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Abstract

Background Plants can retain atmospheric particulate matter (PM) through their unigue foliar microstructures,
which has a profound impact on the phyllosphere microbial communities. Yet, the underlying mechanisms linking
atmospheric particulate matter (PM) retention by foliar microstructures to variations in the phyllosphere microbial
communities remain a mystery. In this study, we conducted a field experiment with ten Ulmus lines. A series of
analytical techniques, including scanning electron microscopy, atomic force microscopy, and high-throughput
amplicon sequencing, were applied to examine the relationship between foliar surface microstructures, PM retention,
and phyllosphere microbial diversity of Ulmus L.

Results We characterized the leaf microstructures across the ten Ulmus lines. Chun exhibited a highly undulated
abaxial surface and dense stomatal distribution. Langya and Xingshan possessed dense abaxial trichomes, while
Lieye, Zuiweng, and Daguo had sparsely distributed, short abaxial trichomes. Duomai, Qingyun, and Lang were
characterized by sparse stomata and flat abaxial surfaces, whereas Jinye had sparsely distributed but extensive
stomata. The mean leaf retention values for total suspended particulate (TSP), PM, s, PM, 510, PM; o400, and PM. 140
were 135.76, 6.60, 20.10, 90.98, and 13.08 ug-cm™?, respectively. Trichomes substantially contributed to PM, < retention,
while larger undulations enhanced PM, s ,, retention, as evidenced by positive correlations between PM, s and abaxial
trichome density and between PM, 5 ;, and the adaxial raw microroughness values. Phyllosphere microbial diversity
patterns varied among lines, with bacteria dominated by Sediminibacterium and fungi by Mycosphaerella, Alternaria,
and Cladosporium. Redundancy analysis confirmed that dense leaf trichomes facilitated the capture of PM, 5~
associated fungi, while bacteria were less impacted by PM and struggled to adhere to leaf microstructures. Long and
dense trichomes provided ideal microhabitats for retaining PM-borne microbes, as evidenced by positive feedback
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Aspergillus.

microbial communities.

loops between PM, 5, trichome characteristics, and the relative abundances of microorganisms like Trichoderma and

Conclusions Based on our findings, a three-factor network profile was constructed, which provides a foundation for
further exploration into how different plants retain PM through foliar microstructures, thereby impacting phyllosphere

Keywords Elm, Atmospheric pollution, Phyllosphere microbiome, PM-borne microorganisms, Foliar microstructures

Background

Rapid industrial development and urbanization have
led to the emission of large amounts of harmful gases
and particulate matter (PM) into the atmosphere [1],
which has been particularly pronounced in developing
countries [2]. Atmospheric PM, especially PM, ; (diam-
eter<2.5 pym) and PM,, (diameter<10 pum), often con-
tains heavy metals and can lead to urban haze, which has
become the most serious air pollution issue in China in
recent decades [3, 4]. Numerous studies have shown that
plants can improve air quality in polluted areas by filter-
ing PM from the air and retaining it on their unique leaf
surface microstructures [5, 6]. This process involves a
complex mechanism, with a plant’s ability to retain PM
affected not only by its physicochemical properties but
also by simultaneous interactions among different PM
sources [7, 8] and meteorological conditions (e.g., wind
and precipitation) [9].

Leaves are the most dominant component of the phyl-
losphere [10], one of the most diverse ecosystems on
Earth [11], and an ideal environment for investigating
plant growth and development [12]. Phyllosphere micro-
organisms, defined as microbes that reside on the surface
of plant leaves [13], including bacteria, fungi, and other
microorganisms, form complex communities on leaf sur-
faces [10]. These microorganisms are commonly depos-
ited by natural factors [14], such as wind, raindrops [15],
insects [16], or aerosols [17], owing to the unique micro-
structures of the leaf surface. PM also exerts impacts on
the phyllosphere microbial communities [12]. For exam-
ple, researchers have found that the phyllosphere micro-
biome of Platanus sp. L. trees is partially driven by PM
[18]. Another recent study showed that progressively ris-
ing PM pollution levels enhance the phyllosphere micro-
bial diversity of Quercus ilex L [19]. However, whether
the microorganisms carried by PM, either bacteria or
fungi or both, are specifically enriched by a particular leaf
surface microstructure remains unclear and needs to be
determined using high-throughput amplicon sequencing
and advanced electron microscopy techniques.

The genus Ulmus L. (family Ulmaceae Mirb.) com-
prises about 40 species, of which 25 species, six varieties,
and three cultivars are recorded in China. As a peren-
nial deciduous woody plant, Ulmus species are widely
distributed in the temperate regions of the Northern

Hemisphere; in China, they are mainly distributed and
cultivated in the vast temperate region north of the
Yangtze River [20, 21]. Many Ulmus trees and shrubs are
popular afforestation, timber, and landscaping species for
their adaptability to different environmental conditions
[22-24].

In this study, to elucidate the underlying relationship
between the PM, foliar microstructures, and phyllosphere
microbial diversity, we used ten asexual lines (to ensure a
consistent genetic background) of eight distinct species,
one variety, and one cultivar of Ulmus as study materi-
als. Sanning electron microscopy (SEM) and atomic
force microscopy (AFM) were applied to characterize
the foliar microstructures. Using the laser particle size,
we further characterized the particle size distribution of
the PM retained on the foliar surface. Furthermore, we
used 16 S rRNA gene and ITS high-throughput amplicon
sequencing to analyze the phyllosphere microbial diver-
sity among the lines (consist of bacteria and fungi). Based
on the unique foliar microstructures of plants and their
known role in retaining PM, we hypothesize that specific
variations in leaf microstructures would influence the
phyllosphere microbial community by providing distinct
microhabitats for PM-borne microorganisms. To address
this hypothesis, our study was designed to investigate:
(1) how foliar surface microstructures influence PM
retention capacity, and (2) how variations in PM reten-
tion shape the diversity and composition of phyllosphere
microorganisms across the ten Ulmus lines.

Materials and methods

Study site and plant materials

The study site (38.1517°N, 114.4843°E) was a nursery
at Hebei Academy of Forestry and Grassland Science
located in Xinhua district, Shijiazhuang, Hebei Prov-
ince, China, that was surrounded by schools, parks, and
residential areas [25] (Fig. S1). The study site has a typi-
cal temperate continental monsoon climate, an average
annual temperature of 12.9 °C, and an average annual
precipitation of 550 mm. According to monitoring data
obtained from the Qingyue Database, the local aver-
age daily PM,: concentration from January 2020 to
December 2022 was 50.63 pug:m™> (https://data.epmap.
org), which exceeded the secondary concentration limit
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defined by the Chinese National Ambient Air Quality
Standard (GB3095-2012) [26].

The experimental saplings were planted in the study
site in 2020 and were grafted from ten Ulmus asexual
lines (for leaf characteristic details of the ten lines, please
see Table S1): U. davidiana Planch. var. japonica (Rehd.)
Nakai (referred to hereinafter as Chun), U. pumila L. cv.
‘Tinye’ (Jinye), U. gaussenii Cheng (Zuiweng), U. chen-
moui Cheng (Langya), U. macrocarpa Hance (Daguo), U.
pumila L. (Qingyun), U. parvifolia Jacq. (Lang), U. cas-
taneifolia Hemsl. (Duomai), U. laciniata (Trautv.) Mayr.
(Lieye), and U. bergmanniana Schneid. (Xingshan). Each
line was planted in a row of eight plants in a north—south
direction, with a spacing between plants and rows of
2.5 m. Identical water and fertilizer management strate-
gies were applied.

Sampling of leaves

Three individual plants (i.e., three biological replicates)
with consistent growth and free of pests and diseases
were selected in July 2022 from each of the ten Ulmus
lines (height of 3.14+0.12 m and ground diameter of
9.51+1.21 cm). Approximately 300 leaf blades of each
plant line were randomly collected from different direc-
tions with stainless steel scissors and mixed into germ-
free sampling bags from 9:00 a.m.—11:00 a.m. on July 22,
2022. The leaf samples were stored in a 4°C refrigerator
for subsequent testing. Medical surgical masks, facial
screens, and disposable nitrile gloves were worn dur-
ing the sampling procedures. For each plant sample col-
lected, the entire sampling instrument was disinfected
with 75% medical ethanol.

SEM and AFM assays

Ten leaf blades (i.e., 10 technical replicates) from each
Ulmus line (each line consists of three biological repli-
cates) mentioned in Section “Sampling of leaves” were
chosen at random after sampling for 1 d. After 3 days
of moisture removal with silica gel, three flat discs were
taken from their marginal area with a 0.5-cm punch.
These discs were gold-sprayed by an ion sputter coater
(Ultim Max 65, Oxford Co., Ltd., UK) for 45 s, and then
analyzed on both sides at various magnifications using
SEM (SU8100, Hitachi, Co., Ltd., Tokyo, Japan) in low-
vacuum mode (5.0 kV). The SEM images were imported
into Image ] software (ver. 1.51, National Institutes of
Health, Bethesda, MD, USA) to calculate the trichome
density, trichome length, stomata size, stomata area,
and stomata density of the leaf surfaces of the ten Ulmus
lines. Then, AFM (SPI3800N, Seiko Instruments, Co.,
Ltd., Tokyo, Japan) was applied to scan the surfaces of
the discs with an Si;N, nanoprobe. The maximum scan
range, lateral resolution, vertical resolution, and scan
rate were set to 0.5 Hz, 0.2 nm, 0.01 nm, and 5.0x5.0 pm,
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respectively. The AFM images were imported into Nano-
Scope Analysis software (ver. 1.70, Bruker Corporation,
Billerica, MA, USA) to accurately quantify the pro-
file arithmetic average error (Ra), raw microroughness
(RMS), and peak and valley (PV) values of the leaf sur-
faces for the ten Ulmus lines.

Analysis of the total suspended particulate (TSP) retained
on leaf blades

The measurement of TSP was conducted as reported
by Tan et al. [6], with a slight modification. Briefly, ten
leaf blades (10 technical replicates) from each of the
ten Ulmus lines (each line consists of three biological
replicates) were randomly selected, and cleaned in an
ultrasonic device with 95% ethanol for 5 min. Then, a
quantitative filter paper was used to gently absorb alco-
hol from the leaf surface for each leaf blade. Next, the
leaf blades were left on an ultra-clean bench for 3 min
to fully evaporate the alcohol from the leaf surface.
Before and after cleaning, the weights of the leaf blades
were measured using a 0.1%o-balance (BT125D, Sarto-
rius, Gottingen, Germany) and recorded as m; and m,,
respectively. The blades were subsequently evenly placed
on an A4-sized white paper sheet, then captured using a
touch-free scanner (GP1600AF, Comet Co., Ltd., Guang-
dong, China), and the images were imported into Image J
software to calculate the double-sided leaf area (S). These
steps were repeated six times, and then the leaf retention
TSP was calculated as follows: TSP = (m;—m,) / S. The
coefficient of variation (CV) of the TSP retention values
(TSP-CV) served as a measure of the relative stability of
foliar PM retention capacity among the ten Ulmus lines,
and were calculated as follows: TSP-CV=TSP mean
value/ standard deviation (SD).

Particle size distribution assay

Fifteen blades from each of the ten Ulmus lines men-
tioned in Section “Sampling of leaves” were chosen at
random after sampling for 1 d (15 technical replicates).
The leaf blades were then rinsed separately with dou-
ble-distilled water (ddH,O) several times before being
collected in a 50-mL sterile centrifuge tube. Following
ultrasonic oscillation for 30 s, the suspension was mea-
sured using a laser particle sizer (Mastersizer 2000, Mal-
vern Panalytical, Co., Ltd., Malvern, UK), in accordance
with the instrumental recommendations. The amount of
suspension added to the instrument was determined by
the real-time obscuration degree displayed by the Mas-
tersizer 2000 software. The optimal laser obscuration was
limited to 10-20%.

Microbiome analysis of the leaf surface
Considering the complexity of biological samples, using
a single leaf as a biological replicate may not adequately
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represent the phyllosphere microbial community. There-
fore, we employed a composite sampling strategy to cre-
ate a representative sample for each Ulmus line, which
was then sequenced in triplicate. This approach helps
capture the natural variability within the microbial com-
munity and provides a more accurate reflection of the
community structure. For the leaf microbiome analysis,
in detail, a total of 120 leaves from each of the ten Ulmus
lines (each line consists of three individual plants) men-
tioned in Section “Sampling of leaves” were randomly
selected after sampling for 1 d. Then 120 blades from
each of the ten lines were divided equally into three parts
(three technical replicates; each of the three parts con-
sists of 40 leaves). Next, the leaf surface was rinsed with
nuclease-free ddH,O to collect the suspension. DNA
from the phyllosphere microorganisms was extracted
using a soil DNA isolation kit (116560-200, MP Biomedi-
cals, Santa Ana, CA, USA) according to the manufac-
turer’s instructions. The primers for bacterial (16 S rRNA
gene, V3+V4) and fungal (ITS, ITS1) rDNA amplification
were as follows: 16 S rRNA gene: 5'-CCTACGGGNG-
GCWGCAG-3' (341 F) and 5'-GGACTACHVGGGTAT-
CTAAT-3’ (806R); ITS: 5'-TAGAGGAAGTAAAAGTCG
TA-3’ (ITS1_F_KYO2) and 5-TTCAAAGATTCG-ATG
ATTCAC-3' (ITS86R) [27, 28].

The target sequences from the 16 S rRNA gene and ITS
were amplified via polymerase chain reaction (PCR), with
an initial denaturation step at 95 °C for 5 min, followed
by 30 cycles (95 °C for 1 min, 60 °C for 1 min, and 72 °C
for 1 min), with a final extension at 72 °C for 7 min. Sub-
sequently, the PCR products were purified using AMPure
XP Beads (Beckman, CA, USA) following the manufac-
turer’s instructions. Sequencing libraries were prepared
using the Illumina DNA Prep Kit (Illumina, CA, USA),
according to the manufacturer’s recommendations, and
assessed using the ABI StepOnePlus Real-Time PCR Sys-
tem (Life Technologies, Foster City, USA). Finally, the
qualified libraries were sequenced using the Illumina
MiSeq platform (PE250, Illumina, San Diego, CA, USA)
at Gene Denovo Biotechnology Co., Guangzhou, China.

The quality control of raw sequencing reads was per-
formed using FastP software (ver. 0.18.0) [29] to remove
(1) the reads containing more than 10% of unknown
nucleotides (N); (2) the reads containing more than 50%
of bases with quality (Q-value) <20; and (3) the adapter
contamination. This process ensures that only high-qual-
ity reads are retained for subsequent analysis, minimizing
the impact of sequencing errors and artifacts. Following
quality control, the clean reads were processed to merge
paired-end reads into contiguous tags, using the FLASH
software (ver. 1.2.11) [30]. Next, the method for filtering
the raw tags was performed as reported by Bokulich et
al. [31]. The operational taxonomic unit (OTU) method
was more tolerant to sequencing errors and PCR artifacts
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compared to the amplicon sequence variants method
[32]. Subsequently, clean tags with a sequence similar-
ity of 297% were clustered into OTU using the UPARSE
function within the USEARCH software (ver. 9.2.64) [33],
and then matched to the NCBI 16 S rRNA gene database
(ver. 202,101; http://www.ncbi.nlm.nih.gov) and UNITE
ITS database (ver. 8.0) [34].

For alpha diversity analysis, Shannon and Pielou even-
ness indices were calculated in QIIME software (ver.
1.9.1) [35]. Alpha index comparison among groups was
computed by Tukey’s test using the vegan package (ver.
2.5.3) [36] in R software (ver. 4.4.0). Principle component
analysis (PCA) was also performed by using the vegan
package (ver. 2.5.3) in R software (ver. 4.4.0). ADONIS
function in the vegan package (ver. 2.5.3) was used to
perform a permutational analysis of variance (PER-
MANOVA) to test the differences in the bacterial and
fungal community composition among the ten Ulmus
lines based on the Bray-Curtis distance measures (per-
mutations=999). Next, after filtering out the outlier and
insignificant indicators (p>0.05), the same R package
(i.e., vegan; ver. 2.5.3) was used to conduct a redundancy
analysis (RDA) for evaluating the correlation between
environmental factors (i.e., foliar microstructures and
PM) and phyllosphere microbial communities. PICRUSt
(ver. 2.1.4) [37] and FunGuild (ver. 1.1) [38] software pro-
grams were used to predict the function of the bacterial
and fungal communities, respectively. The 24 representa-
tive microorganisms (12 each of bacteria and fungi) for
the microbial community were selected based on their
known ecological roles and functional importance, as
documented in the cited references [39-61] (for details,
please see Table S2).

Statistical analysis

All experiments in this study were conducted with at
least three biological replicates. The number of measure-
ments for each index in each experimental replicate was
given in the previous subsections. The SPSS software
(ver. 25.0, IMB Corp., Armonk, NY, USA) was used for
all statistical analyses. Following the confirmation of nor-
mality for all datasets via the Kolmogorov-Smirnov test,
a one-way analysis of variance (ANOVA) was performed
to evaluate whether there was significance difference
among the samples. The assumption of homogeneity of
variances was confirmed using Levene’s test, indicating
homogeneous variances among groups (p>0.05). Then
Tukey’s test was employed to conduct post hoc pair-
wise comparisons among all samples (p<0.05). Multiple
regression analysis was applied to examine the poten-
tial relationship between phyllosphere microorganisms,
PM, and leaf microstructures using the SPSS software
(ver. 25.0). GraphPad Prism (ver. 8.0, GraphPad Software
Corporation, San Diego, CA, USA) and RStudio (ver.
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2021.09.0 Build 35, Posit Software Corporation, Boston,
MA, USA) were used to visualize the data. A flowchart
was presented in Fig. S2 to better visualize the experi-
mental processes for this study.

Results

The morphology and microstructure of the leaf surface
varied among the ten Ulmus lines

The leaf blades on the ten Ulmus lines had different phe-
notypes (Table S1). The leaf shape of Lang was ovate,
whereas the Jinye, Xingshan, and Duomai leaves were
elliptic, and the leaves of the other six lines were obovate.
Jinye had yellow leaves, whereas the other nine lines had
green leaves. Among the Ulmus lines, Lieye was the only
one whose leaf apex was 3—7 lobed. Finally, the leaf area
of Lieye was the largest, whereas Zuiweng and Lang had
the smallest leaves among the ten lines (p <0.05).

The two-dimensional images of the leaf surface of the
ten Ulmus lines were obtained by SEM (Fig. 1a). The
microstructures of both the adaxial and abaxial leaf
surfaces varied greatly among the ten Ulmus lines. The
adaxial trichomes were longer and curlier in Langya and
more expanded at the base in Zuiweng than in the other
lines. The density of the adaxial trichomes was higher in
Qingyun and Duomai, whereas the density of the abax-
ial trichomes was higher in Langya, Lieye, and Duomai
than in the other lines (p<0.05). Finally, longer adaxial
and abaxial trichomes were observed in Langya and Duo-
mai, respectively, among the lines (p<0.05; Fig. 1c and
d). The stomatal size and area were larger in Lang and
Jinye than in the other lines (p<0.05), and their distribu-
tion was denser in Chun than in Duomai, Lang, Qingyun,
and Jinye (p<0.05), and less dense in Jinye than in Chun,
Daguo, Lieye, Zuiweng, and Xingshan (p>0.05; Fig. 1e;
Table S3).

The three-dimensional patterns of the leaf surface
among the ten Ulmus lines were obtained by AFM
(Fig. 1b). On the adaxial surface, Duomai exhibited a
wavy conformation, and Lang had more microprotuber-
ances than the other Ulmus lines. The abaxial surface of
Lieye was flat, while that of Duomai was more rugged
than those of the other lines. Besides, the profile arithme-
tic average error values of the adaxial and abaxial surfaces
were higher (p<0.05) in Langya than in the other lines,
indicating that it had the greatest roughness (Fig. 1f and
g; Table S3). The adaxial RMS value was lower (p<0.05)
in Daguo and Chun compared to that of the other eight
lines, indicating a relative smooth adaxial leaf surface for
those two lines(i.e., Daguo and Chun). In contrast, Chun
exhibited a higher (p<0.05) abaxial RMS value than all
other lines, suggesting that it has the roughest abaxial leaf
surface at the ultramicroscopic scale (p<0.05). Concern-
ing the adaxial PV values, Daguo had a lower (p<0.05)
PV value compared to the other lines, indicating a less
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undulating adaxial surface (p<0.05), with no signifi-
cant differences observed among the remaining lines
(p=0.05). Additionally, Chun had the highest (p<0.05)
abaxial PV value among the ten lines (p<0.05), further
confirming the high roughness of its abaxial leaf surface
(Fig. 1f and g; Table S3).

The ten Ulmus lines were classified into three catego-
ries using an unweighted pair group method with arith-
metic mean clustering analysis of the above data (Fig.
S3). The first category included only Chun, which was
easily identified by its largely undulated abaxial surface
and densely distributed stomata. Lieye, Langya, Zui-
weng, Daguo, and Xingshan were included in the second
category, of which Langya and Xingshan could be char-
acterized by their dense abaxial trichomes, and Lieye,
Zuiweng, and Daguo were identified by their sparsely dis-
tributed short abaxial trichomes. The third category con-
sisted of the other four lines, of which Duomai, Qingyun,
and Lang were identified by their sparsely distributed
stomata and flat abaxial surfaces, and Jinye was identified
by its sparsely distributed but extensive stomata (Fig. 1
and S3).

The PM retention capacity on leaf surfaces varied among
the ten Ulmus lines
The ten Ulmus lines could be divided into two groups of
five lines each, based on whether they are above or below
the mean TSP index values of the ten lines. The first
group included Zuiweng, Langya, Daguo, Qingyun, and
Chun; and the second group included Jinye, Lang, Duo-
mai, Lieye, and Xingshan (Fig. 2a). Multiple comparisons
revealed no significant differences (p=0.05) among the
lines within the same group, except for Zuiweng, with a
significantly higher (p<0.05) TSP index value than the
five lines in the second group. The TSP-CV is depicted as
a measure of the relative stability of the foliar PM reten-
tion capacity among the ten Ulmus lines. Essentially, CV
is a statistic that expresses the SD of a measured param-
eter as a percentage of the mean, offering insights into
fluctuations in parameter performance across samples.
Despite visual fluctuations in TSP-CV values among the
ten Ulmus lines, Langya and Duomai exhibited the high-
est and lowest TSP-CV values, respectively, indicating
a more variable TSP retention capacity in Langya and a
more stable one in Duomai under the consistent tested
conditions compared to those of the other lines (see the
embedded figure in Fig. 2a).

The PM size distribution for all ten Ulmus lines witness
a single peak mode (Fig. 2b): Chun and Jinye peaked at
56.37 and 63.25 pm, respectively, while the other eight
lines peaked around 30 pm. Among the ten Ulmus lines,
Duomai and Lieye possessed the highest PM,; and
PM, :_,, retention capacities (p<0.05), whereas Daguo
and Jinye had the lowest (p<0.05; Fig. 2c and d). Zuiweng
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Fig. 1 Leaf microstructure scans of ten Ulmus asexual lines. (@) Scanning electron microscopy images (200x); (b) atomic force microscopy images
(5x5 umy; (c and d) quantification of the characteristics of adaxial and abaxial leaf trichomes, respectively; (e) quantification of the stomata properties; (f
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(p<0.05) among the ten lines of each index based on Tukey's test

and Langya had the highest PM,,_,,, retention capacity, = The phyllosphere microbial diversity patterns varied

and Jinye, Lieye, and Xingshan had the lowest (p<0.05; among the ten Ulmus lines
Fig. 2e); meanwhile, Jinye and Chun had the highest Sequencing quality control revealed that

the mean val-

PM, ;o retention capacity, and Duomai had the lowest ues of tag efficiency obtained for bacteria and fungi were
(p<0.05; Fig. 2f). 94.387% and 94.099%, respectively. Besides, the rarefac-
tion curves of all samples, whatever the bacterial and
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fungal communities, all reached a plateau (Fig. S4), indi-
cating that the depth and coverage of the sequencing
data were sufficient for the subsequent analyses. Thus,
efficient tags with high sequence similarity were further
clustered to form OTUs for microbial diversity, species
annotation, and functional prediction analyses.

The alpha diversity (Shannon and Pielou indices) of the
phyllosphere microbial communities were calculated at
the OTU level in all the ten Ulmus lines (Fig. 3a—d). For
the bacterial diversity, Daguo exhibited higher (p<0.05)
Shannon and Pielou index values compared to Xingshan
and Zuiweng (p<0.05; Fig. 3a and b). In contrast, Zui-
weng had lower values (p<0.05) in both two indices (i.e.,
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the Shannon and Pielou indices) than Lieye (Fig. 3a and
b). For the fungal community, Duomai had the highest
(p<0.05) Shannon index, followed in descending order
by Zuiweng, Daguo, Qingyun, Chun, Jinye, Xingshan,
and Jinye (Fig. 3c). The fungal Pielou index was higher
in Duomai, Xingshan, Lieye, and Lang than in Zuiweng,
Daguo, Chun, and Jinye, with Jinye having the lowest fun-
gal Pielou value among the ten lines (p <0.05; Fig. 3d).

The top two PCs explained the 86.40% and 81.00% vari-
ations in bacterial and fungal communities, respectively
(Fig. 3e and f). PERMANOVA analysis results show that
there were no significant differences (p>0.05) in the bac-
terial and fungal diversity among the ten lines (Tables S4
and S5). Although most of the lines overlapped and could
not be completely distinguished, Lieye (in terms of bac-
terial diversity) and Langya and Jinye (in terms of fungal
diversity) could be distinguished from the other lines
based on the distribution of sample scatters.

Next, the microbial species composition at the genus
level in each of the ten Ulmus lines was investigated. The
bacterial composition (Fig. 3g; Tables S6) was dominated
by Sediminibacterium, while the fungi (Fig. 3h; Table S7)
was dominated by Mycosphaerella, Alternaria, and Clad-
osporium. The relative abundances of the bacterial genus
Massilia in Lieye and the fungal genus Filobasidium
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in Jinye were higher (p<0.05) than in the other lines,
respectively. These results demonstrate that the phyllo-
sphere microbial diversity patterns varied among the ten
Ulmus lines, of which Lieye and Jinye possessed unique
phyllosphere bacterial and fungal microbial diversity pat-
terns, respectively (Fig. 3e—h).

To provide a comprehensive view of the phyllosphere
microbial community’s potential roles, a functional anal-
ysis of the microbial communities was conducted (Fig.
S5). The results show that the functional classes of the
bacterial communities (Fig. S5a) and their correspond-
ing relative abundances were almost identical among the
ten Ulmus lines. The relative abundances of “Amino acid
metabolism” and “Carbohydrate metabolism” were par-
ticularly high. In contrast, the functional classes of the
fungal communities (Fig. S5b) were not consistent among
the ten lines. For example, the relative abundance “Sym-
biotroph” was higher (»p<0.05) in Jinye than in all of the
other lines.

The relative abundances of 24 representative microor-
ganisms were further checked (Fig. 4). There were no dif-
ferences (p<0.05) in the leaf-retained relative abundance
of bacterial microorganisms (Fig. 4a-1), but there were
substantial differences among the fungal microorganisms
(Fig. 4m—x) among the ten Ulmus lines. For example, the
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relative abundances of Alternaria retained on the leaf
surface were higher (p<0.05) in Zuiweng, Daguo, Qin-
gyun, and Lang than in Jinye and Duomai.

Leaf microstructures provided an ideal microhabitat for
the retention of phyllosphere microorganisms carried by
PM

To better understand the effects of PM retained on a leaf
surface and its microstructures on microbial communi-
ties, a RDA was performed by integrating the data shown
in Figs. 1 and 2, and 3. The results show that Trichome
density and PM, ; retained on the abaxial surface had an
effect (p<0.05) on the fungal community, of which PM, ;
had the highest impact intensity (R*=0.711; Fig. 5b).
However, no parameters had an impact (p>0.05) on the
bacterial community (Fig. 5a).

A correlation analysis was conducted to investigate
whether leaf microstructures (Fig. 1) or PM (Fig. 2) could
influence the relative abundance of retained microorgan-
isms presented in Fig. 4. Figure 6¢ and d show that one
bacterial (Streptococcus) and four fungal (Alternaria,
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Cladosporium, Aspergillus, and Trichoderma) micro-
organisms were correlated with at least one leaf micro-
structure or PM factor. For example, the relative
abundances of Trichoderma and Aspergillus were posi-
tively correlated (p<0.05) with PM, ., abaxial trichome
length, and abaxial trichome density, indicating that they
could both interact with PM, ; to form a PM, ;—micro-
organism complex, which could be easily captured by
or attached to the dense, long trichomes on the leaf sur-
face. The relative abundance of Cladosporium was cor-
related negatively (p<0.05) with PM,:_,, and adaxial
RMS values but positively (p<0.01) with PM, 40, sug-
gesting that Cladosporium was not readily captured by
leaf surface microstructures due to the larger size of the
PM, 199—Cladosporium complex. Collectively, the above-
mentioned correlation data (Fig. S6, 5c and d) between
the PM, foliar microstructures, and the phyllosphere
microorganisms were further condensed into a three-
factor network profile (Fig. 6). A clear inherent connec-
tion was observed among the nodes within this profile.
PM, ; was the hub node within the network, exhibiting
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tween PM factors and the microorganisms mentioned in Fig. 4; Ab, abaxial; Ad, adaxial; RDA, redundancy analysis; PM, particulate matter; PV, peak and
valley value; Ra, profile arithmetic average error; RMS, raw roughness; TSP, total suspended particulate. The red arrows in (a and b) represent the environ-
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higher connectivity compared other nodes. In contrast,
the abaxial PV value, adaxial trichome length, and the
stomata size/area of the leaf surface each only connected
with one microorganism (Fig. 6).

Discussion
The assessment of leaf phenotypes is one of the most
effective methods for identifying plant species [62].
Numerous studies have demonstrated that even within
the same species, such as Quercus variabilis, Quercus
dentata, and Quercus rubra, the leaf phenotypes of dif-
ferent asexual lines can be quite different [63, 64]. We
found that although all experimental plants were grafted
simultaneously and were cultivated under identical man-
agement strategies during the study, the micro- and
ultramicro-structure of the leaf surfaces witnessed differ-
ences remarkably among the lines (Fig. 1 and Table S2),
possibly due to structural differences or expression dif-
ferences of the genes involved in regulating trichome and
stomatal development, such as R2R3-MYB [65], SBS [66],
SPCH [67], and SCRM [68], or to differences in the epi-
dermal cell arrangement [69].

Trees are widely used in landscaping and as shelterbelts
that can effectively retain atmospheric PM, although this
ability varies among species [70]. The TSP index reflects

the total amount of PM retained on the leaf surface, which
can be used as an indicator to evaluate the PM retention
capacity of plant species [71]. In this study, the average
TSP values of the ten Ulmus lines (135.76 pg-cm™% Fig. 1)
were much higher (by 59.62-231.44%) than most com-
mon woody plants under similar climatic conditions,
including Buxus megistophylla, Fraxinus pennsylvanica,
and Sophora japonica [5, 6, 72]. Besides, the TSP concen-
tration at the study site was 167.36+39.66 pg-m~> during
the sampling period; in other words, a dollar coin-sized
Ulmus leaf (with a double-sided area of 11.03 cm?) would
be sufficient to remove about 8.95 ug:-m™~2 of the PM. This
suggests that the foliar PM retention capacity of these
Ulmus lines was excellent. We found that PM size dis-
tribution for all ten Ulmus lines witnessed a single peak
mode (Fig. 2b), which was similar to that of most woody
plants, such as Salix babylonica, Sophora japonica, and
Ginkgo biloba [71].

To better understand the reasons for the differences
in the leaf PM retention capacity among the ten Ulmus
lines, the leaf surface microscopic indices (Fig. 1) and
the leaf retention PM indices (Fig. 2) were integrated for
a correlation analysis (Fig. S6). We found that the PM, 5
retention capacities were positively correlated (p<0.05)
with the trichome density and length of the abaxial
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surface and the PV values of the adaxial surface. More-
over, PM,;_,, retention capacities showed positive cor-
relations (p<0.05) with the RMS and the PV values of
the adaxial surface. Therefore, long and dense trichomes
contributed substantially to the PM, ; retention capac-
ity, and larger undulations on the leaf surface contrib-
uted substantially to the PM,, (D<10) retention capacity.
The SEM images provided direct evidence to support
this (Fig. S6b—d). Furthermore, the leaf PM, ,, reten-
tion capacity was negatively correlated (p<0.01) with
the RMS value of the adaxial surface, and no PM,
was found in any of the SEM images (Fig. S7), indicating
that PM, ;,, was not easily retained by the leaves. This
well explains why the leaf PM retention curves among
all ten lines peaked at <100 pm (Fig. 2b). Moreover, this
also suggests that the PM retention capacity of the ten
Ulmus lines was dominated by leaf surface microstruc-
tures. These phenomena are possibly due to the long and
dense trichomes and/or undulations on the leaf surface,
which provide an increased surface area that can interact
with airborne fine PM [73]. The increased surface area
allows for a higher probability of PM adhesion through
various physical forces, such as van der Waals forces or
electrostatic interactions [74]. Besides, dense trichomes
may create a more tortuous path for air movement across
the leaf surface, causing turbulence that can enhance
the deposition of fine PM [75]. In contrast, the retention
of large PM by leaf surfaces appears to be less efficient,
which may be attributed to the settling velocity of larger
particles is higher due to their greater mass, which can
lead to a greater propensity for these particles to bypass
the leaf surface and settle directly to the ground [76, 77].
The leaf surfaces are inhabited by microbial commu-
nities [10], initiating intricate multipartite interactions
involving the host plant, microorganisms, and the sur-
rounding environment [14]. We found that even closely
related Ulmus species/variety/cultivar differed signifi-
cantly in their phyllosphere microbiome, in a homo-
geneous microbial environment (Figs. 3 and 4, and S5).
Notably, Lieye and Jinye possessed unique phyllosphere
bacterial and fungal microbial diversity patterns, respec-
tively (Fig. 3). To further investigate the reason under-
lying this phenomenon, a correlation matrix (Table
S8) was constructed based on their microbial diversity
indices (Fig. 3), leaf microstructure indices (Fig. 1), and
leaf-retained PM indices (Fig. 2). We found that the bac-
terial Shannon index of Lieye was negatively correlated
(p<0.05) with the stomata and trichome densities of its
adaxial leaf surface, suggesting they contributed to the
unique and high bacterial microbial diversity. The fungal
Shannon index of Jinye was positively correlated (» <0.05)
with stomata density, but negatively correlated with the
stomata area, indicating that the sparsely distributed but
extensive stomata (Fig. 1e) were the main reason for the
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unique but low phyllosphere fungal microbial diversity
in Jinye. This may stem from the influence of stomatal
distribution and size on nutrient availability on the leaf
surface, as they regulate gas exchange and water loss [78,
79]. Thus, a unique nutrient profile resulting from spe-
cific stomatal characteristics of plants might selectively
promote or inhibit the growth of certain fungal groups.

The phyllosphere microorganisms may impact numer-
ous processes and functions of the plants [14]. In this
study, the predicted functions of the phyllosphere bac-
terial communities of the ten Ulmus lines’ phyllosphere
microbiome were dominated by “Amino acid metabo-
lism” and “Carbohydrate metabolism” (Fig. 5a). These two
pathways are both crucial for the biosynthesis of essen-
tial biomolecules and energy production [80], suggesting
that the phyllosphere bacterial community may affect the
nutrient cycling and energy flow of the leaf. Moreover,
the prevalence of “Pathotroph” and “Pathotroph-Sapro-
troph” functional classes among the fungal communities
(Fig. 5b) indicates a potential for these fungi to engage in
both pathogenic and saprophytic lifestyles. This dual role
could have important implications for the health of the
plants, as pathotrophs may contribute to disease resis-
tance, while saprotrophs could aid in the decomposi-
tion of organic matter [81]. Notably, we also found that,
unlike the bacterial communities, certain fungal func-
tional classes, particularly “Symbiotroph’, varied among
the ten lines, with significantly higher relative abundance
observed in Jinye. This may be attributed to the ecologi-
cal traits of the “Symbiotroph” class of fungi, potentially
establishing a mutually beneficial symbiotic relationship
with the plant [82]. For instance, similar to endophytes
[83], phyllosphere microorganisms might provide the
plant with antimicrobial substances or other beneficial
compounds for defending pathogens, and in return, the
plant provides the necessary resources for the fungi to
thrive [84]. This may also indirectly reflect the potential
higher tolerance of Jinye to biotic stress than the other
lines, but it needs to be further verified.

Atmospheric PM conditions significantly impact the
phyllosphere microbial community of many species [19,
85, 86]. Based on the RDA analysis (Fig. 5a and b), our
results suggest that fungal microorganisms could be car-
ried by the PM, ; attached to the dense leaf trichomes.
In contrast, bacteria were not easily carried by PM and
were also difficult to capture by or attach to the leaf
microstructures of the Ulmus lines. Based on a correla-
tion profile (Fig. 5¢ and d), we found that several micro-
organisms (consisting of both bacteria and fungi) were
correlated (p<0.05) with PM factors and/or leaf micro-
structures, suggesting that the microstructures of the leaf
surfaces of the ten Ulmus lines enable them to capture
PM-borne microorganisms. For example, PM, ; carried
microorganisms, such as Trichoderma and Aspergillus;
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the microstructures of the leaf surface, especially the
dense and long trichomes, provided an ideal microhabi-
tat for the PM, ;-microorganism complexes (Fig. 5d). The
two positive feedback loops (i.e., PM, ; -abaxial trichome
lengh-Aspergillus and PM, ;-abaxial trichome density-
Trichoderma) within the correlation network profile also
provides evidence to support this (Fig. 6). In contrast,
within the profile, we also found two negative feedback
loops (PM,5_1o/PM, ;oo-adaxial RMS values-Cladospo-
rium), suggesting that PM in these size ranges is difficult
to be retained by the microrough leaf adaxial surface, or
even if captured, it is unable to promote/even inhibit the
proliferation of specific microorganisms (Fig. 6). We fur-
ther assessed the significance of the aforementioned four
feedback loops through multiple regression analysis and
confirmed their validity (p<0.05) (Table S9). Overall, our
data prove that plant foliar microstructures can create an
ideal microhabitat for PM-borne microorganisms. On
the other hand, whether and how these PM-borne micro-
organisms subsequently affect plant growth and develop-
ment remains to be further explored.

Conclusions

We demonstrate that the ten Ulmus lines investigated
exhibited considerable PM retention capacities, with
a mean TSP value of 135.76 pg-cm™2 Variations in leaf
surface microstructures, particularly the length and den-
sity of the trichome and the surface roughness, were the
primary determinants of differential PM retention capac-
ities among the lines. Long and dense trichomes substan-
tially contributed to the retention of PM, 5, while larger
undulations on the leaf surface enhanced the capture of
PM,,. Notably, these leaf microstructures provided ideal
microhabitats for retaining PM-borne microorganisms,
as evidenced by positive feedback loops between PM, ;,
trichome characteristics, and the relative abundances of
phyllosphere fungi like Trichoderma and Aspergillus. In
contrast, bacterial communities were less impacted by
PM. Our findings establish a three-factor network pro-
file linking PM, leaf microstructures, and phyllosphere
microbial communities, providing insights for further
exploration into how different plants retain PM through
foliar microstructures, thereby influencing their associ-
ated microbiomes.

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/512870-024-05232-z.

Supplementary Material 1

Supplementary Material 2

Acknowledgements
We gratefully acknowledge the handling editors and the two anonymous
reviewers for their valuable comments on this work.

Page 13 of 15

Author contributions

MSY and YRH conceived and designed the research. LRX and YCL conducted
all experiments, analyzed the data, interpreted the results, and wrote the
manuscript. LRX, SXF, CL, XYZ, and YCR performed the statistical analysis. YJL
provided critical revisions. The authors all approved of publication, and there is
no conflict of interest.

Funding

This work was financially supported by the Science and Technology
Development Fund of Central Guidance on Local (21626301G), China; and
the Key Research and Development Program of Hebei Province (21326301D),
China.

Data availability

The raw sequencing data reported in this article have been publicly available
under Genome Sequence Archivein in National Center for Bioinformation,
China (https://ngdc.cncb.ac.cn/gsa; No. CRA016188 and CRA016189).

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details

"Hebei Agricultural University, Baoding 071000, Hebei, China

Hebei Academy of Forestry and Grassland Science, Shijiazhuang 050061,
Hebei, China

*National Engineering Laboratory for Tree Breeding, College of Biological
Sciences and Biotechnology, Beijing Forestry University, Beijing

100083, China

Received: 3 March 2024 / Accepted: 31 May 2024
Published online: 17 June 2024

References

1. Meng G, Guo Z, Li J. The dynamic linkage among urbanisation, industri-
alisation and carbon emissions in China: insights from spatiotemporal
effect. Sci Total Environ. 2021,760:144042. https://doi.org/10.1016/j.
scitotenv.2020.144042.

2. Huang R, Zhang Y, Bozzetti C, Ho K, Cao J, Han Y, et al. High secondary aerosol
contribution to particulate pollution during haze events in China. Nature.
2014;514(7521):218-22. https://doi.org/10.1038/nature 13774.

3. HuD,Jiang J. A study of smog issues and PM, s pollutant control strate-
gies in China. J Environ Prot. 2013;04(7):746-52. https://doi.org/10.4236/
jep.2013.47086.

4. ChiNNH, Oanh NTK. Photochemical smog modeling of PM, 5 for assessment
of associated health impacts in crowded urban area of Southeast Asia. Envi-
ron Technol Innov. 2021;21:101241. https://doi.org/10.1016/j.eti.2020.101241.

5. Wang Q Feng J,Huang Y, Wang P, Xie M, Wan Y, et al. Dust retention capability
and leaf surface micromorphology of 15 broad-leaved tree species in Wuhan.
Acta Ecol Sin. 2020;40(1):213-22. https://doi.org/10.5846/stxb201808241808.

6. Tan X, Liu L, Wu D. Relationship between leaf dust retention capacity and
leaf microstructure of six common tree species for campus greening. Int J
Phytoremediat. 2022;1-9. https://doi.org/10.1080/15226514.2021.2024135.

7. Corada K, Woodward H, Alaraj H, Collins CM, de Nazelle A. A systematic
review of the leaf traits considered to contribute to removal of airborne
particulate matter pollution in urban areas. Environ Pollut. 2021;269:116104.
https://doi.org/10.1016/j.envpol.2020.116104.

8. tukowski A, Popek R, Karolewski P. Particulate matter on foliage of Betula
pendula, Quercus robur, and Tilia cordata: deposition and ecophysiol-
ogy. Environ Sci Pollut Res. 2020;27:10296-307. https://doi.org/10.1007/
$11356-020-07672-0.


https://doi.org/10.1186/s12870-024-05232-z
https://doi.org/10.1186/s12870-024-05232-z
https://doi.org/10.1016/j.scitotenv.2020.144042
https://doi.org/10.1016/j.scitotenv.2020.144042
https://doi.org/10.1038/nature13774
https://doi.org/10.4236/jep.2013.47086
https://doi.org/10.4236/jep.2013.47086
https://doi.org/10.1016/j.eti.2020.101241
https://doi.org/10.5846/stxb201808241808
https://doi.org/10.1080/15226514.2021.2024135
https://doi.org/10.1016/j.envpol.2020.116104
https://doi.org/10.1007/s11356-020-07672-0
https://doi.org/10.1007/s11356-020-07672-0

Xu et al. BMC Plant Biology

20.

21

22.

23.

24,

25,

26.

27.

28.

29.

30.

(2024) 24:566

Deng L, Qian J, Liao R, Tong H. Pollution characteristics of atmospheric partic-
ulates in Chengdu from August to September in 2009 and their relationship
with meteorological conditions. China Environ Sci. 2012;32(8):1433-8.
Vorholt JA. Microbial life in the phyllosphere. Nat Rev Microbiol.
2012;10(12):828-40. https://doi.org/10.1038/nrmicro2910.

De Mandal S, Jeon J. Phyllosphere Microbiome in Plant Health and Disease.
Plants. 2023;12(19):3481. https://doi.org/10.3390/plants12193481.

Mandal M, Das S, Roy A, Rakwal R, Jones OA, Popek R, et al. Interactive rela-
tions between plants, phyllosphere microbial community, and particulate
matter pollution. Sci Total Environ. 2023;164352. https://doi.org/10.1016/j.
scitotenv.2023.164352.

Andrews JH, Harris RF. The ecology and biogeography of microorganisms
on plant surfaces. Annu Rev Phytopathol. 2000;38(1):145-80. https://doi.
org/10.1146/annurev.phyto.38.1.145.

Bashir I, War AF, Rafig |, Reshi ZA, Rashid |, Shouche YS. Phyllosphere micro-
biome: diversity and functions. Microbiol Res. 2022;254:126888. https://doi.
0rg/10.1016/j.micres.2021.126888.

Morris C. Phyllosphere. Encycl Life Sci. 2002. https://doi.org/10.1038/npg.
els.0000400Citat.

Osono T. Diversity and ecology of endophytic and epiphytic fungi of

tree leaves in Japan: a review. Adv Endophyt Res. 2013;3-26. https://doi.
0rg/10.1007/978-81-322-1575-2_1.

Bulgarelli D, Schlaeppi K, Spaepen S, Van Themaat EVL, Schulze-Lefert P. Struc-
ture and functions of the bacterial microbiota of plants. Annu Rev Plant Biol.
2013;64:807-38. https://doi.org/10.1146/annurev-arplant-050312-120106.
Espenshade J, Thijs S, Gawronski S, Bové H, Weyens N, Vangronsveld J. Influ-
ence of urbanization on epiphytic bacterial communities of the platanusx
hispanica tree leaves in a biennial study. Front Microbiol. 2019;10:675. https://
doi.org/10.3389/fmicb.2019.00675.

Pollegioni P, Mattioni C, Ristorini M, Occhiuto D, Canepari S, Korneykova MV,
et al. Diversity and source of airborne microbial communities at differential
polluted sites of Rome. Atmos. 2022;13(2):224. https://doi.org/10.3390/
atmos13020224.

Wu Z, Raven PH, Hong D. Flora of China. Volume 5. Ulmaceae through
Basellaceae. Science; 2003.

Chen P Liu P, Zhang Q Bu C, Lu C, Srivastava S, et al. Gene coexpression
network analysis indicates that hub genes related to photosynthesis and
starch synthesis modulate salt stress tolerance in Ulmus pumila. Int J Mol Sci.
2021;22(9):4410. https://doi.org/10.3390/ijms22094410.

Mikolajewski D, D’Amico IIV, Sonti NF, Pinchot CC, Flower CE, Roman LA, et al.
Restoring the iconic Ulmus americana to urban landscapes: early tree growth
responds to aboveground conditions. Urban Urban Green. 2022;74:127675.
https://doi.org/10.1016/j.ufug.2022.127675.

Yan S, Huang Y, Zhang J, Liu Y, Yang H. A new Ulmus pumila
Cultivar'Yangguang Nihai’ Acta Hortic Sin. 2015;42(5):1017-8. https://doi.
0rg/10.16420/j.issn.0513-353x.2014-0491.

Zuo L, Zhang S, Liu Y, Huang Y, Yang M, Wang J. The reason for growth
inhibition of Ulmus pumilaJinye": lower resistance and abnormal develop-
ment of chloroplasts slow down the accumulation of energy. Int J Mol Sci.
2019;20(17):4227. https://doi.org/10.3390/ijms20174227.

Song B, Zhang H, Jiao L, Jing Z, Li H, Wu S. Effect of high-level fine particu-
late matter and its interaction with meteorological factors on AECOPD

in Shijiazhuang, China. Sci Rep. 2022;12(1):1-9. https://doi.org/10.1038/
s41598-022-12791-4.

Ministry of Environmental Protection of China. Ambient Air Quality Standards
(GB 3095-2012). 2012. https://www.mee.gov.cn/ywgz/fgbz/bz/bzwb/
dghjbh/dghjzlbz/201203/t20120302_224165 shtml.

Guo M, Wu F, Hao G, Qi Q, Li R, Li N, et al. Bacillus subtilis improves immunity
and disease resistance in rabbits. Front Immunol. 2017;8:354. https://doi.
0rg/10.3389/fimmu.2017.00354.

Scibetta S, Schena L, Abdelfattah A, Pangallo S, Cacciola SO. Selection and
experimental evaluation of universal primers to study the fungal microbiome
of higher plants. Phytobiomes J. 2018;2(4):225-36. https://doi.org/10.1094/
PBIOMES-02-18-0009-R.

ChenS, ZhouY, Chen'Y, Gu J. Fastp: an ultra-fast all-in-one FASTQ pre-
processor. Bioinformatics. 2018;34(17):1884-90. https://doi.org/10.1093/
bioinformatics/bty560.

Magoc T, Salzberg SL. FLASH: fast length adjustment of short reads to
improve genome assemblies. Bioinformatics. 2011;27(21):2957-63. https://
doi.org/10.1093/bioinformatics/btr507.

Bokulich NA, Subramanian S, Faith JJ, Gevers D, Gordon JI, Knight R, et al.
Quality-filtering vastly improves diversity estimates from Illumina amplicon

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

5T

52.

Page 14 of 15

sequencing. Nat Methods. 2013;10(1):57-9. https://doi.org/10.1038/
nmeth.2276.

Chiarello M, McCauley M, Villéger S, Jackson CR. Ranking the biases: the
choice of OTUs vs. ASVs in 16S rRNA amplicon data analysis has stronger
effects on diversity measures than rarefaction and OTU identity thresh-

old. PLoS ONE. 2022;17(2):e0264443. https://doi.org/10.1371/journal.
pone.0264443.

Edgar RC. Search and clustering orders of magnitude faster than BLAST.
Bioinformatics. 2010;26(19):2460-1. https://doi.org/10.1093/bioinformatics/
btg461.

Nilsson RH, Larsson K-H, Taylor AFS, Bengtsson-Palme J, Jeppesen TS,

Schigel D, et al. The UNITE database for molecular identification of fungi:
handling dark taxa and parallel taxonomic classifications. Nucleic Acids Res.
2019;47(D1):D0259-64. https://doi.org/10.1093/nar/gky1022.

Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K, Bushman FD, Costello EK,
et al. QIIME allows analysis of high-throughput community sequencing data.
Nat Methods. 2010;7(5):335-6. https://doi.org/10.1038/nmeth.f303.
Oksanen J. vegan: Community Ecology Package-R package version 1.17-8.
http://CRAN R-project org/package =vegan. 2011.

Douglas GM, Maffei VJ, Zaneveld J, Yurgel SN, Brown JR, Taylor CM, et al.
PICRUSt2: an improved and extensible approach for metagenome inference.
BioRxiv. 2019;672295. https://doi.org/10.1101/672295.

Nguyen NH, Song Z, Bates ST, Branco S, Tedersoo L, Menke J, et al. FUN-
Guild: an open annotation tool for parsing fungal community datasets

by ecological guild. Fungal Ecol. 2016;20:241-8. https://doi.org/10.1016/j.
funeco.2015.06.006.

Rokhbakhsh-Zamin F, Sachdev D, Kazemi-Pour N, Engineer A, Pardesi KR,
Zinjarde S, et al. Characterization of plant-growth-promoting traits of Acineto-
bacter species isolated from rhizosphere of Pennisetum glaucum. J Microbiol
Biotechnol. 2011,21(6):556-66. https://doi.org/10.4014/jmb.1012.12006.
Preston GM. Plant perceptions of plant growth-promoting Pseudomonas.
Philos Trans R Soc Lond B Biol Sci. 2004;359(1446):907-18. https://doi.
0rg/10.1098/rstb.2003.1384.

Jha CK, Aeron A, Patel BV, Maheshwari DK, Saraf M. Enterobacter: role in plant
growth promotion. Bact Agrobiol Plant Growth Responses. 2011:159-82.
https://doi.org/10.1007/978-3-642-20332-9_8.

De Vleesschauwer D, Hofte M. Using Serratia plymuthica to control fungal
pathogens of plants. CAB Reviews. 2003;2(046). https://doi.org/10.1079/
PAVSNNR20072046.

Smullen J, Koutsou G, Foster H, Zumbé A, Storey D. The antibacterial activity
of plant extracts containing polyphenols against Streptococcus mutans. Car-
ies Res. 2007;41(5):342-9. https://doi.org/10.1159/000104791.

De Gusseme B, Vanhaecke L, Verstraete W, Boon N. Degradation of acet-
aminophen by Delftia tsuruhatensis and Pseudomonas aeruginosa in a mem-
brane bioreactor. Water Res. 2011;45(4):1829-37. https://doi.org/10.1016/].
watres.2010.11.040.

Ryan RP, Monchy S, Cardinale M, Taghavi S, Crossman L, Avison MB, et al. The
versatility and adaptation of bacteria from the genus Stenotrophomonas. Nat
Rev Microbiol. 2009;7(7):514-25. https://doi.org/10.1038/nrmicro2163.
Al-Quwaie DA. The role of Streptomyces species in controlling plant diseases:
a comprehensive review. Australas Plant Pathol. 2024;53(1):1-14. https://doi.
0rg/10.1007/513313-023-00959-z.

Walterson AM, Stavrinides J. Pantoea: insights into a highly versatile

and diverse genus within the Enterobacteriaceae. FEMS Microbiol Rev.
2015;39(6):968-84. https://doi.org/10.1093/femsre/fuv027.

Chhetri G, Kim I, Kang M, SoY, Kim J, Seo T. An isolated Arthrobac-

ter sp. enhances rice (Oryza sativa L) plant growth. Microorganisms.
2022;10(6):1187. https://doi.org/10.3390/microorganisms10061187.

Wang Z, Luo W, Cheng S, Zhang H, Zong J, Zhang Z. Ralstonia solanacearum-
a soil borne hidden enemy of plants: research development in manage-
ment strategies, their action mechanism and challenges. Front Plant Sci.
2023;14:1141902. https://doi.org/10.3389/fpls.2023.1141902.

Naher UA, Othman R, Shamsuddin ZH, Saud HM, Ismail MR. Growth enhance-
ment and root colonization of rice seedlings by Rhizobium and Corynebacte-
rium spp. Int J Agric Biol. 2009;11:586-90.

Raut |, Cdlin M, Capra L, Gurban A-M, Doni M, Radu N, et al. Cladosporium
sp.isolate as fungal plant growth promoting agent. Agron. 2021;11(2):392.
https://doi.org/10.3390/agronomy11020392.

Mauricio-Castillo JA, Salas-Mufioz S, Reveles-Torres LR, Salas-Luevano MA,
Salazar-Badillo FB. Could Alternaria solani1A300 be a plant growth-promoting
fungus? Eur J Plant Pathol. 2020;157:413-9. https://doi.org/10.1007/
$10658-020-01984-0.


https://doi.org/10.1038/nrmicro2910
https://doi.org/10.3390/plants12193481
https://doi.org/10.1016/j.scitotenv.2023.164352
https://doi.org/10.1016/j.scitotenv.2023.164352
https://doi.org/10.1146/annurev.phyto.38.1.145
https://doi.org/10.1146/annurev.phyto.38.1.145
https://doi.org/10.1016/j.micres.2021.126888
https://doi.org/10.1016/j.micres.2021.126888
https://doi.org/10.1038/npg.els.0000400Citat
https://doi.org/10.1038/npg.els.0000400Citat
https://doi.org/10.1007/978-81-322-1575-2_1
https://doi.org/10.1007/978-81-322-1575-2_1
https://doi.org/10.1146/annurev-arplant-050312-120106
https://doi.org/10.3389/fmicb.2019.00675
https://doi.org/10.3389/fmicb.2019.00675
https://doi.org/10.3390/atmos13020224
https://doi.org/10.3390/atmos13020224
https://doi.org/10.3390/ijms22094410
https://doi.org/10.1016/j.ufug.2022.127675
https://doi.org/10.16420/j.issn.0513-353x.2014-0491
https://doi.org/10.16420/j.issn.0513-353x.2014-0491
https://doi.org/10.3390/ijms20174227
https://doi.org/10.1038/s41598-022-12791-4
https://doi.org/10.1038/s41598-022-12791-4
https://www.mee.gov.cn/ywgz/fgbz/bz/bzwb/dqhjbh/dqhjzlbz/201203/t20120302_224165.shtml
https://www.mee.gov.cn/ywgz/fgbz/bz/bzwb/dqhjbh/dqhjzlbz/201203/t20120302_224165.shtml
https://doi.org/10.3389/fimmu.2017.00354
https://doi.org/10.3389/fimmu.2017.00354
https://doi.org/10.1094/PBIOMES-02-18-0009-R
https://doi.org/10.1094/PBIOMES-02-18-0009-R
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1093/bioinformatics/btr507
https://doi.org/10.1093/bioinformatics/btr507
https://doi.org/10.1038/nmeth.2276
https://doi.org/10.1038/nmeth.2276
https://doi.org/10.1371/journal.pone.0264443
https://doi.org/10.1371/journal.pone.0264443
https://doi.org/10.1093/bioinformatics/btq461
https://doi.org/10.1093/bioinformatics/btq461
https://doi.org/10.1093/nar/gky1022
https://doi.org/10.1038/nmeth.f.303
https://doi.org/10.1101/672295
https://doi.org/10.1016/j.funeco.2015.06.006
https://doi.org/10.1016/j.funeco.2015.06.006
https://doi.org/10.4014/jmb.1012.12006
https://doi.org/10.1098/rstb.2003.1384
https://doi.org/10.1098/rstb.2003.1384
https://doi.org/10.1007/978-3-642-20332-9_8
https://doi.org/10.1079/PAVSNNR20072046
https://doi.org/10.1079/PAVSNNR20072046
https://doi.org/10.1159/000104791
https://doi.org/10.1016/j.watres.2010.11.040
https://doi.org/10.1016/j.watres.2010.11.040
https://doi.org/10.1038/nrmicro2163
https://doi.org/10.1007/s13313-023-00959-z
https://doi.org/10.1007/s13313-023-00959-z
https://doi.org/10.1093/femsre/fuv027
https://doi.org/10.3390/microorganisms10061187
https://doi.org/10.3389/fpls.2023.1141902
https://doi.org/10.3390/agronomy11020392
https://doi.org/10.1007/s10658-020-01984-0
https://doi.org/10.1007/s10658-020-01984-0

Xu et al. BMC Plant Biology

53.

54.

55.

56.

57.

58.

59.

60.

62.

63.

64.

65.

66.

67.

68.

69.

70.

(2024) 24:566

Hung R, Rutgers SL. Applications of aspergillus in plant growth promo-

tion. New and future developments in microbial biotechnology and
bioengineering. Elsevier; 2016. pp. 223-7. https://doi.org/10.1016/
B978-0-444-63505-1.00018-X.

Silambarasan S, Vangnai AS. Plant-growth promoting Candida sp. AVGB4 with
capability of 4-nitroaniline biodegradation under drought stress. Ecotoxicol
Environ Saf. 2017;139:472-80. https://doi.org/10.1016/j.ecoenv.2017.02.018.
Radhakrishnan R, Kang S-M, Baek IY, Lee I-J. Characterization of plant growth-
promoting traits of Penicillium species against the effects of high soil salinity
and root disease. J Plant Interact. 2014;9(1):754-62. https://doi.org/10.1080/1
7429145.2014.930524.

Takamatsu S, Ito H, Shiroya Y, Kiss L, Heluta V. First comprehensive phyloge-
netic analysis of the genus Erysiphe (Erysiphales, Erysiphaceae) |. The Micros-
phaera lineage. Mycol. 2015;107(3):475-89. https://doi.org/10.3852/15-007.
Summerell B, Burgess L, Backhouse D, Bullock S, Swan L. Natural occurrence
of perithecia of Gibberella coronicola on wheat plants with crown rot in Aus-
tralia. Australas Plant Pathol. 2001,30:353-6. https://doi.org/10.1071/AP01045.
Vollmeister E, Schipper K, Baumann S, Haag C, Pohimann T, Stock J, et al.
Fungal development of the plant pathogen Ustilago maydis. FEMS Microbiol
Rev. 2012;36(1):59-77. https://doi.org/10.1111/j.1574-6976.2011.00296 x.

Arie T. Fusarium diseases of cultivated plants, control, diagnosis, and
molecular and genetic studies. J Pestic Sci. 2019;44(4):275-81. https://doi.
0rg/10.1584/jpestics.J19-03.

De Silva DD, Crous PW, Ades PK, Hyde KD, Taylor PW. Life styles of Col-
letotrichum species and implications for plant biosecurity. Fungal Biol Rev.
2017;31(3):155-68. https://doi.org/10.1016/j.fbr.2017.05.001.

Khan SA, Hamayun M, Yoon H, Kim H-Y, Suh S-J, Hwang S-K, et al. Plant
growth promotion and Penicillium Citrinum. BMC Microbiol. 2008;8:1-10.
Guo X, Reddy GV, He J, Li J, Shi P. Mean-variance relationships of leaf bilateral
asymmetry for 35 species of plants and their implications. Glob Ecol Conserv.
2020;23:01152. https://doi.org/10.1016/j.gecco.2020.e01152.

De Lopez U, Duro-Garcia MJ, Soto A. Leaf morphology of progenies in Q.
Suber, Q. ilex, and their hybrids using multivariate and geometric morpho-
metric analysis. iForest-Biogeosci for. 2018;11(1):90. https://doi.org/10.3832/
ifor2577-010.

Yang K, Wu J, Li X, Pang X, YuanY, Qi G, et al. Intraspecific leaf morphological
variation in Quercus dentata Thunb.: a comparison of traditional and geomet-
ric morphometric methods, a pilot study. J Res. 2022,33(6):1751-64. https://
doi.org/10.1007/511676-022-01452-x.

Yang Q, Yang X, Wang L, Zheng B, Cai Y, Ogutu CO, et al. Two R2R3-MYB genes
cooperatively control trichome development and cuticular wax biosynthesis
in Prunus persica. New Phytol. 2022;234(1):179-96. https://doi.org/10.1111/
NPH.17965.

Yang S, Wang Y, Zhu H, Zhang M, Wang D, Xie K; et al. A novel HD-Zip I/C2H2-
ZFP/WD-repeat complex regulates the size of spine base in cucumber. New
Phytol. 2022;233(6):2643-58. https://doi.org/10.1111/nph.17967.

Gudesblat GE, Schneider-Pizon J, Betti C, Mayerhofer J, Vanhoutte |, Van Don-
gen W, et al. SPEECHLESS integrates brassinosteroid and stomata signalling
pathways. Nat Cell Biol. 2012;14(5):548-54. https://doi.org/10.1038/ncb2471.
Kanaoka MM, Pillitteri LJ, Fujii H, Yoshida Y, Bogenschutz NL, Takabayashi J,

et al. SCREAMY/ICET and SCREAM2 specify three cell-state transitional steps
leading to Arabidopsis stomatal differentiation. Plant Cell. 2008,20(7):1775-85.
https://doi.org/10.1105/tpc.108.060848.

Zuch DT, Doyle SM, Majda M, Smith RS, Robert S, Torii KU. Cell biology of the
leaf epidermis: fate specification, morphogenesis, and coordination. Plant
Cell. 2022;34(1):209-27. https://doi.org/10.1093/plcell/koab250.

Shao F, Wang L, Sun F, Li G, Yu L, Wang Y, et al. Study on different particulate
matter retention capacities of the leaf surfaces of eight common garden
plants in Hangzhou, China. Sci Total Environ. 2019;652:939-51. https://doi.
0rg/10.1016/j.scitotenv.2018.10.182.

Yue C, Cui K, Duan J, Wu X, Yan P, Rodriguez C, et al. The retention character-
istics for water-soluble and water-insoluble particulate matter of five tree

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Page 15 of 15

species along an air pollution gradient in Beijing, China. Sci Total Environ.
2021;767:145497. https://doi.org/10.1016/j.scitotenv.2021.145497.

YuJ, Xu L, Liu G, LiY, Pang X, Liu Z, et al. Comparative analysis of the

dust retention capacity and leaf microstructure of 11 Sophora japonica
clones. PLoS ONE. 2021;16(9):20254627. https://doi.org/10.1371/journal.
pone.0254627.

Dzierzanowski K, Popek R, Gawroniska H, Saeba A, Gawroriski SW. Deposition
of particulate matter of different size fractions on leaf surfaces and in waxes
of urban forest species. Int J Phytoremediat. 2011;13(10):1037-46. https://doi.
0rg/10.1080/15226514.2011.552929.

Hermann J, Tkatchenko A. Density functional model for Van Der Waals
interactions: Unifying many-body atomic approaches with nonlocal
functionals. Phys Rev Lett. 2020;124(14):146401. https://doi.org/10.1103/
PhysRevLett.124.146401.

Wréblewska K, Jeong BR. Effectiveness of plants and green infrastructure utili-
zation in ambient particulate matter removal. Environ Sci Eur. 2021;33(1):110.
https://doi.org/10.1186/512302-021-00547-2.

Park S, Lee JK, Kwak MJ, Lim YJ, Kim H, Jeong SG, et al. Relationship between
leaf traits and PM-capturing capacity of major urban-greening species.
Horticulturae. 2022;8(11):1046. https://doi.org/10.3390/horticulturae8111046.
Xu'L,Yan Q,He P, Zhen Z, Jing Y, Duan Y et al. Combined effects of different
leaf traits on foliage dust-retention capacity and stability. Air Qual Atmos
Health. 2022:1-12. https://doi.org/10.1007/511869-021-01141-4.

Lawson T, Blatt MR. Stomatal size, speed, and responsiveness impact on
photosynthesis and water use efficiency. Plant Physiol. 2014;164(4):1556-70.
https://doi.org/10.1104/pp.114.237107.

Haworth M, Marino G, Loreto F, Centritto M. Integrating stomatal physiol-
ogy and morphology: evolution of stomatal control and development

of future crops. Oecologia. 2021;197(4):867-83. https://doi.org/10.1007/
500442-021-04857-3.

Yuan Z,Ye J, Lin F,Wang X, Yang T, Bi B, et al. Relationships between Phyl-
losphere Bacterial communities and Leaf Functional traits in a Temperate
Forest. Plants. 2023;12(22):3854. https://doi.org/10.3390/plants12223854.
LiY, Li Z, Arafat Y, Lin W. Studies on fungal communities and functional guilds
shift in tea continuous cropping soils by high-throughput sequencing. Ann
Microbiol. 2020;70:1-12. https://doi.org/10.1186/513213-020-01555-y.
Hashem AH, Attia MS, Kandil EK, Fawzi MM, Abdelrahman AS, Khader MS, et
al. Bioactive compounds and biomedical applications of endophytic fungi:

a recent review. Microb Cell Fact. 2023;22(1):107. https://doi.org/10.1186/
$12934-023-02118-x.

Jha P, KaurT, Chhabra |, Panja A, Paul S, KumarV, et al. Endophytic fungi:
hidden treasure chest of antimicrobial metabolites interrelationship of
endophytes and metabolites. Front Microbiol. 2023;14:1227830. https://doi.
0rg/10.3389/fmich.2023.1227830.

Rodriguez RJ, Henson J, Van Volkenburgh E, Hoy M, Wright L, Beckwith

F et al. Stress tolerance in plants via habitat-adapted symbiosis. ISME J.
2008;2(4):404-16. https://doi.org/10.1038/ismej.2007.106.

Brighigna L, Gori A, Gonnelli S, Favilli F. The influence of air pollution on the
phyllosphere microflora composition of Tillandsia leaves (Bromeliaceae). Rev
Biol Trop. 2000;48(2-3):511-7.

Gostincar C, Zajc J, Lenassi M, Plemenitas A, De Hoog S, Al-Hatmi AM,

et al. Fungi between extremotolerance and opportunistic pathogenic-

ity on humans. Fungal Divers. 2018;93:195-213. https://doi.org/10.1007/
$13225-018-0414-8.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://doi.org/10.1016/B978-0-444-63505-1.00018-X
https://doi.org/10.1016/B978-0-444-63505-1.00018-X
https://doi.org/10.1016/j.ecoenv.2017.02.018
https://doi.org/10.1080/17429145.2014.930524
https://doi.org/10.1080/17429145.2014.930524
https://doi.org/10.3852/15-007
https://doi.org/10.1071/AP01045
https://doi.org/10.1111/j.1574-6976.2011.00296.x
https://doi.org/10.1584/jpestics.J19-03
https://doi.org/10.1584/jpestics.J19-03
https://doi.org/10.1016/j.fbr.2017.05.001
https://doi.org/10.1016/j.gecco.2020.e01152
https://doi.org/10.3832/ifor2577-010
https://doi.org/10.3832/ifor2577-010
https://doi.org/10.1007/s11676-022-01452-x
https://doi.org/10.1007/s11676-022-01452-x
https://doi.org/10.1111/NPH.17965
https://doi.org/10.1111/NPH.17965
https://doi.org/10.1111/nph.17967
https://doi.org/10.1038/ncb2471
https://doi.org/10.1105/tpc.108.060848
https://doi.org/10.1093/plcell/koab250
https://doi.org/10.1016/j.scitotenv.2018.10.182
https://doi.org/10.1016/j.scitotenv.2018.10.182
https://doi.org/10.1016/j.scitotenv.2021.145497
https://doi.org/10.1371/journal.pone.0254627
https://doi.org/10.1371/journal.pone.0254627
https://doi.org/10.1080/15226514.2011.552929
https://doi.org/10.1080/15226514.2011.552929
https://doi.org/10.1103/PhysRevLett.124.146401
https://doi.org/10.1103/PhysRevLett.124.146401
https://doi.org/10.1186/s12302-021-00547-2
https://doi.org/10.3390/horticulturae8111046
https://doi.org/10.1007/s11869-021-01141-4
https://doi.org/10.1104/pp.114.237107
https://doi.org/10.1007/s00442-021-04857-3
https://doi.org/10.1007/s00442-021-04857-3
https://doi.org/10.3390/plants12223854
https://doi.org/10.1186/s13213-020-01555-y
https://doi.org/10.1186/s12934-023-02118-x
https://doi.org/10.1186/s12934-023-02118-x
https://doi.org/10.3389/fmicb.2023.1227830
https://doi.org/10.3389/fmicb.2023.1227830
https://doi.org/10.1038/ismej.2007.106
https://doi.org/10.1007/s13225-018-0414-8
https://doi.org/10.1007/s13225-018-0414-8

	﻿The relationship between atmospheric particulate matter, leaf surface microstructure, and the phyllosphere microbial diversity of ﻿Ulmus﻿ L.
	﻿Abstract
	﻿Background
	﻿Materials and methods
	﻿Study site and plant materials
	﻿Sampling of leaves
	﻿SEM and AFM assays
	﻿Analysis of the total suspended particulate (TSP) retained on leaf blades
	﻿Particle size distribution assay
	﻿Microbiome analysis of the leaf surface
	﻿Statistical analysis

	﻿Results
	﻿The morphology and microstructure of the leaf surface varied among the ten ﻿Ulmus﻿ lines
	﻿The PM retention capacity on leaf surfaces varied among the ten ﻿Ulmus ﻿lines
	﻿The phyllosphere microbial diversity patterns varied among the ten ﻿Ulmus ﻿lines
	﻿Leaf microstructures provided an ideal microhabitat for the retention of phyllosphere microorganisms carried by PM

	﻿Discussion
	﻿Conclusions
	﻿References


