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Abstract: Lead (Pb) and nickel (Ni) are serious soil pollutants that adversely affect plant growth
and development and need to be removed through phytoremediation. The present study aimed to
assess the morphological indices of Albizia lebbeck (L.) (Benth.) in relation to anatomical modifications
for survival under both Pb and Ni stress. The seedlings of A. lebbeck were established and then
subjected to four different concentrations, viz. 0 mM, 25 mM, 50 mM and 75 mM, of Pb and Ni for
14 days in two phases. Morphological traits such as shoot length (70.93%), fresh weight (79.27%),
dry weight (83.9%), number of root hairs (65.7%), number of leaves per plant (67.4%) and number
of leaflets per plant greatly reduced under Pb or Ni stress. Surprisingly, root length increased
rather than decreased with the increase in Pb or Ni concentrations, along with an increase in leaflet
width, leaflet length and leaflet area. Moreover, root cortical cell area, metaxylem area and phloem
area decreased at 75 mM of Pb and Ni while epidermal thickness and cell area increased. Stem
epidermal thickness, cell area and phloem area significantly decreased with the consistent increase
in metaxylem area and cortical region thickness under both Pb and Ni stress. Leaf anatomical traits
such as midrib thickness, abaxial epidermal thickness and stomatal density and adaxial epidermal
thickness and stomatal area significantly increased with increasing Pb or Ni stress. Correlation
analysis revealed close relations among morphological and anatomical traits (such as root length
with cortical region thickness) for better plant survival under Pb or Ni stress, and a PCA-biplot
further verified these correlation analyses. Cluster analyses demonstrated the associations among the
morphological and anatomical traits based on different stress levels. Furthermore, we found that the
longer exposure (from phase 1 to phase 2) of heavy metals stress is more dangerous for plant survival
and can ultimately lead to plant death. Moreover, our results also confirmed that Ni is more harmful
or dangerous to plants than Pb at high and moderate concentrations. The anatomical modifications
ensured the survival of A. lebbeck in extreme heavy metals stress and therefore unlocked its potential
to be used as a natural source of phytoremediation. We also recommend that the genetic potential of
A. lebbeck associated with its survival under heavy metal stress be investigated.
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1. Introduction

Several United Nations Sustainable Development Goals (SDGs), such as climate
change regulation, sustainable cities and ecosystems, well-being, and good health, face seri-
ous challenges from soil pollution (presence of heavy metals) [1,2]. Environmental stressors
associated with soil pollution, either from anthropogenic or natural sources, are directly
affecting ecosystems’ functions and biodiversity [3] and further compromising ecosystems’
resilience to natural disaster and climate change. Furthermore, soil pollution in urban
areas could adversely affect human health via cross-media migration-induced risk, e.g.,
heavy metals in drinking water, accumulation in plant tissues and organic contaminants
vapor intrusion [4,5]. Presently, soil pollution is associated with poor waste management,
overuse of pesticides, weeds, industrial processes and vehicle emissions [6]. Soil contains a
variety of heavy metals and their effects on plants can be beneficial or toxic depending on
their concentration. Heavy metals such as cobalt (Co), nickel (Ni), copper (Cu) and zinc
(Zn) are considered essential for plant growth but in low concentrations, because at high
concentrations, they become toxic. Other heavy metals, such as mercury, lead (Pb), cad-
mium (cd) and arsenic (As), are considered toxic even at low concentrations as they inhibit
plant growth [7]. The presence of heavy metals in Pakistani soil is of great concern and has
become a serious threat to the agriculture sector. Scarcity of surface water and depletion
in groundwater levels has forced farmers to use wastewater as an alternative source of
irrigation for crops in Pakistan [8]. Wastewater released from industries is composed of a
large amount of heavy metals and its application to crops results in a high accumulation of
heavy metals in Pakistani soil [9]. Therefore, the accumulation of these metals is increasing
over time and affecting crop growth and development. The concentration (minimum to
maximum) of heavy metals present in the soil varies from area to area and city to city in
Pakistan [10]. The areas/cities near industries (including Faisalabad, Lahore, etc.) contain
large amounts of heavy metals and adversely affect arable lands. Several studies have
been conducted to report the effect of heavy metals on plant growth and development.
Lead and nickel are the most widespread heavy metals that come from various human
activities [11,12]. Once Pb or Ni is bound intracellularly or on the cell surface, they interact
with polysaccharides, nucleic acids and proteins and thereby cause metabolic disorders, as
well as stunted plant growth [13,14].

Since Pb is an inorganic, non-biodegradable pollutant and toxic element, its long-term
tenacity in soil poses a major threat to the environment. Just like the concentration of
other heavy metals, the accumulation of Pb in soils of Pakistan is also increasing over
time. The concentration of Pb always differs from soil to soil and region to region. There-
fore, different studies across Pakistan have been conducted to assess the concentration
of Pb in the soil of different regions. For example, in the soils of Dera Ghazi Khan (Pun-
jab, Pakistan), the Pb concentration ranged from 0.01-1.17 mg kg~! (after wastewater
application it increased to 0.13-2.08 mg kg ') [12,15], in Kasur (Punjab, Pakistan) from
2.12-3.12 mg kg ! [16], in Faisalabad (Punjab, Pakistan) from 7.54-41.45 mg kg ! [17], in
Khyber Pakhtunkhwa (KPK, Pakistan) from 0.02-23.02 mg kg~! [18], and in Islamabad
(Pakistan) from 40-90 and 60-150 mg kg ! [19]. Excess Pb in soil induces alterations in
plant morphological and anatomical structures, as well as physiological and biochemical
processes, resulting in chlorosis, growth retardation, low biomass and seed yield [20].
Removing Pb from the soil is challenging due to its low bioavailability, as it forms strong
bonds with inorganic and organic soil ligands. Due to the low mobility of Pb in the soil,
Pb tolerant plants may sometimes concentrate Pb in their roots with little ability to trans-
fer it to aboveground parts [21]. In this context, testing metal-tolerant plant species to
determine whether they are able to accumulate Pb from soil in their roots or translo-
cate it to shoots becomes extremely important. Ni is essential for plant growth and
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development and is associated with many critical roles in plants but become toxic at
high concentration. Ni is also known as an environmental pollutant present in both lig-
uid and solid forms and accumulates in soil from industrial and municipal discharged
waste [22]. Excess Ni induces stress and alters metabolic processes, causing mineral im-
balance, reduction in respiration and photosynthesis rate, production of reactive oxygen
species (ROS) and oxidative damage by disturbing the antioxidant defensive systems
of plants [23]. The concentration of Ni also varies in soil across Pakistan. For example,
in Dera Ghazi Khan, Ni concentration ranged from 0.02-0.19 mg kg ! (after wastewater
application 0.87-7.87 mg kg_l) [15], in Faisalabad (1.53-6.87 mg kg_l) [17], in Islamabad
(41.4-59.3 mg kg 1) [24], in Vehari (0.7-3.5 mg kg 1) [25], in Khyber Pakhtunkhwa (KPK,
0.02-18.98 mg kg ') [18,26] and in Abbottabad (8.07-8.50 mg kg ') [27]. Basic igneous
rocks and argillaceous sediments contain around 500 mg kg~ of Ni and serpentine soils
can contain several thousand mg kg~ Ni [28,29].

Plants, being sessile organisms, are permanently confined to their germination site and
are thus consistently challenged by several abiotic stresses including heavy metals. To re-
produce and survive in an ever-changing environment, plants need to balance their growth
and environmental responses [30]. To compensate for their lack of mobility, plants have
developed unique mechanisms enabling them to quickly react to changing environmental
conditions and flexibly adapt their post-embryonic developmental program [31]. Plants
grown in contaminated root media provide a model for studying mechanisms of metal
accumulation and tolerance. Plant adaptation to changing environments varies from one
plant species to others. To cope with heavy metals stress, plants adopt several structural
(anatomical and morphological) and functional responses. Moreover, plants have also
evolved various structural modifications such as increased epidermal thickness, decreased
stomatal density and stomatal area, metaxylem area and bulliform cells to overcome heavy
metals stress [32-34]. The accumulation of Pb and Ni in root, leaf and stem tissues modifies
anatomical structures and make plants more susceptible to heavy metals stress [35-40].
These processes mostly take place at the tissue level and vary from plant to plant, and even
in the populations of a single species, due to differences in microclimate [41]. Exploring
these inherited adaptive potentials of plant species can be helpful in augmenting the scien-
tific community’s efforts towards the development of heavy metal resistant plant species.

A. lebbeck, locally called Siris, is a highly important agroforestry tree species cultivated
in arid and semi-arid regions of Pakistan and other parts of the world like West and South
African countries. It has the ability to accumulate a large amount of heavy metals [42],
and is therefore considered as an excellent source of phytoremediation, adapted to wide
range of environmental conditions [43]. However, the effect of heavy metals on the cellular
structure and function features of A. lebbeck is still unknown. When plants are exposed
to prolonged heavy metal stress, several structural and functional changes occur at the
cellular level. It was hypothesized that A. lebbeck may respond differently to Pb or Ni stress
by adopting structural modifications. To date, very limited studies have been conducted
on the effects of heavy metals on A. lebbeck. Furthermore, to the best of our knowledge,
the effect of both Pb and Ni on anatomical modifications has not yet been explored in
the species A. lebbeck. So, keeping in view the variation in concentration of Pb and Ni
across soils in Pakistan and worldwide, it is therefore important to explore the response
of A. lebbeck to different levels of Pb or Ni stress. The present study therefore aimed to
assess the morphological indicators of A. lebbeck in relation to anatomical modifications for
survival under both Pb and Ni stress.

2. Materials and Methods
2.1. Plant Material and Growth Conditions

The present study was conducted in the research area of the Department of Botany,
University of Agriculture, Faisalabad, Pakistan. Certified seeds (disease free) of A. lebbeck
were purchased from a government certified supplier of the local market of Pattoki, Punjab,
Pakistan. Before sowing, sodium hypochlorite [10% (v/v)] was used to sterilize seeds for
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10 min to ensure maximum germination. After sterilization, the seeds were soaked in
distilled water overnight. After soaking, the healthy seeds (seeds with uniform sizes) were
kept in glass Petri dishes (150 mm Ronyes Lifescience) lined with Whatman™ (cytiva;
grade 40) filter papers dampened with Hoagland solution (half strength) at pH 6.5. Petri-
dish were kept in the dark for germination at 28 & 2 °C for 4 days and were grown under
a PPFD (photosynthetic photon flux density) of 150 pmol photon m~2 s~!, a relative
humidity (RH) of 55-65% with a 16/8 h light/dark cycle at 28 + 2 °C for 10 days in
a growth chamber (PGI-550VH). Seedlings with uniform sizes were selected and then
transferred into pots (12 cm W and 10 cm L). All pots were uniformly filled with soil
containing 60% sandy soil and 40% loamy soil (containing organic matter (0.74%), nitrogen
(0.73%), phosphorus (8.1 mg kg 1), potassium (169 mg kg~ 1), with electrical conductivity
(EC 2.84 dS.m~!) and pH (7.60)) with three replications (R1, R2 and R3) using a complete
randomized design (CRD). A total of ten seedlings were transferred into each pot. Two
days after seedling transformation, lead nitrate [Pb(NO3);] and nickel nitrate [Ni(NO3),]
treatments of varying concentrations such as 0 mM (as control), 25 mM, 50 mM and 75 mM
were given to seedlings continuously for 14 days in two phases [i.e., phase 1 (stress for
only 7 day) and phase 2 (stress for 14 days)] (Figure 1). After 7 days of heavy metal
stress, five seedlings from each pot in each replication were harvested randomly and were
subjected to recording of morphological data only. In phase 2, the heavy metal stress
was continued for the next 7 days (that is, from the 8th to 14th day) for the remaining
five seedlings. After that, the remaining seedlings were harvested, and morphological
and anatomical data were recorded. For studying anatomical parameters, the seedlings
were fixed for 72 h in formalin acetic alcohol (FAA) prepared by mixing 35% distilled
water, 50% ethyl alcohol, 5% acetic acid and 10% formalin v/v [44], and then transferred to
acetic acid solution for long term storage. Pb(NO3); (Sigma Aldrich) containing Pb and
Ni(NOj3),-6H0 (nickel nitrate hexahydrate) containing Ni were used to prepare metal-
solutions of different concentrations. These concentrations are based on the outcomes of
comprehensive screening experiments and are also environmentally relevant [28,45-51].

2.2. Measurements of Morphological Parameters

Morphological parameters such as shoot length (cm), root length (cm), number of
root hairs, number of leaves per plant, leaflet length (cm), leaflet width (cm), leaflet area
(cm?), number of leaflets per leaf, leaf area (cm?), and fresh and dry weight (g plant’l)
were measured after harvesting the control and differentially Pb- and Ni-treated A. lebbeck
seedlings in both phase 1 (after 7 days of treatments) and phase 2 (after 14 days of treat-
ments). After harvesting, distilled water was used to wash seedlings, shoots and roots
carefully to completely remove any soil. The seedlings were then carefully placed on paper
towel to remove the water crystals and their fresh weights were recorded. Fresh weight
(g plant ') was measured using an electronic analytical weighing balance. To record dry
weight (g plant!), each seedling was placed in butter-paper and oven dried at 65 + 2 °C
until a constant weight was obtained.

2.3. Anatomical Study

After recording the morphological parameters, the seedlings preserved in FAA were
used to study anatomical variations in A. lebbeck caused by Pb or Ni stress. Different
anatomical parameters were recorded in the root, stem and leaf. A total of three anatomical
sections were made from each plant organ (root, stem and leaf). A 2 cm piece of the thickest
root (immediately after cutting the root cap), a 2 cm piece of stem (uppermost part) and a2 cm
piece of a leaf from the leaf base were taken for sectioning. All tissue and cell measurements
were taken using an ocular micrometer which was calibrated with a stage micrometer.

2.3.1. Root Anatomy

Preserved root samples of control and differentially Pb- and Ni-treated A. lebbeck
seedlings were taken and a transverse section was cut using the freehand technique. The
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sections were then transferred onto clean slides containing a drop of water, and 50%
safranin was used to stain samples, which were then mounted on glycerin. The specimens
were covered with a cover-slip and images were taken through a digital camera linked
with light-microscope (Nikon 104, Japan). Different internal structures of the root such
as epidermal thickness [RETh (um)], epidermal cell area [RECA (um?)], cortical region
thickness [RCrTh (um)], cortical cell area [RCrCA (um?)], metaxylem area [RMA (um?2)]
and phloem area [RPhA (um?)] were observed.

A Phase 1 Phase 2
Seed Seedlings Harvesting Harvesting
sterilization transformation Phase 1 Phase 2
Soaking| Sowing Growth - Control Control
(Petri dishes) under PPFD
Phase 1
5 Harvesting
:St:‘cd . Seedlings Phase 2
sterilization tra?nsfnrmntion N Phase 1 Phase 2 Harvesting
Soaking Sowiig Growth | Control Control
(Petri dishes) under PPFD
B Phase 1 Ph 2
Harvesting e
Seed Seedlings Harvesting
sterilization transformation Phase 1 Phase 2
Soaking | Sowing Growth . | 25 mM Pb(NO,), 25 mM Pb(NO,),
(Petri dishes) under PPFD
Phase 1
Harvesting Phase 2
Seed Seedlings Harvesting
sterilization transformation Phase 1
Soaking Sowing Growth 25 mM Ni(NO,)2 25 mM Ni(NO,),
(Petri dishes) under PPFD
Phase 1
Harvesting Ehase 2
Seed Seedlings Harvesting
sterilization transformation Phase 1 Phase 2
Soaking Sowing Growth 50 mM Pb(NO,), 50 mM Pb(NO,),
(Petri dishes) under PPFD
Phase 1
Harvesting Phase 2
Seed Seedlings Harvesting
sterilization transformation Phase 1 Phase 2
soaking  Sowing Growth 50 mM Ni(NO,), 50 mM Ni(NO,),
(Petri dishes) under PPFD
D
Phase 1
e Phase 2
Seed Seedlings Harvesting Harvesting
sterilization transformation Phase 1 Phase 2
Soakingl  Sowing Growth 75 mM Pb(NO,), 75 mM Pb(NO,),
(Petri dishes) under PPFD
Phase 1
. Harvesting thase 2
Seed Seedlings Harvesting
sterilization transformation Phase 1 Phase 2
I :ls(mki,.g Sowing Growth | 75 mM Ni(NO,), 75 mM Ni(NO,),
(Petri dishes) under PPFD
rrrrrrrrrnrrrr oo oD ornrnrornrnroronronrd
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27
No.of days

Figure 1. Graphical representation of methodology and treatments followed to conduct the current
study for better understanding. (A) control conditions (without Pb and Ni stress), (B) stress conditions
at 25 mM of Pb and Nj, (C) stress conditions at 50 mM Pb and Ni, and (D) stress conditions at 75 mM
of Pb and Ni.
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2.3.2. Stem Anatomy

Preserved stem samples of control and differentially Pb- and Ni-treated A. lebbeck
seedlings were taken and a transverse section was cut using the freehand technique,
similar to that for root anatomy. The sections were then transferred onto clean slides
containing a drop of water, and 50% safranin was used to stain samples, which were then
mounted on glycerin. The specimens were covered with a cover-slip and images were
taken through a digital camera. Different internal structures of the stem such as epidermal
thickness [SETh (um)], cell area [SECA (um?)], cortical region thickness [SCrTh (um)],
cortical cell area [SCrCA (um?)], metaxylem area [SMA (um?)],and phloem area [SPhA
(um?)] were observed.

2.3.3. Leaf Anatomy

Preserved leaf samples of the control and differentially Pb- and Ni-treated A. lebbeck
seedlings were taken and a transverse section was cut using the freehand technique, similar
to that for root and stem anatomy. The sections were then transferred onto clean slides
containing a drop of water, and 50% safranin was used to stain samples, which were then
mounted on glycerin. The specimens were covered with a cover-slip and images were taken
through a digital camera. Different internal structures of the leaf such as midrib thickness
[LMdTh (um)], lamina thickness [LLmTh (um)], adaxial epidermal thickness [LADET
(um)], adaxial epidermal cell area [LADECA (um?)], abaxial epidermal thickness [ABET
(um)], abaxial epidermal cell area [LABECA (um?)], adaxial stomatal density [LADSD
(mm~?2)], adaxial stomatal area [LADSA (um?)], abaxial stomatal density [LABSD (mm~—2)]
and abaxial stomatal area [LABSA (um?)] were observed.

2.4. Statistical Analyses

All the morphological and anatomical traits data was subjected to three-way and
two-way factorial analysis of variance (ANOVA) (p < 0.05 & 0.001), respectively. Pairwise-
mean comparison was performed through Tukey’s honestly significant difference (HSD)
test (p < 0.05). Moreover, Pearson’s correlation coefficient analyses were performed to
measure the correlation between all the morphology traits recorded and the anatomy traits
of root, stem and leaf, separately. Multivariate analysis: principal components analysis
(PCA) biplots and cluster-heatmaps were constructed to reduce the dimensionality of
the data and to observe the pattern of association in traits under different concentrations
of metals, respectively. Data manipulation and analyses were performed in RStudio
(Version 4.2.2) using packages agricolae, stats, corrplot, pheatmap, Factoextra, FactoMineR,
GGally, ggplot2 and metan.

3. Results

Analysis of variance (ANOVA) revealed that all the main effects (time, metals, and
concentrations) investigated exhibited extremely significant variations for all the mor-
phological features. The two- and three-way interactions were also highly significant
for all the traits, except shoot length and fresh weight, where concentration x *metal
interaction was non-significant. These findings suggest that the morphology of A. lebbeck
is influenced by the duration of the stress, its concentration and the type of metal used
(Supplementary Table S1).

Concentration level had a substantial impact on all the examined anatomical features,
except LADSD. The majority of the root and leaf anatomical attributes were significantly
influenced by the source of metal; however, only the SCRT demonstrated a significant
change in the stem anatomical traits. The interaction effect (concentration x metal) showed
significant effects on anatomical traits like SECA, SCRT, RETh, REpCA, RphlA, LMdTh,
LLmTh, LABECA, LADECA and LABSA, while the rest of the root, stem and leaf traits
showed non-significant differences (Supplementary Table S2). These findings suggest that
the concentration of the metal is the primary variable influencing the internal structure of
the plant tissue.
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3.1. Lead and Nickel Both Reduced Seedling Growth and Enhanced Root Length

A. lebbeck seedlings were exposed to Pb or Ni stress at two time periods (i.e., Phase 1 and
Phase 2) to evaluate the effect on shoot and root traits. After 14 days of heavy metal stress,
the symptoms were evident, including chlorotic circle spots on leaves and dryness of leaves
edges. Shoot length decreased significantly (p < 0.05) with increasing concentrations of
Pb and Ni in both time periods. The maximum reduction in shoot length was recorded
as 70.93% (at 75 Mm Ni stress in phase 1) and 48.87% (at 25 Mm Pb stress in phase 2)
compared to the control (Figure 2A). On the other hand, root length increased with increas-
ing concentrations of Pb and Ni in both phases (except for 75 Mm Pb and 75 Mm Ni in
phase 1 and 2, respectively). The maximum increase in root length was recorded as 48.94%
(at 25 Mm Ni in phase 1) and 55.71% (at 75 Mm Pb in phase 2) compared to the control
(Figure 2B). Pb or Ni stress also adversely affected fresh and dry weights (g Plant~!) in all
seedlings of A. lebbeck. Both fresh and dry weights were significantly (p < 0.05) reduced
with increasing concentrations of Pb and Ni in both phases. The maximum reduction in
fresh weight was recorded as 50% (at 50 Mm Ni in phase 1) and 79.27% (at 75 Mm Ni in
phase 2) (Figure 2C). A similar trend was observed for dry weight, where the maximum
reduction was recorded as 77.3% (at 50 Mm Ni in phase 1) and 83.9% (at 75 Mm Ni in
phase 2) (Figure 2D). Overall, nickel nitrate showed more drastic effects on fresh and dry
weight than lead nitrate.
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Figure 2. Effect of different Pb and Ni concentration levels on (A) shoot length (cm), (B) root length
(cm), (C) fresh weight (g plant‘l) and (D) dry weight (g plant_l) in two phases. The means with the
same letters are not significantly different at p < 0.05.

3.2. Effect of Lead and Nickel on Number of Root Hairs and Leaf Morphology

As shown in Figure 3A,B, the significant differential growth between control and
treatments can be clearly observed. The number of root hairs and number of leaves per
plant reduced significantly (p < 0.05) with the increase in Pb and Ni concentrations in both
time periods. For example, the highest reduction in number of root hairs was recorded
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as 65.7% (at 75 mM Pb in phase 1) and 51.5% (at 75 mM Ni in phase 2) compared to the
control (Figure 3A). Furthermore, at 25 mM of Pb (in phase 2) the number of root hairs
increased rather than decreased compared to control (Figure 3A). The effects of both Pb
and Ni were also phenotypically characterized by a significant (p < 0.05) reduction in the
number of leaves per plant. Similarly, the maximum reduction in number of leaves per
plant was recorded as 67.4% (at 75 mM Ni in phase 1) and 66.5% (at 75 mM Ni in phase 2)
compared to the control (Figure 3B).

Number of root hairs

25

Lead niitrate Nickel nitrate Lead niitrate Nickel nitrate Lead niitrate Nickel nitrate Lead niitrate Nickel nitrate

First treatment

B .

- — %)
wn 1= 0 =3

Number of leaves per plant
<

Second treatment First treatment Second treatment

Figure 3. Effect of different Pb and Ni concentration levels on (A) number of root hairs, and
(B) number of leaves per plant in two phases. The means with the same letters are not significantly
different at p < 0.05.

Pb or Ni treatments induced a significant (p < 0.05) increase in leaflet length and leaflet
width, resulting in increased leaflet area (cm?) in both phases. The highest increase in
leaflet length was recorded as 43.7% and 31.6% at 50 mM Ni in both phase 1 and phase 2,
respectively, compared to the control (Figure 4A). Similarly, the leaflet width increased by
67.3% and 7.0% at 25 mM of Ni stress in phase 1 and phase 2, respectively, compared to
the control (Figure 4B). The increase in leaflet length and width enhanced leaflet area (cm?)
by 68.5% (at 75 mM Pb in phase 1) and 63.1% (at 50 mM Pb in phase 2) compared to the
control (Figure 4C). However, at 50 and 75 mM of Ni stress in phase 1 and phase 2, leaflet
area reduced rather than increased. Furthermore, the number of leaflets per leaf slightly
reduced under all treatments (except for 75 mM of Ni in phase 1) compared to the control
(Figure 5A). Nickel nitrate showed more severe effects on leaf area than lead nitrate and
reduced it dramatically at 75 mM of concentration (95.2% and 54.5% in phase 1 and phase
2, respectively) (Figure 5B). Notably, lead nitrate promoted the leaf area in both phases.

3.3. Effects of Lead and Nickle Nitrate on Anatomical parameters
3.3.1. Root Anatomy

RCrCA (um?), RMA (um?) and RPhA (um?) decreased consistently with increasing
Pb and Ni concentrations (Table 1, Figure 6B,C). RCrCA, RMA and RPhA decreased by
47.8%, 60.5% and 55.9% at 75 mM Pb and 57.7%, 64.2% and 62.1% at 75 mM Nj, respectively,
compared to the control. RCrTh (um) increased consistently with increasing Pb and Ni
concentrations. RCrTh increased by 105.9% and 132.5% at 75 mM Pb and Ni, respectively.
RETh (pm) increased by 226.6% and 186.4% at 25 and 50 mM Pb, respectively, while at
75 mM Pb, it increased by only 53.3%. Similarly, under Ni stress, RETh increased by 64.8%
and 53.7% at 75 mM and 25 mM, respectively, but only by 20.5% at 50 mM. RECA (um?)
under lead and nickel nitrate stress showed the maximum expansion at 25 mM and 50 mM,
respectively (Table 1).

3.3.2. Stem Anatomy

SETh (um), SECA (um?) and SPhA (um?) significantly decreased with increasing
Pb and Ni concentrations. SETh, SECA and SPhA decreased by 66.4%, 68.7% and 42.4%
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at 75 mM Pb and 67.7%, 69% and 52.8% at 75 mM Ni, respectively, in comparison with
the control (Table 1). SCrCA (um?) increased by 37.6% and 0.1% at 25 mM of Pb and Nj,
respectively, but decreased by 21% (at 50 mM Pb), 49.3% (at 75 mM Pb), 57.6% (at 50 mM
Ni) and 65.3% (at 75 mM Ni) (Figure 6D,E). SMA continuously increased with increasing
Pb and Ni concentrations. SMA increased by 77% and 168.2% at 75 mM of Pb and Ni,
respectively. SCrTh increased under both stresses with increasing stress level, while it
decreased by 37.4% under Pb stress only at 25 mM.
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Figure 4. Effect of different Pb and Ni concentration levels on (A) leaflet length (cm), (B) leaflet width
(cm) and (C) leaflet area (cm?) in two phases. The means with the same letters are not significantly
different at p < 0.05.
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(A) (transverse section view) (B) (transverse section view)

(D) (transverse section view)

(E) (transverse section view)

(G) (transverse section view) (H) (adaxial epidermal surface view)

Figure 6. Effect of different levels of Pb or Ni stress on anatomical structures of albizia lebbeck. (A) Root
anatomical structure under 0 mM, (B) root anatomical structure under 50 mM Pb, (C) root anatomical
structure under 75 mM Nj, (D) stem anatomical structure under 75 mM Ni (E) stem anatomical
structure under 75 mM Pb, (F) leaf anatomical structure under 75 mM Pb, (G) leaf anatomical
structure under 50 mM Ni and (H) leaf adaxial anatomical structure under 75 mM Ni. Abbreviations;
M (metaxylem), Ph (phloem), C (cortical), E (epidermal) and St (stomata).
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3.3.3. Leaf Anatomy

LMdTh (um) of A. lebbeck decreased with the increase in heavy metals concentration
(Table 2), while it increased by 13.1% and 12.5% at 25 mM Pb and 50 mM N, respectively.
LLmTh (um) increased under both lead nitrate (at 25 and 50 mM) and nickel nitrate (at
50 mM and 75 mM) stress, but it also decreased by 3.1% and 70.2% at 75 mM Pb and
25 mM Ni, respectively (Table 2). LABET (um) decreased with increasing Pb and Ni
concentrations. The maximum reduction in LABET was recorded as 24.8% and 33.1% at
75 mM of Pb and Ni, respectively. Similarly, LADET (um) also decreased with increasing
Pb and Ni concentrations but increased by 11.8% at 25 mM Pb. LABECA (um?) reduced
with increasing heavy metals concentrations, i.e., 25 mM and 50 mM, but slightly increased
at 75 mM of Pb and Ni, compared to at 25 and 50 mM (Figure 6FG).

LABSD (mm~2) and LADSA (um?) decreased with increasing concentrations of Pb
and Ni. LABSD and LADSA decreased by 54.1% and 59.3% at 75 mM of Pb and Ni,
respectively. LABSA (um?) and LADSD (mm~?2) responded differently under both heavy
metals (Table 2). LABSA decreased at 50 mM and 75 mM of Pb and Ni but increased by
25.3% and 132% at 25 mM of Pb and Ni, respectively. LADSD decreased under lead nitrate
but increased under nickel nitrate (Figure 6H, Supplementary Figure S1). The maximum
reduction was recorded at 50 mM (21.3%) and the maximum increase at 25 mM (22%).

3.4. Principal Component Analysis

Principal component analysis (PCA) was used to construct biplots between root
anatomical and morphological traits, stem anatomical and morphological traits and leaf
anatomical and morphological traits separately for Pb and Ni. The results for root anatomi-
cal and morphological traits (under Pb stress) showed that 81.6% of the total variance could
be explained with the first two components (60.5% for PC1 and 21.1% for PC2). PC1 was
characterized mainly by morphological traits such as root length, shoot length, fresh weight
and dry weight. At the same time, PC2 was represented by epidermal thickness, epidermal
cell area, cortical cell area, metaxylem area, phloem area, leaf area, leaflet length, leaflet
width, leaflet area and number of leaves per plant. Root anatomical and morphological
PCA biplot showed four isolated clusters (Figure 7A). The first cluster showed a strong
association among morphological and anatomical traits like leaflet width, leaflet length,
leaflet area, leaf area, number of leaflets per leaf, epidermal thickness and epidermal cell
area at 25 mM Pb (C2). In the second cluster, morphological traits like root length and
number of leaves per plant showed a weak association with cortical region thickness at
50 and 75 mM Pb (C3 and C4). The number of root hairs in the third cluster showed a
weak correlation with phloem area, metaxylem area and cortical cell area. The fourth
cluster showed strong associations among morphological traits like shoot length and fresh
weight, while a weak association with dry weight. Similarly, the results for root anatomical
and morphological traits under Ni stress showed a total of 90.6% variance (54.3% for PC1
and 36.5% for PC2) (Figure 7B). The PCA biplot showed three isolated groups, where the
first cluster showed a strong association among morphological traits like leaflet width,
leaflet length, leaflet area, leaf area, root length and number of root hairs, while a weak
association with number of leaves per plant at 25 mM Ni (C2). Number of leaflets per plant,
fresh weight, dry weight, shoot length, metaxylem area, phloem area and cortical cell area
showed a strong association among each other in the second cluster at 0 mM Ni (C1). The
third cluster showed a weak association among cortical thickness and epidermal thickness
at 75 mM Ni (C4).
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Table 1. Effect of Pb and Ni on root and stem anatomical traits of Albizia lebbeck under different concentration levels.

Lead Nitrate Nickel Nitrate
Root Anatomy 0 mM 25 mM 50 mM 75 mM 0 mM 25 mM 50 mM 75 mM
RETh 251+21b 82 +86a 719+ 75a 385+39b 253 +42b 389+9.6b 30.5+104b 41.7 £83b
RECA 151.7 £13.8d 1357.1 +398.1 a 1317 =429 a 4754 +41.3 cd 1473 +£31.2d 761.6 + 50.5 bc 1053.5 + 63.5 ab 642.5 1+ 48.6 bc
RCrTh 1249 £ 8f 146.1 + 10.1 ef 203.6 +15.8 cd 2572 + 22 ab 1283 £ 5.6 f 168.9 + 16.8 de 219.4 + 17.2 bc 2893 +22a
RCrCA 969.8 + 116.7 a 724.6 + 41 bc 627 +12.9 cd 506 + 83.5 cd 924.5 + 147.3 ab 594.8 + 70.7 cd 426.5+39d 3902 +743d
RMA 1824.9 +404.5a 1327 + 282.4 ab 1011.2 £ 36.5 bc 720.6 £ 61.7 ¢ 1708.7 £ 2873 a 1061.8 £ 69.1 bc 779.8 £+ 39.1 bc 611.6 =434 c
RPhA 3929 +422a 333.2 + 67.9 ab 248.7 4+ 30.3 be 173 £273 ¢ 430.2+429a 230.6 + 30.2 195.7 £ 285 ¢ 162.7 £ 36.6 ¢
Stem Anatomy
SETh 379+48a 253 +42c¢ 23.8+1.8¢ 127 +£1.8d 354+ 3ab 27 £ 2bc 189 +21cd 114 +33d
SECA 482.6 +479a 204.3 + 12.7 bc 2392 +27.1b 150.6 +29.1 ¢ 4357+ 394 a 264 +32b 188.2 + 21.5bc 135+ 14 ¢
SCrTh 117.7 £ 8.5 cd 143 £22.2 bc 73.6 £ 6.3d 168.5 + 26.5 bc 1205+ 11 cd 173.1+125b 155.8 + 26.9 bc 2258 + 189 a
SCrCA 492.8 + 39.4 ab 6785+ 114.5a 389.2 + 45.4 bc 249.6 + 25.2 bc 659.6 + 1425 a 660.3 + 1422 a 279.2 +40.9 bc 228.6 +19.9¢
SMA 290.6 =152 e 920.3 +41.8 ab 690.4 £+ 61.7 cd 514.6 + 60.7 d 2609 £39e 942 + 144.1 a 719.1 £+ 40 bc 699.8 + 89.1 cd
SPhA 368.6 +=22.6a 295.1 4+ 36.5 abc 265.9 4+ 20.1 bed 212.3 +19.8 cd 3753 +277a 306.6 + 65.8 av 245.2 + 29 bed 176.8 £9.5d
Note: Means sharing same letter with regions are non-significant at p < 0.05. Abbreviations; RETh (epidermal thickness), RECA (epidermal cell area), RCrTh (cortical region thickness),

RCrCA (cortical cell area), RMA (metaxylem area), RPhA (phloem area), SETh (epidermal thickness), SECA (epidermal cell area), SCrTh (cortical region thickness), SCrCA (cortical cell
area), SMA (metaxylem area) and SPhA (phloem area).

Table 2. Effect of Pb and Ni on leaf anatomical traits of Albizia lebbeck under different concentration levels.

Lead Nitrate Nickel Nitrate
Leaf Anatomy 0mM 25 mM 50 mM 75 mM 0 mM 25 mM 50 mM 75 mM
LMdTh (um) 2654 +£12.7b 3002 £11a 221 +16.6d 165.4 =104 e 2335+41cd 69.5+86f 262.7 £ 11 bc 1723+ 63 e
LLmTh (pm) 130.6 + 6.3 bc 162.6 = 15 166.8 = 16.6 a 126.5+ 133 ¢ 1195+ 78c¢ 639 +£8.6d 140.3 = 12.7 abc 1284 £58¢
LABET (um) 249 +28a 223+ 24ab 21.7 £ 2.6 ab 18.7 £ 22ab 232+ 21ab 20.1 £3ab 179 £ 4.9 ab 155+26b
LABECA (um?) 3135+ 15a 232.6 £ 62.7 ab 220.1 £12.1 abc 267.1+£233a 3233 +479a 116.2 +33.2 cd 83.8 £65.8d 138.2 +24.9 bed
LADET (um) 27.8 £ 6.3 ab 311+85a 264 £12ab 18 = 6.3 ab 25 £ 3.6 ab 25+ 5.8ab 194 +24ab 139+24b
LADECA (um?) 226.1£205b 100.1 +56.8 b 117.7 £ 134b 163.8 £24.1b 2234 +64Db 300.5 £ 70.9 ab 462.4 +199.6 a 954 +£13.6b
LABSD (mm~2) 48.6 £35a 353 £2b 3224+ 13bc 223+ 35de 45+26a 28.6 =2 25.6 + 3 cde 183£25e
LADSD (mm~2) 33.3 £ 1.5 bed 293 £35cd 262+68d 30.3 £ 3.5 bed 36.3 £ 1.5 abc 443+3a 37.6 £ 0.5 abc 39.6 £2.5ab
LABSA (um?) 522.2 +29.7 be 654.8 £100b 358.8 £ 28 bc 357.7 £ 108.6 bc 490.6 £ 22.1 bc 1138.3 +256.6 a 276.8 £44.3 ¢ 396.2 +103.1 bc
LADSA (um?) 427 £59.1a 1624 +35.1c¢ 136.8 =174 c 972+ 84c 339.1£39.6b 155.8 =11 ¢ 131.3 £16.3 ¢ 99.4+224c

Note: Means sharing same letter with regions are non-significant at p < 0.05. Abbreviations; LMdTh (midrib thickness), LLmTh (lamina thickness), LABET (abaxial epidermal thickness),
LABECA (abaxial epidermal cell area), LADET (adaxial epidermal thickness), LADECA (adaxial epidermal cell area), LABSD (abaxial stomatal density), LADSD (adaxial stomatal
density), LABSA (abaxial stomatal area) and LADSA (adaxial stomatal area).
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Figure 7. PCA-biplot of morphological traits with (A) root anatomical traits under Pb stress, (B) root
anatomical traits under Ni stress, (C) stem anatomical traits under Pb stress, (D) stem anatomical
traits under Ni stress, (E) leaf anatomical traits under Pb stress and (F) leaf anatomical traits under

Ni stress.
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The PCA biplot between morphological and stem anatomical traits showed a total of
81.6% variance (55.7% for PC1 and 25.9% for PC2), with three isolated clusters under Pb
stress (Figure 7C). The first cluster showed a strong association among morphological (fresh
weight, dry weight and shoot length) and anatomical (epidermal thickness, epidermal
cell area and phloem area) traits at 0 mM Pb (C1). The second cluster showed a weak
association among morphological traits like number of leaves per plant, leaflet width,
leaflet area and leaf area, while there was a strong association among root length and leaflet
length at 50 mM Pb (C3). The third cluster showed a strong association between number
of root hairs and cortical region thickness at 25 mM Pb (C2) but a weak association with
metaxylem area and number of leaflets per plant at 75 mM Pb (C4). Similarly, the PCA
biplot between morphological and stem anatomical (under Ni stress) traits showed a total
of 88.2% variance (55.6% for PC1 and 32.6% for PC2), with two isolated clusters under Ni
stress (Figure 7D). Cluster 1 showed a strong association among morphological traits like
leaflet width, leaflet length, leaflet area, leaf area, root length and number of root hairs
at 25 mM Ni (C2). The second cluster showed a strong association of number of leaflets
per plant, number of leaves per plant, fresh weight and dry weight with phloem area,
epidermal thickness, epidermal cell area and cortical cell area at 0 mM Ni (C1).

The PCA biplot between morphological and leaf anatomical traits showed a total
of 80.5% variance (56.4% for PC1 and 25.1% for PC2), with four isolated clusters under
Pb stress (Figure 7E). Number of root hairs showed a strong association with adaxial
epidermal thickness, midrib thickness and abaxial stomatal area, while there was a weak
association with abaxial epidermal thickness, abaxial stomatal density and adaxial stomatal
density in the first cluster. The second cluster morphological traits (shoot length and fresh
weight) showed a strong association with adaxial stomatal density, abaxial epidermal
cell area and adaxial epidermal cell area at 0 mM Pb (C1). The third cluster showed a
strong association among morphological traits like leaflet width, leaflet length, leaflet area,
leaf area and number of leaflets per plant. The fourth cluster showed a weak association
between number of leaves per plant and root length at 75 mM Pb (C4). Similarly, the
PCA biplot between morphological and leaf anatomical traits showed a total of 75.7%
variance (43.2% for PC1 and 32.5% for PC2), with only two isolated groups under Ni stress
(Figure 7F). The first cluster showed a strong association among morphological (leaflet
width, leaflet length, leaflet area, leaf area, root length and number of root hairs) and
anatomical (adaxial epidermal cell area and midrib thickness) traits at 50 mM Ni. The
second cluster also showed a strong association among anatomical (adaxial epidermal
thickness, abaxial stomatal density, abaxial epidermal thickness, adaxial stomatal area,
abaxial epidermal cell area and abaxial stomatal area) and morphological (number of leaves
per plant, fresh weight, dry weight and number of leaflets per plant) traits at 0 mM and
25 mM Ni.

3.5. Correlation Analysis
3.5.1. Correlation Analysis between Morphological Traits in Phase 1 and Phase 2

The Pearson correlation analysis showed highly (***) and moderately (** and *) sig-
nificant positive and negative correlations among morphological traits (in phase 1 under
both Pb and Ni stress). Shoot length displayed highly significant positive correlation with
number of root hairs, fresh weight, dry weight and number of leaflets per plant, and a
moderately negative correlation with leaflets length. The number of root hairs, leaflet area
and fresh weight showed highly significant correlations with dry weight, leaf area and dry
weight, respectively. The leaflet width had a highly significant correlation with leaf area
and leaflet area. The number of leaves per plant also showed a highly significant positive
correlation with dry weight, fresh weight and number of leaflets per plant (Figure 8A).
Number of root hairs and number of leaves per plant had significant negative correlation
with leaflet length. Similarly, in Phase 2 (under both Pb or Ni stress), shoot length had
highly significant positive correlation with fresh and dry weight. Root length showed
highly significant positive correlation with leaf area and leaflet length and moderately
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significant positive correlation with leaflet area and number of leaves per plant. Moreover,
number of root hairs, number of leaves per plant, leaflet area and fresh weight displayed
highly significant positive correlation with leaflet length, fresh weight, leaf area and dry
weight, respectively. Furthermore, leaflet length and leaflet width had highly significant
positive correlation with both leaf area and leaflet area (Figure 8B).
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Figure 8. Correlation analysis of morphological traits with (A) morphological traits under Pb stress,
(B) morphological traits under Ni stress, (C) root anatomical traits under Pb stress, (D) root anatomical
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Ni stress. The *, **, and *** indicate significance at p < 0.05, p < 0.01 and p < 0.001, respectively.
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3.5.2. Correlation Analysis between Morphological and Anatomical Traits

Correlation between morphological and root anatomical traits under Pb stress are
presented in Figure 8C. Root length showed significant negative correlation with phloem
area, cortical cell area and metaxylem area, but positive significant correlation with cortical
region thickness. Dry weight showed significant positive correlation with cortical cell
area. Similarly, there were correlations between morphological and root anatomical traits
under Ni stress, as shown in Figure 8D. Dry weight showed significant positive correlation
with metaxylem area, cortical cell area and phloem area. Furthermore, fresh weight and
number of leaves per plant showed highly significant negative correlation with cortical
region thickness, while shoot length also showed significant negative correlation with
epidermal cell area.

Correlations between morphological and stem anatomical traits under Pb stress are
presented in Figure 8E. Root length showed significant negative correlation with epidermal
thickness and phloem area, while shoot length and dry weight showed significant positive
correlation with epidermal cell area. Similarly, correlation between morphological and stem
anatomical traits under Ni stress was seen, as presented in Figure 8F. Fresh weight and
number of leaves per plant showed highly significant positive correlation with both phloem
area and epidermal thickness. The epidermal cell area also showed positive significant
correlation with fresh weight.

Correlations between morphological and leaf anatomical traits under Pb stress are
presented in Figure 9A. Dry weight and shoot length showed significant positive correlation
with adaxial stomatal area, while root length showed negative correlation with abaxial
stomatal density and abaxial epidermal thickness. Furthermore, leaf area also showed neg-
ative correlation with abaxial epidermal cell area and adaxial stomatal density, while leaflet
area and leaflet length had significant negative correlation with adaxial stomatal density
and abaxial stomatal density, respectively. Similarly, correlations between morphological
and leaf anatomical traits under Ni stress were seen, as presented in Figure 9B.
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Figure 9. Correlation analysis of morphological traits with (A) leaf anatomical traits under Pb stress
and (B) leaf anatomical traits under Ni stress. The *, **, and *** indicate significance at p < 0.05,
p <0.01 and p < 0.001, respectively.

Both fresh weight and number of leaves per plant showed significant positive corre-
lation with abaxial epidermal thickness, abaxial stomatal density and adaxial epidermal
thickness. Dry weight had highly significant positive correlation with adaxial stomatal area
and abaxial stomatal density. Shoot length had significant positive correlation with abaxial
epidermal cell area, number of leaflets per plant with abaxial stomatal area and leaf area
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and leaflet length with adaxial epidermal cell area. Moreover, the number of leaflets per
plant showed highly significant negative correlation with lamina thickness.

3.6. Clustered Heatmaps

Heatmaps were constructed to show bivariate interactions/relationships between
morphological and anatomical traits under Pb or Ni stress. Individual cells with different
colors indicate the strength of the interaction, and the cells colors are proportional to
the strength displayed along the color gradient. The order of rows was determined by
hierarchical clustering of rows based on similarity between heavy metal strains under
the combined effect of all traits at a given treatment level. A clustered heatmap between
morphological and root anatomical traits under Pb stress displayed three main clusters
(Figure 10a). Each cluster showed four further subclusters, where leaf area, leaflet width,
leaflet area and leaflet length showed a strong relationship with epidermal thickness and
cell area. Root length and number of leaves per plant showed a close association with
cortical region thickness. In the third sub-cluster, dry weight, shoot length and fresh
weight were closely associated with phloem area, cortical cell area and metaxylem area.
The number of root hairs and number of leaflets per plant revealed no association with
any of the anatomical traits in the fourth sub-cluster. Similarly, a clustered heatmap
displayed close association between morphological and root anatomical traits under Ni
stress. Morphological traits such as leaflet width, leaflet length, leaflet area, leaf area and
root length revealed close associations with each other (Figure 11a). Moreover, dry weight,
shoot length and number of leaflets per plant showed close clustering with phloem and
cortical cell area.

A clustered heatmap between morphological and stem anatomical traits under Pb
stress indicated a close association of shoot length and fresh and dry weight with epidermal
thickness, epidermal cell area and phloem area. The number of root hairs was closely
associated with cortical cell area, and root length leaflet length and number of leaflets
per plant with metaxylem area (Figure 10b). Similarly, a clustered heatmap between
morphological and stem anatomical traits under Ni stress displayed a close association of
shoot length, fresh weight, dry weight and number of leaves per plant with cortical cell
area, epidermal cell area, epidermal thickness and phloem area. Morphological traits such
as leaflet width, leaflet length, leaflet area, leaf area, root length and number of root hairs
were in close association with each other, while the number of leaflets per plant did not
show association with any of the anatomical traits (Figure 11b).

A clustered heatmap between morphological and leaf anatomical traits under Pb stress
revealed that shoot length, fresh and dry weight were in close association with adaxial
stomatal area, adaxial stomatal density, adaxial epidermal cell area and abaxial epidermal
cell area (Figure 10c), while the number of root hairs showed a close association with abaxial
stomatal area, abaxial epidermal thickness, adaxial epidermal thickness, abaxial stomatal
density and midrib thickness. Moreover, number of leaflets per plant, leaflet length and
root did not show any association with anatomical traits. In the fourth cluster, lamina
thickness possessed a high similarity with number of leaves per plant, leaflet width, leaflet
area and leaf area. A clustered heatmap between morphological and leaf anatomical traits
under Ni stress revealed that adaxial epidermal cell area showed a strong association with
morphological traits like leaflet width, leaflet length, leaflet area, leaf area and root length
(Figure 11c). Shoot length and dry weight showed an association with abaxial epidermal
cell area, abaxial stomatal density and adaxial stomatal area. Furthermore, the number of
leaflets per plant was associated with adaxial stomatal density and abaxial stomatal area,
while the number of root hairs, fresh weight and number of leaves per plant were strongly
associated with adaxial and abaxial epidermal thickness.
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Figure 10. Cluster heatmaps showing grouping of morphological traits with (a) root anatomical,
(b) stem anatomical and (c) leaf anatomical traits under Pb stress.
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Figure 11. Cluster heatmaps showing grouping of morphological traits with (a) root anatomical,
(b) stem anatomical and (c) leaf anatomical traits under Ni stress.

4. Discussion

Understanding plant mechanisms associated with abiotic stress tolerance is challeng-
ing due to plants’ complex nature and diverse responses. The present investigation focused
on evaluating the different morphological and anatomical traits of A. lebbeck under four
different concentrations (0 mM, 25 mM, 50 mM and 75 mM) of Pb or Ni stress, which are
ranked among the most toxic heavy metals [52-56]. A. lebbeck has been found to be an
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effective plant species for the removal of heavy metals from soil as a natural source of
phytoremediation [57,58]. Plant species have adopted different strategies to cope with Pb
or Ni stress by modifying leaf, stem and root anatomical features [59,60]. A. lebbeck showed
different responses to both the heavy metal stress such that growth-related morphological
traits were significantly reduced under both Pb and Ni in both phases. Shoot length, fresh
weight (g Plant™!), dry weight (g Plant~!), number of root hairs and number of leaves
per plant decreased significantly with the increasing concentrations of both Pb and Ni.
Additionally leaflet width, leaflet length, and leaflet area increased rather than decreased
under both Pb and Ni stress. An exception was noted regarding the consistent increase
in root length under both heavy metals stress, which is a feature of tolerance of several
plant species to abiotic stresses including heavy metals [61-63]. The root/shoot ratio varies
greatly under heavy metals stress among plant species [64-66], and therefore tolerance to
heavy metals stress in species like A. lebbeck can be determined on the basis of root/shoot
ratio. Furthermore, plant species like A. lebbeck with deeper root systems are of great
importance because they are capable of extracting heavy metals from polluted soils [67-69].
Both Pb and Ni were more toxic at 75 mM, followed by 50 mM and 25 mM. In comparison
with Pb, Ni at 75 mM had more severe effects on plant morphology in the second phase.

The strategic behavior and structural architecture of plant species play important
roles in developing tolerance to heavy metals [70]. Structural modifications such as en-
dodermis/epidermis thickness, stomatal orientation and size, sclerification of delicate
tissues and storage parenchyma ratio are associated with a degree of stress tolerance in
plants [40,71-74]. These modifications are considered indicators of plant survival under
heavy metals stress. A. lebbeck responded differently regarding mechanical, dermal vascular
and parenchymatous tissues in root architecture when exposed to both heavy metals stress.
Cortical cell area, metaxylem area and phloem area of roots decreased significantly with
increasing concentrations of Pb and Ni, while epidermal thickness and cell area increased
with increasing concentrations of Pb and Ni. An increase in the epidermal thickness is
associated with an increase in the mechanical strength of root tissues. Lysis of cortical
parenchyma was observed, along with intensive sclerification in the stelar region. This
will reduce tissue damage and, therefore, make possible better survival, even without the
function of a major portion of the cortical parenchyma. These results were in agreement
with the findings reported by Dos-Reis et al. [75], Guedes et al. [76], Ghafoor et al. [77]
and Maia et al. [38]. Furthermore, epidermal thickness, epidermal cell area, phloem area,
metaxylem area and cortical region thickness of stem increased with the increase in Pb and
Ni concentrations. This is consistent with the results of Al-Saadi et al. [78] in their study
on the effects of heavy metals on Potamogeton, who also found that anatomical features of
plants increased under heavy metal stress.

Leaves are generally more responsive to climatic conditions than any other plant
part and therefore modify their anatomical structure according to the type and degree of
abiotic stress to develop resistance [61,71]. Anatomical modifications in leaves are strongly
associated with heavy metals stress [79], and therefore midrib thickness, abaxial epidermal
thickness, adaxial epidermal thickness, abaxial epidermal cell area, abaxial stomatal density
and adaxial stomatal density were significantly reduced under stress by both heavy metals.
Reduction in leaf anatomical features (especially midrib thickness) is the general impact of
heavy metals stress, as reported in several sensitive and tolerant plant species [33,80-82].
Moreover, a reduction in leaf thickness under heavy metals stress is directly associated with
low water delivery to the shoot due to inhibiting transpiration via reducing intercellular
space, lamina thickness, leaf size and stomatal density [83].

Pearson correlation analysis revealed highly and moderately significant positive and
negative correlations among morphological and anatomical traits under both heavy metals
stress. Shoot length and root length showed strong and moderate positive correlations
with fresh weight, dry weight and leaf morphological traits like leaflet length, width,
area and leaf area. Leaflet length and leaflet width showed strong positive correlation
with leaflet area, as well as leaf area. Furthermore, root length showed strong negative
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correlations with root anatomical features (phloem area, cortical cell area and metalxylem
area) stem anatomical features (epidermal thickness and phloem area) and leaf anatomical
features (abaxial stomatal density and abaxial epidermal thickness). Fresh weight and
number of leaves per plant had strong positive correlation with epidermal thickness,
phloem area and abaxial stomatal density but had negative correlations with cortical
region thickness. Leaf area, leaflet area and leaflet length showed significant negative
correlation with abaxial epidermal cell area and adaxial stomatal density. These correlation
analyses confirm the interactions among morphological and anatomical features, which
are necessary for developing tolerance to heavy metals stress [44]. These results were
in agreement with the earlier finding reported by Akhter et al. [44], Sarwar et al. [61],
Guha et al. [84], Papadopoulou et al. [85] and Nakata and Okada [86].

5. Conclusions

In conclusion, both Pb and Ni at different stress levels directly affected the growth and
development of A. lebbeck at the seedling stage. Longer exposure (i.e., from phase one to
phase two) of A. lebbeck to Pb or Ni stress with high (50 and 75 mM) concentrations led to
several modifications at the morphological and anatomical stages. These modifications can
help in two ways: (1) improve the understanding of the response of A. lebbeck to Pb or Ni
stress, and (2) assist the selection of plants with resistance to these metals for further use in
phytoremediation. Moreover, morphological traits like shoot length, fresh and dry weight,
number of root hairs, number of leaves per plant and number of leaflets per plant were
greatly reduced, while root length, leaflet width, leaflet length and leaflet area increased
with the increase in concentration level. An increase in root length indicated that A. lebbeck
has the potential to be used to remove Pb and Ni from contaminated soil and can be used
as an effective source of phytoremediation. A. lebbeck modified its root, stem and leaf
anatomical structures according to the concentration of Pb and Ni. These modifications
were helpful in developing tolerance to Pb or Ni stress. For instance, the reduction in leaf
thickness prevented water loss by reducing the transpiration rate and maintaining tissue
integrity by preventing the collapse of soft parenchyma through intensive lignin deposition
in sclerenchymatous tissue. Moreover, positive correlations among morphological and
anatomical traits indicated a collective contribution to A. lebbeck survival under heavy
metals stress. Overall, both Pb and Ni were more acute at a concentration of 75 mM,
followed by 50 mM and 25 mM. We found nickel nitrate to be more toxic to A. lebbeck
growth and development than lead nitrate. Furthermore, the underlying genetics behind
the modifications in morphological (especially increase in root length) and anatomical traits
under Pb or Ni stress should be examined for their relevance to the described findings.
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