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Highlights

® The ARG abundance decreased during the plant community succession process.
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® There was a core set of the phyllosphere ARGs in plant community succession process.
® [ eaf property and surrounding habitat result in varied phyllosphere ARG abundance.

® The phyllosphere ARG profile is linked to the leaf bacteria and nutrient content.

Abstract

The spread of antibiotic-resistance genes (ARGs) has posed a significant threat to
human health over the past decades. Despite the fact that the phyllosphere represents a
crucial pool of microorganisms, little is known about the profile and drivers of ARGs
in less human interference natural habitats. In order to minimize the influence of
environmental factors, here we collected leaf samples from the early-, middle- and late-
successional stages across a primary vegetation successional sequence within 2 km, to
investigate how the phyllosphere ARGs develop in natural habitats. Phyllosphere
ARGs were determined using high-throughput quantitative PCR. Bacterial community
and leaf nutrient content were also measured to assess their contribution to the
phyllosphere ARGs. A total of 151 unique ARGs were identified, covering almost all
recognized major antibiotic classes. We further found that there was some stochastic
and a core set of the phyllosphere ARGs during the plant community succession process,
due to the fluctuant phyllosphere habitat and specific selection effect of plant
individuals. The ARG abundance significantly decreased due to the reduction of the
phyllosphere bacterial diversity, community complexity, and leaf nutrient content
during the plant community succession process. While the closer links between soil and
fallen leaf resulted in a higher ARG abundance in leaf litter than in fresh leaf. In

summary, our study reveals that the phyllosphere harbors a broad spectrum of ARGs in
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the natural environment. These phyllosphere ARGs are driven by various
environmental factors, including the plant community composition, host leaf properties,
and the phyllosphere microbiome.

Keywords

Antibiotic resistome, bacterial community, fresh leaf, leaf litter, leaf nutrient, plant

community

1. Introduction

Antibiotic resistance is a growing threat to human health and the clinical treatment of
diseases worldwide (Hernando-Amado et al. 2019; Zhang et al. 2022b). Over recent
decades, with the widespread clinical use of antibiotics, associated resistance genes
(ARGs) have spread rapidly and can be detected in almost all ecosystems (Martinez et
al. 2015; Zhang et al. 2022b; Zhu et al. 2017). So far, most studies have been focused
on agricultural and urban ecosystems (Pdrnédnen et al. 2019; Yu et al. 2022; Zhu et al.
2021a). In contrast, the distribution of ARGs in natural environments remains poorly

characterized.

The plant-associated microbial pool is considered a critical terrestrial microbial
reservoir harboring a high diversity of microorganisms (Vorholt 2012; Xu et al. 2022b;,
Zhu et al. 2021b). Whilst previous studies have focused on the plant's general microbial
community compositions and their ecological functions (Kembel et al. 2014; Meyer et
al. 2022), it should also be noted that the plant is a potential reservoir of the antibiotic-

resistance microbiome (Hernando-Amado et al. 2019; Martinez et al. 2015). Most
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plant-related ARG studies have been conducted in soil and the plant rhizosphere,
providing valuable insights into the ARG profile and its potential spread (Chen et al.
2018; Guo et al. 2021), with less attention paid to the phyllosphere-associated ARGs,

which may represent a critical source of ARGs.

The leaf surface, or phylloplane, represents one of the largest microbial pools on earth
because of the enormous global leaf surface area (Lindow and Brandl 2003; Redford et
al. 2010). The phyllosphere is a relatively open habitat that can continuously exchange
microbiomes with other habitats (Meyer et al. 2022; Zhang et al. 2022b). There is
evidence that the antibiotic-resistant bacteria (ARB) of the phyllosphere originate from
the soil and air (Chen et al. 2017; Zhang et al. 2022b). Mechanisms for each of these
routes are clear; for example, ARB could reach the leaf surface from the soil by soil-
associated aerosols or deposit on the leaf surface by rainfall after entering the
atmosphere (Zhang et al. 2022b; Zhu et al. 2021a). These likely colonization routes lead
to the argument that the local dispersal of the microbial community is an important

determinant of the phyllosphere microbiome (Meyer et al. 2022).

During plant community development, changes in plant physiology or species directly
impinge on leaf functional traits driving variation in the associated phyllosphere
microbial communities (Hacquard et al. 2017; Kembel et al. 2014; Peng et al. 2021; Xu
et al. 2022a). For instance, Kembel et al. (2014) reported that the phyllosphere

microbial community varied among tree species and significantly correlated with leaf
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nutrient content. Further, plant community structure and associated ecosystem stability
increase over the succession of vegetation communities to climax communities (Buma
etal. 2017; Mori et al. 2017), but the effects of this on phyllosphere antibiotic resistance
remain unknown. In addition, changes in the leaves themselves could also have
dramatic effects on their microbiome (Kembel et al. 2014; Lajoie et al. 2020). For
instance, the leaf-associated microbiome could also vary due to the change in the
characteristics of the leaf itself (such as physiology and nutrient status) after leaf fall
(Norby and Cotrufo 1998; Zheng et al. 2021). However, it remains unclear how changes
in host leaves nutrients content and other leaf propertities affect the phyllosphere-

associated ARB and antibiotic resistome.

The limited number of previous studies focusing on the phyllosphere microbiome and
antibiotic resistome have been confined to investigations from broad-scale habitats or
controlled growth studies (Martinez et al. 2015; Yan et al. 2021; Zhang et al. 2022b).
However, the interpretations from such studies are complicated by either the large
variation of the natural environmental factors, including rainfall, temperature, and
illumination across large distances, or the absence of variation under controlled growth
(Li et al. 2023; Xu et al. 2022b). We, therefore, collected samples from a retreating
glacier forefield with a complete primary succession sequence from plant pioneer to
climax communities across a 2km distance. This continuous succession in a limited
distance reduces the impact of other environmental factors on the succession process

and makes this sequence ideal for research into the succession of microbial and plant
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communities. We analyzed the phyllosphere ARGs, bacterial communities, and leaf
nutrient content aiming to 1) characterize the abundance and profile of the phyllosphere
ARG s across this natural primary vegetation succession; 2) evaluate the effect of the
plant community successional development and leaf fall on these ARGs and; 3) explore

the potential drivers shaping the phyllosphere ARG abundance and profile.

2. Materials and methods

2.1 Study area and sampling

We sampled across a primary succession in the forefield of the retreating Hailuogou
Glacier. Detailed information about the sampling location can be found in Lei et al.
(2015). Briefly, the Hailuogou Glacier is a monsoonal temperate glacier at the Gongga
Mountain (29° 34’ 07.83"N, 101° 59'40.74" E, 7556 m a.s.l.) on the southeastern edge
of the Tibetan Plateau in Sichuan province, China. The mean annual precipitation is
2000 mm, and the mean annual air temperature is 3.8 °C. Glacier recession began at the
end of the Little Ice Age (~ 1850) and has accelerated since the early 20th century (Lei
et al. 2015). The mild and humid climate of Gongga Mountain enables the rapid growth
of vegetation communities and fast development of the ecosystem, resulting in a
complete primary vegetation successional sequence from bare ground to climax
vegetation community within the 2 km transect sampled (Jiang et al. 2018b). This
reduces the impact of other variables on the succession process and makes this sequence

ideal for research into the succession of microbial and plant communities.
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Leaf samples were collected from five sites, each with four replicates, across the
vegetation successional sequence with detailed descriptions of both sites and plant
communities summarised in Table S1. The age of each site was calibrated with
chronologies according to tree rings and soil erosion rates assessed by the 13’Cs method,
with sites representing 25, 40, 70, 100, and 120 years, respectively, spanning early (25
and 40 years), mid (70 years) and late (100 and 120 years) successional stages in this
system as suggested in previous studies (Jiang et al. 2018a; Jiang et al. 2019) At each
site, composite leaf samples were collected from: leaf litter taken from the ground
surface (LL), and mature and intact leaves taken from tree and ground cover vegetation,

with these two sets of samples collectively referred to as fresh leaf (FL).

Four square plots (10 m x 10 m) were established at each site with a minimum 10-m
distance between each plot. FL samples were randomly taken from different individual
plants in each plot. A similar mass of leaves was collected for all species with all leaves
subsequently mixed to form a single composite sample for each plot. LL samples were
collected from beneath the canopy of the FL in each plot. Samples were transported to
the lab on ice and processed on the same day. Each sample was divided into two equal
aliquots for the following analyses. One aliquot was stored at 4 °C and phyllosphere
microbial DNA was extracted within one week. The other aliquot was freeze-dried and
ground for nutrient determination. Leaf carbon (C), nitrogen (N), and sulfur (S) content
were measured by an elemental analyzer (NCS 2500, Carlo Erba Instruments, Milan,
Italy). Inductively coupled plasma—optical emission spectrometric (ICP-OES) was used
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to determine leaf phosphorus (P) and potassium (K) content (Kalogiouri et al. 2022).

Details of the leaf nutrient contents were summarised in Table 1 and Fig. S1.

2.2 DNA extraction

The phyllosphere microbial genomic DNA was extracted using a FastDNA® Spin Kit
for Soil (M.P. Biomedical, Santa Ana, California, U.S.A.) after washing leaves
according to previous studies (Chen et al. 2020; Zhou et al. 2021). Briefly, ~10 g of leaf
material was weighed into a 250 mL conical flask with 100 mL 0.01 M sterilized
phosphate-buffered saline (PBS), shaken (180 rpm) for one hour at room temperature
(~ 20 °C), and then passed through a 0.22 um filter membrane (Diameter =55mm). The
membranes were subsequently cut with sterile scissors into small pieces, and all the
pieces were used for Genomic DNA extraction according to the manufacturer’s
instructions. DNA quality was measured by a spectrophotometer (NanoDrop ND-1000,
Thermo Scientific, Waltham, MA) and gel electrophoresis and stored at -20 °C prior to

downstream analysis.

2.3 High-throughput quantitative PCR (HT-qPCR)

High-throughput qPCR was performed using a SmartChip Real-time PCR system
(Wafergen, Fremont, CA) to determine the abundance of ARGs following Chen et al.
(2017) with primers targeting ARGs, mobile genetic elements (MGEs), and the 16S
rRNA gene (Table S2). The data was automatically generated by Wafergen software
(based on the CT values normalized with 16S rRNA) and all the melt curve analysis of

PCR were checked with single peak. Three technical replicates were assessed per
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sample with the detection threshold cycle (C.T.) for successful amplification set to 31.
For each primer set, a non-template negative control was included to detect lab
contamination. The PCR amplification program had an initial enzyme activation at
95 °C for 10 min, 40 cycles of denaturation at 95 °C for 30 s, and annealing at 60 °C
for 30 s. Melting curves were automatically generated by the WaferGen software.
Results with multiple melting peaks or with the amplification efficiencies out the range
(1.8-2.2) were removed. The relative copy number of each ARG was calculated
according to: relative copy number = 10G-CT)/ (10/3), where CT represents the
threshold cycle and expressed as copies per 16S rRNA gene copy (Schmittgen and

Livak 2008).

2.4 Bacterial gene sequencing

Bacterial 16S rRNA was amplified with primers F515 and R907 (Zhou et al. 2011).
Amplicons were verified by gel electrophoresis and purified using the Wizard S.V. Gel
and PCR Clean-Up System (TTANGEN Biotech, Beijing, China). The concentration of
PCR products was quantified by a Qubit 3.0 Fluorometer. Sequencing was performed
on an I[llumina Miseq platform (Illumina, San Diego, U.S.A.), at the Majorbio Bio-
Pharm Technology Co., Ltd Shanghai, China. Established sequence analysis was
applied, briefly, FLASH2 software was used to pair and splice sequences before primer
sequences were removed in Mothur. Sequences with a total base error rate greater than

two and sequences shorter than 100 bp were removed using USEARCH in the QIIME
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platform. After denoising in DADA2 amplicon sequence variants (ASVs) were
generated, followed by the removal of chloroplast and mitochondrial sequences, and
sequences were rarefied to the lowest number of sequences per sample using rarefaction
curves to ensure sufficient sequences were present in all samples. Raw reads have been
deposited in the NCBI Short Read Archive database under accession number

PRJINASg38795.

2.5 Statistical analysis

Microsoft Excel was used for the mathematical calculations of the raw data. ARGs were
separated into the core, common and stochastic ARGs based on their frequency in the
samples, as described in Su et al. (2017) and Chen et al. (2020). ARGs were defined as
common and stochastic when detected in greater or fewer than 50% of samples,
respectively, with ARGs detected in more than 80% of samples defined as core ARGs.
Differences in leaf nutrient content and ARG between samples were identified by
ANOVA with posthoc Tukey tests where appropriate, with P << 0.05 considered
statistically significant. Kruskal-Wallis with multiple check correction (FDR) was used
to test the variation of different ARG subgroups and bacterial communities. Microbial
co-occurrence network analysis was used to test the community complexity. These
analyses were performed using the online tool of Majorbio Cloud Platform

(https://cloud.majorbio.com/page/tools/). The profiles of ARG were compared by using

principal coordinate analysis (PCoA), and analysis of similarities (ANOSIM) was used

to identify the differences in ARG profiles and bacterial community with package
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“labdsv” and “vegan” (Oksanen et al. 2019; Roberts 2018). The network veen, ternary
plots, and mantel tests were conducted in the online tool "Omicstudio"

(https://www.omicstudio.cn/tool). Network veen graphs were visualized using

Cytoscape 3.6.0. Redundancy analysis (RDA) and variation partitioning analysis (VPA)
was performed by the online tool of Majorbio Cloud Platform

(https://cloud.majorbio.com/page/tools/).

3. Results

3.1 The abundance and diversity of ARGs

A total of 151 unique ARGs and 12 MGEs were detected across all samples. The mean
number of detected ARGs was 72 in the FL, which was significantly higher than the
LL with a mean of 55 (Fig. 1A). In contrast, there was no difference in the detected
number of ARGs across different successional stages with the mean number ranging
from 65 to 69 and no significant interaction between leaf class and successional stage
(Fig. 1B). The mean relative abundance of ARGs in LL was 0.14 copies per 16S rRNA
gene, which was significantly higher than that of FL (0.07 copies per 16S rRNA gene)
in the early stage, and there was no significant difference between LL and FL in middle
and late stages (Fig.1C). The mean relative abundance of ARGs was high in the middle
stage (0.08 copies per 16S rRNA gene) and low late stage in FL (0.06 copies per 16S
rRNA gene), while early stage had the highest relative abundance of ARGs (0.14 copies
per 16S rRNA gene) and the late stage had the lowest relative abundance of ARGs (0.05
copies per 16S rRNA gene) in LL (Fig.1D).
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ARGs detected from samples were classified into eight categories based on their
resistance class as described in Chen et al. (2017): Aminoglycoside, Beta-lactam,
Fluoroquinolone, Multidrug, macrolide-lincosamide-streptogramin B (MLSB),
Phenicol, Tetracycline, and others. Multidrug and aminoglycoside resistance genes
were the most abundant ARGs detected in the leaf samples, followed by MLSB. and
fluoroquinolone. The multidrug and aminoglycoside resistance genes had a higher
mean proportion which was 51% and 34% across the whole sample, respectively.
Further, the relative proportions of these eight categories varied across different leaves
and successional stages. For instance, multidrug, phenol, and other resistance were
significantly higher in litter compared to fresh leaves whilst the opposite is true for
fluoroquinolone and MLSB (Fig. 1E). In relation to the successional stage, significant
differences were observed for multidrug, aminoglycoside, and tetracycline, where the
late stage had the highest multidrug and tetracycline but the lowest aminoglycoside (Fig.

1F).

The analysis of similarities (ANOSIM) test showed that ARG profiles significantly
differed between LL and FL (Fig. 2). While the phyllosphere ARG profile in ES was
significantly different from that in LS, and the ARG profiles in MS did not show any
saignificant difference from in the ES and LS (Fig. 2). Further, PCoA analysis showed
that the first and second principal components explained 57% of the total variation of

the ARGs. The ARGs profiles changed between different leaves but were not clearly
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separated between different succession stages (Fig. 2).

3.2 Shared and unique ARGs

Network veen analysis was performed to identify the shared and unique ARGs among
different leaves and successional stages. There were 116 ARGs shared between FL and
LL, accounting for 77% of the total ARGs. Five and 30 unique ARGs were detected in
LL and FL, respectively, accounting for 3% and 20% of the total ARGs, respectively
(Fig.3A). The three successional stages shared 107 ARGs (71% of total ARG numbers)
with 8, 5 and 12 unique ARGs accounting for 5%, 3% and 8% of the total in ES, MS

and LS respectively (Fig.3B).

3.3 Core, common and stochastic ARGs

The core ARGs included 44 ARGs that were detected in more than 80% of samples,
accounting for 29% of the total ARGs and at least 72% of total ARGs abundance in
each sample (Fig. 4). A total of 65 ARGs were detected in more than 50% of the
samples (common ARGs) accounting for more than 43% of the total detected ARGs
and at least 83% of the total ARG abundance in each sample (Fig. 4). In contrast, 86
ARGs were detected in less than half of the samples (stochastic ARGs). These
stochastic ARGs account for less than 57% of the total detected ARGs and at most 17%
of the total abundance of ARGs in each sample (Fig. 4). Further, these core, common
and stochastic ARGs conferred resistance to all classes of antibiotics commonly

administered to humans and animals, and there was a significant variation in their
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detected number and relative abundance (Fig. S3).

3.4 Bacterial community

A total of 3676743 high-quality bacterial sequences were obtained from all the samples
ranging from 41226 to 93678 sequences per sample. The bacterial community diversity
(Shannon index) and richness (Sobs index) were significantly higher in LL than in FL
(Fig. S4). Kruskal-Wallis test and analysis of community similarity showed bacterial
communities significantly differed between FL and LL (Fig. S5), and microbial co-
occurrence network analysis showed that LL had a high level of node number and
connectivity than FL (Fig. S6). For succession stages, bacterial diversity and richness
in the late stage were significantly lower than in the early and middle stages (Fig. S4).
While, the phyllosphere bacterial community in ES was similar to MS, but both of them
significantly differed from LS (Fig. S5). In addition, the node number and connectivity
of co-occurrence network analysis decreased in the late stage than in the early and

middle stages of the plant community succession (Fig. S7).

3.5 Correlation between ARGs, bacterial community, and leaf nutrient content

Mantel tests were applied to investigate core, common, and stochastic ARGs
correlations between bacterial community composition and leaf nutrient content. The
results suggest that leaf nutrient content and bacterial community composition tended
to have a significant positive relationship with the core, common, and stochastic ARG
abundance (Fig. 5A). Co-occurrence network analysis between microbial strains and

ARGs showed a close interaction between them, and ARGs had a varied correlation
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with different microbial taxa (Fig. 5SB). Proteobacteria showed a stronger connection
with ARGs due to its the dominant in the phyllosphere bacterial community. Delftia,
acinetobacter and aeromonas were the top 3 bacterial taxa that were closely related to
the ARGs in our study. RDA analysis further revealed that a total of 64% of ARG
profile variation could be explained by the bacterial community and nutrient content on
the first and second axes (Fig. 6A). We further conducted variation partitioning analysis
(VPA) to separate the effects of bacterial community and leaf nutrients on ARG
variation (Fig. 6B). These two group factors explained a total of 53.3% of the variance
of ARGs. Bacterial community structure and nutrient content explained 26.8% and 8.5%
of the total variation of ARGs, respectively, with 18% assigned to the interaction
(Fig.6B). In addition, the ordinary least squares (OLS) linear regression demonstrates
a significant positive relationship between the abundance of ARGs and MGEs (Fig.

S8).

4. Discussion

4.1 The characterization of antibiotic resistome

Here we investigated the ARGs in a natural primary vegetation successional sequence
using a combination of the HT-qPCR platform targetting ARGs. The results revealed
that antibiotic-resistant bacteria (ARB) could widely colonize diverse plant leaves in
the remote natural ecosystems that are subjected to little antropogenic disturbance,
which complements previous studies that primarily focus on agricultural and urban

environments. (Garcia et al. 2020; Zainab et al. 2020). Moreover, the detected
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abundances of plant phyllosphere ARGs in this natural ecosystem are at a similar level
to an investigation in an urban ecosystem (Zhou et al. 2021), and covered most of the
recognized antibiotics administered to human beings. These results further confirm that
ARGs are spreading worldwide and have become a threat to human health in almost

environmental ecosystems (Allen et al. 2010; Hernando-Amado et al. 2019).

The present study showed a high proportion (over 70%) of shared ARGs among
different leaf samples, even though these leaf samples significantly differed in their
phyllosphere microbial community. These results indicated that this ecosystem might
have a core set of ARBs, and these key ARBs play a vital role in the resistome, as
suggested by Chen et al. (2020). The presence of shared ARGs might also suggest that
ARBs could move among their hosts or that selective drivers of the ARB communities
focus on these shared types (Zainab et al. 2020; Zhou et al. 2021). Further, fresh leaf
samples had a higher proportion of unique ARGs than leaf litter. This is likely because
the fresh leaf is a fluctuant microbial habitat that is more easily affected by plant
physiological state and environmental disturbance than leaf litter (Norby and Cotrufo
1998; Zheng et al. 2021), thus forming more unique ARBs under these ecological stress.
Similarly, each successional stage sample also had some unique ARGs, probably due
to the variation in plant species during the plant community succession (Chen et al.
2020). While interestingly, there was a relatively high proportion of shared ARGs
between the early and late successional stages. The potential driving factors might be

related to the intrinsic microbial community and antibiotic resistance in some plant

16 /32



individuals (Chen et al. 2017). In addition, the presence of the core and stochastic ARGs
in our study indicates that the plant community might have a specific selection effect
on the phyllosphere ARBs. For instance, plants can influence the phyllosphere
antibiotic-resistant microbial community by controlling the production of secondary
metabolites, or specific microbial taxa in the phyllosphere could directly affect ARGs
abundance through competition with antibiotic-producing microorganisms (Gerardin et
al. 2016; Zaynab et al. 2018). However, it should be noted that there were some
limitations of the shared, core, and stochastic ARGs in this study due to methodological
limitations (e.g., sample coverage and use of composite samples containing a number
of species), and a more systematic and comprehensive study would be needed in the

future.

4.2 The distribution of antibiotic resistome and their potential drivers

Consistent with our expectations, the significantly different ARG profiles and
abundances in our study indicate that, even under the same environmental conditions,
host plant communities and leaf properties can strongly affect the phyllosphere
antibiotic resistome. It has been suggested that plants might have the ability to attract
and recruit diverse microbial populations based on their growth and developmental
requirement (Theis et al. 2016; Vorholt et al. 2017). Consequently, the change in plant
community across successional gradients would represent an altered preference for the
microbiome, leading to a varied profile of the phyllosphere microbial community and

resistome in our study. In addition, the succession of plant community could lead to an
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variation of the plant speceis and their leaf functional traits, which have been found can
shaped the phyllosphere microbial community composition (Kembel et al. 2014; Li et
al. 2023). As a consequence, our results found that the phyllosphere bacterial
community composition and diversity significantly varied during the succession of
plant community. Further, our results showed that the abundance of ARGs in the
phyllosphere significantly decreased during the plant community succession process.
This is likely caused by the variation of the phyllosphere microbial community
composition, because the reduced bacterial diversity during plant community
succession in our samples might influence ARB by regulating competition or
metabolite presence (Pérnénen et al. 2019; Zhou et al. 2021), leading to a relatively
lower ARG abundance in the late-successional stage in our study. Moreover, the varied
microbial biomass and disturbance from visitors in the early than in the late s
successional stage site might also contribute to the reduced the ARGs abundance during
the plant community succession (Jiang et al. 2018a; Urra et al. 2019; Zhang et al. 2022a).
Further, the interaction between different microbial groups is also one of the main
drivers of the microbial population since microorganisms can cooperate or exclude each
other (Falony et al. 2016; Zhu et al. 2020). Correspondingly, our results showed a close
connection between microbial strains and ARGs. Thus, the decreased microbial
community complexity during the plant community succession process in our study
might also drive the changes in the ARG profiles and the lower ARG abundance in the
late successional stage. In addition to the direct effect, leaf nutrient content could also

shape the phyllosphere bacterial community, as suggested by Kembel et al. (2014), and
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thus indirectly regulate the ARB profiles. This was confirmed by the results that
bacterial community composition and leaf nutrient content together explained over half

of the variation of ARG profiles in our study.

The local dispersal of the microorganisms is one of the important determinants of
microbial community composition and abundance (Meyer et al. 2022).Our results
showed a higher abundance of ARGs in leaf litter than in fresh leaf. Generally, soil
contains a relatively higher microbial biomass and abundance than in leaves, due to the
soil has a more stable microenvironment and rich nutrients (Allen et al. 2010;
McEachran et al. 2015; Zhang et al. 2022b). Although the nutrient content in fresh leaf
is higher than in leaf litter, the closer physical contact and higher interactions between
soil and leaf litter resulting in a relatively higher microbial biomass and ARG
abundance in LL than in FL in our study. In addition, the relative lower detected number
of ARGs in LL than in FL probably related to the community stability and the dominant
species of the micorbial community (Chen et al. 2020; Theis et al. 2016).
Correspondingly, our results found that LL a higher bacterial community stability and
a higher proportion of the dominant species than in FL. Further, the MGEs abundance
was significantly correlated with the ARGs abundance in our study, indicating that the
MGEs may also play a role in determining the ARG profile through horizontal gene
transfer of antibiotic resistance. This is supported by previous studies that the
conjugative plasmid transfer facilitates ARG dissemination in different environments

(Chen et al. 2017; Dharmarha et al. 2019). However, it should also be noted that the
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leaf surface is exposed to rapid environmental fluctuation linked to stochastic events,
and those uncertain factors could also drive the phyllosphere antibiotic-resistance

bacterial community assembly and the ARG profiles (Yan et al. 2021; Zhu et al. 2021b).

5. Conclusion

Compared with highly disturbed urban and agricultural ecosystems, the phyllosphere
in the natural ecosystem with less antropogenic disturbance also harbors a broad
spectrum of ARGs. Our results further demonstrate a high proportion of the detected
shared ARGs among different leaf samples, with a core set of ARGs accounting for
more than 72% of the total abundance in this natural system. The succession of plant
communities leads to variations of ARG profile and lower ARG abundance in the late-
successional stage. In addition, the change in leaf properties and surrounding habitat
also leads to variations in the phyllosphere ARG abundance and profiles. Furthermore,
the phyllosphere ARG profile and its abundance are linked to both the phyllosphere
bacterial community and leaf nutrient content. This study improves our knowledge
regarding plant resistome and provides novel insights into the composition and

dynamics of ARGs in natural terrestrial ecosystems.

Declaration of competing interest

The authors declare no conflict of interest.

Acknowledgment

This work was supported by the National Natural Science Foundation of China

20/32



(42207262, 42021005), the Alliance of International Science Organizations (Grant No.
ANSO-PA-2020-18), the China Postdoctoral Science Foundation (2021M703135), and
the Key Laboratory of Vegetation Restoration and Management of Degraded

Ecosystems, Chinese Academy of Sciences (VRMDE2205).

21/32



References

Allen, H.K.; Donato, J.; Wang, H.H.; Cloud-Hansen, K.A.; Davies, J.; Handelsman, J. Call of the wild:
antibiotic resistance genes in natural environments. Nature Reviews Microbiology 2010;8:251-
259

Buma, B.; Bisbing, S.; Krapek, J.; Wright, G. A foundation of ecology rediscovered: 100 years of
succession on the William S. Cooper plots in Glacier Bay, Alaska. Ecology 2017;98:1513-1523

Chen, C.; Guron, G.K.; Pruden, A.; Ponder, M.; Du, P.; Xia, K. Antibiotics and antibiotic resistance
genes in bulk and rhizosphere soils subject to manure amendment and vegetable cultivation. J
Environ Qual 2018;47:1318-1326

Chen, Q.L.; An, X.L.; Zhu, Y.G.; Su, J.Q.; Gillings, M.R.; Ye, Z.L.; Cui, L. Application of Struvite
Alters the Antibiotic Resistome in Soil, Rhizosphere, and Phyllosphere. Environ Sci Technol
2017;51:8149-8157

Chen, Q.L.; Hu, H.W.; Zhu, D.; Ding, J.; Yan, Z.Z.; He, J.Z.; Zhu, Y.G. Host identity determines plant
associated resistomes. Environ Pollut 2020;258:113709

Dharmarha, V.; Guron, G.; Boyer, R.R.; Niemira, B.A.; Pruden, A.; Strawn, L.K.; Ponder, M.A. Gamma
irradiation influences the survival and regrowth of antibiotic-resistant bacteria and antibiotic-
resistance genes on romaine lettuce. Front Microbiol 2019;10:710

Falony, G.; Joossens, M.; Vieira-Silva, S.; Wang, J.; Darzi, Y.; Faust, K.; Kurilshikov, A.; Bonder, M.J.;
Valles-Colomer, M.; Vandeputte, D. Population-level analysis of gut microbiome variation.
Science 2016;352:560-564

Garcia, J.; Garcia-Galan, M.J.; Day, J.W.; Boopathy, R.; White, J.R.; Wallace, S.; Hunter, R.G. A review
of emerging organic contaminants (EOCs), antibiotic resistant bacteria (ARB), and antibiotic
resistance genes (ARGs) in the environment: Increasing removal with wetlands and reducing
environmental impacts. Bioresour Technol 2020;307:123228

Gerardin, Y.; Springer, M.; Kishony, R. A competitive trade-off limits the selective advantage of
increased antibiotic production. Nature Microbiology 2016;1:1-7

Guo, Y.; Qiu, T.; Gao, M.; Sun, Y.; Cheng, S.; Gao, H.; Wang, X. Diversity and abundance of antibiotic
resistance genes in rhizosphere soil and endophytes of leafy vegetables: Focusing on the effect
of the vegetable species. ] Hazard Mater 2021;415:125595

Hacquard, S.; Spaepen, S.; Garrido-Oter, R.; Schulze-Lefert, P. Interplay between innate immunity and
the plant microbiota. Annu Rev Phytopathol 2017;55:565-589

Hernando-Amado, S.; Coque, T.M.; Baquero, F.; Martinez, J.L. Defining and combating antibiotic
resistance from One Health and Global Health perspectives. Nature Microbiology 2019;4:1432-
1442

Jiang, Y.; Lei, Y.; Yang, Y.; Korpelainen, H.; Niinemets, U.; Li, C. Divergent assemblage patterns and
driving forces for bacterial and fungal communities along a glacier forefield chronosequence.
Soil Biol Biochem 2018a;118:207-216

Jiang, Y.; Song, H.; Lei, Y.; Korpelainen, H.; Li, C. Distinct co-occurrence patterns and driving forces
of rare and abundant bacterial subcommunities following a glacial retreat in the eastern Tibetan
Plateau. Biol Fertil Soils 2019;55:351-364

Jiang, Y.; Song, M.; Zhang, S.; Cai, Z.; Lei, Y. Unravelling community assemblages through multi-
element stoichiometry in plant leaves and roots across primary successional stages in a glacier
retreat area. Plant Soil 2018b;428:291-305

22/32



Kalogiouri, N.P.; Manousi, N.; Mourtzinos, 1.; Zachariadis, G.A. Multielemental inductively coupled
plasma—optical emission spectrometric (ICP-OES) method for the determination of nutrient and
toxic elements in wild mushrooms coupled to unsupervised and supervised chemometric tools
for their classification by species. Anal Lett 2022;55:1-16

Kembel, S.W.; O'Connor, T.K.; Arnold, H.K.; Hubbell, S.P.; Wright, S.J.; Green, J.L. Relationships
between phyllosphere bacterial communities and plant functional traits in a neotropical forest.
Proc Natl Acad Sci U S A 2014;111:13715-13720

Lajoie, G.; Maglione, R.; Kembel, S.W. Adaptive matching between phyllosphere bacteria and their tree
hosts in a neotropical forest. Microbiome 2020;8:1-10

Lei, Y.; Zhou, J.; Xiao, H.; Duan, B.; Wu, Y.; Korpelainen, H.; Li, C. Soil nematode assemblages as
bioindicators of primary succession along a 120-year-old chronosequence on the Hailuogou
Glacier forefield, SW China. Soil Biol Biochem 2015;88:362-371

Li, J.; Jin, M.-K.; Neilson, R.; Hu, S.-L.; Tang, Y.-J.; Zhang, Z.; Huang, F.-Y.; Zhang, J.; Yang, X.-R.
Plant identity shapes phyllosphere microbiome structure and abundance of genes involved in
nutrient cycling. Sci Total Environ 2023;865:161245

Lindow, S.E.; Brandl, M.T. Microbiology of the phyllosphere. Appl Environ Microbiol 2003;69:1875-
1883

Martinez, J.L.; Coque, T.M.; Baquero, F. What is a resistance gene? Ranking risk in resistomes. Nature
Reviews Microbiology 2015;13:116-123

McEachran, A.D.; Blackwell, B.R.; Hanson, J.D.; Wooten, K.J.; Mayer, G.D.; Cox, S.B.; Smith, P.N.
Antibiotics, bacteria, and antibiotic resistance genes: aerial transport from cattle feed yards via
particulate matter. Environ Health Perspect 2015;123:337-343

Meyer, K.M.; Porch, R.; Muscettola, I.LE.; Vasconcelos, A.L.S.; Sherman, J.K.; Metcalf, C.J.E.; Lindow,
S.E.; Koskella, B. Plant neighborhood shapes diversity and reduces interspecific variation of
the phyllosphere microbiome. The ISME Journal 2022;16:1376-1387

Mori, A.S.; Osono, T.; Cornelissen, J.H.C.; Craine, J.; Uchida, M. Biodiversity—ecosystem function
relationships change through primary succession. Oikos 2017;126:1637-1649

Norby, R.J.; Cotrufo, M.F. A question of litter quality. Nature 1998;396:17-18

Oksanen, J.; Blanchet, F.G.; Friendly, M.; Kindt, R.; Legendre, P.; McGlinn, D.; Minchin, P.R.; O’hara,
R.; Simpson, G.; Solymos, P. Vegan: community ecology package (version 2.5-6). The
Comprehensive R Archive Network 2019;

Pérndnen, K.M.; Narciso-da-Rocha, C.; Kneis, D.; Berendonk, T.U.; Cacace, D.; Do, T.T.; Elpers, C.;
Fatta-Kassinos, D.; Henriques, I.; Jaeger, T. Antibiotic resistance in European wastewater
treatment plants mirrors the pattern of clinical antibiotic resistance prevalence. Science
advances 2019;5:eaau9124

Peng, Z.; Wang, Z.; Liu, Y.; Yang, T.; Chen, W.; Wei, G.; Jiao, S. Soil phosphorus determines the distinct
assembly strategies for abundant and rare bacterial communities during successional
reforestation. Soil Ecology Letters 2021;3:342-355

Redford, A.J.; Bowers, R.M.; Knight, R.; Linhart, Y.; Fierer, N. The ecology of the phyllosphere:
geographic and phylogenetic variability in the distribution of bacteria on tree leaves. Environ
Microbiol 2010;12:2885-2893

Roberts, D. Labdsv: ordination and multivariate analysis for ecology. R package version 1.8-0. 2016.
2018

Schmittgen, T.D.; Livak, K.J. Analyzing real-time PCR data by the comparative CT method. Nat Protoc

23/32



2008;3:1101-1108

Su, J.Q.; An, X.L.; Li, B.; Chen, Q.L.; Gillings, M.R.; Chen, H.; Zhang, T.; Zhu, Y.G. Metagenomics of
urban sewage identifies an extensively shared antibiotic resistome in China. Microbiome
2017;5:1-15

Theis, K.R.; Dheilly, N.M.; Klassen, J.L.; Brucker, R.M.; Baines, J.F.; Bosch, T.C.; Cryan, J.F.; Gilbert,
S.F.; Goodnight, C.J.; Lloyd, E.A. Getting the hologenome concept right: an eco-evolutionary
framework for hosts and their microbiomes. Msystems 2016;1:¢00028-00016

Urra, J.; Alkorta, I.; Lanzén, A.; Mijangos, I.; Garbisu, C. The application of fresh and composted horse
and chicken manure affects soil quality, microbial composition and antibiotic resistance. Appl
Soil Ecol 2019;135:73-84

Vorholt, J.A. Microbial life in the phyllosphere. Nature Reviews Microbiology 2012;10:828-840

Vorholt, J.A.; Vogel, C.; Carlstrom, C.1.; Miiller, D.B. Establishing Causality: Opportunities of Synthetic
Communities for Plant Microbiome Research. Cell Host & Microbe 2017;22:142-155

Xu, H.; Ai, Z.; Qu, Q.; Wang, M.; Liu, G.; Xue, S. Invasibility and recoverability of a plant community
following invasion depend on its successional stages. Soil Ecology Letters 2022a;4:171-185

Xu, N.; Zhao, Q.; Zhang, Z.; Zhang, Q.; Wang, Y.; Qin, G.; Ke, M.; Qiu, D.; Peijnenburg, W.; Lu, T.
Phyllosphere microorganisms: sources, drivers, and their interactions with plant hosts. J Agric
Food Chem 2022b;70:4860-4870

Yan, Z.-Z.; Chen, Q.-L.; Li, C.-Y.; Thi Nguyen, B.-A.; Zhu, Y.-G.; He, J.-Z.; Hu, H.-W. Biotic and
abiotic factors distinctly drive contrasting biogeographic patterns between phyllosphere and soil
resistomes in natural ecosystems. ISME Communications 2021;1:1-9

Yu, Y.; Zhang, Z.; Zhang, Q.; Xu, N.; Lu, T.; Penuelas, J.; Sun, L.; Zhu, Y.-G.; Qian, H. Protists,
Unexpected Players in Waterborne Antibiotic Resistance? Rev Environ Contam Toxicol
2022;260:19

Zainab, S.M.; Junaid, M.; Xu, N.; Malik, R.N. Antibiotics and antibiotic resistant genes (ARGs) in
groundwater: A global review on dissemination, sources, interactions, environmental and
human health risks. Water Res 2020;187:116455

Zaynab, M.; Fatima, M.; Abbas, S.; Sharif, Y.; Umair, M.; Zafar, M.H.; Bahadar, K. Role of secondary
metabolites in plant defense against pathogens. Microb Pathog 2018;124:198-202

Zhang, J.; Li, J.; Ma, L.; He, X.; Liu, Z.; Wang, F.; Chu, G.; Tang, X. Accumulation of glomalin-related

soil protein benefits soil carbon sequestration: Tropical coastal forest restoration experiences.
Land Degradation & Development 2022a;

Zhang, Z.; Zhang, Q.; Wang, T.; Xu, N.; Lu, T.; Hong, W.; Penuelas, J.; Gillings, M.; Wang, M.; Gao,
W.; Qian, H. Assessment of global health risk of antibiotic resistance genes. Nature
Communications 2022b;13:1553

Zheng, H.; Yang, T.; Bao, Y.; He, P.; Yang, K.; Mei, X.; Wei, Z.; Xu, Y.; Shen, Q.; Banerjee, S. Network
analysis and subsequent culturing reveal keystone taxa involved in microbial litter
decomposition dynamics. Soil Biol Biochem 2021;157:108230

Zhou, J.; Deng, Y.; Luo, F.; He, Z.; Yang, Y. Phylogenetic molecular ecological network of soil
microbial communities in response to elevated CO,. MBio 2011;2:¢00122-00111

Zhou, S.Y.; Zhang, Q.; Neilson, R.; Giles, M.; Li, H.; Yang, X.R.; Su, J.Q.; Zhu, Y.G. Vertical
distribution of antibiotic resistance genes in an urban green facade. Environ Int
2021;152:106502

24/32



Zhu, D.; Ding, J.; Yin, Y.; Ke, X.; O'Connor, P.; Zhu, Y.G. Effects of Earthworms on the Microbiomes
and Antibiotic Resistomes of Detritus Fauna and Phyllospheres. Environ Sci Technol
2020;54:6000-6008

Zhu, G.; Wang, X.; Yang, T.; Su, J.; Qin, Y.; Wang, S.; Gillings, M.; Wang, C.; Ju, F.; Lan, B.; Liu, C.;
Li, H.; Long, X.E.; Wang, X.; Jetten, M.S.M.; Wang, Z.; Zhu, Y.G. Air pollution could drive
global dissemination of antibiotic resistance genes. The ISME journal 2021a;15:270-281

Zhu, Y.-G.; Xiong, C.; Wei, Z.; Chen, Q.-L.; Ma, B.; Zhou, S.-Y.-D.; Tan, J.; Zhang, L.-M.; Cui, H.-L.;
Duan, G.-L. Impacts of global change on phyllosphere microbiome. New Phytol
2021b;234:1977-1986

Zhu, Y.-G.; Zhao, Y.; Li, B.; Huang, C.-L.; Zhang, S.-Y.; Yu, S.; Chen, Y.-S.; Zhang, T.; Gillings, M.R.;
Su, J.-Q. Continental-scale pollution of estuaries with antibiotic resistance genes. Nature
Microbiology 2017;2:1-7

25/32



Table 1. Fresh leaf and leaf litter nutrient content during the plant community succession process.

Carbon (mg g= Nitrogen (mg g~ Phosphorus (mg g~ Potassium (mg g~  Sulphur (mg g
D D D) D) D
Earely Stage Fresh Leaf 444.2+4.0 24.9+1.9 2.040.1 14.2+1.1 2.14+0.1
Leaf Litter 266.24+29 18.0+1.8 0.9+0.1 2.34+0.2 1.8+0.2
Middle Stage Fresh Leaf 448.0+4.6 18.60.8 1.540.1 15.242.1 2.0+0.1
Leaf Litter 323.3+17 18.6+0.9 0.9+0.1 1.9+0.2 1.940.1
Late Stage Fresh Leaf 465.2+9 12.2+0.5 1.0+0.1 5.7£0.5 1.2+0.1
Leaf Litter 276.3+41 15.242.0 0.740.1 1.9+0.3 1.6£0.2
ANOVA P Successional
>0.05 <0.001 <0.001 <0.001 <0.001
value stage
Leaf fall
<0.001 >0.05 <0.001 <0.001 >0.05
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Fig.1. Comparison of the profile of antibiotic resistance genes (ARGs) by the box plot with the median. (A) and (B) show the
analysis of ARG richness with ANOVA results displayed; (C) and (D) show the detected relative abundance of ARGs in
different leaves and succession stages. Different letters indicate significant differences at P < 0.05 level (ANOVA) following
post-hoc Tukey tests. (E) and (F) were the Kruskal-Wallis test of ARGs that were classified based on their drug class. Leaf

classes: FL — fresh leaf, LL — leaf litter. Successional stage: ES — early stage, MS — middle stage and LS — late stage.
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