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Eucommia ulmoides, an important tree, faces serious threat to its growth from
environmental stress, particularly climate change. Using plant microbes to enhance
host adaptation to respond climate change challenges has been recognized as a
viable and sustainable strategy. However, it is still unclear how the perennial tree
microbiota varies across phenological stages and the links between respective
changes in aboveground and belowground niches. Here, we sequenced 27 root
and 27 leaf samples of E. ulmoides using 16S rRNA and ITS amplicon sequencing
techniques. These samples were obtained from the three main phenological
stages of leaves, including leaf growing, aging and decomposing stages. Results
showed that the diversity, composition, and function of the leaf microbiota of
E. ulmoides showed more obvious changes at three phenological time points
compared to roots. Regarding alpha diversity, the root microbiota showed no
difference across three sampling stages, while the leaf microbiota varied with
sampling stages. Regarding beta diversity, the root microbiota clustered from
different sampling stages, while the leaf microbiota exhibited distinct separation.
Regarding composition and function, the dominant taxa and main functions
of the root microbiota were the same in three sampling stages, while the leaf
microbiota in the decomposing stage was obviously different from the remaining
two stages. Additionally, taxa overlap and source-sink relationship existed between
E. ulmoides microbiota. Specifically, the degree of overlap among root microbiota
was higher than that of leaf microbiota in three sampling stages. The bidirectional
source-sink relationship that existed between the root and leaf niches varied
with sampling stage. During the leaf growing and aging stages, the proportion of
microbial members migrating from roots to leaves was higher than the proportion
of members migrating from leaves to roots. During the leaf decomposing stage,
the migration characteristics of the fungal community between the root and leaf
niches maintained the same as in the remaining two stages, but the proportion
of bacterial members migrating from leaves to roots was significantly higher than
that of members migrating from roots to leaves. Our findings provide crucial
foundational information for utilizing E. ulmoides microbiota to benefit their host
under climate change challenges.

KEYWORDS

phenological stage, leaf microbiota, root microbiota, taxa overlap, source-sink
relationship

01 frontiersin.org


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmicb.2024.1470450&domain=pdf&date_stamp=2024-12-03
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1470450/full
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1470450/full
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1470450/full
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1470450/full
mailto:swallow1128@126.com
mailto:zyw_email@163.com
https://doi.org/10.3389/fmicb.2024.1470450
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://doi.org/10.3389/fmicb.2024.1470450

Shao et al.

1 Introduction

Eucommia ulmoides, a deciduous perennial tree belonging to the
Eucommiaceae family and Eucommia genus, possesses important
medicinal, industrial, and ecological value (Yang et al., 2019). The
examination of E. ulmoides fossils through evolutionary history
studies has revealed its emergence approximately 65 million years ago
in Zhejiang Province, China (Xu et al., 2021). Subsequently, around
55 million years ago, E. ulmoides spread to different regions, including
North America, Europe and other Asian countries, and formed more
than 10 species, such as E. montana, E. browni, E. japonica, and
E. europaea (Call and Dilcher, 1997; Xu et al., 2021). However, as a
result of environmental changes, these closely related species have
been successively extirpated, and only E. ulmoides survived as single
family, genus, and species of plant (Xing et al., 2019). The Earth
currently undergoing rapid climate change, characterized by both
warming and localized cooling (Hatfield and Prueger, 2015). Without
the implementation of mitigation measures, it is projected that global
average surface temperatures will increase by 2.6-4.8°C by the year
2100 (Trivedi et al., 2022). Despite the reduced length of winter in
certain regions due to global warming, it is noteworthy that
approximately two-thirds of the Earth’s land surface experience
subzero temperatures at least once annually (Kazemi-Shahandashti
and Maali-Amiri, 2018; Acuna-Rodriguez et al., 2020). Moreover, it is
anticipated that the frost frequency and severity will persistently
escalate during the transition period from winter to spring in the
foreseeable future (Kazemi-Shahandashti and Maali- Amiri, 2018).
These environmental stresses present a significant peril to the
development, reproductive capacity, and productivity of E. ulmoides.

Fortunately, despite the inherent vulnerability of plants to
environmental change due to their fixed biological trait, their ability
to shape associated microbial communities could provide an extra line
of defense against environmental stress (Sawicki et al., 2015; Kashyap
etal., 2023). For example, Burkholderia phytofirmans has been found
to enhance plant cold hardiness by increasing the host’s photosynthetic
rate and promoting the production of proline and phenolics under low
temperature stress (Ait Barka et al., 2006). Similar to other plants,
different niches of E. ulmoides, such as the rhizosphere, bark and seed,
contain abundant microbes that have been shown to play a crucial role
in the host’s growth, health, productivity and synthesis of medicinal
compounds (Yang et al., 2019; Dong et al., 2022; Zhang et al., 2023).
However, the majority of existing research has only examined the
microbiota during a single sampling period, and our understanding
of how the microbiota of E. ulmoides varies across different
phenological phases is currently limited.

Present studies are insufficient to reveal the highly complex and
dynamically changing microbiota of perennial tree E. ulmoides. In
addition, the issue is further complicated by the observation that
temporal variations in the plant microbiota differ across niches
(Wagner, 2021). Usually, compared to underground organs, plant
aboveground organs perceive changes in seasonal or climatic
conditions more rapidly and initiate local responses to recruit
different microbiota (Trivedi et al., 2022). On this basis, it has been
suggested that long-distance communication exists between the
aboveground and underground organs of plants, and that climatic
stress-induced changes in leaves could also have a cascading effect on
root microbiota composition (Hou et al., 2021). Currently, research
mostly focuses on local responses of aboveground organ microbiota,
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while the indirect responses of underground organ microbiota
remain inadequately comprehended. Here, we revealed the
microbiota dynamics and linkages in the aboveground (leaf) and
underground (root) niches of E. ulmoides at three time points. These
time points were set according to the leaf phenology characteristics
of E. ulmoides and corresponded to important leaf phenological
events, including leaf growing (characterized by fully spread leaves
with a yellow-green surface), aging (marked by yellowing and the
initiation of leaf abscission) and decomposing (the decomposition
and decay of shed leaves returned to the soil environment) stages.
We focused on two main questions: (i) How did the microbiota of
E. ulmoides leaf and root niches differ at the three designated
sampling time points? (ii) What were the dissimilarities and
correlations observed between the microbiota of E. ulmoides leaf and
root niches at the three designated sampling time points? This
investigation will enhance comprehension regarding the dynamics
and stability of the E. ulmoides microbiota, which provides important
basic information for managing microbes to benefit the host under
climate change scenarios.

2 Materials and methods
2.1 Sample collection and processing

Samples for this study were collected from the Bozhou production
region (altitude: 1002.25 m, longitude: E 106°5324’, latitude: N
27°6122') situated in Guizhou Province, China. In this region, three
sample plots of 20 m x 20 m were set up. From each plot, three healthy
E. ulmoides (approximately 15 years old trees) were chosen, and
samples of their leaves and roots were collected in March 2022
(spring), November 2022 (autumn) and January 2023 (winter) during
leaf growing, aging and decomposing stages, respectively. The
procedure for sampling spring and autumn leaf samples was identical.
Specifically, a complete branch was gathered from each plant, situated
approximately 10 m above the ground, directly connected to the
central trunk. All leaves (10-15 g) from the sampled branch were
collected to represent the leaf niche. Decomposing and decaying
leaves (10-15 g) of E. ulmoides were collected as winter leaf samples
from litter collection nets that had been previously laid on the ground
for each plant. The laying of litter collection nets was carried out after
leaf sample collection was completed in the autumn (leaf aging stage),
which ensured that the leaves collected during the decomposing stage
were mainly derived from naturally aging and shedding leaves.
Collected leaf samples were placed into sterile bags and immediately
lyophilized using liquid nitrogen, then stored at —80°C until leaf
microbial DNA extraction.

Root sample collection procedures remained consistent
throughout the three sampling time points. Specifically, three
orientations about 1 m from the E. ulmoides trunk were selected,
and after removing weeds and topsoil, a mixed sample of soil and
roots in the 10-30 cm depth interval was obtained at each
orientation using a shovel. The sampling mass for a single orientation
was approximately 600 g. Soil and root samples from three
orientations were mixed to a total of approximately 1.8 kg. After
picking out the E. ulmoides fine roots (approximately 1 mm in
diameter) from the 1.8 kg soil and root mixture sample and gently
shaking to remove loose soil bound to the surface of the fine roots,
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a sterile soft brush was used to brush the soil from the surface of the
fine roots onto a sterile aluminum foil to obtain rhizosphere soil
sample. The mass of each rhizosphere soil sample was about 50 g,
which were laid out in a well-ventilated and pollution-free room to
air dry for physical and chemical properties determination. Root
samples after removal of rhizosphere soil represented root niche and
they were lyophilized using liquid nitrogen immediately after being
individually packed in sterile bags and stored at —80°C until root
microbial DNA extraction.

2.2 DNA extraction, amplicon sequencing
and bioinformatic analysis

After homogenization of leaf and root samples using a sterilized
mortar and pestle, microbial DNA was extracted from 0.5g of
homogenized powder using the Magnetic Plant DNA Kit (Tiangen
Biotech (Beijing) Co., Ltd.). The bacterial 16S rRNA gene V3-V4
region was amplified by using primers 335F: 5-CADACT
CCTACGGGAGGC-3’ 769R: 5-ATCCTGTTTGMTMCC
CVCC-3". The fungal ITS1 region was amplified using primers ITS1F:
5-CTTGGTCATTTAGAGGAAGTAA-3" and ITS2: 5'-GCTG CGTT
CTTCATCGATGC-3". All amplification reactions were conducted in
a reaction volume of 10 pL, and the specific amplification system,

and

temperature cycling parameters, and high throughput amplification
sequencing steps of PCR products were consistent with those
described by Shao et al. (2023). The raw reads obtained from
sequencing were subjected to quality filtering with Trimmomatic
0.33. Following this, the primer sequences were identified and
removed using Cutadapt 1.9.1 software, with a maximum mismatch
rate of 20% and a minimum coverage of 80%. The reads from each
sample were subsequently merged using Usearch 10 software, with a
minimum overlap length of 10 bp, a minimum similarity of 90%
allowed in the overlap region, and a maximum of 5 bp mismatched
bases. Finally, UCHIME 8.1 was utilized to remove chimeras and
acquire reads of high quality. These reads were then denoised using
the DADA2 method in QIIME2, resulting in the generation of ASVs.
A conservative threshold of 0.005% was applied for ASV filtration.
The sequence data has been uploaded to the NCBI Sequence Read
Archive database under the BioProject PRINA952834. Bacterial
ASVs were annotated using SILVA (release 138) as the reference
database, while fungal ASVs were annotated using and UNITE
(release 8.0), both with a confidence threshold of 70%. Abundance
tables were created for taxonomic levels including phylum, class,
order, family, genus, and species, using species taxonomic
information corresponding to each ASV. The functional profiles of
bacteria and fungi were inferred using FAPROTAX and FUNGuild
databases, respectively (Louca et al., 2016; Nguyen et al., 2016). For
fungal function annotation, only taxa with confidence rankings of
“Highly probable” and “Probable” were retained.

2.3 Acquisition and determination of
environmental factors

Environmental factors in this study included sampling region

climate data and rhizosphere soil physicochemical data. Climate factor
data were acquired from the China Meteorological Data Service
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Center.! We obtained the average temperature, average rainfall,
average relative humidity, and total sunshine duration for January,
March, and November from the platform from 2012 to 2021
(Supplementary Table S1), and performed correlation analyses with
the microbial data using the average values of the climatic factors for
each sampling month in the decade. Soil physicochemical
determination methods were mainly referred to “Physical and
Chemical Analysis of Soil Properties” (Ren et al., 2019). Specifically,
soil pH, available nitrogen (AN) and available phosphorus (AP) were
determined using potentiometric, alkali N-proliferation and
molybdenum-blue colorimetry methods, respectively, and results
were shown in Supplementary Table S2.

2.4 Data analyses

Alpha diversity box plots were generated using the ggplot2
package in R 4.1.2, and the differences between sample groups were
assessed using the nonparametric Kruskal-Wallis test. Nonmetric
multidimensional ~scaling (NMDS) analysis, permutational
multivariate analysis of variance (PERMANOVA), hierarchical
clustering analysis and Mantel test analysis were conducted using the
vegan package. Specifically, we assessed the beta diversity of both
bacterial and fungal communities by calculating Bray-Curtis distance
matrices and then ordinated using NMDS. The relative contribution
of the niche and sampling stage of E. ulmoides on community
dissimilarity was tested with PERMANOVA using the Adonis
function. Performing hierarchical cluster analysis for microbial
community composition and functional data in E. ulmoides. Mantel
test was used to analyze (based on Spearman’s correlation) the effects
of environmental factors on the diversity, composition, function and
co-occurrence network topology feature of microbial communities in
E. ulmoides. When using Mantel test analyses to determine the
correlation between community composition and environmental
factors, we decided to compute compositional distance matrices at the
phylum taxonomy level to improve the stability of our results. When
using the Mantel test to determine the correlation between topological
features and environmental factors, we used five topological feature
parameters, including node number, average degree, edge number,
average clustering coefficient, and modularity, to calculate the distance
matrix for each sampling point. Specifically, we first performed
microbial co-occurrence network analysis based on Spearman’s
correlation coeflicients (Spearman’s > 0.6 or r < —0.6, p < 0.05) using
the psych and WGCNA packages. The bacterial and fungal ASVs
present in 60% of the samples were selected for network analysis. The
network visualization was conducted using Gephi, and topological
features of the network were also computed. Then, we normalized the
data of each topological feature parameter to the range of 0 to 1 by the
Min-max normalization method. Finally, we use Euclidean distances
to measure the differences between different topological feature
parameters and form a distance matrix of these differences for Mantel
test analysis.

In addition, intersection plots were generated using the UpSetR
and VennDiagram packages. The source-sink relationship of the

1 http://data.cma.cn
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E. ulmoides microbiota across various sampling stages and niches
was analyzed using the fast expectation-maximization microbial
source tracking (FEAST) method, available at https://github.com/
cozygene/FEAST (Shenhav et al., 2019). Specifically, FEAST analyses
iteratively estimate the contribution of different source samples to
the microbial community of a target sample through an expectation
step and a maximization step. In the FEAST framework, each
microbial taxon has a “source” and “sink” environment that
corresponds to the origin and destination of its migration. However,
due to the simultaneous movement of multiple taxa, a
multidirectional source-sink relationship between the target and
source samples may eventually be presented. This multi-directionality
does not mean that individual taxa migrate bidirectionally between
different environments, but rather that each environment could serve
as a source for some taxa and a sink for other taxa.

3 Results

3.1 Diversity dynamics of Eucommia
ulmoides microbiota

The 16S rRNA amplification sequencing of 54 samples (3 plots x
3 plants x 3 stages x 2 niches) resulted in the generation of 8,643,799
raw reads, with 7,959,308 high quality reads (ranging from 106,422 to
156,791 reads per sample), and the formation of 30,646 ASVs (with
an ASV range of 275-2,438). Similarly, the ITS amplification
sequencing of the same 54 samples yielded 8,641,036 raw reads, with
8,428,600 high quality reads (ranging from 150,593 to 158,335 reads
per sample), and the formation of 7,556 ASV's (with an ASV range of
215-722). Rarefaction curves were constructed for each individual
sample, and they generally approached saturation, suggesting that the
sequencing depth adequately captured the majority of microbial
community diversity (Supplementary Figure S1).

The alpha diversity of E. ulmoides microbiota was assessed using the
Shannon diversity index and pielou evenness index (Figure 1A).
Compared to root microbes, the diversity of leaf-associated
microorganisms exhibited greater variability at different sampling stages
in E. ulmoides. There were no significant differences in bacterial or fungal
community diversity among the root samples across the three sampling
stages. However, the leaf samples exhibited distinct variations depending
on the sampling stage. The overall microbial diversity in the leaves was
highest during the leaf aging stage, followed by the leaf growing stage,
and lowest at the leaf decomposing stage and differed significantly from
the remaining two stages. Beta diversity exhibited similar patterns to
alpha diversity. Specifically, the microbial communities of root samples
were clustered at the ASV level during three stages, while the microbial
communities of leaf samples showed a distinct separation (Figure 1B).
The PERMANOVA results further revealed that both the sampling niche
and sampling stage contributed to the dynamics of the E. ulmoides
microbiota, which determined 9.86 and 9.42% of bacteria community
variance and 15.95 and 7.78% of fungi community variance, respectively
(Table 1). These findings suggest that the sampling niche has a stronger
influence on the E. ulmoides microbiota than the sampling stage. In
addition, the interaction between the sampling niche and sampling stage
explained community variation significantly higher than the single
effects, explaining 28.02 and 30.87% of the variation in bacteria and
fungi communities, respectively (Table 1).
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3.2 Composition and functional dynamics
of Eucommia ulmoides microbiota

Analysis of microbial community composition (Figure 2A) and
functional (Figure 2B) hierarchy clustering demonstrated clear and
separate clustering between root and leaf niches. Generally, the
clustering branches between E. ulmoides root niches were short for
three sampling stages, indicating a high degree of similarity in their
microbial community composition and function. During the leaf
growing, aging and decomposing stages, root bacterial communities
were primarily composed of Proteobacteria, accounting for 52.68,
47.48, and 50.85% of the total abundances, respectively. The main
functional groups (relative abundance >10%) observed were
chemoheterotrophy (34.81, 34.97, and 34.27%) and aerobic
chemoheterotrophy (28.58, 27.10, and 28.91%). Similarly, root
fungal communities during the leaf growing, aging and decomposing
stages were predominantly composed of Ascomycota, representing
51.01, 56.03, and 61.63% of the total abundances, respectively. The
main functional groups included undefined saprotroph (55.80,
44.49, and 59.29%) and arbuscular mycorrhizal (13.38, 26.14, and
20.32%).

Clustering branches observed between leaf niche samples were
longer compared to root samples, indicating that the composition
and function of the leaf microbial community associated with
E. ulmoides is more dynamic than that of the root microbial
community (Figures 2A,B). During the leaf growing and aging stages,
leaf bacterial communities were primarily composed of Firmicutes,
accounting for 45.22 and 41.78% of the total abundances, respectively.
The main functional groups included chemoheterotrophy (30.04 and
31.27%), fermentation (20.14 and 17.88%), animal parasites or
symbionts (10.75 and 8.60%) and aerobic chemoheterotrophy (8.80
and 10.89%). Similarly, leaf fungal communities during the leaf
growing and aging stages were predominantly composed of
Ascomycota, representing 73.89 and 75.02% of the total abundances,
respectively. The main functional groups included plant pathogen
(35.44 and 30.04%), endophyte (17.00 and 6.93%) and undefined
saprotroph (16.41 and 21.09%). During the leaf decomposing stage,
either the bacterial or fungal composition and function of the leaves
were clustered in a single branch, suggesting the E. ulmoides leaf
microbial community at this time very different from the other two
stages. Specifically, the leaf bacterial and fungal communities at
decomposing stage were dominated by Proteobacteria (88.82%) and
Ascomycota (69.11%), respectively. The primary bacterial functions
included chemoheterotrophy (35.45%), aerobic chemoheterotrophy
(34.73%) and ureolysis (27.05%), and main fungal functions involved
plant pathogen (34.99%), plant pathogen-undefined saprotroph
(32.06%), undefined saprotroph (15.17%) and litter saprotroph-plant
pathogen (10.02%).

3.3 Co-occurrence network pattern
dynamics of Eucommia ulmoides
microbiota

Same thresholds were employed to construct microbial
co-occurrence networks for various sampling stages and niches of
E. ulmoide, facilitating a comparison of similarities and differences
among them (Figure 3; Table 2). Bacterial nodes predominantly
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FIGURE 1
Microbial community diversity of E. ulmoides at different sampling stages and niches. (A) Alpha diversity boxplot of E. ulmoides microbial community.
Diversity data were analyzed by the nonparametric Kruskal-Wallis test, and significant differences between groups were indicated by lowercase letters.
(B) NMDS ordination at the ASV level based on Bray-Curtis distance matrix (n = 54).

TABLE 1 Influence of host niche, sampling stage and their interaction on E. ulmoides microbiota based on PERMANOVA.

Variables Bacteria Fungi

R* (%) Pr (>F)¢ R* (%) Pr (>F)¢
Niche 1 5.69 9.86 0.001 1 9.87 15.95 0.001
Stage 2 2.65 9.42 0.001 2 2.15 7.78 0.001
Niche x stage 5 3.74 28.02 0.001 5 4.29 30.87 0.001

“Degree of freedom.

"The test value of the model.

‘Degree of explanation for differences between samples by grouping mode.

dSignificance p value, when the value was less than 0.05 indicates high confidence in the test.

dominated each microbial co-occurrence network associated with
E. ulmoide. Moreover, bacterial taxa exhibited a higher average
degree and marginally lower average clustering coefficient
compared to fungi, suggesting a greater complexity of bacterial taxa
and a stronger clustering tendency of fungal taxa within the
E. ulmoide microbial community. Noticeably, modularity index
(Newman, 2006) values of the E. ulmoide microbial co-occurrence
network varied between 0.76 and 0.96 across different sampling
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stages and niches, indicating a high degree of modularity in all
co-occurrence networks. Furthermore, irrespective of the sampling
stage and niche, the E. ulmoide microbial co-occurrence network
exhibited a higher proportion of positive correlation compared to
negative correlation.

Complexity and clustering degree of the E. ulmoide microbial
co-occurrence network varied with host niche. The network
complexity was characterized by the node number, the average degree
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FIGURE 2
Microbial community composition and function of E. ulmoides at different sampling stages and niches. (A) Histogram of hierarchical clustering of E.
ulmoides microbial community composition (phylum level). Low abundance phyla with less than 1% of total sequences in all samples were classified as
"Other.” (B) Histogram of hierarchical clustering of E. ulmoides microbial community function. Histograms showed only the abundance top 20
functional taxa in all samples, and the remaining functional groups were classified as “Other.” Clustering between sample groups was performed based
on the Bray-curtis weighting method. Close distance and short branch lengths between the two sample groups indicate high similarity in their
microbial community composition or function.

and the edge number together, and the network clustering degree was
characterized by the average clustering coefficient. Specifically, the
microbial co-occurrence network in the leaf niche of E. ulmoide
exhibited higher complexity and lower aggregation compared to the
root niche. The main evidence for this conclusion was that the node
number and edge number of leaf network were always higher than
those of root network at all sampling stages, but the average clustering
coefficient of leaf network was usually lower than that of root network.
Additionally, except during the growing stage, the average degree of
leaf network was also higher than that of the root network. Complexity
and clustering degree of the E. ulmoide microbial co-occurrence
networks also varied dynamically on the sampling stage. Notably, the
complexity and aggregation of microbial networks within the leaf
niche demonstrated a progressive increase from leaf growing, aging to
decomposing processes. Conversely, the root niche demonstrated the
highest microbial network node number, average degree, edge number
and average clustering coefficient during the leaf growing stage.

3.4 Influence of environmental factors on
Eucommia ulmoides microbiota

We performed Kruskal-Wallis tests on environmental factors

from different sampling stages in the sampling region
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(Supplementary Table S3). The results showed that there were no
(p>0.05) the
physicochemical indicators of pH, AN, and AP in different sampling

significant  differences in rhizosphere  soil
stages. Climate factors including temperature, relative humidity and
sunshine duration, except for rainfall, varied at a significant level
(p <0.05) across sampling stages. Using Mantel test analysis,
we compared the differences in the effects of soil physicochemical and
climatic factors on E. ulmoides microbiota (Figure 4). Climatic factors
had stronger influence on the diversity, composition and function of
E. ulmoides microbiota, especially leaf microbial communities, than
soil physicochemical properties. Specifically, temperature and rainfall
were significantly correlated with bacterial diversity and fungal
composition, diversity, and function in the leaf niche, and temperature,
rainfall and sunshine duration were significantly correlated with
bacterial composition and function in the leaf niche, whereas these
climatic factors exhibited no significant effect on bacterial and fungal
composition, diversity, and function in the root niche. Among the
three soil physicochemical factors, only AN had a significant effect on
the topological features of the co-occurrence network of root and leaf
microbiota in E. ulmoides at different sampling stages, while none of
these factors had a significant effect on the diversity, composition, and
function of the E. ulmoides microbiota. These results imply that the
microbiota dynamics of E. ulmoides in different sampling stages were

mainly driven by climatic factors.
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FIGURE 3
Co-occurrence network of bacterial and fungal ASVs in different sampling stages and niches of E. ulmoides.

TABLE 2 Topological features of interkingdom co-occurrence networks of E. ulmoides bacterial and fungal communities at different sampling stages
and niches.

Sampling stage Average Edges (positive/ Average clustering Modularity®
degree® (B/F?) negative) coefficientc (B/F?)
Root Leaf growing stage 114 (70/44) 9.81 (10.10/9.34) 559 (542/17) 0.65 (0.65/0.65) 0.78
Leaf aging stage 88 (53/35) 6.25 (6.92/5.23) 275 (251/24) 0.51 (0.55/0.45) 0.81
Leaf decomposing stage 90 (51/39) 7.13 (6.49/7.97) 321 (304/17) 0.62 (0.61/0.63) 0.76
Leaf Leaf growing stage 145 (108/37) 8.30 (8.51/7.70) 602 (483/119) 0.35 (0.35/0.36) 0.81
Leaf aging stage 189 (141/48) 10.36 (10.54/9.83) 979 (753/226) 0.37 (0.36/0.39) 0.96
Leaf decomposing stage 269 (135/134) 19.87 (20.59/19.15) 2,673 (2,429/244) 0.55 (0.58/0.52) 0.79
“Bacteria/fungi.

"Refers to the average number of connections of all nodes in the network, and higher values indicate a more complex network.

“Indicates the possibility of interconnection between neighbor nodes of nodes in the network, reflecting the tendency of forming tight groups among nodes.

dRefers to the phenomenon of nodes grouping in the network, where connections between nodes within these groups are tight and connections between groups are relatively sparse, and higher
values indicate a tendency for network nodes to differentiate into different groups.

3.5 Source tracing analysis of Eucommia
ulmoides microbiota

Intersection analysis visually depicted the taxa that were shared
and unique among E. ulmoide microbial communities in various
sampling stages and niches. During leaf growing, aging and
decomposing processes, the root and leaf niches of E. ulmoide
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contained a large number of shared microbial genera, exceeding the
number of unique taxa (Supplementary Figure S2). Bacterial
communities contained 298 shared genera, with the top three genera
in relative abundance being Pseudomonas, Massilia, and
Sphingomonas, respectively. Fungal communities had 131 shared
genera, and the top three in relative abundance, excluding unclassified

genera, were Cladosporium, Spirosphaera, and Lachnum, respectively.
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Topological features

Effects of climatic factors (temperature, rainfall, relative humidity and sunshine duration) and physical and chemical properties of rhizosphere soil (AP,
AN, and pH) on E. ulmoides microbiota. The climate factor data were monthly average climate data for the research region over the past 10 years,
representing average temperature, rainfall, relative humidity, and sunshine duration for three sampling periods. Thus, there were three representative
points in time for the climate data. Soil physicochemical data were actual measurements of soil samples gathered from nine sampling points in
sequence over the three sampling stages, resulting in a total of 27 data points. This difference in data points was consistent with the experimental
design because the long-term averages of the climate data provide a better representation of climatic conditions across sampling stages, while the
diversity of the soil data reflects the spatial heterogeneity of soil characteristics within the research region. The correlation between the diversity
(including, ACE richness estimator index, Shannon diversity index and Pielou’s evenness index), composition (phylum level), function and co-
occurrence network topology feature (including, node number, average degree, edge number, average clustering coefficient and modularity) distance
matrices of the E. ulmoides microbial community and the distance matrices of the environmental factors were determined using the Mantel test (based

More specifically, there was obvious overlap between the microbial
communities inhabiting root and leaf niches of E. ulmoide, regardless
of the sampling stage (Figure 5A). Bacterial taxa exhibited a higher
degree of overlap between these two niches compared to fungi.
During the stages of leaf growing, aging and decomposing in
E. ulmoide, bacteria existed in 51.08, 51.49, and 45.00% overlap
between root and leaf niche in that order, while fungi existed in 47.57,
43.98, and 43.53% overlap, respectively. In addition, the microbial
communities of E. ulmoide also exhibited significant overlap across
various sampling stages within the same niche (Figure 5B). Compared
to leaves, a greater degree of microbial overlap was observed among
root samples at three sampling stages. Overlap degree of bacteria and
fungi was 40.34 and 37.18% in root niche and 31.45 and 33.39% in
leaf niche, respectively. These findings suggest that E. ulmoide
microbes from different niches and different phenological stages
within the same niche may be important sources for each other.
Based on FEAST analysis, source-sink relationships were observed
between E. ulmoide microbiota at different sampling stages in the
same niche (Figure 6). The connectivity between microbes in the root

Frontiers in Microbiology

niche was generally greater than in the leaf niche during the three
sampling stages. Specifically, 60.31 and 58.50% members of the root
bacterial and fungal communities in the decomposing stage were from
root niche in the growing stage and 65.53 and 48.34% members from
root niche in the aging stage, respectively. However, only 24.22 and
53.04% members of the leaf bacterial and fungal communities during
the decomposing stage were from leaf niche during the growing stage
and 17.44 and 46.40% from leaf niche during the aging stage,
respectively. In addition, bidirectional source-sink relationships
between the E. ulmoide root and leaf niche microbiota were observed,
with source-sink values varying depending on the sampling stage
(Figure 6). During the growing, aging and decomposing stages, 52.30,
52.27, and 54.07% members of the root bacterial community
originated from leaves, and 59.70, 41.62, and 52.06% members of the
root fungal community were sourced from leaves, respectively.
Conversely, 61.05, 72.56, and 11.18% members of the leaf bacterial
community were derived from roots, and 64.11, 50.49, and 65.18%
members of the leaf fungal community originated from roots,
respectively.
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4 Discussion

4.1 Eucommia ulmoides leaf microbiota
exhibits greater dynamism than root
microbiota across different phenological
stages

Plant phenology refers to the phenomenon of regular changes in
plant growth in response to seasonal climate variation (Mohamed et al.,
2018; Hu et al,, 2019; Shigyo et al.,, 2019). Investigating the dynamic
changes in plant microbiota with phenology has positive implications
for future microbial management to enhance host adaptation to climate
change. The diversity, composition and function of the E. ulmoides leaf
microbiota exhibited greater variability across three phenological time
points compared to the root microbiota. This observation aligns with
the widely accepted notion that the seasonal dynamics of aboveground
plant microbiota are more pronounced than those occurring
belowground (Bahram et al., 2022; Howe et al., 2023). On one hand, the
aboveground portion of plant is an open system, and the microbes
associated with it originate from multiple sources (Zhu et al., 2022).
Particularly, the presence of open stomata and wounds on leaves creates
opportunities for colonization by external airborne microbes derived
from aerosols, insects or other plants (Xiang et al., 2021; Trivedi et al.,
2022; Zhu et al,, 2022). On the other hand, arbor leaf traits are usually
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more sensitive to phenological or seasonal climate change than roots,
such as leaf thickness, chemical composition, and area, which are highly
variable across leaf developmental stages (Wang and Wang, 2015).
Noticeably, among the three phenological time points examined in our
study, a strong difference was observed in the E. ulmoides leaf microbiota
during the leaf decomposing stage compared to the other two stages.
This difference could potentially be attributed to the selective
colonization of specific microbes facilitated by the unique chemical
composition of the leaf at this stage, and the abscission of the leaf back
into soil environments (Chen et al., 2020).

In addition, we quantified the relative effects of sampling stage and
niche on the E. ulmoides microbiota. Our findings revealed that the
influence of niche on the E. ulmoides microbiota was greater than that
of sampling stage. This finding contradicts the results of a previous study
that utilized maize, an annual plant, as the subject (Xiong et al., 2021).
Specifically, maize developmental stage had a stronger influence on host
microbiota than niche, which was attributed to the sampling stage
effects representing the interaction of both climatic characteristics (such
as temperature, humidity and light) and plant niche characteristics
(such as leaf size and chemical composition) (Xiong et al., 2021; Gao
etal,, 2021). In fact, the variation in microbiota caused by plant niche is
also the result of the combination between niche selection filtering and
environmental factors with spatial structure (Hu et al., 2019). Vertical
stratification of microbial communities has been demonstrated in tree

09 frontiersin.org


https://doi.org/10.3389/fmicb.2024.1470450
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Shao et al.

10.3389/fmicb.2024.1470450

61.05% 64.11%
Leaf growing stage Leaf growing stage
52.30% 59.70%
2 2 2
» o )
~ * =
©
S ) 3
R 72.56% X 50.49% X
- N
™ A ~ o N <
S Leaf aging stage Leaf | g Leaf aging stage Leaf g
© [q\]
52.27% © 41.62% ©
S R X
o
o 3 S
0 ©
© < <
Y 11.18% Y. 65.18% Y
Root Leaf decomposing stage Root Leaf decomposing stage
54.07% 52.06%
Bacteria Fungi
FIGURE 6
Source-sink relationship between E. ulmoides microbiota of different sampling stages (leaf growing, aging and decomposing stages) and niches (root
and leaf niches) based on FEAST analysis. In FEAST analysis, the source refers to the environment that provides microbial taxa to other environments
and serves as the origin of microbial migration. The sink refers to the environment that receives other environmental microbial taxa and serves as the
destination for microbial migration. Here, source or sink environment was represented by different colored circles. The migration of microbes from
source to sink environments was indicated by unidirectional arrows. The contribution of the source environment to the microbial community of the
sink environment was indicated by percentage values. The existence of a bidirectional source-sink relationship between root and leaf niches resulted
from the fact that root and leaf could serve as both source and sink for different microbial taxa, and did not indicate bidirectional migration of a single
microbial taxa between root and leaf niches.

species with tall trunks and dense foliage, where community
composition and diversity differ significantly between underground and
aboveground niches (Harrison et al., 2016; Bahram et al., 2022). For the
canopy alone, changes in microclimatic conditions, leaf morphology
and leaf chemistry are enormous and could act as ecological filters
leading to variation in microbial communities (Ishii et al., 2008;
Harrison et al,, 2016). Generally, temperature and light are the primary
environmental factors that strongly influence on aboveground niche
microbes, while soil physicochemical properties are probably the most
important environmental factors determining microbes in the often
completely shaded belowground niche (Ishii et al., 2008, Harrison et al.,
2016). In our study, it was similarly observed that climatic factors had
stronger effects on the microbiota of aboveground niche of E. ulmoides
compared to the belowground niche. However, the effects of soil
physicochemical properties on the diversity, composition and function
of belowground niche microbiota were insignificant. This phenomenon
might be explained by the fact that the rhizosphere soil physicochemical
properties of perennial trees changed insignificantly during different
phenological stages, providing a relatively stable habitat environment
for the root microbiota and thus weakening the influence on the
microbial communities.

4.2 Commonalities and identities of the
microbial co-occurrence network in
Eucommia ulmoides across different
phenological stages and niches

Considerable progress has recently been made in researching
complex microbial communities, in part due to advances in analytical
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methods. Particularly, co-occurrence network analysis, which distills the
complexity of microbial communities into a network, could contribute
to reveal community structure (Barberan et al., 2012; Toju et al., 2018;
Yeakel et al., 2020). The overall structure of E. ulmoides microbial
co-occurrence networks exhibited certain resemblances across sampling
stages and niches, which were dominated by bacterial nodes and positive
correlations, together with high modularity. The similarity observed in
microbial co-occurrence networks may be partly attributed to the fact
that they all belong to sub-networks of the same plant host. High
abundance, wide distribution, and rapid growth potential of bacteria in
natural environments may be important reasons for their dominance of
E. ulmoides microbial networks (Huang et al., 2021). In addition, high
modularity may explain another part of the overall structural similarity
of the network. Generally, a high degree of modularity could alleviate the
impact of microbial taxa disappearance on its belonging modules and
other parts of the network (Zhong et al., 2022).

Complexity and aggregation degree within the E. ulmoides
microbial co-occurrence network varied obviously by niche and
sampling stage. Generally, a higher network complexity is associated
with a greater aggregation degree (Yuan et al., 2021; Wang et al., 2023).
However, the topological characteristics showed that in comparison to
the root niche, the microbial co-occurrence network present in
E. ulmoides leaf niche had higher complexity and lower aggregation.
Network aggregation was found to decrease with increasing
environmental stress (Hernandez et al., 2021). More specifically, under
high-stress environmental conditions, the microbes may be more
capable to increase individual survival opportunity by reducing species
interdependence through the niche differentiation strategy, which
results in communities exhibiting a lower clustering tendency (Li et al.,
2023). Accordingly, the low aggregation of leaf microbial communities
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then may be related to the prolonged exposure of leaves to more severe
environmental conditions, such as intense UV radiation, desiccation,
and sharp temperature fluctuations, compared to roots. The high
complexity of leaf microbial networks may be explained by the
following reason. Leaves serve as the primary organs for photosynthesis
and material production in plants, synthesizing various nutrients such
as sugars, organic acids, and amino acids (Kruger and Volin, 2006).
These compounds can be released into the surrounding environment
through processes such as leaf leaching or decay, thereby attracting rich
microbes. Similar findings have been stated in previous studies,
indicating that microbial co-occurrence networks exhibit greater
complexity when available nutrient species rich in environment (Meng
et al., 2022). The topological characteristics also showed that the
complexity and aggregation of E. ulmoides leaf microbial network
gradually increased from leaf growing to aging and then to
decomposing processes. The emergence of this result may be explained
by changes in microbial habitat area, and the larger microbial habitats
are more likely to accommodate larger numbers of microbes (Meyer
etal., 2022). Although the exact leaf area data were not measured in
our study, aging leaves always had a larger microbial habitat than
growing leaves. In contrast, the root microbial network exhibited the
highest level of complexity and aggregation during the leaf growing
stage. This observation may be explained by the strongest leaf
photosynthetic activity in this period, with the maximum amount of
organic matter can be synthesized and transported downwards to roots
via the phloem, consequently attracting microbes to inhabit the root
niche (Kruger and Volin, 2006).

4.3 Eucommia ulmoides microbiota in
different phenological stages and niches
closely linked to each other

Differences in plant microbiota across sampling stages and niches
have long been recognized (Wagner, 2021; Fu et al., 2023). However,
some studies have also highlighted that plants have stable microbial
interaction partners, and these microbe-plant associations can recur
across various environments (Junker and Tholl, 2013; Trivedi et al.,
2020). In our study, we observed the presence of taxa overlap and
bidirectional source-sink relationships within the microbiota of
E. ulmoides roots and leaves, regardless of the sampling stage.
Specifically, bacterial taxa consistently overlapped more than fungal
communities between the two niches of E. ulmoides root and leaf,
regardless of the phenological stage. Fungi have more sensitivity to
environmental changes, whereas the rapid growth potential of bacteria
helps them to adapt to new environmental conditions, which may
contribute to the fact that bacterial taxa have a stronger ability to share
plant niches than fungal taxa (Shao et al., 2023). It should be noted in
particular that the bidirectional source-sink relationship observed
between the microbiota of the root and leaf niches of E. ulmoides was
caused by the fact that root and leaf could simultaneously serve as
source and sink for different microbial taxa, and did not indicate
bidirectional movement of specific taxa. During the leaf growing and
aging stages, the bidirectional source-sink relationship between the
microbial communities in the root and leaf niches of E. ulmoides
showed that the proportion of members migrating from roots to
leaves was higher than the proportion of members migrating from
leaves to roots. This result may be related to the following reasons.

Frontiers in Microbiology

11

10.3389/fmicb.2024.1470450

Plants transport water and nutrients from the roots to the leaves
mainly through transpiration. This upward flow of water and nutrients
through xylem vessels provides a natural pathway for the migration of
root niche microbes to the leaves (Liu et al., 2019; Zhu et al., 2022). In
contrast to the unidirectional upward transport mechanism of xylem
from root to leaf, plant phloem can transport organic matter
synthesized by leaves to multiple parts of the plant such as roots,
flowers, and fruits, which diminishes the migration of leaf microbes
to the roots. During the leaf decomposing stage, 54.07 and 52.06%
members of the root bacterial and fungal communities were from
leaves and 11.18 and 65.18% members of the leaf bacterial and fungal
communities were from roots, respectively. The steps of microbial
migration from leaves to roots may be that old leaves decompose and
decay allowing their microbial members to disperse and return to the
soil environment, and then into root tissues through newly emerging
roots or wounds (Wagner, 2021; Zhu et al., 2022). Microbial migration
from roots to leaves may be related to microbes with metabolite
substrate preferences (Zhalnina et al., 2018). The degree of preference
for the components of E. ulmoides decay leaves may determine the size
of the proportion of microbial taxa that migrate from roots to leaves.
Interestingly, the bacterial community during the decomposing stage
exhibited a predominant migration from leaves to roots, while from
roots to leaves it showed a disadvantageous migration. The possible
reasons for this phenomenon may be as follows. The migration of
bacteria from leaves to roots could be enhanced in the soil
environment using rainwater as a medium (Xu et al., 2020). In
contrast, bacterial migration from underground roots to decaying
leaves was extremely challenging. For example, specific bacteria
require fungal hyphae as mediators to accomplish migration (Hassani
et al,, 2018). In addition, taxa overlap and source-sink relationships
also existed in E. ulmoides microbiota from different sampling stages
at the same niche. The degree of overlap and connectivity of root
microbiota was generally higher than in leaf microbiota during three
stages, which may be due to the more dynamic leaf environment and
more diverse sourcing pathways for leaf microbial communities (Bai
et al., 2015; Howe et al., 2023).

Currently, a major challenge in plant microbial research is the
enormous species composition of microbial communities, as
thousands of community members imply millions of possible pairwise
interactions (Xue et al., 2023). This complexity is further magnified
when we consider transiently present members. Classifying microbes
into specific taxa based on their contribution to community stability
and their abundance could be a useful approach to reveal the dynamics
and migration patterns of arboreal plant microbial communities from
complex relationships. Traditionally, microbial community studies
have focused mainly on abundant taxa, as they are generally
considered the most active participants in biogeochemical cycles,
occupying core ecological niches (Jiao et al., 2019; Liang et al., 2020).
However, recent studies have increasingly emphasized the ecological
importance of rare taxa (Ji et al., 2020; Pascoal et al., 2021). On the one
hand, rare taxa can interact more frequently and closely than abundant
taxa, which is essential for maintaining microbial community stability
(Li et al., 2024). On the other hand, rare taxa tend to be more
metabolically active than abundant taxa, enhancing the functional
redundancy of the community and increasing resilience to
environmental changes or disturbances (Jousset et al., 2017). In our
study, we used the overall microbial community data for FEAST
analysis to ensure that the results comprehensively represented the
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linkages between the E. ulmoides microbiota across different
phenological stages and niches. However, in future studies,
distinguishing between abundant and rare taxa may help capture more
detailed dynamics and migration patterns of arboreal plant
microbial communities.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found at: https://www.ncbinlm.nih.gov/,
BioProject PRINA952834.

Author contributions

QS: Investigation, Visualization, Writing — original draft. CD:
Formal analysis, Visualization, Writing - original draft. YH:
Conceptualization, Funding acquisition, Validation, Writing - review
& editing. YZ: Conceptualization, Funding acquisition, Methodology,
Writing - review & editing.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. This work was

References

Acufa-Rodriguez, 1. S., Newsham, K. K., Gundel, P. E.,, Torres-Diaz, C., and
Molina-Montenegro, M. A. (2020). Functional roles of microbial symbionts in plant cold
tolerance. Ecol. Lett. 23, 1034-1048. doi: 10.1111/ele.13502

Ait Barka, E., Nowak, J., and Clément, C. (2006). Enhancement of chilling resistance of
inoculated grapevine plantlets with a plant growth-promoting rhizobacterium, Burkholderia
phytofirmans strain Ps]N. Appl. Environ. Microb. 72, 7246-7252. doi: 10.1128/ AEM.01047-06

Bahram, M., Kiingas, K., Pent, M., Pélme, S., Gohar, D., and Pdldmaa, K. (2022).
Vertical stratification of microbial communities in woody plants. Phytobiomes J. 6,
161-168. doi: 10.1094/PBIOMES-06-21-0038-R

Bai, Y., Miiller, D. B,, Srinivas, G., Garrido-Oter, R., Potthoff, E., Rott, M., et al. (2015).
Functional overlap of the Arabidopsis leaf and root microbiota. Nature 528, 364-369.
doi: 10.1038/nature16192

Barberan, A., Bates, S. T., Casamayor, E. O., and Fierer, N. (2012). Using network
analysis to explore co-occurrence patterns in soil microbial communities. ISME J. 6,
343-351. doi: 10.1038/ismej.2011.119

Call, V. B., and Dilcher, D. L. (1997). The fossil record of Eucommia (Eucommiaceae)
in north america. Am. J. Bot. 84, 798-814. doi: 10.2307/2445816

Chen, J., Akutse, K. S., Saqib, H. A. S., Wu, X,, Yang, F, Xia, X,, et al. (2020). Fungal
endophyte communities of crucifer crops are seasonally dynamic and structured by
plant identity, plant tissue and environmental factors. Front. Microbiol. 11:1519. doi:
10.3389/fmicb.2020.01519

Dong, C. B,, Zhang, Z. Y., Shao, Q. Y., Yao, T,, Hu, H. Y,, Huang, J. Z, et al. (2022).
Deciphering the effects of genetic characteristics and environmental factors on
pharmacological active ingredients of Eucommia ulmoides. Ind. Crop. Prod. 175:114293.
doi: 10.1016/j.indcrop.2021.114293

Fu, S., Deng, Y., Zou, K, Zhang, S., Duan, Z., Wu, X,, et al. (2023). Dynamic variation
of Paris polyphylla root-associated microbiome assembly with planting years. Planta
257:61. doi: 10.1007/s00425-023-04074-7

Gao, M, Xiong, C., Gao, C., Tsui, C. K., Wang, M. M., Zhou, X,, et al. (2021). Disease-
induced changes in plant microbiome assembly and functional adaptation. Microbiome
9:187. doi: 10.1186/s40168-021-01138-2

Harrison, J. G., Forister, M. L., Parchman, T. L., and Koch, G. W. (2016). Vertical

stratification of the foliar fungal community in the world's tallest trees. Am. J. Bot. 103,
2087-2095. doi: 10.3732/ajb.1600277

Frontiers in Microbiology

12

10.3389/fmicb.2024.1470450

supported by the National Natural Science Foundation of China [Nos.
32260003, 32160007, and 32360029]; “Hundred” Talent Projects of
Guizhou Province [Qian Ke He (2020) 6005]; Construction Program
of Biology First-class Discipline in Guizhou [GNYL (2017)009].

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or claim
that may be made by its manufacturer, is not guaranteed or endorsed
by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fmicb.2024.1470450/
full#supplementary-material

Hassani, M. A., Durén, P, and Hacquard, S. (2018). Microbial interactions within the
plant holobiont. Microbiome 6:58. doi: 10.1186/s40168-018-0445-0

Hatfield, J. L., and Prueger, J. H. (2015). Temperature extremes: effect on plant
growth and development. Weather Clim. Extremes 10, 4-10. doi: 10.1016/j.
wace.2015.08.001

Hernandez, D. J., David, A. S., Menges, E. S, Searcy, C. A., and Afkhami, M. E. (2021).
Environmental stress destabilizes microbial networks. ISME J. 15, 1722-1734. doi:
10.1038/s41396-020-00882-x

Hou, S., Wolinska, K. W.,, and Hacquard, S. (2021). Microbiota-root-shoot-
environment axis and stress tolerance in plants. Curr. Opin. Plant Biol. 62:102028. doi:
10.1016/j.pbi.2021.102028

Howe, A., Stopnisek, N., Dooley, S. K., Yang, E, Grady, K. L., and Shade, A. (2023).
Seasonal activities of the phyllosphere microbiome of perennial crops. Nat. Commun.
14:1039. doi: 10.1038/s41467-023-36515-y

Hu, A, Nie, Y, Yu, G., Han, C,, He, J., He, N,, et al. (2019). Diurnal temperature
variation and plants drive latitudinal patterns in seasonal dynamics of soil microbial
community. Front. Microbiol. 10:674. doi: 10.3389/fmicb.2019.00674

Huang, R., Crowther, T. W,, Sui, Y., Sun, B., and Liang, Y. (2021). High stability
and metabolic capacity of bacterial community promote the rapid reduction of
easily decomposing carbon in soil. Commun. Biol. 4:1376. doi: 10.1038/
542003-021-02907-3

Ishii, H. T., Jennings, G. M., Sillett, S. C., and Koch, G. W. (2008). Hydrostatic
constraints on morphological exploitation of light in tall Sequoia sempervirens trees.
Oecologia 156, 751-763. doi: 10.1007/s00442-008-1032-z

Ji, M., Kong, W, Stegen, J., Yue, L., Wang, E,, Dong, X., et al. (2020). Distinct assembly
mechanisms underlie similar biogeographical patterns of rare and abundant bacteria in
Tibetan plateau grassland soils. Environ. Microbiol. 22, 2261-2272. doi:
10.1111/1462-2920.14993

Jiao, S., Wang, J., Wei, G., Chen, W,, and Lu, Y. (2019). Dominant role of abundant rather
than rare bacterial taxa in maintaining agro-soil microbiomes under environmental
disturbances. Chemosphere 235, 248-259. doi: 10.1016/j.chemosphere.2019.06.174

Jousset, A., Bienhold, C., Chatzinotas, A., Gallien, L., Gobet, A., Kurm, V., et al. (2017).
Where less may be more: how the rare biosphere pulls ecosystems strings. ISME J. 11,
853-862. doi: 10.1038/isme;j.2016.174

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1470450
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.ncbi.nlm.nih.gov/
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1470450/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1470450/full#supplementary-material
https://doi.org/10.1111/ele.13502
https://doi.org/10.1128/AEM.01047-06
https://doi.org/10.1094/PBIOMES-06-21-0038-R
https://doi.org/10.1038/nature16192
https://doi.org/10.1038/ismej.2011.119
https://doi.org/10.2307/2445816
https://doi.org/10.3389/fmicb.2020.01519
https://doi.org/10.1016/j.indcrop.2021.114293
https://doi.org/10.1007/s00425-023-04074-7
https://doi.org/10.1186/s40168-021-01138-2
https://doi.org/10.3732/ajb.1600277
https://doi.org/10.1186/s40168-018-0445-0
https://doi.org/10.1016/j.wace.2015.08.001
https://doi.org/10.1016/j.wace.2015.08.001
https://doi.org/10.1038/s41396-020-00882-x
https://doi.org/10.1016/j.pbi.2021.102028
https://doi.org/10.1038/s41467-023-36515-y
https://doi.org/10.3389/fmicb.2019.00674
https://doi.org/10.1038/s42003-021-02907-3
https://doi.org/10.1038/s42003-021-02907-3
https://doi.org/10.1007/s00442-008-1032-z
https://doi.org/10.1111/1462-2920.14993
https://doi.org/10.1016/j.chemosphere.2019.06.174
https://doi.org/10.1038/ismej.2016.174

Shao et al.

Junker, R. R., and Tholl, D. (2013). Volatile organic compound mediated interactions at
the plant-microbe interface. J. Chem. Ecol. 39, 810-825. doi: 10.1007/s10886-013-0325-9

Kashyap, S., Sharma, I, Dowarah, B., Barman, R, Gill, S. S., and Agarwala, N. (2023).
Plant and soil-associated microbiome dynamics determine the fate of bacterial wilt
pathogen Ralstonia solanacearum. Planta 258:57. doi: 10.1007/s00425-023-04209-w

Kazemi-Shahandashti, S. S., and Maali- Amiri, R. (2018). Global insights of protein
responses to cold stress in plants: signaling, defence, and degradation. J. Plant Physiol.
226, 123-135. doi: 10.1016/j.jplph.2018.03.022

Kruger, E. L., and Volin, J. C. (2006). Reexamining the empirical relation between
plant growth and leaf photosynthesis. Funct. Plant Biol. 33, 421-429. doi:
10.1071/FP05310

Li, C, Jin, L., Zhang, C,, Li, S., Zhou, T., Hua, Z., et al. (2023). Destabilized microbial
networks with distinct performances of abundant and rare biospheres in maintaining
networks under increasing salinity stress. iMeta 2:¢79. doi: 10.1002/imt2.79

Li, Y, Sun, X., Zhang, M., Khan, A., and Sun, W. (2024). Dominant role of rare
bacterial taxa rather than abundant taxa in driving the tailing primary succession. J.
Hazard. Mater. 462:132807. doi: 10.1016/j.jhazmat.2023.132807

Liang, Y. T,, Xiao, X., Nuccio, E. E., Yuan, M. T., Zhang, N., Xue, K., et al. (2020).
Differentiation strategies of soil rare and abundant microbial taxa in response to changing
climatic regimes. Environ. Microbiol. 22, 1327-1340. doi: 10.1111/1462-2920.14945

Liu, H., Macdonald, C. A., Cook, J., Anderson, I. C., and Singh, B. K. (2019). An
ecological loop: host microbiomes across multitrophic interactions. Trends Ecol. Evol.
34, 1118-1130. doi: 10.1016/j.tree.2019.07.011

Louca, S., Parfrey, L. W,, and Doebeli, M. (2016). Decoupling function and taxonomy
in the global ocean microbiome. Science 353, 1272-1277. doi: 10.1126/science.aaf4507

Meng, L., Xu, C., Wu, E, and Huhe. (2022). Microbial co-occurrence networks driven
by low-abundance microbial taxa during composting dominate lignocellulose
degradation. Sci. Total Environ. 845:157197. doi: 10.1016/j.scitotenv.2022.157197

Meyer, K. M., Porch, R., Muscettola, I. E., Vasconcelos, A. L. S., Sherman, J. K.,
Metcalf, C. J. E., et al. (2022). Plant neighborhood shapes diversity and reduces
interspecific variation of the phyllosphere microbiome. ISME J. 16, 1376-1387. doi:
10.1038/s41396-021-01184-6

Mohamed, A., Stokes, A., Mao, Z., Jourdan, C., Sabatier, S., Pailler, E, et al. (2018). Linking
above- and belowground phenology of hybrid walnut growing along a climatic gradient in
temperate agroforestry systems. Plant Soil 424, 103-122. doi: 10.1007/s11104-017-3417-4

Newman, M. E. J. (2006). Modularity and community structure in networks. PNAS
103, 8577-8582. doi: 10.1073/pnas.0601602103

Nguyen, N. H., Song, Z. W, Bates, S. T., Branco, S., Tedersoo, L., Menke, J., et al.
(2016). FUNGuild: an open annotation tool for parsing fungal community datasets by
ecological guild. Fungal Ecol. 20, 241-248. doi: 10.1016/j.funeco.2015.06.006

Pascoal, E, Costa, R., and Magalhaes, C. (2021). The microbial rare biosphere: current
concepts, methods and ecological principles. FEMS Microbiol. Ecol. 97:fiaa227. doi:
10.1093/femsec/fiaa227

Ren, Y, Lu, M., Fan, F, and Peng, S. (2019). The relationship between soil fungi and
physico-chemical properties in swamp meadow of plateau wetlands. Ecol. Sci. 39, 42-49.
doi: 10.14108/j.cnki.1008-8873.2019.01.006

Sawicki, M., Ait Barka, E., Clément, C., Vaillant-Gaveau, N., and Jacquard, C. (2015).
Cross-talk between environmental stresses and plant metabolism during reproductive
organ abscission. J. Exp. Bot. 66, 1707-1719. doi: 10.1093/jxb/eru533

Shao, Q. Y, Ran, Q. S, Li, X,, Dong, C. B, Huang, J. Z., and Han, Y. (2023).
Deciphering the effect of phytohormones on the phyllosphere microbiota of Eucommia
ulmoides. Microbiol. Res. 254:127513:126888. doi: 10.1016/j.micres.2021.126888

Shenhav, L., Thompson, M., Joseph, T. A., Briscoe, L., Furman, O., Bogumil, D., et al.
(2019). FEAST: fast expectation-maximization for microbial source tracking. Nat.
Methods 16, 627-632. doi: 10.1038/s41592-019-0431-x

Shigyo, N., Umeki, K., and Hirao, T. (2019). Seasonal dynamics of soil fungal and
bacterial communities in cool-temperate montane forests. Front. Microbiol. 10:1944. doi:
10.3389/fmicb.2019.01944

Frontiers in Microbiology

13

10.3389/fmicb.2024.1470450

Toju, H., Peay, K. G., Yamamichi, M., Narisawa, K., Hiruma, K., Naito, K., et al. (2018).
Core microbiomes for sustainable agroecosystems. Nat. Plants 4, 247-257. doi: 10.1038/
s41477-018-0139-4

Trivedi, P, Batista, B. D., Bazany, K. E., and Singh, B. K. (2022). Plant-microbiome
interactions under a changing world: responses, consequences and perspectives. New
Phytol. 234, 1951-1959. doi: 10.1111/nph.18016

Trivedi, P, Leach, J. E., Tringe, S. G., Sa, T., and Singh, B. K. (2020). Plant-microbiome
interactions: from community assembly to plant health. Nat. Rev. Microbiol. 18, 607-621.
doi: 10.1038/s41579-020-0412-1

Wagner, M. R. (2021). Prioritizing host phenotype to understand microbiome
heritability in plants. New Phytol. 232, 502-509. doi: 10.1111/nph.17622

Wang, C. S., and Wang, S. P. (2015). A review of research on responses of leaf traits to
climate change. Chin. J. Plant Ecol. 39, 206-216. doi: 10.17521/cjpe.2015.0020

Wang, X., Zhang, Q., Zhang, Z., Li, W, Liu, W, Xiao, N,, et al. (2023). Decreased soil
multifunctionality is associated with altered microbial network properties under
precipitation reduction in a semiarid grassland. iMeta 2:e106. doi: 10.1002/imt2.106

Xiang, Q, Lott, A. A, Assmann, S. M., and Chen, S. (2021). Advances and perspectives
in the metabolomics of stomatal movement and the disease triangle. Plant Sci.
302:110697. doi: 10.1016/j.plantsci.2020.110697

Xing, Y. E, He, D., Wang, Y., Zeng, W, Zhang, C., Lu, Y,, et al. (2019). Chemical
constituents, biological functions and pharmacological effects for comprehensive
utilization of Eucommia ulmoides Oliver. Food Sci. Hum. Well. 8, 177-188. doi: 10.1016/j.
fshw.2019.03.013

Xiong, C., Singh, B. K., He, J. Z,, Han, Y. L., Li, P. P, Wan, L. H,, et al. (2021). Plant
developmental stage drives the differentiation in ecological role of the maize
microbiome. Microbiome 9:171. doi: 10.1186/540168-021-01118-6

Xu, Y. Y, Luo, J. Y, Sun, T. T,, Zhao, Z. G, Yang, S. H., and Yang, M. H. (2021).
Overview of quality standards of Eucommiae cortex in China and oversea. China J. Chin.
Mater. Med. 46, 3577-3582. doi: 10.19540/j.cnki.cjcmm.20210329.201

Xu, X., Wang, N, Lipson, D., Sinsabaugh, R., Schimel, J., He, L., et al. (2020). Microbial
macroecology: in search of mechanisms governing microbial biogeographic patterns.
Glob. Ecol. Biogeogr. 29, 1870-1886. doi: 10.1111/geb.13162

Xue, R, Liu, S., Stirling, E., Wang, Y., Zhao, K., Matsumoto, H., et al. (2023). Core
community drives phyllosphere bacterial diversity and function in multiple ecosystems.
Sci. Total Environ. 896:165187. doi: 10.1016/j.scitotenv.2023.165187

Yang, J., Dong, C. B., Zhang, Z. Y,, Liang, J. D., Han, Y. F, and Liang, Z. Q. (2019).
Analyses on fungal community composition of Eucommia ulmoides rhizosphere soil in
different areas. Mycosystema 38, 327-340. doi: 10.13346/j.mycosystema.180244

Yeakel, . D., Pires, M. M., de Aguiar, M. A. M., O'Donnell, J. L., Guimaraes, N. C. Jr.,
Gravel, D,, et al. (2020). Diverse interactions and ecosystem engineering can stabilize
community assembly. Nat. Commun. 11:3307. doi: 10.1038/s41467-020-17164-x

Yuan, M. M., Guo, X., Wu, L., Zhang, Y., Xiao, N., Ning, D,, et al. (2021). Climate
warming enhances microbial network complexity and stability. Nat. Clim. Chang. 11,
343-348. doi: 10.1038/s41558-021-00989-9

Zhalnina, K., Louie, K. B., Hao, Z., Mansoori, N., Da Rocha, U. N,, Shi, S., et al. (2018).
Dynamic root exudate chemistry and microbial substrate preferences drive patterns in
rhizosphere microbial community assembly. Nat. Microbiol. 3, 470-480. doi: 10.1038/
541564-018-0129-3

Zhang, Q. Q., Dong, C. B,, Shao, Q. Y., Lu, Y. X, Dong, X,, Liang, Z. Q,, et al. (2023).
Community composition and ecological fumctional analysis of the endophytic
microorganisms in Eucommia ulmoides seeds. For. Res. 36, 50-60. doi:
10.12403/j.1001-1498.20220239

Zhong, Y., Sorensen, P. O., Zhu, G, Jia, X,, Liu, J., Shangguan, Z., et al. (2022).
Differential microbial assembly processes and co-occurrence networks in the soil-root
continuum along an environmental gradient. iMeta 1:e18. doi: 10.1002/imt2.18

Zhu, Y. G,, Xiong, C., Wei, Z., Chen, Q. L., Ma, B., Zhou, S. Y,, et al. (2022). Impacts
of global change on the phyllosphere microbiome. New Phytol. 234, 1977-1986. doi:
10.1111/nph.17928

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1470450
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1007/s10886-013-0325-9
https://doi.org/10.1007/s00425-023-04209-w
https://doi.org/10.1016/j.jplph.2018.03.022
https://doi.org/10.1071/FP05310
https://doi.org/10.1002/imt2.79
https://doi.org/10.1016/j.jhazmat.2023.132807
https://doi.org/10.1111/1462-2920.14945
https://doi.org/10.1016/j.tree.2019.07.011
https://doi.org/10.1126/science.aaf4507
https://doi.org/10.1016/j.scitotenv.2022.157197
https://doi.org/10.1038/s41396-021-01184-6
https://doi.org/10.1007/s11104-017-3417-4
https://doi.org/10.1073/pnas.0601602103
https://doi.org/10.1016/j.funeco.2015.06.006
https://doi.org/10.1093/femsec/fiaa227
https://doi.org/10.14108/j.cnki.1008-8873.2019.01.006
https://doi.org/10.1093/jxb/eru533
https://doi.org/10.1016/j.micres.2021.126888
https://doi.org/10.1038/s41592-019-0431-x
https://doi.org/10.3389/fmicb.2019.01944
https://doi.org/10.1038/s41477-018-0139-4
https://doi.org/10.1038/s41477-018-0139-4
https://doi.org/10.1111/nph.18016
https://doi.org/10.1038/s41579-020-0412-1
https://doi.org/10.1111/nph.17622
https://doi.org/10.17521/cjpe.2015.0020
https://doi.org/10.1002/imt2.106
https://doi.org/10.1016/j.plantsci.2020.110697
https://doi.org/10.1016/j.fshw.2019.03.013
https://doi.org/10.1016/j.fshw.2019.03.013
https://doi.org/10.1186/s40168-021-01118-6
https://doi.org/10.19540/j.cnki.cjcmm.20210329.201
https://doi.org/10.1111/geb.13162
https://doi.org/10.1016/j.scitotenv.2023.165187
https://doi.org/10.13346/j.mycosystema.180244
https://doi.org/10.1038/s41467-020-17164-x
https://doi.org/10.1038/s41558-021-00989-9
https://doi.org/10.1038/s41564-018-0129-3
https://doi.org/10.1038/s41564-018-0129-3
https://doi.org/10.12403/j.1001-1498.20220239
https://doi.org/10.1002/imt2.18
https://doi.org/10.1111/nph.17928

	Microbiota dynamics and source tracing during the growing, aging, and decomposing processes of Eucommia ulmoides leaves
	1 Introduction
	2 Materials and methods
	2.1 Sample collection and processing
	2.2 DNA extraction, amplicon sequencing and bioinformatic analysis
	2.3 Acquisition and determination of environmental factors
	2.4 Data analyses

	3 Results
	3.1 Diversity dynamics of Eucommia ulmoides microbiota
	3.2 Composition and functional dynamics of Eucommia ulmoides microbiota
	3.3 Co-occurrence network pattern dynamics of Eucommia ulmoides microbiota
	3.4 Influence of environmental factors on Eucommia ulmoides microbiota
	3.5 Source tracing analysis of Eucommia ulmoides microbiota

	4 Discussion
	4.1 Eucommia ulmoides leaf microbiota exhibits greater dynamism than root microbiota across different phenological stages
	4.2 Commonalities and identities of the microbial co-occurrence network in Eucommia ulmoides across different phenological stages and niches
	4.3 Eucommia ulmoides microbiota in different phenological stages and niches closely linked to each other


	References

