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Abstract 

Gut microbiotas have important impacts on host health, r e pr oducti v e success, and survi v al. While extensi v e r esear c h in mammals 
has identified the e xo genous (e.g. environment) and endogenous (e.g. ph ylogen y, sex, and age) factors that shape the gut microbiota 
composition and functionality, yet avian systems remain comparati v el y less understood. Shorebirds, characterized by a well-r esolv ed 

ph ylogen y and di v erse life-histor y traits, pr esent an ideal model for dissecting the factors modulating gut micr obiota dynamics. Her e, 
we provide an insight into the composition of gut microbiota in two high-altitude (ca. 3200 m above sea level) breeding populations 
of Kentish plover ( Charadrius alexandrinus ) and Tibetan sand plover ( Charadrius altrifrons ) in the Qinghai–Tibetan Plateau, China. By 
analysing faecal bacterial communities using 16S rRNA sequencing technology, we find a convergence in gut microbial communities 
betw een the tw o species, dominated by F irmicutes , Pr oteobacteria , and Bacter oidetes . This suggests that the shared breeding environ- 
ment potentially acts as a significant determinant shaping their gut microbiota. We also show sex- and age-specific patterns of gut 
microbiota: female adults maintain a higher diversity than males, and juveniles are enriched in Rhizobiaceae and Exiguobacterium due 
to their v egetati v e food r esource. Our study not only provides a comprehensive descriptive information for future investigations on 

the di v ersity , functionality , and determinants of avian microbiomes, but also underscores the importance of microbial communities 
in broader ecological contexts. 

Ke yw ords: gut microbiota; 16sRNA gene; shorebirds; environment; social structure; disease biology; mating system; development 
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Introduction 

Micr obiome r esearc h is an emer ging field in ecology and e volu- 
tionary biology. The gut microbiota, is a diverse community of 
bacteria, archaea, or eukaryotes that reside within the gastroin- 
testinal tract, influencing the physiology, behaviour, and fitness of 
the host (Ley et al. 2008 , Kohl 2012 , Waite and Taylor 2014 , Escal- 
lón et al. 2017 ). Being capable of po w ered flight and wide distri- 
bution, the diversity on morphology and physiology make avian 

species occupy a plenty of niches in ecosystem (Pigot et al. 2020 ) 
and also associated with more diverse microbiome environment 
(Waite and Taylor 2014 ). Changes on environment like urbaniza- 
tion will influence the diversity and composition of wild-bird mi- 
crobiomes (Waite and Taylor 2014 , Teyssier et al. 2020 ), also in- 
crease the colonization of pathogens (Murray et al. 2020 ), which 

ma y ha ve the risk of human infection (Smith et al. 2020 ) and 

carry antimicr obial-r esistance genes (Marcelino et al. 2019 , Cao et 
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l. 2020 ). Ther efor e, the inv estigate of avian gut microbiome con-
ribute to both conservation and public health. 

Se v er al studies hav e inv estigated the factors that shape gut
icr obiota, with host phylogen y, envir onment, sex, and de v elop-
ent being identified as important (Foster et al. 2017 , Grond et

l. 2018 , McDonald et al. 2018 , Watson et al. 2019 ). Gut microbial
omm unities exhibit gr eater similarity among conspecific individ-
als than among individuals of different species (Ley et al. 2008 ,
oodrich et al. 2014 , Waite and Taylor 2014 , Hird et al. 2015 ). The
nvironment, ho w ever, appears to have a significant effect. For in-
tance, individuals from sympatric species (e.g. migratory passer- 
nes , chimpanzees , and gorillas; Moeller et al. 2013 ) show conver-
ent gut microbial communities reflecting their similar ecology,
n vironment, and diet. Con versely, individuals from populations 
t different locations can show divergent gut microbiota. For ex- 
mple, onshore polar bears exhibit significantly higher gut bacte- 
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ial diversity compared to their offshore counterparts (Watson et
l. 2019 ). Furthermor e, ther e is evidence that behaviour like mi-
ration will lead to ele v ated abundance of certain bacterial gen-
ra in sandpipers (Risely et al. 2018 ). Sex can also be a factor since
he gut microbiota of males and females differ in se v er al species
ncluding humans (Elderman et al. 2018 , Kim et al. 2020 ). 

Sex differences can result from behavioural differences be-
ween males and females and primarily stem from intrinsic phys-
ologic. In the former case, gut microbiota patterns in males and
emales should vary based on behavioural differences in species:
ome studies has shown that social contact can mediate the ac-
uisition and flow of microbiomes between individuals (Degnan
t al. 2012 , Song et al. 2013 , Nuriel-Ohayon et al. 2016 ). In the
atter case, it could be expected that patterns of difference be-
ween males and females should be consistent across species.
ost studies have suggested that the sex differences in gut micro-

iota stem from sex-dependent physiological conditions (e.g. sex
ormone and body mass index) and diet (Dominianni et al. 2015 ,
euman et al. 2015 , Org et al. 2016 , Escallón et al. 2017 ). Pr e vi-
us r esearc h has demonstr ated that sex hormones may corr elate
ith gut microbiota community diversity and the abundance of

pecific genera in both domesticated and wild animals (Flores et
l. 2012 , Org et al. 2016 , Escallón et al. 2017 , Wu et al. 2022 ). In do-
esticated mice and cows, hormone treatment shift the structure

nd composition of intestinal bacterial communities, suggesting
he influence of hormones on the micr obiome thr ough metabolic
rocesses and the immune system (Org et al. 2016 , Wu et al. 2022 )
n wild male rufous-collared sparrows ( Zonotrichia capensis ), indi-
iduals with higher testosterone levels were more likely to be ex-
osed to the risk of infection and more complex bacterial environ-
ent, ther efor e leads a higher diversity of microbiota community

n breeding season (Escallón et al. 2017 ). 
Se v er al studies hav e r eported c hanges in gut micr obiome as the

ost de v elops (Cox et al. 2012 , Faith et al. 2013 , Grond et al. 2017 ,
ide v all et al. 2018 ). For instance, gut micr obial comm unities dur-

ng early life in the young display substantial variability in diver-
ity and abundance and are markedly different from gut micro-
iotas of conspecific adults (González-Braojos et al. 2012 , van Don-
en et al. 2013 , Waite and Taylor 2014 ). Ne v ertheless, the mec ha-
ism behind a ge-r elated gut micr obial differ ence is poorl y stud-

ed, suc h differ ences can be caused by par enting beha viour (e .g.
ipar ental car e v ersus unipar ental car e). In se v er al species, ther e

s evidence of vertical transmission from mother to offspring play-
ng an important role in the establishment of gut microbiotas dur-
ng early life offspring (Nuriel-Ohayon et al. 2016 ). Another line of
he alteration in microbiota community in the early stage would
e the food r esource (Mic hl et al. 2017 , Prince et al. 2019 , Zhu et
l. 2021 , Xu et al. 2023 ). In se v er al studies, with the growth of ju-
 eniles, c hanges on diet can significantly influence the stability
f the microbiota community structure (Michl et al. 2017 , Prince
t al. 2019 , Zhu et al. 2021 , Xu et al. 2023 ). In the r ed-cr owded
rane ( Grus japonensis ) and the crested ibis ( Nipponia nippon ), the in-
roduction of high-protein food resource will increase the certain
f se v er al bacterial, and as the de v elopment, the div ersity of the
ommunity will declines, suggesting a stable gut microbiome en-
ir onment (Mic hl et al. 2017 , Prince et al. 2019 , Zhu et al. 2021 , Xu
t al. 2023 ). Besides the external factors, the de v elopment of im-
une system as a physiological factor can also influence the com-
unity of gut microbiome during the growth and aging (Badal et

l. 2020 , Zhang et al. 2022 ). In addition, during the growth period,
hanges in gut morphology can also modify the gut microbiome
omm unity, especiall y in amphibians undergoing metamorphosis
Zhang et al. 2020 ). 
Ho w e v er, pr e vious findings wer e mostl y centring around mam-
alian species, studies of nonmammalian species are more lim-

ted, especially in shorebirds (sandpipers , plo vers , and allies).
hor ebirds br eed on all continents and ar e highl y div erse in life
istory , ecology , and behaviours (Székely 2019 ), thus r epr esent-

ng a good system to disentangle the factors that control gut
icr obiota. A r ecent study on Ar ctic shorebir ds sho ws that the

ocal environment has greater impact than phylogeny on gut
icrobiota composition in wild, migratory birds under natural

onditions (Grond et al. 2019 ). To promote our understanding of
ut microbiome in shorebir ds, w e focus on two Charadrius plover
pecies, Charadrius alexandrinus (Kentish plover, KP) and the re-
ently Charadrius altrifrons (Tibetan sand plover, TSP) (Wei et al.
022 ), to understand how host phylogeny, sex, and development
elate to gut microbiota composition. These two species are ideal
s they share similar life history traits and breeding habitat. Both
P and LSP ar e migr atory, sociall y monogamous, bipar ental car e,
nd they both breed at high-altitude Qinghai Lake from May to

uly (see the section ‘Methods’ for more information about study
ite) (Su et al. 2020 ). Ther efor e, the inv estigation on these two
lover populations will assist understanding the phylogenetic ef-
ect on gut microbiome as well as how the microbiome in host
ontribute to adapting oxygen deficiency and extreme low tem-
er atur e of local en vironment. T he other, these two species still
 ee p discriminant pr efer ence on habits like nesting site and for-
 ging site: KP pr efer to activ ate and nest along the coast of the
inghai lake while TSP prefer the grassland (Halimubieke et al.
024 ). This pr efer ence also provides an insight on the association
etween behaviour and difference on microbiome composition in
hese two species. 

Her e, we anal yse micr obial biodiv ersity in faecal samples col-
ected from two wild populations of KP and TSP to assess the roles
f species , sexes , and a ge gr oups in sha ping the gut micr obiota. We
ocus on exploring three main hypotheses to understand gut mi-
r obiota div ersity and composition at differ ent scales. First, we hy-
othesize gut microbiota composition to be convergent between
oth species due to the shared life history and br eeding envir on-
ent (Rothschild et al. 2018 , Grond et al. 2019 ). We expect the
ain structure of gut microbial communities was similar in these

wo species but the microbiome in a more general taxonomy level
i.e. phylum) would be div er gent among the individuals. Second,
e expect sex-specific microbiomes as we speculate that phys-

ological differences between the sexes influence gut microbiota
omposition and diversity (Bolnick et al. 2014 , Kim et al. 2020 , Hall
t al. 2021 ). And microbiome highly abundant or insufficient in
pecific sex would be identified. Third, we pr edict differ ences in
ut microbiota between adults and juveniles due to the intrin-
ic differences in the physiology of the two life stages (Waite and
aylor 2014 , Zhu et al. 2021 ). We expect the microbiome diversity
ould be low because they neither had de v eloped matur e digest

ystem nor had been equipped with for a ging experience to diver-
ify their food resource (Grond et al. 2017 , Kozik et al. 2022 ). And
he specific diet-related microbiome would be identified in juve-
iles as they lead a different diet and gut morphology. 

aterials and methods 

tudy site and sample collection 

ieldw ork w as carried out at the Qinghai Lake (37 ◦00 ′ N 100 ◦08 ′ E),
n alkaline lake on the Tibetan Plateau, in May and June of 2019.
inghai Lake (36 ◦50 ′ 30.78 ′′ N, 100 ◦44 ′ 37.92 ′′ E) is the largest lake in
hina, located on the Qinghai–Tibetan Plateau with an ele v ation



Sun et al. | 3 

 

 

 

 

 

r  

fi

S
A  

(  

s  

s  

2  

p  

m  

d  

w
 

p  

(  

w  

n  

t  

M  

e  

c

e  

a
d  

e
e  

2  

t  

s  

i  

n  

c  

e  

N  

b  

e  

2

R
O
A  

(  

j  

o  

s  

t  

O  

o  

m  

p  

s  

m  

O  

a  

t  

t  

p  

o  

O

D
ow

nloaded from
 https://academ

ic.oup.com
/fem

sm
icrobes/article/doi/10.1093/fem

sm
c/xtae020/7706307 by guest on 14 February 2025
of 3200 m above sea level, where the temperature the average 
temper atur e in May and June is around 10.6 ◦C and the oxygen 

concentration is low (Shi et al. 2021 , Cedar Lake Ventures 2023 ).
KPs and TSPs breed along the lake shore (Song et al. 2020 ). Breed- 
ing pairs were captured on their nest while incubating eggs, using 
funnel tr a ps (Székel y et al. 2008 ). The sex w as determined b y mor- 
phological c har acters in adults, and molecular sexing in c hic ks 
(see Que et al. 2019 ). Gut microbiota samples were collected from 

24 ca ptur ed KPs (7 adult males , 10 adult females , 5 male c hic ks,
and 2 female c hic ks) and 9 TSPs (2 adult males, 5 adult females,
1 male c hic k, and 1 female c hic k). Faecal samples are generally 
r epr esentativ e of the bacterial community in the large intestine 
(Yan et al. 2019 ). We adopted faecal sampling protocol in Knu- 
tie and Gotanda ( 2018 ). The ca ptur ed bird was put into a paper 
bag with sterile wax paper on the bottom. A metal grate was set 
over the wax paper to prevent the bird from directly encountering 
the faeces after defecation. After defecation, faecal samples were 
collected using sterile polyester s wabs , placed in sterile cryotubes 
without medium, and k e pt in liquid nitrogen. The grate was ster- 
ilized by soaking them in a 10% bleach solution for at least 10 min 

befor e eac h collection to r educe potential cr oss-contamination 

between different individuals. To minimize stress, birds were held 

for no longer than 15 min before being released. Samples were 
transported in liquid nitrogen to a laboratory freezer at −80 ◦C.
As studies suggest, differences in bacterial composition resulting 
fr om stor a ge conditions do not eclipse differences between sam- 
ples, e v en when left at ambient temper atur es for 2 weeks (Lauber 
et al. 2010 , Dominianni et al. 2014 , Song et al. 2016 ), we assume 
that changing of the stor a ge envir onment had minimal effect on 

microbial composition of the samples collected. 

DN A isola tion, amplifica tion, and sequencing 

To obtain enough genomic DNA for sequencing library prepara- 
tion, the faecal sample on the sterile tips was used to extract ge- 
nomic DNA with the FastDNA Spin Kit for Faeces (MP Biomedicals 
Co., Ltd., USA) following the manufacturer’s instructions . T hen,
the concentration and purity of the extracted DNA samples were 
measured using a Nanodrop 2000 spectrometer (Thermo Fisher 
Scientific, Wilmington, DE, USA). 16S rRNA gene libraries were 
amplified from DNA extracts using PCR (Polymerase Chain Re- 
action) primers 515F (5-GTGYCAGCMGCCGCGGTAA-3) and 806R 

(5-GGA CTA CNV GGGTWTCTAAT-3), tar geting the v ariable r egion 4 
of the 16S rRNA gene (Ca por aso et al. 2012 ). The 250-bp paired- 
end amplicons are then combined and sequenced on an Illu- 
mina Miseq platform in two separate runs . T he quality control 
of the sequencing data was performed using the VSEARCH (ver- 
sion 1.9.6) platform (Rognes et al. 2016 ). P air ed-end r eads wer e 
mer ged and r eads pair ed less than 20 bp or containing unknown 

base calls were discarded. Then the PCR amplification primers 
were trimmed, and the sequences with length greater than 200 bp 

were k e pt for further quality control, and those displaying greater 
than 0.5% Expected Err or wer e discarded. Using the VSEARCH 

(version 1.9.6) platform (Rognes et al. 2016 ), c himer a sequence 
wer e r emov ed according to the c himer a annotation in the Ribo- 
somal Database Pr ogr am (RDP) (Cole et al. 2014 ). Operational tax- 
onomic units (OTUs) were created by clustering sequences with 

97% sequence identity, discarding chimeric sequences after being 
aligned to the SILVA r efer ence (Pruesse et al. 2007 ). Taxonomic as- 
signments of r epr esentativ e sequences from each OTU were per- 
formed using the RDP classifier (version 2.2) (Cole et al. 2014 ). Se- 
quences with ≥97% similarity were assigned to the same OTU. Our 
 ar efaction anal ysis shows the r esult of our sequencing data suf-
cientl y r epr esents the comm unity ( Supplementary Figur e 1 ). 

ta tistical anal yses 

ll the faecal samples were classified into three groups: (a) species
KP versus TSP); (b) sex (female versus male); and (c) age (adult ver-
us juvenile). To test our first hypothesis r egarding conv er gence in
pecies, we applied a statistical test to all samples categorized as
4 KP and 9 TSP. For the second hypothesis, we compared all sam-
les in different sexes within the same a ge gr oup: 9 males, 15 fe-
ales in adults and 6 males, and 3 females in juv eniles. Lastl y, to

iscern differences in separate life stages despite limited samples,
e compared 24 adults and 9 juveniles across all samples. 
First, the shar ed cor e micr obiome w as identified b y the OTUs

resenting in 50% of all samples according to the previous study
Unterseher et al. 2011 ). Then, we anal ysed comm unity div ersity
ithin eac h gr oup by calculating α-div ersity indices (Chao1, Shan-
on, and Simpson) using Qiime (version 1.9.1) under the r ar efac-
ion of 39 766 r eads (Ca por aso et al. 2010 ); then the ANOVA and
ann–Whitney U test was used to compare the differences within

ach comparison group, and the result of each combination in the
omparison group was in Supplementary File 3 . 

We analysed the microbial composition dissimilarity within 

ach comparison group ( β-diversity) across both species. We used
 principal coordinates analysis (PCoA) based on the Bray–Curtis 
istance matrices using all 4046 OTUs to discriminate the differ-
nces in microbial composition within each comparison group. To 
xamine differences in β-diversity within each comparison group,
9 PcoA components are fitted with analysis of variance using dis-
ance matrices (Adonis, vegan package in R) (Dixon 2003 ), results
ho w ed in Supplementary File 3 . In visualization, Linear discrim-
nant analysis Effect Size (LEfSe) analysis is applied to discrimi-
ate the differential OTUs in each group category (trans_diff, mi-
r oeco pac ka ge in R) using the unweighted unifr ac distance (Liu
t al. 2021 ). OTU with LDA abov e 2 wer e selected for the PCoA.
etw ork Analysis w as applied to genus r elativ e abundance data
 y w eighted correlation netw ork analysis (WGCN A). And differ-
ntial expressed genus was identified by limma (Ritchie et al.
015 ). 

esults 

TU clusters and species abundance 

 total of 5254 OTUs were identified from faecal samples of 24 KPs
17 adults and 7 juveniles) and nine TSPs (se v en adults and two
uv eniles). Specificall y, at the species le v el, the faecal microbiota
f KPs comprised 3848 O TUs , contrasting with the 1406 OTUs ob-
erved in TSPs. Among these, 1208 OTUs were shared between the
wo populations (Fig. 1 A). Of the total number of OTUs found, 2640
TUs were unique in KPs, while a consider abl y smaller number
f OTUs ( n = 198) were specific to TSPs. Between the sexes, fe-
ale plover faecal microbiota consisted of 3441 O TUs , and male

lovers exhibited 1997 OTUs, as 1392 OTUs wer e shar ed between
exes (Fig. 1 B). To be more specific, 2049 OTUs were unique to fe-
ales, and 605 to males. Within the age group, the number of
TUs in adult and juvenile plover faecal microbiotas were 3719
nd 1665, r espectiv el y. A total of 1338 OTUs wer e shar ed be-
ween adults and juveniles (Fig. 1 C) and 2381 OTUs were unique
o adults compared to 327 for juveniles. From the result, we ex-
ected that the variation of OTUs mainly comes from the bias
n sample size: the group with more samples may contain more
 TUs . 

https://academic.oup.com/femsmc/article-lookup/doi/10.1093/femsmc/xtae020#supplementary-data
https://academic.oup.com/femsmc/article-lookup/doi/10.1093/femsmc/xtae020#supplementary-data
https://academic.oup.com/femsmc/article-lookup/doi/10.1093/femsmc/xtae020#supplementary-data
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Figure 1. Venn dia gr ams demonstr ating number of shar ed and unique OTUs in (A) KPs (left) and TSPs (right), (B) in female (left) and male (right) KP, 
and (C) in adult (left) and juvenile (blue) KPs. 

Figure 2. (A) Stacked bar chart of the relative abundance of top 10 bacterial phyla in the faecal microbiota of 24 KPs and 9 TSPs. Information of 
sample is shown above the each bar (Juv. indicates Juveniles). (B) Stacked bar chart of the average relative abundance of bacterial phyla in faecal 
microbiota of KPs and TSPs. Phyla in the legend are listed in order of decreasing abundance. (C) Heatmap of relative abundance of genus and species 
in faecal microbiota of KPs and TSP, female and male in KPs (D), and adult and juvenile in KPs (E). 
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At the species le v el, all the OTUs encompass 36 bacterial phyla,
ith the pr e v alence and abundance of specific phyla differing
mong individuals (Fig. 2 A). The dominant phyla in both species
ho w ed consistenc y, with the most abundant phyla being Firmi-
utes (60% in KPs and 59% in TSPs), Proteobacteria (14% in KPs
nd 15% in TSPs), and Bacteroidetes (10% in KPs and 14% in TSPs)
Fig. 2 B). 

We observed discernible patterns provides insights into the dis-
ribution of microbial taxa between different species as shown
n the heatmap (Fig. 2 C). Notably, Bacteroides and Catellicoccus,
o-occur in both KPs and TSPs. KPs sho w ed a higher pr e v alence
f Candidatus ‘Arthomitus’, Esc heric hia –Shigella , Staphylococcus , Ce-
obacterium , and Acinetobacter, while TSPs exhibited r elativ e ric h-
ess in an unclassified genus in Ruminococcaceae , Fusobacterium ,
ethyloversatillis , and a species in Nodosilinea (Fig. 2 C). Upon closer

nvestigation on the KP microbiome, we discerned sexual dif-
er ences. Specificall y, a female bias was observed in the abun-
ance of Candidatus ‘Arthomitus’, Staphylococcus, and Acineto-
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Figure 3. Chao1 diversity index, the Shannon diversity index, and the Simpson index of faecal samples of hosts of different species (A), and sex in 
same age group (B). Medians, upper, and lo w er quartiles are sho wn. 
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bacter; whereas Catellicoccus sho w ed a relative male bias. In 

contr ast, gener a suc h as Bacteroides, the unclassified genus in 

Ruminococcaceae , and Cetobacterium exhibited no significant vari- 
ance between sexes (Fig. 2 D). Analysis of distinct age cohorts 
r e v ealed a notable disparity, with adults displaying the enrich- 
ment of Staphylococcus and Cetobacterium compared to juveniles. 
Meanwhile, the increased prevalence of Escherichia –Shigella in KPs 
was pr edominantl y observ ed in juv enile samples (Fig. 2 E). More- 
o ver, the disco very of an unconventional genus in Rhizobiaceae ,
known for its symbiotic affiliation with plant roots (Kaur and 

Vishnu 2022 ), as exclusive to juveniles suggested nuanced dietary 
distinctions among juveniles. 

Core microbiota 

Her e, the shar ed cor e micr obiota of KPs and TSPs is defined by the 
cooccurrence in at least 50% of the samples. 92 OTUs were iden- 
tified as shared core microbiota, among which 44 OTUs (47.8%) 
were assigned as the Phylum Firmicutes, separately to the Or- 
er Clostridiales (26%) and Order Lactobacillales (14.1%). The sec- 
nd abundant Phylum was Proteobacteria making up 29.3% of the
har ed cor e micr obiota in 27 O TUs , mainly belonging to the Or-
er Rhodobacterales (8.69%). Fewer OTUs were from Phylum Bac- 
eroidetes (8.69%), Actinobacteria (5.43%), and Cyanobacteria (5.43%).
he shar ed cor e O TUs displa y ed differentiation betw een the sexes
 R 

2 = 0.0958, P = .044, envfit), not between the age groups ( R 

2 

 0.0806, P = .067, envfit) and species ( R 

2 = 0.046, P = .231,
nvfit). 

ifferences in microbial α-di v ersity within 

omparison groups 

s estimates of micr obial α-div ersity, describing the div ersity
f the microbiome in each sample, we used the Chao1 diver-
ity index, the Shannon diversity index, and the Simpson in-
ex ( Supplementary Table 3 ). It was shown that α-diversity
id not differ within each single comparison group (KP versus
SP, F emale versus Male , and Adults versus Juvenile), (Fig. 3 A,

https://academic.oup.com/femsmc/article-lookup/doi/10.1093/femsmc/xtae020#supplementary-data
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Figure 4. PCoA based on Bray–Curtis distance matrices showing the differences in microbial composition between (A) species and (B) sex difference in 
same age group. 

F igure 5. (A) WGCN A identified coexist micr obiome module, corr elation was calculated with eac h category, corr elation coefficient is sho w ed with the 
up number and the colour in each block, P -value is in the brackets. (B) Relative abundance of Exiguobacterium , differential abundance was tested using 
limma. 
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upplementary Figure 2 ). The ANOVA test r e v ealed a signifi-
ant interaction between age and sex categories; ho w e v er, no
ignificance was observed when considering only species , age , and
ex ( Supplementary Table 4 , Supplementary File 2 ). Among three
-diversity indexes, the difference between groups presented an
pposite trend in the index considering both e v enness and ric h-
ess (Shannon and Simpson indices) with the index only consid-
ring the richness (Chao1 diversity index) (Fig. 3 , Supplementary
igur e 2 ). Ne v ertheless, a significant differ ence was observ ed be-
ween sexes in the same age group: adult females exhibited higher
 v enness than that in adult males, while the result reversed in
he juv enile gr oups (Fig. 3 B). When comparing the richness in-
ex, there was no significance shown in adult groups but in ju-
 enile gr oups (Fig. 2 B). Attr activ el y, we found the sex div ersity
ifference tendency has opposite direction: in adult group, fe-
ale group has lo w er richness and higher evenness; and in juve-
ile group, female group has higher richness and lo w er evenness
Fig. 2 B). 

ifferences in microbial β-di v ersity and 

omm unity-wide di v ersity within comparison 

roups 

icrobial composition dissimilarity between samples ( β-diversity)
as visualized using PCoA and tested by PERMANOVA. Our results

ho w ed that β-diversity sho w ed a significant difference in age
roup and significant interaction between age and sex group when
sing the Bray–Curtis distance of 4046 OTUs ( Supplementary
able 5 ). Lik e α-di v ersity, no differ ence was observed in species
nd sex group. For visualization, OTUs were selected by LEfSe
nalysis: 421 OTUs were used to show differences in species
Fig. 4 A); 643 OTUs were used to show sexual differences in the
ame age group (Fig. 4 B). 

https://academic.oup.com/femsmc/article-lookup/doi/10.1093/femsmc/xtae020#supplementary-data
https://academic.oup.com/femsmc/article-lookup/doi/10.1093/femsmc/xtae020#supplementary-data
https://academic.oup.com/femsmc/article-lookup/doi/10.1093/femsmc/xtae020#supplementary-data
https://academic.oup.com/femsmc/article-lookup/doi/10.1093/femsmc/xtae020#supplementary-data
https://academic.oup.com/femsmc/article-lookup/doi/10.1093/femsmc/xtae020#supplementary-data
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Netw ork anal ysis identified microbiome module 

enriched in juveniles 

Through WGCNA, using filtered 168 highly expressed genus rel- 
ative abundance data, 10 microbiome modules were identified 

(Fig. 5 A). The microbiome module green was positively corre- 
lated with juvenile samples (cor = 0.32, P = .07) in which 12 
gener a wer e cluster ed (Fig. 5 A, Supplementary Table 6 ). Among 
the 12 genera, we discovered the genus Exiguobacterium was sig- 
nificantl y enric hed ( P = 0.0026, q = 0.032, limma) in juv eniles 
( Supplementary Table 6 , Fig. 5 B). Some species in Exiguobac- 
terium hav e alr eady been pr ov en to be plant gr owth-pr omoting 
bacteria and help accumulate selenium (Marfetán et al. 2023 ).
The result showing the evidence that adult and juvenile may 
hav e differ ent diet: juv enile pr efer to more proportion of vege- 
tations in their diet. Other pr e vious study also suggested that 
juv enile individuals wer e insufficient of for a ging experience to 
intake food with low trophic level (Durell 2003 , Hall et al.
2021 ). 

Discussion 

In this stud y, gi ven the limited understanding of Charadrius plover 
gut microbiome, our initial investigation focused on elucidat- 
ing the gut microbiome composition in two sympatric Charadrius 
plov er populations br eeding in a high-altitude envir onment. We 
found that at the phylum le v el, the most abundant phyla in KP 
and TSP faeces are Firmicutes , Proteobacteria , and Bacteroidetes , ac- 
counting for nearly 90% of the total gut microbiome . T his result 
was consistent with pr e vious studies of the gut microbiome in 

other avian species (Roggenbuck et al. 2014 , Hird et al. 2015 , Grond 

et al. 2018 ). Firmicutes , recognized for their association with mass 
gain and immune function in mammals and birds , pla y a pivotal 
role in augmenting nutrient uptake and metabolic efficiency (Flint 
et al. 2012 , Li et al. 2015 , John and Mullin 2016 ). Bacteroidetes is pos- 
tulated to have a specific role in the breakdown of cellulose and 

other plant materials (Thomas et al. 2011 , Kohl et al. 2014 ). How- 
e v er, the function of Proteobacteria in birds remains undetermined.
It is also noteworthy that a considerable number of Fusobacte- 
ria were seen in KP (r elativ e abundance 4.4%) and TSP (r elativ e 
abundance 2.9%) faecal samples. Fusobacteria are often studied in 

the context of pathogenicity, and in carniv orous bir ds, along with 

an a ppar ent beneficial r ole in the r esistance a gainst pathogens 
(Roggenbuck et al. 2014 , Mendoza et al. 2018 ). The results high- 
light a high degree of consistency in the phylum composition and 

diversity between these two plo ver species . One plausible expla- 
nation would be, as these two species will choose the reproduction 

sites near the Qinghai Lake . T he shared environment likely con- 
tributes to a uniform external micr obiome, consequentl y influ- 
encing a similar gut micr obiome comm unity in these avian pop- 
ulations (Lewis et al. 2016 , Grond et al. 2019 ). 

At the genus le v el, our anal ysis r e v ealed enric hment of certain 

gener a acr oss all categories or pr efer entiall y in specific categories,
potentially influenced by distinct habits and diets . T he genus Bac- 
teroides , known to contain species acting as potential pathogens 
in both humans and birds (Thomas et al. 2011 ), displayed a rel- 
ativ el y stable pr oportion in the gut microbiome composition of 
eac h gr oup. This leads us to speculate that this genus may be as- 
sociated with local environmental adaptation. Catellicoccus counts 
as the most abundant genus in each group (27.4%–47.4%) would 

be the dominant microbiome in plover gut. Consistent result have 
been reported in other w aterbir ds (Santos et al. 2012 , Grond et 
al. 2014 , Laviad-Shitrit et al. 2019 ). Se v er al studies have emplo y ed 
pecies within this genus to assess faecal contamination in gulls
Ryu et al. 2012 , Sinigalliano et al. 2013 ). Besides, we also identi-
ed some genus enriched in specific group decipher their differ-
nce on diet and habit. Candidatus ‘Arthomitus’ and Cetobacterium 

ome from arthropods (Thompson et al. 2012 ) and fish (Li et al.
015 , Wang et al. 2021 ), r espectiv el y, whic h illustr ate distinct diets
etween KP and TSP. Furthermore, Methyloversatillis , is primarily 
ourced from freshwater environments (Salcher et al. 2019 ), and
 microbiome in Nodosilinea , a genus of c y anobacteria widely dis-
ributed in aquatic environments (Schembri and Zammit 2022 ),
ndicates potential differences in for a ging site and biofilm. No-
ably, a study on the gut microbiome in Tibetan w etland bir ds also
ighlighted the abundance of Nodosilinea in TSP (Bo et al. 2022 ).
espite the close genetic relationship between these species, vari- 
tions in behaviour, particularly the pr efer ence on r epr oduction
nd for a ging sites: KP pr efer sand land, whic h closer to the lake
oast while Tibet sand plover prefer grassland, which a wa y from
he lake (nest site location in Supplementary Figure 5 ), may lead to
ifferences in diet and habits . T hese distinctions ma y contribute
o the slightly differing relative abundance of specific genus mi-
robiome in their respective guts. 

When comparing females and males, in KP, we noticed the sig-
al of enriched Candidatus ‘Arthomitus’ was dominantly from the 

emale individual hinting the different food resources in two sex
roups . Besides , same pattern also occurs in Acinetobacter, which
egarded as a potential pathogen (Thomas et al. 2011 ), and a sim-
lar result is also be reported in female passerine migratory birds
Shin et al. 2019 ). Staohylococcus also exhibits a female bias, with
ome microbiome species in this genus discov er ed in the skin and
nternal organs of both domesticated and wild birds, demonstrat- 
ng the potential to cause disease (Harry 1967 , Quist et al. 2011 ).
his result suggests the female might be exposed to higher risk
f infection and more variable bacterial environment. We sus- 
ect this may stem from the high demand for nutrition for laying
ggs and the discriminatory behaviour during the breeding sea- 
on, which may force the female individual to make more efforts
n for a ging (Morrison and Hobson 2004 , Halim ubieke et al. 2024 ).
urthermor e, a mor e male-biased genus Catellicoccus is also iden-
ified, this result also consists with research comparing the gut

icrobiome composition of two sexes in thick-billed murres ( Uria
omvia ) (Góngora et al. 2021 ). 

Our results also sho w ed that the difference of α-diversity and
-diversity occurs when comparing the two sexes groups in the
ame age. In adults, gut microbiome community of females turns
o k ee p higher e v enness instead of onl y considering the ric hness
hich leads a relatively stable complexity. The insight of this re-

ult would be, given that these two species are both monogamous,
he mating system might fail to explain the difference in diversity
etw een tw o sexes. F rom this, w e suspect this difference might
e driven by the sex hormone level (Flores et al. 2012 , Shin et
l. 2019 , d’Afflitto et al. 2022 , Yan et al. 2022 ). In humans, testos-
er one le v el was found to be positiv el y corr elated with the abun-
ance of Acinetobacter in males (Shin et al. 2019 ), but no clear
 vidence pr ov es whether hormone le v el will influence the abun-
ance of this genus in a vian species . Existing evidence does indi-
ate an association between hormone le v els and micr obiome di-
ersity in birds: in rufous-collared sparrows ( Z. capensis ), the diver-
ity of gut microbiome community had a positive correlation with
estoster one concentr ation (Dos Remedios et al. 2015 ). Ne v erthe-
ess, this speculation needs more accurate data on the hormone 
e v el to be testified; some hormones with possibility would be es-
r ogen (Flor es et al. 2012 , Fuhrman et al. 2014 ) and testosterone
Ridlon et al. 2013 , Shin et al. 2019 ). 

https://academic.oup.com/femsmc/article-lookup/doi/10.1093/femsmc/xtae020#supplementary-data
https://academic.oup.com/femsmc/article-lookup/doi/10.1093/femsmc/xtae020#supplementary-data
https://academic.oup.com/femsmc/article-lookup/doi/10.1093/femsmc/xtae020#supplementary-data


8 | FEMS Microbes , 2024, Vol. 5 

 

n  

o  

S  

p  

(  

t  

(  

q  

(  

t  

i  

p  

m  

h  

2
 

c  

f  

b  

e  

m  

d  

t  

r  

i  

i  

t  

n  

e  

o  

t  

t  

d  

t  

fi  

t  

n  

t  

m  

f

E
T  

o  

n  

w  

a  

d  

b

A
W  

Z  

t  

v  

H  

P  

f

A
N  

p  

a  

i  

t

S
S

C  

i

F
T  

M  

A  

a  

a  

1  

t  

Q  

t

D
A  

l

R
B  

B  

 

B  

 

C  

C  

 

C  

 

C  

 

C  

 

C  

 

d  

 

D
ow

nloaded from
 https://academ

ic.oup.com
/fem

sm
icrobes/article/doi/10.1093/fem

sm
c/xtae020/7706307 by guest on 14 February 2025
Our result of WGCN A netw ork sho w ed that adults and juve-
iles may hav e differ ent diet: juv eniles pr efer to mor e pr oportion
f vegetations in their diet, as Exiguobacterium is more enriched.
ome species in Exiguobacterium have already been proven to be
lant gr owth-pr omoting bacteria and help accum ulate selenium

Marfetán et al. 2023 ). Similarly, the high proportion of vegeta-
ion in juvenile diets was also observed in Western sandpipers
 Calidris mauri ) (Hall et al. 2021 ). This may result from the inade-
uate for a ging experience to acquir e food with high tr ophic le v el

Durell 2003 , Kozik et al. 2022 ). Besides, this result also implies
hat gut microbiome composition of shorebirds in the early stage
s mainly shifted by the outside environment and diet rather than
hysiological factors like sex; a pr e vious study has pr ov ed that
icrobial colonization in shorebird chicks starts soon after the

atching and the interaction with the environment (Grond et al.
017 ). 

In summary, this study described and compared the gut mi-
robiome of KPs and TSPs . T he pr eliminary r esult would be dif-
erent species k ee p a conv er gence gut micr obiome comm unity
ut also hold se v er al specific abundant genera due to their pref-
rence on habit. Besides, the females hold a more diverse gut
icr obiome envir onment. Finall y, se v er al micr obiome phyla in-

icate a high proportion of vegetation on diet in juveniles. Given
hat the sample size of each comparison group is limited, a se-
ies of studies should be conducted. Firstl y, e v en though we had
dentified se v er al gener a wer e enric hed due to specific physiolog-
cal c har acteristics, mor e functional aspects wer e needed study
o make a solid conclusion. Secondly, the conclusion that juve-
ile c hic ks may take more plants in their diet needs mor e v alid
vidence lik e anatom y data and behavioural observation. Thirdly,
ur results did not provide a sufficient sample size to compare
he diversity between males and females in juveniles nor charac-
erize the dynamic process of gut micr obiome fr om herbivor ous
iet to carnivorous diet. In consequence, in the following inves-
igation, juvenile samples with detailed age information (speci-
ed by days) and in r epeated fr equency should be collected to fill
his ga p Finall y, during the anal ysis, the isolation of 16S rRNA can-
ot portray subtle differences in the microbiome composition in
hese two closely related species, and more delicate sequencing

ethod, like metagenome sequencing, should be applied in the
uture. 
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