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ARTICLE INFO ABSTRACT

Keywords: Phylloremediation for the reduction of air particulate matter (PM) is an interesting opportunity to significantly
Particulate matter contribute to improve the air quality of urban environment. The aim of this study was to: 1) gain insight into the
RNA-seq

gene regulatory networks modulating leaf responses to polluted air, 2) identify possible changes in the leaf
microbiome due to particulate matter in the real urban environment. The leaf transcriptome and microbiome
were analyzed for Photinia x fraseri L. plants cultivated for three months in pots in two close-by areas under
different levels of air PMs (low and high). PCA and heat map analysis showed that 28 differentially expressed
genes in common between the three pairwise comparisons were able to clearly discriminate plants under higher
PM levels. The pollutants were mainly sensed by plants through a restructuring modification of cell wall and
membrane due to the main repression of lipid desaturases. In addition, high PMs showed a clear repression of
genes belonging to primary metabolism pathways involved in C assimilation. Microbiome analysis showed no
significant changes in taxonomic diversity indexes for the bacterial communities, whereas fungi belonging to the
genera Epicoccum and Dioszegia were differently affected by the different exposure to PM levels. A model of
transcriptional regulation to air PMs in plants has been proposed.

Photinia x fraseri
Co-expression analysis

1. Introduction

The use of plants as phylloremediation is a growing interest field,
considering that a high percentage of the global population live in areas
exposed to levels of particulate matter (PM) higher than those recom-
mended by WHO (Gouveia et al., 2021). The most dangerous sources of
pollution relate to anthropogenic activities, such as industrial waste
management, vehicles, and house heating (Park et al., 2018). One of the
most hazardous pollutant dispersed in the air is the PM, which consists
of a heterogeneous combination of organic and inorganic elements in
different states. Its dangerousness is connected with the risk to human
health since it causes serious problems, mainly associated with respi-
ratory diseases (Guo et al., 2022; Li et al., 2019; Schraufnagel et al.,
2019; Yu et al., 2016). This is especially true for the fine particles (PMg),
which can penetrate deeper into the respiratory system compared to
large and coarse particles (PM, and PM¢)(Pryor et al., 2022). For this

reason, PM was included in carcinogenicity Group 1 by the IARC (In-
ternational Agency for Research on Cancer, https://www.iarc.who.int/)
(Loomis et al., 2013).

Plants can significantly reduce air concentrations of pollutants by
capturing particles on leaf surfaces (Abhijith et al., 2017; He et al,,
2020). The use of trees for phytoremediation of air pollution has been
widely investigated thanks to the plant ability to accumulate dust par-
ticles on the leaf surface. The composition of PM in terms of heavy
metals has been determined in different plant species that showed a
different capability to withhold PMs (Konczak et al., 2021). Green roofs
with vegetation of different plant types (shrubs, trees, herbaceous spe-
cies) showed to efficiently reduce air pollutants and they can be used to
implement on existing, retrofitted or new buildings (Gourdji, 2018).
Green barrier species showed to improve air quality through PM cap-
ture. The availability of different plant species in a green barrier is
beneficial to use different mechanisms for particulate matter adsorption
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due to the expanded range of leaf micromorphological differences
(Redondo-Bermudez et al., 2021).

Indeed, garden plants and shrubs can be a powerful system acting as
a natural filter against pollution (Kovacs et al., 2022; Luo et al., 2019).
However, not all plants have the same absorption potential for all types
of pollutants. The deposition and penetration of the substances depends
on the plant’s phenotypic characteristics, such as the leaf area and the
presence of shoot structures and on the characteristics of the polluting
particles and the environment (Mori et al., 2018). Therefore, the
remediating action of plants is influenced by a series of factors that make
it difficult to univocally identify a valid way of action for air purifica-
tion. Moreover, plant height is a fundamental trait to be considered: the
plants should be higher than the atmospheric layer in which dust is
concentrated to impact easily with the particles (Zhou et al., 2022).
Nonetheless, it is necessary to maintain a compromise between the size
of the plants and the road surface available. For this, shrubs and trees are
the most suitable to retain PMs along traffic road streets (Popek et al.,
2022; Prigioniero et al., 2022). Another important factor affecting plant
capability to reduce air particulate matter is connected with the vege-
tative cycle of the plants considered for remediation: evergreen ones are
the most suitable to reduce air dust that is typically higher in winter than
in summer (Pikridas et al., 2013).

Moreover, also microbes and plant microbiota may contribute to air
pollution remediation through their metabolic activities, degrading the
pollutants, or by increasing plant growth and tolerance to abiotic stress
(Espenshade et al., 2019; Syranidou et al., 2018). The phyllosphere
indeed is composed of 10°-10” microbial cells/cm? colonizing the leaf
surfaces, despite the adverse environment characterized by uneven
conditions. Since plants live in intimate association with diverse bac-
teria, these microorganisms have evolved genes that enable them to
adapt to plant environments (Levy et al., 2018). However, while the
interaction between plants and microbes has been extensively docu-
mented as a source of phytoremediation, the available literature con-
cerning phylloremediation is still poor (Wei et al., 2017). Indeed, to
date, various studies have focused on the role of plant roots or canopy as
air depurators (Gawronski et al., 2017 and references therein), but few
of these pointed out the interaction between plants and their microbiota
(Sillen et al., 2020). Furthermore, there are scarce evidence relating to a
modification of the phyllosphere, or in general the leaf microbiota,
including both epiphytic and endophytic bacteria, in polluted areas
compared to rural environments.

To our knowledge, there are no studies on the effects of air PM on leaf
microbiota. Photinia x fraseri L. belongs to the Rosaceae family, which is
considered the third most economically relevant plant family (Dirle-
wanger et al., 2004). It is an ornamental shrub that grows up to 3-5m in
height and is common in urban green areas under 1000 m of altitudes
(Li, 2021). The colour of its leaves migrate from the bright red of the
younger ones to the dark green of the older ones (Larraburu et al., 2010).
The tolerance of P. x fraseri to pruning and air pollution makes it widely
used for roadside hedges thus reducing atmospheric contamination
caused by anthropogenic activities in urban areas during the whole year
and especially in the winter, the most polluted season. Several studies, in
particular, reported the efficiency of P. x fraseri in the adsorption of
particulate matter (PM) and elements (including heavy metals) due to its
phenotypical traits, especially concerning the leaf size (Fang et al., 2021;
Mori et al., 2018).

In this work, we investigated how different exposure to PM may
affect the leaf transcriptome and microbiome. PM accumulation data
were compared with transcriptomic analyses to shed light on the plant
molecular mechanisms that are affected by the adsorption of PM by the
leaves. Moreover, we characterized the leaf microbiota of the same P. x
fraseri plants to investigate on the possible effect of PMs on plant-
associate microorganisms.
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2. Material and methods
2.1. Experimental trial

The experiment was carried out in two areas in Altopascio (Lucca,
Tuscany, Italy), characterized by different anthropogenic pressures in
relation to air pollution based on PMs. A rural area was chosen as control
(less increase of PMs) and compared to a main road area, characterized
by intense vehicular traffic (high increase of PMs). The air levels of PMs
(ug/m3) together with other environmental parameters (air tempera-
ture, relative humidity, COg, O3, NO2, CO, Total VOC) for both areas
were determined using Airquino (https://www.airqino.it/), an instru-
ment developed by the National Research Council of Italy (CNR). 10
Plants of Photinia x fraseri L. were planted in pots using commercial soil;
they had a height of around 1.5 m. Plants were divided in two groups: 5
plants were cultivated in a rural area (named “R”; less levels of PM)
sparsely inhabited used as a control, and 5 plants were planted in an area
extremely involved in urban traffic (named “T”; higher level of PM) and
therefore highly polluted by PMs. Plants were irrigated once every week
and they were routinely checked to determine if any symptoms of biotic
and abiotic stresses occurred. Healthy, fully-expanded, green leaves
were sampled from the 5 plants from each zone at the time of planting
(TO; 16th March 2021) and three months after planting (T1; 22th June
2021). Plants remained healthy during the three months of the experi-
mental trial. Leaves were immediately frozen in liquid nitrogen and
stored at — 80 °C until RNA extraction.

2.2. PM analysis and morphological analysis

The filtration methodology was performed according to
Dzierzanowski et al. (2011) using three filters with different retention
capacities (retention 10 um, retention 2.5 pm, and PTFE membrane -
retention 0.2 ym). Each filter was dried at 60 °C for 30 min and then left
for 60 min at a constant relative air humidity (50%) for weight stabili-
zation and then pre-weighed. Each leaf sample was washed for 60 s with
150 ml of deionized water under agitation. The washing solution was
then sequentially filtered using the three filters. Filtration was carried
out using an apparatus equipped with a 47 mm glass filter funnel con-
nected to a vacuum pump. After filtration, filters were dried, left to
stabilize, and weighed again. At the end of the filtration procedure,
particles of different sizes were divided as large: > 10 pm (PMy,), coarse:
2.5-10 pm (PMc), fine: 0.2-2.5 um (PMg), and PMy = Total sum of
PM; +PM¢+PMg. Two-Way ANOVA was applied considering the effect
of Area (R and T) and Time (TO and T1) in the accumulation of PMr,
divided by the particle size and leaf traits. In addition, principal
component analysis (PCA) was performed to group the PMt accumu-
lated on the leaves.

2.3. Transcriptomic analysis

RNA-seq analyses were carried out for a total of 16 samples. In
particular, for each location (R and T), a pool of mature leaves was
collected from 4 plants at each time point (TO and T1). Frozen leaves
were grounded in liquid nitrogen and a CTAB-modified protocol was
used (Doyle and Doyle, 1987) to extract RNA from the tissue powder.
The RNA obtained from each sample and eluted in nuclease-free water,
was treated with DNasel (NEB) and purified using specific silica-based
columns (Monarch RNA Cleanup kit — NEB). Agilent 2100 Bioanalyzer
(kit RNA nano - Agilent Technologies) and Qubit™ 4 Fluorometer (kit
RNA BR - Thermo Fisher Scientific) were used to respectively check the
quality and quantity of the nucleic acid extracted. Each sample was
converted into sequencing libraries following the procedure of Stranded
mRNA Library Prep (Illumina) and a combination of exclusive unique
dual index. The concentration of each of the libraries was determined
using Qubit™ 4 Fluorometer (dsDNA High Sensitivity Kit - Invitrogen).
Sequencing was performed using Novaseq 6000 SP Reagent Kit (2 x100
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+ 10 + 10 bp parameters).
2.4. Transcriptome assembly and RNA-Seq data elaborations

The RNA-Seq raw reads data in fastq format were obtained from BCL
files using bcl2fastq2 v2.20 (Illumina), and the quality of sequenced
libraries was evaluated using FastQC v0.11.5 (Andrews, 2010). Adaptors
sequences and low quality bases were removed using Trimmomatic
v0.39 (Bolger et al., 2014) with these parameters: HEADCROP:1
LEADING:3 TRAILING:3 SLIDINGWINDOW:4:18 MINLEN:40. The
filtered reads of the RNA libraries were de novo assembled with Trinity
v2.13.2 (Grabherr et al., 2011), and the assembled transcripts were
clustered using CD-hit v4.7 (Fu et al., 2012) with default parameters to
produce a set of ‘non-redundant’ representative sequences for Photinia
transcriptome. De novo assembled and clustered transcriptome statistics
were obtained using ‘n50° Perl script (https://metacpan.org/pod/dis-
tribution/Proch-N50/bin/n50), while BUSCO v5.3.2 (Simao et al.,
2015) with the ‘viridiplantae_odb10’ lineage dataset was used to assess
the completeness of the transcriptome. Pairwise sequence comparison of
the predicted assembled transcripts was performed using the BLAST+
blastx-fast algorithm (Camacho et al., 2009) through the Galaxy plat-
form (Afgan et al., 2018) against the SwissProt and Araportl1 protein
databases, using an expectation value cutoff of le-6.

The filtered RNA reads of the sixteen Photinia x fraseri RNA-Seq li-
braries were mapped to the assembled and clustered Photinia tran-
scriptome, and the quantification of each transcript was carried out with
the utility “align_and_estimate_abundance.pl” of Trinity v2.13.2 (Grab-
herr et al., 2011) using the Bowtie aligning method. The raw counts of
reads mapped to each transcript were normalized basing on the reads of
each library, and not expressed or poorly expressed transcripts (a tran-
script was considered ‘active’ if CPM (counts per million mapped reads)
was > 1 in at least three libraries) were filtered out. Afterwards, Bio-
conductor EdgeR v3.38.1 (Robinson et al., 2010) with likelihood test
were used to do the DE (differentially expression) analysis for three
transcriptome pairwise comparisons (Rural at time 1 Vs. Rural at time O;
Traffic at time 1 Vs. Traffic at time 0; Traffic at time 1 Vs. Rural at time
1). Transcripts with a resulting false discovery rate (FDR) lower than
0.05 and a log, fold change (LFC) lower than — 1 or higher than 1 were
considered differentially expressed transcripts (DETSs).

The Blast2GO software suite v5.2 (https://www.blast2go.com/) was
used to perform homology searches (BLASTX and BLASTN) with Gene
Ontology terms for unique sequence and functional annotation (GO;
http://www.geneontology.org/), protein sequence analysis and classi-
fication (InterPro, EBI, https://www.ebi.ac.uk/interpro/). Sequences
were blasted against a nonredundant (nr) protein database that corre-
sponds to the National Center for Biotechnology Information (NCBI,
https://www.ncbi.nlm.nih.gov/) via BLASTx-fast. InterPro was per-
formed in parallel with the blasting phase, followed by the Gene
Ontology mapping and gene annotation. Subsequently, the Gene
Ontology terms that were derived from the BLAST and InterPro steps
were merged. Go-slim reduction was applied. BLAST2GO was also used
for assigning the genes to cellular processes, biological functions, and
cellular components, as well as other salutary statistics. Hierarchical
clustering and QT-clust analysis of data, based on the three values
attributed, was carried out using MeV v4.6.2 software (http://www.
tm4.org/).

2.4.1. Identification of Arabidopsis orthologs

Transcripts resulting from the assembly and clustering operations
were aligned to Arabidopsis thaliana L. reference transcriptome using
BlastX against Araportll dataset (Cheng et al., 2017) with an e-value
cutoff of 0.001 through the Galaxy Europe toolkit (Afgan et al., 2018);
https://usegalaxy.eu/). For each transcript, the best BlastX hit was
considered as the Arabidopsis putative orthologue. In order to correctly
evaluate the transcripts expression levels basing on Arabidopsis ortho-
log, the reads counts of Photinia transcripts having the same Arabidopsis
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putative orthologue were summed for the sixteen RNA libraries. Then,
the resulting summed raw counts were normalized, filtered and used for
DE analyses with the same methods described on 2.4 paragraph. Tran-
scripts with a resulting false discovery rate (FDR) lower than 0.05 and a
log, fold change (LFC) lower than — 5 or higher than 5 were considered
as differentially expressed.

2.5. Functional data mining and enrichment analyses

According to the DE analyses results, functional data mining was
performed analyzing the pairwise comparisons of DETs between T1 and
TO for each location (Traffic, T1 vs TO; Rural, R1 vs R0O). The pairwise
comparison at T1 between Traffic and Rural was also conducted (T1 vs
R1). Common and exclusive DETs between the two different locations
comparing different time points were determined to dissect the complex
gene regulatory networks underlying plant responses to different air
particulate matter concentrations in the two analyzed close-by areas.
Principal components were calculated using one of the methods in
pcaMethods R (Stacklies et al., 2007) with the Nipals package. PCA
iteratively finds components by leaving out missing values when
calculating inner products. Vector scaling methods were used to data
pre-processing which divides the values by the Euclidean norm of the
values (square root of sum of squared values). The gene visualization in
biological pathways was performed using MapMan 3.6.0RC1 software
(http://mapman.gabipd.org/) to identify and visualize genes in func-
tional overviews of cell pathways and gene categories (Thimm et al.,
2004). The gene set enrichment analysis using Pageman was carried out
with the same list of DE genes (http://mapman.gabipd.org/). The
analysis was performed through the Wilcoxon test without correction
and with a cutoff value of 1. The Database for Annotation, Visualization,
and Integrated Discovery (DAVID) v.6.8 (https://david.ncifcrf.gov/)
(Dennis et al., 2003) was used to get the gene ontology information
related to the biological processes regulated by environmental stresses.
STRING v.11 web-tool was used to visualize the gene-gene interaction
network among the commonly regulated genes (https://string-db.org/),
setting a confident score cutoff = 0.9 (Szklarczyk et al., 2018).

2.6. Taxonomic characterization of leaf microbiota

Total DNA was extracted by leaf tissues using CTAB-modified
method from the same samples collected for transcriptomic analysis
(Doyle and Doyle, 1987). Indeed, microbiome analysis were conducted
at same time points of RNA-seq analysis: at the beginning (T0 and RO)
and after 3 months from the beginning of the trial (T1 or R1). The V3-V4
region of the bacterial 16 S rRNA gene was amplified as previously re-
ported (Cangioli et al., 2022), while fungal internal transcribed spacer 1
(ITS1) was amplified (Almario et al., 2022). Libraries were constructed
following the Illumina 16 S Metagenomic Sequencing Library Prepara-
tion protocol and sequenced on MiSeq instrument (Illumina, San Diego,
CA) using 300-bp paired-end cycles. Library preparation (Nextera XT,
Mlumina, San Diego, CA, USA) and sequencing (MiSeq Reagent Kit v3,
Illumina, San Diego, CA, USA) were conducted at IGA Technology Ser-
vices (Udine, Italy). Demultiplexing was performed following Illumina’s
standard pipeline, as previously reported (Cangioli et al., 2022). Data
analysis was performed as previously reported (Cangioli et al., 2022). In
brief, DADA2 pipeline (version 1.24.0) (Callahan et al., 2016) was used
to cluster amplicon sequence variants (ASVs). Both ASV reconstruction
and statistical analyses were performed in the R environment version
4.2.0 (http://www.R-project.org). After filtering, trimming, dereplicat-
ing, merging and chimera removal, the bacterial taxonomy assignment
was carried out comparing 16 S rRNA ASV against SILVA_SSU r138
database (Quast et al., 2013) using “DECIPHER” R package (version
2.24.1) (Wright et al., 2012) as implementation of DADA2 (SSU version
138 available at: http://www2.decipher.codes/Downloads.html). An-
notated ASVs count tables were processed in Phyloseq package
(McMurdie and Holmes, 2013). All sequences classified as chloroplasts,
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mitochondria, Archaea and Eukarya were removed.

For ITS reads, after assigning to ASV using DADA2 taxonomy
assignment was carried out on the UNITE ITS database (Nilsson et al.,
2018), using a native implementation of the naive Bayesian classifier
method for taxonomic assignment provided by DADA2 package (UNI-
TE_v2020_February2020 version available at http://www?2.decipher.
codes/Downloads.html). The “assignTaxonomy()” function was used.
Alpha diversity (Shannon and Pielou’s Evenness indices) were calcu-
lated using the function “diversity()” within “Phyloseq” R package
(Nilsson et al., 2018). Good’s coverage and evenness indices were
calculated through the R functions ‘goods()’ and ‘evenness()’, respec-
tively, within the ‘microbiome’ R package (version 1.12.0). Taxonomic
differences among microbiota were inspected by non-metric multidi-
mensional scaling (nMDS), using the “ordinate” function and plotting by
the “plot_ordination()” function within phyloseq package. Rarefaction
curves were generated using the “ggplot2” (version 3.3.6) (Villanueva
and Chen, 2019) and “ranacapa” (version 0.1.0) (Kandlikar et al., 2018)
R packages using the “ggrare()” function on the phyloseq object. The
“ggplot2” R package (version 3.3.6) was used to generate relative
abundance plots. Different community structures were analyzed using
permutational a multivariate analysis of variance (PERMANOVA) using
the R packages “vegan” (version 2.6.2) and the function “adonis2()”.

Differential abundance analysis was performed using the R package
DESeq2 (version 1.36.0) (Love et al., 2014).

Traffic
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2.7. qRT-PCR analysis

The RNA samples were treated with RNase-free RQ1 DNase I
(Promega) and used for cDNA synthesis using oligo-(dT)zo primer and
SuperScript III RT mix (Life Technologies, Carlsbad, CA, USA). The
cDNA samples were diluted 1:10 (v:v) with nuclease-free water, while
the real-time PCR assays were performed in QuantStudio 7 Flex Real-
Time PCR System (Applied Biosystems, Waltham, MA, USA) using 3
uL ¢DNA, 0.1 uM gene-specific primers (Table Supplementary 1), and
SYBR Green PCR Master Mix (Applied Biosystems). The relative gene
expression was calculated with the 2°2CT (Livak and Schmittgen, 2001)
and 2°224¢T (Rao et al., 2013) formula using DN4017_c0_g1_i1 (THF), and
DN34523 ¢c0_gl i3 (TMpl) as endogenous reference genes
(Table Supplementary 1). These three reference genes were previously
validated in apple tree (Perini et al., 2014) and their sequences were
used to search for orthologous genes in Photinia. Four biological repli-
cates for each treatment were used. All cDNA samples were carried out
in technical triplicate reactions. The target-specific amplification was
confirmed by the occurrence of a single peak in the melting curve.

PM, =233.93 ug m*/ PM_= 133.06 pg m*
[ Traffic TO [l Traffic T1

T 4]
34

HO

14

TO ™ T0 ™

Fig. 1. A) Traffic area and B) Rural area with the accumulated PM;, and PM registered 22 day before the end of the experimental period. C-F) PM divided by the
particle size accumulated in Photinia leaves collected from two different areas of study (Traffic and Rural) at two different times (TO and T1) during the summer
season 2021. C) PMr = Total sum of PM;+PMc+PMg; D) Large = PM;, > 10 um; E) Coarse = PMc. 2.5-10 um and F) Fine= PMg 0.2-2.5 um. Letters represent
differences between areas and time (Tukey test, p < 0.05).
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3. Results
3.1. PM accumulation in leaves

During the exposure period the average temperature were 15 °C (min
10 °C, max 21 °C), the relative humidity was 70% (45 — 96%) and the
wind of 3.5 km/h (0.5 — 11.3 km/h) was prevalently West-Southwest (©
Meteo System | Osservatorio Meteorologico di Lucca - Zona Arancio,
Toscana — Italia).

The last precipitation above 10 mm was recorded 22 days before the
end of the experimental period and the accumulation of PM;o and PMs 5
was higher in T (Fig. 1 A) compared to the R area (Fig. 1B). An inter-
action between time and area factors was verified for all the PM fractions
analyzed (Table 1). For all assessed particle fractions, the time point 1 (3
months after the beginning) presented higher values than time point
0 (beginning of the trial) either for Rural or Traffic areas (Fig. 1 C-F).
Furthermore, the T1 presented higher values than the R1 for all pa-
rameters (Fig. 1 C-F). Indeed, these data showed that also in rural con-
ditions a significant increase of PMs was observed and this region could
not be considered as pollution-free. However, this increase was lower
than in traffic conditions so the comparison of plant responses between
the two locations is possible and useful to highlight different gene reg-
ulatory responses to air PM levels.

3.2. RNA sequencing and de novo transcriptome assembling

Overall, the number of resulting paired raw reads for each library
ranged from 18 to 31 million, for a total of 343.1 million (Table 2).
Percentage of reads ‘survived’ to filtering ranged from 92% to 95%
(Table 2).

3.3. Venn diagrams and GO-term enrichment analysis of pairwise
comparisons

Venn diagrams were constructed to determine the number of DETs
unique and in common between the pairwise comparisons of different
time points at the same location and of different areas at three months
after the beginning of the trial (R1 vs RO, T1 vs TO and T1 vs R1 -
Fig. 2A). A total of 8242 differentially expressed transcripts were
analyzed using BLAST2GO. Among them, 59 genes were in common
between the three pairwise comparisons (R1 vs RO, T1 vs TO, T1 vs R1),
2866 genes in common between R1 vs RO and T1 vs TO conditions, 785
genes in common between R1 vs RO and T1 vs R1, 124 in common be-
tween T1 vs TO and T1 vs R1 and 74, 2043 and 2294 unique respectively
to R1 vs RO, T1 vs TO and T1 vs R1 (Table Supplementary 2, Table
Supplementary 3, Table Supplementary 4). The most probable Arabi-
dopsis orthologue for each transcript was searched, and 22,584 Arabi-
dopsis proteins were found to have at least one orthologue in the Photinia
assembled transcriptome (Table Supplementary 5). Differential

Table 1

A) Results of the Two-Way ANOVA considering the effect of Time (TO and T1)
and Area (Traffic and Rural) in the accumulation of particulate matters (PMs),
divided by the particle size, in P. fraseri leaves collected. B) Results of the Two-
Way ANOVA considering the effect of Time (TO and T1) and Area (Traffic and
Rural) in the leaf traits analyzed: Leaf surface area (LA in sz); leaf roundness
(LR); specific leaf area (SLA in m? kg’l) and leaf dissection index (LDI).

Effect PM;, PMc PMp PMt
A) Tlme * Kk * i(a %* ok * k%
Area * sk * wn * % % ek
Time*Area €k g *
LA LR SLA
B) Time n.s n.s n.s n.s
Area n.s n.s n.s n.s
Time*Area n.s n.s * n.s

? =p<0.05 **=p<0.001, * ** = p < 0.001, n.s = non significant
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Table 2
For each RNA library, the number of raw reads pairs and number and percentage
of survived reads after filtering were reported.

RNA Condition Time- Raw read Read pairs Read pairs
library point pairs (#) survived to survived to
filtering (#) filtering (%)
RO_1 rural 19,466,329 18,181,545 93.40%
area 0
RO_2 rural 31,079,586 28,791,118 92.64%
area 0
RO_3 rural 20,312,641 18,895,568 93.02%
area 0
RO_4 rural 20,589,680 19,517,672 94.79%
area 0
R11 rural 23,406,485 21,709,176 92.75%
area 1
R1.2 rural 19,193,945 17,882,154 93.17%
area 1
R1.3 rural 23,377,567 21,843,427 93.44%
area 1
R1.4 rural 18,139,659 16,856,104 92.92%
area 1
TO_1 traffic 23,543,118 22,009,812 93.49%
0
TO_2 traffic 23,510,851 21,774,720 92.62%
0
TO_3 traffic 18,742,202 17,573,312 93.76%
0
TO_4 traffic 21,543,579 20,192,772 93.73%
0
T11 traffic 20,660,840 19,477,537 94.27%
1
T1.2 traffic 20,836,477 19,281,245 92.54%
1
T1.3 traffic 18,658,024 17,511,100 93.85%
1
T1. 4 traffic 20,049,766 18,841,008 93.97%

expression analyses have been carried out considering the summed
counts for each orthologue Arabidopsis transcript, and the resulting
DETs were 2676 for R1 vs RO comparison (1180 down-regulated; 1496
up-regulated), 2696 for T1 vs TO comparison (1203 down-regulated;
1493 up-regulated) and 367 for T1 vs R1 comparison (312 down-
regulated; 55 up-regulated) (Fig. 2B). Detailed DE analyses results are
reported in Table Supplementary 5.

3.4. Principal component analysis of RNA-seq

A MDS (Multi-Dimensional Scaling) chart was performed to deter-
mine the “general” differences between sampling area and time points
(Figure S.1). The two different time points were clearly separated
through the dimension 1 while a separation was less evident (but pre-
sent) between the two experimental sites. The PCA analysis carried out
on all the different groups of the common DETs (Fig. 3) showed that R1
and T1 conditions were clearly discriminated from the TO and RO.
Indeed, these 59 genes in common between the three experimental
conditions (R1 vs RO, T1 vs TO and R1vs T1) (Fig. 3A) highlighted that
DETs of T1 and R1 conditions clustered very near and clearly separated
from the TO and RO ones. The PCA analysis of the 124 genes (Fig. 3B) in
common between T1 vs TO and T1 vs R1 showed that T1 and R1 con-
dition clustered clearly separated. The PCA of the 785 genes in common
between R1 vs RO and T1 vs R1 (Fig. 3 C) showed that R1 condition was
clearly different from the other three groups (TO, RO and T1). Finally,
the PCA of 2866 genes in common to R1vs RO and T1 vs TO (Fig. 3 D)
showed a clear separation between the two timepoints while the two
areas were similar.

3.5. Phylogenetic analysis, co-expression and sequence comparisons

The co-expression analysis of the 59 DETs in common between the
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three pairwise comparison showed that inside this group there were 3
clusters of genes that were differently modulated inside the T1 vs TO, R1
vs RO and T1 vs R1 conditions (Figure S.2). These results were confirmed
when the same group of genes were analyzed using the QT-CLUST tool.
According to this analysis, 28 genes were upregulated in R1 vs RO and
repressed in the other two comparisons (Figure S.3, cluster 1) high-
lighting that these genes should be the most affected by air particulate
matter. They represent a signature of plant responses to air pollution at
transcript level. Indeed, they distinguished the rural and traffic condi-
tions since all these genes were repressed by higher level of pollution
while upregulated in rural condition. Among them it is worth
mentioning some genes involved in ribosome assembly, peptide
biosynthetic process and also amide biosynthetic processes. On the other
hand, 19 genes showed to be upregulated in T1 vs R1 while it was
repressed in R1 vs RO and T1 vs TO (Figure S.3, cluster 2). They belonged
to three main categories: xanthophyll metabolic process, tetraterpenoid
metabolism and carotenoid metabolism (Table Supplementary 6).

Cluster 3, cluster 4, cluster 5 and cluster 6 (Figure S.3) were char-
acterized by set of genes that were mainly downregulated in all the
experimental condition including genes involved in cell wall metabolism
such as beta-glucuronidase, omega-3 fatty acid desaturase, cinnamyl-alcohol
dehydrogenase, sinapyl alcohol dehydrogenase (Table Supplementary 6).

The co-expression analysis of the 785 DETs in common between T1
vs R1 and R1 vs RO showed that 600 genes were upregulated in R1 vs RO
and repressed in T1 vs R1 (Figure S.3, cluster 7). Several gene categories
were highly represented such as ribosome assembly, protein folding or
peptide biosynthetic process. At the same time, 185 genes have an
opposite trend: repressed in R1 vs RO and upregulated in T1 vs R1
(Figure S.3, cluster 8) and the most represented gene category was ATP-
dependent activity (Table Supplementary 6).

Cluster 9 and Cluster 10 (Figure S.3) were composed by genes with a
very similar trend of expression in all the three pairwise comparisons.
Most of them belonged to the following categories: response to reactive
oxygen species, oxidative stress and temperature stimulus
(Table Supplementary 6).

3.6. Gene set enrichment analysis

The gene set enrichment analysis highlighted that some gene cate-
gories of the primary metabolism were significantly upregulated in R
and not in T such as fermentation, TCA, mitochondrial electron trans-
port /ATP synthesis (Fig. 4). Gluconeogenesis was inhibited in T while
induced in R. On the other hand, cell wall precursor synthesis was down-
regulated in T, while some lipid-related genes (FA synthesis and FA
elongation) were regulated similarly in the two conditions, others
showed extremely different pattern of expression (FA desaturation
desaturase and lysophospholipases carboxylesterase). Pathways involved in
nitrogen and amino acids metabolism were significantly regulated (up-
or down-regulated) in the rural context while they were unmodulated in
plants subjected to higher pollution concentration (Fig. 4). Several
interesting pathways were significantly affected by different PM con-
centrations. They belonged to secondary metabolism such as lignin,
flavonoids and phenols. In the traffic area genes involved in abscisic acid
and gibberellins metabolism were upregulated while they were not
regulated in the rural counterpart, where it was mainly observed a trend
of down-regulation in cytokinin metabolism. Although both conditions
showed an induction of stress categories, this was more pronounced in T
area. Relating to the transcriptional regulation, rural area showed more
differentially regulated genes than traffic area. This was confirmed also
for genes involved in general pathways of the protein metabolism.
Finally, the transport categories (sugars, sulphates and metals) were
down-regulated in T and not in R.

3.7. Metabolic pathways and gene categories

Differentially expressed genes in the two pairwise comparisons (T1
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vs TO and R1 vs RO) involved in metabolism overview were shown in
Fig. 5. Most of the genes showed a similar trend of expression between
the two pairwise comparisons. At the same time, genes such as sugar
isomerase (SIS) domain-containing protein, AtGolS2 and Gsl03 both
involved in minor CHO metabolism and genes like Expl and Exp8
involved in cell modification were downregulated in both conditions.
However, some genes belonging to different categories were modulated
in a contrasting way between T and R such as genes encoding aldo/keto
reductase family proteins which were upregulated in R and down-
regulated in T. Genes involved in TCA cycle like Sdh2-2 (succinate de-
hydrogenase 2-2) or Sdh3-1 (succinate dehydrogenase 3-1) were
upregulated in R and different genes involved in the same pathway like
Sdh1-2 (succinate dehydrogenase) and Sdh2-1 (electron carrier in succi-
nate dehydrogenase) were downregulated in T. At the same time, Mls
(Malate Synthase) and Icl (Isocitrate Lyase) genes involved in gluconeo-
genesis were upregulated in rural condition but downregulated in traffic
one. At least genes like Fdh (Formate Dehydrogenase) involved in C1-
metabolism was wupregulated in R and downregulated in T
(Table Supplementary 6).

Two different set of genes involved in hormone biosynthesis were
modulated in the two conditions analyzed (T and R) (Figure S.4). Gasal
(Gast1 Protein Homolog 1), Gasal4 and GasalO were upregulated in T
conditions. Genes involved in gibberellins like Ga200x2 (Gibberellin 20
Oxidase 2) and Gasa6 were downregulated in R conditions. Relating to
auxin pathway, Saur7 (Small Auxin Upregulated Rna 7) and F28i8.9
(Auxin-Responsive Protein-Related) were respectively downregulated and
upregulated in R conditions compared to T. Suba4 (Aldo-Keto Reductase
Activity), Saur78 (Small Auxin Upregulated Rna 78) and Saurl, (Small
Auxin Upregulated Rna 1), are a group of genes related to the same
pathway modulated only in T condition (the first was upregulated and
the other ones downregulated). The only difference in DETs related to
brassinosteroid pathway was the Br6ox2 (Brassinosteroid-6-Oxidase 2)
gene, that was downregulated only in rural condition. In T condition the
genes Aoc3 involved in jasmonate metabolism was upregulated
(Table Supplementary 6).

Relating to genes involved in environmental stress responses, rural
condition showed a large number of downregulated genes such as pro-
tease inhibitor, PR4 (Pathogenesis-related 4), Lcr69 (Low-molecular-weight
cysteine-rich 69) and PR Thaumatin Family gene (Figure S.5). Traffic
condition showed a large set of upregulated genes such as Atlptlp — 1,
Rpp5 (Recognition of Peronospora parasitica 5), RPP8-like protein 3, a
disease resistance protein (CC-NBS-LRR class), SCP domain-containing
protein and MSH2 that were annotated like two pathogenesis-related
proteins (Figure S.5). When the air quality is higher (rural, less
polluted), genes encoding heat shock proteins were more induced than
in traffic conditions such as At-hsfb2b, DNAJ heat shock family protein,
Erd2 (early-responsive to dehydration 2), 17.6 kDa class I small heat shock
protein (HSP 17.6 C-CI), Hsp18.2 (Heat Shock Protein 18.2)
(Table Supplementary 7).

Among genes involved in redox reaction, some genes like AtcxxsI,
Apx2 (Ascorbate Peroxidase 2), glutaredoxin family protein and electron
carrier/protein disulfide oxidoreductase followed the same trend of
modulation in T and R conditions. Differently Atpdil2-1 involved in
redox reaction of thioredoxin was downregulated in T and upregulated
in R. Cb5-c (Cytochrome B5 Isoform C) and Apx5 (Ascorbate Peroxidase 5)
involved in oxidative stress responses were upregulated in rural condi-
tion and not in traffic one (Table Supplementary 7). Genes involved in
cell cycle were mostly induced in the conditions with less PM (rural)
while they were not affected in the traffic area implying the air partic-
ulate has a negative effect on genes involved in cell cycle. Genes like
Atphb2 (Prohibitin 2), peptidyl-prolyl cis-trans isomerase, Roc5 (Rotamase
Cyclophilin 5) and Rof1 (Rotamase Fkbp 1) were upregulated only in rural
condition.

In general, air particulate matter showed a higher number of upre-
gulated genes belonging to the following transcription factor families
(Fig. 6): G2-like transcription factor family, Heat-shock transcription factor
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family, C3h zinc finger family and C2h2 zinc finger family. In addition,
there were some specific genes that showed contrasting pattern of
expression among the two pairwise comparisons. The following genes
were repressed at higher levels of PM while they were not regulated in R:
zinc finger constans-related, Wrky domain transcription factor family and
Zfp1 (Zinc -Finger Protein 1). Moreover there were some genes down-
regulated in R and not regulated in T: Wrky18, Wrky29, Arr6 (Response
Regulator 6), Hmgb3 (High Mobility Group B 3) and chloroplast nucleoid
DNA-binding protein-related (Table Supplementary 8).

3.8. qRT-PCR analysis

A validation analysis using qRT-PCR was conducted for 6 genes
randomly selected among different gene sets (cell wall, transcription
factor, redox pathways) (Fig. S6). 5 of 6 showed the same trend of
expression compared to RNA-seq data for each time point and pollution
areas. Only one gene (c-myb-like transcription factor) was upregulated in
T1 vs TO comparison while was not modulated in the same comparison
in RNA-seq analysis.

3.9. Protein-protein interaction network

Protein-protein interaction analysis, conducted using String, pre-
dicted 431 proteins encoded by DETs in common between T1 vs TO and
T1 vs R1 (Fig. 7A and B). These two comparisons were shown since they
indicate genes affected by air particulate matter after 3 months. The
presence of the genes in both comparisons strengthen the link between
the expression of these genes and PMs air concentration. While some of
them were barely interactive, others showed a high level of interactions
and were very connected each other. Among these highly interactive
proteins (hubs) involved in abiotic stress, it is worth mentioning
different genes related to the heat shock proteins family like HSP80 and
HSP17.9. Among other genes showed in the networks, there were some
other genes well-known to be involved in response to inorganic sub-
stance such as PER1, GDH2 and FSD2.

3.10. Characterization of leaf microbiota

Concerning the bacterial fraction of the microbiota (viz. 16 S rRNA
amplicon sequencing data), a total of 145 Amplicon Sequences Variants
(ASVs) were obtained (Table Supplementary 9), 128 of which were
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A)

Fig. 7. Protein-protein interaction networks of DEGs found in significantly modulated GO-terms in the two pairwise comparisons. Name of key proteins with a high
number of interactions were indicated. Proteins are represented by nodes while lines are predicted or experimental interactions determined using STRING software.

A) Comparison between T1 and TO. B) Comparison between R1 and RO.

assigned to bacterial taxonomy. Sequences belonging to Archaea and
chloroplasts, as well as ASVs not assigned (NAs), were discarded. Due to
low quality of extracted DNA, the sample P10-R-TO did not produce
reads assignable to bacterial taxonomy, thus it was removed.

Good’s coverage scores indicated that the sequencing depth was
adequate to reliably describe the bacterial community
(Table Supplementary 10). For the fungal fraction (viz. ITS amplicon
sequencing data), a total of 227 Amplicon Sequences Variants (ASVs)
were obtained (Table Supplementary 12). After discarding those not
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assigned to fungal taxonomy (NAs), 155 ASVs were considered for
further analyses.

Good’s coverage scores indicated a satisfactory level of sampling
(Table Supplementary 13), which allowed to estimate alpha diversity
indices (Table Supplementary 14).

After estimation of alpha diversity indices (Table Supplementary 11)
no difference in alpha diversity values among samples from rural and
urbanized area were found for the bacterial fraction (Fig. 8A). In
contrast, fungal diversity showed statistically significant differences
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Fig. 8. Alpha diversity of bacterial (A) and fungal (B) community. Violin plots with samples are grouped according to sampling area and date. Statistical analysis was
performed using Wilcoxon test (p-values are reported over the lines: not significant p > 0.05). The y axis indicates the values of the Pielou index and Simpson index.
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between rural and urban areas for Pielou Index, indicating that evenness
of fungal species changed among the two sampling areas (Fig. 8B).

In bacterial fraction of the microbiota, the most represented phyla
were Bacteroidota, Proteobacteria and Firmicutes. At genus level the
most abundant genera were Pseudarcicella, Hymenobacter, Streptococcus
and Pseudomonas (Fig. 9A). For the fungal fraction, mycobiota were
mainly composed by members of the phylum Ascomycota (Fig. 9B).

Concerning the taxonomic diversity among samples, PCA did not
showed a separation between the two different areas for both bacterial
and fungal communities (Fig. 10). Indeed, neither the sampling area, nor
the sampling date affected the taxonomic diversity (PERMANOVA) of
the bacterial fraction of the microbiota (Table 3A). However, statisti-
cally significant difference in relation to the sampling time were found
for the mycobiota (fungal fraction) (Table 3B). More specifically, when
we focused the attention on single ASVs instead of the total mycobiota,
differential abundant analysis showed, for the fungal fraction, the
presence of two ASVs showing significantly different abundance be-
tween rural and urban area. One ASV, belonging to the Epicoccum genus,
was found increasing along time in the rural zone samples, while the
other one, belonging to the Dioszegia genus, was decreasing along time
in plants exposed to the traffic zones. Regarding the microbial fraction,
one ASV belonging to Spiroplasma genus was found increasing along
time in plants in the rural area (Table 4, Supplementary Table S15).

4. Discussion

Plant leaves are important receptors for both gaseous and PM pol-
lutants of the atmosphere. Before these pollutants enter the leaf tissue,
they interact with foliar surface and modify its configuration (Popek
et al., 2018). Morphological leaf features such as hairs and waxes may
enhance PM content (Jouraeva et al., 2002; Leonard et al., 2016). PM
present in the leaves reduce free access of light rays to the chloroplasts
((Hirano et al., 1995). Low size PMs may clog the stomata, decreasing
gas exchange (Cape et al., 2009), while chemically-active PM may
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influence the physiological plant processes (Chauhan, 2010). PM
deposition in leaves showed an increase of various metal(loid)s in the
epicuticular wax implying that PM may penetrate the cuticular barrier
although they are retained on the leaf surface (Shabnam et al., 2021). In
addition, immobilized fraction of PM was linked to trichome density and
leaf wettability, implying that plant species with higher trichome den-
sity and/or leaf wettability accumulated more PM than plant species
with less trichomes (Muhammad et al., 2020). The use of plants for the
phylloremediation of air PMs in urban polluted environment is an old
idea. However the molecular mechanisms underlying the capability of
plants to tolerate the accumulation of PMs in leaf surfaces are
completely unknown. In our study, we only observed a possible inter-
action of time and area with different levels of PM on specific leaf area.
Although this was the only significant change between the two time
points of the two areas, this parameter might be important to modulate
the different levels of PMs adsorbed by leaf tissues. Considering that
1-year old plants were transplanted and leaves were already fully
expanded it is expected to not observe in three months significant
changes in leaf area, leaf roundness and leaf dissection index. This is due
to the short time frame (3 months). The time is not enough to see
morphological changes in an evergreen tree plant such as photinia.
Probably this should be evident after years of PM exposition, consid-
ering the time needed by plants to acclimate to the new condition after
the transplantation. The main focus of our work was to shed light on
these mechanisms, and in particular on the transcriptomic changes that
occur in plants exposed to higher levels of PM in comparison to plants
located in a less polluted (but not pollution-free) area. At the same time,
we investigated how exposure to high PM levels affects the composition
of the leaf microbiota.

The PCA analysis carried out on the common DETs between three
pairwise comparisons showed R1 and T1 conditions were clearly
discriminated, highlighting that these may be used as host biomarkers to
PM response. At the same time, in panel D data of TO DETs (Panel D of
Fig. 3) showed a specific cluster remark that these DETs can be
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Table 3 (Chauhan, 2010; Pandey et al., 2017). However, our transcriptomic data
able

Permutational Multivariate Analysis of Variance (PERMANOVA) after a
centered log ratio (CLR) transformation of microbiota for sampling date and
area. The degree of freedom (Df), sum of squares, R2 F values and p values are
reported.

A) Bacterial community

Df  SumOfSqs R2 F Pr(>F)

Sampling area 1 45258 0.09851  1.3702  0.08659
Sampling date 1 37826 0.08234  1.1452  0.16078
Sampling area: sampling 1 46029 0.10019  1.3936  0.07899

date
Residual 10 330290 0.71895
Total 13 459404 1
B) Fungal community

Df SumOfSqr R2 F Pr(>F)

samping area 1 484356 0.12296 2.542 0.05349
sampling date 1 707157 0.17952  3.711  0.00330 * *
sampling area:sampling 1 460956 0.11702  2.419  0.06589

date
Residual 12 2286720 0.58051
Total 15 3939189 1

Table 4

Differential abundances of microbial ASVs in relation to sampling site and date.
Results from DeSeq2 analysis are reported. The log2 fold change (Log2Fc), the p-
value of contrast and the genus assigned to the ASV are indicated. The complete
list of values obtained is reported in the Supplemental Dataset S1.

A)Bacterial community

Site Contrast ASV Log2Fc P-value Genus
rural area T1 vs TO ASV11 20,825130 8.5843e-06 Spiroplasma
B) Fungal community

Site Contrast ASV Log2Fc P-value Genus
rural area T1 vs TO ASV1 11.2748052 0.002 Epicoccum
traffic T1 vs TO ASV3 -10.291588 0.01 Dioszegia

considered specific biomarkers of leaf development.

4.1. PM effects on the leaf primary metabolism

It is known that the toxic effects of PM on plants deals with a
decrease of leaf dry matter, increased concentrations of trace elements
and nitrates in the above-ground biomass, changes in leaf gas-exchange
parameters and amino acid concentrations (Cape et al., 2009). It has
been suggested that the shading effects due to deposition of suspended
PM on the leaf surface might be responsible for the decrease in the
concentration of chlorophyll in polluted area (Popek et al., 2018). The
reduction in chlorophyll content is expected to affect photosynthesis

12

did not show any clear reduction of photosynthesis-related genes in T
compared to R. Other studies dealing with dust particulate matter (iron)
stress have shown an impairment of glycolysis and TCA pathways (Kuki
et al., 2008). In addition, particulate matter levels showed to affect the
activity of several enzymes involved in photorespiration such as glyco-
late oxidase and phosphoenol pyruvate carboxylase (Mandal, 2006).
Interestingly, our data partially agreed with these previous findings.
TCA and mitochondrial electron transport pathways were induced in R
but not in T. In addition, we found that phosphoglucomutase and sugar
isomerase (SIS) were upregulated in rural area but not in traffic area
implying an inhibition effect of PM on gluconeogenesis.

We observed the repression of some genes involved in aminoacid
biosynthesis by high levels of PM like Asnl (Glutamine-dependent
asparagine synthase 1), Pgdh (3-phosphoglycerate dehydrogenase) and Hogl
2 (High osmolarity glycerol). This evidence was expected since we have
examined a long-term response to chronic stress (three months). Indeed,
plants are subjected to PM stress for a long time with a consequent
chronic inhibitory effect of photosynthesis due to the reduced amount of
natural light received by leaf tissues. A significant reduction of photo-
synthetic activity was also observed in a previous study dealing with
similar periods of PM accumulation in mature leaves of different plant
species (Cuba et al., 2020). PM has been shown to change the pools of
free glutamate and asparagine metabolized during photorespiration
(Vega, 2018). Glutamate, glutamine, aspartate and asparagine are used
to transfer nitrogen from source organs to sink tissues and to build up
reserves during periods of nitrogen availability for subsequent use in
growth, defense and reproductive processes (Hernandez-Jiménez et al.,
2002; Ogawa and Iwabuchi, 2001). Our study seems to confirm these
findings, since we observed some key genes involved in TCA, gluco-
neogenesis and photorespiration like Sdh2-1 (Succinate dehydrogenase
[ubiquinone] iron-sulfur subunit 1), Sdhi-2 (Succinate dehydrogenase
[ubiquinone] flavoprotein subunit 2), Mls (malate synthase), Icl (isocitrate
lyase) and Gdch (Glycine decarboxylase complex) that were down-
regulated by high level of PM. No studies have been conducted on
particulate matter at the transcriptomic level. Previous studies have
focused on other pollutants like SO3, NOy and HaS under hardening
conditions which can cause more depletion of soluble sugars in the
leaves of plants grown in polluted area. Other dust particulate matter
(iron) has shown a reduced pH and consequently impairs of glycolysis
process in two costal plant species (Kuki et al., 2008).

Relating to lipid metabolism, our results showed that the transcript
abundance of two key genes, Acyl-coenzyme a desaturase-like2 and Delta
9 desaturase 1 were higher in R than in T. These genes are involved in the
synthesis of chloroplast lipids and VLCFAs (very-long-chain fatty acids)
of certain seed oils. These proteins have a role in petal senescence and
are involved in temperatures changes (Byun et al., 2014). Another
member of these gene family, has been suggested to have a potential role
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in drought tolerance (Wisutiamonkul et al., 2017). Previous evidence
suggests that Acyl-coenzyme a desaturase-like2 play a significant role in
determining the degree of unsaturation of membrane lipids, and
particularly in sphingolipids which have a key role in response to low
temperature (Esmaeili et al., 2021). We hypothesize that these genes
might be involved in modulating the leaf cell membrane fluidity which
may be a key factor in sensing PMs deposition in leaves. Dust caused by
air pollution showed to damage leaf physiological functions in cotton
leaves, reducing leaf chlorophyll and carotenoid content and increasing
cytoplasmic membrane permeability, leaf cellular structure, leaf blade
surface morphology(Abuduwaili et al., 2015).

4.2. Stress response pathways

4.2.1. Biotic stress responses

We observed an increased expression of biotic stress-related genes in
T compared to R. This phenomenon is well-known and occurred in
previous meta-analysis of transcriptomic responses to abiotic stresses. In
response to drought plants activated transcription factors involved in
biotic response were induced (WRKY20, Alfin-like 1, Set26) and several
GO-terms such as response to nematode, ethylene-signaling) (Benny
et al., 2019). In addition, different abiotic stresses (drought, salinity)
showed the induction of genes involved in biotic stress responses
(terpenoid, phenol, and anthocyanin biosynthesis) as well as specific
biotic stress-related genes such as TINY, CCR (cinnamoil CoA reductases),
several members of WRKYs involved in crosstalk between biotic and
abiotic stress (Balti et al., 2021). In addition, cold stress induced several
genes involved in response to pathogen infections such as lipoxygenases,
NAC transcription factors, pathogenesis-related thaumatin proteins, disease
resistance proteins (CC-NBS-LRR) (Vergata et al., 2022). On the other
hand, several abiotic stress-related genes were also induced in response
to different categories of pathogen (Balan et al., 2017). Genes such as
Atlp-1(Putative pathogenesis-related thaumatin superfamily protein), Atprb1
(Putative basic pathogenesis-related protein 1) and Q19e69 (Disease resis-
tance protein) were upregulated in the plants grown in traffic conditions.
The same categories of genes were also induced by cold stress (Vergata
et al., 2022). Atlp-1 and Atprbl were member of TLP family that have
essential functions in plant development and response to adversity
stresses (Singh et al., 2013). Thaumatin like proteins (TLPs) are vital
proteins involved in the complex defense process of plant pathogens.
Members of the TLP family have been reported in recent studies to
participate in multiple biological processes under biotic or abiotic stress
(Petre et al., 2011). Recently, it has been shown that GbTLPs in Gos-
sypium barbadense were significantly upregulated after Verticillium dah-
liae infection, suggesting a role for TLP in disease resistance (Zhang
et al., 2021). Furthermore, the tolerance of tobacco to salt, oxidative,
and drought stress was enhanced by AdTLPs expression (Barthakur et al.,
2001; Singh et al., 2013). In addition to antibiotic activities, TLPs have
also been involved in other physiological and developmental roles,
including antifreeze activities (Yu and Griffith, 1999), abiotic stress
tolerance (Subramanyam et al., 2012), floral organ formation and fruit
ripening (Neale et al., 1990) and glucanase activity (Osmond et al.,
2001). Ctl2 is a member of class II chitinase and evidences in Arabidopsis
and poplar suggest that CTL proteins play important roles in primary
and secondary cell wall formation (Grover, 2012). This gene has been
shown to be strongly upregulated in concert with secondary cell for-
mation during interfascicular fibers differentiation in Arabidopsis. In
poplar and Arabidopsis, expression of a specific chitinase member gene is
highly correlated with secondary wall formation (Johnston, 2006). We
found that Pathogenesis-related proteins were more induced in T con-
ditions. The abundance of these proteins in tobacco leaves infected with
various pathogens indicated that these proteins are involved in plant
systemic responses to disease. Overexpression of the PR-1 gene results in
increased plant resistance to fungi, oomycetes, and bacteria, but not to
viruses (Shin et al., 2014). DIR6 (disease resistance-responsive family
protein), member of the DIR family genes, plays a role in specific tissues

13

Environmental and Experimental Botany 209 (2023) 105313

at certain stages of plant growth and development. Previous reports
have shown that the DIR genes were involved in abiotic stress. BaDIR1 of
B. hygrometrica responded to various abiotic stresses, including drought,
CaCly, ABA, H203, and EGTA (Wu et al., 2009). T. androssowii Tadir gene
was upregulated under salt and saline stress (Gao et al., 2010). Sac-
charum spp. ScDir expression was increased when seedlings were
exposed to hydrogen peroxide, PEG and salt stress (Jin-Long et al.,
2012).

In conclusion, we may provide the following explanation for the
upregulation of biotic stress-related genes:

1) Many of the genes involved in defense pathways against environ-
mental conditions are in common between abiotic and biotic stresses.
The signalling cascades of these two main categories are overlapping
and many genes are involved in crosstalk of the complex regulatory
responses to biotic and abiotic stresses. In addition, several genes
have common function of reducing reactive oxygen species, inacti-
vate other toxic compounds, anti-oxidant properties.
It is also possible that particulate matter is also vehicle of pathogen
infections and an increase of attacks may occur in leaves subjected to
higher levels of PMs
3) PMs may render plants more sensitive to biotic stresses and this
induce the expression of defense genes in response to a possible in-
crease of pathogenic attacks (linked to the above explanation).

2

—

4.2.2. Abiotic stress responses

In this work, we observed an induction of several genes encoding key
enzymes involved in redox pathways such as protein disulfide isomerase
(thioredoxin family), cytochrome B5 isoform C and ascorbate peroxidase 2
and 5 (ascorbate/glutathione), Fe-superoxide dismutase 1 and 2 (dis-
mutase/catalase). Although more genes involved in redox were induced
in R than in T, most of them were in common. We may speculate that this
occurs because in R the levels of PMs are anyway high enough to induce
a defense response in plants while in T the levels are too high to allow an
activating response of plants that are probably close to senescence stage.
Indeed, it is well-accepted that abiotic stress typically leads to the
overproduction of reactive oxygen species (ROS) in plants, which are
highly reactive and toxic and cause damage to biological molecules.
Non-enzymatic low molecular weight metabolites, such as ascorbate,
glutathione and o-tocopherol help counteracting this process. These
antioxidants are also capable of chelating metal ions, reducing thus their
catalytic activity to form ROS and also scavenge them. Hence, in plant
cells, this triad of low molecular weight antioxidants (ascorbate, gluta-
thione and o-tocopherol) form an important part of abiotic stress
response.

These pollutants affect plant growth either by displacement of
essential cations from specific binding sites or generation of oxidative
stress by the generation of ROS. One direct way of disruption was, upon
uptake into the cell, a direct reaction took place with proteins due to an
affinity for Thionyl-, Histidyl- and Carboxyl- groups (Kumar et al., 2017;
Sharma and Dietz, 2009).

In the literature, although no studies are reported on PMs, many
studies have shown that HSPs were induced in response to various
abiotic stresses including heavy metals (CELIK et al., 2021). Similarly,
the HSP70 sub-family, DnaK (Bip), was up-regulated in rice seedlings
(Rodriguez-Celma et al., 2010). Arabidopsis exposure to cadmium stress
induced many HSPs (Lee and Ahn, 2013). Similarly, increased expres-
sion was reported for HSP80 and HSP17.9 in rice (Ahsan et al., 2007).
We observed that a member of the class I small heat-shock protein
(sHSP) family, was upregulated only in T conditions in our experiment,
according to the same trend previously studied and described in the
literature.

On the other hand, HSP70-13, a member of the HSP70 family of heat
shock proteins was downregulated in T conditions. Hossain et al. (2013),
described that in soybeans, two-folds higher accumulation of HSP was
recorded in Cd-accumulating genotypes, while there was less HSP70
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expression in lower Cd-accumulating varieties, which showed that HSP
expression was also genotype-specific (Hossain et al., 2012). Proteins of
the RmlC-like family in rice are involved in antioxidant defense and
detoxification during Cu-induced oxidative stress (Chen et al., 2015). To
overcome oxidative stress, plants often recruit enzymatic components
such as superoxide dismutase (SOD), catalase (CAT), peroxidase (POD),
and so forth. Protective responses against abiotic stress often go through
the formation of active oxygen forms, and therefore, the ROC3 inter-
action with At5g39120 can regulate ROS accumulation in plant tissues to
generate defensive response. RmlC-like cupins superfamily protein was
upregulated in T highlighting that this gene may be involved in PM
response. We also observed the PM modulation of some genes encoding
proteins involved in detoxification of oxygen radicals.

Heavy metals induce the synthesis of organic ligands that could form
metal complexes with reduced biological activity. When plants are
exposed to heavy metals, PCS (phytochelatin synthase, an enzyme that
synthesized phytochelatins (PC) from glutathione (GSH) and homolo-
gous biothiols) condenses the y-glutamyl-cysteine moiety of a GSH
molecule with the glutamic acid residue of a second GSH, releasing
glycine and increasing the length of the PC molecule. Arabidopsis plants
treated with cadmium or copper responded by increasing transcription
of the genes for glutathione synthesis and reduction, y-ECS and GSH-S,
as well as GR.

4.3. Cell cycle and cell division

Trivedi et al. (2012) in their study in Arabidopsis, indicated that
cyclophilin family genes were less responsive to various stresses as
compared with the rice cyclophilins. A cyclophilin with peptidyl-prolyl
cis-trans isomerase activity (CYP2) was upregulated in T. Since cyclo-
philins have been associated with a wide range of processes (including
signal transduction), they have been found to catalyze the folding of
certain proteins while serving as molecular chaperones (Godoy et al.,
2000).

Genes involved in cell cycle in our experimental condition were
upregulated in R compared to T implying that the oxidative stress in
traffic conditions might be correlated with a decrease in cell cycle pro-
cesses compared to rural conditions. In plants, very few data are avail-
able on the possible link between abiotic stress responses and cell cycle
progression. Logemann et al. (1995) showed a tight correlation between
down-regulation of cell cycle genes and up-regulation of defense genes
following UV irradiation or elicitor treatment in parsley cells. This study
examined the impact of oxidative stress on the cell cycle progression
using the redox-cycling drug menadione. Reichheld et al. (1999)
demonstrated that mild oxidative stress leads to inhibition of cell divi-
sion both in cell suspension and plants. Mild oxidative stress during the S
phase slows down progression into the S phase and delays entry into
mitosis, transiently blocking cells in G2. and underline the existence of
specific mechanisms responsible for transient cell cycle blocking at
different checkpoints in response to sublethal menadione-induced
oxidative stress.

4.4. Transcription factors involved in PM response

Our transcriptomic analysis highlighted that some key transcription
factors like G2-like, C3H and Myb were involved in response to PM stress.
The relation between different expression of transcription factors and
plants exposed to different concentrations of heavy metals is well-
known. Gao et al. (2015) described transcriptomic changes during
maize root development responsive to Pb highlighting the role on Pb
responses of C2H2 zinc finger family bHLH (bZIP), AP2/EREBP, APE-
TALA2/Fthylene-responsive element binding protein family (ERF) as
well as G2-like transcription factor family (GARP). At the same time,
Sapara et al. (2019),identified several MYB members in response to
heavy metal stress. Myb transcription factor plays important role in
stress tolerance by ABA-dependent and -independent mode. The rice
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Myb TFs were upregulated on exposure to cadmium stress at different
time durations (Ogawa et al., 2009). Similarly, in Arabidopsis also
different Mybs (Myb4, Myb28, Myb43, Myb48, Myb72 and Myb124) were
induced by Cd and Zn metal stress, and mutant Myb72 exhibits metal
sensitivity (Van De Mortel et al., 2008).

4.5. Microbiota

The leaf associated microbiota was not significantly different be-
tween the rural and the traffic area for what concerns bacteria, allowing
to conclude that the bacterial community populating Photinia leaves is
resilient to PM exposure, partially in line with previous observations
concerning other environmental perturbations (Almario et al., 2022;
Chaudhry et al., 2021). This evidence was expected since the two
different areas were highly close each other (<2 km) within the same
Municipality and main environmental parameters were similar. Bacte-
rial community is affected by many other environmental factors (tem-
perature, water and nutrient availability, light intensity, plant
developmental stage, soil conditions) causing a significant level of un-
controlled variability that probably render differences not significant.
However, an interesting exception was found for a microbial genus,
Spiroplasma sp., and two fungal genera, Epicoccum sp. and Dioszegia sp.,
which are known to be associated with plants (Regassa and Gasparich,
2006; Taguiam et al., 2021; Zhang and Yao, 2015). Spiroplasma sp. is
known to be mainly transmitted to plants by insect vectors (Regassa and
Gasparich, 2006). Since in urban areas insect communities are less
abundant and less rich in species (Theodorou, 2022), we may hypoth-
esize that plants in rural era were more susceptible to this interaction.
The differences of Epicoccum sp. in rural area samples, where PM
accumulation was lower, lead to hypothesize that this genus is more
susceptible to PM exposure and to the physiological conditions of the
plants related to high PM exposure. Epicoccum spp. are endophytic as-
comycetes that include both species able to cause plant diseases, and
species with biological control activity against plant pathogens
(Taguiam et al., 2021). Therefore, we may hypothesize that, given the
health status of the plants, this shift was beneficial for Photinia plants. In
contrast, Dioszegia sp. was more associated with differences during
exposure to the traffic zone, suggesting its decrease as indicator of PM
exposure. Members of the genus Dioszegia (Basidiomycota) are known as
epiphytic yeasts of the phyllosphere (Wang et al., 2016; Zhang and Yao,
2015). Interestingly, Dioszegia sp. has been reported to occupy a central
position in the plant microbial network and, as such, to shape the leaf
microbiota in response to host or abiotic factors (Agler et al., 2016). For
this reason, it is tempting to speculate that the Dioszegia species may act
as sentinel microbe for the effect PM accumulation may have on the
leaf-associated microbiota. Moreover, it would be interesting to inves-
tigate the mutual interaction between such differences in Dioszegia and
Epicoccum and the plant transcriptome. In fact, modulation of gibber-
ellin signalling is observed upon fungal colonization (Buhrow et al.,
2021), as well as flavonoid biosynthesis, which play important role in
pathogenic fungal defence (Forster et al., 2021). We may tentatively
hypothesize that part of the differences in the plant transcriptome
observed here may affect, or be affected by, the leaf-associated micro-
biota and in particular its fungal fraction. However, experiments in
controlled conditions are needed to test such a hypothesis by artificially
modifying the leaf microbiota.

5. Conclusions

A summarized picture of the main transcriptomic changes to PMs
responses has been provided in Fig. 11. The most repressed pathways by
PMs accumulation belonged to primary metabolism such as glycolysis,
gluconeogenesis and TCA cycle. These inhibitory effects on pathways
involved in carbon assimilation should drive a repression on defence
response pathway through the modulation of the physiological response
to PMs stress and the induction of three TF families (G2-like, C3H,
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Fig. 11. Summary of the main gene regulatory networks in response to PM pollution. Green arrows mean downregulated while red ones mean upregulated.
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