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Abstract

Background: The intestinal microbiota play remarkable roles in maintaining the health of their hosts. Recent studies
focused on gut bacterial diversity in birds and poultry, with little information about the ecological functions of their
gut fungal community.

Methods: The high-throughput sequencing was applied to compare intestinal fungal community structure between
Hooded Crane (Grus monacha) and Domestic Goose (Anser anser domesticus), and infer the potential pathogens of
each species at Shengjin Lake of China.

Results: Intestinal fungal alpha diversity was higher in Hooded Crane than Greylag Goose (Anser anser). Gut fungal
community composition showed dramatic shifts between the two species. Hooded Cranes mainly eat Vallisneria
natans and Potamogeton malaianus, while artificial hurl food (i.e,, paddy) was the main food resource for Domestic
Geese, suggesting that the variations in fungal community might be induced by different diets between the two
hosts. Two enriched genera (i.e., Acremonium and Rhodotorula) which could increase host’s digestion were detected
in guts of Hooded Cranes. In addition, there were 42 pathogenic amplicon sequence variants (ASVs), 17% of which
shared in Hooded Crane and Greylag Goose. The Hooded Crane had higher gut fungal pathogenic diversity and
abundance relative to Greylag Goose.

Conclusions: The study demonstrated that divergence in intestinal fungal community structure might be induced
by different diets between wintering Hooded Crane and Domestic Goose. Hooded Crane might rely more on their
gut fungal taxa to acquire nutrients from indigestible food resources. Our study also implied that more research
should focus on intestinal pathogens in wild birds and domestic poultry, as they might increase risk of disease in
other animals, even human beings. The degree of cross infection in pathogens among wild birds and sympatric poul-
try should be clearly verified in future study.
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Background immunity (Chung et al. 2012) and regulating metabo-
Empirical studies have demonstrated that gut microbi- lism (Liu et al. 2020). The intestinal microbiota may even
ota play crucial roles for their hosts (Xiang et al. 2019), affect hosts’ behaviors (e.g. mate choice; Sharon et al.
such as helping digestion (Stanley et al. 2012), improving ~ 2010). There might be many factors influenced animal
intestinal microbial community patterns, including diet
“Comsspondence: Bhang 8@ 163 com (Bolnick et al. 2014; Fu et al. 2020), life style (Nicholson
Anhui Province Kéy Laboratory ofWetland Ecological Protection et al. 2012), genotype (ECkburg et al. 2005; Xiang et al.
and Restoration, School of Resources and Environmental Engineering, 2019), gender (Xu et al. 2016; Mason et al. 2019), and sea-
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Migratory birds exhibit unique life history, represent-
ing an interesting study object for their gut microbiota.
However, there is less information about gut microbiota
of wild migratory birds. Hooded Crane (Grus monacha)
is a long-distance migratory wild bird, defined as Threat-
ened Species in the International Union for Conservation
of Nature and Natural Resources (IUCN) Red List and
the first-class national protected wild animal in China.
Hooded Crane mainly breeds in south Siberia. From
October to next April, they fly to China, Japan and South
Korea for wintering (Zheng et al. 2015). Recent studies
focused on gut bacterial community structure of Hooded
Crane, showing that seasonal dynamics significantly
affected gut bacterial diversity (Zhang et al. 2020). Gut
bacterial community structure showed dramatic shifts
between Hooded Crane and sympatric goose (Xiang et al.
2019; Fu et al. 2020). However, little is known about their
gut fungal community. Gut fungi increased nutrition
levels for their hosts (Tanahashi et al. 2010, 2017). The
roles of gut fungi include provisioning of essential amino
acids (Ayayee et al. 2016) and contributing to lignocellu-
lose degradation (Geib et al. 2008; Scully et al. 2012; Herr
et al. 2016). Thus, understanding intestinal fungal com-
munity might be important for clarifying their ecological
function in helping digestion for their hosts.

The Shengjin Lake, an internationally important wet-
land, is a river-connected shallow lake in the middle of
the Yangtze River floodplain. The Shengjin Lake is an
important wetland for migratory birds, as it can offer
suitable feeding habitats in wintering period. However,
the lake is facing serious degradation by anthropic activ-
ity in recent years, decreasing food availability for winter-
ing birds (Yang et al. 2015). The Hooded Crane changed
their dietary structure and foraged together with poultry
in paddy lands (Fu et al. 2020). There are large number of
Domestic Goose (Anser anser domesticus; poultry) in this
region. The overlap of foraging niche between Hooded
Crane and Greylag Goose (Anser anser) might increase
the transmission of their gut microbiota and pathogens.

Hooded Cranes fly long distance and live various habi-
tats, thus they might contact a large range of pathogens.
Intestinal pathogens could lead to series diseases in wild
birds (Singh et al. 2013). Previous studies have demon-
strated that different hosts could mutually transmit intes-
tinal pathogens in an overlapping environment through
physical contact, air, water, soil, food, or other media
(Alm et al. 2018; Fu et al. 2020). Thus, those pathogens in
Hooded Cranes could spread to conspecifics and/or sym-
patric poultry, and vice versa (Altizer et al. 2011). How-
ever, the assumption of the cross infection of pathogens
between migratory birds and poultry has not been veri-
fied. In this study, high-throughput sequencing method
(Ilumina MiSeq) was used to compare the gut fungal
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community structure between wintering Hooded Crane
and sympatric Greylag Goose, and infer the potential
fungal pathogens of each species at the Shengjin Lake.

Methods

Sample collection

The Shengjin Lake is a river-connected lake, serving as
indispensable wintering and stopover habitat for migra-
tory birds on the East Asia-Australasian flyway (Fox et al.
2011). Hooded Cranes and Greylay Geese often foraged
together in paddy fields (Fu et al. 2020). Hooded Crane
mainly eats Vallisneria natans and Potamogeton mala-
ianus (Zheng et al. 2015). Artificial hurl food (i.e., paddy)
was the main food resource for Domestic Goose. Fecal
samples of Hooded Crane and Greylag Goose were col-
lected on December 10, 2018 at the Shegan region,
Shengjin Lake. Before sampling, we searched the flocks
of Hooded Crane and adjacent Greylag Goose in paddy
land. The fresh fecal samples of Hooded Cranes were
collected after foraging. The distance among fecal sam-
ples was>5 m to avoid individual repetition. The fecal
samples of Domestic Geese (i.e., these geese had overlap
foraging niche with Hooded Cranes in paddy field) were
collected after artificial hurl food in the yard of farmer’s
house. The fecal samples were immediately transported
to the lab (i.e., within 12 h) and stored at — 20 °C.

The DNA extraction

Fecal DNA was extracted by the Qiagen DNA Stool
Mini Kit according to the DNA isolation protocol. The
extracted DNA was dissolved in 60 pL of elution buffer,
quantified by NanoDrop ND-1000 (Thermo Scientific,
USA), and stored at — 20 °C.

Bird species determination

The COL gene was amplified with primer BIRDF1/
BIRDR1 (Hebert et al. 2004). The detailed information
about PCR reaction was showed in our previous study
(Xiang et al. 2019). The amplicon was sequenced and
blasted (>99% identity) in National Center for Biotech-
nology Information (NCBI) to identify bird species. We
only kept these samples belonged to Hooded Crane for
the downstream analysis. The fecal samples of Domestic
Goose were collected under certain circumstance (i.e.,
without disturbance of other species), so we need not
perform determination for Domestic Goose.

PCR and amplicon library preparation

A total of 36 fecal samples (each species with 18 samples)
were used in this study. PCR was performed using primer
ITS1/ITS2 in 50 uL mixtures with parameters as follows:
35 cycles of denaturation at 95 °C for 45 s, annealing at
56 °C for 45 s, and extension at 72 °C for 45 s; with a final
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extension at 72 °C for 10 min. The PCR products were
purified for sequencing.

Bioinformatics and statistical analysis

Fungal raw data were processed by QIIME (v2-2020.2;
Bolyen et al. 2019). The deblur algorithm was used
to filter the low quality sequences (Amir et al. 2017).
Sequences were grouped into amplicon sequence vari-
ants (ASVs). The chimeras were filtered by VSEARCH
method. Taxonomy was annotated to each ASV using the
UNITE database (2020-02-20). Singletons were filtered
for downstream analysis. A subset of 40,000 sequences
per sample was chosen to compare fungal community for
all samples.

The differences in fungal community compositions
between the two hosts were shown by non-metric mul-
tidimensional scaling (NMDS) and analysis of similarity
(ANOSIM; permutations=999) using the vegan pack-
age (Version 2.0-2) in R software (v.3.4.3). Identification
of gut fungal biomarkers in each species was analyzed
by linear discriminant analysis (LDA) effect size (LEfSe;
Segata et al. 2011). Indicator analysis was conducted to
show the enriched genera in each host. The fungal func-
tional guilds (i.e., functional group) were assigned using
the FUNGuild pipeline, and only these guilds with high
confidence ranking (i.e., highly probable and probable)
were selected for further analysis (Nguyen et al. 2016).
One-way ANOVA was conducted to evaluate the dif-
ferences of fungal alpha-diversity (normal distribution,
Kolmogorov—Smirnov test) between the two hosts. The
Mann-Whitney—Wilcoxon test was performed to com-
pare the relative abundance of animal pathogen and
pathogenic diversity (non-normal distribution) between
the two hosts.

Results

Intestinal fungal alpha-diversity

A total of 2,116,221 quality-filtered fungal sequences
were obtained across all samples, ranging from 40,701 to
72,417 sequences per sample. A total of 1052 fungal ASVs
were found, ranging from 23 to 260 across all samples,
25.3% of which (266) shared in guts of the two species
(Additional file 1: Fig. S1). The unique gut fungal ASVs
were 591 (56.2%) and 195 (18.5%) for Hooded Crane and
Greylag Goose, respectively. Gut fungal alpha-diversity
(i.e., ASV richness and Shannon index) was significantly
higher in Hooded Crane than Greylag Goose (Fig. 1).

Intestinal fungal community structure

The dominant fungal phyla were Ascomycota (72%),
Basidiomycota (22%), Zygomycota (3.6%) and Rozel-
lomycota (1.7%) in guts of the two hosts. The Greylag
Goose had significantly higher relative abundance of
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Fig. 1 Intestinal fungal alpha-diversity in Hooded Crane and Greylag
Goose. The bottom and top of the box denote the first and third
quartiles; the band inside the box denotes median. HC, Hooded
Crane; GG, Greylag Goose; ASV, amplicon sequence variant
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Fig. 2 The intestinal fungal community composition between the
two hosts. HC, Hooded Crane; GG, Greylag Goose; ANOSIM, analysis
of similarity

Ascomycota, lower relative abundance of Basidiomycota,
Zygomycota and Rozellomycota relative to Hooded Crane
(Additional file 1: Fig. S2). Dramatic shifts of gut fungal
community structures were detected between Hooded
Crane and Greylag Goose (ANOSIM: P=0.001; Fig. 2).
The FUNGuild analysis showed that the guts of Hooded
Crane had higher relative abundance of plant saprotroph
than Greylag Goose (Additional file 1: Fig. S3).

The LEfSe showed that fungi in four phyla (i.e., Basidi-
omycota, Glomeromycota, Rozellomycota and Zygomy-
cota), six classes (i.e., Dothideomycetes, Leotiomycetes,
Sordariomycetes, etc.), and 14 orders (i.e., Helotiales,
Pleosporales, Thelebolales, etc.) were enriched in guts
of Hooded Crane (Fig. 3). Fungi from one phylum (i.e.,
Ascomycota), one class (i.e., Eurotiomycetes) and four
orders (i.e.,, Botryosphaeriales, Dothideales, Eurotiales
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Fig. 3 LEfSe analysis showing intestinal fungal biomarkers associated with each host (the effect size > 2 and the alpha value was < 0.05). HC,
Hooded Crane; GG, Greylag Goose

and Wallemiales) were more abundant in guts of Greylag
Goose (Fig. 3). Indicator analysis showed that there were
18 (e.g. Acremonium, Phoma, Rhodotorula, etc.) and six
(i.e., Aspergillus, Talaromyces, Sagenomella, etc.) indica-
tor genera in Hooded Crane and Greylag Goose, respec-
tively (Additional file 2: Table S1).

Intestinal potential pathogen

The FUNGuild analysis was used to infer the potentially
animal fungal pathogens in Hooded Crane and Grey-
lag Goose. There were 42 potentially pathogenic ASVs
across all samples, ranging from zero to ten ASVs per
sample. The 17% (i.e., 7) of total potentially pathogenic
ASV was detected in both host species (Fig. 4a). The guts
of Hooded Crane (i.e., 22) had more unique pathogenic
ASV than Greylag Goose (i.e., 13; Fig. 4a). The Mann—
Whitney—Wilcoxon test showed that relative abundance
of potential pathogen and pathogenic diversity (i.e., ASV
richness) were significantly higher in Hooded Crane than
Greylag Goose (Fig. 4b, c).

Discussion

In this study, divergence in the gut fungal community
composition and alpha diversity was found between win-
tering Hooded Crane and Domestic Goose (Figs. 1, 2, 3).
Previous studies have shown that diet was the primary
driver inducing shifts in microbial community between
hosts (Bolnick et al. 2014; Palamidi and Mountzouris
2018). Hooded Crane mainly ate wild Vallisneria natans
and Potamogeton malaianus, while artificial hurl food (i.e.,
paddy) was the main food resource for Domestic Goose
(Zheng et al. 2015; Fu et al. 2020). Thus, the dramatic vari-
ations in intestinal fungal community might be induced by
different diets between the two hosts (Stanley et al. 2012).
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Fig. 4 aThe animal pathogenic ASV overlapping in guts of Hooded

Crane and Greylag Goose; b the relative abundance of animal

pathogen; and ¢ animal pathogenic diversity (i.e, pathogenic ASV).

Letters represent significant differences from the Mann-Whitney—

Wilcoxon test (P<0.05). HC, Hooded Crane; GG, Greylag Goose; ASV,
amplicon sequence variant

Relative abundance (%)
o
Pathogenetic diversity

The Hooded Crane had higher gut fungal diversity than
Greylag Goose (Fig. 1). Recent studies have demonstrated
that the external living environment affects animal gut
microbial diversity (Rothschild et al. 2018; Perofsky et al.
2019; Schmidt et al. 2019). As Hooded Crane is a kind
of migratory bird, which flies long distance and lives at
various habitats. However, the living condition and food
resources of domestic Greylag Goose were relatively
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stable. Thus, the more input of environmental micro-
biota led to higher gut fungal diversity in Hooded Crane
than Greylag Goose. A previous study verified that gut
microbial diversity was a crucial factor affecting host’s
digestion and glycemic control (Liu et al. 2020). The wild
food resources exhibit lower nutrient contents relative
to paddy. Therefore, the higher intestinal fungal diver-
sity might benefit wintering Hooded Cranes to efficiently
acquire nutrients from indigestible food (Cantarel et al.
2012; Li et al. 2019).

Furthermore, the higher relative abundance of plant
saprotroph was detected in Hooded Crane than Greylag
Goose (Additional file 1: Fig. S3). The roots and leaves
of certain plants were eaten by Hooded Crane during
wintering period (Zheng et al. 2015), thus higher abun-
dance of plant saprotroph might be associated with faster
materials conversion and higher nutrient absorption for
Hooded Crane. The Acremonium and Rhodotorula were
indicator genera in guts of Hooded Crane (Additional
file 2: Table S1). Previous studies have demonstrated
that the two genera might increase host’s digestion and
immunity (Li et al. 2018; Chen et al. 2020). The wintering
Hooded Crane is under great pressure with food shortage
and pathogen invasion (Xiang et al. 2019). Together all,
the results suggested that Hooded Crane might depend
more on their intestinal microbiota to acquire nutrients
and enhance immunity.

In this study, Hooded Crane carried more gut animal
pathogenic abundance and diversity than Greylag Goose
(Fig. 4), suggesting that wild migratory birds might suffer
various pathogens under harsh living conditions. Hooded
Cranes are the threatened species, so more work should
be done to protect them (Xiang et al. 2019). The 17% of
total potentially pathogenic ASVs were detected in both
hosts (Fig. 4), suggesting that there might be a little bit
of cross infection of fungal pathogens between Hooded
Crane and Greylag Goose. As anthropic activities
induced the degradation of the lake, the serious reduction
in food availability for wintering wild birds happened in
recent years (Yang et al. 2015). The wintering birds often
foraged together with poultry in paddy fields (Fu et al.
2020). Thus, we hypothesized that the cross-infection of
pathogens between Hooded Crane and Greylag Goose
might occur when they flocked together for foraging.

There were 42 fungal pathogenic ASVs in Hooded
Crane and Greylag Goose (Fig. 4). They could propagate
their gut pathogens and increase risk of diseases in other
sympatric animals (Ekong et al. 2018; Xiang et al. 2019).
Local residents have a lot of contact with domestic poul-
try, thus those pathogens in guts of Greylag Goose could
propagate to human beings. Furthermore, we found two
genera with high relative abundance (i.e., Aspergillus and
Talaromyces) in guts of Greylag Goose (Additional file 2:
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Table S1). The Aspergillus could produce ochratoxin
(i.e., cancerogen; Cafsi et al. 2020) and the Talaromyces
induces enterobrosis (Zhao et al. 2020) for human beings.
Thus, the intestinal pathogens in poultry might affect the
health of human beings.

Conclusions

The results demonstrated that gut fungal community
composition and diversity showed significant difference
between wintering Hooded Crane and domestic Greylag
Goose. The Hooded Crane might depend more on their
gut fungal community to acquire nutrients from indigest-
ible food resources. The Hooded Crane lives at various
habitats under harsh living conditions, leading to higher
gut fungal pathogenic diversity. Our study also implied
that more research should focus on intestinal pathogens
in wild birds and domestic poultry, as these pathogens
might cause disease in other animals, even human beings.
This work helps our further understanding in intestinal
microbial community of migratory birds and domes-
tic poultry. However, there were certain limitations. We
did not clearly verify the cross infection of gut pathogens
between wild birds and domestic poultry along winter-
ing timescale. In addition, the gut fungal communities of
Hooded Crane and domestic poultry were studied within
one wintering region rather than across multiple regions.
The limitations should be clarified in future studies.
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