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Abstract
The rapid industrialization and urbanization of intra- and peri-urban areas at the world scale are responsible for the
degradation of the quality of edible crops, because of their contamination with airborne pollutants. Their consumption
could lead to serious health risks. In this work, we aim to investigate the phytotoxicity induced by foliar transfer of
atmospheric particles of industrial/urban origin. Leaves of cabbage plants (Brassica oleracea var. Prover) were contaminated with metal-rich particles (PbSO4 CuO and CdO) of micrometer size. A trichloroacetic acid (TCA) treatment was
used to inhibit the synthesis of the epicuticular waxes in order to investigate their protective role against metallic particles
toxicity. Besides the location of the particles on/in the leaves by microscopic techniques, photosynthetic activity measurements, genotoxicity assessment, and quantification of the gene expression have been studied for several durations of
exposure (5, 10, and 15 days). The results show that the depletion of epicuticular waxes has a limited effect on the particle
penetration in the leaf tissues. The stomatal openings appear to be the main pathway of particles entry inside the leaf
tissues, as demonstrated by the overexpression of the BolC.CHLI1 gene. The effects of particles on the photosynthetic
activity are limited, considering only the photosynthetic Fv/Fm parameter. The genotoxic effects were significant for the
contaminated TCA-treated plants, especially after 10 days of exposure. Still, the cabbage plants are able to implement
repair mechanisms quickly, and to thwart the physiological effects induced by the particles. Finally, the foliar contamination by metallic particles induces no serious damage to DNA, as observed by monitoring the BolC.OGG1 gene.
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Introduction
Significant amounts of coarse, fine, and ultrafine airborne particles (i.e., PM10, PM2.5, PM1, and PM0.1) are observed in
urban and peri-urban areas (Moffet et al. 2010; Moreno et al.
2010; Riffault et al. 2015). These airborne particles may be
enriched with hazardous metals (As, Cu, Zn, Cd, Pb…) (Zhou
et al. 2014; Riffault et al. 2015) when they originate from
industrial and traffic sources. They may induce health risks
for the population living in these areas after inhalation of
metal-containing particles (Uzu et al. 2011; Braakhuis et al.
2014; Sanderson et al. 2014; Sun et al. 2014). In the context of
urban agriculture, the health impact may occur through the
consumption of contaminated vegetables cultivated in kitchen
gardens (Mosbaek et al. 1988; Bermudez et al. 2011; Hu et al.
2013; Uzu et al. 2014). The entry mechanism of metals into
the plants is now well known. It may occur according to two
pathways, i.e., root transfer and foliar transfer. Root transfer
has been largely studied and the transfer mechanisms of
metals are well detailed in the literature (Estrella-Gómez
et al. 2009; Uzu et al. 2009; Mendoza-Cozatl et al. 2011;
Etxeberria et al. 2012; McBride et al. 2014). The interactions
between the metal-containing particles and the plant leaves
have been the subject of several studies (Birbaum et al.
2010; Nair et al. 2010; Li et al. 2012; Zalud et al. 2012;
Xiong et al. 2014). The accumulation and transfer mechanisms of metals through the leaves have been recently demonstrated (Uzu et al. 2010; Schreck et al. 2012a, b; Larue et al.
2014a, b; Schreck et al. 2014). However, the relationship between the particle accumulation and/or entry within the plant
tissues and the phytotoxicity remains poorly understood.
The accumulation and transfer of metal-containing particles into the leaves depend on the micro-morphological features of the plant leaves, such as the roughness, the epicuticular wax thickness, the number, density, size, and degree of
openness of the stomata, and on the physicochemical properties of the particles deposited onto the leaves as well (Joureva
et al. 2002; Eichert and Goldbach 2008; Eichert et al. 2008;
Burkhardt 2010; Schreck et al. 2012a; Terzaghi et al. 2013).
For example, Saebo et al. (2012) have shown that the hairiness
and wax content of the leaves induced differences in the metal
accumulation by a factor of up to 20. Likewise, Pb accumulation in leaves was found to be five times higher in ryegrass
(Lolium perenne L.) compared to lettuce (Lactuca sativa L.)
when they were exposed to atmospheric industrial fallouts of a
lead-recycling facility (Schreck et al. 2012a). These authors
showed that the length and roughness of the leaves facilitate
the interception of fine atmospheric particles. The cuticular
waxes and the stomatal openings are the two potential main
routes of entry for the metallic particles into the leaves.
Terzaghi et al. (2013) observed, on the leaves surface of cornel
(Cornus mas) and maple (Acer pseudo-platanus) trees, particles ranging between 0.2 and 70.4 μm, showing that the

accumulation of particles on leaf surface does not depend on
the particle size. However, they demonstrated that only the
particles with a diameter lower than 10 μm seemed to be
encapsulated into the cuticle. For most of higher plants, stomata are only present on the lower surface (abaxial surface) of
leaves. But, for some species such as Brassica oleracea, stomata are also found on the upper surface (adaxial surface),
increasing the probability of particles entry by stomatal pathway. The use of fluorescent nanoparticles of 43 nm and
1.1-μm diameter allowed pointing out the diffusion of only
the finest ones through the stomatal pores (Eichert et al. 2008).
Phytotoxic effects may follow the foliar transfer of metals.
The oxidative stress linked to the presence of metals in the
plant leaves can be at the origin of the inhibition of the photosynthetic activity. The assimilation of metals by plants leads
to the production of reactive oxygen species (ROS) through
Haber-Weiss reactions and may cause oxidative damages, especially on the photosynthetic system (Yadav 2010; Kumar
et al. 2013; Sytar et al. 2013; Flores-Cáceres et al. 2015) and
on DNA (Herbette et al. 2006; Iannone et al. 2010; Hu et al.
2012; Kumar et al. 2013). Several markers can be used in
order to evaluate the efficiency of the photosynthetic apparatus in vegetables. Numerous studies are based on the determination of the chlorophyll content in the leaves by absorbance
measurements after extraction of the chlorophyll with ethanol
(Patsikka et al. 2002; Kumar et al. 2012; Wodala et al. 2012).
A less destructive and much faster method to evaluate the
alteration of the photochemistry system (in particular the
PSII photosystem) consists in determining the photosynthetic
parameters (Schreiber 2004; Wodala et al. 2012) such as the
maximum quantum fluorescence efficiency Fv/Fm (Kitajima
and Buttler 1975). Primary DNA lesions such as single and
double strand breaks can be estimated by the comet assay, an
electrophoretic technique that provides information on the
DNA fragmentation level (Lanier et al. 2015; Santos et al.
2015). The inhibition of the photosynthesis and genotoxicity
in the leaves has been demonstrated in the case of metal contamination through the roots of vegetables grown on polluted
soils or in contact with metallic solutions (Ghosh et al. 2010,
2012; Monteiro et al. 2012; Hattab et al. 2013; VillatoroPulido et al. 2013), but not much is known in the case of a
direct foliar contamination. Moreover, to the best of our
knowledge, the protective role of the cuticular waxes against
metal entry and the induced phytotoxicity of metals have not
been examined.
In the present study, cabbage plants (Brassica oleracea var.
Prover) were chosen because of their high level of foliar epicuticular waxes (Juniper 1960; Barthlott et al. 1998). In cabbage plants, the external layer of the cuticle is covered by
epicuticular wax crystals, which constitute the first protective
barrier against an external attack such as the contamination by
metallic particles. In addition to the formation of the cuticle,
plants have set up biological detoxication processes governed
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by gene induction and regulation, allowing the plant to tolerate the stress caused by the metals (Yadav 2010; Guo et al.
2012; Sytar et al. 2013; Hasan et al. 2017). One of the most
studied plant detoxication mechanisms is the synthesis of
phytochelatins (PCs) which helps sequestrate the metals into
vacuoles or fixes them on the cell walls (Cobbett and
Goldsbrough 2002; Seth et al. 2008; Mendoza-Cozatl et al.
2011; Son et al. 2012). The role of metallothioneins (MTs) is
also evocated in metallic stress tolerance in plants. MTs can
act as chelating molecules for toxic metals such as Cd and Pb
and are proved to be efficient in ROS scavenging (Van
Belleghem et al. 2006; Guo et al. 2008; Verbruggen et al.
2009; Lv et al. 2012; Kumar et al. 2013). In addition to the
production of PCs and MTs, the exposure to metals could
induce other responses of the plant to face phytotoxicity.
The exposure of plants to metals implies many other cellular
and molecular mechanisms that are involved in the response
to metallic stress (Sarry et al. 2006). Vegetables exposed to
toxic metals or high concentrations of essential elements (i.e.,
Cu, Zn, Fe, Mn, Mo, Ni, and Co) may exhibit significant
changes in their gene expression, allowing them to survive
in suboptimal growth conditions (Mendoza-Cozatl et al.
2011). The sequencing of the genome of the model plant
Arabidopsis thaliana (the Arabidopsis genome initiative
2000), coupled to reverse genetic techniques, made it possible
to decrypt most of the functions encoded by the genes of this
plant. This work has initiated numerous projects in plant genomics and was the beginning of a real development in the
functional annotation of plants. The genome of Brassica
oleracea is very close to that of Arabidopsis thaliana.
Although the functional annotation of the B. oleracea genes
is much less advanced than that of the Arabidopsis thaliana
genes, it is possible to use the data obtained for Arabidopsis
thaliana for studying B. oleracea thanks to their phylogenetic
proximity. The present work aims to investigate the role of the
epicuticular waxes of cabbage plants on the foliar transfer and
toxicity limitation in the case of exposure to various
manufactured metallic particles (PbSO4, CuO, and CdO), for
several exposure durations (5, 10, and 15 days), through measurements of the photosynthetic activity, assessment of the
genotoxicity and quantification of the gene expression.

Materials and methods
Plant material and growth conditions
The culture of the plants was based on the standardized methods
for biomonitoring the effects of air pollutants for green cabbage,
according to the German standard VDI 3957/3 (Verein
Deutscher Ingenieure (VDI) 2000). Sterilized seeds (6% H2O2
(v/v) 10 min) were sown in trays containing peat-based compost
(NF U 44-551). The trays were placed for 2 months in a

greenhouse regulated at 20 ± 2 °C under natural lighting.
During this period, the seedlings were transplanted in individual
pots when two cotyledons appeared. Before exposure to the
metallic particles, the soil was covered with a geotextile membrane to avoid any contamination via roots, as in Uzu et al.
(2010) and Schreck et al. (2012a, b). Seventy-two plants were
used for this study, giving three replicates for each exposure
condition, including control plants. Replicates here mean that
we used for each condition three plants exposed simultaneously.

Epicuticular waxes synthesis inhibition
During the growth period in the greenhouse, the soil was
watered every week with 20 ml of a solution of trichloroacetic
acid (TCA) 10−4 M to inhibit the formation of epicuticular
waxes. A reduction of 60% in mass of epicuticular wax has
been previously reported (Macey 1974; Garrec et al. 1995;
Rzepka 2008). At this concentration, TCA acts as a wax synthesis inhibitor and does not induce growth malformations or
toxic effects for the cabbage plants (Macey 1974; Burg 2004;
Rzepka 2008). The treatment was applied to 36 of the 72 plants.

Exposure to monometallic particles
The adaxial surface of the three higher leaves of each plant
(except for control plants) was contaminated with about 1 mg
of monometallic particles per plant. The quantity of particles
deposited on the leaves is similar to the atmospheric deposits
measured for the vegetables exposed in the courtyard of a
lead-recycling factory (about 30 μg/m3) (Uzu et al. 2010;
Schreck et al. 2012a). High purity (> 99%) PbSO4, CdO,
and CuO particles (Sigma-Aldrich) were used. The physicochemical characteristics of the particles are given in Table S1
in SI. The particles were spread over the entire leaf surface
using a brush. The particle-contaminated plants and the control plants were then placed in a temperature and humiditycontrolled chamber. The leaves of the particle-contaminated
and control plants were harvested 5, 10, and 15 days after
exposure.

Location of metal-rich areas on leaves surface
and particles characterization
For microanalysis, the harvested leaves were oven-dried for
4 days at 72 °C. The metal-rich areas were identified by environmental scanning electron microscopy coupled to energy
dispersive X-ray spectroscopy (ESEM-EDX), using a
Quanta 200 FEI instrument equipped with a Quantax EDX
detector. The apparatus was operated in low-vacuum mode
(about 133 Pa) at 15 kV, as in previous studies (Uzu et al.
2010; Schreck et al. 2012a; Xiong et al. 2014). For each replicate, pieces of dried leaves of 3 × 1 cm2 were randomly chosen and fixed on glass slides with no further preparation.
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The surface occupied by the metallic particles on the leave
was determined from back-scattered electrons (BSE) images
using ImageJ 1.46r (Schneider et al. 2012), as in Xiong et al.
(2014). The BSE images were converted into binary black and
white images to distinguish the particles from the leaf surface.
The covering rates were determined as the ratio between the total
area occupied by the particles on the leaf surface and the total
surface of the field defined in the image. For each leaf, 30 images
of about 968 × 836 μm2 were analyzed, giving a total surface of
24.3 mm2. The covering rate of stomata by the particles was
estimated using a similar procedure.
The morphology of both leaf surface and epicuticular
waxes was observed after metalizing the sample by cathodic
sputtering of Au/Pd mixture (60% Au/40% Pd) during 100 s at
20 mA (sputter coater, Balzers SCD 004).

PSII Chl fluorescence measurements
The PSII Chl fluorescence of the cabbage leaves was monitored in situ during the plant exposure with a PAM-2100
Portable Chlorophyll Fluorimeter (Heinz Walz GmbH,
Effeltrich, Germany). The leaves were dark adapted for at
least 15 min to determine the minimum and maximum fluorescence yields (Fo and Fm respectively). Fm was obtained by
exposing the leaves to a high intensity (8000 μmol m−2 s−1
PPFD) short pulse (0.8 s) of white light emitted by a LED. The
maximum photochemical efficiency of PSII (Fv/Fm, with
Fv=Fm—Fo) was determined directly by the fluorimeter according to the formula given by Kitajima and Buttler (1975).
Measurements were performed on the three higher leaves for
each plant, before drying them for microanalysis, giving a
total of nine values for each exposure condition.

at room temperature (20 °C). Next, the slides were stained
with 25 μL ethidium bromide for 5 min to reveal the nuclei
DNA then dipped in ice-cold water to remove the excess
ethidium bromide and covered with a coverslip before analysis. For each slide, 30 randomly chosen nuclei were analyzed
using a fluorescence microscope (Leica DM2000) equipped
with a mercury lamp (Leica MZ16FA), giving a total of 90
nuclei by exposure condition. Data treatment was performed
with the Comet Assay IV software (Perspective Instrument
Ltd.) which automatically determines DNA percentage in
the comet tail (% of damaged DNA).

Gene expression analysis
RNA isolation and cDNA synthesis
For each tested condition, three 30-mg leaf pieces were harvested from each plant and pooled in a 2-mL microtube and
flash-frozen in liquid nitrogen. The procedure was repeated
three times. The total RNAs samples were isolated with the
Plant RNeasy mini kit (Qiagen, Courtaboeuf, France) including the on-column DNase digestion step. The concentration
and purity of the RNAs samples were determined using a
Biospectrometer spectrophotometer (Eppendorf AG,
Hamburg, Germany). The RNA integrity was checked by
using the method described by Brulle et al. (2014).
Reverse transcription was performed on 1 μg of total RNA
from each sample using the oligo(dT)18 primer and the
RevertAidTM H Minus First strand cDNA Synthesis Kit
(Fermentas, St. Leon-Rot, Germany) according to the manufacturer’s instructions.
Real-time PCR

Comet assay
The comet assay was performed according to the previously
described procedures (Lanier et al. 2016). Two-square centimeter fresh disks (two times 30 mg) are cut from each leaf and
placed in a petri dish kept on ice then spread out with 100 μL
of 400 mM Tris-HCl buffer pH = 7.5. The disks were gently
sliced with a fresh razor blade to collect isolated nuclei in the
buffer. The cellular suspension was then mixed with agarose
gel (1% LMPA in PBS) and deposited on microscope slides
previously gelosed (1% NMP in PBS). After 15 min at 4 °C,
the slides placed in the dark were covered with a second agarose layer (0.5% LMPA in PBS) and put to rest in the same
conditions as before. The slides were then incubated for
15 min in a freshly prepared electrophoresis buffer (H2O qs
for 2.5 L 200 mM EDTA 12.5 mL of 10 N NaOH pH > 13) to
unwind DNA prior to horizontal electrophoresis during 5 min
(25 V 30 mA). After electrophoresis, pH neutralization was
performed with three successive baths containing 400 mM
Tris buffer (pH 7.5) and the slides were air-dried with ethanol

The real-time quantitative PCR (qPCR) procedure was
adapted from Bernard et al. (2016). The qPCR reactions were
performed in triplicate in 96-well plates with a LightCycler 96
Real-Time PCR system (Roche Diagnostics, Mannheim,
Germany). We used 20-μL volumes containing 0.3 μM of
forward and reverse primer, 0.5 ng of cDNA, and 10 μL of
MESA Blue qPCR Master Mix reagent (Eurogentec, Seraing,
Belgium). The qPCR conditions consisted in an activation of
the MeteorTaq DNA polymerase at 95 °C for 5 min, followed
by the amplification of the target cDNA during 40 cycles of
denaturation at 95 °C for 3 s, annealing at 60 °C for 30 s, and
extension at 72 °C for 10 s. A melting curve from 60 to 95 °C
increasing by 0.5 °C every 10 s ends up the program. All runs
included a positive cDNA control and a negative control with
water as template. The expression levels and amplification
efficiencies (E) of each gene reference (Rg) and target genes
(Tg) were determined according to the previously described
procedures (Brulle et al. 2006). The reference genes (i.e.,
BolC.TUB6, BolC.UBQ2, and BolC.SAND1) were described
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by Brulle et al. (2014). BolC.CHLI1, BolC.FSD1, and
BolC.OGG1 are the targeted genes for the study. Their functions are described later in the results section. The primer
sequences, the Genbank accession number, the primer efficiency, and the amplification length are given in Table 1.

Statistical analysis
The results obtained from the Chl fluorescence measurements
and the comet assays were subjected to statistical analysis
using XLSTAT 2014.2.03 software (Addinsoft SARL, Paris,
France). The statistical significance of differences between the
means of the values for control and the particle-contaminated
plants leaves was determined using the non-parametric Dunn
test. Significance levels are indicated by asterisks: p < 0.05 (*)
and p < 0.0002 (**). For qPCR, the results from contaminated
plants were compared to those obtained from control plants.
The relative gene expression was calculated as 2−Cq and normalized by the geometric average of 2−Cq values for 2, 3, and
4 reference genes per sample when needed. A non-parametric
Kruskal-Wallis test followed by U test was conducted to test
the Cq stability for the three targeted genes for the control and
the particle-contaminated plants.

Results
Metallic particles distribution on adaxial leaf surfaces
The ESEM-EDX analysis shows that the particles are heterogeneously distributed all over the surface of leaves, with fine
particles < 1 μm encountered in the stomata (Fig. 1). The
covering rates of particles were evaluated to be about 1.2 ±
0.2% considering the total leaf surfaces, and between 4 and
Table 1

12% of stomata, with no significant differences regarding the
nature of the particle, the TCA treatment, or the duration after
exposure. The TCA treatment limits the epicuticular wax synthesis by 60% (i.e., 40% of the total epicuticular wax remains
on the leaf surface after treatment). The treatment does not
affect the cuticular wax structure and composition.
Only few metal-rich necrotic areas (two or three per leaf)
were found on the leaves surfaces of untreated plants. The
leaves surfaces of the TCA-treated plants present two to five
times more metal-rich necrotic areas compared to untreated
plants, even after only 5 days after exposure to the particles.
As shown in Fig. 2 (and in Fig. S1 in the supplementary
information), the formation of necrotic areas seems not to be
accompanied with any morphological transformation of the
metallic particles encountered therein, even when trapped in
the tissues.
The metallized leaf samples show the immobilization of
particles on the surface by the epicuticular waxes, both for
TCA-treated and untreated plants with any morphological
modification of the particles (Fig. 3). The extraction of the
epicuticular waxes using a chloroform solution (Bourdenx
et al. 2011) induced the removal of only a maximum of 5 to
10% of the total particles trapped on the leaves surfaces, as
illustrated for CdO contaminated leaves in Fig. 4. This highlights the role of the inner wax layers for trapping the particles.
This is confirmed by the ESEM-EDX observations of cross
sections of PbSO4 contaminated leaves, where the particles
are integrated in the epidermal tissues (Fig. 5).

Photosynthetic activity
The intrinsic efficiency of PSII was estimated by comparing
the mean values of the photochemical efficiency (Fv/Fm) determined for control plants with those obtained for the

References and target genes and primer sequences used to perform real-time PCR

Gene name1

Primer sequences (5′ → 3′)

Genbank accession
number

Primer
efficiency (%)

Amplification
length

BolC.TUB6.a

F: GGAATGGATACCGAACAACG
R: CAACGCTAGTCTCAGCAGCA
F: ATATTCGTGAAGACGCTG
R: CTCAACTGGTTGCTGTG
F: GCGCGTCTGGTGTATTGTT
R: CAATGCGAATCCTGCAATC
F:ACTTACAACAACGGCGACCT
CCTC
R: GGCGGCAGCAGCATTGAACT
F: CCACAGAAATCAACTCCAC
R: CTCTCTCTCTCACCTCAAC
F: GCGAGGATTACGAAGATG
R: TAGACAACCTTTCCAACGA

KF218597

95.75%

345

KF218593

98.45%

359

KF218596

96.6%

294

JF720320

1.95

186

XM_013741532.1

1.99

297

XM_013783006

1.99

106

BolC.UBQ2.a
BolC.SAND1.a
BolC.FSD1

BolC.CHLI1
BolC.OGG1

BolC.TUB6 beta 6 tubulin, BolC.UBQ2 ubiquitin 2, BolC.SAND1 SAND family protein 1, BolC.OGG1 8-oxoguanine-DNA glycosylase 1, BolC.FSD1
Fe superoxide dismutase 1, BolC.CHLI1 magnesium-chelatase subunit ChlI-1
1

Gene nomenclature according to Østergaard and King (2008)
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Fig. 1 Observation by ESEMEDX of PbSO4, CdO, and CuO
particles encountered in the stomata for control and untreated
plants

Control

PbSO4

10 µm

CdO

CuO

10 µm
contaminated plants. The results are presented on Fig. 6
(values are presented in SI Table S2). 5 days after exposure,
no difference is noted between TCA-treated and untreated
plants whatever the composition of the particles. Differences
were observed between untreated and TCA-treated plants after 10 days, showing an influence of the TCA treatment and of
the cuticular wax thickness on the PSII efficiency. At 10 days,

PbSO4

10 µm

(a)

50 µm

10 µm

the photochemical efficiency of the TCA-treated plants is significantly different from the photochemical efficiency of the
untreated plants, both for the contaminated plants and the
control plants. For control plants, Fv/Fm values are 0.759 ±
0.030 and 0.0572 ± 0.053 for untreated plants and TCAtreated plants, respectively. Such a difference was not observed for PbSO4 contaminated plants, where Fv/Fm values

(b)

25 µm

Fig. 2 Typical ESEM picture of PbSO4 particles integration in necrotic tissues without any physicochemical transformation observed for the TCAtreated plants, 5 days after the contamination with the particles (a), the area marked in the red squared is zoomed on (b)
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Fig. 3 Observation by ESEM-EDX of PbSO4 particles trapped by the cuticle on the leaf surface after the metallization of the sample for no-treated and
treated plants. PbSO4 particles deposited on a glass slide are presented for comparison

of 0.776 ± 0.026 are measured for untreated plants and 0.700
± 0.061 for TCA-treated plants. The difference in Fv/Fm
values between untreated plant and TCA-treated plants is
more pronounced after 15 days of exposure. For control
plants, TCA-treated exhibit an Fv/Fm mean value of 0.458 ±
0.096 whereas a mean value of 0.784 ± 0.016 was determined
for untreated plants. For CuO contaminated leaves, the Fv/Fm
value for TCA-treated plants was 0.298 ± 0.224 whereas untreated plants exhibit a mean value of 0.745 ± 0.076.
For TCA-treated plants, the values for control plants and
contaminated plants are not found to be significantly different
(p value > 0.05) except for CuO contaminated plants. This
highlights that the contamination of the leaves by PbSO4
and CdO particles does not have any influence on the photosynthetic activity. Nevertheless, the TCA treatment itself
seems to affect the photosynthetic activity, with Fv/Fm values
lower for the TCA-treated plants than for the untreated plants,
showing that the depletion of epicuticular wax reduces the
photosynthesis activity. Regarding the mean Fv/Fm values,
the CuO particles seem to affect more the photosynthetic activity. This may be explained by the essential role of Cu in the
photosynthetic activity of the plants, as previously reported
(Xiong et al. 2017).

DNA damages induced by the metallic particles
contamination of the leaves
The genotoxic impacts induced by the metallic particles on the
leaves surfaces were estimated by the comet assay. The results
are shown on Fig. 7 (values are given in the Table S3 of SI).
The cabbage leaves were affected differently depending on the
composition of the particles and on the duration after exposure. The genotoxic effects were significantly larger for the
TCA-treated plants, especially 10 days after exposure. Five
days after exposure, the genotoxicity of the PbSO4 particles
in the leaves was clearly observed for the TCA-treated plants,
for which about 10% of DNA was damaged. To a lesser extent, a slight effect was found for CuO, with about 4% of
damaged DNA. No clear effect was evidenced for the plants
exposed to CdO. Ten days after exposure, the leaves of both
untreated and TCA-treated plants show significant DNA damage. Whereas about 6% of damaged DNAwas measured in the
leaves of the untreated plants exposed to PbSO4, the epicuticular waxes depletion led to a DNA degradation of about 12%.
Similar values of about 10% were observed for the TCAtreated plants exposed to CdO and CuO particles 10 days after
exposure, but no genotoxicity was noted for the leaves of the

Fig. 4 Observation of metallic
particles on the leaf surface by
optical microscopy (a) before the
immersion of the leaf in
chloroform (b) after the
immersion of the leaf in
chloroform during 30 s

20 µm
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Fig. 5 Observation by ESEMEDX of a leaf cross section
showing the trapping of PbSO4
particles in the epicuticular wax

20 µm

Fig. 6 Values of Fv/Fm parameter
of the cabbage leaves cultivated
for 5, 10, and 15 days after
PbSO4, CdO, and CuO foliar
exposure, in the case of both
untreated and TCA-treated plants.
The bars represent means ± SD
(n = 9). The means labeled with
the same letter are not
significantly differentiated
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Control
Control + TCA
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5 days

10 days

Control
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*

0

15 days

Fig. 7 DNA damage (%) measured by the comet assay in cabbage leaves
(Brassica oleracea var. Prover) 5, 10, and 15 days after metal exposure, in
the case of both untreated plants and TCA-treated plants. The bars
represent means ± SD (n = 3). *Significantly (p < 0.05) different from
the control, **highly significant (p < 0.0002) from the control

untreated plants. Finally, 15 days after exposure, the effects
seemed to disappear, with no longer any significant DNA
degradation. The DNA damages were lower than 1% whatever the exposure conditions, except for the TCA-treated control
plants where about 4% of DNA damage was measured. This
shows that the TCA treatment may generate slight damages to
the plants on the long term.

Gene expression/induction in Brassica oleracea leaves
exposed to metallic particles
The quantification of the gene expression levels was performed by qPCR for each exposure condition. The results
are presented on Fig. 8a–c for BolC.FSD1, BolC.CHLI1,
and BolC.OGG1, respectively. The values are given in
Table S1 in SI.
BolC.FSD1 encodes an iron superoxide dismutase enzyme
(FeSOD1) known for hastening the superoxide radical
dismutation and for limiting the oxidative stress (Miller et al.
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Fig. 8 Relative expression levels of BolC.FSD1 gene (a), BolC.CHLI1
gene (b), and BolC.OGG1 gene (c) in cabbage leaves, 5, 10, and 15 days
after exposure to the metallic particles. The bars represent means ± SD
(n = 9). The gray area placed between − 1 and 1 represents the basal level
of gene variations (background area)

2008). The results show that BolC.FSD1 gene was strongly
induced independently of the metallic particle type, especially
10 days after exposure. The maximum values of the relative
expression levels determined at 10 days were comprised between 14.40 ± 2.68 and 15.73 ± 0.84 for CuO and PbSO4 particles, respectively, giving a gene overinduction more than
seven times larger than the basal level of gene expression.
The exposure of the leaves to the three different metallic particles induces the same temporal evolution with a peak at
10 days. In the case of CdO contamination, BolC.FSD1 gene
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is expressed almost directly to its maximum value. At 15 days,
the gene expression levels of BolC.FSD1 remain two times
higher than the basal level of gene variations.
BolC.CHLI1 encodes an enzyme responsible for chlorophyll production (Mg-chelatase) and regulates the stomatal
openings to control the CO2 assimilation which is necessary
for the photosynthesis process and the regulation of water
losses (Shimazaki et al. 2007; Tomiyama et al. 2014).
BolC.CHLI1 was overexpressed for each exposure condition
except for CuO particles 15 days after exposure. The determined value for this last condition was close to the basal level
of gene variations. The higher value was measured to be 7.04
± 1.21, that is, 3.5 times higher than the basal level of gene
variations, in the case of the leaves exposed to CdO particles,
5 days after exposure.
BolC.OGG1 is involved in the removal of DNA adducts
formed following oxidative stress and in the repair of base
excision (Roldan-Arjona and Ariza 2009; Chen et al. 2012).
The measured gene expression levels of BolC.OGG1 show
that no serious damage to DNA was caused after foliar contamination by metallic particles. A slight gene induction could
be observed only for the leaves exposed to PbSO4 particles,
10 days after exposure. No DNA damage was induced by the
CdO particles, even 15 days after exposure.

Discussion
Encapsulation of particles in the epicuticular waxes
The TCA treatment of the plants does not modify the covering
rate of particles, pointing out that the depletion of epicuticular
waxes has, at best, a limited effect on the trapping of particles.
The limited quantity of epicuticular waxes removed by the
treatment (60% in mass) and the limited duration after exposure
in the present study may prevent the observation of a possible
difference in the transfer rate of particles into the deepest layers
of the leaf tissues within the cuticle. However, the fact that the
particles remain on the leaves after dipping them in the chloroform solution highlights an encapsulation phenomenon of the
particles in the cuticle structure, as previously demonstrated by
Terzaghi et al. (2013) and Schreck et al. (2012a). In this way,
the inner wax layers seem to be efficient enough to strongly
limit the entry of the particles into the tissues at the time scale
considered. As already observed in previous studies (Eichert
and Goldbach 2008; Eichert et al. 2008; Uzu et al. 2010;
Schreck et al. 2012a; Xiong et al. 2014), the stomatal openings
appear to be the main pathway of entry of the finest particles
under these conditions. The metallic particles blocking the stomatal openings could perturb the CO2 assimilation, which in
turn could be at the origin of the overexpression of the
BolC.CHLI1 and BolC.FDS1 genes.

Contrarily to the field studies previously conducted on
Lactuca sativa L., where secondary Pb compounds (including
PbCO3) were found on the leaf surfaces (Uzu et al. 2010;
Schreck et al. 2012a), the accumulation and/or encapsulation
of particles in Brassica oleracea leaves seems to occur without any morphological or chemical modifications of the particles, even when they are integrated in necrotic areas. The
differences observed between the results of field and laboratory experiments could be explained by several parameters,
such as the chemical heterogeneity of the particles in field
experiments, the exposure to the rain and gaseous oxidative
species (O3 NO2…) or other atmospheric species which could
be encountered in field conditions and promote the transfer of
metals in deeper tissues (Cicek and Kaporal 2004; Gandois
et al. 2010; Chaparro-Suarez et al. 2011; Terzaghi et al. 2013).
The difference in the exposure process, with a continuous
particulate deposition in environmental conditions as opposed
to an initial deposition in the present study, cannot also be
ruled out.

Effects of particle contamination
on the photosynthetic activity
The contamination of the leaves by metallic particles seems
not to disturb the photosynthetic apparatus of B. oleracea.
Indeed, the Fv/Fm mean values determined for the contaminated untreated plants remain very close to the values obtained
for the control plants. The same phenomenon was observed
for TCA-treated plants although the Fv/Fm values are lower
than for the untreated plants. The difference between the Fv/
Fm mean values of untreated and of TCA-treated plants could
be explained by the dryness induced by the decrease of the
epicuticular waxes concentration (Agrawal and Agrawal
1999; Riederer and Schreiber 2001; Schreiber et al. 2001;
Figueiredo et al. 2012; Beyl and Trigiano 2014; Burkhart
and Pariyar 2014). In addition, a slight impact of the CuO
particles on the photosynthetic activity can be noted. The fact
that CuO particles could affect more the photosynthetic activity of leaves than the other particles could be explained by
their smaller size (diameter < 50 nm) compared to the other
types of particles used, suggesting an easier transfer of these
particles inside the tissues (Xiong et al. 2017). In their study,
Eichert et al. (2008) put forward that only the finest particles
(43-nm diameter) could penetrate the leaves of Vicia faba L.
through the stomatal openings, whereas the 1.1-μm particles
could not penetrate through the stomata. In addition to the size
consideration, the influence of CuO particles on the photosynthetic activity can also be explained by the essential role of
copper, as demonstrated previously by Xiong et al. (2017).
Little effect on the Fv/Fm parameter has been shown following the transfer of metals (Cu and Cd) through the roots of
several plant species (Bączek-Kwinta et al. 2011; Wodala
et al. 2012; Pirrone et al. 2013). The same behavior is
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observed in the present study after foliar exposure to metallic
particles. In our case, the quantity of metallic particles deposited on the leaves seems to be insufficient to affect the photosynthetic activity, even after 15 days. Consequently, the measurement of Fv/Fm only is not a sufficient indicator of a disturbance of photosynthesis for these species. The Fv/Fm parameter is representative of the first steps in the photosynthesis
mechanism (bright phase), and the leaves could be impacted
also in later steps. In a recent study where leaves of
B. oleracea were exposed to a very high amount of PbO particles (Xiong et al. 2016), the authors noted a decrease of more
than 50% of the net photosynthesis and stomatal conductance
parameters, indicative of a major disturbance of the total photosynthetic activity. This stresses the necessity to study the
parameters controlling or describing the steps following the
bright phase. In addition, an effect on the photosynthesis apparatus has been shown by the increase of BolC.CHLI1 expression levels, although an impact at the transcriptomic level
is not necessarily correlated with an effect on the
downstreamed enzymatic activities and subsequently not sufficient to explain the absence of a significative outcome on the
photosynthetic system.

Protective role of epicuticular waxes against metallic
contamination
The ESEM-EDX observations pointed out that the epicuticular
waxes can limit strongly the appearance of necrotic areas caused
by the deposition of metallic particles. Likewise, the genotoxicity
assessments have shown that the impacts at the cellular level
induced by the particle contamination of the leaves appear to
be more pronounced for the TCA-treated plants, especially
10 days after exposure. These results tend to confirm the protective role that the epicuticular waxes may have against a contamination, as shown previously for B. oleracea plants exposed to
volatile organic compounds (Rzepka 2008). For the leaves exposed to PbSO4 particles, genotoxic effects were observed after
5 days for the TCA-treated plants, and slight but effective damages (6% of damaged DNA) were generated after 10 days for the
untreated plants. No clear damages were observed for CdO and
CuO particles. This suggests that the presence of the epicuticular
waxes on the leaves surfaces delays, but does not prevent, the
occurrence of genotoxic effects due to the PbSO4 particles.
Moreover, these results hint at the genotoxic effect of Pb (under
PbSO4 form) after foliar contamination. The genotoxicity of Pb
in the leaves has been clearly demonstrated through the root
transfer (Kovalchuk et al. 2001; Rucińska et al. 2004; Liu et al.
2009; Shahid et al. 2011; Kumar et al. 2013). Gichner et al.
(2008b) have shown that Pb2+ could induce DNA damage in
the roots of tobacco plants (Nicotiana tabacum L. var. Xanthi)
after only a 7-day immersion in a 50 μM lead(II) nitrate solution.
However, the pathways of the lead-induced genotoxicity are still
unknown and the authors proposed an indirect way for Pb

genotoxicity. The DNA damages would be linked to the oxidative stress or imputed to the necrotic and/or apoptotic DNA fragmentation, rather than directly resulting from genetic alteration,
as observed by the appearance of several metal-rich necrotic
areas on the leaf surfaces of our samples.
Our results also show that the foliar exposure to CdO particles induces a very weak genotoxicity whatever the exposure
duration considered. This fact is surprising since Cd is considered as a genotoxic element when introduced as Cd2+ solutions (Cuny et al. 2004; Lin et al. 2007; Gichner et al. 2008a;
Monteiro et al. 2012; Amirthalingam et al., 2013; Arya and
Mukherjee 2014). Numerous studies demonstrated that the
genotoxicity of Cd was directly associated with its effect on
the DNA structure and function when the contamination occurs through the roots (Atienzar and Jha 2006; Cambier et al.
2010; Liu et al. 2012). It can be assumed that the toxicity
depends strongly on the speciation of the element, but also
on the way of metal entry, through the roots or the leaves. In
our experimental conditions, CdO particles would also stay
mainly trapped on the leaf surface without deleterious effects
to the plant leaves. Likewise, CuO particles were expected to
cause greater impacts on the cell toxicity than observed and on
the photosynthetic activity as well, since it is well known that,
even at micromolar concentrations, Cu, under its ionic form
Cu2+, can cause important DNA damages following root
transfer (Maksymiec 1997; Patsikka et al. 2002; Yadav
2010). The toxic effects of Cu for the plants are mainly linked
to the generation of OH° radicals, inducing an alteration and a
disturbance of the metabolic pathways of macromolecules
which could lead to genotoxic impacts in the contaminated
leaves (Yadav 2010; Demidchik et al. 2014; Demidchik
2015). The generation of OH° radicals through gene induction
has not been determined here.
Fifteen days after exposure, no genotoxic effect was observed anymore, putting forward that the cabbage plants are
able to quickly implement repair mechanisms to thwart the
physiological effects induced by the deposition of particles
on the leaves surface.

Limited transfer of particles inside the leaf tissues
The BolC.OGG1 gene has been demonstrated to be one of the
main genes implied in the DNA repair mechanisms (RoldanArjona and Ariza 2009; Chen et al. 2012). In our study, this
gene was not or very little overexpressed following foliar contamination for the untreated plants, showing that the metal
penetration inside the tissues, if any, has a limited impact on
the cabbage leaves toxicity whatever the monometallic particle type considered. Additionally, the overexpression of the
BolC.FSD1 gene 10 days after exposure tends to demonstrate
the stress induced by the particle contamination. This could
reflect the limited penetration of particles within the leaf tissue
since no correlation was found with the expression of
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BolC.OGG1 gene. However, considering the wide range of
genes in Brassica oleracea plants, it seems truly difficult to
conclude after the analysis of only three genes. Numerous
other genes are involved in DNA repair, for instance the
AtRad51B gene plays an important role in double-strand
DNA breakouts in A. thaliana (Osakabe et al. 2005) and could
be also considered. Moreover, the AtSRP2 and AtSRP3 genes
coding the serine family proteins (serine protease inhibitor)
are suspected to be also involved in DNA repair (Ahn et al.
2009). The strong induction of genes such as BolC.FSD1 in
our conditions could be enough to restrict efficiently the
genotoxic impacts. The contrast observed between the untreated and TCA-treated plants highlights the protective role of
epicuticular waxes towards possible damages induced by the
metallic particles contamination of the leaves, and suggests
that the transfer of particles inside the leaf tissues through a
diffusion process would occur more easily for the epicuticular
waxes depleted leaves of B. oleracea. In any case, the damages caused by the particles deposited on the leaves upper
surface are inexistent or very limited, or quickly remedied
for the three particle types studied.

Conclusions
The reduction of the epicuticular waxes has a limited effect on
the penetration of metallic particles inside the leaf tissues. The
inner waxes layer can trap efficiently the particles and limit
their transfer in the deeper tissues on the time scale considered
here (max 15 days). The stomatal openings appear to be the
main pathway for the transfer of the particles inside the leaves.
This result is supported by the overinduction of BolC.CHLI1
which regulates the stomatal opening to control the CO2 assimilation. The deposition of particles on the leaf surfaces is
responsible for an important oxidative stress in Brassica
oleracea, as shown by the strong induction of BolC.FSD1.
The leaves contamination by metallic particles seems to have
no effect or a very limited effect on the efficiency of the photosynthetic apparatus, considering only Fv/Fm parameter and
not the latter stages of photosynthesis. The decrease in Fv/Fm
values 10 and 15 days after exposure seems to result only from
the drying effect of the TCA treatment, since the measured
values for control and contaminated plants remain close. DNA
damage measurements performed by the comet assay have
shown that the epicuticular waxes delay the occurrence of
genotoxic effects induced by the presence of PbSO4 particles,
whereas no genotoxic effects were demonstrated for CdO and
CuO particles for the untreated plants. For the three types of
particles, the absence of genotoxic effects 15 days after exposure highlights that the cabbage plants are able to quickly
implement repair mechanisms to thwart the physiological effects induced by the metallic particles, especially when the
epicuticular wax content is reduced. This result is supported

by the gene expression quantification of BolC.OGG1, the activity of which remains basal during the entire period of exposure for the three types of particles. This study sheds lights
on the protective role of the epicuticular waxes towards physiological effects induced by the direct deposition of metallic
particles on the leaf surface and shows that Brassica oleracea
is a robust plant that would not be a good candidate for evaluating the contamination of higher vegetables by particles
fallouts enriched with metals. Moreover, parameters such as
the particle deposition frequency, the environmental conditions, and the chemical heterogeneity of particles have to be
taken in account to estimate the real effects induced by metallic particles deposition on leaf surface.
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