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Abstract

Background: Gut microbiota play crucial roles in host health. Wild birds and domestic poultry often occupy sympa-
tric habitats, which facilitate the mutual transmission of intestinal microbes. However, the distinct intestinal microbial
communities between sympatric wild birds and poultry remain unknown. At present, the risk of interspecies transmis-
sion of pathogenic bacteria between wild and domestic host birds is also a research hotspot.

Methods: This study compared the intestinal bacterial communities of the overwintering Hooded Crane (Grus
monacha) and the Domestic Goose (Anser anser domesticus) at Shengjin Lake, China, using Illumina high-throughput
sequencing technology (Mi-Seq platform).

Results: Our results revealed that Firmicutes, Actinobacteria, Proteobacteria, Bacteroidetes and Chloroflexi were the
dominant bacterial phyla in both hosts. The gut bacterial community composition differed significantly between
sympatric Hooded Cranes and Domestic Geese. However, the hosts exhibited little variation in gut bacterial alpha-
diversity. The relative abundance of Firmicutes was significantly higher in the guts of the Hooded Cranes, while the
relative abundances of Actinobacteria, Protecbacteria, Bacteroidete and Chloroflexi were significantly higher in guts
of Domestic Geese. Moreover, a total of 132 potential pathogenic operational taxonomic units (OTUs) were detected
in guts of Hooded Cranes and Domestic Geese, and 13 pathogenic OTUs (9.8%) were found in both host guts. Patho-
genic bacterial community composition and diversity differed significantly between hosts.

Conclusions: The results showed that the gut bacterial community composition differs significantly between sympa-
tric Hooded Cranes and Domestic Geese. In addition, potential pathogens were detected in the guts of both Hooded
Cranes and Domestic Geese, with 13 pathogenic OTUs overlapping between the two hosts, suggesting that more
attention should be paid to wild birds and poultry that might increase the risk of disease transmission in conspecifics
and other mixed species.
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Background

Gut microbes affect the health of their host in terms
of metabolism, immunity, and digestion (Grond et al.
2018). Vertebrate studies suggest that environmental (i.e.,
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et al. 2017; Yang et al. 2019). Studies of gut microbiomes
in sympatric mammals have shown that the sympatric
environment can affect the different host gut microbi-
ome (Perofsky et al. 2019). Several studies of zoo animals
have also claimed that diet and shared environment have
greater impacts on gut microbiome composition (Mue-
gge et al. 2011; Sanders et al. 2015). In addition, studies
demonstrated that gut microbial communities exhibit
strong host specificity and higher similarity among hosts
with closer genetic relationships (Fan et al. 2020).

Increased attention has been paid to the gut micro-
biome of wild birds and poultry because they could be
a source of many human and animal diseases through
direct transmission or as carriers of zoonotic patho-
gens (Caron et al. 2010; Waite et al. 2014; Pantin-Jack-
wood et al. 2016; Ekong et al. 2018). Studies have shown
that different hosts could mutually transmit intestinal
microbes in a shared environment through physical con-
tact, air, water, soil, food, or other media (Galen and Witt
2014; Grond et al. 2014; Alm et al. 2018). Large numbers
of domestic geese and ducks live in the vicinity of over-
wintering waterbirds, and they commonly forage in the
same waters or mudflats (Jourdain et al. 2007). Therefore,
the different species can easily spread their microbes to
other organisms in a shared environment (Jourdain et al.
2007; Ramey et al. 2010; Reed et al. 2014). Identifying
intestinal potential pathogens in wild birds and poultry
is helpful for evaluation of their epidemic sources and
risk of disease transmission. In addition, it provides an
important theoretical basis for protecting wild bird popu-
lation and preventing poultry disease. Research on intes-
tinal pathogens has recently garnered increased attention
(Morgavi et al. 2015). However, most microbiome studies
have focused on captive or wild species in differing geo-
graphic and ecological environments, with few related
studies in the sympatric environment.

Anser anser domestic is the domesticated Grey Goose
(Anser anser) and is one of the most common, large-
scale, free-range poultry species in China. The Hooded
Crane (Grus monacha) as a vulnerable (VU) species in
the IUCN Red List of Threatened Species (IUCN 2020)
is a large migratory waterbird that overwinters in Japan,
South Korea, and in the middle and lower Yangtze River
floodplain in China (Jiao et al. 2014). Plants such as Val-
lisneria natans and Potamogeton malaianus are the main
food resources of the Hooded Crane in the winter (Fox
et al. 2011). However, the food resources for Domestic
Geese are mainly artificial diets and wild plants. Shengjin
Lake is a Ramsar Site and an important overwintering
habitat for waterbirds on the East Asian—Australasian
flyway (Peng et al. 2018). Hooded Cranes migrated to the
middle and lower Yangtze River floodplain each October
(Chen et al. 2011). Unfortunately, human activities have
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degraded the surrounding wetlands, forcing foraging
niche overlap between wild and domestic birds, which
increased the possibility of shared transmission of intes-
tinal microbiota between wild birds and Domestic Geese
(Yang et al. 2015). All of these factors led us to focus on
the gut microbes of overwintering Hooded Cranes and
Domestic Geese.

In this study, we used the high-throughput sequenc-
ing method (Illumina Mi-Seq) to analyze the intestinal
bacterial communities of wintering Hooded Cranes and
Domestic Geese at the Shengjin Lake. We characterized
the intestinal bacteria between sympatric Hooded Cranes
and Domestic Geese, and further compared the bacterial
communities and inferred the potential pathogens in the
guts of the two hosts.

Methods

Ethics statement

To avoid human interference and hunting of experimen-
tal animals, faecal samples from Hooded Cranes and
Domestic Geese were collected in a non-invasive manner.
Our study was approved by the Shengjin Lake National
Nature Reserve.

Site selection and sample collection

The study area was the upstream of the Shengjin Lake
(30° 15-30° 30’ N, 116° 55-117° 15’ E), which lies on
the south bank of the Yangtze River in Anhui Province,
China (Additional file 1: Fig. S1). The study site belongs
to the subtropical monsoon climate, and has an average
annual rainfall of 1600 mm, with the heaviest precipita-
tion in May and August (Fang et al. 2006).

During December 2017, we observed Hooded Cranes
in their winter habitat at Shengjin Lake and a flock of
Domestic Geese foraging near the cranes (i.e., around
100 m away) (Additional file 1: Fig. S1). After the cranes
and Domestic Geese vacated their foraging grounds, we
rapidly collected faecal samples in sterile 50 mL centri-
fuge tubes. To avoid collecting multiple samples from the
same birds, the distance between collected specimens
was>5 m. To minimise contamination, we collected
only the upper layer of faeces (avoiding the underly-
ing soil, grass, and sand), stored the samples in a shady
area, and transported them to the laboratory as soon as
possible. Faecal samples were stored at —80 °C before
DNA extraction. Forty faecal samples in this study were
obtained from 20 Hooded Crane individuals and 20
Domestic Goose individuals.
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Sample pretreatment

Faecal DNA extraction, bird species determination, PCR,
and amplicon library preparation are described in the
Additional file 2: Supporting Information.

Processing of sequence data

We used Quantitative Insights into Microbial Ecology
(QIIME 1.90) to process the raw bacterial data (Caporaso
et al. 2010). Poor-quality sequences, i.e., those with aver-
age quality scores <30 and sequences <250 bp in length,
were not included in the analysis. High-quality sequences
were clustered into operational taxonomic units (OTUs)
with an identity threshold of 97% by UCLUST (Edgar
2010). Chimeras and singleton OTUs were not included
in our analysis. The most abundant sequence for each
OTU was chosen as the representative sequence. Repre-
sentative sequences were aligned by PyNAST (Caporaso
et al. 2010). We randomly selected subsets of 25,000
sequences (the lowest sequence read depth: 20 repeti-
tions) of equally rarefied samples. Each sample was used
to compare bacterial community composition and diver-
sity with all other samples.

Potentially pathogenic species determination

All bacterial species identified were searched in the Web
of Science database. Species referenced as potentially
pathogenic in humans or other animals were sorted for
further research. Bacillus cereus (Bottone 2010), Rothia
dentocariosa (Ferraz et al. 1998), Porphyromonas endo-
dontalis (Murakami et al. 2001), Actinomyces europaeus
(Nielsen 2015), Grimontia hollisae (Curtis et al. 2007),
Eggerthella lenta (Venugopal et al. 2012), Micrococcus
luteus (Erbasan 2018), Capnocytophaga ochracea (Desai
et al. 2007), Helicobacter pylori (Kira and Isobe 2019),
Rhodococcus ruber (Lalitha et al. 2006), and Treponema
socranskii (Lee et al. 2006) are mainly human patho-
gens. Fishes are the primary hosts for Flavobacterium
columnare, Vagococcus salmoninarum, and Piscirick-
ettsia salmonis (Smith et al. 1999; LaFrentz et al. 2018).
Mucispirillum schaedleri may cause disease in mice (Loy
et al. 2017). Brevibacillus laterosporus infects inverte-
brates (Ruiu 2013). Enterococcus casseliflavus may be
pathogenic in humans and horses (Nocera et al. 2017).
Prevotella copri may cause disease in humans and mice
(Scher 2013). Mycobacterium celatum (Pate et al. 2011),
Arcobacter cryaerophilus (Hsueh et al. 1997) and Staph-
ylococcus sciuri (Chen et al. 2007) may infect humans
and pigs. Vermamoeba vermiformis is a potential patho-
gen in humans and fishes (Scheid et al. 2019). Macro-
coccus caseolyticus could cause mice disease (Li et al.
2018). Pasteurella multocida may cause human and cat-
tle infections (Zhu et al. 2019). Clostridium perfringens
may cause infections in humans, birds, pigs, and other
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animals (Craven et al. 2000). Enterococcus cecorum may
be pathogenic to humans, chickens, birds, and other ani-
mals (Delaunay et al. 2015; Jung et al. 2018). Lactococcus
garvieae is primarily pathogenic to humans, fishes, and
cattles (Vendrell et al. 2006) (Additional file 3: Table S1).

Statistical analysis

To analyse differences in intestinal bacterial taxa among
host species linear discriminan analysis (LDA) effect size
(LEfSe) was carried out, which uses the non-parametric
Kruskal-Wallis rank sum test with default settings to
determine biomarkers (Segata et al. 2011). Most statisti-
cal analyses were performed using R software (R Devel-
opment Core Team 2006). Community compositions and
potential differences between host species were analysed
using non-metric multidimensional scaling (NMDS) and
analysis of similarity (ANOSIM; permutations=999)
with the vegan package in R (Version 2.0-2; Oksanen
et al. 2010). Bacterial alpha-diversity differences and the
relative abundance of potentially pathogenic intestinal
species with normal distribution were examined using
one-way ANOVA (Additional file 3: Table S2). Indica-
tor analysis was used to identify indicator taxa associ-
ated with each group evaluated (Dufréne and Legendre
1997). Contributions of each bacterial OTU to the total
difference between intestinal bacterial communities of
the Hooded Cranes and Domestic Geese were analysed
with the SIMPER analysis routine. The Mann—Whit-
ney—Wilcoxon test was used to analyse the relative abun-
dance of potentially pathogenic species with non-normal
distribution.

Results

Intestinal bacterial community composition

Firmicutes (63.49%), Actinobacteria (22.41%), Proteo-
bacteria (8.19%), Bacteroidete (1.56%), and Chloroflexi
(1.22%) were the dominant intestinal bacterial phyla in
the guts of both hosts. The relative abundance of Fir-
micutes was significantly higher in the gut of Hooded
Cranes, while the relative abundances of Actinobacteria,
Proteobacteria, Bacteroidete, and Chloroflexi were sig-
nificantly higher in the gut of Domestic Geese (Fig. 1). In
addition, the ratio of Firmicutes to Bacteroidetes was sig-
nificantly higher in the gut of Hooded Cranes than that
of Domestic Geese (Fig. 1). The LEfSe analysis revealed
that 8 bacterial phyla (i.e., Crenarchaeota, Chlamydiae,
Cyanobacteria, etc.) and 17 bacterial classes (i.e., Aigar-
chaeota, Methanobacteria, Methanomicrobia, etc.) were
significantly more abundant in the samples of Hooded
Cranes than in Domestic Geese (Fig. 2 and Additional
file 1: Fig. S3). The bacteria from 7 phyla (ie., Parvar-
chaeota, Actinobacteria, Armatimonadetes, etc.) and 16
classes (i.e., Thermococci, Parvarchaea, Armatimonadia,
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Fig. 1 Relative abundances of the dominant bacterial phyla in Hooded Cranes and Domestic Geese. Bars represent mean; error bars denote
standard deviation; letters above bars repersent significant differences from one-way ANOVA (P < 0.05). HC: Hooded Crane, DG: Domestic Goose
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etc.) were significantly abundant in the Domestic Geese
(Fig. 2 and Additional file 1: Fig. S3). Indicator analysis
identified 19 OTUs, 7 and 12 of which were from the
Hooded Cranes and Domestic Geese respectively. OTU
41326 (Lactobacillus) was the most abundant indicator
in the gut of Hooded Cranes with relative abundance
of 13.94%. The most abundant indicator in the gut of
Domestic Geese was OTU 40439 (Nocardia) with rela-
tive abundance of 13.16% (Additional file 3: Table S4).
The gut bacterial community composition differed sig-
nificantly between Hooded Cranes and Domestic Geese
(ANOSIM: P=0.001) (Fig. 3). Variations in the abun-
dance of Lactobacillus (14.48%) and Nocardia (10.69%)
were primarily responsible for the major discrepancy of

bacterial community composition between the two spe-
cies (Table 1).

Intestinal bacterial alpha-diversity

A total of 1,573,478 quality-filtered bacterial sequences
were found, ranging from 25,936 to 58,312 sequences
per sample (Additional file 3: Table S3). We identified
27,316 bacterial OTUs, ranging from 1002 to 4825 across
all samples (97% similarity), 10.7% of which (2904) were
found in both species. We found 12,698 (46.8%) and
11,534 (42.5%) unique bacterial OTUs for the Hooded
Crane and the Domestic Goose, respectively. One-
way ANOVA revealed little difference between the gut
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Fig. 2 LEfSe analysis of intestinal bacterial biomarkers associated with host types. Identified phylotype biomarkers were ranked by effect size

and the alpha value was < 0.05. Each filled circle represents one biomarker. Cladogram represents the taxonomic hierarchical structure of the
phylotype biomarkers identified between two host types; red, phylotypes overrepresented in gut of Hooded Cranes; green, phylotypes statistically
overrepresented in gut of Domestic Geese; yellow, phylotypes for which relative abundance is not significantly different between the two host

Table 1 SIMPER analysis of the contribution of bacterial

Fig. 3 The intestinal bacterial community composition in guts of two
hosts. HC: Hooded Crane; DG: Domestic Goose; ANOSIM: analysis of

similarity

bacterial alpha-diversity of the two hosts (Additional
file 1: Fig. S2).
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Intestinal potential pathogenic bacteria

We identified 27 potential pathogenic species in the
guts of Hooded Cranes and Domestic Geese. The C.
perfringens was the dominant potential pathogenic
species in guts of both hosts, which may cause disease
in humans, birds, pigs and others animals (Additional
file 3: Table S1). Compared with Domestic Geese, the
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Table 2 The

differences

(2020) 11:13

in relative

abundance

of potentially pathogenic species between Hooded Cranes

and Domestic Geese

Pathogenic species

HC (*1072)

DG (*1072)

Macrococcus caseolyticus
Enterococcus casseliflavus
Enterococcus cecorum
Mycobacterium celatum
Bacillus cereus
Flavobacterium columnare
Prevotella copri

Arcobacter cryaerophilus
Rothia dentocariosa
Porphyromonas endodontalis
Actinomyces europaeus
Lactococcus garvieae
Grimontia hollisae
Brevibacillus laterosporus
Eggerthella lenta
Micrococcus luteus
Pasteurella multocida
Capnocytophaga ochracea
Clostridium perfringens
Helicobacter pylori
Rhodococcus ruber
Vagococcus salmoninarum
Piscirickettsia salmonis
Mucispirillum schaedleri
Staphylococcus sciuri
Treponema socranskii
Vermamoeba vermiformis

0.0000 (0.0000)°
0.0052 (0.0144)°
0.0008 (0.0020)°
0.0004 (0.0017)
0.0015 (0.0026)°
0.0006 (0.0026)°
0.0002 (0.0009)
0.0000 (0.0000)°
0.0000 (0.0000)°
0.0006 (0.0014)
0.0000 (0.0000)?
0.0000 (0.0000)°
0.0000 (0.0000)
0.0002 (0.0009)
0.0002 (0.0009)*
0.0004 (0.0012)°
0.0000(0.0000)°
0.0013 (0.0026)°
0.1246 (0.1040)®
0.0002 (0.0009)*
0.0063 (0.0064)°
0.0000 (0.0000)
0.0002 (0.0009)?
0.0002 (0.0009)
0.0000 (0.0000)°
0.0000 (0.0000)
( )

0.0012 (0.0018)*

0.0021 (0.0036)°
0.0156 (0.0128)
0.0083 (0.0088)°
0.0000 (0.0000)
0.0094 (0.0132)
0.0000 (0.0000)
0.0006 (0.0019)
0.0023 (0.0042)°
0.0013 (0.0023)
0.0000 (0.0000)
0.0004 (0.0012)
0.0085 (0.0167)
0.0002 (0.0009)*
0.0004 (0.0012)
0.0000 (0.0000)
0.0029 (0.0039)?
0.0004(0.0017)?

0.0031 (0.0046)°
0.0035 (0.0045)°
0.0002 (0.0009)*
0.0404 (0.0284)
0.0004 (0.0012)
0.0000 (0.0000)
0.0002 (0.0009)
0.0010 (0.0021)
0.0002 (0.0009)
0.0000 (0.0000)°

HC: Hooded Crane, DG: Domestic Goose. The values in brackets represent the
standard deviation. Letters following brackets represent significant differences
from Mann-Whitney test and ANOSIM (P < 0.05)

gut of Hooded Cranes contained higher relative abun-
dances of C. perfringens and V. vermiformis. However,
the potential pathogenic species M. caseolyticus, E. cas-
seliflavus, E. cecorum, B. cereus, A. cryaerophilus, R
dentocariosa, L. garvieae, M. luteus, R. ruber, and S. sci-
uri were significantly abundant in the Domestic Geese
relative to Hooded Cranes (Table 2). The composition
of pathogenic bacterial community differed signifi-
cantly between the guts of Hooded Cranes and Domes-
tic Geese (ANOSIM, P=0.001) (Fig. 4a).

We identified 1275 (0.081% relative to all bacterial
reads) potential pathogenic sequences with sequence
ranges from 5 to 94 per sample (Additional file 3:
Table S3). Most of the potentially pathogenic sequences
were found in the intestines of the Hooded Crane. A total
of 132 potential pathogenic OTUs were identified, 9.8%
of which overlapped between the two hosts (Additional
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Fig. 4 The intestinal pathogenic bacterial characteristics in guts of
two hosts: community composition (), operational taxonomic unit
(OTU) richness (b). HC: Hooded Crane, DG: Domestic Goose; ANOSIM
and Mann-Whitney test: analysis of similarity

file 1: Fig. S4). Potential pathogenic OTU richness was
remarkably higher in Domestic Geese than Hooded
Cranes (P=0.04, Mann—Whitney test) (Fig. 4b).

Discussion

Our study revealed significant differences in the gut bac-
terial community composition of the Hooded Crane and
the Domestic Goose. However, little alpha-diversity vari-
ation was found between the hosts. Avian studies have
demonstrated that host genetic factors are the main influ-
encing factors of their gut microbiota (Zhao et al. 2013;
Waite et al. 2014; Xiang et al. 2019). Local food resources
also affect the colonisation of host gut microbiota (Grond
et al. 2017). Studies on poultry have identified different
dietary effects on establishment of the host gut micro-
biota (Wise and Siragusa 2007; Muegge et al. 2011; Stan-
ley et al. 2012, 2014). Although the Hooded Cranes and
free-range Domestic Geese forage in the same waters,
geese also ingest artificial fodder as a supplemental food.
In this study, we found significant differences in the gut
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microbiota community structure between the Hooded
Crane and Domestic Goose, and we thus speculate that
both host genetic factors and diet may led to the diver-
gence in gut bacterial community composition between
two hosts.

The dominant phyla of the gut microbiota were Fir-
micutes, Actinobacteria, Proteobacteria, Bacteroidetes,
and Chloroflexi in both host species. This result is con-
sistent with a previous study of vertebrate gut micro-
biota (Deng and Swanson 2015). The most prevalent
intestinal bacterial phylum was Firmicutes in both
hosts, which concurs with previous avian studies con-
ducted in seabirds (Lan et al. 2002), penguins (Dewar
et al. 2013), and turkeys (Wilkinson et al. 2017). Fir-
micutes plays a key role in degradation of fiber (Flint
et al. 2008) into volatile fatty acids that provide energy
for the hosts (Flint et al. 2008). The Hooded Cranes
exhibited higher relative abundance of Firmicutes than
Domestic Geese. Hooded Cranes mainly feed on grass
roots with high fiber content in the harsh winter envi-
ronment, suggesting that wild birds might rely more on
their gut microbiota to improve digestion and absorp-
tion of nutrients.

Bacteroides and Proteobacteria are associated with
polysaccharide and protein breakdown (Spence et al.
2006; Chevalier et al. 2015; Speirs et al. 2019). The diet
of Domestic Geese consists of wild plants and artificial
fodder. However, the protein and polysaccharide content
of artificial fodder is relatively high, which may lead to
the higher abundance of Bacteroides and Proteobacteria
in guts of the Domestic Goose relative to the Hooded
Crane.

In this study, we found that 9.8% of pathogenic OTUs
were found in the guts of both Hooded Cranes and
Domestic Geese (Additional file 1: Fig. S4). The compo-
sition and diversity of potential pathogens communi-
ties varied significantly between hosts (Fig. 4). Hooded
Cranes exhibited less potential pathogen diversity and a
higher Firmicutes to Bacteroidetes ratio than Domestic
Geese. Our results are consistent with a previous study
that an elevated Firmicutes to Bacteroidetes ratio sig-
nificantly inhibited intestinal pathogens (He et al. 2019).
These results suggest that the Domestic Goose may be at
higher risk of disease than the Hooded Crane.

The most abundant potential pathogen in the Hooded
Cranes was Clostridium perfringens (Table 2). Previ-
ous studies demonstrated that C. perfringens can cause
diseases such as tissue necrosis bacteremia in humans
or birds (Bortoluzzi et al. 2019; Koziel et al. 2019). Rho-
dococcus ruber was the most abundant in the Domestic
Goose, which may cause keratitis in humans (Lalitha
et al. 2006). Previous studies indicated that cross-infec-
tion by pathogenic bacteria is possible between sympatric
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migratory birds and poultry (Grond et al. 2014; Pantin-
Jackwood et al. 2016; Xiang et al. 2019). Our results also
suggest that the shared environment may play an impor-
tant role in the cross-transmission of pathogenic micro-
organisms, which may cause periodic outbreaks and
cyclical infections between sympatric Domestic Geese
and migratory birds.

We identified five potential pathogens that may cause
serious disease in fishes, and four potential patho-
gens that may cause porcine disease (Additional file 3:
Table S1). The Shengjin Lake is a crucial habitat for
poultry, livestock, and also a fishery area. Pathogens
in the faeces of Hooded Cranes and Domestic Geese
could easily contaminate water, air and soil. We also
identified several bacteria that are potential pathogens
to humans and/or other animals (Additional file 3:
Table S1). Overall, the results suggest that more atten-
tion should be paid to the potential pathogens of wild
birds and poultry to prevent disease transmission in
conspecifics and other mixed species.

There were certain limitations in this study. Only two
species with 20 replicates were selected for study. Moreo-
ver, the factor of distance between the poultry and wild
birds is not considered in intestinal bacterial comparison.
Finally, we did not evaluate the potential impact of time
and geographical location on cross-infection. We will
address these limitations in future studies.

Conclusions

This study compared the gut bacterial communities
between Hooded Cranes and Domestic Geese. The
results showed that intestinal bacterial community
composition differed significantly between the two
hosts. In addition, potential pathogens were found in
guts of both Hooded Crane and Domestic Goose, sug-
gesting that there might be the risk of disease transmis-
sion between wild birds and poultry.
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