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At the global scale, foliar metal transfer occurs for consumed vegetables cultivated in
numerous urban or industrial areas with a polluted atmosphere. However, the kinetics of
metal uptake, translocation and involved phytotoxicity was never jointly studied with
vegetables exposed to micronic and sub-micronic particles (PM). Different leafy vegetables
(lettuces and cabbages) cultivated in RHIZOtest® devices were, therefore, exposed in a
greenhouse for 5, 10 and 15 days to various PbO PM doses. The kinetics of transfer and
phytotoxicity was assessed in relation to lead concentration and exposure duration. A
significant Pb accumulation in leaves (up to 7392 mg/kg dry weight (DW) in lettuce) with
translocation to roots was observed. Lead foliar exposure resulted in significant phytotox-
icity, lipid composition change, a decrease of plant shoot growth (up to 68.2% in lettuce) and
net photosynthesis (up to 58% in lettuce). The phytotoxicity results indicated plant
adaptation to Pb and a higher sensitivity of lettuce in comparison with cabbage. Air quality
needs, therefore, to be considered for the health and quality of vegetables grown in polluted
areas, such as certain megacities (in China, Pakistan, Europe, etc.) and furthermore, to
assess the health risks associated with their consumption.
© 2016 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
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Introduction

Urban agriculture has been progressively developed in order
to respond to the sustainable aims of cities. However,
at@ensat.fr (Camille Dum

o-Environmental Science
environmental pollution needs to be assessed and reduced
(Mombo et al., 2015; Pierart et al., 2015). Particularly, the
proportion of metal(loid) micronic and sub-micronic particles
(PM), including nanoparticles, has increased in the atmosphere
at).
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with the expansion of urban areas and the development of
industries (Austruy et al., 2014; Luo et al., 2011; Uzu et al., 2014;
Zhao et al., 2012). According to Seinfeld (1986), natural sources
of PM enriched with metals are generally coarse particles while
the metals in fine and ultrafine PM are related to anthropogenic
sources. Fine and ultrafine PM are often highly reactive due to
their large surface-area-to-volume ratio (Barrie, 1992; Gillespie et
al., 2013). These PM can interact with terrestrial ecosystems
(Schreck et al., 2012a, 2014), waters (Diop et al., 2014; Gupta et al.,
2014), soils (Stampoulis et al., 2009; Schreck et al., 2011; Shahid et
al., 2011, 2013a) and plants (Uzu et al., 2010; Hu et al., 2011; Xiong
et al., 2014a). Thus, metal(loid)s carried by PM can induce a
sanitary risk linked to polluted plants (Polichetti et al., 2009;
Perrone et al., 2010; Xiong et al., 2014b).

Owing to an increased use in numerous anthropogenic
activities, lead is widely observed in all ecosystems at
the global scale (Pourrut et al., 2011). Due to its strong
(eco)toxicity and persistence, Pb is, therefore, considered by
various European regulations, such as the REACH law. Fine
PbO particles currently observed in the environment are
highly reactive due to their low size (<10 μm) and high
specific surface area (29.2 m2/g) (Goix et al., 2014). According
to Zia et al. (2011), food is themajor source of human exposure
to Pb due to possible Pb bioaccumulation in the edible parts of
vegetables. Lead pollution of leafy vegetables can be caused
both by root transfer from polluted soils (Ma et al., 2010; Yin et
al., 2011; Lombi et al., 2011) and by direct foliar uptake (Honour
et al., 2009; Uzu et al., 2010; Schreck et al., 2012a and 2012b).
As atmospheric pollution has increased over the decades,
foliar uptake is currently taken into account (Xiong et al., 2014a).
But most studies focus on metal accumulation or shoot/leaf
elongation (Little, 1978; Ward and Savage, 1994; Abbas and
Akladious, 2012).

The PM-retention abilities of vegetables depend on several
factors, such as leaf surface area, leaf longevity and cuticular
structure (Freer-Smith et al., 1997; Barber, 2004; Rico et al.,
2011; Schreck et al., 2012a).

Metals cause damage on plant leaves, stomata and leaf
proteins (Pourrut et al., 2013; Xiong et al., 2014a). At a cellular
level, Pb toxicity results in the overproduction of reactive
oxygen species (ROS) (Shahid et al., 2014a, 2014b). Morpho-
logical and growth parameters showed a decrease in root
and shoot growth (Schreck et al., 2011) and alterations in root
branching pattern in Lactuca sativa L. after Pb treatment
(Capelo et al., 2012). Physiological processes, such as photo-
synthesis and water status, are particularly sensitive to
metals (Monni et al., 2001; Austruy et al., 2013; Mateos-
Naranjo et al., 2012; Shahid et al., 2014c). Moreover, Le
Guédard et al. (2012a) reported that leaf fatty acid compo-
sition is a considerable biomarker of the early effect of
metals.

In this context, the kinetics of foliar transfer and Pb
phytotoxicity was studied in controlled conditions with lettuce
(L. sativa L.) and cabbage (Brassica oleracea L var. capitata cv.
Snowball), leafy vegetables, which are currently cultivated and
consumed at the global scale. The vegetables were exposed to
PbO fine particles; thus, metal accumulation, biomass (leaf
elongation, aerial mass), gaseous exchanges (Pn, gs) and leaf
fatty acid composition were measured through the function of
exposure time.
1. Materials and methods

1.1. Experimental conditions and set up

Micro-culture was performed with a RHIZOtest® device (ISO
16198) in this study (Bravin et al., 2010). The device used
hydroponic solutions for pre-culture (Fig. 1a). During this
period, root and foliar growth were fast without contamina-
tion. In the test culture period (Fig. 1b), the device allowed
soil–plant contact indirectly; roots separated from the soil by a
membrane can absorb nutrients from soil. Thereafter, the
different compartments of a plant can be analyzed separately.
The nutrient solutions according to the phases of RHIZOtest®
are present in Table S3. The experiments were carried out in
a controlled chamber with a day/night temperature regime
of 25 ± 2°C (16 hr)/20 ± 2°C (8 hr) and a light intensity of 425 ±
50 photons μmol/(m2·sec). The relative humidity was adjusted
to 65 ± 5%.

Leafy vegetables (lettuces and cabbages) are widely culti-
vated for human consumption and regularly grown in farms
in China, Europe and other countries (Waisberg et al., 2004;
Khan et al., 2008; Uzu et al., 2009; Schreck et al., 2012a). They
have a short life cycle and large surface interception, features
which are useful to investigate the atmospheric transfer of
metals and, therefore, have been the subject of several studies
of metal transfer (Monteiro et al., 2009; Cao et al., 2010; De
Leon et al., 2010; Schreck et al., 2013). The experimental design
consisted of 36 plants for each plant species, including three
durations, three exposure quantities and four replicates.

After pre-culture, plants were grown for 2 weeks in a
control unpolluted soil, which exhibited the following physico-
chemical characteristics as described by Schreck et al. (2011):
high contents of organicmatter (44.7 g/kg), an optimumpH (6.5)
and an average cationic exchange capacity (12.3 cmol+/kg). The
Pb concentration of the unpolluted soil was 25.5 ± 1.6 mg/kg
DW as described by Uzu et al. (2010) and Schreck et al. (2012a).
Because this study focused on the foliar transfer of metals, a
geotextile membrane was placed between root and shoot parts
to protect the roots from PM fallouts and then to avoid metal
transfer via root uptake (Hurtevent et al., 2013; Xiong et al.,
2014a).

Vegetable leaves were then exposed to PbO particles using
an applicator brush applied to the entire leaf surface (Xiong et
al., 2014a). Note that the leaf surfaces were moistened with a
hand spray first, and the brush was only used to deposit the PM
onto the leaf surfaces without spreading. The homogeneity of
the solution distribution on the leaves and the reproducibility of
the technique were confirmed in previous tests (Xiong et al.,
2014a). We used this method because the deposition of dry PM
with an applicator brushwithout pre-wetting canmechanically
bring the particles into the leaf and favor PM uptake (Xiong et
al., 2014a). The PbO characteristicswere as follows: CASnumber
1317-36-8, PM size <10 μm, specific area 29.2 m2/g, purity
>99.99% and a molecular weight of 223.19 g/mol. The metal
foliar exposure was performed at 5, 10 and 15 days to allow PbO
uptake by the plant leaves. Three treatments were defined
based on the function of metal quantities deposited: a control
condition without any metal input (0 mg) and 10 mg and
250 mg PbO inputs. These concentrations correspond to the Pb



Parameters measured:
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Fig. 1 – Steps for micro-culture by RHIZOtest® devices (a)and(b), and parameters used for biomass measurement (c).
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concentrations reported in atmospheric fallouts near a second-
ary Pb smelter, which was 450 ± 7 mg/(m2·month) (Xiong et al.,
2014b), and concentrations occurring in a previous field exper-
iment conductedby Schrecket al. (2013) in an industrial area (PM
fallouts of 100 μg/(cm2·week)). We define lettuces and cabbages
exposed to 0 mg, 10 mg and 250 mg PbO as L0, L10 and L250 and
C0, C10 and C250 respectively.

Furthermore, in order to precisely determine the quantity
of pollutants deposited on the leaf surface, the applicator
brush was rinsed with 20 mL of distilled water after PM
deposition (Xiong et al., 2014a). The metal concentration of
the rinse water was measured, and the final PM amounts
actually deposited on the leaf surfaces were 0, 5.61 and
218.78 mg respectively for 0, 10 and 250 mg of PbO deposited
with the brush.

1.2. Metal concentrations in plant leaves and roots

After harvest, root and shoot biomasses were separated and
properly washed with deionized water based on a human
ingestion scenario so as to remove particles deposited on the
leaf surface (Birbaum et al., 2010; Uzu et al., 2010; Xiong et al.,
2014a). The samples were first rinsed with deionized water,
and then immersed for 10 min in deionized water and rinsed
another time with deionized water (Hong et al., 2014). The
root and leaf samples were oven-dried at 40°C to a constant
weight (about 72 hr), ground and sieved to a <250 μm particle
size. Mineralization of plant samples (0.125 g per sample) was
performed in aqua-regia (1/4 HNO3 and 3/4 HCl) at 80°C for 4 hr
by a Digiprep® instrument (Xiong et al., 2014a). The digested
samples were then filtered through 0.45 μm filters and stored
at 4°C after volume adjustment. Total Pb concentrations in
vegetable samples were measured by inductively coupled
plasma-optical emission spectrometry ICP-OES (IRIS Intrepid II
XXDL). The control method was performed with concurrent
analysis of blank and standard reference materials (tobacco
CTA-VTL2, peach leaves (1547)). Metal concentrations (mg/kg)
are expressed on a dry weight (DW) basis.

Pb storage (μg) was calculated as:

Pb storage ¼ Cpb �M

where, Cpb (mg/kg) is Pb concentration, M (g) is plant dry
weight.
Pb transfer kinetic (μg/day) is the dynamic change of metal
storage capacity every day (Pb storage/exposure duration).
Metal translocation factors (TF) were calculated as:

TF ¼ Pb½ � roots= Pb½ � leaves

by dividing the metal concentrations in the root tissues
([Pb] roots, mg/kg) by the metal concentrations accumulated in
the aboveground tissues ([Pb] leaves,mg/kg) (Marchiol et al., 2004;
Soda et al., 2012): TF = [Pb] roots / [Pb] leaves.

1.3. Phytotoxicity

After exposure, plants were harvested every 5 days, defined
as T5, T10 and T15, whereas the first day of exposure was
defined as T0. The exposure duration from one to 15 days was
usually chosen for the study of metal accumulation as this
period allows a significant metal uptake (Capelo et al., 2012;
Xiong et al., 2014a).

1.3.1. Plant biomass
Plant biomass was then measured at T0, T5, T10 and T15; it
included the shoot length, the number of leaves, the fresh and
dry weight of leaves and roots, the water content and the
tolerance index (TI) of shoot growth.

Shoot length was measured from the bottom of the shoot
to the endpoint of the highest leaf (Fig. 1c).

The plants were fresh weighted (FW) and oven-dried to
determine DW; the percentage of water content was calculated
according the fresh and dry weight of plants as Eq. (1):

Watercontent ¼ FW−DW
FW

� 100%: ð1Þ

TI evaluates plant tolerance against or susceptibility to the
composite effects ofmetals. According toMahmood et al. (2007),
individual growth parameter data (Gx) were normalized (Gi)
relative to the maximum value (Gmax) of the parameter in the
data set,Gi = (Gx / Gmax). Summing all theGi's and thendividing
by the total number of Gi's calculated TI = Σ(Gx / Gmax) / n. The
TI of shoot growth ranged from 0 to 1, meaning highly tolerant
when approaching 1 and extremely susceptible to the composite
effects of heavy metals when approaching 0.
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1.3.2. Fatty acid composition analysis
One centimeter square of fresh young leaf (secondary developed
leaf)was collected for every sample and then immediately placed
in screw-capped tubes containing 500 μLmethanol acidifiedwith
2.5% an H2SO4 solution. Samples were stored at 4°C before
analysis. Fatty acid analysis and identification were performed
according to LeGuédardet al. (2012a) andSchrecket al. (2013); leaf
samples stored in acidified methanol were heated to 80°C for
1 hr, and then 1.5 mL of H2O and 0.75 mL of hexane were added
after cooling. Fatty acid methyl esters (FAMEs) were extracted
into hexane by vigorous shaking, and a two-phase system was
established by centrifugation (1500 g, 5 min). Separation of
FAMEs in the hexane phase was performed by gas chromatogra-
phy (Hewlett Packard 5890 series II) on a 15 m × 0.53 mm
Carbowax column (Alltech) with flame ionization detection. The
temperature ramp was performed (Le Guédard et al., 2009); the
initial temperature of 160°C was held for 1 min, followed by a
20°C/min ramp to 190°C and a second ramp of 5°C/min to 210°C,
and maintained for 6 min. FAMEs were identified by comparing
their retention times with standards (Sigma Chemical, St. Louis,
MO, USA).

In general, the lipid composition of leaves consisted of
palmitic acid (C16:0), palmitoleic acid (C16:1), stearic acid (C18:0),
oleic acid (C18:1), linoleic acid (C18:2) and alpha linolenic acid
(C18:3). Lipid composition was dominated by polyunsaturated
fatty acids, mainly represented by linolenic acid (C18:3), which
accounted for 39.6–49.0% and 37.9–51.8% of the total fatty acid
content in lettuce and cabbage respectively in our study.

The work done by Le Guédard et al. (2009, 2012a) showed
that the fatty acid ratio (Eq. (2)) in plant leaves has indication
characteristics of metabolic effect after plant exposure to
metals and has been used to diagnose the impact of foliar
metal uptake (Schreck et al., 2013). Moreover, the Z index,
defined as the product of three fatty acid concentration ratios
(C16:1/C16:0, C18:3/C18:0 and C18:1/C18:2, Eq. (3)) with different
rates (1, 0.57, and 0.23 respectively), can be usedwhen exploring
the relationships between uptake and phytotoxicity (Schreck et
al., 2013). Thus, a change in the ratio of lipids in leaves can be
used as a biomarker of stress when plants are exposed to PbO
PM by the foliar way.

Fattyacidratio ¼ C18 : 3
C18 : 0þ C18 : 1þ C18 : 2

� 100% ð2Þ

Z ¼ C16 : 1
C16 : 0

� �
� C18 : 3

C18 : 0

� �0:57

� C18 : 1
C18 : 2

� �0:23

: ð3Þ

1.3.3. Gas exchange parameters
Net photosynthesis (Pn) and stomatal conductance (gs), were
recorded simultaneously using a portable infrared gas analyzer
(LI-COR 6400 XT) for estimating the influence of metal stresses
on photosynthesis. The infrared gas analyzer system (IRGAs)
was equipped with a clamp-on leaf chamber that possessed
6 cm2 of leaf area. According to Majer and Hideg (2012), IRGAs
measure the reduction in transmission of infrared wavebands
causedby the presence of CO2 between the radiation source and
a detector. The reduction in transmission is a function of the
concentration of CO2. Thus, themeasurements of gas exchange
are based on the differences in CO2 and H2O in an air stream
that is flowing into a leaf cuvette (reference cell) compared to
the air stream flowing out of it (sample cell). The rate of CO2

uptake (μmol/(m2·sec)) is used to assess the rate of photosyn-
thetic carbon assimilationwhile the rate ofwater loss (molH2O/
(m2·sec)) is used to assess the rate of transpiration and stomatal
conductance.

Gas exchange measurements were performed under
irradiance at 425 μmol/(m2·sec) and at a temperature of
23 ± 2°C. During measurement, humidity was fixed at 65%,
and CO2 concentration was maintained at a constant level of
380 μmol/mol using a LI-6400-01 CO2 injector with a high-
pressure liquid CO2 cartridge source.

1.4. Statistical analysis

Total Pb concentrations inplants and themeasuredphysiological
parameters were subjected to analysis of variance (ANOVA)
using Duncan's test at p < 0.05. The significances of the treat-
ment effect were investigated by the use of 2-way ANOVA
(duration × concentration). Data were tested for normal distribu-
tion and homogeneity of variance before the ANOVA analysis.
The relationships between exposure conditions and different
phytotoxicity parameters and the relationships among the
parameters were analyzed by principal component analysis
(PCA); «ρ» stands for the correlation coefficient between different
parameters. Statistical analyses were carried out on the mean of
four replicates for each exposure condition. Results are repre-
sented as mean ± SD (standard deviation).
2. Results

2.1. Foliar metal uptake and translocation towards roots in
different plants and treatments

A significant Pb absorption, up to 3932 and 2039 mg/kg DW
respectively for lettuce and cabbage (Fig. 2a) was observed. The
uptake of metal by the two vegetables was very high compared
to the control even during the first 5 days of exposure. From
T5 to T15, themetal concentration increased rapidly in lettuce
for the L10 and L250 treatments. Pb concentration was almost
constant for the C10 and C250 treatments from T5 to T10.
Lettuce showed a stronger metal absorption capacity than
did cabbage.

The total Pb storage was variable and differed between the
two plants during the exposure period (Fig. 2b). However, the
final storage capacity at T15 was almost the same in lettuce
and cabbage (1000 μg for L10 and C10, 3000 μg for L250 and C250

respectively). The most significant increase of metal storage
was observed from T10 to T15 in both plants (L250 and C250).

The kinetics of Pb transfer increased in the first 5 days, from
0 to 23 μg Pb/day, 48 μg Pb/day, 67 μg Pb/day and 85 μg Pb/day
for L250, L10, C10 and C250 respectively. In the second period of
5 days (from T5 to T10), the uptake rate was constant in L10, C10

and C250, but it significantly increased in L250 from 23 to
112 μg Pb/day. In the last 5 days (from T10 to T15), transfer
kinetics was significantly high in the highest PbO exposure
group, 465 μg/day for L250 and 420 μg/day for C250 (Fig. 2c).
Transfer kinetics is positively related to Pb storage (ρ = 0.985 in
lettuce and ρ = 0.934 in cabbage) and Pb concentration (ρ =
0.955 in lettuce and ρ = 0.973 in cabbage) (Tables S1 and S2).
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Finally, the foliar transfer kinetics was quite similar in the
two vegetables, and the absence of a saturation phenomenon
was noticed (L250 and C250).

Moreover, metal translocation factors (TF) from leaves to
roots ranging from 0.06 to 0.21 were observed (Table 1). TF
values were high during the first 5 days and then decreased
with exposure duration.

2.2. Growth parameters for exposed plants

The shoot growth of lettuce and cabbage exposed to PbO is
presented in Fig. 3. Lead phytotoxicity caused a significant
reduction in shoot growth (in comparison to the control),
about 49.9% and 23.6% respectively for lettuce (the more
sensitive) and cabbage. In lettuce, the shoot growth in L0 was
about 0.55 cm (T5), 0.875 cm (T10) and 1.125 cm (T15) while in
L250, shoot growth was reduced to 0.175 cm (T5), 0.3 cm (T10)
and 0.4 cm (T15), and the TI of lettuce dropped from 100%
(control) to 31.8% (T5), 34.3% (T10) and 35.6% (T15) respectively.
The Pb phytotoxicity on shoot growth was dose and exposure
time dependent (Fig. 3a).

In cabbage, the decrease of shoot growth was initially quick;
during the first 5 days, a significant reductionwasobserved (from
100% (C0) to 64.3% (C10) and 60.7% (C250)). But, after 10 days, the
decreasewas quitemoderate (Fig. 3b). The PCA analysis showed
that the shoot growth of lettuce and cabbage is negatively
related to PbO exposure quantity (ρ = −0.781 and −0.539
respectively for lettuce and cabbage) (Tables S1 and S2). This
demonstrates high Pb toxicity to shoot growth.

The aerial biomass is presented in Fig. 3c. A significant
difference of aerial biomass compared to control was only
notable for T15 in lettuce and for C250. The aerial biomass is
significantly and negatively correlated to exposure quantity in
cabbage (ρ = −0.353).

The water content ranges from 81% to 89% for lettuce and
67%–85% for cabbage; no significant differences were found
among all treatments.

Obviously, cabbage acquiring a better shoot growth and
aerial biomass than lettuce might indicate the better tolerance
of cabbage. At the end of the 2 weeks of experiments, all the
plants were alive. The shoot growth and aerial biomass of the
two plants are positively correlated to exposure duration (shoot
growth: ρ = 0.341 and 0.771 respectively for lettuce and cabbage;
aerial biomass: ρ = 0.909 and 0.88 respectively for lettuce and
cabbage), thus permitting plant growth even under high PbO
stress (Fig. 6, Tables S1 and S2).

2.3. Gas exchanges at the leaf level after PbO exposure

Fig. 4 presents the results of Pn and gs. Photosynthesis
activity showed a significant reduction after PbO exposure
with different durations. In lettuce, at T5, Pb caused a
decrease of 25% and 58% in Pn respectively for L10 mg and
L250. For T10, a 30% decrease in Pn was observed for L250; no
significant difference was found between L10 and the control
(L0). Finally, for T15, 18% and 26% reductions were found
respectively for L10 and L250. The effect of the different levels
of PbO exposure on Pn was more pronounced (linear) for T5

compared to T10 and T15 (Fig. 4a).
The cabbage showed a different trend. Pn rates decreased

significantly (about 50%) between control (C0) and PbO
treatments (C10 and C250). No significant change was observed
between C10 and C250 (Fig. 4a).

The gs value presented a notable decrease in the cabbage
leaves at T10 and T15 (Fig. 4b). However, in lettuce leaves,



Table 1 –Mean Pb concentrations in roots and leaves of lettuces and cabbages and translocation factors (TF) from leaves to roots.

Mean Pb concentration (mg/kg DW) and TF

T5 T10 T15

Roots Leaves TF Roots Leaves TF Roots Leaves TF

L0 60.4 ± 1.8a 59.9 ± 0.8a 1.01 57.9 ± 0.6a 54 ± 1.7a 1.07 62.7 ± 0.5a 54 ± 0.4a 1.16
L10 333.1 ± 11.3b 1568 ± 44.6c 0.21 475.6 ± 15.7b 3829 ± 27e 0.12 310.2 ± 12.7b 5149.4 ± 328.5f 0.06
L250 359.4 ± 14.4b 1962.2 ± 34.3cd 0.18 443.8 ± 15.1b 5695.8 ± 108.1f 0.08 472 ± 11b 7392.3 ± 264.7g 0.06
C0 54.9 ± 1.8A 56.5 ± 1.6A 0.97 93.2 ± 5.3A 96.2 ± 5.5A 0.97 99.3 ± 3A 94.1 ± 2.6A 1.06
C10 201 ± 5.1B 1613.4 ± 38C 0.12 282.8 ± 7.1B 1558 ± 59.3C 0.18 169.5 ± 6.0A 2290 ± 92.4D 0.07
C250 237.2 ± 10.7B 2202.6 ± 60.4D 0.11 164.8 ± 7.9A 2541.9 ± 34.2DE 0.06 411.2 ± 16.4B 3667.1 ± 139.5F 0.11

T5, T10 and T15 correspond respectively to 5, 10 and 15 days of exposure.
L0, L10 and L250 (and C0, C10 and C250) correspond respectively to 0, 10 and 250 mg of PbO deposited on lettuce (cabbage) leaves.
The different letters indicate significant differences among the treatments at p < 0.05.
The different type of letters used correspond to the two different studied plants it means lettuce and cabbage.
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gs appeared to be stable over time. But a slight drop was
observed for L250 (Fig. 4b).

In all treatments, Pn was strongly correlated with exposure
quantity (ρ = −0.644 and −0.666 respectively for lettuce and
Tolerance index (TI) %
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Fig. 3 – (a) Shoot growth, (b) tolerance index (TI) and (c) aerial
biomass of lettuce and cabbage exposed to PbO by foliar way
(L0, L10 and L250 (and C0, C10 and C250) correspond to
respectively 0, 10 and 250 mg of PbO deposited on lettuce
(cabbage)) to various exposure durations (T5, T10 and T15).
The values are expressed as themean of 4 replicates for each
treatment (±SD), the different lowercase (capital) letters
indicate significant differences at p < 0.05.
cabbage), shoot growth (ρ = 0.807 and 0.458 respectively for
lettuce and cabbage) and gs (ρ = 0.653 and 0.418 respectively
for lettuce and cabbage) (Tables S1 and S2).

2.4. Effects on fatty acid composition

Fig. 5 presents the effect of Pb concentrations and exposure
duration on the fatty acids composition in plant leaves. The
values of the foliar fatty acid ratio showed no significant
difference compared to the control in both species after PbO
exposure, except a slight variation for C10. However, the value
of the foliar lipid biomarker decreased with the exposure
duration (ρ = −0.776 and −0.651 respectively for lettuce and
cabbage) (Tables S1 and S2).

The percentage of C18:3 also showed no significant
correlation with PbO treatments, but it was negatively correlat-
ed with exposure duration (ρ = −0.813 and −0.768 respectively
in lettuce and cabbage). Statistical analyses highlighted a
positive correlation between the fatty acid ratio and the
percentage of C18:3 in both vegetables (correlation coefficient
ρ = 0.939 and 0.867 for respectively lettuce and cabbage (Tables
S1 and S2). However, these results obtained for fatty acid
measures can only be used as preliminary results as the
procedure used here was not exactly the same currently
described and used in normative way by Le Guédard et al.
(2012a).

2.5. Relationship between exposure conditions, metal
accumulation and phytotoxicity

The PCA results of lettuce and cabbage are shown in Fig. 6. For
lettuce, the first two principal components accounted for
82.1% of the total variance. The first axis of the PCA (PC1 =
50.3% of total variance) was mainly associated with exposure
duration, plant DW, Pb storage, aerial biomass, transfer kinetics
and Pb concentration, in decreasing order of importance, as
revealed by an examination of the correlation coefficientmatrix.
PC1mainly represents the biomass and themetal accumulation
with time. The second axis of the PCA (PC2 = 31.8% of total
variance) was mainly associated with shoot growth, gs and Pn.
Detailed examination of the PCA correlation coefficient matrix
provided additional information on the parameter associations
in the plants (Table S1).



c

b

a

C

A A

d

d

bc
BC

AB
A

d
bc

c
BC

A
A

0

1

2

3

4

5

6

Pn
 (

µm
ol

 C
O

2/
(m

2 ·s
ec

))

T5 T10 T15 T5 T10 T15

a

ab ab

a CD

BC

CD

ab

b

ab

BC

AB AB

ab ab

a BC

BC

AB

0

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

gs
 (

m
ol

 H
2O

/(
m

2 ·s
ec

))

b

L0 L10 L250 C0 C10 C250 L0 L10 L250 C0 C10 C250

Fig. 4 – Measurement of gas exchange of (a) net photosynthesis (Pn), (b) stomatal conductance) (gs) at the leaf level of lettuce
and cabbage after 5,10 and 15 days (T5, T10 and T15) of PbO exposure by foliar way (L0, L10 and L250 (and C0, C10 and C250)
correspond to respectively 0, 10 and 250 mg of PbO deposited on lettuce (cabbage)). The values are expressed as the mean of 4
replicates (±SD), the different lowercase (capital) letters indicate significant differences at p < 0.05.

22 J O U R N A L O F E N V I R O N M E N T A L S C I E N C E S 4 6 ( 2 0 1 6 ) 1 6 – 2 7
For cabbage, the first two principal components accounted
for 75.6% of the total variance (eigenvalue >1). The first axis of
the PCA (representing 39.8% of the total variance) was mainly
associated with plant DW, aerial biomass, exposure duration,
shoot growth, in decreasing order of importance, as revealed by
the examination of the correlation coefficient matrix. The first
principal component mainly represents the growth parameters
with time. The second axis of the PCA (PC2 = 35.8% of total
variance) was mainly associated with transfer kinetics, Pb
concentration, Pb storage, exposure quantity, Pn and gs. Detailed
examination of PCA correlation coefficient matrix provided
additional information on the parameter associations in the
plants (Table S2).
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3. Discussion

3.1. Metal uptake in different plants and treatments

3.1.1. Pb concentrations and storage capacity in plants
According toHu et al. (2011) and Schreck et al. (2012a), significant
Pb accumulation was observed in plant shoots even after
washing. It was positively correlated with exposure quantities
and duration and negatively correlated with the morphological
parameters of plant growth.

Pb concentration was higher in lettuce than in cabbage, but
Pb storage in the first 10 days was higher for cabbage than for
lettuce. There are two possibilities to explain these results. One,
the thin and broad leaves of lettuce allowed quick metal
absorption; at the same time, the lettuce grew slowly due to
metal phytotoxicity, leading to a high Pb concentration. Two, the
cabbage grew faster and acquired a bigger biomass than did the
lettuce with a dilution effect. But the higher shoot growth and
aerial biomass permitted the cabbage to store more metal per
day. Rico et al. (2011) demonstrated that the uptake, transloca-
tion and accumulation of PM depend on the plant species and
the life cycle stage of the plant. The total storage capacity (in T15)
is almost the same in lettuce and cabbage. Thismay be related to
the highmetal concentration in lettuce and the high biomass of
cabbage (as storage capacity depends on both metal concentra-
tion and the plant biomass).
Lead transfer kinetics did not show a linear trend regardless
of the PbO amount deposited on the leaf surface and the plant
species. These results strongly suggest that, to some extent, the
vegetables have defense mechanisms to limit Pb uptake during
growth processes. The defense mechanisms may influence
metal foliar uptake between T5 andT10 since, during this period,
Pb transfer kinetics was moderate. However, from T10 to T15, Pb
transfer kinetics strongly increased in L250 and C250, suggesting
some detoxification mechanisms. The existence of efficient
storage and regulation/detoxification mechanisms allows the
survival of vegetables under conditions of high accumulated
metal concentrations (Phillips and Rainbow, 1988). Therefore,
the change of transfer kinetics might be a process of accumu-
lation (T0 to T5), regulation (T5 to T10) and adaptation (T10 to T15)
in vegetables.

Moreover, plants exposed to 500 mg of PbO were also
tested in this study with lettuce (L500) and cabbage (C500); no
significant difference was found in comparison with 250 mg
of PbO exposure for cabbage. We suggest that there are
adaption and saturation in the case of high PbO treatment.



Fig. 6 – The first two principal component of the PCA (Principal Component Analysis) on 13 variables (Exposure quantity, Exposure
duration, Pb concentration ([Pb]plant), Pb storage, Pb transfer kinetic, Shoot growth, Aerial biomass, Plant DW, Leaf water content,
Pn, gs, C18:3% and Fatty acid ratio in lettuce and cabbage after exposed with PbO PM.
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For example, (i) the biomass (shoot growth: 0.93 cm for C250

and 0.73 cm for C500; aerial biomass: 0.68 g for C250 and 0.62 g
for C500) and gaseous exchange (Pn: 2.2 μmol CO2/(m2·sec)
for C250 and 1.9 μmol CO2/(m2·sec) for C500; gs: 0.01 mol
H2O/(m2·sec) for C250 and C500) showed no significant
difference between 250 mg and 500 mg of PbO treatment
(p > 0.05), and (ii) the Pb concentration is not always linear to
exposure quantity. In cabbage, the Pb concentration even
decreased for C500 (5173 mg Pb/kg) in comparison to C250

(5606 mg Pb/kg) at T15. However, this dose is not often found
in the environment and concerns only extreme situations or
highly polluted contexts. Concerning themechanisms involved
in metal transfer via foliar application, Xiong et al. (2014a)
concluded that biogeochemical transformations occurred on
leaf surfaces. Internalization through the cuticle or penetration
throughout the stomata apertures (Barber, 2004) are, therefore,
proposed as the two major mechanisms involved in foliar
uptake of PM. Thus, particle sizes as well as solubility are
parameters that appear to strongly control physical transfer
through the leaf surface (Eichert et al., 2008; Larue et al., 2012). If
most of the PbO particles are in the assumed <10 μm diameter
size range (original PbO size exposure on leaf surface), direct
cuticular uptake would be minimal (cuticular pores are around
2 nm in diameter according to Uzu et al., 2011), and penetration
through stomata openings could be the main uptake pathway.

In our previous study, CdO (<l μm) and Sb2O3 (<l μm) PM
were observed near or inside the stomata apertures of cabbage
after foliar exposure, which indicated the foliar transfer of
metal(loid)s by the stomata (Xiong et al., 2014a). The changes to
the particle and/or vegetable leaves induced by atmospheric
gaseous pollutants (i.e.O3, NO2, SO2)which are commonly found
in urban or industrial tropospheres (Cicek and Koparal, 2004;
Gandois et al., 2010; Chaparro-Suarez et al., 2011; Terzaghi et al.,
2013), could favor the foliar transfer of metal(loid)s containing
particles. However, Goix et al. (2014) observed by scanning
electron microscopy that PbO particles could form aggregates;
thus, particles may be trapped on the leaf surface of plants due
to leaf hairs and the cuticular wax cover (Sæbø et al., 2012).
Moreover, phyllosphere organisms release inorganic and organ-
ic compounds possessing acidifying, chelating and/or reductive
abilities and may play an essential role in element mobilization
and uptake at the leaf surface (Michaud et al., 2007). Metal
concentrations and speciation in leaves could be modified by
interactions on the phyllosphere between PM and microbes.
Changes of temperature and humidity may transform PM at the
leaf surface after contactwith the leaf (Uzu et al., 2010; Schreck et
al., 2012a). Pb solubilization (even if itmay be low) could also be a
potential mechanism for plant uptake.

3.1.2. Translocation factor (TF)
In agreement with previous studies from Xiong et al. (2014b),
lead translocation from the leaves to roots was observed.
Erenoglu et al. (2002) andZhanget al. (2013) also studied inorganic
element (zinc, copper, iron and manganese) translocation, and
phloem Zn transport from leaves to roots was demonstrated by
Haslett et al. (2001).

However, as it is not essential element, the TF of Pb ranges
from 0.06 to 0.21, which is a value much lower than for
the essential Zn element (Yoon et al., 2006; Amadi and Tanee,
2014).

3.2. Phytotoxicity of deposited PM enriched in PbO

3.2.1. Impact of Pb-enriched PM on plant growth
Shoot growth and aerial biomass decreased in both plant
species after PbO exposure in a dose dependent manner.
Lead-induced severe growth reduction in plants can be due
to nutritional disturbances and probably to a direct Pb toxic
effect. Lead phytotoxicity was proven in several previous
studies, notably for morphological and growth parameters
(Foucault et al., 2013; Shahid et al., 2014d). Capelo et al. (2012)
showed a decrease of root and shoot growth in Lactuca sativa L.
after Pb exposure. Abbas and Akladious (2012) reported a
Pb-induced significant decrease in all growth parameters:
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plant height (86.2%), root length (89.2%), number of leaves
(96.9%), fresh weight of shoots (93.5%), fresh weight of roots
(85.9%), dry weight of shoots (84.7%) and dry weight of roots
(81.4%). Lead-induced decrease effects on plant growth parame-
ters can be due to the following reasons: (1) inhibition of the
Calvin cycle, (2) disruption in plastoquinone and carotenoid
synthesis, (3) reduced activities of delta aminolevulinic acid
dehydratase and ferredoxin NADP+ reductase, (4) interference in
the electron transport chain, (5) inadequate CO2 concentration
due to stomatal closure, (6) replacement of vital bivalent cations
by Pb and (7) a distorted chloroplast ultrastructure owing to Pb
affinity for the S- and N-ligands of protein (Pourrut et al., 2011,
2013; Shahid et al., 2012, 2014c).

Generally, cabbage presents better growth compared to
lettuce, suggesting a higher tolerance to Pb transfer and
toxicity. Indeed, cabbage leaves possess a waxy coating; the
epicuticular waxes are dense and are an important barrier to
ion and water movement across the cuticle (Adams et al.,
1989). In contrast, lettuce has thin and broad leaf surfaces
(less cuticle thickness) and so may be more sensitive to metal
contamination. In general, leaves with a lot of epicuticular
wax are more hydrophobic, resulting in less contact between
the surface of the cuticle andmetals. The tolerance of cabbage
may be an adjustment of the plant tometal stress (Shahid et al.,
2013b). Finally, all plants were alive and the biomass increased
with exposure duration (T15 > T10 > T5), which is in agreement
with the study of Lamhamdi et al. (2011). Thus, the plants can
maintain basic growth, even under high Pb pollution.

The PCA analysis showed that the lettuce shoot growth
and aerial biomass are positively correlated to Pn (ρ = 0.807,
0.508 respectively); the shoot growth of cabbage is significantly
and positively correlated to exposure duration (ρ = 0.771) and
Pn (ρ = 0.458), suggesting potential interactions between net
photosynthesis and shoot growth.

3.2.2. Impact of Pb-enriched PM on photosynthetic activities
Both lettuce and cabbage showed a decline in Pn and gs value
due to PbO foliar exposure. Photosynthesis is quite sensitive to
Pb toxicity, and both in vivo and in vitro photosynthetic CO2

fixations are affected by Pb (Sheoran and Singh, 1993; Pourrut et
al., 2013). Lead-induced toxicity to photosynthesis can be due to
multiple effects of PM. The immediate effect is on stomata
closure, followed by chloroplastic changes (Pourrut et al., 2011).
Lead may also affect photosynthesis indirectly via ROS
production (Shahid et al., 2012). An enhanced accumulation of
endogenous H2O2 was detected after treatment of Lemna trisulca
L. with lead (Samardakiewicz et al., 2015). The results of long
term Pb exposure are a reduction of leaf growth, a decrease of
photosynthetic pigments, an alteration of chloroplast structure
and a decrease of enzyme activities for CO2 assimilation
(Austruy et al., 2013). Larger metal agglomerates found nearby
closed stomata, integrated into the surface wax or on the leaf
surface (Birbaum et al., 2010), can decelerate plant net photo-
synthesis mainly via limiting stomata opening (the decrease of
photon acquisition and CO2 uptake).

3.2.3. Impact of Pb-enriched PM on the leaf fatty
acid composition
The results obtained for leaf fatty acid composition can only
be used as preliminary measures, as the procedure used was
not exactly the same described by Le Guédard et al. (2012a).
As the phytotoxicity was characterized with other indicators,
the results of fatty acid composition were presented from
complementary point of view. In our ex situ experiment, there
is a slight decrease in the fatty acid ratio under high PbO
treatment, but no significant effect was observed among the
three different groups (0, 10 and 250 mg of PbO deposited). A
similar phenomenon was observed by Nouairi et al. (2006) who
reported that no significant change in the total fatty acid
composition was observed in Sesuvium portulacastrum leaves
under Cd treatment. Schreck et al. (2013) also found that, after 1
and 4 weeks of field exposure in the presence of soil and air Pb
contamination (among various metal(loid)s in lower quanti-
ties), the fatty acid ratio was not significantly decreased. The
results of Le Guédard et al. (2012a) showed that the fatty acid
ratio is significantly and negatively correlated with Ni and Cr,
but not with other metal levels (Cd, Cu, Pb and Zn). Generally,
the level of trienoic fatty acids not changing with Pb pollution
may indicate plant tolerance to oxidative stress (Kodama et al.,
1994; Khodakovskaya et al., 2006; Dominguez et al., 2010).

By contrast, in their study conducted on a metallurgical
landfill, Le Guédard et al. (2012b) showed that Pb and Cr leaf
contents were anticorrelated to the C18:3/(C18:0 + C18:1 + C18:2)
ratio in Populus nigra leaves. Our results for the ex situ experiment
could be explained by differences in experimental and exposure
conditions. Actually, in our study, Pb was used as amono-metal,
contrary to in situ studies in which multiple metal(loid)s were
introduced, and it was applied to only favor the foliar pathway.
Furthermore, we chose young leaves for fatty acid analysis. They
may have less contaminated compared to old leaves exposed
for a longer time. Finally, metal speciation, exposure duration
and above all contamination sources (soil or atmosphere) and
transfer pathways (by root or leaf) can also affect the lipid
biomarker (Schreck et al., 2013).

Nevertheless, the variability of our Z values (Fig. S1), the index
involved in the case of foliar exposure, suggested that Pb can still
induce a disturbance to the fatty acid composition. Thismay be a
plant response to oxidative stress and ROS formation (Shahid et
al., 2012). PCA results showed that the fatty acid ratio decreased
with the exposure duration; the change in fatty acid ratio
is mainly dependent on the percentage of C18:3. α-linolenic
acid (C18:3) is primarily associated with plastid lipids in leaves,
notably in the chloroplasts, suggesting an inhibition by
the metal of plastidial lysophosphatidylcholine acyltransferase
catalyze acylation when lipids are imported from
endomembranes to plastids in eucaryon (Akermoun et al.,
2002). The decrease of the C18:3 contentwith exposure duration
may also be related to a direct reaction of ROS with unsaturated
lipids and be responsible for an alteration of chloroplast
membrane structures, like photosystems, leading to an inhi-
bition of photosynthetic activities (Austruy et al., 2013).
Lead-induced toxicity to the lipid membrane via ROS produc-
tion is well established in the literature (Shahid et al., 2014a).

3.3. Relationship between exposure conditions, metal accumu-
lation and phytotoxicity

PCA results showed that PbO treatment is significantly and
negatively correlated with shoot growth and gaseous exchanges
(Pn and gs) and is not significantly or negatively correlated with
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the lipid biomarker (Tables S2 and S3). These negative correla-
tions, although insignificant, suggested an impact of Pb particles
on the composition of membrane lipids in the leaves and
metabolic stress after exposure to Pb particulates.
4. Conclusions and perspectives

This study highlights the influence of plant species on lead foliar
transfer and phytotoxicity, some possible adaptation mecha-
nisms and the related processes.

Our results could beapplied to biomonitoring of atmospheric
pollution and assessment of vegetable contamination, espe-
cially when vegetables are cultivated (in farms or kitchen
gardens) near industrial or urban areas. Actually, populations
living in such areas are exposed to high atmospheric quantities
of PM enriched with metal(loid)s and can, therefore, incur
health risks by consuming polluted plants. Educational projects
such as “Réseau-Agriville” (Educational resources platform on
urban agriculture to educate citizens about the parameters
influencing vegetable quality and give advice to reduce expo-
sure to pollutants) are, therefore, essential in order to favor an
ecological transition at a global scale.

Furthermore, bioaccessibility experiments performed under
different levels of soil and air pollution could help to build a
database of metal(loid) bioavailability values for humans in a
context of health risk assessments.
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