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Abstract

Suaeda maritima L. Dumort is one of the most resistant halophyte plants. The purpose of this
study was to investigate structural changes in S. maritima and alterations in morphology under
wastewater contamination. Very young seedlings of S. maritima were sampled from their
natural habitat and treated with tap water and industrial wastewater as the control and treatment,
for three months. Then, the plant organs were fixed in FAA fixative and submitted to microtome
sectioning, staining, and observation by light microscopy. The Stereolite software quantified the
observation. Results showed that the polluted plants were paler in color, had sparse leaves
during the vegetative phase, and had a delayed reproductive phase. Root compared to control.
These included cell disorders and abnormalities, as well as the changes in cell sizes, tissue layer
thicknesses in the stem and root, and cell density. In reproductive organs of the treated plants,
changes were observed in the number, size, and shape of pollen grains and the thickness of the
anther endocardium layer. The study concluded that industrial wastewater can affect plant
morphology and reproductive traits, potentially impairing the spread of the next generation.
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Introduction

Halophytes are resistant to severe abiotic stresses
such as salinity. Most of them are considered
phytoremediators because they can accumulate
heavy metal pollutants in soil and water
(Mohammadi Jahromi et al., 2019a). Studies show
that abiotic stress, such as heavy metal pollution,
may lead to several structural modifications in
both sensitive and resistant plants. For instance,
Jesus et al. (2016) found that Al can alter the
structure of sunflower leaves and roots. In fact, a
wide range of structural and anatomic changes
have been observed in plants under abiotic
stresses, including an increase in hypodermis
thickness, the pith cells’ area, and diameter of the
stem (Parida et al. 2016), bulliform cells in leaves,
aerenchyma in roots, decreased root cortex, and
increased sclerenchyma (Hameed et al., 2010).

Suaeda can repair saline-alkali land and
protect the environment, promoting agriculture
and tourism. Salinization and heavy metal
pollution, particularly in coastal and arid areas,
are significant environmental issues worldwide
(Wang et al., 2022). Suaeda salsa plants increase
leaf succulence under high salinity by increasing
leaf water content and enlarging epidermal cell
size (Zhang et al., 2024). Phytoremediation, a
low-cost, non-invasive method, utilizes
halophytes such as Suaeda to remediate heavy
metal-polluted saline soil due to their high
tolerance to heavy metals (Wang et al., 2022).

In an attempt to adapt to severe stress
conditions, halophytes can modify gene
expression, leading to variations in enzyme and
metabolite patterns (Koyro et al., 2008). The
strategies that help halophytes tolerate salinity
include regulation of leaf gas exchange, osmotic
regulation, selective ion uptake and transport,
exclusion of NaCl from the cytoplasm, and
enhanced osmolyte production (Marschner, 1995;
Debez et al., 2006; Megdiche et al., 2007). S.
maritima  has  been  studied for its
phytoremediation potential, specifically
highlighting its ability to phytoextract heavy
metals (Fatnani et al., 2023).

Halophytes also exhibit morphological
adaptations. The succulent organs, characterized
by large numbers of thin-walled cells, prevent
water loss. Halophytes typically have reduced
leaves and unusual organ structures with
sclerified, resistant parts and polycambial
systems, which protect lateral meristems from
potential damage (Butnik et al., 2001). Moreover,
glandular cells and/or bladder hairs are used to
remove salt; reflexive surfaces via wax or

trichomes; waxy cuticles; reduced leaves; and
high-density, small, sunken stomata are among
morphological adaptations that help halophytes
resist severe stress conditions (Koyro, 2002).

Heavy metals can modify some anatomical and
physiological characteristics in plants. For
instance, Mn increases the number of hypodermal
cell layers in the stem of Trapa natans (Petrovic
et al., 2021). Cd stress significantly decreases
growth, height, branch number, total leaf area,
and shoot dry weight in soybean plants (Pandey et
al., 2022). Another study showed that growth and
photosynthetic processes in P. divaricata were
inhibited by a high concentration of Cd, leading to
a gradual increase in Fe concentration in the
leaves. It also reduces stomatal density, which
affects photosynthetic rate (Hu et al., 2023).

Suaeda maritima L. Dumort.,, of the
Amaranthaceae, is a yellow-green shrub with
fleshy succulent leaves and tiny flowers. It is a
highly resistant species that can accumulate up to
400 mM NaCl in its leaves without significant
damage (Wang et al., 2007). The plant is also
considered as a hyperaccumulator, capable of
storing high concentrations of heavy metals, such
as As, Co, Zn, and Cu in its shoots (Mohammadi
Jahromi et al., 2019a). While there are some
studies on other cultivars of this species, e.g.,
Suaeda spp., the anatomical changes in S.
maritima under abiotic stresses are a less-
researched area. In fact, few studies have
addressed the vegetative growth and reproductive
development of S. maritima irrigated with
industrial wastewater. Therefore, the present study
describes the morphology and anatomy of S.
maritima and reports an investigation into the
structural modifications in this halophyte under
irrigation with industrial wastewater containing
heavy metal pollutants.

Material and Methods

Very young S. maritima plants at the early
seedling stage, growing in their natural habitat in
the experimental area of the Industrial Park
Refinery in Shiraz, Iran, during late March, were
selected. The region was divided into 6 smaller
areas (about 1.5x1.5 m?), and plants in 3 areas
irrigated with tap water were sampled as the
control. In comparison, those in the other 3 areas
were irrigated with wastewater and considered
part of the wastewater treatment group.
Simultaneous irrigation was carried out three
times a week with the same volume of water and
under the same conditions, for a period of three
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months. After that, the control and treated plants
were randomly selected and uprooted.

Analysis of the physical and chemical
characteristics of the soil in the study area, as well

as the heavy metal contents of the soil, tap water,
and wastewater, are reported in Tables 1 and 2,
respectively.

Table 1 Physical and chemical analysis of the soil

CEC . Texture Silt Sand Clay T.N. 0.C O.M. pH IEC
Meq100 g Soil % % % % % % (us” cm™)
0.72 Loam 42.70 39.10 18.20 0.04 0.41 0.71 7.87 25.69
*us = uSiemens
Table 2 Heavy metal contents of the tap water, wastewater, and soil
Heavy Metal Tap water (ppb*) Wastewater (ppb) Soil (ppb)

As 0 0 778.71

Co 0.09 0.19 28.35

Ni 0.08 0.05 90.65

Zn 0.01 0.03 29.90

Cd ND ND ND

Cu 0.008 0.01 15.25

Pb 0.03 0.03 2.20

Fe 0.02 0.39 17420.00

*: PPB is parts per billion

Morphological and anatomical studies: The
plants in both control and wastewater treatment
were observed weekly, and morphological
characteristics such as the plants and leaves
density, the plant and flower color, total biomass,
the plant height, and the leaf and flower size were
recorded. After three months of irrigation, the
randomly selected plants were uprooted and their
shoot and root organs were separated, divided into
smaller sections, and fixed. The fixation process
was carried out using Formaldehyde: Acetic acid:
Ethanol (FAA) in a ratio of 2:1:17, followed by
the next steps of the preparation process,
including dehydration in ethanol and toluene,
infiltration in paraffin and toluene, and embedding
in paraffin (Ruzin, 1999). Then, the plant samples
were subjected to serial sectioning (5-20 pm,
depending on the type of tissue) by a rotatory
microtome (MICROM HM  325). Next,
Hematoxylin and Eosin (H&E) and methylene
blue-Carmine alum staining (Ruzin, 1999) were
used for histochemical examination, and the
specimens were mounted in Entellan. A Nikon
light research microscope (E200, Nikon, Tokyo,
Japan) equipped with a digital camera
(SAMSUNG SCB 2000) and Stereolite software
(Stereolite, Shiraz  University of Medical
Sciences, Shiraz, Iran) was used for observation
and photography.

Stereological studies for data validation -
Stereolite software was used to convert the
qualitative data into quantitative data, making
them more reliable. For this reason, we employed
the stereology method, selecting samples
randomly and performing at least 40 repetitions
for each attribute, such as diameter, thickness,
length, width, and cell area. Then, the data
obtained for each characteristic of the
experimental group were quantitatively compared
with those of the control group. The comparison
of means was performed using Duncan's test at a
5% probability level, as determined by SAS
software.

Results

Morphological characteristics - The halophyte
S. maritima is a succulent plant that has a taproot
system. Simple, entire-margin leaves were
arranged in alternate phyllotaxy (Fig. 1). The dark
green leaves were dense at early developmental
stages. Over time, some changes in leaf
morphology appeared. The color of the leaves
faded, their density decreased, and they became
smaller, so that the plants no longer looked fresh
(Fig. 1B&C). Also, the stem took on different
colors over time, varying from light to dark green
and even dark purple. Florescence began in late
August, when round bisexual flowers were
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formed. The incomplete green flowers contained
five petaloid sepals and five red stamens.

The  wastewater-treated  plants  showed
deviations earlier and more pronouncedly than the
control, including changes in color and an aged
appearance. The stems of the treated plants
became more spaced over time, and their density

decreased. Fluorescence in the treated plants
began about 20 days later than in the control
plants, and the flowers were smaller. The treated
flowers were paler than the controls, and yellow
flowers were rarely observed. The number of
seeds in the wastewater-treated plant was lower
and smaller than in the control.

Fig. 1 Developmental stages of Suaeda maritima L. plants (control condition); A very young plants; B 30-day-old plants; C mature
plants; D the tap root system; E a mature plant in the generative phase featuring incomplete tiny flowers with red stamens; F very

small seeds of the plant; G the final stage of the plant development

Anatomical structure

The stem - In the control plants, the stem was
covered with an outer layer of epidermis, beneath
which there was a thick-walled collenchyma
tissue (Fig. 2A). The remaining cortical space was
occupied by the parenchymatic cells (Fig. 2B).
These cells had a normal appearance early in the
growth (Fig. 2B). Still, over time they changed
and assumed very unusual wavy shapes of
phellem cells showing some crests (Fig. 2C).
Vascular  cylinder  displays the  natural
arrangement including the phloem on the top of
the xylem, all on a discontinuous ring in the very

young plants (Fig. 2A). The parenchymatic pith
cells can be seen in the middle (Fig. 2A). During
the late growth stages, the vascular arrangements
changed and the phloem islands which spread
regularly in the vascular cylinder, appeared. The
islands were surrounded by the xylem and a large
volume of the fiber cells (Figs. 2D, E, and F).

In plants treated with wastewater, the
epidermal cells were thicker, and the cortical
parenchymatic cells were larger than in the
control. Also, there were some disruptions in the
layers, which were more frequent in the treatment
samples than in the control (Fig. 2E).
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Fig. 2 The stem cross sections of S. maritima L.; A the general structure of the stem includes the epidermal, ground, and vascular
systems (*x4), and a young stem is being formed near the main stem; B the epidermis and cortex of the young control plant (x40);
note the smooth surface of the epidermis and the regular parenchyma cortical cells as well as the thick cuticle outside the epidermal
cells; C the mature control stem (*10); note the uneven epidermis and the deformed cortical cells; D the vascular cylinder in the
control plant (x10); E the vascular cylinder in the treatment group (x10); F the phloem islands in the vascular cylinder of the mature
control plant spread among numerous fiber cells and a number of xylem (x10). COL: collenchyma; EP: epidermis; PAR:

parenchyma; PH.IS: phloem islands

The leaves - The small linear succulent leaves
were in alternate arrangement (Fig. 1). The
structure of the very young leaves represented
three tissue systems (Fig. 3A). The outermost
layer of the epidermal system was epidermis (Fig.
3A). On the young leaves, the common epidermal
cells were almost regular, slightly extended, and
had thick cuticle on the outside. There were a few
stomata in both surface of the leaves (Fig. 3A).
The well-ordered spongy parenchyma cells were
located in the mesophyll (Fig. 3A). The mature
leaves had a real uneven surface (Fig. 3B). The
epidermal cells had a new form with peculiar
shapes and were larger and covered with a thick
cuticle layer (Figs. 3B and C). Sunken stomata
(Fig. 3C), bulliform cells (Fig. 3C), simple
straight trichomes (Fig. 3D), and secretory glands
(Fig. 3F) were observed in the epidermis. The
outer layer of mesophyll includes isodiametric
small cells with large nuclei. The rest of the
mesophyll consisted of both types of parenchyma,
i.e., spongy and palisade (Fig. 3A, B, C, and E).
There was a main vein right in the middle of the

leaves, along with some smaller sub-veins (Fig.
3B).

In the mature leaves, the rugged epidermis
featured large and sometimes giant cells, covered
with a very thick cuticle (Fig. 3D). Sunken
stomata and crypts, as well as simple
unicellular/multicellular trichomes, and secretory
glands were observed in the epidermal tissue
(Figures 3D and E). The mesophyll comprises
large, sometimes huge, spongy and palisade
parenchyma with abnormal shapes. A big mid
vein was located at the middle of the leaves, while
other smaller veins were pinpointed at both ends
(Fig. 3D). There were several trichomes on the
outer side, which contributed to a more non-
uniform appearance (Fig. 3D).

In the young leaves of the wastewater
treatment group, epidermal cells were clearly
extended, even showing wavy shapes (Fig. 3E).
The cells in all layers of mature leaves were
deformed and had less regulation (Fig. 3F). The
cuticle in the treated leaf samples was thicker than
the control (Figs. 3C and F).
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Fig. 3 Suaeda maritima leaf in control and the treated plants; A longitudinal section of the very young control leaf (x4): Note the
regularity in the all layers and cells; B The appearance of mature leaf in control plants (x4): Note a mid-vein bundle at the middle of
the leaf and lateral veins on the sides; C The leaf surface was really rugged, mature control leaf (x4): Note the thick cuticle, bulliform
cells, and sunken stomata are detectable; D The mature control leaf (x10), Note the noticeable trichomes; E The treated young leaf
(x4); F The treated mature leaf (x4) displaying completely deformed cells in tissue layers and thick cuticle on the outer surface.
BUL.C: bulliform cell; CUT: cuticle; EP: epidermis; M.V: main vein; PAL. PAR: palisade parenchyma; SP.PAR: spongy

parenchyma; ST: stomata; TR: trichome.

Fig. 4 The small flowers of S. maritima L. Dumort

The male reproductive organ - The very small
green flower in the S. maritima was located
compactly on the upper axis of the leaf (Fig. 4).
These bisexual flowers, which were surrounded
by several bracts that appeared at the end of
summer. They had five green succulent tepals
(petaloid sepals) and five stamens. Each stamen
had a long filament and a big red anther (Fig.4).
Two carpels were adjacent to each other. The
plants are self-fertilizing and pollinated by wind.

The wastewater-treated plants that entered the
reproductive phase later were smaller and paler in
colour than the control. In addition, the seeds of
plants grown from wastewater-treated seeds were
fewer and smaller. The stamen had a long
filament and a two-lobbed anther with four pollen
sacs, as observed during early developmental
stages in Fig. SA. Each pollen sac included a large
number of pollen grains (Figs. 5A-F). The mature
pollen grains displayed cell wall ornamentation
(Figs. 5G & H).
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The anther comprised four structural layers
(Fig. 5B). Its epidermis was the outermost layer,
which ended in the fibrous (endothecium) layer.
The transition (middle) layer comprised
parenchyma cells in multilayers, and the tapetum
layer, which directly enveloped the pollen sac.
The tapetum layer included large cells with one
or, occasionally, two large nuclei, which
disappeared over time, since their role was pollen
grain nutrition. These cells were of secretory type
at first and later changed into plasmodial cells.

At early developmental stages, the pollen sac
comprises undifferentiated archesporial cells (Fig.

5A), which later form the microspore mother cells
(Fig. 5B). These cells were separated by the sac
enlargement and underwent meiosis, after which
the tetrad arose (Figs. 5C-E). Each tetrad matured
to produce four microspores, which developed
into pollen grains (Fig. 5F). The mature pollen
grains included exine, intine, vegetative, and
generative nuclei (Figs. 5G & H). At the late stage
of development, and during dehiscence time, a
fracture was created at the longitudinal end of the
sac by the endothecium layer (Figs. 51 & J),
whose location was recognized at the previous
stage, i.e., stomium (Fig. 5F), where the mature
pollens were released (Figs. SK & L).

[

Fig. 5 Developmental stages of the male organ in S. maritima L. Dumort A very young anther with undifferentiated cells (x4); B
different layers of the anther wall (x10); C Dyad and tetrad formation (x4), The transition layer were almost disappeared and the
tapetum layer was separated from the others; D The tetrad formation (x40); E the tapetum cells were changing the shape (x40); F
There were numerous young microspores in the pollen sac (x4): The arrows show the “stomium” location; G developing pollen
grains (x40), The tapetum cells were noticeable with two nucleuses; H Mature pollen grains with outer ornamentation (x40); I The
wall between two pollen sacs was degenerating (x10); J The release of pollen grains started with the gap at the longitudinal end of
each pollen cavity. (x10); K the anther dehiscence (x10); L. The empty pollen sac (x10), No pollen grains remained inside. Arch.c:
archesporium cells; EP: Epidermis; end: endothecium; ML: Middle Layers; MMC: Microspore Mother Cell; TL: Tapetum Layer

The wastewater-irrigated plants produced
smaller and fewer pollen grains than the control.
Although most of the pollen grains from the
control and treated plants were round, deformed
shapes, especially crescent shapes, were more
common in plants irrigated with wastewater. The

fibrous layer of the endothecium was thinner in
the treated plants than in the control. Moreover,
the appearance of the sac fracture for releasing
pollen grains occurred earlier than in the control.
Figure 6 shows the comparison of control (Figs.
6A- C) and treated plants (Figs. 6D- F).
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Fig. 6 Comparative anatomy of anther in S. maritima L. Dumort A (x10); B (x10); C (x40) illustrates the control plants, and D

(x10); E (x10); F (x40) depict the wastewater-irrigated plants

Table 3 Stereological evaluation of anatomical characteristics of control and treated plants

Organ Characteristic Control (pm) Treated Plant
(pm)
Root Cortical parenchyma area 552b 3410 a
Root Xylem vessel diameter 6.15b 10.54 a
Stem Cortical parenchyma area 1824 b 2826 a
Stem Cortical parenchyma diameter 48.83 b 51.71a
Stem Epidermal cell area 314b 715a
Stem Epidermal cell diameter 19.8b 29a
Leaves Cuticular thickness 14b 19a
Flower Endothecium layer thickness 21.1a 173 b
Flower Pollen grain diameter 16.7 a 94a
Stereological evaluations — The stereological SAS software showed that the results were

studies were performed using stereological
software to confirm the quantitative microscopic
observations. As shown in Table 3, there were
differences between the control and treated S.
maritima L. plants. The xylem vessel diameter
and the cortical parenchyma area in the root of the
treated plants increased as compared with the
controls. In the stem sections, the cortical
parenchyma area and its diameter, and the
epidermal cell area and its diameter, increased in
the treated plants compared with the control. In
addition, the cuticular thickness of the leaves in
the wastewater-irrigated samples was more than
that of the control. In the anther of the treated
plant, both the thickness of the fibrous layer and
the diameter of the pollen grain decreased
compared to the control. A comparison of means
using Duncan's test at the 5% significance level in

significant (Table 3).

Discussion

Vegetative structure - The young green stems of
Suaeda maritima L. plants turned purple during
development. Ebrahimi Nokande et al. (2022) also
reported morphological changes in aloe vera
plants due to industrial and urban pollution. The
transverse sections of the stem demonstrated that
the outer surface was not smooth and uniform and
featured some crests. The epidermis was
composed of one-layer cells covered with a thick
cuticle on their outer surface. The cortex consisted
of a layer of collenchyma and about three layers
of parenchyma. The collenchyma cells were cube-
shaped with thick cell walls. Our results are in
line with those reported by Grigore et al. (2014)
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for Suaeda maritima L. Previously, Essau (1988)
reported the presence of nine crests on the outer
surface of some Chenopodiaceae species, which
are now classified as Amaranthaceae. Bercu and
Bavaru (2004) also stated the same structure in
Salsola kali. The stem of Salsola crassa, as
reported by Mohammadi Jahromi et al. (2019b),
had some crests on its outer surface, and other
layers included palisade collenchyma and
parenchyma, which joined the vascular cylinder.
These findings are very similar to those from our
study of the structure of S. maritima stems.

The spring branch number of Suaeda salsa
received the highest score among all plant traits
evaluated. A nonlinear relationship was observed
between hydrological connectivity indices (HCls)
and plant traits, with the middle tidal flat being
the most suitable for S. salsa growth. S. salsa
adapts to different hydrological connectivity
levels by forming distinct trait modules, with
branch number playing a central role in this
adaptation (Yu et al., 2023).

The vascular cylinder, which was larger than
the cortex, began with a multilayer pericycle and
consisted of small cells. In the young sections, the
vascular system consisted of phloem above the
xylem, and a cap of thick-walled, cell-rich fibers
on the upper side of the phloem. By maturation,
very thickened lignified sclerenchyma cells were
formed, whereas the xylem was lignified with less
thickness. This finding aligns with that of Grigore
et al. (2014), who reported phloem islands among
xylem elements in aged sections surrounded by
sclerified cells. Additionally, they noted that the
xylem elements were very thick and contained
low lignin.

The treated stems showed a more irregular and
uneven epidermis than the control. Parenchyma
cells in both the cortex and pith were larger than
the control and had unusual shapes. There were
some ruptures in the cortex and vascular cylinder.
Studies have identified deformed cells in response
to certain heavy metals (Shah et al., 2010; Kouhi
et al., 2016). For example, large, irregular cells,
especially in the cortex, and ruptures in tissue
layers resulting from heavy metal pollution have
been reported in Salsola crassa (Mohammadi
Jahromi et al., 2019b). In another study,
Potamogeton L. plants exposed to Cu and Ag
showed structural changes in their stems.
Likewise, Al-Saadi (2013) found in their research
that the size, arrangement, and shape of the
parenchyma in the cortex changed, and that the
cortical intercellular spaces widened, indicating a
decrease in the number of vascular bundles. In

another research study on Cicer arietinum treated
with Cr, ultrastructural deformation and some
other changes in the root were reported (Medda &
Mondal, 2017). Heavy metals can affect
homeostasis in plants, such as water uptake,
transpiration, and nutrient metabolism
(Poschenrieder & Barcelo, 2004). They can also
interfere with gated ion channels (Demidchik,
2018), thereby affecting plant anatomy. For
instance, Al toxicity inhibits root elongation by
damaging the root apex (Zheng, 2010), thereby
restricting water and mineral uptake. Moreover,
Al can form electrostatic bonds with oxygen-
donor ligands, preferably on the outer surface of
the plasma membrane and on cell wall pectin
(Yamamoto et al., 2001). The binding of Al to bio
membranes can lead to rigidification (Jones et al.,
20006).

The alternate succulent leaves of Suaeda
maritima L. Dumort. showed three tissue systems:
epidermal, ground, and vascular. The epidermal
tissue is composed of compact common epidermal
cells with some stomata, bulliform cells, and a
thick cuticle. The spongy and palisade
parenchyma cells were arranged regularly in the
mesophyll. The vascular system encompasses the
mid vein and the lateral veins. Toderich et al.
(2010) recognized swollen epidermal cells,
hypodermal cells, and water-bearing parenchyma
cells in the structure of Salsola's bracts. Grigore et
al. (2014) identified two specific palisade layers
and an isodiametric cell layer behind the
epidermis of Petrosimonia oppositifolia in the
Chenopodiaceae, which play a role in
photosynthesis. This structure has also been
reported in the leaves of Salsola kali and other
halophytes (Bercu & Bavaru, 2004; Grigore et al.,
2014).

The leaves of S. maritima exposed to
wastewater treatment showed structural changes.
The cells in all tissue layers exhibited more
irregularities and deformed shapes, and were
larger than those in the control. The reformed
traits are attributed to the adverse effects of the
pollution, especially with heavy metals. Gomes et
al. (2011) stated that the impact of heavy metals
are on plant hormones. They change the plant’s
hormonal balance, such as a decrease in
endogenous auxins, which is a response to As
(Biicker-Neto et al,, 2017), Ileading to
morphological and structural changes, e.g., in size
and shape. Occurrence of the structural changes in
the roots, stems, and leaves of many plants in
response to heavy metals, as stated in Yadav et al.
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(2021) and Ghukwu and Gulser (2025), as well,
which were consistent with our results.

The male generative organ - The S. maritima
small flowers are bisexual, and the male
generative organ is composed of five filamentous
red stamens. The treated plants entered the
generative phase later and produced smaller
flowers than the control. The treated seeds were
also less abundant and smaller. The characteristics
of the flowers we observed were similar to those
of heavy metal-treated Salsola crassa flowers
reported by Mohammadi Jahromi et al. (2019b).
They stated that treating the plants with
wastewater containing heavy metals results in
structural changes, as well as a decrease in the
frequency and size of flowers and seeds. The
general anatomy of S. maritima flowers in our
study is also similar to that of Salsola kali
(Idzikowska, 2005).

The scrutiny of anther sections revealed that
the outer layer consisted of epidermis with
compact cells, followed by a fibrous layer and a
transition layer. The inner layer was the tapetum,
comprising big, elongated cells with one or two
nuclei, which fed the pollen grains via secretory
and plasmodial processes. The latest layer
surrounded the pollen sac, which contained
numerous pollen grains.

During microsporogenesis, the nucleus of each
microspore mother cell underwent meiosis,
leading to the formation of a tetrad (four haploid
cells) that later divided, producing four distinct
haploid microspores. The young microspores
underwent morphological and structural changes,
ultimately forming mature pollen grains that
dispersed at late developmental stages. The male
generative organs of S. maritima in this study are
similar to those of S. kali as described by
Idzikowska (2005).

In the treated samples, the number and size of
pollen grains in the pollen sac decreased
compared to the control. The shape of the pollen
grains changed over time, from almost round to
deformed shapes, such as crescents. The observed
abnormalities in the pollen sac sections of the
wastewater treatment group were more frequent
than in the control, and ruptures occurred sooner.
Changes in the tissues of generative organs as
observed in this study are generally in line with
the findings of the literature on the effects of
heavy metal contamination on plants (Yousefi et
al., 2010)

The stereological studies - The stereological-
based evaluation confirms the quantitative results
of this study. In roots, the diameter of the xylem
vessels and the area of the cortical parenchyma
increased under wastewater treatments compared
to the control. In the stem, the cortical
parenchyma area and diameter, in addition to the
epidermal cell area and diameter, all increased in
the treated sections. Moreover, the treated leaves
exhibited a decrease in cuticular thickness.
Additionally, the thickness of the fibrous layer
and the diameter of pollen grains decreased in the
treated samples.

Studies reveal that different pollutants may
differentially affect various aspects of plants,
including morphology, anatomy, and physiology.
For instance, heavy metal contaminants in the air
affect leaf structure, causing an increase in leaf
stomatal density per area, a decrease in stomatal
size, a reduction of parenchyma cells in the
mesophyll, and an increase in the thickness of the
outer wall of epidermal cells to prevent the
pollutants from entering them (Gostin, 2009).

Keyster et al. (2020) reported that heavy metal
accumulation in plant cells often leads to cellular
impairment and senescence. The apoplastic space
around cells is significant for the uptake of heavy
metals. In the cell wall, pectin senses heavy
metals and transduces wall signals, as well as
signals from plasma membrane receptors,
triggering an appropriate defence strategy. Heavy
metals move into the root apoplastic space by
unwanted bulk flow and follow the apoplastic
pathway, which stops in the Casparian strips, or
move through the plasma membrane into the
symplastic space using protein carriers and
pumps, acting as receptors or sensors (Keyster et
al., 2020).

Suaeda maritima reduces its biomass as an
energy-conservation strategy to survive under
heavy-metal stress. The plant efficiently
scavenges reactive oxygen species by increasing
the expression of antioxidative enzymes. Under
cadmium and lead stress, Suaeda maritima up-
regulates various metabolites, including sugars,
amino acids, and polyphenols, which may help
with osmotic balance, ionic homeostasis, and
ROS  scavenging  for  stress  tolerance
(Fatnani & Parida, 2024).

Plants do not have an inflow channel for the
unnecessary heavy metal Pb, but it is trapped by
the root surface (Sharma & Dubey, 2005). It can
be present in root tissues at high levels via
unknown mechanisms, then translocated to the
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shoot, causing lethal effects on plant growth,
morphology, and physiology. This element can
bind to enzymes' sulthydryl groups, rendering
them inactive (Pirzadah et al.,, 2019). At high
concentrations, Pb arrests seedling growth,
decreases leaf chlorophyll content, deforms
chlorophyll, and disrupts nuclear integrity (Zhou
et al.,, 2018). Zarinkamar et al. (2013) reported
that different Pb concentrations in Matricaria
chamomilla did not induce significant
morphological changes at various developmental
stages, except for a reduction in total biomass.
Gomes et al. (2011) revealed that heavy metal
pollution in Brachiaria decumbens increased the
thickness of the exodermis and endodermis layers
in the root, as well as the thickness of the xylem
and cortical parenchyma walls. Zn was also found
to decrease the photosynthesis rate via its effect
on the chloroplast structure (Azzarello et al.,
2012). Furthermore, Hg®>* and Cd*'caused
deformation in the stem vascular bundles and in
xylem and phloem, respectively (Gupta &
Chakrabarti, 2013). Al deflected plant growth and
development, inhibited root and shoot elongation,
and led to a decrease in biomass production
(Parizadah et al., 2019).
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