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Abstract

Endotherms recently expanding to cold environments generally exhibit strong physiological acclimation to sustain high body temperature.
During this process, gut microbes likely play a considerable role in host physiological functions, including digestion and thermogenesis. The light-
vented bulbul Pycnonotus sinensis represents one such species. It used to be restricted to the Oriental realm but expanded its distribution range
north to the Palearctic areas during the past few decades. Here, we explored the seasonal dynamics of the resting metabolic rate (RMR) and
microbiota for local and newly colonized populations of the species. Our results showed that the mass-adjusted RMR and body mass were pos-
itively correlated with latitude variations in both seasons. Consistently, the gut microbiota showed a corresponding variation to the northern cold
environments. In the two northern populations, the alpha diversity decreased compared with those of the two southern populations. Significant
differences were detected in dominant phyla, such as Firmicutes, Bacteroidetes, Proteobacteria, and Desulfobacterota in both seasons. The core
microbiota showed geographic differences in the winter, including the elevated relative abundance of 5 species in northern populations. Finally,
to explore the link between microbial communities and host metabolic thermogenesis, we conducted a correlation analysis between microbiota
and mass-adjusted RMR. We found that more genera were significantly correlated with mass-adjusted RMR in the wintering season compared
to the breeding season (71 vs. 23). These results suggest that microbiota of the lighted-vented bulbul linked with thermogenesis in diversity

and abundance under northward expansion.
Key words: bird, body mass, gut microbiota, RMR, season.

With climate change arising, the geographical distribution
patterns of a large number of species on Earth have changed
(Osland et al. 2021). Wild animals, including mammals,
insects, and birds, have been extending their ranges toward
the Arctic or North temperate zone (Bradshaw and Holzapfel
2006). For example, birds, which are highly mobile and may
serve as early indicators of the effects of climate change on
ecosystems and biodiversity, are dispersing both to higher lat-
itudes and altitudes (Virkkala and Lehikoinen 2017). In the
northern cold distribution range, birds routinely experience
below-freezing average temperatures in the winter months
and endure significant snowfall, while the southern popula-
tions experience much warmer winters where below-freezing
temperatures and snow rarely occur (DeVries et al. 2022).
How birds sustain high body temperature in cold environ-
ments deserves further exploration.

Facing cold ambient temperatures, endotherms need to rely
on an increase in thermogenic rate to counteract heat lost to
the environment, thereby maintaining a high and stable core

body temperature (McKechnie 2008). The critical physiolog-
ical strategy to cope with cold environments is changing the
metabolic rate to modulate heat production (Li and Wang
2005). The metabolism is a physiological index that facilitates
immediate and short-term responses to variations in weather
and has been proposed as a response to changing environ-
ments (Van de Ven et al. 2013). In the cold and harsh winters,
the increase in the metabolic rate in endotherms can improve
their survival probability (Petit et al. 2017). Similarly, studies
with cardinals in Ohio, United States, found that metabolic
rates in nonbreeding season exceeded those in the breeding
season, supporting the importance of being able to buffer
against lower temperatures (Sgueo et al. 2012).

In addition to responses in metabolism, the gut microbiota
can improve digestion and promote energy extraction and
storage, which can be used as another indicator for acclima-
tion to environmental change (Sepulveda and Moeller 2020).
When wild populations are making shifts in geographic
ranges, the modification and regulation of microbiotas occur
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more rapidly than genetic variation, which takes at least sev-
eral generations (Alberdi et al. 2016). For example, the migra-
tion of swan geese Anser cygnoides from their breeding area
at Khukh Lake, Mongolia, to their wintering area at Poyang
Lake, China, is accompanied by changes in beta-diversity,
which the gut microbiome varied widely between the two
areas (Wu et al. 2018). In addition, bacterial metabolites can
act as paracrine or endocrine factors, and may also play an
important role in regulating the energy metabolism of the host
species (Cani et al. 2019). In Mongolian gerbils, Meriones
unguiculatus, some specific bacteria are more sensitive to
ambient temperature and are associated with the dynamics of
host metabolism (Khakisahneh et al. 2020). Similarly, the tem-
perature reduces the relative abundance of Firmicutes when
comparing the abundance of Firmicutes of house mice raised
at 6 °C with those raised at 25 °C (Chevalier et al. 2015).
However, whether the changes in microbial composition and
host metabolic thermogenesis during bird expansion to the
northern cold environment remains understudied.

The light-vented bulbul Pycnonotus sinensis was widely
distributed in eastern and southern China, the Oriental realm
in biogeography, before the 1930s. However, it has rapidly
expanded its distribution range northward during the past
few decades. By the 1980s, it crossed the Yangtze River and
colonized the wide Palearctic ecozones to become residents of
northeastern China by the 2000s (Figure 1) (Williams 1992;
Zhang 2003). The light-vented bulbul serves as an excellent
model system for understanding the adaptive and acclima-
tion mechanisms associated with a northward range expan-
sion scenario. Our previous studies have found significant
divergence in vocalization rather than in genetics between
northward expanding populations and original populations
of light-vented bulbul (Song et al. 2013; Xing et al. 2013).
However, it is not known whether light-vented bulbul exhibits
metabolic and microbial changes in rapidly expanding pop-
ulations acclimated to colder environments. In this study, we
first explored the mass-adjusted RMR (resting metabolic rate)
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and body mass of different geographic populations. Then, we
identified the seasonal and latitudinal changes in gut micro-
bial compositions, and further correlated the microbiota to
the mass-adjusted RMR. This study would provide a new
insight into the response of the metabolism and gut microbi-
ota of a host bird to the northern changed environment.

Materials and Methods

Sample collection

We captured adult light-vented bulbuls from south to north
of their distribution range at four different sites: Guilin
(GL, 25.04N, 110.17E), Nanchang (NC, 28.46N, 115.50E),
Donghai (DH, 34.34N, 118.43E), and Beijing (B], 40.05N,
116.31E) in both the breeding season (June to July 2019) and
wintering season (November to December 2019) using vocal-
ization playback and mist nets (Figure 1). A total of 135 feces
samples were collected, placed into the 2 mL sterilized storage
tubes and immediately stored in liquid nitrogen (Table S1).

Respirometry measurement

Before measuring the RMR, we kept each individual bird in
a dark and quiet cage for 1 h to put them in a resting state.
We measured the rates of oxygen consumption VO, by open
flow-through respirometry (Foxbox) at 25°C. For RMR,
light-vented bulbuls were maintained in a 1.0 L transparent
metabolic chamber with an airflow rate of 500 mL/minute,
and O, and CO, concentrations within the chamber were
recorded for over 15 min. The lowest 1-min average oxygen
consumption was taken as the RMR (Xiong et al. 2020).

DNA extraction and sequencing of fecal samples

DNA from fecal content was extracted by QIAamp DNA Stool
Mini Kit from Qiagen (Germany), according to the manufac-
turer’s instructions. The 16S rRNA gene comprising the V3
and V4 regions was amplified by PCR using composite specific
bacterial primers (343F: TACGGRAGGCAGCAG , 798R:
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Figure 1. Map of study sites (Downloaded from Standard Map Service System http://bzdt.ch.mnr.gov.cn/).
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AGGGTATCTAATCCT) (Zhu et al. 2020). We then used the
[llumina MiSeq sequencing platform to obtain paired-end 250
base pair reads. All subsequent library building and sequenc-
ing work were conducted at OE Biotech Co., Ltd. (China).

The DADA?2 pipeline (Callahan et al. 2016) within the
QIIME2 (version 2021.8) package (https://qiime2.org) was
used to filter low-quality and chimera errors and generate
unique sequence variants. Because the “operational taxo-
nomic units (OTUs)” resulting from DADA2 are created
through the grouping of unique sequences, these are the
equivalent of 100% OTUs and are generally referred to as
amplicon sequence variants (ASVs). The obtained ASVs were
taxonomically annotated in the Silva SSURef database ver-
sion 138 (https://www.arb-silva.de) (Bird et al. 2019).

Core microbiome

Groups of amplicon sequence variants (ASVs) were character-
ized as core microbiomes if they were present (i.e., detectable)
in 50% or more individuals in the wintering or breeding pop-
ulations, and these levels of differentiation corresponded to
natural divisions in the data (Kokou et al. 2018).

Statistical analysis

Alpha diversity measures such as the observed ASVs (i.e.,
total number of ASVs detected per sample) and Shannon
index (i.e., number of taxa and evenness of their distribu-
tion, more influenced by the richness and rare species) were
compared (Delbeke et al. 2022). As some of the variables
were not normally distributed, we used the Kruskal-Wallis
test to compare the differences among groups. Effects of lat-
itude and season in the 2- by 2-factor design on alpha diver-
sity were analyzed by linear mixed model in R (implemented
in R package limerTest) (Bates and Pinheiro 1998). We used
the observed ASVs and Shannon index as the response var-
iable, latitude and season as the fixed effects, and sex as the
random effect.

Bray-Curtis and Jaccard’s dissimilarities were used to vis-
ualize beta diversity in order to examine the difference in
microbial composition among the sampled groups. The prin-
cipal component analysis was visualized in R (implemented in
R package vegan) (Segata et al. 2011). We used pairwise per-
mutational multivariate analysis of variance (PERMANOVA)
with 999 random permutations to test the significance of the
differences among groups (Anderson 2001).

The functional capacity of the gut microbial community
was predicted using PICRUSt2. The ASVs table was supplied
to PICRUSt2 and then predicted functional genes were catego-
rized into MetaCyc pathways (Low et al. 2021). For compar-
ing differences of four geographical populations in MetaCyc
frequencies, multiple comparisons were adjusted for using the
Benjamini-Hochberg correction (adjusted P < 0.15).

Results

Latitudinal changes in RMR and body mass

We found that the mass-adjusted RMR exhibited significant
geographic differences during the winter, with a significant
positive correlation to latitude (Figure 2A; P = 0.0011, r =
0.33). Although this relationship was not significant in the
breeding season, the trend was also positive (Figure 2A; P =
0.065, r = 0.25). Consistently, body mass was also positively
related to the latitude in the both breeding and wintering sea-
sons (Figure 2B; breeding season: P = 0.045, r = 0.27, winter-
ing season: P = 0.0012, 7 = 0.25).
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In addition, body mass and mass-adjusted RMR varied
between seasons. The mass-adjusted RMR of the two popula-
tions (NC and BJ) were significantly elevated in the wintering
season compared to the breeding season (Figure 2C; ¢ test, P <
0.05), while no difference between the two seasons was found
in the GL and DH populations (Figure 2C; ¢ test, P > 0.05).
The body mass of the four geographic populations was also
significantly higher in the wintering season than breeding sea-
son (Figure 2D, t test, P < 0.05). Together, our results showed
both latitudinal and seasonal variation in both mass-adjusted
RMR and body mass, with variation in body mass bigger
than that in mass-adjusted RMR.

Latitudinal variation in microbial diversity in
different geographic populations

To identify whether the gut microbiota varied across a lati-
tudinal gradient, we analyzed 16S rRNA sequences of 135
fecal samples from four groups (GL, NC, DH, and B]J) in
both breeding and wintering seasons (Table S1). After qual-
ity control, a total of 6,170,643 high-quality sequences were
retained for all samples and an average of 45,708 sequences
were obtained per sample (Table S2). According to the rare-
faction curve, the sequencing effort was sufficient to describe
the bacterial diversity of the samples (Figure S1).

Linear mixed-effects model analysis indicated that latitude
was the major factor shaping the microbial community diver-
sity of light-vented bulbul (Table 1; F,,, = 52.6421, P < 0.001;

Shamon = 83:709, P < 0.001). In the breeding season, although
the ASVs index was not significantly different among popu-
lations (Figure 3A; Kruskal-Wallis test, P = 0.21), the value
was higher in the southern populations (GL and NC) than
that in the northern populations (DH and BJ). The Shannon
index was significantly higher in the southern populations (GL
and NC) than that in the northern populations (DH and B])
(Figure 3A; Wilcoxon test, P < 0.05). In addition, based on
the PERMANOVA of the Bray-Curtis and Jaccard’s distance
matrix, we found that microbial communities were signifi-
cantly different among the four groups (P = 0.001). The PCoA
plot showed that the northern populations (DH and BJ) were
clustered together, and were dramatically different from the
others (Figure 3B and Figure S3). We further found that the rel-
ative abundances of the four phyla (Proteobacteria, Firmicutes,
Bacteroidetes, and Desulfobacterota) were significantly differ-
ent among the four groups (Figure 3C and Figure S2; Kruskal-
Wallis test, FDR < 0.05). Core microbial analysis showed that
only 3 species (Acinetobacter radioresistens, Bacillus nealso-
nii and Chryseobacterium stagni) had significantly increased
relative abundances in the northern populations (DH and B]J)
compared with the southern population (GL and NC), while 7
species were significantly decreased in the northern populations
(Figure 3D; Wilcoxon test, FDR < 0.05). Overall, during the
breeding season, the diversity of the northern populations was
lower than that in the southern populations, and the microbial
composition was also different among populations.

Likewise, a latitudinal pattern of gut microbiota was
observed during the wintering season. Both ASVs and
Shannon indices were significantly varied among the four
groups (Figure 4A; Kruskal-Wallis test, P = 1e-09, P =
2.3e-09), and the two indices were significantly higher in the
southern populations (GL and NC) than that in the northern
populations (DH and BJ) (Wilcoxon test, P < 0.05). Microbial
communities (i.e., beta-diversity) were significantly different
across the four populations based on PERMANOVA of the
Bray-Curtis and Jaccard’s distance matrix (P = 0.001). The
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Figure 2. Changes of mass-adjusted RMR and body mass in different latitudes in light-vented bulbul. (A) Pearson correlation analysis between latitude
and mass-adjusted RMR (A) as well as body mass (B) during the breeding and wintering seasons. Seasonal differences of mass-adjusted RMR (C) and
body mass (D) in the same geographic population using the t test. (* represents P < 0.05, ** represents P < 0.01).

Table 1. Linear mixed-effects model by restricted maximum likelihood
(REML) for alpha diversity of ASVs and Shannon indices in light-vented
bulbul.

daf F P value
Main effects — ASVs
AIC = 1492.82
Latitude 131 52.64 <0.001
Season 131 9.17 0.003
Main effects — Shannon
AIC = 323.67
Latitude 131 83.71 <0.001
Season 131 99.08 <0.001

Df, degrees of freedom; AIC, Akaike information criterion.

principal-coordinate analysis (PCoA) graphs clearly illus-
trated that the samples of northern birds (DH and BJ) were
clustered together, and GL samples were clustered together,
whereas NC samples were discrete in the two clusters (Figure

4B and Figure S3). In addition, the relative abundances of
the top five phyla (Firmicutes, Bacteroidetes, Proteobacteria,
Actinobacteriota and Desulfobacterota) were significantly
different in all four groups (Figure 4C and Figure S2;
Kruskal-Wallis test, FDR < 0.05). The core microbiome
showed geographic differences (Figure 4D). Specifically, the
relative abundance of 11 species was significantly decreased
in northern populations (DH and BJ), while those of 5 species
(Alistipes shabii, Bacteroides stercoris, Bacteroides vulgatus,
Parabacteroides merdae, and Bacteroides spp.) were signifi-
cantly elevated in southern populations (GL and NC) (Figure
3D; Wilcoxon test, FDR < 0.05). Therefore, during the
wintering season, the diversity of the northern populations
decreased compared with that of the southern populations,
and the microbial composition was also different between the
northern and southern populations.

Furthermore, bacterial functions were predicted using the
MetaCyc database. In both seasons, more pathways associ-
ated with metabolism and biosynthesis increased as latitude
increased (Table S3). In the breeding season, the abundance
of 143 pathways increased along latitudinal gradients
(Mann-Kendall test, FDR < 0.01, z > 0), while 54 pathways
decreased (Mann—Kendall test, FDR < 0.01, z < 0). In the


http://academic.oup.com/bjc/article-lookup/doi/10.1093/cz/zoad005#supplementary-data
http://academic.oup.com/bjc/article-lookup/doi/10.1093/cz/zoad005#supplementary-data
http://academic.oup.com/bjc/article-lookup/doi/10.1093/cz/zoad005#supplementary-data

28 Current Zoology 2024, Vol. 70, No. 1

A B D
R — T — .
Kruskal-Wallis, p = 0.21 Kruskal-Wallis, p = 0.0017
400 —012 0.01 L
0.072 0.0096 * Acinetobacter radioresistens 6L
{ e | 9. = ° 6
0.38 0.0024 S 025
0.21 0 004] 2 * GL * Bacillus nealsonii NC
300 " o NC 4 Mou
& % 0.00 & DH * Chryseobacterium stagni . BI
i o ® Bl
-0.25 il | i
200 - * { * Acinetobacter baumannii 0
3 * Myroides phaeus
1 -0.5 0.0 0.5 2
o Il i PCoAl: 37.18% 1 | | Bacteroides sartorii -
GL NC DH BJ GL NC DH BJ
Lactobacillus fermentum 6
c H f
P i Firmicutes Bacteroidota Desulfobacterota > 3
100 "FDR = 0.0027 FDR = 0.006 50 FDR=0.021 3 FDR =0.024 , * Bifidobacterium iongum
.
—_ 60 * Bacteroides vulgatus
X
<. I 40 10 ‘|:
g " * Bifidobacierium breve
8
S 40 20 i | * Lactococeus garvieae
.
250 1.
2 '] 20 E Bacteroides fragilis
K 20 '
& 25 s - 10 * . * Bacieroides plebeius
g i * - H . | Bacteraides coprocola
GL NC DH BJ GL NC DH BJ GL NC DH BJ GL NC DH BJ

Figure 3. The gut microbiome diversity of light-vented bulbul in the breeding season. (A) Alpha diversity (ASVs and Shannon index) of bacterial
communities in four groups using the Kruskal-Wallis test. (B) PCoA plot based on Bray-Curtis distance metrics depicting the differences in microbial
community structure of four groups. (C) Relative abundances of bacterial phyla among groups (Kruskal-Wallis test). (D) The core microbiomes present
in > 50% of individuals of light-vented bulbul in the breeding season. The relative abundance differences of genera between southern (GL and NC) and
northern populations (DH and BJ) use the Wilcoxon test (* represents FDR < 0.05).

>
=~}

Obsreved ASVs %‘ ° D [ B —
5 uskal=Wallis, p = le— Kruskal-Wallis, p = 2.3e-09
501 &0004] sl Iéjgpougg il |

004 5e=05
e Iy | =
AT — piss 2 2605

* Alistipes shahii é GL
* Bacieroides stercoris . NC
-« GL
2 * Bacteroides vulgatus B
< NC 2 MBI
30 55 0; - DH | | # Parabacteroides merdae
0
” 6_ Bl | * Bacteroides spp.
* —-0.25 i N i
10 A

2
i

PCoA2: 5.61 %
=
g

=]

* Helicobacter rodentium -4
=10 ) 0.0 05 |
* Parabacteroides goldsteinii -6
GL NC DH BJ GL NC lj]—l B PCoAl: 68.86 %
* Lactobacillus intestinalis
F]lmlcules | Bacteroidota | Proteobacteria Actinobacteriota Desulfobacterota & Metamycoplasma sualvi
FBR 1.4e-10 FDR =4.8¢-10, | |FDR=4.0e—09 FDR = 1.3e—06 -5 FDR = 3.0e-06 . -
. . i * Bacteroides nordii
4 .
64 . =y * Parabacteroides johnsonii
H
3 1o -  bacterium YES7
4 - . & Ruminococcus flavefaciens
2 .
. 051 | & Bacteroides intestinalis
- of SEee
19 .=

—_ 0.0-

GL NC DH BI GL NC DH Bl GL NC DH BJ GL NC DH Bl GL NC DH BI

@]

=y

@
3

@

=)

B
=3
Y

12

Realtive abundance (%)

* Streptococcus hyointestinalis

%)
S
)

| | * Alistipes spp.

Figure 4. The gut microbiome diversity of light-vented bulbul in the wintering season. (A) Alpha diversity (ASVs and Shannon index) of bacterial
communities in four groups using the Kruskal-Wallis test. (B) PCoA plot based on Bray-Curtis distance metrics depicting the differences in microbial
community structure of four groups. (C) Relative abundances of bacterial phyla among groups (Kruskal-Wallis test). (D) The core microbiomes present
in >50% of individuals of light-vented bulbul in wintering season. The relative abundance differences of genera between southern (GL and NC) and
northern populations (DH and BJ) use the Wilcoxon test (* represents FDR < 0.05).

wintering season, the abundance of 171 pathways increased genera were significantly correlated with the mass-adjusted
with increasing latitude (Mann—Kendall test, FDR < 0.01, z > RMR (22 in positive correlation and 1 in negative correla-
0), whereas only 61 pathways decreased (Mann—Kendall test, tion), of which only 4 genera were also related to latitude
FDR < 0.01, z < 0). (Figure 5A). However, in the wintering season, we found

more genera (71 genera: 20 in positive correlation, 51 in
Identification of gut microbiota associated with the negative correlation) that were significantly correlated with
RMR the mass-adjusted RMR, of which 69 genera were related to
We further analyzed the gut microbiota in relation to the latitude (Figure 5B). Importantly, in the wintering season, we

RMR of the light-vented bulbul. In the breeding season, 23 found that the overlapping 19 genera, such as Bacteroides,
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and wintering season (B). Color gradient and circle size denote Pearson’s correlation coefficients. The color of the line represents the significance of the

Figure 5. The compositions of the genera level were significantly correlated with mass-adjusted RMR of light-vented bulbul in the breeding season (A)
difference. The size of the line represents Pearson'’s correlation coefficients.
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Lachnospira, Alistipes, and Faecalibacterium, which were
positively related to both latitude and mass-adjusted RMR,
were significantly enriched (Figure 5B). Our results showed
that more genera correlated with the mass-adjusted RMR and
latitude in the wintering season than that in the breeding sea-
son, which suggested a critical role in metabolic thermogene-
sis, especially in winter.

Variation in microbial diversity between the
breeding and wintering seasons

To evaluate the dynamics of the gut microbiota in the
breeding and wintering seasons, a Venn diagram of ampli-
con sequence variants (ASVs) was constructed, as shown
in Figure 6A. We found a total of 359 shared, and 989
and 654 specific ASVs to breeding samples and wintering
samples, respectively. Linear mixed-effects model analysis
indicated that seasonal change was also important to the
microbial community diversity (Table 1; F,., = 9.1736,
P = 0.003; F, =99.083, P < 0.0001). Specifically, in
northern populations (DH and BJ), the ASVs index was
dramatically higher in the breeding season than that in the
wintering season (Figures 3A and 4A; Wilcoxon test, P <
0.01), while there was no significant difference in southern
populations (GL and NC) (Figures 3A and 4A; Wilcoxon
test, P > 0.05). The Shannon index was strikingly lower in
the breeding season than that in the wintering season in
the three groups (NC, DH, and B]J) (Figures 3A and 4A;
Wilcoxon test, P < 0.01), while there was no significant dif-
ference in the GL group (Figures 3A and 4A; Wilcoxon test,
P > 0.05). Additionallyy, PERMANOVA analysis revealed
that microbial communities (beta-diversity) were signifi-
cantly different between the two seasons (P = 0.001). The
PCoA plot showed that the breeding season samples were
clustered together, and were obviously different from the
wintering samples (Figure 6B and Figure S3). Therefore, the
diversity of the microbiota was different between seasons.

Significant differences were also detected at the phylum
level during the breeding and wintering seasons. Firmicutes
abundance was significantly higher in the wintering season
than that in the breeding season in the four groups (Figures 3C
and 4C; Wilcoxon test, FDR < 0.05). Similarly, Bacteroidetes
abundance was significantly elevated in the wintering season
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in the three groups (Figures 3C and 4C; Wilcoxon test, FDR
< 0.05) except for the GL. In contrast, Proteobacteria abun-
dance was significantly decreased in the wintering season
(Figures 3C and 4C; Wilcoxon test, FDR < 0.05).

Discussion

Distribution change and range expansion due to climate
change have been widely documented (Kubelka et al. 2021).
Birds recently expanding to cold environments generally
exhibit increased thermogenesis, a critical way of producing
heat by increasing metabolic rates (Van de Ven et al. 2013).
The light-vented bulbul is an ideal species to investigate the
RMR and gut microbiota to the newly colonized cold envi-
ronments. The results show that body mass and mass-ad-
justed RMR are positively correlated with latitude. Compared
with the breeding season, although the gut microbiota shows
decreased diversity in the wintering season, more bacteria are
significantly correlated with the mass-adjusted RMR, which
may play a critical role in metabolic thermogenesis, especially
in winter.

Metabolic rate is an important physiological indicator that
reflects immediately increased energy throughput when facing
sudden cold exposure (Ksiazek et al. 2009). Using both con-
ventional and phylogenetically independent analysis of covar-
iance, canids from the Arctic climate zone had significantly
higher mass-adjusted basal metabolic rates than species from
hot deserts (Careau et al. 2007). Similarly, we found that the
mass-adjusted RMR was positively related to latitude in the
wintering season (Figure 2A). Low temperatures could favor
a high metabolic rate through an enhanced thermoregulatory
capacity (e.g., the ability to withstand cold challenges). One
potential explanation is that in a cold climate, the ambient
temperature may regularly become much colder than the ther-
moneutral zone of an animal, so a high thermogenic capacity
may be required to compensate for heat loss (Speakman et al.
2003). Thus, increasing metabolic rates can help birds rapidly
adapt to colder environments.

Animals have a larger body size in cold regions than that
in warm environments (Bergmann 1848). For example, it has
been found that birds at higher latitudes have a general trend
of larger body masses by analyzing regional distributions
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Figure 6. Different microbiota in the breeding and wintering seasons of light-vented bulbul. (A) Venn diagram of common and specific amplicon
sequence variants (ASVs). (B) PCoA plots based on Bray-Curtis distance metrics depict the differences in microbial community structure between two

groups.
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of avian body masses (Ashton 2002; Olson et al. 2009).
Likewise, we found that the body mass of the light-vented
bulbul increased with latitudinal variation (Figure 2B). One
explanation is that in colder environments, larger body mass
shows higher thermal inertia, or higher heat conservation
capacity, which is consistent with the heat balance hypothesis
(Olalla-Tarraga et al. 2010). An alternative explanation is that
resident animals’ body weight often increases in winter and
declines again in summer reflecting gradual seasonal changes
in their fattening strategies (Lehikoinen 1987; Haftorn 1989).
For example, the great tits respond to the rising risk of starva-
tion under low temperatures by increasing their body reserves
(Krams 2010).

Microbial diversity is the result of the coevolution of
microbial communities and their hosts and is influenced by
the environment (Ley et al. 2008). A recent study of tilapia
found that the gut microbial diversity and richness severely
decreased during cold exposure than that in fish raised at
standard temperatures (Kokou et al. 2018). In addition, a
study found that increasing temperatures by ~2 °C resulted in
a decline in alpha diversity within the gut microbiota of indi-
vidual lizards (Bestion et al. 2017). In our study, the bacterial
alpha diversity of the northern populations (DH and BJ) was
reduced compared to that of the southern populations (GL
and NC), especially in the wintering season (Figure 4A). We
infer that low temperature at high latitudes is a driving factor
in changing the diversity of microbiota and that the variation
in gut microbiota increases the fitness of birds living in colder
environments.

Of the ecological and environmental factors, the diet has
been shown to have a strong influence on shaping the gut
microbiomes of many wild animals (Bodawatta et al. 2021;
Renelies-Hamilton et al. 2021). Intraspecific differences in
bird populations from habitats with potentially different
food availabilities further support the plastic nature of bird
gut microbiomes (Loo et al. 2019), as does the higher indi-
vidual variation and gut bacterial diversity of omnivorous
birds compared to bird species with more specialized diets
(e.g., insectivores) (Bodawatta et al. 2018). The Light-vented
bulbul is an omnivorous species and mainly feeds on plant
food (including privets, purple leaf plumes, and black locust),
accounting for 96.67% of the total food composition, while
insects only account for 0.95% of northern populations
(34.58N, 112.42E) in winter (Guo 2018). However, the
light-vented bulbul is mainly fed on plant food, with the vol-
ume rate of plant and insect foods reaching 75% and 25%,
respectively, in southern populations (22.65N, 110.18E) in
winter (Peng et al. 2008). Here, we found that the relative
abundances of dominant phyla, Firmicutes, Bacteroidetes,
Proteobacteria, Actinobacteriota, and Desulfobacterota, were
significantly different among the four groups during the win-
tering seasons (Figure 4C). We speculate that food might be
a potential impact factor. Compared to southern source pop-
ulations, the lighted-vented bulbul of northern populations
merely feeds recent study suggests few insects, which may
change the richness of bacteria.

The northward expanding populations change the
structure of the gut microbiota, which may have a cer-
tain impact on metabolism (Cani et al. 2019). A recent
study suggests that depletion of gut microbiota in antibi-
otic-treated gerbils impairs the metabolic plasticity of the
host species (Khakisahneh et al. 2020). In addition, gut
microbiota can alter host metabolism for large herbivores
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by producing short-chain fatty acids (Lindsay et al. 2020).
In this study, we found that more genera were significantly
correlated with the mass-adjusted RMR in the winter-
ing season than that in the breeding season (Figures SA
and 5B). Furthermore, 19 genera were positively related
to both RMR and latitude in winter, such as Bacteroides,
Lachnospira, and Alistipes, which are associated with met-
abolic activities, including consumption of fruits and fiber
(Golloso-Gubat et al. 2020), fermentation of carbohy-
drates, and utilization of nitrogenous substances (Stefanaki
et al. 2017). Therefore, genera related to the mass-adjusted
RMR may play a crucial role in enhancing host heat pro-
duction for cold environments, especially in the wintering
season for the light-vented bulbul.

Changing seasons usually result in variations in micro-
bial abundance and diversity in animals (Sun et al. 2016). In
ground squirrels, UniFrac analysis shows that microbiota is
clustered strongly by season, while maternal influences, diet
history, host age, and host body temperature have minimal
effects (Carey et al. 2013). Compared with the variation in
free-range yak gut microbes in the Qinghai-Tibet Plateau,
the Shannon index is significantly higher in the cold season
than that in the warm season (Wen et al. 2022). Seasonal
changes in gut microbial communities are also found in the
giant panda Ailuropoda melanoleuca as its diet transitions
from protein-rich bamboo shoots to bamboo leaves that are
less protein-rich with a higher cellulose content (Wu et al.
2017). Likewise, compared with the breeding season, the gut
microbial alpha diversity decreased in the wintering season
in northern populations (Figures 3A and 4A). The shift to a
low-quality diet is related to the gut microbiota becoming
less diverse, but more focused on decomposing cellulose.
Previous studies indicated that Bacteroidetes can produce
carbohydrate metabolism-related enzymes to promote food
digestion and provide nutrients to the host (Newsome et al.
2020). Therefore, gut microbiota adapted to seasonal dietary
changes can rapidly shift their metabolic activity, maximize
energy extraction, thus likely increase fitness living in colder
environments.

In summary, metabolic rates can enhance thermoregulatory
capacity, which has been proposed as a response to changing
environments. Gut microbes likely play a considerable role
in host physiological functions (including digestion and ther-
mogenesis) in the process of northward expansion. Our study
showed the changes in metabolic rates and gut microbiota of
the light-vented bulbul during the northward expansion, and
the positive correlation of the body mass and mass-adjusted
RMR with latitude. Additionally, the gut microbiota showed
significant variation, with decreased diversity in the northern
populations. Importantly, we have found that more genera
were significantly correlated with the mass-adjusted RMR
in the wintering season compared to the breeding season,
expressing a crucial role in enhancing host heat production
in cold environments. Our findings imply the importance of
metabolism and gut microbiota variations in adaption to the
newly colonized cold environment during rapid northward
expansion.
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