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Microbial diversity in mountain-dwelling
amphibians: The combined effects of host
and climatic factors

Wei Zhu," Liming Chang,'** Meihua Zhang," Qiheng Chen,"? Lulu Sui,"* Cheng Shen," and Jianping Jiang'#*

SUMMARY

Comprehending the determinants of host-associated microbiota is pivotal in microbial ecology. Yet, the
links between climatic factors and variations in host-associated microbiota necessitate further clarifica-
tion. Mountain-dwelling amphibians, with limited dispersal abilities, serve as valuable models for address-
ing these questions. Our study, using 126 amphibian-associated microbial samples (64 gut and 62 skin) and
101 environmental microbial samples (51 soil and 50 water) from the eastern Tibetan Plateau, revealed
host factors as primary drivers of the variations in host-associated microbiota. However, climatic factors
contributed to additional variations in gut microbial beta-diversity and skin microbial function. Water mi-
crobiota were identified as a significant contributor to the amphibian-associated microbiomes, with their
climate-driven variations mediating an indirect association between the variations in climatic factors and
host-associated microbiota. These findings extend our understanding of the assembly of host-associated
microbiota in amphibians, emphasizing the significance of microbiota in evaluating the impact of climate
change on animals.

INTRODUCTION

The host-associated microbiota of vertebrates play pivotal roles in maintaining host health.'™ Their plasticity in community structure and func-
tion contributes significantly to host ability to adapt to changing or extreme environments,”® offering unique insight into the adaptive po-
tential of animals to environmental changes. Thus, the compositional and functional diversity of host-associated microbiota hold importance
for the conservation and management of wild animals.”'®

Identifying the determinants of the diversity and function of host-associated microbiota is a crucial focus in microbial ecology.’ Relevant
research encompasses a wide range of organisms, including mammals,'®"? fish,"*"'®> and amphibians.'®"” Host factors, such as phylogeny,
genetics, sex, diet, and age, are well established factors that shape the community structure of host-associated microbiota.'®?? Additionally,
environmental factors of microhabitats, including pH, salinity, and particularly the temperature, also contribute to the variations of host-asso-
ciated microbiota.®?*?’ Recently, attention has been paid to the potential association between geographical climate (e.g., annual temper-
ature and precipitation) and microbial variations in wild vertebrates.??**° This potential association allows for exploration of the diversity
patterns of vertebrate commensal microbiota at a broader spatial scale,”® and it holds implications for understanding the animals’ environ-
mental adaptation in the context of climate change.”'

Existing evidences suggest a close association between the variations in climatic factors and the composition of environmental microbiota
(e.g., soil and water microbiota).*”** Environmental microbiota serve as a significant source for the skin and gut microbiota of animals.**~*
Consequently, we may speculate that climate-dependent variations in environmental microbiota may influence the composition of host-asso-
ciated microbiota, indicating a potential indirect association between climatic factors and animal-associated microbiota. Hence, considering
environmental microbiota in the association network is essential to provide a comprehensive perspective on the assembly of host-associated
microbiota.'’

Amphibians are vulnerable to climate change and their wild populations are undergoing significant decline.®*° Understanding the
connections between their microbial diversity and climatic factors may be helpful in assessing their survival status. Moreover, amphibians
“14% implying their physiological adaptation to local climates over time. Indeed, amphibian populations
4344 and microbiota.””*’ However, scant

exhibit limited dispersal capacity,
from distinct geographic regions often exhibit differences in their physiology, metabolism,
attention has been given to exploring the potential influence of climatic factors on the variations in commensal microbiota.”® Moun-
tain-dwelling amphibians experience highly variable climate conditions, making them suitable models for studying the associations
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Figure 1. Sample information

(A) Study area and sampling sites.

(B) Photos of the four amphibian species.

(C) Bar plots showing the sample size at each collection site. Rk, R. kukunoris; Bt, B. tibetanus; Np, N. pleskei; Sb, S. boulengeri.
(D) A flowchart illustrating the factors and observations in our data analyses.

between host-associated microbiota and climatic factors. Additionally, these animals encounter unique environmental challenges, such as
strong UV radiation in high-latitudes. Considering that some molecules produced by commensal microbiota can shield or repair UV dam-
age,” it is intriguing to investigate whether the skin microbiota of high-latitude amphibians possess special metabolic functions to protect
their exposed skin.

The Qinghai-Tibet Plateau, the world's highest and largest plateau in the world,”® encompasses parts of four global biodiversity hot-
spots.”’ Its vast size and wide elevational range (1,000 to over 8,000 m) create extensive ecological gradients in temperature and precipita-
tion,”” providing a natural laboratory for studying organism-environment interactions. In this study, we conducted a regional survey in the
eastern Tibetan Plateau, establishing twelve geographical sites and sampling the gut and skin microbiota of four amphibian species (Bufo
tibetanus, Rana kukunoris, Scutiger boulengeri, and Nanorana pleskei) (Figure 1, Table 1). We analyzed the similarity and associations be-
tween environmental (water and soil microbiota of the animals’ habitats) and host-associated microbiota (i.e., gut and skin), and explored
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Table 1. Basic information of the four amphibian species

Altitude (m)
Species Record This study (Mean + SD) Breeding season Living habit
Rana kukunoris 2000-4400 3859 + 309° March-May The edge of still water and other moist environments.
Scutiger boulengeri 2700-5100 4110% May-August The edge of streams and pools.
Bufo tibetanus 2300-4300 4007 + 174%° April-June Among the rocks or weeds in the alpine grassland,
farmland and forest edge.
Nanorana pleskei 3300-4500 4196 + 187 May-June The edge of streams and pools, or among the weeds

The altitudes at which we caught these animals were analyzed with one-way ANOVA and LSD post-hoc test. Different letters denote significant difference be-
tween groups.

the significance of host and climatic factors in explaining variations in microbial diversity, composition, and function. Our hypotheses were: (1)
while host factors (e.g., body site and species) primarily drive the variations in host-associated microbiota, climatic factors may account for
additional variations; and (2) environmental microbiota might act as mediators in the associations between climatic factors and host-associ-
ated microbiota.

RESULTS
Comparative analyses on different types of microbiota

The bacterial phyla with relative abundances exceeding 10% were Firmicutes (34.8%), Proteobacteria (32.5%), and Bacteroidetes (25.2%) in
amphibian gut microbiota; Proteobacteria (93.0%) in amphibian skin microbiota; Proteobacteria (63.0%) in water microbiota; and Proteobac-
teria (27.1%), Planctomycetes (14.1%), Bacteroidetes (11.7%), Acidobacteria (11.1%), and Actinobacteria (10%) in soil microbiota (Figure 2). Soil
microbiota exhibited the highest alpha-diversity, followed by water, gut, and skin microbiota (Figure 2B). Microbial composition significantly
differed between sample types (F3 206 = 29.4, R? = 0.28, p < 0.001, PERMANOVA). Gut and skin microbiota were more similar to water micro-
biota in composition than to soil microbiota (Figure 2C). Source tracking analyses indicated that water microbiota, but not soil microbiota,
significantly contributed to amphibian skin (92.0%) and gut (18.5%) microbiota (Figures 2D-2F). The prediction rate of water microbiota to
skin microbiota was significantly higher in N. pleskei than in R. kukunoris (Figure 2F).

In comparison to skin microbiota, gut microbiota exhibited a higher relative abundance of Firmicutes, Spirochaetae, and Tenericutes,
while having a lower relative abundance of Proteobacteria (Figure 2A). Gut microbiota also displayed higher and lower relative abundance
of genes involved in primary metabolism (e.g., carbohydrate and lipid metabolism) and secondary metabolism (e.g., metabolism of terpene,
terpenoid and steroids and antibiotics biosynthesis), respectively (Figure S2A). Alpha- and beta-diversity indices of gut microbiota did not
correlate with those of skin microbiota from the same individuals (Figures S2B and S2C).

Association of climatic factors with environmental microbiota

The alpha-diversity of both soil and water microbiota showed no significant association with climatic factors (Figures 3A and S3A).

The beta-diversity (unweighted UniFrac distances) of soil microbiota was significantly associated with both temperature- (F4 47 = 2.38, R% =
0.04, p < 0.001) and precipitation-related climatic factors (F; 47 = 5.56, R?=0.10, p <0.001) (Figures 3A and S3B). The distribution of soil sam-
ples in the PCoA scatterplot exhibited a climate-dependent pattern, particularly associated with the precipitation-related factor (Figure 3B).
Bacterial generawhose abundances significantly correlated (p < 0.001 for both Spearman and Pearson correlations) with precipitation-related
climatic factor included Pirellula, Pir4 lineage, and Planctomyces in the soil (Figure 3C). The beta-diversity of water microbiota varied with the
climatic temperature-related factor (F 44 = 2.68, R?=0.05, p <0.001) and mean diurnal range (Fy 46 = 1.74, R?=0.03, p < 0.05) (Figures 3A, 3B,
and S3B). Bacteria whose abundance varied with temperature-related factor included Candidatus and Endomicrobium in the water (p < 0.001
for both Spearman and Pearson correlations; Figure 3C).

The variations in microbial functions of both soil and water samples could not be predicted by the climatic indices in this study (Figures 3A
and S3C).

Effects of host factors on amphibian microbiota
The alpha-diversity of amphibian gut microbiota remained unaffected by host and climatic factors. However, the skin microbial alpha-diversity
was significantly influenced by host species and sex (Figures 4A, S4A, and $4B). Among the four species, N. pleskei exhibited the highest skin
microbial alpha-diversity, differing significantly from R. kukunoris. Regarding sex, females displayed markedly higher skin microbial alpha-di-
versity than juveniles (frogs having not reached sexual maturity) and males (F, 53 = 3.57, p < 0.05, LSD post-hoc test following mixed linear
model), with juveniles exhibiting the lowest diversity (Figure 4B).

For beta-diversity, host species emerged as the primary factor driving the variations of both gut and skin microbiota (Figures 4A, S4C, and
S4D). Specifically, we observed significant differences in gut microbial composition between N. pleskei and the others, as well as in skin mi-
crobial composition between N. pleskei and R. kukunoris (F1 s, = 5.04, adjusted p < 0.05, PERMANOVA,; Figures 4C and 4D). The gut
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Figure 2. Comparative analyses on microbial diversity between different type of samples

(A) Microbial composition at phylum level.

(B) Microbial alpha-diversity based on Shannon index. Each value represents the mean + SE. Different letter denote significant differences between groups
(p < 0.05, LSD post hoc test following linear mixed model with collection site as a random factor).

(C) PCoA scatterplots presenting the similarity in microbial beta-diversity (unweighted UniFrac distance) between samples.

(D-E) Results of source-track analyses showing the contribution of environmental microbiota to amphibian microbiota. Each value represents the mean + SE.
Different letter denote significant differences in the proportions of water-derived microbiota between groups (p < 0.05, LSD post hoc test following linear mixed
model with collection site as a random factor).

microbiota of N. pleskei exhibited a higher relative abundance of Acidaminococcaceae, Coprobacillus, Desulfovibrionaceae, Mycoplasma-
tales, and Eubacterium compared to the others three species; additionally, the skin microbiota of N. pleskei displayed a higher relative abun-
dance of Clostridia, Aeromonas, and Pseudomonadaceae in their skin microbiota (adjusted p < 0.05, screened by LEfSe and further confirmed
by Kruskal-Wallis test; Figures SA4E and S4F). Climatic factors (temperature-related factor and mean diurnal range) and host sex contributed to
additional variations in gut and skin microbial beta-diversity, respectively (Figures 4A, SAC, and S4D), indicating combined effects of host and
climatic factors on amphibian microbiota. We observed significant pairwise differences in skin microbial beta-diversity among female, male,
and juvenile individuals (Figures 4E and 4F). Bacteroides, Parabacteroides, Lelliottia, Alistipes, and Fimbriimonadaceae showed significant
contributions to the inter-sex differences in the skin microbiota, being most abundant in females, followed by males, and nearly absent in
juveniles (Figure S4G).

The variations in microbial functions of both gut and skin samples were independent of host and climatic factors (Figures 4A, S5A, and
S5B). However, we observed interspecies differences in the microbial functional redundancy of skin samples (F3 29 = 4.29, p = 0.013, mixed
linear model; Figures S5C and S5D), with R. kukunoris displaying a significantly lower level than N. pleskei (p < 0.05, LSD post-hoc test;
Figure S5E).
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Figure 3. Associations of climatic factors with soil and water microbiota

(A) A network summarizing the associations between climatic indices and microbial diversity or function. The red, black, and gray-dashed colors of edges
represent significant (p < 0.05), marginally significant (0.05 < p < 0.1), and insignificant associations (p > 0.1), respectively. Associations of climatic indices
with microbial alpha-diversity, beta-diversity, and functions were analyzed with mixed linear models (climatic grids as random effects)) PERMANOVA
(unweighted UniFrac distance), and PERMANOVA (Bray-Curtis distances), respectively (detailed in Figure S3).

(B) PCoA scatterplots illustrate the variation in microbial beta-diversity (unweighted UniFrac distance) with climatic indices.

(C) Networks depict the bacterial genera whose abundance significantly varied with the climatic indices. A correlation was considered significant if p < 0.001 for
both Spearman and Pearson correlations. The size of the nodes denotes the relative abundance of each bacterial genus; the width of edges denotes the absolute
R value (Spearman correlation) of each correlation; blue and red colors of the edges indicate positive and negative correlations respectively.

Associations between climatic factors and amphibian microbiota

As previously mentioned, climatic factors explained additional variations in amphibian microbiota beyond those accounted for by host fac-
tors. To minimize the influence of host-related interference, we specifically examined the associations between climatic factors and microbial
variations in a single species, R. kukunoris, which had samples collected from ten distinct sites.

The alpha-diversity of both skin and gut microbiota did not vary with climatic factors (Figures 5A and Sé), whereas the beta-diversity of gut
microbiota showed significant associations with diurnal mean range (F 3, = 1.69, p < 0.05, PERMANOVA,; Figures 5A, 5B, and S7A), consistent
with the findings at multi-species level. For instance, the relative abundance of Paucimonas in the gut microbiota varied with mean diurnal
range (Figure S7B). Moreover, the skin microbial function of R. kukunoris exhibited a significant association with precipitation-related climatic
factor (Fq 31 = 3.57, p < 0.05, PERMANOVA,; Figures 5C and S7C). Functional items that positively correlated with precipitation-related factor
included ‘inositol phosphate metabolism’, ‘streptomycin biosynthesis’, ‘'neomycin, kanamycin and gentamicin biosynthesis’, ‘N-glycan
biosynthesis’, and ‘indole alkaloid biosynthesis’, while those negatively correlated with precipitation-related factor included 'nitrogen meta-
bolism’, ‘taurine and hypotaurine metabolism’, ‘biosynthesis of vancomycin group antibiotics’, ‘biofilm formation’, ‘biosynthesis of sidero-
phore group nonribosomal peptides’, ‘nonribosomal peptide structure’, and ‘cyanoamino acid metabolism’ (Figure 4D).
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Figure 4. Variations in amphibian gut and skin microbiota with host factors

(A) A network summarizing the associations between climatic indices and microbial diversity or function. Red, black, and gray-dashed colors of edges denote
significant (p < 0.05), marginally significant (0.05 < p < 0.1), and insignificant associations (p > 0.1), respectively. Associations of host and climatic factors with
microbial alpha-diversity, beta-diversity, and functions were analyzed with mixed linear models (climatic grids as random effects), PERMANOVA (unweighted
UniFrac distance), and PERMANOVA (Bray-Curtis distances), respectively.

(B) Variations in amphibian microbiota with host factors (i.e., species and sex). Different letters denote significant differences between groups (p < 0.05, LSD post-
hoc tests following mixed linear model).

(C) PCoA scatterplot showing the variation in microbial beta-diversity with host species.

(D) Pairwise comparison in microbial beta-diversity between species (pairwise PERMANOVA and BH correction).

(E) PCoA scatterplot showing the variation in microbial beta-diversity with host sex.

(F) Pairwise comparison in microbial beta-diversity between sexes (pairwise PERMANOVA and BH correction).

Given the significant role of water microbiota as a source for the host-associated microbiota, we constructed a SEM to explore whether
climatic-dependent variations in water microbiota might mediate potential associations between climatic factors and R. kukunoris microbiota
(Figure 6A). Results indicated that temperature-related climatic factor and mean diurnal range were significant predictors for the variations in
beta-diversity of water microbiota, which subsequently influenced the variations in beta-diversity of R. kukunoris gut and skin microbiota
(Figure 6B).

DISCUSSION

Recognizing the crucial role of commensal microbiota in animal health and environmental adaptation, understanding the factors shaping their
community structure is vital for animal conservation in the context of climate change. Currently, there is a scarcity of studies exploring the

6 iScience 27, 109907, June 21, 2024



iScience ¢? CellPress
OPEN ACCESS

A Gut microbial Skin microbial
a-diversity

Méan,'diurnalﬁl:ané
33 (i 3

Gut microbial ~_ 0.04 ‘Skin microbial

prdiyersity " precipitation-related, Bediversity
{ Téhperaiuré-rela;ted N2
(climatic PC1) . ©
Gut microbial “Skin microbial
function function
B Gut microbial beta-diversity [ Skin microbial function
0.4 1 PC3 0.10 1 1 PC2
1 1
_ 2 o) 4
= ! 5 005! e@g [ |
S 0.2 ey L 2
e : 0 s by ¢
S 0o ! S 0.00+------ H----- .
[°] ° ) e @ o 0.054 :
[$) 1 (@) . [S el -2
o 1 () 2 % 1
- e 1
0.2 ! om0l 4 l 4
-0.50 —0.25 0.00 0.25 010 -ggg A‘;'ogs ;’,;5 0:0
PCoA1 (20.0%) (65.7%)
D Nitrogen metabolism - N ) Abundance
Taurine and hypotaurine metabolism - @ ® 001
Ethylbenzene degradation - 1@
Biosynthesis of vancomycin group antibiotics : [ ® 005
Biofilm formation — Escherichia coli 1 , ® 0.10
[ Cyanoamino acid metabolism i
>
g Nonribosomal peptide structures - ) @ os0
£ Biosynthesis of siderophore group nonribosomal peptides - 1 @
s Type | polyketide structures - A
o Bile secretion e p value
8 Cholesterol metabolism e !
X N-Glycan biosynthesis{ o | 0.003
Indole alkaloid biosynthesis ®
Neomycin, kanamycin and gentamicin biosynthesis{ @ : 0.002
Glycine, serine and threonine metabolism . |
Streptomycin biosynthesis|1 @ ! 0.001
Inositol phosphate metabolism{ @ :

-1.0-0.50.0 0.5 1.0
R value

Figure 5. Variations in R. kukunoris gut and skin microbiota with climatic factors

(A) A network summarizing the associations between climatic indices and microbial diversity or function. The red, black, and gray-dashed colors of edges denote
significant (p < 0.05), marginally significant (0.05 < p < 0.1), and insignificant associations (p > 0.1), respectively. The associations of host and climatic factors with
microbial alpha-diversity, beta-diversity, and functions were analyzed with mixed linear models (climatic grids as random effects), PERMANOVA (unweighted
UniFrac distance), and PERMANOVA (Bray-Curtis distances), respectively.

(B) PCoA scatterplot depicting the variation in gut microbial beta-diversity with mean diurnal range (climatic PC3).

(C) PCoA scatterplot illustrating the variation in skin microbial function with precipitation-related climatic factor (PC2).

(D) Skin microbial functions significantly correlated (p < 0.005 in both Pearson and Spearman correlations) with precipitation-related climatic factor.

potential links between climatic factors and host-associated microbiota, and our understanding of the ecological processes involved is
limited. This study investigates the factors influencing the assembly of host-associated microbiota in mountain-dwelling amphibians, with
a specificfocus on the role of climatic factors in driving microbial variations. The findings support our two hypotheses: host and climatic factors
jointly shape the community structure of commensal microbiota, and climate-driven variations in environmental microbiota mediate associ-
ations between climatic factors and host-associated microbiota. This research underscores the need for a comprehensive approach consid-
ering both host-specific and environmental factors in conservation strategies, particularly in the face of climate change.

Host factors emerged as the primary determinant shaping the diversity of gut and skin microbiota. There were prominent differences in the
composition and function between skin and gut microbiota of mountain-dwelling amphibians. This suggested that the body site (e.g., gut and
skin), from which the microbiota were sampled, was a major factor influencing the community structure of host-associated microbiota.'* Anal-
ogous to low-elevation amphibian species,‘“"b3 Firmicutes, Proteobacteria, and Bacteroidetes stood out as the dominant bacterial phyla in
the gut, whereas Proteobacteria constituted a remarkable high proportion in the skin microbiota. The gut microbiota of these species
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Figure 6. Water microbiota mediated associations between R. kukunoris microbiota and climatic factors

(A) A schematic diagram illustrating the potential paths in our SEM. Climatic factors may be directly or indirectly linked to the host-associated microbiota, with
water microbiota potentially acting as mediators.

(B) Simplified SEM presenting the roles of water microbiota in mediating the associations between climatic factors and R. kukunoris microbiota (AIC = 45.876,
BIC =73.262). The percentages below the items indicate the explanation rate, presenting the proportion of the total variance explained by the simplified model.
Dashed gray paths were removed from the simplified model, while the red and green paths were retained, which denote positive and negative correlations,
respectively. The solid paths met the specified significance level (p < 0.05) in the SEM, and their width reflects the absolute R value.

harbored abundant genes associated with primary metabolism, especially carbohydrate metabolism, while their skin microbiota featured
terpene, terpenoid, and steroids biosynthesis. Terpene, terpenoid, and steroid derivatives serve diverse functions, including stress alleviation,
maintenance of cell membrane integrity, photoprotection, attraction or repulsion of organisms, host growth promotion, and defense.>
Consequently, the observed differences in composition and function between gut and skin microbiota align with their respective roles in
host health; the gut microbiota play an important role in host digestion and nutrient absorption, whereas the skin microbiota function as a
barrier in pathogen defense and UV protection.””*>® Given the intense UV stress in the mountain environments and the exposed skin of
amphibians, the skin microbiota might play a crucial role in the adaption of mountain-dwelling amphibians to high altitudes.

When we focused on a specific type of microbiota, such as gut or skin microbiota, host species emerged as the primary factor accounting
for variations in their beta-diversity. This finding is logical, as host species in this study likely reflect both the host's phylogeny and diet pref-
erences, two well-known drivers of host-associated microbial community composition.”’*® Interestingly, despite the significant interspecies
variations in the beta-diversity of gut and skin microbiota, their functions did not significantly differ across species. This suggests that the mi-
crobiota of mountain-dwelling amphibians perform common and essential functions. Host species was also a significant factor explaining
variations in the alpha-diversity and function redundancy of skin microbiota, but not gut microbiota. Skin microbiota of R. kukunoris and
S. boulengeri exhibited relatively lower alpha-diversity and functional redundancy than that of N. pleskei, indicating that the functional sta-
bility of their skin microbiota might be more susceptible to disruption. Additionally, the host's sex played a significant role in explaining var-
iations in both alpha- and beta-diversity of skin microbiota. Juveniles exhibited the lowest alpha-diversity in their skin microbiota and lacked
some common bacteria found in adults. We speculated that juveniles might need exposure to more diverse environments®” or direct skin
contact with adults, such as mating after reaching sexual maturity,®® to acquire these missing microbes. Regardless, the skin microbiota of
amphibian juveniles appeared underdeveloped and potentially vulnerable to external disturbances. The species- and sex-depended varia-
tions in amphibian microbiota highlighted the importance of considering both taxonomy and ontogeny when evaluating the impacts of envi-
ronmental changes on high-altitude amphibians.®’

In the case of a particular species, individuals from different geographic region always exhibit differences in their commensal micro-
biota.*”“* However, whether these variations are partly driven by the climatic factors has been rarely explored. In this study, we analyzed
the microbiota of field amphibians, and found that climatic factors accounted for additional variations in their commensal microbiota beyond
those explained by the host factors, suggesting that host and climatic factors jointly shaped the microbiota of mountain-dwelling amphibians.
This aligns with our earlier investigations conducted on laboratory-acclimated lizards collected from various geographic sites.**> Kueneman
et al.*” reported that amphibian skin alpha-diversity was consistently correlated with temperature-associated climatic factors. This diverged
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from our observations, possibly owing to the fact that our species were from a mountainous area and that the two studies were conducted at
different geographic levels. Another study conducted by Woodhams et al.,”® encompassing multiple animal clades such as mammal,
amphibian, fish, and insect, suggested that digestive-associated microbiomes are primarily explained by variations in climatic factors,
whereas skin-associated microbiomes are explained by host factors such as phylogeny/immune complexity and trophic level/diet, plus
climate. This finding aligns with our observations related to microbial function, although it contrasts with our results regarding alpha- and
beta-diversity. These complexities highlight that the influences of climatic factors on host-associated microbiota are multifaceted and may
depend on animal clades and geographic scales.

It was interesting to find that precipitation-related climatic PC was associated with functional variations in R. kukunoris skin microbiota. This
climatic factor was correlated with the abundances of genes involved in various antibiotics biosynthesis processes, including streptomycin,
vancomycin, neomycin, kanamycin, and gentamicin, and non-ribosomal peptides. These microbial small-molecule products exhibit antibiotic
activities.®® Given that precipitation is potentially linked to the spread and prevalence of amphibian pathogens,®’*® the climate-dependent
variations in antibiotics biosynthesis within skin microbiota might play a role in environmental adaptation of amphibians. To test this hypoth-
esis, further studies could focus on examining trends in environmental pathogens and skin microbial functions along an annual precipitation
gradient.

Our results indicated that climatic factors drove the variations in the beta-diversity of environmental microbiota. These results align with
previous research, suggesting that soil and water microbial taxa can respond to changes in temperature and water availability,*””" thereby
mediating the impacts of climate changes on the biogeochemical cycling and plant growth.”*’® Notably, water microbes emerged as a sig-
nificant source of the host-associated microbiota in mountain-dwelling amphibians, while soil microbiota did not, despite both being in con-
tact with amphibian skin. This suggested that host-associated microbiota were likely under selective pressure, potentially exerted by the host
factors. Our results indicated that the climate-dependent variations in water microbiota might mediate an indirect association between cli-
matic factors and amphibian microbiota. This understanding provides a mechanistic perspective on the alignment between host-associated
microbiota and the local climate, deepening our comprehension of the impact of climate change on mountain ecosystems by offering a sys-
tematic view on the relationships between different ecological elements.

Conclusion

Host-associated microbiota of mountain-dwelling amphibians vary with both host and climatic factors, making it essential to consider these
factors when discussing animal resistance and susceptibility to climate change. Environmental microbiota, being a major source of host-asso-
ciated microbiomes, play a crucial role in mediating the associations between climatic factors and host-associated microbiota. This indirect
association offers a mechanistic understanding of the alignment between host-associated microbiota and the local climate. Identifying the
relationships among different ecological elements in habitats is meaningful for presenting a systematic perspective on the assembly of host-
associated microbiota in amphibians, and it may also provide valuable insights into the environmental adaptation of animals.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Biological samples

Four amphibian species including Bufo tibetanus, Collected in Aug. 2020 at the N/A

Rana kukunoris, Scutiger boulengeri, and eastern edge of the Tibetan Plateau

Nanorana pleskei

Water and soil microbiota of four amphibian Collected in Aug. 2020 at the N/A
species’ habitats eastern edge of the Tibetan Plateau
Host-associated microbiota of four amphibian Collected in Aug. 2020 at the N/A

species (i.e., gut and skin) eastern edge of the Tibetan Plateau

Critical commercial assays

QlAamp DNA Stool Mini kit
Qubit dsDNA HS Assay Kit

MagicPure Size Selection DNA Beads

Qiagen

Life Technologies, Carlsbad,

CA, United States

TransGen Biotech, Beijing, China

N/A
N/A

N/A

Deposited data

Sequencing data and relevant files This paper Genome Sequence Archive: [CRA011106]
Software and algorithms

Lima v1.7.0 N/A https://github.com/pacificbiosciences/barcoding
Cutadapt 1.9.1 Marcel Martin https://cutadapt.readthedocs.io/en/stable/

Trimmomatic 0.33
UCHIME 8.0
USEARCH v10.0
QIIME 1.9
SILVA132
Tax4Fun2

IBM SPSS v21.0
REO

Cytoscape 3.5.0
Graphpad prism 5
ggplot2
Source-Tracker 0.9.5

Bolger et al.”
Edgar et al.”®
Edgar’é7”’

Bolyen et al.

Quast et al.”®
Wemheuer et al.””
IBM, Armonk, NY, USA
R Core Team®®
Shannon et al.
GraphPad Software
Wickham®'

Knights et al.®?

https://github.com/timflutre/trimmomatic
http://drive5.com/uchime
http://www.drive5.com/usearch/
https://qiime.wordpress.com/
https://www.arb-silva.de/
https://doi.org/10.1101/490037
https://www.ibm.com/cn-zh/spss
https://www.r-project.org
http://cytoscape.org
https://www.graphpad.com
https://github.com/tidyverse/ggplot2
https://doi.org/10.1038/nmeth.16500.9.5

Mantel (vegan package in R) N/A https://github.com/vegandevs/vegan
Other
Climatic factor data This paper WorldClim v 2.1 database

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead contact, Liming Chang, changlm@cib.

ac.cn.

Materials availability

This study did not generate new unique reagents.

iScience 27, 109907, June 21, 2024 13


mailto:changlm@cib.ac.cn
mailto:changlm@cib.ac.cn
https://github.com/pacificbiosciences/barcoding
https://cutadapt.readthedocs.io/en/stable/
https://github.com/timflutre/trimmomatic
http://drive5.com/uchime
http://www.drive5.com/usearch/
https://qiime.wordpress.com/
https://www.arb-silva.de/
https://doi.org/10.1101/490037
https://www.ibm.com/cn-zh/spss
https://www.r-project.org
http://cytoscape.org
https://www.graphpad.com
https://github.com/tidyverse/ggplot2
https://doi.org/10.1038/nmeth.16500.9.5
https://github.com/vegandevs/vegan

¢? CellPress iScience
OPEN ACCESS

Data and code availability
e Sequencing data and relevant files have been uploaded to Genome Sequence Archive (https://ngdc.cneb.ac.cn/gsub/): [CRA011106].
The other raw data have been uploaded to figshare: [https://doi.org/10.6084/m9.figshare.25650198.v1]. These data are publicly avail-
able as of the date of publication.
e This paper does not report original code.
e Any additional information required to reanalyse the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL
Animals

The samples were collected in Aug. 2020 at the eastern edge of the Tibetan Plateau (Figure 1A). The study area spans over 480 km, represent-
ing the largest distance between collection sites, and encompasses an elevational range of over 1,000 m. A total of 101 environmental sam-
ples (51 soil and 50 water) and 126 frog-associated microbial samples (64 gut and 62 skin samples from four species) were collected from 12
sampling sites (Figure 1B). For a given species, individuals with much smaller body size than the adults were classified as juveniles. To prevent
artificial and cross-contamination, disposable plastic gloves were used during animal capture. All animal protocols in this study were reviewed
and approved by the Animal Ethical and Welfare Committee of Chengdu Institute of Biology, Chinese Academy of Sciences (permit number:
2020-AR-JJP-01), in compliance with the ARRIVE guidelines 2.0° and Guide for the Care and Use of Laboratory Animals (8th edition) pub-
lished by National Research Council (US) Committee for the Update of the Guide for the Care and Use of Laboratory Animals.®*

METHOD DETAILS
Sample collection and environmental information

The skin microbiota were sampled immediately upon captured, with each animal rinsed three times with sterile water to remove potential
transient bacteria. Using three sterile swabs, we sampled the back, side, and abdomen of each animal, respectively.45 These swabs were
then transferred to 2 mL aseptic centrifuge tubes containing 1.5 mL 95% ethanol. Subsequently, the animals were euthanized with MS-
222. The sex of the adults was determined after dissection. Gut contents were collected with sterile tweezers and transferred to 2 or
50 mL (depending on the animal’s size) aseptic centrifuge tubes containing 95% ethanol. New gloves were used for each microbial sample
of each individual. All the animals were collected near water bodies, and corresponding soil and water samples were also collected. Each
geographical site may include multiple soil or water samples (Figure 1C). Each environmental sample was obtained by equally mixing soil
or surface water collected from 3 to 5 points, selected using the equidistant sampling method along the banks of water bodies, with points
located more than 1 m apart. For each point, the water and soil samples were collected approximately 1 m inward and outward from the
water’s edge, respectively. Additional soil and water sampling was skipped if the next animal was within 200 m of the last capture. Subsequent
protocols for collection of environmental microbial samples followed the methods described previously.”® Detailed sample information has
been uploaded to figshare (https://doi.org/10.6084/m?9.figshare.25650198.v1).

We recorded the longitude and latitude coordinates for each sample and obtained 19 corresponding climatic factors by querying
the WorldClim v 2.1 database (at a resolution of 30 s). These factors included annual mean temperature (bio1), mean diurnal range
(bio2), isothermality (bio3), temperature seasonality (bio4), maximum temperature of warmest month (bio5), minimum temperature of cold-
est month (bioé), temperature annual range (bio7), mean temperature of wettest quarter (bio8), mean temperature of driest quarter (bio9),
mean temperature of warmest quarter (bio10), mean temperature of coldest quarter (bio11), annual precipitation (bio12), precipitation of
wettest month (bio13), precipitation of driest month (bio14), precipitation seasonality (bio15), precipitation of wettest quarter (bio16), pre-
cipitation of driest quarter (bio17), precipitation of warmest quarter (bio18), and precipitation of coldest quarter (bio19). These data have
been uploaded to figshare (https://doi.org/10.6084/m9.figshare.25650198.v1). To reduce the dimensions of the climate data, we conduct-
ed principal component analysis (PCA) to extract the first three principal components (PCs). These components accounted for 57.7%,
21.6%, and 16.1% of the total variance (accumulated explanation rate >95%; Figure S1). PC1 was primarily influenced by temperature-
related factors (e.g., bio11, bio9, bio4, and bio9); PC2 by precipitation-related factors (e.g., bio13, bio16, and bio18); and PC3 by bio2.
Thus, these three climatic PCs were named as temperature-related factor, precipitation-related factor, and mean diurnal range,
respectively.

16S rRNA gene amplicon sequencing

The DNA extraction was performed using a QlAamp DNA Stool Mini kit (Qiagen) following the manufacturer’s instructions. A DNA extraction
(blank) control was included in the process. Nucleic acid integrity was verified through electrophoresis, and the concentration and purity of
each DNA sample was determined using a Qubit dsDNA HS Assay Kit (Life Technologies, Carlsbad, CA, United States). The entire 165 rRNA
gene was amplified using primers 27F (AGRGTTTGATYNTGGCTCAG) and 1492R (TASGGHTACCTTGTTASGACTT) primers. PCR thermocy-
cling conditions included an initial denaturation at 95°C for 5 min, followed by 30 cycles of 95°C for 30's, 50°C for 30's, and 72°C for 60's, with a
final extension step at 72°C for 7 min. A DNA extraction (blank) control was also included for each PCR plate. PCR products were visualized on
1% agarose gels and quantified using a Nanodrop (Thermo Fisher Scientific, USA). A total of 227 samples meet the following criteria: (1) high
DNA integrity; (2) DNA concentrations >10 ng/uL; (3) DNA total quality >100 ng. Blank controls showed no visible bands and had a DNA
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amount of less than 1 ng/uL. The products were purified with MagicPure Size Selection DNA Beads (TransGen Biotech, Beijing, China). High-
throughput sequencing was performed on a PacBio Sequel Il platform by Mingke Biotechnology Co., Ltd. (Hangzhou, China). Circular
consensus sequences (CCSs) were identified with lima v1.7.0, and primers were removed using Cutadapt 1.9.1 (identity >80% and coverage
>80%).%° Quality control was performed using Trimmomatic (version 0.33; sliding window, 50 bp),74 and chimera was removed using UCHIME
8.0.”> Sequences with >97% identity were considered operational taxonomic unit (OTU) using USEARCH v10.0.”*”” The QIIME 1.9 pipeline
was used to process the data and generate OTU tables.®® Each OTU was classified by annotation against the SILVA132 database.”® All the
sequenced samples were remained, and sequencing depth ranged from 4,715 to 44,240 CCSs. The absolute abundance of OTUs was normal-
ized to a standard sequence number, corresponding to the sample with the least sequences (4,715 in this study). Microbial alpha-diversity,
beta-diversity, and functional diversity indices were calculated to assess the variations of microbiota (Figure 1D). The alpha-diversity (e.g.,
Shannon index) and dissimilarity matrices (e.g., unweighted UniFrac distances) were produced using the QIIME pipeline. Bacterial functions
and functional redundancy of gut microbiota were predicted using Tax4Fun2.”’ This generated a table illustrating the relative abundance of
each functional item in every sample. Subsequently, we converted this abundance table into a Bray-Curtis distance matrix using the vegan
package in R This transformation aimed to facilitate the analysis of potential associations between factors and the functional diversity of
microbiota, employing the same approach as applied to microbial beta-diversity (detailed below). The related data tables have been up-
loaded to figshare (https://doi.org/10.6084/m9.figshare.25650198.v1).

QUANTIFICATION AND STATISTICAL ANALYSIS

We conducted all the statistical analyses using IBM SPSS v21.0 (IBM, Armonk, NY, USA) and R.80 Normality of the data was assessed using
Kolmogorov-Smirnov and Shapiro-Wilk tests, and homoscedasticity across groups was evaluated using Levene's tests. Benjamini-
Hochberg (BH) correction was applied to adjust p values of multiple comparison. Correlation networks were constructed using Cytoscape
3.5.0. Graphs were generated using Graphpad prism 5 and ggplot2.?’

Initially, we characterized the microbial composition and functions of each microbiota type (soil, water, gut, and skin) and analyzed their
potential associations. Alpha-diversity was analyzed with mixed linear models (fixed factors: sample types; random factors, the ID of each
sample’s collection site), followed by LSD post-hoc tests. The differences in beta-diversity between samples were assessed using permuta-
tional multivariate analysis of variance (PERMANOVA,; factors, sample types; permutation, 9,999; sum of square, type Il; based on unweighted
UniFrac distances). Potential microbe transmission between environmental and host-associated microbiota was analyzed using Source-
Tracker 0.9.5.%” Associations in the variations of alpha-diversity and beta-diversity between skin and gut samples from the same individuals
were analyzed using Spearman correlation and Mantel (vegan package in R), respectively.?” Principal coordinate analyses (PCoA, based on
dissimilarity matrices) were employed to visualize beta-diversity dissimilarity. Differential microbial functions between microbiota types were
identified using Kruskal-Wallis.

Subsequently, we examined the contributions of host and climatic factors to the variations in diversity and function of each type of micro-
biota. Alpha-diversity was analyzed using mixed linear models (fixed factors: host effects; covariates, climatic PC1—-3; random factors, ID of
climatic grids), followed by LSD post-hoc test. Influences of host and climatic factors on microbial beta-diversity (unweighted UniFrac dis-
tances) and functions (Bray-Curtis distances) were analyzed using PERMANOVA (factors: host factors and climatic PC1—3; sum of square:
type Il; permutation: 9,999). PCoA was used to visualize beta-diversity or microbial function dissimilarity. Further differential analyses were
conducted for significant factors identified through PERMANOVA. Differential microbes between species or sexes were screened using
Kruskal-Wallis tests (adjusted p < 0.05) and LEfSe (p < 0.05 and adjusted LDA >3).°® We combined Pearson and Spearman correlations to
screen the differential microbes or functions correlating with the climatic factors (PC1-3).

Finally, structural equation model (SEM) was constructed to explore whether the environmental microbiota potentially mediated the as-
sociations between climatic factors and amphibian microbial community structure. The first two principal coordinate axes (PCoA1 and PCoA2)
were used to represent the overall variations in water microbiota beta-diversity (water PCoA1, 23.5%; water PCoA2, 7.4%). PCoA1 was used to
represent the overall variations in gut (16.4%) and skin (18.4%) microbiota beta-diversity. In the SEM, each animal individual was considered as
an observation, and its skin and gut microbiota corresponded one-to-one. The average values were calculated for the water or soil microbiota
from the same climatic grids, to better present the overall environmental microbial diversity within each climatic grid. We hypothesized that
climatic factors might be directly associated with the host-associated microbiota, or indirectly associated with them through influencing the
environmental microbiota. The full models were simplified by removing non-significant paths until the Akaike information criterion (AIC) and
Bayesian information criterion (BIC) values no longer decreased.
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