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Evaluating anatomical and biochemical responses to cement dust
pollution in Quercus castaneifolia C.A. Mey. and Zelkova carpinifolia
(Pall.)

Understanding how plants respond to industrial pollutants is crucial for assess-
ing environmental impacts and developing effective management strategies.
This study focused on the structural and biochemical adaptations of Quercus
castaneifolia and Zelkova carpinifolia in response to cement dust pollution,
which poses a significant environmental risk and adversely affects plant
growth. We investigated structural changes in leaves and analyzed key bio-
chemical markers in trees growing near a cement factory in Neka city, Mazan-
daran province, Iran, to examine the defense mechanisms these species use
against dust pollution. Our results demonstrated notable anatomical adapta-
tions in both species, including increased druse crystals and sclerified
parenchyma cells. Additionally, Q. castaneifolia leaves showed wall collapse
of xylary vessel elements under dust exposure. Biochemically, we observed el-
evated phenylalanine ammonia-lyase (PAL) activity and higher concentrations
of phenolic compounds and lignin in leaves from polluted sites. While Q. cas-
taneifolia exhibited higher PAL activity, Z. carpinifolia showed greater levels
of phenolics and lignin, alongside more pronounced anatomical changes. These
findings highlight species-specific defense strategies and resilience to cement
dust pollution. The study underscores the importance of integrating both
anatomical and biochemical parameters in ecological assessments and suggests
that environmental management strategies should account for species-specific
responses to pollution.
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Introduction

Cement factories have long been recog-
nized as significant contributors to environ-
mental pollution, releasing hazardous sub-
stances that threaten human health and
the ecosystem (El-Sherbeny & Najm 2016,
Shah et al. 2019). The dust emitted by
these industries contains elevated levels of
heavy metals, including arsenic (As), cad-
mium (Cd), lead (Pb), mercury (Hg), thal-
lium (TI), aluminum (Al), beryllium (Be),
chromium (Cr), copper (Cu), manganese
(Mn), nickel (Ni), and zinc (Zn), all of which
have been established as toxic by various
environmental studies (Bermudez et al.
2010, Darivasi et al. 2016). Beyond environ-

mental contamination, the impact of ce-
ment dust extends to plant morphology
and physiology, causing alterations in cru-
cial parameters such as plant height, leaf
number, area, and the fresh and dry weight
of shoots and roots. Moreover, reductions
in chlorophyll and carotenoid content and
overall levels of plant sugars, proteins, and
fats have been observed (Shah et al. 2020).

Despite the detrimental effects, particular
plant species exhibit remarkable tolerance
to cement dust contamination, attributed
to genetic predisposition and concurrent
biochemical and structural adaptations (Ve-
selkin 2004, Erdal & Demirtas 2010). In re-
sponse to pollutant toxicity, plants activate
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various enzymatic systems to mitigate or
eliminate the damaging effects of pollu-
tants (Emamverdian et al. 2015). Phenyl-
propanoid metabolism is implicated in this
response, particularly the role of the pri-
mary enzyme phenylalanine ammonia lyase
(PAL) in the plant phenylpropanoid path-
way. Elevated PAL enzyme activity and the
production of phenolic compounds, such
as lignin, are typical plant reactions to ad-
verse environmental conditions, with phe-
nol content as an indicator of plant stress
severity (Chen et al. 2020).

With their expanded surface area and
stomata, leaves are particularly susceptible
to pollution. Stomata serve as key path-
ways for the penetration of pollutants into
the intercellular and cellular spaces of
leaves (Gao et al. 2022). Consequently, leaf
anatomy is critical in discerning the effects
of different contamination levels. Recent
studies have emphasized the importance
of anatomical modifications, mesophyll
changes, and phenolic compound deposits
in response to air pollution in various plant
species (Gostin 2010, El-Sherbeny & Najm
2016). The biochemical features of leaves,
especially phenolic content, change in re-
sponse to the level of air pollutants. Plants
exposed to high pollution exhibit resis-
tance and are effective bioindicators of air
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pollution (Dineva 2004, Thawale et al.
2011).

In light of previous investigations, which
revealed elevated concentrations of heavy
metals, such as Co, Cr, Cu, Cd, Mn, Ni, and
Zn, in the vicinity of the Neka cement fac-
tory surpassing standard levels (Darivasi et
al. 2016), the present study aims to unveil
the structural and biochemical responses
of two tree species, Zelkova carpinifolia
(Pall.) and Quercus castaneifolia C.A. Mey.,
situated in proximity to the factory. This in-
vestigation was conducted in contrast to
trees from a control site unaffected by the
factory’s influence. The ecological and eco-
nomic significance of Q. castaneifolia, a piv-
otal species within the Hyrcanian forests,
and Z. carpinifolia, known for its high-qual-
ity wood and captivating canopy, under-
scores the critical need to comprehend
their adaptive responses to cement dust
pollution. These insights are not only vital
for the preservation of these species but
also have broader implications for biodiver-
sity and ecological stability in Iranian for-
ests (Sheikh Hasan et al. 2013, Ahmadi et al.
2014).

Materials and methods

Study area and sampling

The study focused on two distinct areas,
classified based on pollution levels, as per
the data provided by the Environmental
Protection Organization of Mazandaran
province. The polluted site, situated 2.5 km
south of Neka, Iran (36°39'5" N, 53°17' 49"
E), was close to the Neka Cement Factory,
while the control area was the Zarrin Abad
Forest, located 11 km southeast of Sari, and
25 km away from the cement factory. The
polluted site was approximately 500 m
from the factory. Sampling was done in Oc-
tober 2021 from the upper half of the
canopy in a southern direction. Three indi-
vidual trees of each species were selected
from the control and the polluted sites,
and mature and uniform leaves were col-
lected from each tree.

Soil physicochemical properties and
heavy metal analysis

Soil samples from control and polluted
sites were collected at 0-20 cm depth with
four replicates each. The samples were
dried, mixed thoroughly, and sieved before
examination. Soil composition was as-
sessed using the hydrometer technique. EC
and pH were measured in soil-water mix-
tures. Samples were digested with a 2:1
mixture of nitric and perchloric acid. Heavy
metalswere analyzed using ICP-MS, with
calibration standards for accuracy. Results
were reported in pg g* of dry soil weight.

Anatomical study

Transverse sections were prepared from
the central portion of the mature leaves by
free-hand sectioning (the section thickness
typically ranged from 10 to 50 microme-
ters). Light microscopy was employed, and
the photographs were taken using a Canon
digital camera. Anatomical traits were mea-
sured by Digimizer software version 5.3.5
(Medcalc Software Ltd, Ostend, Belgium).

PAL activity assay

Leaf samples (300 mg) were homoge-
nized in 6.5 mL Tris-HCl buffer at pH 8.8,
supplemented with 15 mM of B-mercap-
toethanol. The resulting extract underwent
centrifugation at 12,000 rpm at 4 °C for 30
min, and the obtained supernatant was uti-
lized for the enzymatic assay. A mixture
containing 1 ml of the extraction buffer, 0.5
ml of 10 mM L-phenylalanine, 0.15 ml of su-
pernatant, and 0.35 ml of double-distilled
water was placed at 37 °C for 1 h. The reac-
tion was terminated by adding 0.5 ml of 6
M HCl. The amount of trans-cinnamic acid
formed was measured spectrophotometri-
cally (Biochrom WPA Biowave 1) at 290
nm. The enzyme activity was expressed in
pmoles of trans-cinnamic acid per mg pro-
tein per hour (Ziaei et al. 2012).

Total phenolic content
The total phenolic content was deter-
mined using the Folin assay described by

Tab. 1 - Physicochemical properties and heavy metal concentrations of the studied
soils. Values are presented as mean * standard deviation, with 4 replicates. Asterisks
(*) indicate significant differences at the 5% level.

Category Parameters Control Polluted
Physicochemical Sand % 29.00 + 1.41 30.75 + 1.70
properties Silt % 49.00 + 1.80 55.00 + 2.06*
Clay % 22.00 + 2.00* 13.75 £ 1.00
EC 0.85 £ 0.03 1.05 + 0.02*
pH 7.50 £ 0.01 7.53 £0.02
Heavy metal Cd 1.05 £ 0.05 2.25 £ 0.23*
?S;‘Cg‘i')‘”at‘bns Pb 35.20 + 1.83 38.50 + 1.20*
Cu 28.22 £ 2.71 24.50 + 1.58
In 50.25 £ 3.75 69.60 £ 1.91*
Ni 42.35 + 3.96 40.62 + 2.86
Cr 74.62 £1.97 131.25 + 2.79*
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Singleton et al. (1999). A reaction mixture
comprising 1 ml of plant extracts, 0.5 ml of
50% FCR dissolved in 3 ml of deionized wa-
ter, and 1 ml of 5% Na,CO; solution was
stored in the dark at room temperature for
2 h. The absorbance at 765 nm was mea-
sured spectrophotometrically (Biochrom
WPA Biowave II), and the total phenolic
content was expressed as mg of gallic acid
equivalents per g fresh weight.

Total lignin content

The isolated cell wall material (5 mg) was
subjected to a treatment involving a com-
bination of 2.5 ml of 25% (w/w) acetyl bro-
mide in HOAc and 0.1 ml of 70% HCIO, at
70 °C for one hour with gentle swirling ev-
ery 10 min. After ice cooling, the mixture
was transferred to a 25 ml volumetric flask
containing 5 ml of 2M NaOH and 6 ml HOAc
and filled up to 25 ml with acetic acid.
Acetyl bromide soluble lignin was quanti-
fied using a known absorption coefficient
(20.0 g" L cm™) and absorbance at 280 nm
(Ghanati et al. 2002).

Statistical analysis

Biochemical data were analyzed using
one-way ANOVA, followed by the Duncan
multiple range test, and anatomical data
were analyzed using a t-test. The mean val-
ues, derived from nine replicates, were
considered  statistically significant at
p<0.05. Statistical software SPSS®, version
21 (IBM Corporation, Armonk, NY, USA).
was applied for statistical analysis, and Ex-
cel software version 2021 (Redmond, WA,
USA) was used for diagrams.

Results

Soil physicochemical properties and
heavy metal concentrations

Soil texture analysis revealed higher silt
and clay content in the polluted area com-
pared to the control area, with no signifi-
cant pH difference. The electrical conduc-
tivity (EC) was higher in the control area
than the contaminated area, but neither re-
gion exhibited saline soil conditions overall
(Tab. 1). The contaminated soils exhibited
elevated concentrations of cadmium (Cd),
lead (Pb), zinc (Zn), and chromium (Cr) in
relation to the unpolluted samples, indicat-
ing significant changes in soil characteris-
tics and the accumulation of heavy metals
attributed to pollution. (Tab. 1).

Leaf anatomy and morphological
changes

Quercus castaneifolia

In describing the leaf structure of Q. cas-
taneifolia, it is important to note the pres-
ence of a bifacial mesophyll structure, with
trichomes found on both the adaxial and
abaxial surfaces of the leaf. Notably, the
frequency of trichomes was higher on the
lower leaf surface. The midrib exhibited a
large stele resulting from merging vascular
bundles, surrounded by a continuous ring
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Fig. 1- Cross sections of the
Quercus castaneifolia leaf
midrib. (A): control site;
(B): polluted site; (Tr): Tri-
chome; (Ss): Sclerenchyma
sheath; (Ph): Phloem; (Xy):
Xylem; (S): Sclerenchyma.
The white arrow in (B) indi-
cates dark deposits and
red arrow indicates cell
with phenolic compound.

Fig. 2 - Cross sections of
the Quercus castaneifolia
midrib in polluted site. (A): F
black arrow indicates cell
with druse crystal; (B):
black arrow indicates
deformation of xylary ele- |
ments.

of phloem fibers forming a sclerenchyma
sheath. The amphipheloic Siphonostele na-
ture of the stele was evident due to the
presence of phloem both externally and in-
ternally to the xylem (Fig. 1).

Comparative anatomy between polluted
and control sites showed a significant in-
crease in the upper cuticle thickness in
trees from contaminated locations. How-
ever, no significant differences were ob-
served in the thickness of the lower cuticle,
upper and lower epidermis, or trichome
number. Dark deposits and phenolic com-
pound-containing cells were visible in the
midrib of Q. castaneifolia leaves from pol-
luted areas (Fig. 1B). The thickness of the
palisade parenchymic tissue increased sig-
nificantly in polluted area leaves, while
spongy parenchyma and leaf blade thick-
ness showed no significant differences be-
tween contaminated and control areas
(Tab. 2). No significant differences were
noted in the midrib thickness, midrib stele
area, or thickness of the sclerenchyma
sheath surrounding the midrib stele be-
tween control and polluted samples near
Neka Cement Factory and Zarrin Abad For-
est. However, a significant increase in
druse crystals and structural deformities in
xylary vessel elements was observed in Q.
castaneifolia leaves exposed to cement pol-
lution (Fig. 2, Tab. 2).

iForest 18: 102-108

Zelkova carpinifolia

Leaf anatomy of Z. carpinifolia resembled
that of Q. castaneifolia, the main difference
being the absence of inner phloem in the

Z. carpinifolia leaf midrib, resulting in an ec-
tophloic siphonostele (Fig. 3). In polluted
sites, the lower cuticle thickness showed
no significant difference, but the lower epi-

Tab. 2 - Leaf anatomical characteristics of Quercus castaneifolia from the cement-pol-
luted and control sites. (LCT): Lower Cuticle Thickness; (UCT): Upper Cuticle Thick-
ness; (LET): Lower Epiderm Thickness; (UET): Upper Epiderm Thickness; (SPT):
Spongy Parenchyma Thickness; (PPT): Palisade Parenchyma Thickness; (LBT): Leaf
Blade Thickness; (MSA): Midrib Stele Area; (MT): Midrib Thickness; (MSST): Midrib
Sclerenchyma Sheath Thickness; (DCN): Druse Crystal Number; (TN): Trichome Num-

ber. (*): p <0.05.

Parameter Polluted Control t-value p-value
LCT (pm) 0.055 + 0.008 0.053 + 0.005 0.521 0.617
UCT (pm) 0.065 + 0.007 0.052 + 0.001 3.707 0.006*
LET (pum) 0.153 + 0.019 0.172 + 0.007 -2.046 0.075
UET (um) 0.173 £ 0.011 0.178 + 0.024 -0.396 0.703
SPT (pm) 0.644 + 0.120 0.528 + 0.064 1.907 0.093
PPT (um) 0.646 + 0.151 0.377 + 0.106 3.242 0.012*
LBT (um) 1.549 + 0.343 1.201 £ 0.075 2.214 0.058
MSA (pm) 1.491 £ 0.182 1.295 + 0.108 2.071 0.072
MT (um) 8.699 + 0.688 9.080 + 2.106 -0.391 0.712
MSST (um) 0.452 + 0.078 0.487 + 0.066 -0.767 0.465
DCN 10.800 + 1.483 5.600 + 1.140 6.215 <0.001*
N 3.600 + 1.342 3.800 + 0.837 -0.283 0.784
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Fig. 3 - Cross sections of
the Zelkova carpinifolia leaf
midrib. (A): control site;
(B): polluted site; (Tr): Tri-
chome; (Pa): parenchyma;
(Ss): Sclerenchyma sheath;
(Ph): Phloem; (Xy): Xylem;
(S): Sclerenchyma.

dermis thickness increased significantly,
along with thickening of inner periclinal
walls of lower epidermal cells (Fig. 4B). The
upper cuticle thickness significantly in-
creased in leaves exposed to cement con-
tamination, while the upper epidermis
thickness showed no significant difference
(Tab. 3). Trichome number exhibited no sig-

nificant difference between polluted and
control areas in Z. carpinifolia leaves. No-
tably, an increase was observed in palisade
and spongy parenchyma thickness, leaf
blade thickness, and leaf midrib thickness
of leaves from polluted areas. The midrib
stele area increased significantly in leaves
from contaminated sites, while the thick-

Tab. 3 - Leaf anatomical characteristics of Zelkova carpinifolia from cement-polluted
site and the control site. (LCT): Lower Cuticle Thickness; (UCT): Upper Cuticle Thick-
ness; (LET): Lower Epiderm Thickness; (UET): Upper Epiderm Thickness; (SPT):
Spongy Parenchyma Thickness; (PPT): Palisade Parenchyma Thickness; (LBT): Leaf
Blade Thickness; (MSA): Midrib Stele Area; (MT): Midrib Thickness; (MSST): Midrib
Sclerenchyma Sheath Thickness; (SPN): Sclerified parenchyma Number; (TN): Tri-
chome Number. (*): p <0.05.

Parameter Polluted Control t-value p-value
LCT (um) 0.068 + 0.014 0.068 + 0.005 0.030 0.978
UCT (pm) 0.081 + 0.0057  0.060 + 0.005 4.980 0.001*
LET (um) 0.224 + 0.027 0.179 + 0.009 3.403 0.019*
UET (um) 0.253 + 0.028 0.235 + 0.011 1.290 0.233
SPT (pum) 0.688 + 0.085 0.559 + 0.050 2.918 0.019*
PPT (um) 1.041 £ 0.118 0.726 + 0.139 3.850 0.005*
LBT (um) 2.353 £ 0.162 1.577 + 0.080 9.539 <0.001*
MSA (um) 2.679 + 0.572 1.953 £+ 0.173 2.714 0.045*
MT (um) 7.370 + 1.286 5.622 £ 0.774 2.603 0.031*
MSST (um) 0.519 + 0.097 0.519 + 0.054 0.004 0.997
SPN 33.400 + 4.219 7.400 = 2.302 12.096 <0.001*
N 6.200 + 1.789 4.800 + 0.837 1.585 0.152
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Fig. 4 - Cross sections of
the Zelkova carpinifolia

i midrib in the polluted site.
(A): black arrow indicates
sclerified parenchyma; (B):
® black arrow indicates thick-
ening of periclinal walls of

i epidermal cells.

ness of the sclerenchyma sheath around
the stele remained unchanged (Tab. 3). An
increase in the sclerified parenchyma in the
leaf midrib was observed near the Neka ce-
ment factory compared to Zarrin Abad For-
est (Fig. 4A).

Biochemical responses to pollution

PAL activity significantly increased in the
leaves of both species, Q. castaneifolia and
Z. carpinifolia, from polluted sites, with
higher levels in Q. castaneifolia leaves (Fig.
5). The total phenolic content was remark-
ably higher in leaves collected from con-
taminated sites for both species (Fig. 5).
Conversely, lignin content increased only in
Z. carpinifolia leaves from contaminated
sites, with no significant difference in Q.
castaneifolia leaves between polluted and
control sites (Fig. 5).

Discussion

Our investigation at the Neka cement fac-
tory revealed clear evidence of environ-
mental pollution induced by cement dust
and noxious emissions, corroborating prior
research findings (Darivasi et al. 2016). The
levels of heavy metals in the soil of the con-
taminated area were notably higher than in
the control region. Furthermore, the con-
taminated soil exhibited a higher propor-
tion of clay and silt than the control. These
differences in soil composition can signifi-
cantly influence heavy metal concentra-
tions, as soils with higher clay content are

iForest 18: 102-108



more effective at absorbing and retaining
heavy metals (Deng et al. 2018). These find-
ings suggest that cement dust deposition
significantly altered soil properties and
contributed to heavy metal accumulation,
likely affecting plant physiology. Such alter-
ations in soil composition play a critical role
in inducing stress responses in Q. castan-
eifolia and Z. carpinifolia, which were evi-
dent in both leaf anatomical changes and
biochemical adaptations.

The deposition of cement dust particles
on leaf surfaces, a naturally occurring phe-
nomenon, is influenced by various factors
such as phyllotaxy, leaf geometry, struc-
ture, and features of the epidermis and cu-
ticle (Sett 2017, Shah et al. 2019). This study
specifically focused on assessing the im-
pact of pollution on the cuticle, the primary
barrier against toxicant uptake, revealing a
significant increase in the thickness of the
upper cuticle in both Q. castaneifolia and Z.
carpinifolia under polluted conditions. No-
tably, our study found no significant differ-
ence in the thickness of the lower cuticle
between control and polluted areas for
both species. This observation underscores
the significance of the upper cuticle as the
primary entry point for pollutants, particu-
larly during nighttime when stomata are
closed. The variability in the quantity and
composition of the leaf cuticle, influenced
by factors such as species, age, and envi-
ronmental conditions, is known to impact
contaminant permeability (Agarwal et al.
2019). Our results align with previous stud-
ies, such as those on Olea europaea leaves,
where a thick cuticle acted as a barrier
against contaminant penetration (Sawidis
et al. 2012), and Platanus orientalis leaves,
which exhibited a thinner cuticle in urban
and polluted areas, potentially contributing
to increased transpiration (Pourkhabbaz et
al. 2010).

The examination of the epidermal layers
indicated an increase in the upper cuticle
thickness of both Q. castaneifolia and Z.
carpinifolia in response to cement dust pol-
lution. Additionally, the lower leaf epider-
mis thickness increased significantly in Z.
carpinifolia, with thicker periclinal walls of
the lower epidermal cells observed in pol-
luted sites acting as an effective barrier to
pollutant entry. This aligns with studies on
Norway spruce and Brachiaria decumbens
(Qin et al. 2014, Gomes et al. 2011). Surpris-
ingly, the abundance of trichomes, known
for their role in pollution response, did not
exhibit significant changes in our study.

Concerning parenchyma thickness, Z.
carpinifolia demonstrated a significant in-
crease in palisade and spongy parenchyma
thickness, while Q. castaneifolia exhibited a
notable increase exclusively in palisade
parenchyma. These observations align with
prior studies establishing a positive correla-
tion between palisade parenchyma thick-
ness and resistance to urban environmen-
tal pollution, including air pollution (Dineva
2004, Khosropour et al. 2018, Papadopou-
lou et al. 2023). Furthermore, alterations in
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Fig. 5 - PAL activity and total phe-
nolic and lignin content in leaves
of Q. castaneifolia and Z. carpini-
folia in the polluted and control
areas. Mean value * standard
deviation is shown (n = 6). Differ-
ent letters indicate significant
differences between the means
(ANOVA and Duncan test, p<
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midrib thickness and stele area were evi-
dent in Z. carpinifolia, suggesting an adap-
tive mechanism to enhance water transfer.
The observed augmentation in stele area
implies an increase in tracheary elements,
facilitating faster water transfer by reduc-
ing ion density (Ashegian et al. 2020). In a
similar context, Rao et al. (2004) noted an
increase in the number of secondary xylem
elements in Dalbergia sissoo under air pollu-
tion stress, accompanied by a reduction in
the lumen diameter of xylem. Conversely,
Q. castaneifolia leaves exhibited collapsed
xylary vessel elements, indicating potential
tissue damage and susceptibility to pollu-
tion-induced stress. This aligns with find-
ings by Krzeslowska et al. (2019) in Tilia
cordata Miller growing on mining sludge,
where internal tissues in the root apex dis-
played collapse, and abnormal vascular ele-
ments were observed. The phenomenon of
cell degeneration and deformation is pos-
tulated to be affected by the disruptive ef-
fects of heavy metals on hormonal balance
(Sandalio et al. 2001).

Q. castaniefolia

Observations of crystal formation and
sclerification in both species underscored
the plants’ response to severe stress condi-
tions. Calcium oxalate crystal formation
and sclerification are recognized mecha-
nisms for regulating calcium levels and de-
toxifying heavy metals (Evert 2006, Kaba-
ta-Pendias 2010). These adaptations were
particularly prominent in Z. carpinifolia,
demonstrating its ability to cope with pol-
lution-induced stress. Sclerification, a rec-
ognized plant response to severe stress sit-
uations, has been documented in various
species. For instance, Batool et al. (2014)
reported an association between en-
hanced sclerification in the root and stem
of Cyperus alopecuroides and increased tol-
erance to Cd and Ni in an industrially pol-
luted site.

In comparison, Q. castaneifolia exhibited
fewer anatomical changes, aligning with
the known resilience of Quercus species to
pollution (Panah et al. 2016, Naji & Taher-
pour 2019). The observed increase in PAL
activity in both species near the cement
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factory suggests a non-specific indicator of
the plant’s adaptive response to pollution,
consistent with studies on Pinus eldarica,
Prosopis glandulosa, and others (Oloumi et
al. 2018, Gonzalez-Mendoza et al. 2018).
PAL is a key enzyme in secondary phenyl-
propanoid metabolism, and the levels of
phenylpropanoids are regulated by envi-
ronmental factors (Kim & Hwang 2014).
PAL activity is positively correlated with
various biotic and abiotic stresses. En-
hanced activity of PPO (Polyphenol Oxi-
dase), PAL, and CAD (Cinnamyl Alcohol De-
hydrogenase) enzymes was reported in
needles of Pinus eldarica and Pinus nigra ex-
posed to heavy metal pollution from the
Sarcheshmeh Copper Complex (Oloumi et
al. 2018). Also, the highest increment in
PAL activity was observed in leaves of
Prosopis glandulosa treated with cadmium
and copper (Gonzalez-Mendoza et al.
2018). This consistency in the modulation
of PAL activity levels, reflecting the pres-
ence of cement dust pollution, under-
scores the non-specific nature of this enzy-
matic response.

The substantial augmentation in total
phenolic content in Q. castaneifolia and the
exceptional accumulation in Z. carpinifolia
under the influence of cement dust pollu-
tion indicate the activation of the phenyl-
propanoid pathway as a response to envi-
ronmental stress (Sharma et al. 2019). Phe-
nolic compounds, including phenolic acids,
flavonoids, coumarins, tannins, lignans,
and lignin, constitute pivotal components
of plant secondary metabolites synthe-
sized through the phenylpropanoid path-
way (Naikoo et al. 2019). The activation of
the phenylpropanoid pathway in plants ex-
posed to diverse stressors, such as salinity,
drought, temperature variations, air pollu-
tion, and radiation, is well-established in
the literature (Sharma et al. 2019). Metal
toxicity, as evidenced by increased total
phenols and several polyphenols in Zea
mays under such conditions, further sup-
ports the role of phenolic compounds as a
response to stress (Kisa et al. 2016). The
significant increase in lignin content ob-
served in Z. carpinifolia, as opposed to Q.
castaneifolia, underscores distinct re-
sponses to pollution-induced stress within
plant species. This finding aligns with the
broader consensus established in prior
studies on species-specific plant adapta-
tions to varying environmental conditions,
as documented by Forster et al. (2021) and
Rezapour et al. (2022). While the typical
plant response to stress involves enhanced
PAL activity accompanied by an increase in
both total phenolic compounds and lignin
content (Pawlak-Sprada et al. 2011), the re-
duced lignin accumulation in Q. castaneifo-
lia leaves, despite the elevated PAL activity,
suggests a deviation in the phenylprop-
anoid pathway. This implies a shift toward
producing different phenolic compounds
rather than lignin in response to cement
dust pollution.
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Conclusions

Our findings indicate substantial quantita-
tive and qualitative alterations in the leaf
structures of both Q. castaneifolia and Z.
carpinifolia species when exposed to ce-
ment dust pollution. The higher phenylala-
nine ammonia lyase activity, along with in-
creased concentrations of phenolic com-
pounds and total lignin in both species un-
der such pollution, confirms the key role of
phenolic compounds in fostering an adap-
tive plant response to the adverse impacts
of pollution stress. Notably, Z. carpinifolia
exhibits more pronounced anatomical
changes and higher concentrations of total
phenolics and total lignin than Q. cas-
taneifolia, while Q. castaneifolia demon-
strates higher PAL activity. These findings
highlight the species-specific mechanisms
for adapting to environmental stresses and
highlight the tolerance of both species to
cement pollution stress. Overall, this study
contributes to our understanding of plant
responses to industrial pollution, empha-
sizing the need for species-specific consid-
erations in ecological assessments.
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