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Introduction: Identifying spatial patterns of biodiversity along elevational gradients
provides a unified framework for understanding these patterns and predicting
ecological responses to climate change. Moreover, microorganisms and plants
are closely interconnected (e.g., via the rhizosphere) and thus may share spatial
patterns of diversity and show similar relationships with environments.

Methods: This study compared diversity patterns and relationships with
environments in host plants and rhizosphere microorganisms (including various
functional groups) along elevational gradients across three climatic zones.

Results: We found thatabove-and belowground diversity decreased monotonically
or showed a hump-shaped or U-shaped pattern along elevation gradients.
However, the diversity patterns of plants, bacteria, and fungi varied depending
on the taxon and climatic zone. Temperature and humidity strongly contribute
to above-and belowground diversity patterns and community composition along
elevational gradients. Nonetheless, soil factors might be important regulators of
diversity patterns and the community composition of plants and microorganisms
along these gradients. Structural equation modeling revealed that environmental
factors had a stronger direct effect on rhizosphere microbial diversity than host
plant diversity.

Discussion: In sum, spatial patterns of diversity and their relationships with
environments in rhizosphere microorganisms and their host plants differed at
the regional scale. Different functional groups (e.g., pathogen, mycorrhiza and
nitrifier) of soil microorganisms may have divergent elevational patterns and
environmental responses. These data improve our understanding of elevational
diversity patterns, and provide new insights into the conservation of biodiversity
and ecosystem management, especially under climate change.
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Introduction

Biodiversity, the variety of species and ecosystems, plays essential
roles in human survival by providing raw materials (e.g., food,
medicine, and wood) and fundamental processes (e.g., climate
regulation and flood control; Rands et al., 2010). However, with rapid
population growth over the past few decades, humans have massively
degraded the environment, leading to a substantial and irreversible
loss of biodiversity (Sieck et al., 2011). Therefore, elucidating the
temporal-spatial distribution of biodiversity is essential for
conservation efforts, ecosystem management, and sustainable
development (Hunter and Yonzon, 1993; Hu et al., 2020), especially in
biodiversity hotspots (Zhang et al., 2021; Zhang Y. Z. et al,, 2022).
Current conservation agendas focus on macroorganisms (e.g., animals
and plants) but neglect microorganisms, which are the greatest source
of biodiversity and have important ecosystem functions and services
(Guerraetal., 2021). And microbes are an essential component of the
ecosystem response to climate change (Monson et al., 2006; Carney
etal., 2007). However, the biogeographical patterns and maintenance
processes of microorganisms are less well known than those of
macroorganisms because of the small size, large abundance, wide
distribution, and rapid reproduction of the former (De Wit and
Bouvier, 2006; Ren et al., 2018). Therefore, our limited knowledge of
microbial diversity does not fit its crucial roles in ecosystem functions
and is inadequate to address the threat of the Anthropocene (e.g.,
climate change and human disturbance; Bodelier, 2011; Zhou and
Ning, 2017; Guerra et al., 2020).

Mountains possess exceptional biodiversity because of large
elevational and environmental gradients generated by drastic climate
and topographic changes over short geographical distances (Korner
et al,, 2017). Plant diversity has complex and unique patterns along
elevational gradients (Gebrehiwot et al., 2019). However, previous
studies have focused on the aboveground biodiversity distribution
along elevational gradients, and little is known about whether the
macroecological patterns of microorganisms and macroorganisms
and the processes governing these patterns are synchronous
(Sutherland et al., 2013). Bryant et al. (2008) were the first to study
bacterial and plant diversity along an elevation gradient. Other studies
have also revealed similarities and differences in the elevational
distribution patterns of plant and microbial diversity. For instance, in
the tropical climate, plant diversity may decrease with elevation (Jing,
2004; Unger et al., 2010). Bacterial and fungal diversity had a U-shaped
and a monotonic decreasing pattern in the tropics, respectively (Shen
et al,, 2020). In a temperate climate, tree species diversity decreased
with increasing elevation (Ohsawa, 1995) or exhibited a mid-elevation
peak (i.e., hump-shaped pattern). While bacterial diversity exhibited
no distinctive pattern across the elevational gradient (Shen et al.,
2013), and fungal diversity showed a unimodal pattern (Miyamoto
etal,, 2014). In general, plants and microorganisms may show different
elevational patterns in a single climatic zone. However, these diversity
patterns were explored using different experimental designs in single
climatic or limiting data comparison. Thus, underscoring the need to
study these patterns across different climatic zones using
standardized approaches.

Environmental factors significantly influence biodiversity
distribution along elevation gradients (i.e., environmental drivers).
For instance, temperature and water availability are the primary
drivers of plant distribution on a broad scale. In Eurasia’s mountains,
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microbial diversity and community structure are best predicted by the
mean temperature of the warmest quarter and the mean precipitation
of the coldest quarter (Picazo et al., 2020). Additionally, microclimates
determined the ecology and development of soil microorganisms
along an elevational gradient in a subtropical forest (Ma et al., 2022).
Soil characteristics are crucial for the diversity of above-and
belowground biota. For instance, the main factor influencing
biodiversity and community composition along an elevational
gradient in mountainous areas is soil pH, particularly for bacteria
(Wang et al,, 2014; Liu et al., 2021). This diversity is also affected by
soil phosphorus, carbon-to-nitrogen ratio (Li et al, 2016), and
potassium ion concentrations (Singh et al., 2013). Nonetheless, little
is known about the relative importance of climatic and soil factors in
above-and belowground diversity, and whether relationships between
diversity and the environment differ between microorganisms and
plants. Exploring the environmental responses of biodiversity will
promote the understanding of biodiverse maintenance mechanisms
and the development of ecosystem managements.

However, the rhizosphere microbiome is widely considered the
appurtenance of host plants, i.e., it may be greatly shaped by host
2012). Plants
microorganisms through roots and shape microbial diversity by

plants (Berendsen et al, interact with soil
secreting secondary metabolites (Berendsen et al., 2012; Reinhold-
Hurek et al., 2015). Therefore, rhizosphere microorganisms and host
plants are expected to share spatial patterns of diversity and show
similar diversity-environment relationships. However, there may
be no significant relationship between the diversity pattern of
mycorrhizal fungi and host plants along latitudinal gradients (e.g.,
Zheng et al., 2021), suggesting host plant effects on microbial
abundance and composition in the rhizosphere are highly specific and
variable (Costa et al., 2006; Garbeva et al., 2008; Philippot et al., 2013).
Here, we assumed that the spatial patterns of diversity and their
relationships with environments in rhizosphere microorganisms and
their host plants differed at regional scales.

Moreover, various functional groups of soil microorganisms (e.g.,
mycorrhizal fungi, nitrifier, nitrogen-fixing bacteria and pathogen)
play important roles in driving ecosystem functions and services (e.g.,
climate regulation, nutrient cycling and soil health; Guerra et al,,
2020). The majority of previous studies on elevational patterns,
however, concentrated on the total bacteria or fungi (Praeg et al.,
2019) or a single functional taxon (e.g., ectomycorrhizal fungi; Gong
etal., 2022), rarely on different/various functional taxa. Studying and
comparing the biodiversity patterns of different functional groups
(especially across climatic zones) can help to enhance our
understanding of the strength of soil biodiversity in relation to
ecosystem function, and better inform management and
policy decisions.

This study analyzed the biodiversity patterns of rhizosphere
microorganisms (including various functional groups) and their host
plants along elevational gradients in tropical, subtropical, and
subalpine ecosystems in Yunnan Province, China, and identified
environmental factors that shape biodiversity and community
composition. The study addressed the following questions: (1) What
are the biodiversity patterns of host plants and rhizosphere
microorganisms in various climatic zones? (2) What are the
environmental factors that affect the biodiversity and community
composition of host plants and rhizosphere microorganisms in
various climatic zones?
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Surveyed sites in Yunnan Province, southwestern China. (A) Tropical region (Xishuangbanna Banma Mountain: 800, 1,000, 1,200, and 1,400m);
(B) Subtropical region (Puer Ailao Mountain: 2,000, 2,200, 2,400, and 2,600m); (C) Subalpine region (Lijiang Yulong Snow Mountain: 3200, 3,400,
3,600, and 3,800m). The red dots in A, B, and C represent the location of each plot.

Methods and materials
Study sites

This study included three sites in Yunnan Province, China-Banma
Mountain in Xishuangbanna, Ailao Mountain in Pu’er, and Yulong
Snow Mountain in Lijiang-representing a tropical rainforest, a
subtropical evergreen broad-leaved forest, and a subalpine coniferous
forest, respectively (Figure 1). These sites are biodiversity hotspots
characterized by a high diversity of endemic and rare species and have
large elevational gradients (Zhang et al., 2021). Additional information
on the climate and flora of the study sites is shown in Supporting
Information 1. We standardized several experimental conditions in
each climatic zone, including four equidistant elevational transects,
i.e., 800, 1,000, 1,200, and 1,400 m in tropical mountains; 2000, 2,200,
2,400, and 2,600 m in subtropical mountains; and 3,200, 3,400, 3,600,
and 3,800m in subalpine mountains (Figure 1). Five plots
(20m x20m) were set on each elevational transect, totaling 60 plots.
Furthermore, we standardized the experimental procedures in each
plot to determine tree species composition, collect soil
microorganisms, evaluate soil physical and chemical properties, and

monitor climatic data.
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Tree species surveys

In the tropical forest, we identified 141 species from 49 families
with 1,034 individuals. The four most abundant plant families were
Lauraceae (contains 15 species), Moraceae (contains 9 species),
Fagaceae (contains 8 species), and Annonaceae (contains 8 species).
In the subtropical forest, we identified 74 species from 27 families with
964 individuals. The three most abundant families were Lauraceae
(contains 12 species), Fagaceae (contains 9 species), and Theaceae
(contains 8 species). In the subalpine forest, we identified 23 species
from 10 families with 621 individuals. The three most abundant
families were Pinaceae (contains 5 species), Ericaceae (contains 4
species) and Caprifoliaceae (contains 4 species). Individual trees with
a diameter at breast height of >5cm in each plot were tagged,
identified, and measured. All tree species were identified by
professional botanists from the Xishuangbanna Tropical Botanical
Garden Herbarium' (Song et al., 2021).

1 http://hitbc.Xtbg.ac.cn

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1079113
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
http://hitbc.Xtbg.ac.cn

Xu et al.

Soil sample collection and analysis

We collected rhizosphere soil samples from every tree species
(host plants) in each plot during the growing season (July to October
2021). First, the tree species in each plot were chosen using survey
information. Then, the topsoil layer containing litter and humus was
removed, and fine tertiary roots were identified using the root-seeking
technique (Laliberté, 2017). Rhizosphere soil (attached to fine roots)
was collected using a soft brush. We collected three to five individuals
of each tree species and rhizosphere soils from each individual in three
random orientations. The soil was sieved through a sieve (2mm),
freeze-dried, and stored at-40°C for molecular analysis.

Rhizosphere soil was collected in each plot for physicochemical
analysis. The soil water content was calculated by subtracting the fresh
weight from the dry weight (some soils dried in the oven). The
remaining samples were air-dried in the shade and transferred to the
Central Laboratory of the Public Technology Service Center,
Xishuangbanna Tropical Botanical Garden, and the Chinese Academy
of Science for measuring organic matter (OM), total carbon (TC),
total nitrogen (TN), hydrolysable nitrogen (HN), total phosphorus
(TP), total potassium (TK), available potassium (AK), water content,
shown in

and soil pH. Detailed measurements are

Supplementary Tables S1, S2 (Supporting Information).

Climate data collection

Mean annual temperatures and air humidity were measured using
data loggers (iButtonLink LLC, Whitewater, WI, United States).
iButton sensors were attached to PVC pipes with ventilation slots to
avoid direct solar radiation and were placed in each plot, spaced
1.3 m apart.

Molecular and bioinformatic analyzes

Genomic DNA samples from rhizosphere soils were extracted
using the OMEGA Soil DNA Kit (M5635-02) following the
manufacturer’s instructions (OMEGA Bio-Tek, Norcross, GA,
United States) and stored at-20°C for further analysis. DNA
concentration was measured using a NanoDrop NC2000
spectrophotometer (Thermo Fisher Scientific, Waltham, MA,
United States), and DNA quality was assessed by agarose gel
electrophoresis. The bacterial 16S rRNA gene V3-V4 region was
amplified by PCR  using forwards primer  338F
(5"-ACTCCTACGGGAGGCAGCA-3") and reverse primer 806R
(5"-GGACTACHVGGGTWTCTAAT-3"; Apprill et al., 2015). The V1
region of the fungal ITS gene was amplified by PCR using a forwards
primer (5'-GGAAGTAAAAGTCGTAACAAGG-3") and a reverse
primer (5-GCTGCGTTCTTCATCGATGC-3"; White et al., 1990).
The amplification conditions are shown in the Supporting Information.
Paired-end Illumina MiSeq sequencing and library preparation were
performed by Personal Biotechnology Co., Ltd. (Shanghai, China).
Microbiome bioinformatics analysis was carried out using the
Quantitative Insights Into Microbial Ecology pipeline (QIIME2)
version 2.0 (Bolyen et al., 2019). Primers were removed using the
Cutadapt plugin, and raw sequence data were demultiplexed using the
Demux plugin (Martin, 2011). The sequences were filtered and
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trimmed to eliminate short, low-quality, and chimeric reads using the
DADA2 plugin (Callahan et al., 2016). A tree was built by FASTTREE2
using nonsinglet amplicon sequence variations (ASVs) compatible
with MAFFT (Katoh et al., 2002; Price et al., 2010). All samples were
resampled using the QIIME feature table sparse function. Fungal
functional groups were extracted from ASVs based on the FUNGuild
database (Nguyen et al., 2016), including ectomycorrhiza (ECM),
arbuscular mycorrhiza (AM) and fungal pathogen. Bacterial
functional groups were extracted from ASVs based on the Functional
Annotation of Prokaryotic Taxa (Faprotax) database (Louca et al.,
2016), including nitrifier, nitrogen-fixing bacteria (N-fixation) and
bacterial pathogen.

Phylogenetic trees for plant species were constructed using
Scenario 3 of V. PhyloMaker version 2 (Jin and Qian, 2022). The tree
of life contains 74,533 vascular plant species and all families of extant
vascular plants and is widely used in ecology (Zhang Y. et al., 2022).
Scenario 3 adds species as polytomies within their parental clades and
assigns branch lengths using BLADJ algorithm (Branch Length
Adjuster, i.e., setting all other branch lengths by placing the nodes
evenly between dated nodes, and between dated nodes and terminals;
Jin and Qian, 2022). Scientific names were standardized using the
plantlist package (Zhang, 2019).

Statistical analysis

ASYV tables were classified according to climatic zones (tropical,
subtropical, and subalpine). ASV tables were used to determine alpha
diversity and community composition of host plants, fungi (including
total fungi, ectomycorrhiza, arbuscular mycorrhiza and pathogen) and
bacteria (including total bacteria, nitrifier, nitrogen-fixing bacteria
and pathogen). Species richness (SR), Shannon-Wiener diversity
index (Shannon), and phylogenetic diversity (PD) were calculated to
measure the alpha diversity of plant and soil microorganisms. SR was
calculated as the total number of species in a plot (Zhang et al., 2021).
Shannon-wiener index is based on relative abundance data, which is
affected by both richness and evenness (Shannon, 1948). PD estimates
phylogenetic alpha diversity (Faith, 1992), defined as the sum of
branch lengths (from the terminal to the base of the phylogeny) of all
species in a plot (Zhang et al., 2021). These diversity indexes were
calculated using the picante package (Kembel et al., 2010) and vegan
package (Oksanen et al., 2013) in R software.

The relationship between alpha diversity and elevation in the three
climatic zones was evaluated by linear regression. We compared the
Akaike information criterion (AIC) values of simple and multinomial
linear regressions and selected models with smaller AIC values for
visualization (Supplementary Table S3 in Supplementary material). The
models were visualized using the ggplot2 package in R (Wickham, 2016).

The association between alpha diversity and environmental
variables (elevation, OM, TC, TN, TK, AK, TP, HN, humidity,
temperature, and soil water content) was assessed by Pearson
correlation analysis. The importance of environmental variables to
diversity was evaluated by random forest. The random forest method
accommodates collinear predictors by distributing the relevance of a
variable across all variables (Yang et al., 2021). The explanatory power
of environmental variables for three alpha diversity metrics was
estimated using the linkET package (Huang, 2021) and randomForest
package (Liaw and Wiener, 2007) in R software.
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Plant and microbial community compositions were ordinated
using nonmetric multidimensional scaling (NMDS) with Bray—Curtis
dissimilarity matrices using the metaMDS function in the Vegan
package (Oksanen et al., 2013). The association of species community
composition with environmental factors was evaluated by distance-
based redundancy analysis (dbRDA). In this analysis, we performed
Hellinger transformation on microbial ASV tables. Diversity indices
were correlated with environmental variables using the rdacca.hp
function in R (Lai et al., 2022). Canonical analyzes (RDA, canonical
correspondence analysis, and dbRDA) are the best multivariate
statistical approaches for investigating explanatory factors for the
matrix of response variables. The overall explanatory power of
environmental variables can be calculated using R packages; however,
it is challenging to accurately calculate the explanatory power of
individual variables because of covariance across variables. The rdacca.
hp function reduces collinearity among environmental factors.

The impact of environmental factors on microbial diversity was
assessed using pathway analysis via a piecewise structural equation
model approach (Grace et al., 2012). First, we performed principal
component analysis of environmental factors (climatic and soil
properties), plant diversity, and microbial diversity to extract data on
the first axis (PC1, explained variance >70%). Then, two models (A
and B) were fitted to the data to examine whether the effects of
environmental factors on microbial diversity were direct (model A, in
which environmental factors directly affected microbial and plant
diversity) or indirect (model B, in which environmental factors
directly affected plant diversity, which in turn impacted microbial
diversity). These analyzes were performed using the FactoMineR
package (Lé et al., 2008) and the piecewiseSEM package (Lefcheck,
2015) in R.

All statistical analyzes were conducted in R version 4.1.2 (R Core
Team, 2021).

Results

Diversity patterns along elevations in
different climatic zones

The patterns of microbial and plant diversity are shown in
Figure 2. Across all soil samples, the dominant phyla of soil fungi were
Basidiomycota, Ascomycota, and Mortierellomycota, accounting for
more than 80% of the fungal sequences, and they showed increasing,
decreasing, and hump-shaped patterns along elevational gradients,
respectively; the dominant phyla of soil bacteria were Proteobacteria,
Acidobacteria, Actinobacteria, and Chloroflexi, accounting for more
than 75% of the bacterial sequences, and their distribution patterns
little
(Supplementary Figures S1A,B). In the tropical region, the SR, PD,

across  elevational  gradient  show variation
and Shannon index of plants and fungi decreased monotonically with
increased elevation [Figure 2A(1-6); R* 0.71-0.91, p<0.001]. In
contrast, the SR, PD and Shannon index of bacteria showed a
U-shaped pattern with increased elevation [Figure 2A(7-9); R*: 0.87—
0.92, p<0.001]. In the subtropical region, the SR, PD and Shannon
index of plants had no apparent pattern with increased elevation
[Figure 2B(1-3); p>0.05]. For fungal communities, SR and PD
exhibited a U-shaped pattern with increased elevation [Figure 2B
(4-5); R*: 0.59-0.66, p<0.001], while Shannon showed no obvious

pattern with elevation [Figure 2B-6; p>0.05]. Diversity indexes for
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FIGURE 2

Tree, fungal, and bacterial species along elevational gradients in three
climatic zones. (A): tropical; (B): subtropical; (C): subalpine; A (1-3), B
(1-3), C (1-3): tree species; A (4-6), B (4-6), C (4-6): fungal species;
A (7-9), B (7-9), C (7-9): bacterial species. SR: species richness; PD:
phylogenetic diversity; Shannon: Shannon—Wiener index.
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bacterial species decreased monotonically with increased elevation
[Figure 2B(7-9); R*: 0.59-0.63, p <0.001]. In the subalpine region, the
SR, PD and Shannon index of plants, fungi, and bacteria exhibited a
hump-shaped pattern [Figure 2C(1, 3, 4-9); R*: 0.65-0.87, p<0.001],
except for plant PD, which decreased linearly with increasing elevation
(Figure 2C; R*=0.63, p<0.001).

The patterns of microbial functional groups diversity are shown
in Supplementary Figures S2, S3. In tropical, for fungal functional
groups, the alpha diversity of pathogen and AM fungi decreased along
increasing elevation (R*: 0.38-0.98, p <0.001), the ECM diversity
showed the opposite trend (Supplementary Figure S2A). For bacterial
functional groups (Nitrifier, pathogen and N-fixation), the alpha
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diversity showed a U-shaped pattern (R%: 0.38-0.96, p<0.001), except
for SR and PD of pathogen, which increased linearly with increased
elevation (R* 0.6-0.7, p<0.001; Supplementary Figure S3A). In
subtropical, fungal functional group diversity show a completely
different pattern, including U-shaped patterns for pathogen,
decreasing patterns for AM, and hump-shaped or increasing patterns
for ECM (Supplementary Figure S2B). Similarly, bacterial functional
group diversity show different patterns, including decreasing patterns
for Nitrifier, hump-shaped patterns for pathogen and no trend for
N_fixation (Supplementary Figure S3B). In subalpine, fungal
pathogen and AM diversity showed a decreasing trend along
increasing elevation (R*: 0.23-0.7, p<0.05), while ECM diversity
0.47-0.85, p<0.05;
Supplementary Figure S2C). Bacterial Nitrifier and pathogen diversity
showed a decreasing trend with increased elevation (R* 0.28-0.82,

showed an hump-shaped pattern (R

p<0.01), while N_fixation diversity showed no significant trend
(Supplementary Figure S3C).

Relationships between environmental
factors and diversity across climatic zones

The relationships between diversity and environmental factors
fitted by correlation analyzes and random forest models are shown in
Figure 3. In the tropical region, predictors explained high SR, PD, and
Shannon for host trees (60-80%), fungi (75-85%), and bacteria
(80-85%). Soil HN, temperature, and humidity were positively
associated with microbial and plant diversity indexes, while elevation
had a significant negative effect. Soil pH had a significant and positive
effect on bacterial diversity indexes. For soil fungi and bacteria, the
correlations between soil nutrients (OM and TC) and diversity indexes

10.3389/fmicb.2023.1079113

were negative (Figures 3A,D,G). In the subtropical region, predictors
explained 0-12% of plant diversity, 40-60% of fungal PD and
Shannon, and 50-70% of bacterial diversity indexes. Fungal SR and
PD were negatively affected by TC, TN, OM, humidity, and elevation
positively affected by temperature. Bacterial diversity indexes were
negatively associated with elevation and humidity and positively
associated with temperature and soil pH (Figures 3B,E,H). In the
subalpine region, predictors explained 40-80% of the diversity. Plant,
fungal, and bacterial diversity indexes were positively affected by
temperature and humidity and negatively affected by elevation
(Figures 3C,EI).

For microbial functional groups, elevation, OM, TC and HN all
had a negative effect on their diversity (including fungal pathogen and
AM, bacterial Nitrifier and N_fixation) in different climatic zones,
while temperature and humidity had a positive effect on them
(Supplementary Figure S4). In tropical and subtropical zones,
however, these factors have opposite effects on fungal ECM and
bacterial pathogen diversity, i.e., elevation, OM, TC and HN have a
positive effect, while temperature and humidity have an opposite effect.

Relationships between environmental
factors and community composition across
climatic zones

The NMDS analysis found that the community composition of
host plants and rhizosphere microorganisms differed along elevational
gradients and across climatic regions, especially microorganisms,
which showed greater differences in community composition than
host plants (Supplementary Figure S5). The results of dbRDA for
community composition and environmental factors are presented in
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FIGURE 3
Analysis of environmental factors and diversity indexes in three climatic zones using random forest. A-C: tree species; D-F: fungal species; G-I:
bacterial species; OM: soil organic matter content; TC: total carbon; TN: total nitrogen; HN: hydrolysable nitrogen; TP: total phosphorus; TK: total
potassium; AK: available potassium; pH: soil pH; water: soil moisture content; temperature: air temperature; humidity: air humidity.
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Figure 4; Supplementary Table S4. In the tropical region, the factors
with the highest explanatory power for the community composition
of plants, fungi, and bacteria were temperature, elevation, humidity,
and HN, and the results were consistent across taxa (Figures 4A,D,G).
In the subtropical region, the factors with the highest explanatory
power for the community composition of plants, fungi, and bacteria
were humidity, elevation, and temperature, and the results were
consistent across taxa. However, the fourth predictor was different, i.e.,
HN had the highest explanatory power for fungi and bacteria, while
OM had the highest explanatory power for plants (Figures 4B,E,H). In
the subalpine region, the factors with the highest explanatory power
(in decreasing order of importance) for tree community composition
were elevation, temperature, TK, and humidity, and the factors with
the highest explanatory power for fungal and bacterial community
composition were temperature, elevation, humidity, and TK
(Figures 4C,E]I). In general, the explanatory power of the first four
predictive factors (temperature, elevation, humidity, and HN) in the
tropical region was 10-20%. The explanatory power of humidity and
the remaining variables was 20-30% and 10-20%, respectively, in the
subtropical region. The explanatory power of temperature and
elevation in the subalpine region was >20%.

In each climatic zone, model A was better than model B (AIC:
30 vs. 32.5-75.9; Figure 5). Model A indicated that climate
significantly affected plant and microbial diversity. In the tropical
region, plant diversity was significantly correlated with fungal
diversity but not with bacterial diversity. Plant diversity was
significantly correlated with fungal and bacterial diversity in the
subalpine region but not in the subtropical region. Furthermore,
climatic factors had a significantly greater impact on plant and
microbial diversity than soil factors.

10.3389/fmicb.2023.1079113

Discussion
Climate-dependent alpha diversity patterns

Consistent with previous studies (Kessler, 2000; Song et al., 2021),
we found that the SR, Shannon index, and PD of trees decreased with
increasing elevation in the tropical forest (Figure 2). A previous study
showed that tree species distribution had a hump-shaped pattern in a
subtropical to warm temperate region in the south-eastern part of
Nepal (Bhattarai and Vetaas, 2003); however, we found no significant
patterns in tree alpha diversity along elevations in the subtropical
forest. Except for tree PD, which decreased monotonically, the other
diversity indexes in the subalpine forest had a hump-shaped pattern,
consistent with the results in Yulong Snow Mountain (Feng et al.,
2006) and Meili Snow Mountain (Xin, 2013). These findings
demonstrate that plant distribution patterns varied along elevational
gradients in different climatic zones.

The distribution patterns of microorganisms varied along elevation
in different climatic zones (Figure 2; Supplementary Figures S2, S3).
We found that fungal diversity decreased with elevation in the tropical
forest, consistent with data from the tropical Andes (Nottingham et al.,
2018). Fungal pathogen and AM showed a similar decreased pattern with
increasing elevation, while ECM showed an increased pattern. However,
bacterial and functional group diversity exhibited a U-shaped pattern
(except for pathogen diversity) in the tropics. In the subtropical forest,
decreasing patterns of microbial diversity have been reported (Sheng
et al,, 2019), but U-shaped patterns of fungal SR and PD were rarely
reported. In the subalpine forest, we found that the diversity of all analyzed
taxa displayed a hump-shaped pattern. Various functional group diversity
also demonstrated similarly decreased and hump-shaped patterns.
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FIGURE 5

Piecewise structural equation model. We performed principal component analysis of environmental factors (climatic and soil properties), plant
diversity, and microbial diversity to extract data on the first axis (PC1, explained variance >70%). Model A: environmental factors directly affect
microorganisms and plants. Model B: environmental factors directly influence plant diversity, which in turn affects microorganisms. (A,B) tropical; (C,D)
subtropical; (E,F) subalpine. Arrows represent unidirectional or bidirectional relationships among variables. Blue and green arrows denote positive and
negative relationships, respectively. Dashed arrows indicate nonsignificant relationships (p>0.05). The thickness of the arrow paths indicates the
magnitude of the standardized regression coefficients.

In conclusion, our analysis indicates that the diversity patterns of

plants, bacteria, and fungi (including various functional groups)

varied depending on the climatic zone.

Taxon-dependent alpha diversity patterns

Our research showed that the diversity patterns of fungi and

plant were similar (decreased with elevation) in the tropical and

Frontiers in Microbiology

08

subalpine forests (Figure 2). By further analysis, we found that
the relative abundance of the second dominant fungi phylum
Ascomycota decreased with elevation, which is consistent to total
fungal patterns (Supplementary Figure S1A). A previous global
study found a positive relationship between plant and fungal
alpha diversity along a latitudinal gradient, possibly as a result of
similar responses to climate and soil factors (Tedersoo et al,,
2014). However, the diversity pattern of eukaryotic microbe
communities (total and fungal) differed from that of plants in a
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subalpine mountain (Shen et al., 2014), suggesting that the
diversity patterns of fungi and plants may also vary in a single
climatic zone.

In addition, the diversity patterns of bacteria were different from
those of the other two taxa in the tropical and subtropical regions, in
line with a previous study demonstrating that bacteria do not always
follow the same biogeographic patterns as plants (Fierer et al., 2011;
Wang et al., 2011), which may be because soil bacteria are more
susceptible to soil conditions, particularly pH. However, bacterial
diversity was closely linked to plant diversity in the subalpine forest,
which might be the consequence of cooperation in harsh
environments to promote plant growth by solubilizing inorganic and
organic element (e.g., phosphorus and nitrogen) pools, and convert
them into plant-absorbable forms. Especially, our findings support
the above conclusion that bacterial nitrifier diversity greatly affecting
nutrient cycling showed similar elevational distribution pattern with
host plants in subalpine mountains (Supplementary Figure S3C). In
addition, we also found that bacterial and fungal pathogens
(associated with soil health; Fierer et al., 2021) had different
elevational patterns to other functional groups (nitrifier, N_fixation,
ECM, and AM,
Supplementary Figures S3, S4), suggesting that different aspects of

associated with soil nutrient cycling;
ecosystem function and services provided by soils (soil health vs.
nutrient cycling) may exhibit inconsistent relationships.

Our findings imply that at large/regional scales, the distribution
patterns of rhizosphere microorganisms (including various functional
groups) along elevations are not completely synchronous with those
of host plants. In addition, the diversity patterns of above-and
belowground organisms varied according to taxon and climate. The
asynchrony between the diversity patterns of rhizosphere
microorganisms and host plants on a large scale may indicate that the
influence of host plants on microorganisms is weak at the community
level and that microbial diversity is largely controlled by specific
responses to the environment. Moreover, the divergent relationships
between different functional groups indicate that we should consider
the specific differences in different ecosystem functions during policy-

making and management processes.

Shared environmental drivers of alpha
diversity and community composition
across climatic zones

The diversity patterns and community structures of plants,
soil bacteria, and fungi are driven by environmental factors at a
large scale (Prober et al., 2015). Nonetheless, few studies have
compared drivers of diversity between above-and belowground
organisms across climatic zones. Elevation determines species
diversity patterns and community composition by integrating
many environmental factors, including temperature, humidity,
and sunlight (Gaston, 2000), and environmental parameters
fluctuate 1,000 times faster along an elevational gradient than
along a latitudinal gradient (Tang and Fang, 2004). Our analysis
demonstrated that elevation had a considerable negative impact
on diversity indices in tropical, subtropical and subalpine zones
and that elevation explained 15-20% of the species community
composition. Therefore, the effects of elevational gradients on
various taxonomic groups were consistent across climatic zones.
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Climate is an important driver of diversity along elevations
(Heaney, 2001; Lomolino, 2001). We observed that temperature
affected the diversity patterns and community structures of different
taxa in distinct climatic zones (Figure 3; Supplementary Figure S4).
Temperature is fundamental for community development and
determines diversity patterns and community composition by
regulating metabolism and thermal niches (Janzen, 1967; Colwell
et al.,, 2008; Rapp et al., 2012). We found that temperature was an
important predictor of the alpha diversity and community structure
of host plant, soil microorganisms and different microbial functional
groups, in line with previous studies (Barcenas-Moreno et al., 2009;
Jarvis et al., 2015; Picazo et al., 2020).

The results showed that air humidity greatly influenced plant
and microbial (including functional groups) diversity and
community composition in all climatic zones (Figures 3, 4;
Supplementary Figure S4). Water availability determined the
diversity patterns of woody plants along elevations in the
Himalayas (Bhattarai and Vetaas, 2006) and the Hengduan
Mountains (Liu et al., 2007). Furthermore, water availability is
linked to epiphyte diversity (Kromer et al, 2005) and fern
diversity (Bhattarai et al., 2004) at different elevations. Water loss
affects microbial activity and growth (Bottner, 1985; Kieft et al.,
1987) and microbial community structure (Hueso et al., 2012;
Sorensen et al., 2013). However, the relative importance of air
humidity and soil moisture content in plant and microbial
diversity community structures is controversial. For instance, the
soil bacterial community structure in the Silver Birch Stand
increased with air humidity (Truu et al., 2017). While variations
in bacterial abundance in Michigan, United States, were explained
by changes in soil moisture content (Buckley and Schmidt, 2001).
These results cannot be compared because the studies used
different scales and contexts. Our results supported that air
humidity has more importance than soil moisture content in
determining regional diversity patterns and community
compositions. And that climatic conditions consistently
determine the diversity patterns and community composition of
rhizosphere microorganisms, microbial functional groups and
host plants along elevational gradients in different climatic zones.
Thus, we can predict the change of above-and below-ground
biodiversity in the context of future climate change (especially
global warming and abnormal dry) based on their responses to
climatic factors in different climatic zones.

Distinctive environmental drivers of alpha
diversity and community composition
across climatic zones

The diversity patterns of above-and belowground organisms along
elevations are expected to be synchronized because of the consistently
dominant effects of climatic factors across climatic regions and taxa.
Nonetheless, we observed that diversity patterns differed between
rhizosphere microorganisms and host plants, indicating that other
factors, e.g., soil conditions, regulate these divergent patterns.

The formation of host plants and rhizosphere bacterial and
fungal communities is significantly influenced by soil characteristics
(De Ridder-Duine et al., 2005; Andrew et al., 2012). Our findings
suggest that the effect of soil factors on diversity patterns and
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community composition greatly varies depending on taxon and
climatic zone (Figures 3, 4). For instance, soil pH significantly
impacted bacterial distribution along elevation in different climatic
zones. Soil pH may impact soil microorganisms by regulating
enzyme activity and nutrient uptake (Wang et al., 2022). Moreover,
soil pH predicts mountain biodiversity and community structure,
particularly for bacteria (Singh et al., 2012; Shen et al., 2013). Fungal
diversity and community structure are less impacted by soil pH than
bacterial communities, perhaps because fungal development is
optimal in a larger pH range (Rousk et al., 2010). Our results
showed that TN had a negative effect on plant, fungal, and bacterial
diversity in the subtropical region but not in the other regions. An
increase in nitrogen levels may decrease diversity, presumably by
increasing litter formation and soil acidity (Fang et al., 2012; Lan
and Bai, 2012; Zhang R. et al., 2022). HN increased plant and
microbial diversity and community composition in the tropical
region. The uptake of HN by plants in tropical forests promotes
plant development and diversity, while interactions between plants
and microorganisms enhance microbiological richness (Nottingham
et al., 2018). Conversely, HN decreased bacterial diversity in the
subtropical region. OM and TC were negatively correlated with
plant and microbial diversity in tropical and subtropical regions, but
there were no obvious relationships in subalpine regions. In
addition, for microbial functional groups, EMC and bacterial
pathogen have completely different distribution patterns compared
to other functional groups, probably due to the opposite effect of the
OM, TC and TN on
(Supplementary Figure S4). In general, diversity patterns are

soil factors these two groups
differentially affected by soil factors depending on taxa and climatic
regions, e.g., various combinations of significant or nonsignificant
effects and positive, negative or neutral relationships.

Our results suggest that environmental factors directly influence
rhizosphere microbial diversity (Figure 5), demonstrating that
rhizosphere microorganisms are less strongly affected by host plants
at large scales. Thus, the differential response of plants, fungi, and
bacteria to soil factors reflects the independent effects of
environmental factors on host plants and rhizosphere microorganisms
at regional scales. Studies suggest that plant diversity dictates
rhizosphere microbial diversity at a microscale (Hu et al., 2018; Sasse
et al., 2018). However, the spatial patterns of diversity and their
relationships with environments in rhizosphere microorganisms and
host plants may not be interconnected at regional scales (Fierer et al.,
2011; Zheng et al., 2021).

Rather, it seemed that although soil factors have a weaker effect
on biodiversity than climate, responses to soil factors vary depending
on taxon and climatic zone and account for differences in the diversity
patterns of above-and belowground organisms. Further, due to the
divergent responses to environmental factors of different functional
groups, it is reasonable to make specific management plans, or
independently predict ecosystem functions and services in a specific
region or taxon.

Conclusion

This study analyzed the spatial patterns of diversity and their
relationships with environments in rhizosphere microorganisms
and host plants along elevations in tropical, subtropical, and
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subalpine forests. These patterns and diversity-environment
relationships were asynchronous at large scales. Climate
determined the diversity patterns of above-and belowground
organisms, while soil properties accounted for the differences in
diversity patterns and community compositions. Rhizosphere
microbial diversity patterns are controlled by environmental
factors other than host plant diversity at regional scales. Thus, the
effect of host plants on rhizosphere microbial diversity is weaker
at a large scale than at a microscale. Moreover, different
functional groups (e.g., pathogen, mycorrhiza and nitrifier) of
soil microorganisms may have divergent elevational patterns and
These
understanding of elevational patterns of soil microorganisms

environmental responses. results strengthen our
across different climatic zones, improve our knowledge of
microbial-plant interactions and help predict the differential
response of plants and microorganisms to environmental changes
in the context of climate change. Furthermore, these data can
contribute to comprehensive ecosystem management in the

context of global climate change and biodiversity loss.
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