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ARTICLE INFO ABSTRACT

Editor: Dr. Guillaume Echevarria We explored relationships between particulate matter (PM) and polycyclic aromatic hydrocarbon (PAHs) leaf
concentrations, uptake rates and leaf surface functional traits in four Mediterranean evergreen trees (Chamaerops

Keywords: humilis, Citrus x aurantium, Magnolia grandiflora, and Quercus ilex) during a dry month. Pollutant leaf concen-

Plant functional traits tration at different dates and uptake rate were correlated. We quantified PM by gravimetric analysis, PAHs were

Air phytoremediation
Air pollution
Particulate matter

extracted from intact and dewaxed leaves and analyzed by GC-MS, and cuticle thickness, number and surface of
stomata (Ns and Sg) and trichomes (N; and S;) were determined by optical microscopy. Infrared spectroscopy was
used to investigate the leaves surfaces composition and assess esterification index (E). Studied species were
characterized by unique combinations of functional traits and pollutant uptake capacities. PM;( uptake scaled
positively with Sg, S; and upper cuticle thickness (T.,,) across species. PM; 5 uptake scaled positively with Ty,
and thicker cuticles were also associated with greater shares of uptake of hydrophobic PM fractions. Uptakes of
different fractions of PAH were generally weakly related to different leaf functional traits, except for some
correlations with E and Ss. We conclude that both plant surface morphological and chemical leaf traits influence
PM and PAH retention, unveiling their potential role in air phytoremediation.
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1. Introduction

Air pollution belongs to environmental hazards with serious adverse
consequences for human health (Costabile et al., 2020; Fusaro et al.,
2021). Among different airborne pollutants, particulate matter (PM),
including coarse (PM1g), fine (PM3 5) and ultra-fine (PM 2) components,
is most dangerous due to causing chronic health problems such as
cardio-respiratory diseases and diabetes (Horemans et al., 2012; Zhang
et al., 2019). Furthermore, airborne particulate matter binds polycyclic
aromatic hydrocarbons (PAHs) and potentially toxic elements (PTEs),
further enhancing their adverse impacts on health (Chen et al., 2021;
Fellet et al., 2016; Fusaro et al., 2021; Grote et al., 2016; Jouraeva et al.,
2003; Li et al., 2021). Sixteen PAHs, distinguished in three classes based
on molecular mass (high molecular mass - HMM; medium molecular
mass - MMM; low molecular mass - LMM), have been identified as a
priority for air pollution studies (Thiombane et al., 2019) and have
become targets of environmental studies in many countries (Fellet et al.,
2016; Peng et al., 2012).

Urban forests contribute to human health and well-being through a
multitude of ecosystem services, even by mitigating PM and PAHs im-
pacts and ameliorating air quality through four processes, absorption,
dry particle deposition, rain dissolution and wet particle deposition
(Baraldi et al., 2019; Chiam et al., 2019; Grote et al., 2016; Nowak et al.,
2013; Howsam et al., 2001; Gong et al., 2021). Studies have demon-
strated a large interspecific variability in the capacity to sequester and
retain PM and PAHs in leaves (Dzierzanowski et al., 2011; Li et al., 2019;
Mo et al., 2015; Mori et al., 2015; Pace and Grote, 2020; Sabg et al.,
2012). However, due to study-to-study differences in experimental and
environmental conditions, estimates of species phytoremediation ca-
pacities are not directly comparable among studies (Chiam et al., 2019;
Prigioniero et al., 2021).

Plant contribution to atmospheric pollution mitigation depends on
complex interactions between biotic and abiotic environmental factors,
pollutant concentrations and functional traits (Baraldi et al., 2019;
Esposito et al., 2020; Fellet et al., 2016; Grote et al., 2016; Tian et al.,
2019). Leaves are the main actors in providing these services and the
leaf structural features influence plants efficiency in PM removal from
urban atmosphere (Liu et al., 2012). Leaf surface characteristics
including cuticular properties, presence and density of glandular and
non-glandular trichomes, stomatal size and number, leaf internal
structure and physiological activity are the key functional traits that can
alter the performance of species in air phytoremediation (Esposito et al.,
2020; Zhang et al., 2017; Li et al., 2018; Niinemets et al., 2014). Leaf
surface chemical and physical characteristics, in particular, its hydro-
phobicity, effective surface area and effective porosity as determined by
presence of protruding epicuticular waxes and trichomes, play a major
role in uptake of large slowly diffusing pollutants such as PM and PAHs
(Baraldi et al., 2019; Chiam et al., 2019; Fellet et al., 2016; Grote et al.,
2016). The cuticle chemical composition and physical structure strongly
vary among plant species and influence the interfacing between the
underlying tissues and the external environment, as well as performance
in air phytoremediation (Buda et al., 2009; Dominguez et al., 2015;
Heredia-Guerrero et al., 2016; Riederer and Miiller, 2006). The role of
the cuticle in remediation of PM and PAHs has been postulated to
depend mainly on its hydrophobicity, but cuticles also strongly differ in
thickness and effective porosity (Jouraeva et al., 2003; Li et al., 2017).
Stomata are the sites for pollutant entry into leaf interior, and the
functional traits included in air phytoremediation studies are number
and size (Chen et al., 2017; Baraldi et al., 2019), arrangement (Sabg
et al., 2012; Baraldi et al., 2019; Chiam et al., 2019), and shape (Chen
etal., 2017). Trichomes enhance surface complexity and determine sites
for pollutants entrapment and absorption, and functional traits used to
characterize pollutant removal from ambient air are trichome size
(Grote et al., 2016) and density (Baraldi et al., 2019; Chiam et al., 2019;
Fellet et al., 2016). Yet, there is little information of integrated func-
tional traits such as stomatal pore area per leaf area and trichome area

Journal of Hazardous Materials 435 (2022) 129029

per leaf area that could be more quantitatively linked to pollutant up-
take than size, number and shape. Furthermore, few studies have
simultaneously looked at the whole suites of traits that could alter the
uptake of different classes of pollutants, and the relationships between
the functional traits and plant species performance in removal of air
pollutants were often inconsistent (Corada et al., 2021).

In this study, we aimed to explore the relationships of leaf concen-
trations and daily uptake rate of PM and PAHs with leaf surface func-
tional traits (Table 1) in wide-spread Mediterranean species with
contrasting leaf characteristics. We hypothesized that absorption of
different pollutants scales positively with trichome surface area, ab-
sorption and cuticular uptake of more hydrophobic pollutants with
surface hydrophobicity and cuticle thickness. Furthermore, we hy-
pothesized that the uptake and concentration of smaller molecular mass
compounds and smaller particles are mostly influenced by stomata-
related traits. To test these hypotheses, we estimated the stomatal and
trichome surface areas and numbers per leaf area, the degree of cuticle
esterification, and cuticle thickness. A double sampling campaign was
carried out in the city center of Naples (Southern Italy) to investigate the
capacity of plant species to accumulate air pollutants (PM;o, PMs 5 and
PAHs) from urban air by leaves of four most abundant evergreen tree
species in the area: Chamaerops humilis L. (Mediterranean dwarf palm),
Citrus x aurantium L. (bitter orange), Magnolia grandifiora L. (southern
magnolia), and Quercus ilex L. (holm oak). Our results demonstrate
important general relationships among pollutant uptake and leaf func-
tional traits, but also highlight a large species-specific component that
also contributes to species variation in uptake of major pollutants from
ambient air.

2. Methods
2.1. Site description and sample collection

The study was conducted in the urban area of Naples, Southern Italy
(40°50’ N 14°15’ E, 17 m above sea level) from the 1st of August 2019
(Do) to the 1st of September 2019 (D;). The city of Naples is affected by a
growing urban heat island effect as well as by frequent periods of high
pollution levels due to the topographical features of the region and
considerable anthropogenic emission sources (Fortelli et al., 2016). The
climate is Mediterranean, Koppen subtype Csa (hot summer Mediter-
ranean climate; Kottek et al., 2006), with average annual rainfall of
1080 mm and average annual temperature of 16.5 °C (“Climate Data,
2021). Public squares and major avenues within the core of Naples
urban area were selected based on the following two criteria: (1) the
locations selected were in or next to the major traffic corridors, and (2)
the locations were as close as possible to the meteorological and air
quality monitoring stations of the Campania Regional Environmental
Protection Agency (ARPAC) network (Fellet et al., 2016; Fig. 1). Two
sampling sites were identified for each of the four selected species
(C. humilis, C. x aurantium, M. grandiflora, and Q. ilex). In each sampling
site, depending on tree availability, seven to ten trees per species were
chosen and georeferenced with a GPS (Table S1 in Supplementary File).
From each tree, 5-15 leaves were randomly collected from 5 to 10
branches per tree. Only branches facing the road at a maximum height of
2 m from the ground were sampled to maximize the pollution impact. All
the sampled leaves for given species at each sampling site were pooled,
and stored in plastic bags prior to analyses (at most for 48 h). A limi-
tation of this work is that we were unable to find data on air concen-
trations of polycyclic aromatic hydrocarbons for the period between Dy
and D;.

2.2. Characterization of leaf functional traits
2.2.1. Number of stomata and stomatal surface per leaf area

Stomatal number per surface area for upper (N; ) and for lower (Ns;)
leaf surface were assessed as in Kardel et al. (2010). Three leaves of each
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Table 1 -
List of abbreviations used.
Unit of
Symbol measure Description
Number of stomata per unit upper
N m~2 surface area
Number of stomata per unit lower
N m~2 surface area
Number of trichomes per unit
Nui m?2 lower surface area
Teu pm Cuticle thickness, upper surface
Tey pm Cuticle thickness, lower surface
Surface of stomata per leaf unit
Ss m? m2 surface area
Surface of stomata pore per leaf
Sep m? m~? unit surface area
Surface of trichome per leaf unit
St m? m~2 surface area
Leaf Surface E, Esterification index, upper surface
Functional Traits E Esterification index, lower surface
Do d Date of first sampling
D, d Date of second sampling
Experimental Period between the two samplings
Setup At D and exposure period
Mean daily air concentration of
Cpm2.5,a pgm> PMa2s
Environmental Mean daily air concentration of
conditions CpM10,a ug m3 PM;o
Cpm2.s, Concentration of PM, 5 taken up
Do pg m—2 by the leaf at Do
Cpma.s, Concentration of PM, s taken up
b1 pg m—2 by the leaf at Ds
Ratio between the PM, 5 extracted
with chloroform and PM, 5 total
Opmas extracted
Concentration of PM; taken up by
Cemiopo  pgmM 2 the leaf at Do
Concentration of PM; o taken up by
Comiop1 pgm 2 the leaf at D
Ratio between the PM; extracted
with chloroform and PM,, total
Opmi0 extracted
Concentration of low molecular
Crmwm,po, mass compounds taken up by the
i pg m—2 intact leaf Do
Concentration of low molecular
Crvmm,p1, mass compounds taken up by the
i pg m—2 intact leaf at D1
Concentration of low molecular
Crmm, Do, mass compounds taken up by the
dw pg m—2 dewaxed leaf Do
Concentration of low molecular
Crvm,p1, mass compounds taken up by the
dw pg m—2 dewaxed leaf at Dy
Concentration of medium
Crvmm, molecular mass compounds taken
Do,i pg m—2 up by the intact leaf Do
Concentration of medium
Crvmm, molecular mass compounds taken
D1 pg m—2 up by the intact leaf at Ds
Concentration of medium
Crvmm, molecular mass compounds taken
DOdw pg m—2 up by the dewaxed leaf Do
Concentration of medium
Cvmm, molecular mass compounds taken
D1,dw pg m—2 up by the dewaxed leaf at D+
Concentration of high molecular
Crmm, mass compounds taken up by the
Do,i pg m—2 intact leaf Do
Concentration of high molecular
Chmm, mass compounds taken up by the
DL,i ug m2 intact leaf at D1
Concentration of high molecular
Crvm, mass compounds taken up by the
DO,dw pg m—2 dewaxed leaf Do
Pollutants Crmm,
concentrations D1,dw pg m~2
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Table 1 - (continued)

Unit of

Symbol measure Description

Concentration of high molecular

mass compounds taken up by the

dewaxed leaf at D1

Mean leaf concentration of PM;o

for the two measurement dates, D;
Cpmi0 pg m-> and Do

Mean leaf concentration of PM; 5

for the two measurement dates, D,
Cpm2.5 pg m-> and Doy

Mean intact leaf concentration of

LMM for the two measurement
Crmm,i ug m—2 dates, D; and Dy

Mean intact leaf concentration of

MMM for the two measurement
Cyvvm, i pg m~2 dates, D; and D,

Mean intact leaf concentration of

HMM for the two measurement
Crmm,i ug m2 dates, D; and Do

Mean dewaxed leaf concentration

of LMM for the two measurement
Crvm,dw ug m~2 dates, D; and Do

Mean dewaxed leaf concentration
Crvvm, of MMM for the two measurement
dw pg m~2 dates, D; and Dy

Mean dewaxed leaf concentration

of HMM for the two measurement

Cummdw ~ pgm 2 dates, D; and Dy
pg m2
Upmio d™? daily uptake rate of PMiq
pg m~2
Upmz.s d! daily uptake rate of PM, 5
pg m—2 daily uptake rate of low molecular
Urmm, i d! mass compounds for intact leaf
pg m—2 daily uptake rate of low molecular

mass compounds for dewaxed leaf
daily uptake rate of medium
pug m molecular mass compounds for

-1
Urmm,dw d

Unmmmi da? intact leaf
daily uptake rate of medium
Unmmm, pg m2 molecular mass compounds for
dw d! dewaxed leaf
pg m~2 daily uptake rate of high molecular
Unmm,i d? mass compounds for intact leaf
pg m~2 daily uptake rate of high molecular

Uptake rate Unmm,dw d? mass compounds for dewaxed leaf

species were randomly selected and a stomatal imprint was made using a
thin coat of colorless nail varnish on both sides of the leaf, avoiding
midrib and leaf margins. Because the leaves of Q. ilex, M. grandiflora and
C. humilis have a dense layer of trichomes on the lower side, the nail
varnish was applied twice on the lower surface. Upon the first applica-
tion, the trichomes were removed with the nail varnish. The stomatal
imprint was obtained after second application of nail varnish. A trans-
parent cellulose adhesive tape was sticked onto the dried nail varnish,
and gently peeled off and attached to a glass slide. Stomatal imprints
were viewed under a light microscope (Nikon Eclipse E600) at 600x
magnification, and digital images were taken with Motic Image Plus 3.0
software (Fig. 2). Five random points (1 mm?) were selected for stomatal
observations in each leaf. The number of stomata per surface area was
counted from each field of view. In each field of view, five stomata were
randomly selected, and the length and width of individual stomatal
pores (ls, and wyp) and stomatal guard cells (I; and ws) were measured
and averaged, and areas of stomatal pores and stomata were estimated
by approximating their shape by ellipses. Ultimately, the fraction of
stomatal area in total leaf area (S, m? m~2) and the fraction of stomatal
pore area in total leaf area (Sp, m? m’z) were estimated as:

S= (L/2)0m/2)N, @

S = (o /2) (W5 /2) 2N, @)
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where [ is the average stomatal length (m), w; the average stomatal
width (m), I, the average stomatal pore length (m), Wy, the average
stomatal pore width (m) and Ng the number of stomata per leaf area
m.

2.2.2. Cuticle thickness

Three randomly selected leaves of each species were fixed in FAA
fixative (10% formaldehyde; 5% acetic acid; 50% ethanol; 35% deion-
ized water) immediately after excision. Freehand sections of each leaf
were obtained and stained with fat-soluble Sudan IV stain as described
by (Buda et al., 2009) to visualize the cuticle and measure its thickness.
Sudan IV stock solution (0.1% w / v in isopropyl alcohol) was diluted in
3:2 ratio with distilled water. The red stain was added to the freehand
sections for 30 min and then rinsed first with 50% isopropyl alcohol and
then with distilled water. Slides were mounted in distilled water with a
cover slip and viewed with a Nikon Eclipse E600 light microscope with
epifluorescence in bright field at 1000x magnification, and the thickness
of upper cuticle (T.,) and lower (T}) cuticle were measured (Fig. 1 for
representative leaf images). When the lower cuticle was not discernible,
Tc; could not be measured. Five random spots in the sections were
selected and measured for cuticle thickness.

2.2.3. Non-glandular trichome number, surface per leaf area and
morphology

Due to extremely dense trichome mat on the leaf underside of some
species, the trichomes were first removed with nail varnish as explained
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above for estimation of stomatal number. After removing the bulk of
trichomes, the nail varnish was applied again to obtain the surface im-
prints. The imprints were peeled off with a cellulose adhesive tape,
attached to a microscope slide and viewed at 200x magnification with a
Nikon Eclipse E600 light microscope, and digital images were taken
using Motic Image Plus 3.0 software. The trichome bases remaining after
trichome removal were counted from digital images to estimate the
number of trichomes per unit leaf area (N, m~2). Three leaves of each
species were randomly selected and for each leaf, trichomes were
counted in five random locations of 1 mm?.

To characterize trichome morphology and estimate trichome surface
per leaf area, S¢ (m? m~2), trichomes removed with the adhesive tape
were viewed under the light microscope at 200x magnification.
Depending on the morphology detected, trichome shapes were approx-
imated by simple geometric solids (cylinders or cones) and the S; was
calculated. For the conical shape, S; was calculated from trichome width
(wy, m) and length (I;, m) as:

Ws W 2
s= 2o/(5) +Em 3)

For each leaf, three trichomes, randomly chosen from five random
leaf positions, were selected and measured, and the average width (w;,
m) and length (I, m) were calculated. Quercus ilex had stellate tri-
chomes, and their surface area per leaf area (S, m? m’z) was measured
considering the base of trichome as a cylinder and the branches as cones.
The lateral surfaces of these shapes were calculated using the trichome
base width (wy, m) and length (I, m), the branch width (w;, m) and

Species

Citrus x aurantium

Quercus ilex

@ Chamaerops humilis

@ Magnolia grandifiora

y— o

Main roads

=— Highway
s National road
——— Major urban street

Air quality monitoring
station

Fig. 1. — Sampled plant species, and the study area with sampling points, air quality monitoring stations, and road network (Naples city, Southern Italy 40°50' N

14°15' E).
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Chamaerops humilis Citrus x aurantivm Magnolia grandiflora Quercus ilex

douasaxd a[onn) Blewo)s apis addp — BIEWOIS 3pIS oMo

SSOWYOI) A[oNN))

28BI0A0D SOOI,

A3ojoydiow sawoyoLL ],

Fig. 2. — Representative microscopy images used for determination of leaf surface functional traits in the four studied species. The samples were viewed in bright
field and epifluorescence using a Nikon Eclipse E600 light microscope at magnifications ranging from 600x-1000x. Digital images were taken with Motic Image Plus
3.0 software. From the images, number of stomata on lower and upper leaf surface (Ns; and N;,,), number of trichomes (N), cuticle thickness of lower and upper leaf
side (T, and T ), and stomatal surface area per leaf area (S,) and stomatal pore area per leaf area (Ss;) and trichome area per leaf area (S;) were estimated. The
presence of the cuticular layer (fluorescent in red) is clearly visible in the upper and lower side of the leaves in C. humilis, C. x aurantium and Q. ilex. The cuticle in the
lower side of M. grandifiora leaves was not clearly discernible with the methodology used.
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length (I, m), and the number of branches (n):

— W (2 -
S, = nwply +71 <n2‘ (3) +% )Nl @

For each leaf, three trichomes, randomly chosen from five random
spots, were measured, and the averaged value of trichome base width
(Ww, m) and length (I, m), branch width (w;, m) and length (I, m), and
number of branches (1) were calculated for each spot.

2.2.4. Fourier-transform infrared spectroscopy (FTIR) analyses of leaf
surface

Leaf surface chemical characteristics were analyzed with a FTIR
spectrometer (Bruker Alpha) using the attenuated total reflectance
(FTIR-ATR) mode (spectral range 4000-400 cm’l, resolution 4 crn’l,
128 scans). The beam penetration depth (Equation S1 in Supplementary
Information) generally ranged from 0.5 pm to 5 um, and thus, most of
the spectral features observed in the selected leaves (Fig. 3 and Table S3
in Supplementary Information) should be attributable to the stretching
and bending vibrations of cuticle in upper leaf side, and of cuticle and
trichomes when they are present in lower leaf side.

The obtained spectra were baseline corrected, and the esterification
index (Heredia-Guerrero et al., 2016, Fig. S1) was calculated for lower
and upper leaf sides (Heredia-Guerrero et al., 2016). Esterification index
characterizes the degree of cross-linkage of cutin-forming hydroxy- and
peroxyacids (Heredia-Guerrero et al., 2016). Esterification index is
greater for the cutin with a degree of cross-linkage of fatty acids. Cutin
cross-linking is a useful characteristic to make qualitative comparisons
between species and to derive information on the presence of polymeric
(non-extractable) lipids in the leaf surface matrix, which represent the
most effective barrier to the movement of polycyclic aromatic hydro-
carbons from the environment to the inner leaf tissues (Hered-
ia-Guerrero et al., 2016; Li et al., 2017). The esterification index (E) has
been obtained from the ratio between the absorbance intensity (A) of the
stretching vibration v(C=0) of esters at 1730 cm ™! and the asymmetric
stretching vibration v,(CH3) of methylene at 2916 cm ! as:

E = Ayc—o0)/Avcm) 5)

The index was estimated for both lower (E}) and upper (E,) leaf
surfaces. Five random leaves were selected from the pooled leaf samples
and used for FTIR analyses. The spectra were processed with the soft-
ware Opus 7.2 (Bruker, Optics GmbH).

2.3. Particulate matter concentrations

For each species, two subsamples were taken from each sampling
location, consisting of a variable number of randomly selected leaves
(due to different shapes and sizes of leaves of different species). The
amount of leaf area in each subsample was about 0.07 m2. These leaves
were used to quantify the concentrations of fine and coarse particulate
matter at different sampling dates, in the beginning (Cpm2.5, po, Cpmio,
po) and at the end (CPM2.5, p1, and Cpmio, p1) of the study (Table 1). PM;o
and PM; 5 were extracted from the leaves according to Dzierzanowski
et al. (2011). The extraction protocol involves an initial washing of the
plant material with distilled water to remove particulate matter depos-
ited on the surface. The solution resulting from the washing of the
selected leaves was sieved using a metal sieve with mesh diameter
100 ym to eliminate particles larger than 100 um, then it was
vacuum-filtered using pre-weighted, stabilized filters with different
porosity to retain PMg (filter paper grade 91, Whatman™) and PM; 5
(filter paper grade 42, Whatman™). After filtration, the filters were
dried and weighed, and the difference in mass was recorded. The
operation was repeated with the same leaves, using chloroform (CHCl3)
instead of distilled water to extract the epicuticular waxes and related
particulate matter. The contents of PM 5 and PM;o were expressed per
unit leaf surface area. The resulting dewaxed leaves were used for
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subsequent chemical analysis of polycyclic aromatic hydrocarbons
(PAHs) together with subsamples of intact leaves (which did not un-
dergo any treatment). The concentrations of coarse and fine particulate
matter extracted with chloroform were divided by the total extracted
coarse and fine particulate matter to derive indices characterizing the
influence of the hydrophobic component on the accumulation capacity
of coarse and fine particulate matter (@pyi19 and Opyz5) in the investi-
gated species (Dzierzanowski et al., 2011; Popek et al., 2013).

2.4. PAH concentrations

To quantify the concentrations of low, medium and high molecular
mass PAH in intact leaves at the first sampling date (Crvm,po,i> Cvvm, Do, s
Cumm,po,i), in intact leaves at the second sampling date (Cryvm,p1,i Cvmm,
p1,i> Cumm,p1,1), in dewaxed leaves at the first sampling date (Crvm,po,dws
CvmM,po,dw> CHMM,D0,dw),> and in dewaxed leaves at the second sampling
date (Crmm,p1,dws CmmM,D1,dws Chmm,D1,dw) (Table 1), the samples of
intact leaves, and dewaxed leaves were dried at room temperature for
48-72 h. About 2.0 g of dry sample was extracted with 20 ml acetone-
hexane mixture (1:1 v/v) using an ultrasonic extractor for 10 min
(Sonica, SOLTEC, Italy). The extract was concentrated with an evapo-
rator under nitrogen flow to a final volume of 1 ml (Multivapl0, Lab-
tech, Italy). The extract was cleaned on a sulphate sodium anhydrous
column and, then 10 L of the internal standard was added (mixture of 5
deuterated PAH:s at the concentration of 10 mg L) and injected into a
gas chromatograph (GCMS-TQ8030 Shimadzu, Japan) coupled with a
triple quadrupole mass spectrometer (MS-TQ8030, Shimadzu, Japan)
and a fused silica HP5-MS capillary column (30 m length x 0.25 mm
inner diameter, film thickness 0.25 um; Agilent Technologies, US). The
separation was conducted with oven temperature programmed as fol-
lows: initial setting at 80 °C (2 min hold) ramped to 180 °C at
20 °Cmin~! and finally to 300 °C at 5°C min~! (9 min hold). The
injector was held at 280 °C. The mass spectrometer was operated in SIM
(selected ion monitoring) mode. The selected ions are reported in
Table 2. The identification of PAHs in the solutions extracted was carried
out based on previously determined retention times, and it was
confirmed using mass spectra of the NIST library (NIST 20, 2020). The
quantification of PAHs was performed using an external calibration
curve together with the internal standards. The detection limit (LOD)
and limit of quantification (LOQ) for each investigated PAH were
calculated using the range method of prediction to 95% of linear re-
gressions. The calculated averages of LOD and LOQ in the matrix of leaf
were 0.007 pg m~2 and 0.02 pg m~2. The data quality is ensured by
certified reference materials (CRM-NIST 3253) and the recovery per-
centage was estimated by analyzing in triplicate the CRM and the
observed range was 70-110%.

2.5. Estimation of pollutant uptake rate (R)

We used meteorological data and ambient air PM;(y and PMj 5 con-
centrations measured at 8 stations (Fig. 1) distributed in the urban area
of Naples (30 days, At, from Dy to D;; daily bulletins of ARPAC, www.
arpacampania.it). The wind direction information was considered as
directional components in the prediction of pollutants spatial distribu-
tion. Hence, monthly average spatial distribution of PM;y and PM 5 was
modelled (data not shown) to assess the mean daily concentration of fine
and coarse particulate matter in the air next to the foliage of sample
plant specimens (Cpm2.5, a and Cpmio, a, HE m~>). The data were averaged
to obtain concentrations of fine and coarse particulate matter in the air
(Cpm2.5,2 and Cpmio,a) (Table 1), also considering the dominant wind
direction. The uptake rate (U) was estimated for each pollutant as:

(CDI - CD(])

U=
At

(6)
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Fig. 3. — Chamaerops humilis, Citrus x aurantium, Magnolia grandiflora and Quercus ilex (ATR-FTIR) spectra of lower and upper leaf surfaces.
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Table 2

List of groups of polycyclic aromatic hydrocarbons (PAHs) analyzed, the
deuterated standards employed (underlined), the quantification ions and
confirmation ions for SIM mode in the GC-MS analysis.

Quantification Confirmation PAHs

PAHs congener Ion Tons Category
Naphthalene 128 64, 127
Acenaphthylene 152 76, 151
Naphthalene D8 (IS) 136 -
Acenaphthene 154 76, 152
Fluorene 166 82, 165 LMM
Acenaphthene D10

a1s) 164 -
Anthracene 178 89, 188
Phenanthrene 178 89, 188
Fluoranthene 202 101, 200
Pyrene 202 101, 200
Tetraphene 228 114, 226
Phenanthrene D10 (IS) 188 -
Chrysene 228 114, 226 MMM
Benzo(b)fluoranthene 252 126, 250
Benzo[k]fluoranthene 252 126, 250
Benzo[e]pyrene 252 126, 250
Benzo[a]pyrene 252 126, 250
Chrysene D12 (IS) 240 -
Indeno[1,2,3-cd]

pyrene 276 138, 277
Dibenz[a,h]

anthracene 278 139, 279
Benzo[ghi]perylene 276 138, 277
Perylene D12 (IS) 264 - HMM

PAHs are grouped in three categories by molecular mass: low molecular mass
(LMM), medium molecular mass (MMM), and high molecular mass (HMM).

2.6. Data analyses

Prior to statistical analyses, data were log transformed to normalize
the distributions and residuals (Mahapoonyanont et al., 2010). Statis-
tical analyses were performed in R environment (R Core Team, 2015).
Analysis of variance (ANOVA) followed by Tukey’s Honest Significant
Difference (Tukey’s HSD) post-hoc test was used to test for species dif-
ferences in U and C. In the second step, one-way multivariate analysis of
variance (one-way MANOVA) using Pillai’s trace criterion was used to
test for species differences in leaf functional traits. Pollutant concen-
tration and uptake values were correlated with the functional traits of
the leaves surfaces to test for the relationships between the rates of
accumulation of PM as well as PAHs and the characteristics of trichomes,
cuticle and stomata. R package corrplot (Wei and Simko, 2021) was used
as a visual exploratory tool to analyze the correlations among leaf
functional traits and contaminant accumulation. Finally, a
two-dimensional PCA biplot was generated to distinguish and depict the
main patterns in the dataset (Wickham, 2016). All statistical tests were

Table 3 -
Average ( + SE) leaf surface functional traits in the four studied tree species.
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considered significant at p < 0.05.
3. Results
3.1. Leaf surface functional traits

Number of stomata on the lower leaf side (N ) varied from 2.22 108
m~2-3.91 108 m~2 among the species (Table 3). Quercus ilex had almost
two-fold greater Ny than the other species (Table 3). Chamaerops humilis
was the only amphistomatous species with stomata on both leaf sides
(Table 3; Fig. 2). The surface area of stomata per leaf area (Ss) and
surface area of stomatal pores per leaf area (Ssp) varied from 0.0542 m?
m~2 to 0.1461 m*> m 2 and from 0.0084 m? m~2 to 0.0204 m*> m~2
(Table 3). Although Q. ilex had the highest stomatal surface area per leaf
area, C. humilis had the highest stomatal pore surface per leaf area,
followed by Q. ilex, M. grandiflora and C. x aurantium (Table 3).

Cuticle thickness of the lower leaf side (T.;) varied from 3.63 ym to
5.37 pm (Table 3). Chamaerops humilis and Q. ilex leaves showed the
thickest lower cuticle thickness, followed by C. x aurantium (Table 3).
With the methodology used in this work, it was not possible to determine
the thickness of the lower cuticle of M. grandifiora leaves (Table 3).

Thickness of cuticle of the upper leaf side (T ) separated the species
among two groups: the first group included C. x aurantium (5.0 ym) and
C. humilis (6.6 pm) and the second group included Q. ilex (9.5 um) and
M. grandiflora (9.9 um; Table 3).

Citrus x aurantium had glabrous leaves, whereas the remaining
species ranked according to trichome number per leaf surface area (N,
m2) as: Q ilex <M. grandiflora, C. humilis = M. grandiflora and
C. humilis = Q. ilex (Table 3 and Fig. 2). Chamaerops humilis and
M. grandifilora had filiform trichomes, hooked filiform in M. grandiflora
and uniseriate filiform in C. humilis (Fig. 2). Quercus ilex had stellate
trichomes (Fig. 2). The increase in trichome complexity in Q. ilex is re-
flected in the highest surface area of trichomes per leaf area (S;, m?> m 2,
8.25 m? m~2, Table 3). Magnolia grandiflora was similar to Q. ilex (=
7.34 m? m~2), and C. humilis had the lowest S; (4.88 m?> rn’z; Table 3).

3.2. Spectroscopic characterization of leaf surface and esterification
index

Although similar in term of the position (wavenumbers) of the main
absorption bands in the infrared spectra, relative intensities of different
absorption bands in C. humilis, C. x aurantium, M. grandiflora and Q. ilex
had characteristic signatures and allowed species distinction; this re-
flected species differences in leaf surface functional traits and different
structural arrangements of leaf components (Fig. 3 and Table S2 in
Supplementary Information).

In all species, a broad absorption band between 3334 and 3393 cm ™
was present, attributable to the stretching vibration of hydroxyl groups

Stomatal characteristics

Cuticle characteristics

Trichome characteristics

St
Ny (m™?) Ny (m %) S (m*m %) Sep (m*m %) Ty (pm)  Tey (pm) B E, Ny (m?) (m’m~?)
Chamaerops 2.2210° 0.701 10 0.068 0.0204 5.37 6.59 0.2970 0.297 1.62 108 4.88
humilis +3510°% +4.310° +0.0011%° +0.0003% +0.13% +0.26% +0.0037% +0.008%° +2910°%  +0.13°
Citrus x 2.62 10° 0.0542 0.0084 3.63 5.02 0.413 0.342
aurantium +1.410°%  np + 0.0006° +0.0001° +0.08° +0.17° +0.016%° + 0.025% np np
Magnolia 2.80 10° 0.0955 0.0118 9.92 0.545 0.320 1.84 10° 7.34
grandiflora +2.7 10% np +0.0014%® +0.0002° nd +0.24° +0.016%° +0.0122 +4.610°% +0.25°
3.91 10° 0.1461 0.0165 5.08 9.50 0.677 0.239 1.41 10° 8.25
Quercus ilex +2.210% np +0.0010° + 0.0002%° +0.21° +0.20° +0.082° +0.0041° +2.110°° +0.14°

Stomatal characteristics include number of stomata on lower (N; ) and upper surface (N ,), surface of stomatal area per leaf area (S,) and surface of stomatal pore area
per leaf area (Ssp); cuticle characteristics include thickness of cuticle of lower (T¢)) and upper leaf surface (T,,,) and esterification index of lower and upper surface (E
and E,); trichome characteristics are number of trichomes on lower surface (N ) and surface area of trichomes per leaf area (Sy). n = 30 for N |, Ns u, Ss, Ssp> Tc,1, Te,us Ni 1
and Ny n = 10 for E; and E,)). Different letters indicate significant differences among species (p < 0.05). nd - not detectable, np - not present.
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(Table S2 in Supplementary Information). This band was particularly
emphasized in the lower surface of Q. ilex and M. grandifiora (Fig. 3). The
spectra in all species also had characteristic bands at ca. 2916 and
2848 cm ™! that describe the asymmetrical stretching vibrations and
symmetrical stretching vibrations of methylene groups and attributable
to the presence of waxes and cutin (Table S2 in Supplementary Infor-
mation). In contrast to the other samples, only the surfaces of C. humilis
(both upper and lower) and Q. ilex (upper only) showed the presence of a
band between 2954 and 2953 cm ™! attributable to waxes (Table S2 in
Supplementary Information). In all the samples, two well-defined dou-
blets at ca. 1470-1460 cm ™! and 730-720 cm™!, attributable to CH,
aliphatic bending vibrations, were observed (Fig. 3 and Table S2 in
Supplementary Information). These bands show the presence of epicu-
ticular and intracuticular waxes (Table S2 in Supplementary
Information).

Occurrence of three very weak bands attributable to C-C stretching
vibrations in aromatic compounds in upper and lower surfaces of
C. humilis suggested presence of phenolic compounds in surface struc-
tures in this species (Table S2 in Supplementary Information). The upper
surfaces of C. x aurantium, M. grandiflora and Q. ilex had only one weak
band attributable to C-C stretching vibrations in aromatic compounds
(Table S2 in Supplementary Information). Upper and lower surfaces of
M. grandifiora and lower surface of Q. ilex exhibited strong absorption
peaks in the spectral region 1300-900 cm ! shared by polysaccharides
and cutin (Fig. 3 and Table S2 in Supplementary Information).

The esterification index for lower leaf side (E)) ranged from 0.68 to
0.28, while that for upper leaf side (E,) varied from 0.34 to 0.24
(Table 2). Quercus ilex had the highest Ej value, and the lowest E, value
(Table 2). The highest E, value was observed for C. x aurantium
(Table 2). E; and E, values were numerically similar for C. humilis and
C. x aurantium (Table 2).

3.3. Air pollution and weather conditions

PM concentration levels were similar for each sampling date during
the entire exposure period (coefficient of variation < 35%, Huang et al.,
2015; Table S3 and S4 in Supplementary File). Therefore, average
concentration of pollutants was used to characterize air pollution con-
ditions over the entire period for each ARPAC station (www.arpacampa
nia.it). The monthly average ( & SD) temperature was 27.4 + 1.1 °C, the
average ( £+ SD) wind speed was 2.8 + 0.05 m s‘l, the main wind di-
rection was west, and there was no precipitation during the entire
period.

3.4. Concentrations and accumulation rates of PM and PAHs

3.4.1. Particulate matter

At the first day of sampling in August, PM;( concentration estimated
from distilled water extracts were the highest M. grandiflora and
C. humilis, followed by C. x aurantium and Q. ilex (Table 4). The sub-
sequent extraction with chloroform showed the highest concentration of

Table 4 -
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PM;g in Q. ilex and C. humilis and the lowest in C. x aurantium. Ac-
cording to the total amount of coarse particulate matter (sum of distilled
water and chloroform extracts), the species were ordered as: Q. ilex
= C. humilis =M. grandiflora > C. x aurantium. One month later,
C. humilis and Q. ilex showed the highest PM;, concentration estimated
from distilled water extract, M. grandiflora and Q. ilex the highest con-
centration after chloroform extraction, and C. x aurantium samples had
the lowest PM; o concentrations for both extractions. The species ordered
according to the PM;, concentrations the same way in August and
September (Table 4). As the result, species ranked the same way ac-
cording to values of daily uptake rate of coarse particulate matter
(Upmio): Citrus x aurantium had the smallest Uppyg, and Q. ilex, C.
humilis and M. grandiflora the largest. The ratio of particulate matter
extracted with chloroform to total uptake (@pn10) was similar among the
species; the only difference was a moderately higher value of Q. ilex
compared with C. x aurantium (Table 4).

In August, concentration of fine particles (PMys) estimated in
distilled water extractions was higher in the leaves of C. x aurantium,
C. humilis and M. grandiflora than in the leaves of Q. ilex (Table 5).
Chloroform extractions showed highest PMys concentrations in
M. grandiflora and Q. ilex, where the amounts of PM; 5 exceeded those of
Q. ilex by around four times and those of C. x aurantium and C. humilis by
around ten and thirty times respectively (Table 5). The total concen-
tration of PM2.5 extracted from the samples in Dy reflected the order in
which the species were found when considering the chloroform
extraction alone (Table 5). In September, M. grandiflora leaves showed
the highest concentrations of water-extracted PMj 5, while for chloro-
form extraction the species were sorted as: C. humilis = M. grandiflora
and C. humilis > Q. ilex = C. aurantium (Table 5). Considering the total
PM, 5 extracted from the samples in Dy, M. grandifiora had the highest
concentration, higher than C. humilis, while Q. ilex and C. x aurantium
showed lower concentrations (Table 5). Leaves of C. humilis had the
highest daily uptake rate of fine particulate matter (Uppa.5) (Table 5).
The ratio of PM, 5 in chloroform extract to total (Opyo.5) did not differ
among species (Table 5).

3.4.2. Polycyclic aromatic hydrocarbons (PAHs) in intact leaves

At the first sampling date (Do), C. humilis had four times greater
concentration of low molecular mass PAH in intact leaves (Crmm,po,i)
than Q. ilex, and an order of magnitude greater concentration than that
in M. grandiflora and C. x aurantium (Table 6). Citrus x aurantium and
C. humilis had the greatest concentration of medium molecular mass
PAH in intact leaves (Cvimm,po,i) (Table 6). The concentration of high
molecular mass PAH in intact leaves (Civm,po,i) Was only detectable for
C. x aurantium and Q. ilex (Table 6). Species were ranked according to
the uptake rate of low molecular mass PAH (Upvm,i) as C. x aurantium
> M. grandiflora > Q. ilex and C. humilis, of daily uptake of medium
molecular mass PAH (Unvw,i) only in M. grandifiora and of daily uptake
of high molecular mass PAH (Unmw,i) in Q. ilex samples only (Table 6).

Average ( £ SE) coarse particulate matter (PM;) concentrations (Cpp10) at the start (Do) and end (D) of the study, coarse particulate matter daily uptake rate (Upwm10)
and the ratio between concentration of PM o extracted with chloroform (CHCl3) and total (water + chloroform extractions) concentration of PM; ¢ (@py10) in the leaves

of four investigated plant species.

Crm1o, po (ng m™3)

Cpmio, p1 (U8 m?)

H,0 CHCl; Total H,0 CHCl3 Total Upmio (pgm~2d™1) Opmio
Chamaerops humilis 965 + 136° 1112 + 281° 2077 + 4077 3018 + 3° 879 +13% 3897 + 14° 61 +14° 0.35 + 0.06"
Citrus x aurantium 982 + 168%° 105 + 10° 1087 + 173° 1201 + 2° 70 + 21° 1271 + 22° 6.1 + 6.0° 0.18 + 0.01°
Magnolia grandiflora 1512 + 717 395 + 3¢ 1907 + 71%° 1711 + 287°° 1974 + 504° 3684 + 360° 59 + 147 0.29 + 0.07°°
Quercus ilex 980 + 21° 1047 + 358° 2026 + 344% 2934 + 25° 1238 + 88 4172 + 90° 72 +11% 0.36 + 0.06"

Symbols as: Cpmio,po — concentration of coarse particulate matter in leaves sampled in August; Cppmi,p1 — concentration of coarse particulate matter in leaves sampled
in September; Upno - daily accumulation rate of coarse particulate matter; @py10 - ratio between concentration of PM; extracted with chloroform and total con-
centration of PMy,. Different letters indicate significant differences among species (n = 4; p < 0.05).
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Table 5 -

Average ( + SE) fine particulate matter (PM, 5) concentrations (Cpmo2.5) at the start (Do) and end (D) of the study, fine particulate matter daily uptake rate (Upyo.s) and
ratio between concentration of PM, 5 extracted with chloroform (CHCl3) and total concentration of PM, 5 (@pm2.5) in the leaves of the four investigated species.

Comzs,p0 (pg m™2) Comzsm (g m™2)

Species

H,0 CHCl4 Total H,0 CHCl5 Total Upmazs (ng m~2d™Y) Opmzs
C. humilis 218 + 372 198 + 75° 416 + 63° 166 + 15° 1009 + 172° 1176 + 182° 25.3 +7.9° 0.65 + 0.09
C. x aurantium 168 + 73% 193 + 21° 361 + 70° 260 + 9° 140 + 36° 400 + 40° 1.3+24° 0.47 + 0.08
M. grandifiora 174 + 26° 1934 + 76" 2102 + 74° 516 + 214° 878 + 216°° 1394 + 91° 2.9 +4.2° 0.84 + 0.05
Q. ilex 107 +12° 612 +110° 719 + 105° 229 + 33° 523 + 153° 753 + 140° 1.1+6.8° 0.75 + 0.05

Symbols as: Cpmz.5,00 — concentration of fine particulate matter in leaves sampled in August; Cpmz 5,01 - concentration of fine particulate matter in leaves sampled in
September; Uppa s - daily accumulation rate of fine particulate matter; Opyo s - ratio between concentration of PMj 5 extracted with chloroform and total (water +

chloroform extractions) concentration of PM, s. Different letters indicate statistically significant differences among species (n = 4; p < 0.05).

3.4.3. Polycyclic aromatic hydrocarbons (PAHs) in dewaxed leaves

Analysis of dewaxed leaves provides information of the amount of
PAHs translocated into and accumulated in the subcuticular tissues and
in cuticular and trichome hydrophilic regions over a 30-day period
(Table 7). Overall, the PAH concentrations in dewaxed leaves were low,
indicating that these pollutants accumulated mainly in the cuticular
hydrophobic layer (Table 7). The differences between the concentra-
tions of intact and dewaxed leaves indicated that C. humilis and
M. grandiflora were the species with the highest Upym,aw and Uyivm,dw
(Table 7). In none of the considered species, Upmm,daw e€xceeded the
detection limit (Table 7).

3.5. Relationships among pollutant concentrations and uptake rates

Concentration and daily uptake rate of PM;¢ (Cpmio and Uppiio) were
positively correlated. @py10 and Opypa s, that characterize the contri-
bution of particulate matter stored in leaf hydrophobic phase were
positively related with the concentrations of coarse and fine PM, and
both @pp10 and Opyyo 5 were positively related with the daily uptake of
the coarse particulate matter (Upmio) (Fig. 4). Cpmio was negatively
correlated with concentration of medium molecular mass compounds in
dewaxed leaves (Cymm,aw) and the uptake rates of low and medium
molecular mass compounds in intact leaves (Upmm,i and Umpnm,i) (Fig. 4).
For intact leaves, the concentrations of low, medium and high molecular
mass compounds (Cyym,i, Cvivim,i and Crnvin,i) Were positively correlated

3.6. Correlations of leaf surface functional traits with pollutant uptake

Number of stomata on lower leaf side (Ns) and esterification index
of the lower leaf side (Ej) were positively correlated (Fig. 4). Stomatal
surface area per leaf area (S;) was positively correlated with N, Ej,
thickness of cuticle in upper leaf side (T ), and the surface of trichomes
per leaf area (Sy); moreover, Ss showed a negative correlation with the
esterification index of upper leaf side (E,) (Fig. 4). Upper cuticle thick-
ness (T,,) showed positive correlations with trichome surface per leaf
area (Sy) and number (Ny) (Fig. 4).

Stomatal surface area per leaf area (Sg) and the number and surface
area trichomes per leaf area (N; and S;) showed strong positive corre-
lations with the concentration of coarse particulate matter (Cppo;
Fig. 4). Stomatal pore area per leaf area (Sgp), Ny and S; and the thickness
of cuticle of the upper leaf side (T,) were positively correlated with
coarse particulate matter uptake rate (Upm1o; Fig. 4). In addition, Sg, Ssp
were positively correlated with the share of hydrophobic PM;q accu-
mulation (@pmi0), and Ty and N; and S; were positively correlated with
both @ppi0 and Oppia s (Fig. 4).

Esterification index of lower leaf surface (Ep), Ss and Ns; were posi-
tively correlated with concentration of HMM PAH in intact and dewaxed
leaves (Cumm,i and Cumwm,dw), and with daily uptake of HMM PAH in
intact leaves (Unmm,i), but esterification index of upper leaf side (E,) was
negatively correlation with HMM PAH concentration and uptake
(Fig. 4).

with the uptake rates of corresponding pollutants (Upmvm,i, Ummm,i and
Unmm,i) (Fig. 4). Cvmm,i and Cuvm,i were positively correlated with the
concentrations of MMM and HMM in dewaxed leaves (Cymm,dw and
Cumvm,dw) (Fig. 4). Cvmm,aw Was positively correlated with the uptake
rates of MMM in both intact and dewaxed leaves (Unimwm,i and Unvivim,dw)

3.7. Clustering of species according to functional traits and pollutant
uptake

(Fig. 4). Different suites of functional traits clearly separated the species in
the PCA space (Fig. 5A). The esterification index of the upper leaf side
(Ey) determined the clustering of C. x aurantium samples (Fig. 5A).
Table 6 —

Average ( £ SE) concentrations (C, ug m~2) and daily accumulation rate (U, pg m2d) oflow (LMM), medium (MMM) and high (HMM) molecular mass PAHs found
in intact leaves (i) of the four investigated plant species at Dy and D;.

Crvm,po,i (B Crvm,pi,i (B8 Urvm,i (pg Cvmm,no,i (Hg Cvmm,p1,i (Mg Ummm,i (Hg Cramm,po,i (Hg Cumm,p1,i (HE Unmwm,i (Hg
Species m 2 m?) m2dh m?) m?) m2d™") m?) m?) m2d™"
2.75 2.59 0.327 0.318
C. humilis +0.645° +0.881% nd® +0.125° +0.118° nd® <IDL? <IDL? nd®
0.416 0.065 0.0787
C. x aurantium  + 0.191¢ 239+ 1.45%  +0.045° 2.24 +1.01° 1.04 +0.445°  nd® +0.0324° <IDL? nd?
0.225 0.424 0.0066 0.339 0.595 0.0085
M. grandifiora =+ 0.116° +0.151° + 0.0027° +0.167° +0.227% +0.0117° <IDL? <IDL? nd®
0.773 0.343 1.03 0.640 0.0299 0.281 0.0083
Q. ilex +0.283" +0.120° nd? +0.272% + 0.0356° nd? + 0.00348" +0.0386" +0.0012°

Symbols as: Cryvm,po,i — concentration of low molecular mass PAH in intact leaves sampled at Do; Ciymm,p1,i — concentration of low molecular mass PAH in intact leaves
sampled at Dy; Upmwm,i — daily uptake rate of low molecular mass PAH in intact leaves; Cymviv,po,i — concentration of medium molecular mass PAH in intact leaves
sampled at Do; Cyivivi, p1,i — concentration of medium molecular mass PAH in intact leaves sampled at Dy; Uyivm,; — daily uptake rate of medium molecular mass PAH in
intact leaves; Cymm,po,i — concentration of high molecular mass PAH in intact leaves sampled at Do; Cymm,p1,i — concentration of high molecular mass PAH in intact
leaves sampled at Dy; Uymw,i — daily uptake rate of high molecular mass PAH in intact leaves. IDL is the instrumental detection limit (< 0.007 pg m~2). When there was
no uptake, or uptake could not be calculated due to too low PAH concentration (<IDL), it was reported as non-detectable (nd). Different letters indicate statistically
significant differences among species (n = 4; p < 0.05).

10



A. Prigioniero et al.

Table 7 -
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Average ( & SE) concentrations (C, ug m~?) and daily accumulation rate (U, pg m2d™ 1 of low (LMM), medium (MMM) and high (HMM) molecular mass PAHs in
dewaxed leaves (dw) of the four investigated plant species at the start (Do) and end (D;) of the study.

CLMM,Do,dw CrLvmm,D1,dw Upvm,aw (g CMMM, DO, dw CvmM,D1,dw Unvmm,aw (Hg CHMM,DO,dw CHMM,D1,dw Unmm,aw (HE
Species (ng m?) (ngm?) m>d™) (ngm?) (ngm?) m>d™) (ngm?) (ngm?) m>d™h
0.075 0.0024 0.015 0.031 0.00053
C. humilis <IDL? +0.038° +0.0013% +0.0032% +0.0086% + 0.00023° <IDL? <IDL? nd
C. x 0.106 0.045
aurantium +0.0335° +0.015% nd® 2.44 +0.924°  0.31 £0.095° nd® <IDL? <IDL? nd
0.059 0.046 0.0013
M. grandifiora  + 0.0072° +0.017% nd® 0.13+0.053°  0.17 +0.045° -+ 0.0026° <IDL? <IDL? nd
0.090 0.048 0.015
Q. ilex 1.26 + 0.604°  +0.031% nd® 0.36 + 0.13° 0.15+0.077°  nd® + 0.0020° +0.0088° nd

Symbols as: Cimm,po,aw — concentration of low molecular mass PAH in dewaxed leaves sampled at Do; Cimm,p1,dw — concentration of low molecular mass PAH in
dewaxed leaves sampled at Dy; Upmm,aw — daily uptake rate of low molecular mass PAH in dewaxed leaves; Cyivm, po,aw — concentration of medium molecular mass PAH
in dewaxed leaves sampled at Do; Cyvivm, p1,dw — CONcentration of medium molecular mass PAH in dewaxed leaves sampled at D;; Uyivin,aw — daily uptake rate of medium
molecular mass PAH in dewaxed leaves; Civm,po,aw — concentration of high molecular mass PAH in dewaxed leaves sampled at Do; Cavim,p1,daw — concentration of high
molecular mass PAH in dewaxed leaves sampled at D1; Upniv,aw — daily uptake rate of high molecular mass PAH in dewaxed leaves. IDL is the instrumental detection
limit (< 0.007 pg m~2). When no uptake was observed, or the uptake rate could not be calculated due to low PAH concentrations (below IDL), U was reported as non-
detectable (nd). Different letters indicate statistically significant differences among species (n = 4; p < 0.05).

Chamaerops humilis was distinguished by the number of stomata on the
upper leaf side (N .,), the surface of stomatal pore area per leaf area (Ssp)
and the thickness of cuticle of lower leaf side (T ) (Fig. 5A). The traits
separating M. grandiflora and Q. ilex were esterification index of lower
leaf side (Ep), number of stomata on lower leaf side (Ns)), thickness of
cuticle on upper leaf side (T¢,,) and stomatal surface area per leaf area
(Ss) (Fig. 5A). The remaining functional traits (surface of trichomes per
leaf area — Si; number of trichomes — Ny) were in an intermediate position
between the samples of Q. ilex, M. grandiflora and C. humilis, but the
samples C. x aurantium had lower values for these traits than the other
species (Fig. 5A).

According to pollutant concentrations and uptake rates, C. humilis
and M. grandiflora were grouped together mainly as the result of similar
Cpma.s and Upppa s (Fig. 5B). Quercus ilex was separated from other spe-
cies as the result of higher concentration of high molecular mass PAHs in
intact and dewaxed leaves (Civwm,i and Crvm,dw) and the daily uptake of
high molecular mass PAHs in intact leaves (Ugmwm,;)- The concentration
and uptake of PM;o (Cpmio and Uppmig) and the ratio between the par-
ticulate matter extracted with chloroform to total extracted (Opp2.5 and
OpMm10), Were in an intermediate position between the samples of Q. ilex,
M. grandifiora and C. humilis. (Fig. 5B). Clustering of C. x aurantium was
primarily determined by PC2 that primarily depended on concentration
and uptake of low and medium molecular mass PAHs in intact and
dewaxed leaves (Crmm,i» Urmm,i> Cimmdws Urm,dw, Cvmvm,is Ummmis
Cvivm, dw> Ummm,dw), but also depended on the negative correlations with
Cpmi0, Upmi10, Opm2s and Opyio on the same principal component
(Fig. 5B).

PCA using both functional traits, and pollutant concentrations and
uptake rates resulted in similar separation of species (Fig. 5C). High-
lighted on the first principal component two main groups: (i) a first one
corresponding to concentration and uptake rate of MMM PAH in intact
and dewaxed leaves (Cyvm,i, Cvivim,dws Uvivim, dws Unmivm,i),concentration
of LMM PAH in dewaxed leaves (Cymm,dw) and esterification index of
upper leaf side (E,) and (ii) a second one featured by Upmio, St, Tc,us
Cpm10;, Ssp> Nty Opmz.s and Opyio (Fig. 5C). Citrus x aurantium samples
were located near to the variables of first group according to the PCA
area (Fig. 5C). The vector depicting the concentration of fine particulate
matter in the air (Cpm2.5,4) is also projected on the same axis, although
detached from C. x aurantium (Fig. 5C). The second group of variables
mainly describes the characteristics of M. grandiflora and partially those
of Q. ilex, being in an intermediate position between the two species
(Fig. 5C).

The second principal component (PC2) explained 23.8% of data and,
also in this case, it were possible observe two different groups of vari-
ables: (i) the first group was formed by the number of stomata on upper
leaf surface (Ns,) and the uptake rate of PMy 5 (Upmz.5); (ii) the second
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group was characterized by the presence of concentration and uptake of
HMM PAH (Cumm,i> Ciimm,dw and Upvm, i), number on lower leaf side and
surface of stomata (Ns; and S;), and the esterification index of lower leaf
side (Ey, Fig. 5C).

These two groups separated Q. ilex from C. humilis species (Fig. 5C).
Chamaerops humilis samples were near of the Ny, and Upmas vectors
tightly clustered together (Fig. 5C). The second group of variables
completed the description of Q. ilex (Fig. 5C).

4. Discussion
4.1. Leaf surface structural traits

The functional traits of plants reflect plant adaptive response to their
growth environment, and thus, species in the same biome often share
similar traits (Reich et al., 1999; Bu et al., 2019; Wright et al., 2004). The
marked seasonality of the Mediterranean climate makes this ecosystem
very peculiar and has resulted in a specific suite of traits including
evergreen sclerophyllous leaves that often have a thick trichome layer
on the lower leaf surface, but sometimes also on both leaf surfaces
(Niinemets and Keenan, 2014; Niinemets et al., 2004; Yadav et al., 2004;
La Riva et al., 2018). Yadav et al. (2004) measured stomatal, trichome
and cuticle traits in eight Mediterranean species with evergreen scle-
rophyllous leaf habit, and demonstrated that these species presented
marked presence of these traits as adaptation strategies to summer
drought. In this study, we analyzed the variation of stomatal, cuticle and
trichome traits (Table 1) in four widespread Mediterranean species
assess the role of these traits in altering the capacity to capture partic-
ulate matter and PAHs as has been shown for several other species
(Lukowski et al., 2020; Zhang et al., 2018).

In our study, stomatal number per area varied from 222 stomata
mm 2 in C. humilis to 391 stomata mm ™2 in Q. ilex (Table 3) in line with
previous work in the Mediterranean flora, where the number of stomata
ranged from 250 to 500 stomata mm 2 (Bosabalidis and Kofidis, 2002;
Yadav et al., 2004; Deng et al., 2017). Furthermore, species strongly
differed in the leaf area covered by stomatal pores and entire stomata
(Table 3 and Fig. 2). Stomatal area per leaf area is less frequently
measured than stomatal size and number, but we argue that this trait
more readily describes the area available for diffusion of pollutants into
leaf interior. Only C. humilis was amphistomatous (Table 3 and Fig. 2).
This feature is an ancient trait characteristic to the species from family
Arecaceae as an evolutionary adaptation to hot and humid climate
during their diversification in Oligocene (Wang et al., 2015; Song et al.,
2021).

The trichome area (Sy) of Q. ilex exceeded the projected leaf area by a
factor of more than eight (Table 3). This high trichome surface area
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Fig. 4. — Correlation matrix of leaf surface functional traits and pollutants concentrations and daily uptake rates. The color intensity (light to dark) and the size of the
circle (small to big) are proportional to the Spearman correlation coefficients (0 to 1 for the positive coefficient and 0 to —1 for negative coefficient). Only significant
correlations (p < 0.05) are shown. Daily uptake of HMM in dewaxed leaves (Uxmm,aw) Was not included in the analysis because it was below the detection limit

(Table 7). All symbols are defined in Table 1.

reflects the greater area of stellate trichomes in Q. ilex (Fig. 2; Deng
et al., 2017). Nevertheless, in M. grandiflora and C. humilis that have
non-branched filiform trichomes, S; was also high, between 4.88 and
7.34 m®>m~2 (Table 3). Overall, the three species with trichomatous
leaves had a higher number of trichomes on the lower leaf side (Ni})
than the Mediterranean species on average (Yadav et al., 2004). High
trichome number might also indicate plastic adjustment of trichome
density to polluted environments as has been observed in other studies
(Pal et al., 2002; Balasooriya et al., 2009; Kardel, Kovats et al., 2010,
2021).

Cuticle thickness of lower and upper leaf sides (T, and T¢.)
observed in this study (Table 3) was within the range of values found by
Yadav et al. (2004) for other Mediterranean species. Our study also
confirmed the greater thickness of the upper cuticle (Table 3). The
cuticle characteristics indicated that leaves of C. x aurantium and
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C. humilis could be considered equifacial, while the leaves of Q. ilex and
M. grandiflora showed a pronounced bifaciality, because of more pro-
nounced differences in thickness of the lower and upper cuticles
(Table 3).

In our study, Ss scaled positively with upper cuticle thickness and S;
and S; and upper cuticle thickness were also positively correlated
(Fig. 4). These correlations complicate interpretation of the correlations
between leaf surface characteristics and pollutant uptake rates as dis-
cussed in Section 4.4.

4.2. Leaf surface chemistry
Infrared spectra of fresh leaf surfaces displayed variable fingerprints

of the intensity of absorption bands due to the complex assemblage of
leaf components (Heredia-Guerrero et al., 2014), and displayed the
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distinctive spectral features of the main cuticle components such as
cutin, waxes, polysaccharides and phenolic compounds (Da Luz, 2006,
Fig. 3). Waxes (epi- and intracuticular), and polysaccharides are the
most observable cuticle components in infrared spectra (Fig. 3 and
Table S3 in Supplementary Information) (Izzo et al., 2020). The doublets
attributable to CH, aliphatic bending vibrations (1470-1460 cm ™! and
730-720 crn’l), found in all samples (Fig. 3 and Table S2), were iden-
tified as nanocosane, a compound already identified in the cuticle of the
Mediterranean species Olea europea (Silverstein and Webster, 1998; Da
Luz et al., 2006).

The differences in contribution of polysaccharides is clearly observed
in the lower sides both of Q. ilex and M. grandiflora, whose pronounced
bifaciality was confirmed by spectroscopic analysis (Fig. 3). A signal
intensification in the bands at ca. 1030 cm™! (related to the C-O-C
stretching vibration of glycosydic bond in polysaccharides) was evident
in lower surfaces of both the species (Fig. 3). Since the leaves were
analyzed without removing the trichome layer from the lower surface, it
was assumed that this peculiar spectral features of Q. ilex and
M. grandifiora could be related to trichomes related leaf surface func-
tional traits, accordingly with Da Luz et al. (2006) who have experienced
increases in signal intensity in the 1031 cm™! band caused by trichome
layer on lower leaves surfaces. In fact, the lower surface of both Q. ilex
and M. grandiflora showed high trichome density (Ny) and surface per
leaf area (Sy) (Table 3) that could affect the identification of cuticle
components and the resultant esterification indices (E). This aspect is
also highlighted by the significant intensification of the broad bands at
ca. 3400 cm ™! (Fig. 3) that is generally observed in both organic and
inorganic compounds (Picariello et al., 2021; Izzo et al., 2020) but
particularly emphasized in the presence of a polysaccharide fraction
and, secondly, non-esterified hydroxyl groups of cutin (Hered-
ia-Guerrero et al., 2014). Indeed, E was similar for the upper and lower
cuticle in non-hairy C. x aurantium, but E was greater for the lower
cuticle in Q. ilex and M. grandiflora (Table 3). However, E values were
also similar for upper and lower leaf surface in the trichomatous species
C. humilis.

The presence of waxes results in a peculiar enhancement in the
relative intensity of asymmetrical (va) and symmetrical (vs) stretching
vibrations of methylene groups at ca. 2916 and 2848 cm ™. These ab-
sorption bands, along with bending vibration §(CHy) (ca. 1317 cm™ D),
are generally shared with cutin that, being the main polyester in the
cuticle, is considered the specific compound responsible of the spectral
features at ca. 1730 cm ™! (C=0 stretching vibration in esters). The band
related to the stretching vibrations of the ester bond found in C. humilis
at 1735 cm ™! has been found in other species (Da Luz et al., 2006) and
was identified in the presence of cutan as the major component of the
cuticle, instead of cutin. The presence of cutan, unsaponifiable polymer
made of polymethylene chains linked by ether bonds (Heredia, 2003; Da
Luz et al., 2006) likely explains the lower value of the esterification
index (E) in C. humilis compared with other species (Table 4).

4.3. Concentrations and daily uptake rates of pollutants

Coefficient of variation of coarse and fine PM concentration levels in
atmosphere, for each sampling date, during the entire exposure period
was less than 35%, and therefore, average concentrations were used.
Atmospheric factors such as wind, moisture or rain can affect PM pre-
viously deposited on the surface of plants causing resuspension of up to
50% (McPherson et al., 1998; Mo et al., 2015). Climatic data for the
thirty-day study period suggested that wind had no relevant impact on
particle resuspension and also that no runoff from the leaf surface
occurred due the absence of precipitation during the study (Mo et al.,
2015). This is particularly evident for PM; concentrations and uptake in
the four species; there was a strong increase of PM;( over the study
period and the species ranking according to PM;( concentration did not
vary over the period considered (Table 4). Overall, the share of hydro-
phobic PMjy (@pmio; 0.18-0.36, Table 4) and hydrophobic fine
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particulate matter (@pmo,5; 0.47-0.84, Table 5) were large. Leaf PM;o
concentrations (Cpmio) and uptake (Uppo) were positively correlated
with @ppo and leaf PMj 5 concentrations scaled positively with Opyo 5
(Fig. 4). This implies that the hydrophobicity of the leaf surface, e.g.
presence of waxes is expected to play an important role in retention of
particulate matter (Dzierzanowski et al., 2011; Wang and Shi, 2021, see
the next section). No correlation was found between concentrations of
particulate matter in the air and concentrations and uptake of particu-
late matter in leaves (Fig. 5A), but the particle concentrations depended
on leaf surface characteristics (next section).

The analysis of PAHs of the intact leaves (Table 6) allowed to
quantify the pollutants present on the leaf surface (whether or not bound
to the cuticle) together with those eventually translocated into the
subcuticular tissues. Data on intact leaves showed that the highest
concentrations of LMM were initially found on C. humilis, however, after
30 days, the concentrations in C. x aurantium and in C. humilis were
similar, indicating a higher average daily uptake rate in C. x aurantium
(Table 6). Citrus x aurantium also had the greatest MMM concentrations
(Table 6). The heavier polycyclic hydrocarbon were significantly only
retained by Q. ilex. (Table 6). In accordance with our findings, Fasani
et al. (2016) found that a higher accumulation of three- and four-ring
slowly diffusing PAHs is related to the accessibility of cuticular surface
that is increased in the absence of trichomes. Several authors also sug-
gested that cutin is the key contributor in PAH storage, avoiding their
intratissue movement (Chen and Schnoor, 2009; Li et al., 2010; Metrak
et al., 2016; Shechter and Chefetz, 2008). This latter consideration
supports the PAH concentrations in dewaxed leaves; the species with the
highest uptake for LMM and MMM was C. humilis (Table 7) whose cuticle
contains cutan instead of cutin enhancing its hydrophobic nature
(Shechter and Chefetz, 2008).

4.4. Scaling of pollutant concentrations and daily uptake rates with leaf
surface functional traits

In our study, the impact of stomatal traits on pollutant sequestration
was weaker than in other studies (Kovats et al., 2021 and references
therein). Counterintuitively, we observed positive correlations among Sg
and uptake of concentration (Cpp10) and uptake rate (Upp1o) of coarse
particulate matter (PM;() and HMM fraction of PAH, but no correlations
with smaller particles, PM5 5 and lower molecular mass PAH that can
more readily diffuse into leaf interior (Fig. 4). In fact, stomatal uptake of
pollutants directly depends on stomatal openness (Fowler et al., 2009;
Niinemets et al., 2014) that in turn is strongly controlled by plant water
availability. In particular, in Mediterranean species, stomatal openness
is typically low in summer due to drought (Lange et al., 1982; Niinemets
and Keenan, 2014; Reichstein et al., 2002). As there was no precipitation
during the study period, the plants sustained severe drought stress,
implying a low stomatal conductance. Thus, the puzzling correlations
between stomatal traits and pollutant uptake observed in our study
might reflect the correlation of stomatal traits with other leaf functional
characteristics, S; and upper cuticle thickness (Section 4.1). Further
studies during wet periods when stomata are open are needed to char-
acterize the stomatal pollutant uptake capacity.

As predicted, Cpyio and Upmip were positively correlated with S;
(Fig. 4). Glabrous leaves of C. x aurantium had the lowest uptake ca-
pacity for PM;, but the hairiest leaves of Q. ilex had the highest uptake
rate (Table 4). The values of Cpyj19 measured in our study for Q. ilex are
the same order of magnitude as observed previously (Esposito et al.,
2020; Sgrigna et al., 2015). Chamaerops humilis and M. grandiflora with
intermediate S; showed a medium potential to trap coarse particles. In
addition, both coarse and fine particulate (Cpyio and Cpya.s) leaf con-
centrations were correlated with upper cuticle thickness (Fig. 4). The
share of hydrophobic PM;o and PMy 5 scaled also positively with upper
cuticle thickness (Fig. 4). As there is a certain pore fraction within plant
cuticles (Schonherr, 2006; Tredenick et al., 2017), this might indicate
that thicker cuticles have a greater pore fraction. At any rate, cuticular
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traits were primarily associated with the hydrophobic particle fraction,
and we conclude that the most influent trait, regard the sequestration of
particles is the presence, density and surface area of trichomes (Table 3,
Fig. 4).

So far, Q. ilex has been studied for its ability to sequester PAHs (De
Nicola et al., 2005, 2011; Orecchio, 2007). The ability of C. x aurantium
to accumulate low and medium molecular mass hydrocarbons has been
evaluated and certified in other studies proposing to use plant leaves as a
bioindicator of PAHs pollution (Fasani et al., 2016). Yet, there are few
interspecific comparisons. In the case of PAH, there were only a few
correlations. In particular, esterification index of the upper surface (E,)
was negatively associated with high molecular mass (HMM) PAH con-
centrations and uptake (Fig. 4), suggesting that more strongly
cross-linked fatty acids in cutin constitute a more effective barrier of
HMM PAH. The low E, of C. humilis (Table 3) could be the cause that
allows pollutants to translocate into the subcuticular tissues due to the
reduced influence of cutin (Chen and Schnoor, 2009; Li et al., 2010;
Metrak et al., 2016; Shechter and Chefetz, 2008). These support the
hypothesis that hydrocarbons penetration into the leaf tissues is facili-
tated or slowed down depending on the chemical characteristics of the
surface (Dominguez et al., 2015). HMM PAH concentrations were also
positively related to Sg (Fig. 4), but these correlations likely reflected the
negative association between Ss and E, (Fig. 4). In the case of the
esterification index of the lower cuticle (E)), the relationships are
non-conclusive because E; was estimated with trichomes. Previously, it
has been suggested that high trichome density allows pollutants to
accumulate on trichome surface and prevent their penetration through
the cuticle following the particle bound deposition (Jouraeva et al.,
2003; Li et al., 2010; Dominguez et al., 2015). However, no correlations
of PAH uptake were observed with trichome traits across species in our
study (Fig. 4).

4.5. Species separation in functional traits and pollutant uptake space

High number and surface area of stomata and trichomes, together
with thick upper cuticle characterized Q. ilex and M. grandiflora and
justified their ability to concentrate PMjo with a high daily uptake
(Fig. 5C). Magnolia grandiflora and C. humilis samples were grouped by
their ability to uptake and retain fine particulate matter (Cpy2.5 and
Upmz.s) (Fig. 5B and C), however, no clear correlation was found be-
tween this capacity and the functional traits analyzed for these species.
A direct correlation between PM, s air concentration and PAHs con-
centrations was observed in other studies, since fine particulate matter
act as a carrier of toxic organic compounds (Liu et al., 2017), but our
study cannot assess this interaction (Fig. 5) due to the lack of PAHs at-
mospheric data.

Citrus x aurantium samples were clustered mainly due to strong
negative correlations with trichome related traits and the index of hy-
drophobicity (@pmi10 and Oppas) (Fig. 5A). In this species, high con-
centrations of LMM and MMM in intact and dewaxed leaves, high uptake
of LMM and MMM in intact leaves and MMM in dewaxed leaves were
observed (Fig. 5B and C).

5. Conclusions

This study provided new data of and novel insight into plant-air
pollutant interactions, suggesting mechanisms that may prevent or
promote translocation into leaf epidermis and non-hydrophobic regions.
Our analyses uncovered a large variation in functional traits in key
Mediterranean species, and demonstrated that several functional traits
explain at least part of the interspecific variability in foliar accumulation
of particulate matter and PAH. In particular, leaf hairiness, cuticular
thickness and cuticular chemistry were found to be the main drivers
explaining species differences. Trichomes can increase the surface by
almost an order of magnitude and thus, they play a prominent role in
phytoremediation. Previous studies have looked at the relationship
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between leaf shapes (Chen et al., 2017; Esposito et al., 2020), surface
microstructures of the leaves (Zhang et al., 2018; Baraldi et al., 2019; Li
et al., 2020), and their PM adsorption capacities, but there has been
much less attention on the increase of surface for pollutant absorption
due to trichomes. Light pollutants follow a different pathway of accu-
mulation, interacting with the leaf mainly via stomata and cuticle. There
is only limited information of what molecular and physical features of
cuticle control lower molecular mass pollutant accumulation, including
hydrophobicity, cross-linkage of cutin fatty acids and cutin porosity, and
future efforts are needed to increase the knowledge base. This study
proves that leaf surface functional traits deserve attention in air phy-
toremediation and Nature Based Solutions approaches. Given the in-
terest in the results obtained and the perspectives to study the
interaction between environment and leaves mediated by pertinent leaf
functional traits, future research is needed to extend this work to more
species. Species-specific data are especially needed to improve models
that ca estimate vegetation capacity in air phytoremediation.
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