, A., Turjeman, S., Kamath, P. L., Getz, W. M., Bowie, R. C. K., et al. (2021). Drivers of change and stability in the gut microbiota of an omnivorous avian migrant exposed to artificial food supplementation. Mol. Ecol. 30 (19), 4723–4739. doi: 10.1111/mec.16079

 Risely, A., Waite, D. W., Ujvari, B., Hoye, B. J., and Klaassen, M. (2018). Active migration is associated with specific and consistent changes to gut microbiota in Calidris shorebirds. J. Anim. Ecol. 87 (2), 428–437. doi: 10.1111/1365-2656.12784

 Risely, A., Waite, D., Ujvari, B., Klaassen, M., and Hoye, B. (2017). Gut microbiota of a long-distance migrant demonstrates resistance against environmental microbe incursions. Mol. Ecol. 26 (20), 5842–5854. doi: 10.1111/mec.14326

 Ryu, H., Grond, K., Verheijen, B., Elk, M., Buehler, D. M., and Santo Domingo, J. W. (2014). Intestinal microbiota and species diversity of Campylobacter and Helicobacter spp. in migrating shorebirds in Delaware Bay. Appl. Environ. Microbiol. 80 (6), 1838–1847. doi: 10.1128/AEM.03793-13

 Song, H. T., Zhang, Y. S., Gao, H. F., Guo, Y. H., and Li, S. N. (2014). Plateau Wetlands, an Indispensible habitat for the black-necked crane (Grus nigricollis) - a review. Wetlands 34 (4), 629–639. doi: 10.1007/s13157-014-0559-5

 Sun, F., Chen, J., Liu, K., Tang, M., and Yang, Y. (2022). The avian gut microbiota: Diversity, influencing factors, and future directions. Front. Microbiol. 13. doi: 10.3389/fmicb.2022.934272

 Turjeman, S., Corl, A., Wolfenden, A., Tsalyuk, M., Lublin, A., Choi, O., et al. (2020). Migration, pathogens and the avian microbiome: A comparative study in sympatric migrants and residents. Mol. Ecol. 29 (23), 4706–4720. doi: 10.1111/mec.15660

 Vikram, S., Arneodo, J. D., Calcagno, J., Ortiz, M., Mon, M. L., Etcheverry, C., et al. (2021). Diversity structure of the microbial communities in the guts of four neotropical termite species. PeerJ 9, e10959. doi: 10.7717/peerj.10959

 Waite, D. W., and Taylor, M. W. (2014). Characterizing the avian gut microbiota: membership, driving influences, and potential function. Front. Microbiol. 5. doi: 10.3389/fmicb.2014.00223

 Waite, D. W., and Taylor, M. W. (2015). Exploring the avian gut microbiota: current trends and future directions. Front. Microbiol. 6. doi: 10.3389/fmicb.2015.00673

 Wang, W., Huang, S., Yang, L., and Zhang, G. (2021). Comparative analysis of the fecal bacterial microbiota of wintering whooper swans (Cygnus cygnus). Front. Vet. Sci. 8. doi: 10.3389/fvets.2021.670645

 Wang, W., Wang, F., Li, L., Wang, A., Sharshov, K., Druzyaka, A., et al. (2020). Characterization of the gut microbiome of black-necked cranes (Grus nigricollis) in six wintering areas in China. Arch. Microbiol. 202 (5), 983–993. doi: 10.1007/s00203-019-01802-0

 Wang, Q., Yang, C., Hu, D., Xiao, H., and Zhang, D. (2022). Breeding population dynamics of relict gull (Larus relictus) in Hongjian Nur, Shaanxi, China. Anim. (Basel) 12 (8), 1035. doi: 10.3390/ani12081035

 Wu, L., Liu, X., Fang, Y., Hou, S., Xu, L., Wang, X., et al. (2018). Nitrogen cycling in the soil-plant system along a series of coral islands affected by seabirds in the South China Sea. Sci. Total Environ. 627, 166–175. doi: 10.1016/j.scitotenv.2018.01.213

 Wu, J., Liu, M., Zhou, M., Wu, L., Yang, H., Huang, L., et al. (2021). Isolation and genomic characterization of five novel strains of Erysipelotrichaceae from commercial pigs. BMC Microbiol. 21 (1), 125. doi: 10.1186/s12866-021-02193-3

 Xi, L., Song, Y., Han, J., and Qin, X. (2021). Microbiome analysis reveals the significant changes in gut microbiota of diarrheic Baer's Pochards (Aythya baeri). Microb. Pathog. 157, 105015. doi: 10.1016/j.micpath.2021.105015

 Xie, Y., Xia, P., Wang, H., Yu, H., Giesy, J. P., Zhang, Y., et al. (2016). Effects of captivity and artificial breeding on microbiota in feces of the red-crowned crane (Grus japonensis). Sci. Rep. 6, 33350. doi: 10.1038/srep33350

 Yadav, S., Caliboso, K. D., Nanquil, J. E., Zhang, J., Kae, H., Neupane, K., et al. (2021). Cecal microbiome profile of Hawaiian feral chickens and pasture-raised broiler (commercial) chickens determined using 16S rRNA amplicon sequencing. Poult Sci. 100 (7), 101181. doi: 10.1016/j.psj.2021.101181

 Yang, C., Li, X., Wang, Q., Yuan, H., Huang, Y., and Xiao, H. (2021). Genome-wide analyses of the relict gull (Larus relictus): insights and evolutionary implications. BMC Genomics 22 (1), 311. doi: 10.1186/s12864-021-07616-z

 Youngblut, N. D., Reischer, G. H., Walters, W., Schuster, N., Walzer, C., Stalder, G., et al. (2019). Host diet and evolutionary history explain different aspects of gut microbiome diversity among vertebrate clades. Nat. Commun. 10 (1), 2200. doi: 10.1038/s41467-019-10191-3

 Zhang, Z., Yang, Z., and Zhu, L. (2021b). Gut microbiome of migratory shorebirds: Current status and future perspectives. Ecol. Evol. 11 (9), 3737–3745. doi: 10.1002/ece3.7390

 Zhang, N., Zhou, L., Yang, Z., and Gu, J. (2021a). Effects of food changes on intestinal bacterial diversity of wintering hooded cranes (Grus monacha). Anim. (Basel) 11 (2), 433. doi: 10.3390/ani11020433

 Zhao, J., Wang, Y., Zhang, M., Yao, Y., Tian, H., Sang, Z., et al. (2021). Structural changes in the gut microbiota community of the black-necked crane (Grus nigricollis) in the wintering period. Arch. Microbiol. 203 (10), 6203–6214. doi: 10.1007/s00203-021-02587-x

 Zhou, X., Jiang, X., Yang, C., Ma, B., Lei, C., Xu, C., et al. (2016). Cecal microbiota of Tibetan chickens from five geographic regions were determined by 16S rRNA sequencing. Microbiologyopen 5 (5), 753–762. doi: 10.1002/mbo3.367

 Zhu, Y., Li, Y., Yang, H., He, K., and Tang, K. (2021). Establishment of gut microbiome during early life and its relationship with growth in endangered crested ibis (Nipponia nippon). Front. Microbiol. 12. doi: 10.3389/fmicb.2021.723682




Publisher's note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2023 Yao, Zhang, Wu, Wang, Wu, Wu and Zhao. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Comparative analysis of intestinal flora at different overwintering periods in wild relict gulls (Larus relictus): first evidence from Northern China

      

        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Ethics statement

          



          		

            2.2 Sample collection

          



          		

            2.3 DNA extraction, amplification, and sequencing of fecal microorganisms

          



          		

            2.4 Sequence analysis

          



          		

            2.5 Statistical analyses and functional predictions

          



        



        



        		

          3 Results

        

          		

            3.1 Sequencing data

          



          		

            3.2 Gut microbiome taxonomic composition

          



          		

            3.3 Differences between gut microbial communities

          



          		

            3.4 The alpha and beta diversity of the gut microbiome from different groups

          



          		

            3.5 Functional predictions of the gut microbiome

          



        



        



        		

          4 Discussion

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/frmbi-02-1218281-g001.jpg
‘\N\“\\l\l\l\lﬂl|||||l|“Nii|||H\|\|HI\NUH“
M





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/frmbi-02-1218281-g005.jpg
Carboyrate metbolin Jrp——

E £

J——






OEBPS/Images/table2.jpg
Sample

oup. Top ten abundant phyla (;

Eary (& group) Fimicutes (8147)
Protobactera (11.9)
Adinobacteion (208)

Desulfobacterota (099)

Chloroflex (057)

Camplobacterota (050)
Bactroidota (0.49)
Patescibactria (040)
Fusobacterita (0.18)

Late (1 group) Firmicutes (1961)
Proteobactera (29:81)
Actinobacterioa (606)
Fusobacteriota (399)
Desulfobacteriota (268)
Bactroidota (1.45)
Patescibactria (1.40)
Chioroflex (137)
Campilobacterota (107)

Acidobactriota (0.66)





OEBPS/Images/frmbi-02-1218281-g003.jpg
[ - f -
T.l, |

SEETEIFEFITECG T 33333333 °3
o Pt 1010 oy s o Pt opr ks






OEBPS/Images/table3.jpg
Sample group. Top ten abundant gerna

Ealy (5 group) Catelicoccus (51.60)
Breenakia (875)
wnlssifed fMycoplasmatacese (6.61)
Cuteniphacra (697)
Methyabactran-Methylorubram (1.5)
unlassifed fEyspeotichaceac (234)
norank_fDesulfapsaceae (063)
wnclassifed_ odobacteraceae 085
Rasgeria (052)
wnlssifed_c.Gammaproteobaceria (060)
Lot (1 group) Catelcocus (39.17)
Methylobaceran. Methyorubram (5.47)

unclassfed_.Gammaproteobaceria (521)

Palrobacter (123)

Breznakia (361)
Sulftobacter (196)

norank fiDesulfcapsaceae (193)
Hamatobacer (1.90)

wnclassfied_Rhodobacteraceac (183)





OEBPS/Images/logo.jpg
& frontiers | Frontiers in Microbiomes





OEBPS/Images/frmbi.2023.1218281_cover.jpg
& frontiers | Frontiers in Microbiomes

Comparative analysis of intestinal flora at
different overwintering periods in wild relict
gulls (Larus relictus): first evidence from
Northern China





OEBPS/Images/frmbi-02-1218281-g002.jpg
B
_______E____ T w___:_________z__
il PR






OEBPS/Images/table1.jpg
Sample Collection time

cation Vegetation of the samples

20010 750273839, 913956585 Grin, plant,orseds on the

021 11780273839, 3913956555 Phytoplankion on the beach





OEBPS/Images/frmbi-02-1218281-g004.jpg
onn
o





