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Nest materials are a major heat source due to rotting promoted by microbial activity. Additionally, they are a potential microbial source given their direct contact with eggshells. Microbial dynamics during incubation have been studied in wild birds; however, similar studies in reptiles remain elusive. Here, the study characterized microbial communities in the nest materials of Chinese alligator (Alligator sinensis) using high-throughput sequencing of bacterial 16S rRNA genes and fungal internal transcribed spacer (ITS) region sequences. The results showed that significant changes in the diversity and structure of microbial communities according to different incubation periods. The diversity and richness of bacterial species increased significantly over time, but the relative abundance of the most dominant bacteria in pre-incubation period, including some pathogenic bacteria, declined after incubation. In contrast, fungal species diversity and richness decreased significantly with time. Additionally, nest material composition significantly influenced microbial community structure rather than species diversity and richness. Notably, the fungal community structure showed a stronger response than bacteria to nest material composition, which varied due to differences in plant litter composition. Our results demonstrate the significant response of microbial community diversity and structure to differences in incubation periods and nest material composition in reptiles. It is further emphasized that the importance of incubation period in the conservation of the Chinese alligator and could inform similar studies in other reptiles and birds.
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Introduction

Reproduction is one of the most critical stages of the animal life cycle and involves the transmission of individual genes for the continuation of the population. Reproductive activity requires a stable and safe environment to guarantee successful breeding, and nests play a critical role in determining the breeding success of especially egg-laying species (Hanmer et al., 2017). Reptiles typically deposit their eggs in an untended nest (Noble et al., 2018), and nest-site selection can directly influence hatching success, survival, phenotype, and sex ratio (Hoi et al., 1994, 1996; Weidinger, 2002; Mitchell et al., 2013). All crocodilians undergo temperature-dependent sex determination (TSD), in which the sex of embryos is determined during incubation by the action of temperature on the sexual differentiation system during a thermo-sensitive period (TSP) (Lang and Andrews, 1994). The nests of many crocodile species have been shown to maintain warm and relatively stable temperatures despite ambient fluctuations (Magnusson, 1979). The major heat sources in nests include environmental temperatures, embryo metabolism, termite mounds, rotting vegetation, and microbial metabolism (Coenen-Strass et al., 1980; Magnusson et al., 1985). In particular, significant amounts of heat are produced in the nest by rotting vegetation (Tansey, 1973; Magnusson, 1979). In wood ants, the heat production of nest material originates from microbial activity and is chiefly the result of aerobic metabolism (Coenen-Strass et al., 1980). However, how nest material and microbes influence nest temperature in crocodiles and alligators remains unclear.

Birds and reptiles often use a wide variety of plant litter, soil, animal and artificial materials to construct their nests; thus, differences in nest material composition can influence microbial diversity and structure, in turn influencing overall metabolic activity. Birds prefer to use aromatic plants and feathers for nest building because of the antimicrobial properties of some volatile compounds produced by green plants and chemicals of feather-degrading bacteria (Ruiz-Castellano et al., 2016, 2019). European Starlings (Sturnus vulgaris) use fresh vegetation that release anti-pathogenic compounds as a nesting material to inhibit bacterial growth (Clark and Mason, 1985), and fewer bacteria were sampled in nests with herbs than those without (Gwinner and Berger, 2005). House finches (Haemorhous mexicanus) use cigarette butts as part of the nesting material as the cigarette reduces parasite load and increases breeding success (Suárez-Rodríguez et al., 2013). Chinese alligators (Alligator sinensis) select nesting sites based on environmental factors (López-Luna et al., 2015), though whether a similar preference in the selection of nest material exists for these species is unclear.

Bacteria and fungi quickly develop on and colonize nest material. Eggshells are in direct contact with nest material during incubation and, as a result, are sensitive to the nest’s microbiome. Many studies on birds and turtles have shown a positive association between eggshell and nest material microbial communities (Martínez-García et al., 2016; Ruiz-Castellano et al., 2016; Ackerman, 2017; Candan and Candan, 2020). Some bacteria and fungi can digest the cuticle layer and penetrate the eggshell through pores, ultimately reducing clutch success (Kozlowski et al., 1991; Bruce and Drysdale, 1994; Houston et al., 1997; Cook et al., 2003, 2005a,2005b). Microbial communities fluctuate during incubation. A study on the Oriental Tit suggested that bacterial communities had higher diversity and some pathogenic bacteria had a lower relative abundance (Song et al., 2022). In addition, a decrease in the number of potentially harmful gram-negative bacteria, and complete extinction of harmful hemolytic bacteria can be observed after incubation, the total microbial abundance, diversity, and growth decreases after incubation (Cook et al., 2005a,b; Potter et al., 2013; Brandl et al., 2014; Grizard et al., 2014, 2015; Lee et al., 2014). Nest materials also mediate microbial transmission between parents and offspring. For example, the early life assembly of passerine chick gut microbiota is shaped by maternal gut microbes via the nest (Brandl et al., 2014; Chen et al., 2020). Thus, the composition and dynamics of microbial communities in nest materials could further elucidate studies of breeding success and thus be vital to conservation biology. Here, we examined the microbial community dynamics of different nest materials during various incubation periods in nests of the Chinese alligator using a high throughput sequencing technique. Our primary aims are to test (1) Whether there are significant dynamics in bacterial and fungal diversity and structure during different incubation and different nest material composition, and explore possible mechanisms based on our results; (2) discuss the potential role of nest material microbial community dynamics in reptile growth and adaption.



Materials and methods


Field site and nest material sampling

The study site was located in the Yinjiabian Changxing Chinese Alligator Nature Reserve (YCCNR, 30°93′ N, 119°73′ E) in Zhejiang Province, China. YCCNR covers an area of 5401.57 m2 and contains a natural wetland (Zhao et al., 2013). During late June (pre-incubation period), late July (mid-incubation period), and late August (post-incubation period) of the nesting season in 2021, a total of 90 samples were collected from 30 nest mounds at the approximate depth of the clutch and placed in a disposable sample bag (Figure 1). A total of 12 plant litter and surface soil samples were collected randomly from the area surrounding the nests and were used as control groups. All samples were transported on ice. Nest material composition was determined based on the surrounding plants. Almost all nests consisted of mud and plant litter, including fallen leaves, branches, and weeds. Nests were divided into 3 groups according to nest material composition: (i) B groups, mainly included bamboo leaves and a little soil (B1–B3); (ii) C groups, had couch grass and a few other herbaceous plants with some soil (C1–C3); (iii) M groups, mixed plant litter and soil, including leaves and branches of some woody plants, such as camphor and osmanthus (M1-M3). Arabic numerals (1, 2, and 3) represent the pre-, mid-, and post-incubation period, respectively (Supplementary Table 1).
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FIGURE 1
The sampling sites in this research.




DNA extraction, 16S rDNA and ITS1 gene amplification and sequencing analysis

Total genomic DNA was extracted using the CTAB/SDS method; purity and DNA concentration were determined using agarose gel electrophoresis. An appropriate amount of DNA was placed in a sterile centrifuge tube and diluted with sterile water to 1 ng/μL. The diluted genomic DNA was used as a template according to the selection of the sequencing region. Specific primers with barcodes, Phusion® High-Fidelity PCR Master Mix with GC Buffer (New England Biolabs), and high-fidelity enzymes were used for polymerase chain reaction (PCR). For bacteria, the V4–V5 region of 16S rDNA was amplified using the forward primer 515F (5′-GTGCCAGCMGCCGCGGTAA-3′) and reverse primer 806R (5′-GGACTACHVGGGTWTCTAAT-3′) (Bergmann et al., 2011). For fungi, the internal transcribed spacer 1 (ITS1) was amplified using the forward primer for ITS5-1737F (5′-GGAAGTAAAAGTCGTAACAAGG-3′) and reverse primer for ITS2-2043R (5′-GCTGCGTTCTTCATCGATGC-3′) (Bellemain et al., 2010). The PCR products were subjected to electrophoresis on 2% agarose gel. A TruSeq® DNA PCR-Free Sample Preparation Kit was used to construct a library, which was quantified using Qubit and Q-PCR. Sequencing was performed using a NovaSeq 6000.



Bioinformatics and statistical analysis

According to the barcode and PCR amplification primer sequence, the sample data were separated from the down-machine data, and the barcode and primer sequences were trimmed. FLASH (v1.2.71) (Magoč and Salzberg, 2011) was used to splice the reads of each sample. The raw tags obtained were stitched together under strict filtering (Bokulich et al., 2013) to obtain clean tags. To obtain effective tags, chimeric sequences were removed from the clean tags (Haas et al., 2011; Rognes et al., 2016) after QIIME quality-controlled processing (v1.9.12) (Caporaso et al., 2010). Nucleotide sequences showing 97% identity were clustered into operational taxonomic units (OTUs) using Uparse (Uparse v7.0.10013) (Edgar, 2013). Species annotation of the representative OTU sequence was carried out using the Mothur method and SSUrRNA database (defined threshold of 0.8–1.0) (Quast et al., 2013).

Alpha diversity indices (Observed-OTUs, Chao1, Shannon, Simpson, ACE, Goods-coverage, and PD_whole_tree), beta diversity (unweighted and weighted UniFrac distance) indices, and UPGMA sample clustering tree was calculated and constructed using QIIME (v1.9.1). The alpha and beta diversity indices were compared among samples with the Wilcoxon rank-sum test suing R software. Analysis of similarity (ANOSIM) was performed based on the Bray–Curtis distance matrix using the R vegan package. We also compared the relative abundances of bacteria and fungi at various taxonomic levels based on the linear discriminant analysis (LDA) effect size (LEfSe) method using LEfSe software (Segata et al., 2011); statistically significant differences in the relative abundance of microbiota between groups were compared with a t-test. Additionally, we used Tax4Fun to predict the bacterial functional pathway from 16S rRNA data. The FunGuild database was used to predict fungal function. Heat maps, box plots, and bar charts were generated using the “ggplot2” package of R software. Figure modifications were performed using Adobe Illustrator.




Results


Summary of 16 S rRNA gene and ITS sequencing data

A total of 8311846 high quality 16S rRNA gene reads were obtained from 90 nest material bacterial samples and 12 control groups, the average lengths 373 bp (Supplementary Table 2). The OTUs identified in all samples were divided into 81 phyla, 165 classes, 370 orders, 547 families and 1004 genera. In total, 8399134 clean reads of fungi were obtained from 89 nest materials fungal samples (eliminate abnormal sample C14) and 12 control groups, the average lengths 233 bp (Supplementary Table 3). The OTUs identified in all samples were divided into 15 phyla, 61 classes, 188 orders, 440 families and 1028 genera.3.2 Differences in microbial composition between groups.



Differences in microbial composition between groups

The most abundant bacterial phyla, Proteobacteria, Actinobacteria, Bacteroidetes, Chloroflexi, Firmicutes, Myxococcota, Planctomycetes, and Verrucomicrobia, were common to all nest material groups (B, C, and M) as well as the control group (CG) (Figure 2A). In the same incubation period, the relative abundance of the major bacterial phyla was similar between groups (B1 vs. C1 vs. M1; B2 vs. C2 vs. M2; B3 vs. C3 vs. M3) (Figure 2A). Differential abundance analysis showed that Proteobacteria and Bacteroidetes in the same nest material decreased in relative abundance after incubation, whereas Planctomycetes and Myxococcota became significantly more abundant (Figures 3A–C). The most abundant fungal phyla were Ascomycota, Basidiomycota, and Rozellomycota (Figure 2B). The relative abundance of the Ascomycota phylum was over 70% in pre-incubation period, whereas it became significantly less abundant after incubation (Figure 3D).
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FIGURE 2
Relative abundance of microbes at the phyla and genus levels according to nest material composition and incubation period. (A) The dominant bacteria phyla, (B) dominant fungi phyla, (C) dominant bacterial genera, and (D) dominant fungi genera. The letters in group ID represents nest material composition (B, bamboo leaf; C, couch grass; M, mixed litter; CG, control group); Arabic numerals represent different incubation periods (1, pre-incubation period; 2, mid-incubation period; 3, post-incubation period).
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FIGURE 3
Differential abundance analysis and comparisons with t-test at the phylum level during incubation. (A–C) Bacteria; (D) fungi. Only significant results (p < 0.05) are shown. The letters in group ID represents nest material composition (B, bamboo leaf; C, couch grass; M, mixed litter; CG, control group); Arabic numerals represent different incubation periods (1, pre-incubation period; 2, mid-incubation period; 3, post-incubation period).


The top 10 most abundant bacterial genera were Herpetosiphon, Flavobacterium, Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium, Pantoea, Acinetobacter, Sphingobacterium, Pseudonocardia, Psychrobacter, Bacillus, and Actinomadura. These bacteria genera include many pathogenic bacteria species and predatory bacteria species (Figure 2C). Differential abundance analysis of the same nest material showed a significant decrease in the abundance of the most dominant bacterial genera after incubation (Figure 4). The dominant fungal genera included Fusarium, Thozetella, Leucoagaricus, Sarocladium, Cladorrhinum, Plectosphaerella, and some unknown species. The relative abundance of the respective dominant fungal genera varied with nest material composition (Figure 2D).
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FIGURE 4
Relative abundance of the 10 most abundant bacterial genera. (A) Bamboo leaf groups. (B) Couch grass groups. (C) Mixed litter groups. Significant results (p < 0.05) from the differential abundance analysis between different incubation periods are shown as asterisks (*). Pre, pre-incubation period; mid, mid-incubation period; post, post-incubation period.


Significant difference biomarkers were revealed at different levels by LEfSe analysis. The results revealed that if nest material composition was same, most of significant bacteria and fungi (C groups and M groups) all enriched at pre-incubation, difference biomarkers became less significantly after incubation (Supplementary Figures 1, 2). There were fewer biomarkers between different nest materials composition groups comparing to incubation periods changes. Additionally, most significant difference bacteria were mainly enriched at mid-incubation, while most significant difference fungal taxa were enriched during pre-incubation (Supplementary Figure 3).



Changes in microbial diversity and structure


Alpha diversity analysis

Alpha diversity indices for all bacteria were higher than those for fungi, indicating a comparatively greater richness and diversity of bacteria (Supplementary Table 4). For the same nest material, bacterial and fungal alpha diversity indices varied significantly according to incubation period (p < 0.05; B1 vs. B2 vs. B3; C1 vs. C2 vs. C3; M1 vs. M2 vs. M3); bacterial and fungal indices showed an increasing and decreasing trend, respectively. For the same incubation period, bacterial and fungal alpha diversity indices showed no significant difference between nest material composition groups (p > 0.05; B1 vs. C1 vs. M1; B2 vs. C2 vs. M2; B3 vs. C3 vs. M3). In the control group, bacterial indices were stable throughout, and fungal indices peaked at mid-incubation (Figure 5 and Supplementary Table 5).
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FIGURE 5
Alpha diversity of bacterial and fungal communities according to nest material composition and incubation period. (A,B) Bacterial alpha diversity indexes; (C,D) fungal alpha diversity indexes; ns: p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001. B, bamboo leaf; C, couch grass; M, mixed litter; pre, pre-incubation period; mid, mid-incubation period; post, post-incubation period.


Therefore, the species diversity and richness of microbial communities showed a more robust response to changes in the incubation period than nest material composition. Bacterial communities showed higher community richness and diversity than fungi; additionally, opposite trends in alpha diversity were observed between bacteria and fungi over time.



Beta diversity analysis

According to the UPGMA tree analysis based on unweighted and weighted UniFrac distances, bacterial groups from the same incubation period clustered into the same cluster, especially when species richness is taken into account (Figure 6A). For fungi, groups from pre-incubation period clustered into the same cluster, and that from mid- and post-incubation period clustered into a large cluster, in this which (the large cluster) the same nest material composition clustered together. When species richness was considered, the same nest materials clustered together more obviously (Figure 6B). Variations in microbial communities are further supported by the ANOSIM (Bray–Curtis distance) and Wilcoxon test results based on weighted and unweighted UniFrac distances (p < 0.05) (Supplementary Table 6).
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FIGURE 6
UPGMA tree analysis of bacteria and fungi based on unweighted and weighted UniFrac distance. (A) Bacterial community, (B) fungal community. The letters in group ID represents nest material composition (B, bamboo leaf; C, couch grass; M, mixed litter; CG, control group); Arabic numerals represent different incubation periods (1, pre-incubation period; 2, mid-incubation period; 3, post-incubation period).


Therefore, microbial community structure was influenced by incubation period and nest material composition. The bacterial community had a stronger response to changes in incubation period than nest material, while the fungal community showed the opposite trend.




Functional inference from taxonomy

The study investigated the functional capacity of microbiota according to incubation period and nest material composition. Tax4Fun, an R program package based on 16S Silva database for functional prediction of gut, soil and other environmental samples, was used to predict the bacterial function. Six metabolic pathways were identified to be significant difference in the bacterial communities between the incubation periods. A shift was observed in bacterial function from pathways involved in metabolism, human disease, and environmental information processing during pre-incubation period to genetic information processing, organismal systems, and cellular processes during mid- and post-incubation period (Figure 7A).
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FIGURE 7
Predicted function of the bacterial and fungal communities. (A) Bacterial community, (B) fungal community. The letters in group ID represents nest material type (B, bamboo leaf; C, couch grass; M, mixed litters; CG, control group); Arabic numerals represent different incubation periods (1, pre-incubation; 2, mid-incubation; 3, post-incubation).


Using the FUNGuild database, 10 ecological guilds were identified for the fungal communities, including saprotroph-saprotroph-symbiotroph, pathotroph, pathotroph-saprotroph, pathotroph-symbiotroph, saprotroph-symbiotroph, pathogen- saprotroph-symbiotroph, symbiotroph, saprotroph-pathotroph-symbiotroph, and unassigned (Figure 7B). The dominant trophic mode of Ascomycota was saprotrophic and, to a lesser degree, symbiotrophic. The dominant trophic mode among Basidiomycota varied to a greater degree. Chytridiomycota was dominated by pathotrophs, pathotroph-saprotrophs and, to a lesser degree, saprotrophs. The only trophic mode utilized by Glomeromycota is the symbiotrophic mode (Ogwu et al., 2019).




Discussion


Composition of microbial community on nest material

This study examined the microbial communities of Chinese alligator nests, including bacteria and fungi. The major bacterial and fungal phyla were similar in different nest material groups. Proteobacteria, Actinobacteria, Bacteroidetes, Chloroflexi, Firmicutes, Myxococcota, Planctomycetes, and Verrucomicrobia were the most abundant bacterial phyla and occur commonly in soil (Guimaraes et al., 2020). Proteobacteria, which were significantly less abundant after incubation, was the largest and most diverse bacterial phylum and included many pathogenic bacteria. Proteobacteria are one of the most dominant phyla found in soil, phyllosphere, and avian nest materials (Janssen, 2006; Vorholt, 2012; Navarro-Noya et al., 2014). Actinobacteria, are common in the nests of social arthropods (Madden et al., 2013; Otani et al., 2016; Nazipi et al., 2021), such as termites (Syntermes wheeleri) (Guimaraes et al., 2020). Additionally, Actinobacteria are considered to be the second-most abundant bacterial phylum in the gut of higher termites and occurs primarily in those that feed on humic matter (Hervé et al., 2020). Termite mounds are a major heat source for reptile nests and generate higher temperatures than plant materials (Magnusson, 1979). In this study, Actinobacteria was the second-most abundant bacterial phylum and remained relatively stable between nest materials. We have observed many termites on nest materials at mid- and post-incubation, thus we speculate Actinobacteria is not only from nest materials, relative abundance of Actinobacteria is not declined due the number of termites increase. In particular, this phylum could be associated with antimicrobial activity and pathogen defense (Visser et al., 2012) as they can produce antimicrobial peptides (Sujada et al., 2014; Enagbonma et al., 2019).

Ascomycota was the most abundant fungal phylum, followed by Basidiomycota, both of which can degrade cellulose (Lynd et al., 2002; De Boer et al., 2005). Ascomycota exclusively decompose carbohydrates without delignification (Osono, 2007). Basidiomycota is the most ecologically significant group of fungi involved in the degradation of plant litter (Steffen et al., 2007). Some species can produce a wide variety of oxidoreductases and hydrolytic enzymes (Colpaert and Van Laere, 1996), which can degrade recalcitrant organic compounds, such as lignin (Steffen et al., 2000), in aboveground litter and humic layers (Ghosh et al., 2003). In the study, Ascomycota and Basidiomycota play the dominant roles in degradation of nest materials and relative abundance all were less significantly at mid- and post-incubation than pre-incubation with cellulose and lignin content of nest materials reduced gradually. In addition, Rozellomycota were significantly more abundant after incubation, it also was related to amounts increasing of termites and other invertebrate species, since most members were parasites of phytoplankton, Oomycota, zooplankton, and microscopic invertebrates (Sun et al., 2019). It is important to note that the classification of Rozellomycota as a fungus is controversial since they possess some but not all of the characteristic features of fungi (Quandt et al., 2017).

At the genus level, Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium was the most abundant bacteria in soil and sludge. Members of the genus are regarded as beneficial soil bacteria promoting phosphorus and nitrogen fixation. The dominant genus of fungi was Fusarium, which was present in all nest material groups during incubation period and is known to produce Fusarium toxins. Many species of the genus have been isolated from sea turtle eggs (Sarmiento-Ramírez et al., 2010; Hoh et al., 2020), including Fusarium falciforme and Fusarium keratoplasticum (O’Donnell et al., 2008), and are responsible for fusariosis in sea turtle eggs (Smyth et al., 2019).



Response of microbial community dynamics to nest material composition

The study compared the microbial community diversity and structure of the different nest material compositions during the same incubation period. Alpha diversity was not significantly different; however, the difference in beta diversity was significant. In particular, the fungal community had a stronger response to nest material composition than bacteria did. The species richness of fungi is much lower than that of bacteria in nest material environment, so some small changes in the structure of the fungal community was more easily detected than bacteria. According to the LEfSe analysis, most of significant difference bacteria were mainly enriched at mid-incubation, while amost significant difference fungal taxa were enriched during pre-incubation. These results showed that nest material composition was a stronger determinant of fungal than bacterial community composition, consistent with the results of a previous study (Habtewold et al., 2020). It hypothesize that the intensity of this effect could be related to the close ecological relationship between fungi and plants. Chinese alligators choose a suitable site and then use ground weeds, branches, leaves, and soil to build a mound (Grigg and Kirshner, 2015). Variation in the nest material composition due to differences in litter species and mixing ratio could likely affect bacteria and fungi communities (Wardle et al., 2003). For example, surface soils often carry more bacteria than fungi and is a common nesting material used by Chinese alligators (Chen et al., 2003). Besides soil material, the mixing of various plant litters could increase the complexity of litter composition and nutrient sources, thus establishing more diverse niches and a larger decomposer community (Zhang et al., 2020). In conclusion, microbial community structure difference in pre-incubation was resulted by plant litter species and mixing ratio. However, during incubation, environmental factors, such as pH, temperature, humidity, light, and microbial interactions, directly affect the microbial community, thus nest material composition was not main reason why fungal community structure difference in mid- and post-incubation (Rousk et al., 2010; Newsham et al., 2016; Chapman et al., 2018; Zhang et al., 2020).



Response of microbial community dynamics to incubation periods

Microbial community diversity and structure varied significantly between incubation periods. Bacterial species diversity and richness increased, but the relative abundances of most dominant bacteria, including many pathogenic bacteria, declined after incubation. In contrast, the diversity and richness of fungal species decreased. Generally, the relatively high temperature and moisture content of nest microbiomes favor bacterial over fungal activity (Møller et al., 1999). Moreover, humidity and temperature are more constant inside than outside the nest, irrespective of erratic weather changes. In this study, the humidity of all Chinese alligator nests was more than 95% and very stable; the humidity of the air outside the nest was significantly lower than that inside the nest and fluctuated greatly.

Another reason for the difference in bacterial and fungal diversity is the decomposition of nest materials and the reduction of nest substrates. Fungi play a major role in recalcitrant organic matter degradation; fungi perform most of the cellulose and lignin degradation in soils and litter components (De Boer et al., 2005). Bacteria can use at least part of the degradation intermediates of lignin produced by fungi (Rüttimann et al., 1991). Nest materials contained many easily decomposable matrices in pre-incubation, such as fresh plant leaves, and the relative abundance of Ascomycota reached about 70% at this stage. As time went on, nest materials gradually decomposed and were reduced, resulting in a decrease in Ascomycota abundance (Osono et al., 2005; Osono, 2007), while bacteria using simple substrates and degradation intermediates were not affected (Ko and Lockwood, 1970).

Several studies have assessed the antagonistic relationship between fungi and bacteria (Bengtsson, 1992; Tsuneda and Thorn, 1995; Møller et al., 1999). Many antifungal strategies have been identified in bacteria, which can produce direct inhibitory factors, including HCN; lytic enzymes; antibiotics and volatiles (interference competition); and nutrient-sequestering factors, such as iron-chelating siderophores (substrate competition) (Whipps, 2001; Weller et al., 2002; Wheatley, 2002). Chitinase is involved in the lysis of hyphae and the inhibition of hyphal growth. The involvement of chitinase in the inhibition of fungal growth on water-agar has also been studied (De Boer et al., 1998). Additionally, chitinolytic bacteria can use living fungal hyphae as their actual growth substrate, and bacterial antibiotics might induce autolysis of fungal mycelia (Lloyd et al., 1965). In our study, Bacillus, a chitinolytic soil bacterium that possesses chitinase genes, demonstrated antifungal properties. Actinobacteria are the most abundant chitin-degrading bacteria in agricultural soil (De Boer et al., 1998). In addition, Myxococcota increased after incubation; this phylum includes gram-negative bacteria and micropredators in the soil ecosystem (Shimkets, 1990; Dawid, 2000; Zhang et al., 2020). Most species of Myxococcota prey on various microorganisms, including bacteria and fungi (Bull et al., 2002; Morgan et al., 2010; Ye et al., 2020). Additionally, most species of the Firmicutes genus Herpetosiphon have predatory functions and can digest some bacteria completely (Lewin, 1970; Wenzel and Müller, 2009).

Although bacterial alpha diversity and richness increased after incubation, further analysis indicated that 7 dominant bacterial genera, including some pathogenic bacteria, declined after incubation. An environment already colonized by certain bacteria might make it more challenging for other bacteria to establish (Dillon et al., 2005; Lozupone and Knight, 2007; Marteyn et al., 2011). Thus, a reduction in dominant bacteria could alleviate internal resource competition, promoting diversity and stability in the bacterial community. The lower relative abundance of pathogenic microbes and higher relative abundance of beneficial microbes were consistent with previous avian studies (Song et al., 2022). Research on the Eurasian Magpie (Pica pica) and sea turtles (Chelonia mydas) has shown that Flavobacterium, Acinetobacter, and Herpetosiphon could be pathogenic (Lee et al., 2014; Vega-Manriquez et al., 2018); these genera primarily occur in soil, which is major nest material in Chinese alligator nests (Grigg and Kirshner, 2015). Flavobacterium has been repeatedly isolated from cases of ulcerative stomatitis and obstructive rhinitis (Glazebrook et al., 1993) and the genus also participates in snake dystocia (Estrada et al., 2015). Flavobacterium and Acinetobacter have also been isolated from the exocrine skin glands of 23 adult American alligators (Alligator mississippiensis) and African dwarf crocodiles (Osteolaemus tetraspis) (Williams et al., 1990; Madsen, 1993) and were present in frozen captive Nile crocodile (Crocodylus niloticus) tail meat (Madsen, 1993). Pantoea is a highly diverse group whose members are found in aquatic and terrestrial environments, and some species have been linked to diseases in plants, humans, and animals (Walterson and Stavrinides, 2015). In humans Pantoea contribute to septic arthritis, bacteremia, septicemia, and peritonitis, among others (Flatauer and Khan, 1978; Vincent and Szabo, 1988; De Baere et al., 2004; Bergman et al., 2007; Christakis et al., 2007; Aly et al., 2008; Labianca et al., 2013). Psychrobacter are rare opportunistic human pathogens (Zeng et al., 2016). Although their pathogenicity has been reported in animals, it is unclear whether they are harmful to the Chinese alligator. These pathogenic bacteria had a high relative abundance in the pre-incubation period, which declined after incubation. In addition to pathogenic bacteria, fungi can penetrate the eggshell of salt-water crocodiles (Crocodylus porosus), for example, in which the spore size is sufficient to allow hyphae and spores to pass through and grow along minute cracks (Huchzermeyer, 2003). The danger of fungal infection is more serious in mound-nesting crocodile species because of the plant materials used for nest construction (Huchzermeyer, 2003). Fusarium was found in the oral fungal flora of ten American alligators (Flandry et al., 1989) and the intestinal flora of African dwarf crocodiles (Huchzermeyer, 1997, 2002). It was also isolated from shell membranes of unhatched crocodile eggs in Zimbabwe and recovered from caseous material lodged inside the trachea and bronchi of turtles with bronchopneumonia (Glazebrook et al., 1993). Additionally, functional prediction of bacteria and fungi showed the same trend: pathways related to disease or pathogens declined after incubation. Many species of the genera Pseudonocardia and Actinomadura produce antibiotics that inhibit the activity of bacteria, fungi, and tumor cells (Maskey et al., 2003; Harada et al., 2004). In the study, relative abundance of Pseudonocardia and Actinomadura are increased but are not significant, we speculate these bacteria as beneficial bacteria to regulate stability and diversity of microbial environment by preying and restraining pathogen microorganism but they do not act on eggs directly.




Conclusion

In summary, microbial communities fluctuated during incubation. After incubation, the relative abundance of dominant bacteria decreased, the bacterial community became more diverse, and the relative abundances of fungi and pathogenic bacteria decreased. Our findings suggested that, although Chinese alligators deposit their eggs in an untended nest, the microbial environment during incubation spontaneously reached a relatively stable and beneficial state for egg incubation. Thus, an undisturbed incubation environment is very crucial, the manager can take some measures to ensure successful hatching. Firstly, managers should keep nests safe and stable from other animals and people damaging nest sites during incubation. Secondly, the manager can increase nest material species and amounts by improving plant diversity and richness or putting bamboo leaves and straw artificially. Lastly, the manager can put some germicide on natural nest materials.

The evolutionary and ecological effects of microbes in nest material function and breeding success remain largely unclear for reptile species. In the study, a large number of literature studies are used to support our views. Further studies on various reptile species are required to determine the strength of association for particular bacteria and fungi with incubation time and nest material composition. In the future study, using metagenomics to clarify the functional differences of bacterial and fungal microbial groups is helpful. Combination of traditional culture-based method and metatranscriptomics, may help to under more function of microbes. In addition, whether there are eggs in the nest may also affect the structure and function of microorganisms in the nest, setting up aseptic environment or no-egg environment control groups is taken into account.
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