
110

Forestry Studies | Metsanduslikud Uurimused, Vol. 80, Pages 110–126

DOI: 10.2478/fsmu-2024-0007

© 2024 by the authors. Licensee Estonian University of Life Sciences, Tartu, Estonia. This 
article is an open access article distributed under the terms and conditions of the Creative 
Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).

Research paper

The phytoremediator capacity of Quercus cerris L. 
against heavy metals contamination in the Ezer forest, 
Lebanon

Rola Najib1*, Tarek Houri2, Yara Khairallah3 and Mahmoud I. 
Khalil1, 4

Najib, R., Houri, T., Khairallah, Y., Khalil, M.I. 2024. The phytoremediator capacity of Quer-
cus cerris L. against heavy metals contamination in the Ezer forest, Lebanon. – Forestry Stud-
ies | Metsanduslikud Uurimused 80, 110–126, ISSN 1406-9954. Journal homepage: http://
mi.emu.ee/forestry.studies

Abstract. The uncontrolled rise in heavy metal pollution due to anthropogenic activities has 
become a global environmental concern. Lebanon’s Ezer forest, dominated by Quercus cerris 
L., is exposed to vehicular activity along its northern edge due to an unpaved public road and 
intensive recreational activities in its center. This study aimed to determine the concentrations 
of metals in Q. cerris leaves and soil across three distinct forest stands: S1 and S2 (polluted 
sites) and Ctrl (control site). Cadmium, chromium, lead, and aluminium were extracted via 
the wet digestion method and analyzed by Atomic Absorption Spectrometry. Additionally, 
hydrogen peroxide levels, the total carbohydrate and phenolic content in Q. cerris leaves, as 
well as the activity of antioxidant enzymes, were measured. The results revealed that Ezer 
forest is at risk of heavy metal contamination, with a significant increase in hydrogen perox-
ide levels at the polluted sites compared to the Ctrl site. The total carbohydrate and phenolic 
content was notably reduced at the polluted sites, while peroxidase and catalase activity in-
creased, indicating that Q. cerris has developed adaptive mechanisms to cope with oxidative 
stress. National strategies to raise public awareness and reduce heavy metal contamination in 
the forest are urgently needed to protect the rare Q. cerris species.
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Introduction

Environmental pollution with heavy met-
als is one of the serious problems in the 
contemporary world. Heavy metals are de-
fined as metallic elements with an atomic 

number over 20 and a density of more than 
5 g/cm3 (Liu et al., 2013). They are known 
to pose a potential threat to all living or-
ganisms by contaminating water, soil, food 
crops, and the surrounding atmosphere 
(Emamverdian et al., 2015).
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They are naturally found throughout 
the earth’s crust. However, most environ-
mental contamination by heavy metals 
results from anthropogenic activities such 
as industrial emissions, fossil fuel combus-
tion, mining, coal burning, and improper 
agricultural practices (Tchounwou et al., 
2012). Among these, industries and vehi-
cles remain the chief causes of heavy metal 
pollution (Shahid et al., 2017; Türtscher et 
al., 2017).

There are two types of heavy metals 
found in soils: the essential micronutrients, 
namely cobalt (Co), copper (Cu), iron (Fe), 
nickel (Ni), manganese (Mn), molybde-
num (Mo), and zinc (Zn) and the non-es-
sential elements with an unidentified bio-
logical and physiological function such as 
mercury (Hg), cadmium (Cd), arsenic (As), 
chromium (Cr), aluminium (Al) and lead 
(Pb) (Shahid et al., 2017; Rai et al., 2019).

The essential elements play parts in 
various fundamental processes of plants, 
including plant growth and development, 
chlorophyll biosynthesis, nucleic acids syn-
thesis, sugar metabolism, redox homeosta-
sis, and nitrogen fixation (Emamverdian 
et al., 2015; Singh et al., 2016; Morkunas et 
al., 2018). Yet, at elevated concentrations, 
both essential and non-essential metals 
may induce severe toxicity in plants such 
as chlorosis, disruption of protein activi-
ty, DNA damage, water imbalance, alter-
ation of nutrient assimilation, generation 
of reactive oxygen species (ROS), and se-
nescence that ultimately cause plant death 
(Singh & Kalamdhad, 2011; Emamverdian 
et al., 2015; Singh et al., 2016). Metals at 
toxic levels are also well-known for their 
capability to attack the photosynthetic ma-
chinery and hinder photosynthesis (Singh 
et al., 2016). Heavy metals exert their toxic 
effects on plants via diverse mechanisms. 
These comprise the direct production of re-
active oxygen species through Fenton-like 
reactions, activation of NADPH oxidases 
that catalyze the reduction of molecular 
oxygen into hydroxyl radical, inactivation 
of oxidative stress response enzymes re-

sponsible for the detoxification of ROS, or 
inactivation of essential proteins by inter-
acting with their sulfhydryl group. Heavy 
metals can also attack plants by displacing 
essential metals from their specific binding 
sites and thus disrupting the cellular me-
tabolism (Singh et al., 2016).

ROS are highly reactive molecules gen-
erated in several cellular compartments 
such as chloroplasts, mitochondria, and 
peroxisomes. Depending on their con-
centration in plants, ROS behave like a 
double-edged sword. At low concentra-
tions, ROS act as second messengers in 
a variety of cellular processes including 
stomatal closure, root gravitropism, pro-
grammed cell death, and conferment of 
tolerance to plants against various envi-
ronmental stresses. Nevertheless, at high 
concentrations, ROS cause oxidative dam-
age to lipids, proteins, and nucleic acids 
(Sharma et al., 2012). In plants, ROS exist 
as free radicals and/or non-radical mol-
ecules. Free radicals include superoxide 
anions (O2

•−) and hydroxyl radicals (•OH), 
while non-radical molecules principally 
include singlet oxygen (1O2) and hydro-
gen peroxide (H2O2) (Saed-Moucheshi et 
al., 2014). The latter is constantly gener-
ated as a by-product of diverse metabolic 
reactions. However, under environmen-
tal stress, H2O2 levels rise, referring to the 
exposure of plants to oxidative stress. To 
alleviate the negative impacts of oxidative 
stress and increased ROS levels, plants 
develop defensive mechanisms to protect 
themselves. The mechanisms of detoxifica-
tion of ROS in plant cells can be divided 
into enzymatic and nonenzymatic actions 
(Hasan et al., 2011). Phenolic compounds, 
also referred to as phenols, are a class of 
secondary metabolites that play a key role 
in protecting against oxidative stress by di-
rectly scavenging ROS or inhibiting lipid 
peroxidation by trapping lipid alkoxyl rad-
icals. Moreover, they act as metal chelators 
during heavy metals stress. Their hydroxyl 
and carboxyl groups and the nucleophilic 
character of the aromatic ring make phe-
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nols able to strongly bind metals (Sharma 
et al., 2012). This antioxidant activity com-
plements the function of oxidative stress 
response enzymes, such as superoxide 
dismutase (SOD), catalase (CAT), ascor-
bate peroxidase (APX), glutathione reduc-
tase (GR), and guaiacol peroxidase (GPX) 
(Hartmann & Asch, 2019). 

Under stressful circumstances, SODs 
constitute the first barrier against ROS. 
They catalyze the dismutation of oxygen 
radicals into molecular oxygen and hy-
drogen peroxide (Das & Roychoudhury, 
2014). CAT, APX, and GPX cooperate to 
eliminate excess H2O2 both during normal 
metabolism and under adverse conditions. 
GR is a flavoprotein oxidoreductase that 
reduces glutathione disulfide (GSSG) to 
glutathione (GSH) with the use of NADPH 
as a reducing agent, thus sustaining the re-
dox status of the cell. In chloroplast, GSH 
and GR are engaged in the scavenging of 
H2O2 produced by the Mehler reaction 
(Sharma et al., 2012).

The most reliable and economical ap-
proach for detecting heavy metal pollution 
is to exploit soil samples and plant material 
as biomonitors. Indeed, the deposition of 
heavy metals from air pollution is primar-
ily on the soil surface (Shahid et al., 2017). 
Heavy metals can also be taken up by 
plants through their roots and translocated 
through an active mechanism to their upper 
organs. Furthermore, airborne heavy met-
als emitted from street dust and vehicles 
can readily attach themselves to the foliar 
surface and thus perturb several biochem-
ical and physiological processes in plants.

In Lebanon and other developing na-
tions, environmental contamination with 
noxious metals represents a serious issue 
of concern. This is mainly due to the trans-
port sector, bad quality fuel consumption, 
inadequate waste management, and lack 
of powerful environmental policies.

The Ezer forest, situated in the north-
ern part of Lebanon, is well characterized 
by the abundance of a rare tree species 
Quercus cerris, which is used as an effec-

tive biomonitor of airborne pollution. The 
northern side of the forest is bordered by 
an unpaved public road experiencing ele-
vated vehicular movement. Furthermore, 
the middle of the forest is witnessing in-
tensive camping activities in addition to 
the entry of different types of vehicles that 
threaten the well-being of fauna and flora 
in the forest.

To the best of our knowledge, there 
are no studies on environmental contam-
ination by heavy metals in the Ezer forest. 
Therefore, the present study was mainly 
designed to determine heavy metal con-
centrations in Quercus cerris leaves and soil 
sampled from experimental and Ctrl sites 
within the forest. The effects of heavy met-
al pollution on various factors in Quercus 
cerris leaves, including the oxidative stress 
marker H2O2, total carbohydrates, and 
phenolic levels, as well as the enzymatic 
antioxidant activities, were also evaluated.

Material and Methods

Leaves sampling and preparation
The aerial parts of Quercus cerris were col-
lected from the Ezer forest (34° 28′ 15″ N, 
36° 12′ 25″ E) situated in Fneidiq village 
in Akkar governorate at an elevation of 
1300–1500 meters above sea level. The 
Ezer forest, expanding over an area of 
922,267 square meters, is distinguished by 
the spread and density of Quercus cerris
species that reach more than 30 meters in 
height. The area under study has a Med-
iterranean climate, which is characterized 
by a hot summer that can reach its highest 
temperature of 32°C during July and cold 
and snowy winter where the temperature 
can drop to 2°C.

Three sampling areas were chosen to 
carry out this study (Figure 1). The public 
roadside, labeled as S1, has been taken as a 
“very polluted” site. The center of the for-
est (S2), which is considered a recreation 
zone, is chosen as a “medium polluted” 
site, while the western side of the Ezer for-
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est, approximately distant from the two 
spots, is selected as a control site (Ctrl). Ac-
cording to Fneidik municipality, the Ctrl 
site is not surrounded by residential build-
ings, factories or waste dumps, indicating 
a lack of human settlements and industrial 
activities.

Matured Quercus cerris leaves were 
gathered from experimental and Ctrl 
spots on the same day each month, span-
ning from June to October 2020. Samples 
were placed in ice boxes and transported 
to the laboratory of the Lebanese Agricul-
tural Research Institute (LARI), Fanar, for 
analysis. Some of the fresh leaves were 
preserved in a freezer in the laboratory 
until the activity of antioxidant enzymes 
was analyzed within 24 hours of their sam-
pling. Concurrently, the rest of the leaves 
were oven-dried at 70°C and grounded to 
powder.

Soil sampling
Soil samples were collected from each site 
from the base of the trees to be sampled at 

a depth of 35 cm, kept in labeled polyeth-
ylene bags, and brought to the laboratory 
where they were air-dried and sieved with 
the use of a special soil grinder until analy-
sis (Waoo et al., 2014). 

Soil and leaves digestion and heavy 
metal determination
The determination of heavy metals in leaves 
and soil was done based on the acid wet di-
gestion method (Uddin et al., 2016). Briefly, 
0.5 g of dried and grounded samples were 
digested with 30 ml of a mixture (10:1:4) of 
nitric acid – sulfuric acid – perchloric acid 
in a Kjeldahl digester at 250°C for 2 hours. 
The digested samples were then diluted to 
100 ml, filtrated, and subjected to analysis 
by atomic absorption using iCE 3000 series 
AA spectrometers (Thermo Fisher Scientif-
ic). All samples were carried out in three 
replicates and mean values were noted for 
each determination.

Figure 1. Geographical location of the Ezer forest and distribution of the studied sites; S1: very 
polluted site, S2: moderate polluted site and Ctrl: control site (Ezilon Maps, 2015; Goo-
gle Earth, 2024).
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Total carbohydrates estimation
Total carbohydrates were estimated using 
the anthrone colorimetric method (Yemm 
& Willis, 1954). 20 mg of dried grounded 
leaves were extracted with 2.5 ml (80%) 
ethanol. After that, 5 ml of 1.1% hydro-
chloric acid was added to the extract and 
heated in a boiling water bath for 30 min-
utes. The dilution to 10 ml was then com-
pleted with distilled water. Next, 1 ml of 
the mix was pipetted into test tubes with 5 
ml anthrone reagent (0.2 g anthrone in 100 
ml (72%) sulfuric acid). The solution was 
then heated for 11 minutes in a boiling wa-
ter bath, followed by spectrophotometric 
reading at 630 nm after a brief cooling. The 
concentration of carbohydrates was evalu-
ated from a starch calibration curve.

Hydrogen peroxide determination
Hydrogen peroxide content was estimated 
as described in the method of Karataş et al.
(2014). 500 mg of fresh leaves were extract-
ed with 5 ml of trichloroacetic acid and 
then centrifuged at 3000 g for 15 minutes. 
0.5 ml of the supernatant was then trans-
ferred to a test tube and mixed with 1 ml 
of potassium iodide (1M) and 0.5 ml of po-
tassium phosphate buffer (10 mM). Final-
ly, the absorbance of the sample was read 
spectrophotometrically at 390 nm against 
a blank. The concentration of hydrogen 
peroxide was calculated from a predeter-
mined H2O2 standard curve.

Phenolic compounds estimation
Total phenolic content was determined 
with the Folin-Ciocalteu method (Khatoon 
et al., 2013). This assay is based on the re-
duction of samples containing polyphenols 
by the Folin-Ciocalteu reagent and sub-
sequent formation of a blue-colored com-
plex. For total phenolic compounds deter-
mination, 100 mg of dried and grounded 
leaves were added to 5 ml of 80% ethanol 
and incubated in a water bath at 30°C for 
30 minutes. After incubation, separation 
of the phase by centrifugation was done 
at 3000 g for 10 minutes. Pellet was re-ex-

tracted using 2.5 ml of 80% ethanol. After 
that, 0.1 ml of the extract was mixed for 
8 minutes with 5 ml of reagent A (25 ml 
Folin-Ciocalteau reagent diluted with 250 
ml distilled water). Then, 3.5 ml of reagent 
B (57.5 g sodium carbonate in 500 ml dis-
tilled water) were added, and the mixture 
was incubated at 40°C for 1 hour in a water 
bath. The absorbance was read at 765 nm 
against a blank. The total phenolic content 
was calculated from a p-coumaric acid cal-
ibration curve.

Enzymatic scavengers’ assays
50 g of fresh leaves were homogenized in a 
chilled mortar and pestle with quartz sand 
for grinding and 2 ml of ice-cold ethylene-
diaminetetraacetic acid (EDTA) phosphate 
buffer (7 pH) containing (0.1 M) K2HPO4
and (0.1 M) EDTA as the extraction me-
dium. The homogenate was then centri-
fuged, and the supernatant was collected 
for enzyme’s assays (Hartmann & Asch, 
2019).

The activity of SOD was determined 
spectrophotometrically by measuring the 
inhibition of the photochemical reduction 
of nitro blue tetrazolium (NBT) by the en-
zyme. 0.1 ml of enzyme extract and aside 
a control sample were added to a reaction 
mixture each containing 0.05 ml of (1.3 µM) 
riboflavin, (13 µM) methionine, (63 µM) ni-
troblue tetrazolium, (0.05 M) sodium car-
bonate, and 0.9 ml of distilled water and 
incubated for 10 minutes at 25°C under flu-
orescent lamp illumination. After incuba-
tion, absorbance at 560 nm was recorded. 
One unit of SOD activity is considered as 
the amount of enzyme that inhibited 50% 
of NBT reduction (Panda, 2012).

Catalase activity was assayed using the 
method of titration. 1 ml of enzyme extract 
was mixed in a conical flask with 3 ml of 
0.1 M potassium phosphate buffer (pH 
7) and 1 ml of 100 µM H2O2. The mixture 
was then incubated at 25°C for 1 minute. 
Catalase is responsible for catalyzing the 
decomposition of H2O2 into O2 and H2O. 
The reaction was stopped by adding 10 ml 
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of 2% sulfuric acid. A control set titration 
was also prepared without the addition of 
the enzyme extract to the reaction mixture. 
The remaining H2O2 was titrated with 0.02 
N potassium permanganate till a faint pink 
color was obtained.

The assay of glutathione reductase was 
carried out based on the reduction of GSSG 
to GSH with NADPH as the electron do-
nor (Khaleghi et al., 2019). 1 ml of a solution 
consisting of 0.2 M Tris-HCl (pH 7.6), 3 mM 
EDTA, 8.4 mM NADPH, and 50 mM GSSG 

was added to 50 µL of enzyme aliquot. The 
absorbance was then measured using a 
UV spectrophotometer at 340 nm against a 
blank without the enzyme extract.

The measurement of ascorbate peroxi-
dase activity was carried out according to 
the method of Panda (2012). To 3 ml of re-
action mixture (0.2 M Tris-HCL buffer, 50 
mM ascorbic acid, and 0.5 mM H2O2), 30 
µL of plant extract was added at 25°C. The 
decrease in absorbance at 290 nm for one 
minute was then recorded.

Table 1. Temporal variations of heavy metals concentrations in Quercus cerris leaves and soil 
samples.

Heavy 
metals 
(ppm)

Site/
Month June July August September October

P-value 
(temporal 
variation)a

Ctrl 0.02±0.00 0.03±0.00 0.07±0.00 0.19±0.04 0.30±0.07 <0.001

[Cd] leaves S1 0.23±0.01 0.61±0.02 0.67±0.04 0.75±0.09 0.96±0.01 <0.001

S2 0.16±0.01 0.52±0.03 0.58±0.02 0.66±0.09 0.78±0.03 <0.001

Ctrl 0.16±0.04 0.09±0.07 0.19±0.03 0.77±0.03 0.86±0.03 <0.001

[Cd] soil S1 0.18±0.06 0.62±0.16 0.75±0.04 0.66±0.14 1.07±0.07 <0.001

S2 0.18±0.01 0.57±0.02 0.63±0.04 0.69±0.15 1.61±0.04 <0.001

Ctrl 0.13±0.01 0.12±0.00 0.13±0.00 0.12±0.01 0.12±0.01 >0.05

[Cr] leaves S1 0.12±0.01 0.12±0.01 0.12±0.01 0.12±0.00 0.13±0.00 >0.05

S2 0.12±0.03 0.12±0.00 0.12±0.00 0.12±0.02 0.13±0.02 >0.05

Ctrl 1.26±0.03 1.19±0.10 1.25±0.02 1.23±0.06 1.28±0.00 >0.05

[Cr] soil S1 1.23±0.07 1.18±0.05 1.22±0.01 1.25±0.01 1.25±0.04 >0.05

S2 1.27±0.01 1.24±0.08 1.2±0.04 1.25±0.02 1.26±0.03 >0.05

Ctrl 6.95±0.53 5.99±0.15 4.85±0.69 10.38±0.35 4.49±0.22 <0.001

[Pb] leaves S1 7.74±0.22 7.13±0.25 6.42±0.44 12.35±0.59 7.94±0.64 <0.001

S2 7.73±0.57 7.97±0.23 7.91±0.88 13.16±0.25 8.40±0.28 <0.001

Ctrl 28.76±0.79 41.60±2.45 29.90±1.08 36.51±5.18 33.32±0.87 <0.001

[Pb] soil S1 28.91±0.75 54.11±2.98 46.06±3.34 45.44±1.94 42.50±1.22 <0.001

S2 43.58±0.44 55.56±3 86.46±2.84 62.33±2.01 42.00±2.97 <0.001

Ctrl 0.93±0.07 0.48±0.03 0.83±0.05 0.6±0.03 0.13±0.01 <0.001

[Al] leaves S1 0.94±0.04 1.02±0.03 0.90±0.02 0.83±0.02 1.03±0.02 <0.001

S2 0.93±0.15 1.05±0.09 0.93±0.03 0.78±0.08 0.86±0.07 0.017

Ctrl 35.36±0.63 26.87±1.31 26.26±1.48 25.58±0.67 26.63±0.63 <0.001

[Al] soil S1 34.31±1.98 31.81±0.76 31.82±0.66 35.16±1.26 33.13±0.53 0.006

S2 36.02±2.16 33.72±2.14 30.45±1.19 32.43±0.68 33.06±1.46 0.007

Data are represented as a mean of 3 samples ± SD. aP-value for the comparison between months. Significant P-values at proba-
bility levels < 0.05 are in bold.
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Guaiacol peroxidase activity was as-
sayed by adding 30 µL of the enzyme ex-
tract to 3 ml of a reaction mix containing 50 
mM sodium acetate buffer (pH 7), 25 mM 
guaiacol, and 25 mM H2O2. One unit of 
GPX is defined as the amount of enzymes 
that cause an absorbance increase of 0.01 
per minute at 470 nm (Li, 2003).

Statistical data analysis
All experiments were performed thrice, 
and the results were presented as mean ± 
standard deviation. The significant differ-
ences between the means of the Ctrl site 
and each of the polluted sites were deter-
mined by using the ANOVA test, which 
were considered significant at p-value < 
0.05. One-way ANOVA was also applied 
to determine the significant impact of 
months on the studied parameters in each 
sampling site.

Results

Cd, Cr, Pb, and Al concentrations in Quer-
cus cerris leaves and soil from the three in-
vestigated sites are presented in Figures 2 
and 3, respectively. Cd recorded its high-
est concentrations in roadside Quercus 
cerris leaves, followed by the S2 site, and 
then the Ctrl area. The Cd content in the 
leaves increased progressively at the three 
sites throughout the studied months and 
reached its greatest levels in October (p < 
0.001) (Figure 2a; Table 1). Cd concentra-
tions in the soil sampled from the three 
different sites ranged from 0.1 to 1.62 ppm 
(Figure 3a). Cd scored its greatest levels in 
the polluted sites in almost all months with 
an exception in June and September, when 
there was no significant difference between 
the Ctrl and polluted sites. In July and Au-
gust, S1 recorded the highest levels, while 

Figure 2. Heavy metals concentrations (a): Cd, (b): Cr, (c): Pb, (d): Al in Quercus cerris leaves 
sampled from polluted and control sites (Significant at: *p < 0.05, **p < 0.01, *** p < 
0.001).
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in October S2 surpassed the S1 site. Cd was 
found to score the highest concentrations at 
the three sites in October when compared 
to the previous months (Table 1).

On the other hand, the findings of this 
study showed that there was no significant 
difference between the concentrations of 
Cr in leaves and soil samples in polluted 
and control areas (Figures 2b–3b). Addi-
tionally, Cr maintained its levels in leaves 
and soil from the three sites throughout the 
study (p > 0.05) (Table 1). As for Pb, the re-
sults revealed a significant difference in Pb 
concentrations between sampling sites and 
periods in both Quercus cerris leaves and 
soil samples (Table 1). The levels of Pb in 
Quercus cerris leaves collected from exper-
imental sites were higher than those from 
the Ctrl site. The highest levels of Pb were 
observed throughout the studied months 
at the S2 site. It is worth noting that Pb lev-
els notably increased in the three studied 
sites in September compared to the previ-
ous months (Figure 2c). Pb also noted its 

highest levels in soil sampled from the S2 
site, followed by S1, and then the Ctrl site. 
The maximum increase was observed in 
August at the S2 site, where it surpassed 
the Ctrl site by 57% increment (Figure 
3c). Finally, from this study, an elevation 
in Al content in Quercus cerris leaves was 
recorded at the polluted sites over the ex-
perimental months, except for June and 
August, when no considerable difference 
in Al levels was noted between the three 
chosen sites. In July, the S2 site recorded 
the greatest Al levels, followed by S1. In 
September and October, S1 surpassed the 
other sites (Figure 2d). Similarly to the leaf 
samples, Al levels in soil did not show any 
noteworthy difference between sampling 
sites in June. However, in the following 
four experimental months, the Al levels in 
soil collected from polluted environments 
were greater than those from the control 
area. During these months, S1 had the 
highest levels, except for July when the S2 
site surpassed S1 (Figure 3d).

Figure 3. Heavy metals concentrations (a): Cd, (b): Cr, (c): Pb, (d): Al in soil sampled from pol-
luted and control sites (Significant at: *p < 0.05, **p < 0.01, *** p < 0.001).
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Carbohydrates are osmoprotectants 
with ROS scavenging activities. In the cur-
rent study, the uppermost recorded levels 
of carbohydrates were at the control site 
(Figure 4). A stark difference is shown be-
tween the polluted and Ctrl sites. Carbo-
hydrate levels decreased from Ctrl to S2 to 
S1. Besides, carbohydrate levels changed 
markedly over the months at each site (p < 
0.01 at S1 and p < 0.001 at Ctrl and S2 sites) 
(Table 2).
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Figure 4. Variation of the total carbohydrate 
content in the different sites during 
the study period (Significant at: *p < 
0.05, **p < 0.01, *** p < 0.001).

Hydrogen peroxide levels in Quercus cer-
ris leaves are drawn in Figure 5. The first 
remark to note is that the highest levels of 
hydrogen peroxide were recorded in the 
polluted sites. The data obtained for H2O2 
ranged from 20.62 to 27.40 ppm, 23.28 to 
46.04 ppm, and 28.92 to 46.04 ppm in the 
Ctrl, S1, and S2 sites, respectively.

Figure 5. Variation of hydrogen peroxide levels 
in the three studied areas.

Total phenolic compounds levels were de-
termined in Q. cerris leaves from the three 
studied sites (Figure 6). Total phenolic con-
tents in Q. cerris leaves from the polluted 
sites were considerably lower than at the 
Ctrl site. In addition to the spatial varia-
tions, significant differences among the 
months were observed (p < 0.001 for the 
three sites) (Table 2).
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Figure 6. Variation of the total phenolic con-
tent in the three selected sites (Sig-
nificant at: *p < 0.05, **p < 0.01, 
*** p < 0.001).

Activities of enzymatic scavengers are pre-
sented in Figure 7. In June, SOD activity 
was found to be higher in S1 and S2 sites 
than in the Ctrl site. However, in July, Au-
gust, and October, the Ctrl site surpassed 
the polluted sites (Figure 7a). As for cata-
lase, peroxidases, and glutathione reduc-
tase, they recorded their highest activities 
in polluted sites S1 and S2 in almost all 
the months (Figures 7b;7c;7d;7e). These 
results are consistent with those observed 
for H2O2. In fact, the latter noted its highest 
levels in the polluted sites. Along with spa-
tial variation, the antioxidant enzymes dis-
played temporal variation (Table 2). Perox-
idase activities were found to remarkably 
increase in the three investigated sites in 
September and October compared to the 
previous months (p < 0.001).
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Figure 7. Antioxidant enzymes activity of Quercus cerris leaves sampled from polluted and control 
sites; (a): SOD, (b): catalase, (c): ascorbate peroxidase, (d): guaiacol peroxidase and 
(e): glutathione reductase (Significant at: *p < 0.05, **p < 0.01, *** p < 0.001).
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Table 2. Temporal variations of enzymatic and nonenzymatic scavenger activities in Quercus 
cerris leaves.

Bio-
chemical 
parameters

Site/
Month June July August September October

P-value 
(temporal 
variation)a

Ctrl 283.42 ± 13.71 282.17 ± 17.83 230.37 ± 16.91 193.22 ± 6.83 136.61 ± 15.73 <0.001
Carbo-
hydrates 
(ppm)

S1 177.91 ± 17.91 140.93 ± 20.05 148.74 ± 18.94 129.97 ± 6.85 120.25 ± 7.59 0.003

S2 210.50 ± 15.05 166.18 ± 21.18 146.4 ± 17.22 140.98 ± 12.91 124.60 ± 8.74 <0.001

Ctrl 12.55 ± 0.88 11.74 ± 0.57 10.36 ± 0.39 7.52 ± 0.22 4.37 ± 0.44 <0.001
Phenols 
(ppm) S1 11.10 ± 0.90 8.10 ± 0.95 6.89 ± 0.91 3.43 ± 0.16 3.67 ± 0.61 <0.001

S2 12.05 ± 0.45 9.79 ± 0.41 7.56 ± 0.24 4.96 ± 0.47 4.35 ± 0.27 <0.001

Ctrl 2.57 ± 0.23 4.47 ± 0.08 4.47 ± 0.25 4.23 ± 0.18 4.95 ± 0.16 <0.001
SOD 
(unit/mg 
protein)

S1 3.14 ± 0.21 3.14 ± 0.24 3.86 ± 0.23 3.90 ± 0.24 3.79 ± 0.09 <0.001

S2 3.59 ± 0.11 3.65 ± 0.11 1.60 ± 0.11 3.95 ± 0.24 2.77 ± 0.02 <0.001

Ctrl 9.26 ± 0.40 11.65 ± 0.43 23.56 ± 0.34 24.29 ± 0.07 23.69 ± 0.11 <0.001
CAT 
(unit/mg 
protein)

S1 23.62 ± 0.34 21.67 ± 0.35 55.73 ± 0.32 30.94 ± 0.36 47.38 ± 0.19 <0.001

S2 31.73 ± 1.29 35.15 ± 0.76 50.30 ± 0.78 42.24 ± 0.12 43.55 ± 0.13 <0.001

Ctrl 8.87 ± 0.08 5.51 ± 0.23 7.32 ± 0.15 10.71 ± 0.42 10.10 ± 0.10 <0.001
GPX 
(unit/mg 
protein)

S1 9.22 ± 0.05 11.12 ± 0.33 8.66 ± 0.18 15.66 ± 0.66 13.23 ± 0.26 <0.001

S2 12.37 ± 0.22 11.37 ± 0.21 8.82 ± 0.77 14.39 ± 0.20 12.67 ± 0.194 <0.001

Ctrl 79.56 ± 2.86 116.44 ± 5.40 168.88 ± 7.74 217.73 ± 5.78 345.33 ± 9.57 <0.001
APX 
(unit/mg 
protein)

S1 118.55 ± 2.07 125.91 ± 6.78 310.49 ± 11.19 343.11 ± 8.66 577.72 ± 4.27 <0.001

S2 149.00 ± 3.75 147.89 ± 7.23 226.80 ± 5.27 345.89 ± 9.02 554.62 ± 2.77 <0.001

Ctrl 65.68 ± 5.17 30.56 ± 0.96 39.90 ± 3.91 38.43 ± 5.83 43.70 ± 2.21 <0.001
GR (unit/
mg 
protein)

S1 74.73 ± 4.40 41.55 ± 3.63 74.58 ± 9.22 47.91 ± 1.93 81.96 ± 0.59 <0.001

S2 122.16 ± 8.01 70.15 ± 13.33 48.64 ± 6.80 76.24 ± 5.02 73.55 ± 1.77 <0.001

Data are represented as a mean of 3 samples ± SD. aP-value for the comparison between months. Significant P-values at proba-
bility levels < 0.05 are in bold.

Discussion

Certain metals like micronutrients are 
deemed to be essential for normal plant 
growth and metabolism. Other non-essen-
tial metals such as Cd, Cr, Al, and Pb can 
be absorbed and accumulated by plants, 
thus inducing severe toxicity even at low 

applied levels. They may originate from 
various sources. Among these, vehicles 
are responsible for considerable emissions 
of toxic metals into the atmosphere. These 
metals are released via various processes 
like fossil fuel burning, brake lining, tire 
wear, corrosion of metallic parts, and road 
surface degradation. Once emitted in am-
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bient air, metals can travel long distances 
or attach to dust particles and disturb vital 
physiological and metabolic processes in 
plants (Shahid et al., 2017).

Cd has no vital biological or physiolog-
ical functions but is potentially toxic even 
at very low concentrations. The toxicity of 
Cd derives from its ability to decrease the 
photosynthetic pigment contents, depress 
the quantum yield of PSII, and decrease 
enzymes’ activities by reacting with their 
sulfhydryl group (Ojekunle et al., 2014). 
In the current study, Cd levels in Q. cerris 
leaves were found to be significantly in-
creased at polluted sites when compared 
to the Ctrl site. Depending on the distance 
between the trees and the unpaved road, 
the levels of Cd in leaves varied: the high-
est Cd levels were in the roadside trees, fol-
lowed by S2, and then trees from the Ctrl 
site. The acceptable limit of Cd in plants 
according to FAO/WHO (2001) is 0.2 ppm, 
but Cd exceeded this value in almost all 
samples collected from the polluted sites 
throughout the study. Furthermore, even 
samples from the Ctrl site exhibited wor-
rying levels, exceeding the acceptable limit 
in October with a value of 0.3 ± 0.07 ppm. 
Skrynetska et al. (2018) indicated that Cd 
could be absorbed by the tree from the 
soil or directly taken up by the tree’s foliar 
system from the air and falling dust. Ad-
ditionally, once in the air, Cd can travel 
and reach places distant from the source 
of emission. The main sources of Cd in the 
environment are the burning of fossil fuel, 
incineration of garbage, and dumping of 
plastic waste (Ojekunle et al., 2014). Simi-
larly, Cd recorded its greatest levels in the 
soil from the polluted sites in July, August, 
and October. Despite these variations, Cd 
levels in the Ctrl (ranging from 0.09 to 
0.86 ppm), S1 (0.18 to 1.07 ppm), and S2 
(0.18 to 1.61 ppm) sites remained with-
in the critical standard established by the 
FAO/WHO (2001), which is 3 ppm across 
all studied months. On the other hand, it 
is worth mentioning that Cd contents in 
leaves and soil samples from three sites in-

creased over months (p < 0.001) and scored 
their uppermost levels in October, indicat-
ing a potential risk of Cd accumulation in 
soil and Quercus cerris leaves and showing 
an increase in environmental pollution in 
autumn when vehicular traffic and recre-
ational activities notably increased.

As for Cr, this metal is well recognized 
as an inhibitory element that impedes 
plants’ growth and development. It is com-
monly found in soil as Cr(III) and Cr(VI). 
The latter derives its toxicological proper-
ties from its capability to traverse cellular 
membranes and oxidize key biomolecules 
(Singh & Kalamdhad, 2011). Additionally, 
the accumulation of excessive Cr can de-
crease the translocation of a broad array 
of nutrients, including P, Ca, K, Mn, and 
Mg from the roots to the aerial parts of 
plants (Emamverdian et al., 2015). The per-
missible limits of Cr in soil by FAO/WHO 
(2001) is 100 ppm. Moreover, chromium 
concentrations within the range of 5 to 30 
ppm in plants can result in reduced plant 
yield. The levels of Cr in the three studied 
sites were below these target values.

As for Pb, the findings of this research 
study showed that the Ezer forest is the 
most endangered by Pb contamination. 
The levels of Pb in Q. cerris leaves ranged 
from 4.49 to 10.38 ppm, 6.42 to 12.35 ppm, 
and 7.73 to 13.16 ppm in Ctrl, S1, and S2 
sites, respectively. The S2 site, experi-
encing recreational activities and vehicle 
parking, exhibited the highest levels of Pb 
during the study period, followed by the 
S1 site. The FAO/WHO’s (2001) permis-
sible value for Pb in plants (0.3 ppm) was 
exceeded at almost all the spots through-
out the experimental months. Pb levels 
in soil were also significantly higher at 
polluted sites S1 (28.91 to 54.11 ppm) and 
S2 (42.01 to 86.46 ppm) compared to the 
Ctrl site (28.76 to 41.6 ppm). Despite this 
increase in Pb levels at the polluted sites, 
they still remained below the maximum 
permissible limit set by the FAO/WHO 
(2001), which is 300 ppm throughout the 
study. Although Pb exists naturally at 
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low concentrations in the soil, its highest 
concentrations found in the environment 
are due to manmade activities, especial-
ly from its usage in gasoline and exhaust 
burning (Waoo et al., 2014). The elevated 
Pb content at the S2 site may be attribut-
ed to vehicle parking, the usage of leaded 
petrol, lighting of fires, and burning of gar-
bage. Very low Pb concentrations in soils 
may produce noxious effects on plants, 
such as the inhibition of photosynthesis, 
respiration, and mitosis processes, while 
high Pb levels may reduce soil productivi-
ty (Singh & Kalamdhad, 2011). 

Al toxicity has been reported in plants 
grown in acid soil with pH values less than 
5.5 along with Al concentrations ranging 
from 2 to 3 ppm. The danger of Al lies in 
its ability to inhibit root growth, induce 
root damage, and alter the photosynthetic 
apparatus performance. In the Ezer forest, 
Al scored the greatest levels in Quercus cer-
ris leaves and soil from the polluted sites 
in almost all months, reaching 35.16 ± 1.26 
ppm in S1 site and 36.02 ± 2.16 ppm in S2 
site. Compared to the critical levels of Al 
for plants (2–3 ppm), these values signifi-
cantly exceeded the acceptable range, indi-
cating a concerning level of contamination 
in the study area. This increase in Al levels 
at the polluted sites could be attributed 
to the deposition of road dust containing 
substantial amounts of heavy metals such 
as Pb, Zn, and Al, as well as inappropri-
ate garbage disposal practices, like the 
throwing of beverage cans on the ground 
at the recreational site (S2) (Khan & Strand, 
2018). Al is also found in wheels, electrical 
wiring, and vehicle engine parts. The re-
sults of this study align with the findings 
of other researchers. Onder et al. (2007) re-
ported high toxic levels of Pb in soil and 
Cd and Cr metals in grass growing along 
roadsides with elevated traffic activity. 
Houri et al. (2020) also noted an increase in 
Cd, Cr, and Al levels in roadside Urginea 
maritima (L.) Baker plants when compared 
with those from the Ctrl area situated 800 
meters away from the road.

Carbohydrates act as osmolytes to pre-
serve osmotic balance and maintain cel-
lular turgor. It has been reported that car-
bohydrate accumulation varies depending 
on the sensitivity of plant species to envi-
ronmental pollution. Research has demon-
strated that tolerant species accumulate 
carbohydrates under polluted conditions, 
while less resistant species show lower ac-
cumulation (Agbaire, 2016). In the studied 
area, the carbohydrate content of the leaves 
diminished as the distance from the road 
decreased. The reduction in the total carbo-
hydrate content could be attributed to in-
creased respiration rate and decreased CO2
fixation. Carbohydrates are directly linked 
to photosynthesis, so the fluctuations of 
the carbohydrates concentrations reflect 
the performance of the photosynthetic 
apparatus. The findings of this study cor-
relate with those of Tzvetkova & Kolarov 
(1996). They reported a considerable de-
crease in the total sugar content of Quercus 
cerris leaves exposed to heavy metal pollu-
tion when compared with those from the 
non-polluted site. They suggested that the 
negative impact of heavy metals on carbo-
hydrate metabolism could be due to the in-
teraction of heavy metals with the reactive 
center of the Calvin cycle’s key enzyme rib-
ulose 1,5-bisphosphate carboxylase. On the 
other hand, carbohydrate levels were also 
found to experience seasonal variations. 
ANOVA tests revealed significant decreas-
es in the three sites during fall months (p 
< 0.001 at Ctrl and S2 site and p < 0.01 at 
S1 site). This decline could be explained 
by the fact that generally during autumn, 
daylight hours become shorter and tem-
perature drops, leading to a decrease in the 
photosynthesis process (Gennu, 2021). Fur-
thermore, during fall, deciduous trees un-
dergo senescence that is characterized by 
the translocation of nutrients, particularly 
carbohydrates, from the leaves to the oth-
er tissues like stems and roots for storage. 
As nutrients are relocated for storage, the 
leaves experience a decline in their carbo-
hydrate content (Da Silva et al., 2014).
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Hydrogen peroxide is a non-radical 
reactive oxygen species. Under normal 
situations, it is continuously generated as 
a normal product in various cellular com-
partments. H2O2 is the most stable and mo-
bile species among all ROS and thus acts 
as a signaling molecule facilitating sever-
al physiological mechanisms such as cell 
growth, photosynthesis, and photorespira-
tion (Hossain et al., 2015). Additionally, it 
is widely accepted that H2O2 imparts tol-
erance to plants against a broad variety of 
stress conditions via activating stress-sen-
sitive genes (Christou et al., 2014). Never-
theless, under severely adverse conditions, 
H2O2 can be harmfully overexpressed and 
ultimately inducing oxidative damage, 
leading to cell death (Das & Roychoud-
hury, 2014). In the present study, H2O2 lev-
els were found to be increased in polluted 
sites S1 and S2 with a mean of 37.09 ± 8.67 
ppm and 37.56 ± 6.71ppm, respectively. 
The rise in H2O2 content in the polluted 
sites depicts the establishment of oxidative 
stress in Quercus cerris leaves in response 
to vehicular and human activities. Our 
findings correlate with Khairallah et al.
(2018) and Gutiérrez-Martínez et al. (2020), 
who reported a considerable elevation in 
H2O2 levels in plants exposed to high con-
tamination load.

In order to counteract the oxidative 
stress imposed by contamination con-
ditions, plants have developed a well-
equipped antioxidant defense system 
composed of enzymatic and nonenzymatic 
scavengers. Phenols, through their antiox-
idant activity, help plants withstand ox-
idative stress. In the present study, they 
showed their lowest levels in Q. cerris trees 
within the road’s matrix. The decrease in 
phenolic content in the polluted sites indi-
cates that atmospheric pollutants, includ-
ing heavy metals, had negatively affected 
Q. cerris trees by altering their secondary 
metabolites synthesis. Hayat et al. (2021) 
reported that heavy metals at toxic levels 
can suppress genes involved in phenols 
and flavonoid production. Additional-

ly, significant temporal variations were 
observed for the total phenolic content 
throughout the months. According to the 
ANOVA tests, the total phenolic content 
revealed statistically significant differenc-
es among the five months, with the lowest 
levels recorded in the fall months across 
the three sites (p < 0.001). Studies on Fa-
gus sylvatica L. leaves and other deciduous 
trees such as Quercus robur L. have shown 
a decline in total phenolics, hydrolyzable 
tannins, and flavonoids from spring to fall. 
This decrease in the total phenolic content 
is part of the natural process of autumn 
senescence and nutrient translocation as 
trees prepare for winter dormancy (For-
mato et al., 2022).

The chief antioxidant enzymes super-
oxide dismutase, catalase, and peroxidases 
function in collaboration to get rid of the 
overexpressed ROS and keep the balance 
of the oxidative-antioxidative network. 
The results of enzymatic scavengers re-
vealed that SOD activity decreased in the 
polluted sites in almost all months except 
for June. As for catalase, peroxidases, and 
glutathione reductase, they recorded their 
highest activities in polluted sites S1 and 
S2 in almost all the months. These results 
concord with the ones observed for H2O2. 
In fact, the latter reached its highest levels 
in the polluted sites. Along with the spatial 
variations, the antioxidant enzymes dis-
played temporal variations. Peroxidases’ 
activities have considerably risen in Sep-
tember and October in the three sites when 
compared with the previous months. This 
elevation of enzymatic scavengers’ activi-
ty during autumn might not only be a re-
sponse to pollution stress but could be re-
garded as a tolerant and adaptive response 
to climatic changes like the temperature 
drop. Li (2003) reported that peroxidase 
activity in many tree species changes with 
seasons. Many researchers reported an el-
evation in the antioxidant enzymes’ activ-
ities in plant species subjected to pollution 
conditions. In a study conducted by Na-
dgórska-Socha et al. (2013), an increase was 
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noticed in peroxidase and catalase activi-
ties in Vicia faba L. plants growing in heavy 
metal-contaminated soil. Similarly, Rai 
(2016) noticed in his study a remarkable 
elevation of the peroxidase and catalase 
content in all of the studied roadside plant 
species exposed to atmospheric pollution 
stress. The results obtained in this study 
are in agreement with these reports as cata-
lase and peroxidase activities, but not SOD 
activities, were considerably greater in the 
polluted sites than in the Ctrl site. Sever-
al studies reported that SOD failed to in-
crease under pollution stress. One possible 
reason is that H2O2 interacts with SOD in a 
peroxidase reaction, which can lead to the 
oxidative modification of SOD. This mod-
ification may then interfere with the nor-
mal function of the enzyme SOD (Li, 2003). 
Similarly increased enzymatic activities 
and reduced phenolic contents have been 
noted by Hayat et al. (2021) in Cajanus cajan
(L.) Huth exposed to heavy metals stress. It 
is well known that plants develop various 
adaptation strategies to compensate for ox-
idative damage resulting from unfavorable 
environmental conditions.

Conclusion

Vehicular emissions are a key source of 
heavy metal contamination, arising from 
the combustion of diesel and gasoline, as 
well as non-exhaust sources such as tire 
wear, brake wear, and road surface degra-
dation. Road traffic using leaded petrol is 
a principal source of lead, while tires con-
tribute to Zn, Cd, and Ni contamination. 
Brake linings are a significant source of 
Cu, and lubricants introduce Cr, Cd, Hg, 
Pb, Ni, and Zn into the environment. The 
findings of this study indicate that the Ezer 
forest is at risk of Cd, Pb, and Al contam-
ination at polluted sites S1 and S2. Heavy 
metal contamination has induced oxida-
tive stress, evidenced by elevated levels of 
oxidative stress marker H2O2 at the pollut-
ed sites. This stress was accompanied by 

significant reductions in the total carbohy-
drate and phenolic content, in contrast to 
the Ctrl site. However, Q. cerris exhibited 
adaptive responses by increasing the scav-
enging activity of peroxidases and catalase 
to mitigate the effects of oxidative stress. 
Despite the high levels of toxic metals, Q. 
cerris survived and demonstrated poten-
tial as a phytoremediator. Phytoremedi-
ation, an eco-friendly and cost-effective 
approach, involves using plants to remove 
metals from polluted soils. To protect Q. 
cerris, a rare species in Lebanon, strict en-
vironmental policies are urgently needed. 
Measures such as promoting public trans-
port, restricting recreational vehicle access, 
and limiting campfire lighting in the forest 
are recommended. 

This research contributes to a broader 
understanding of plant resilience mecha-
nisms by providing valuable insights into 
antioxidant enzyme activity in response to 
heavy metal-induced oxidative stress. The 
findings underscore the potential of Q. cer-
ris as a phytoremediator and highlight the 
need for conservation efforts, contributing 
to global discussions on forest protection, 
pollution, and plant adaptation. 
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