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Abstract Previous works show the development of
thicker leaves on tolerant plants growing under cadmium
(Cd**) contamination. The aim of this study was to eval-
uate the Cd** effects on the leaf meristems of the tolerant
species Schinus molle. Plants were grown in nutrient so-
lution containing 0, 10, and 50 uM of Cd**. Anatomical
analysis was performed on leaf primordia sampled at reg-
ular time intervals. Under the lowest Cd** level (10 puM),
increased ground meristem thickness, diameter of the
cells, cell elongation rate, and leaf dry mass were found.
However, 50 uM of Cd** reduced all these variables. In
addition, the ground meristem cells became larger when
exposed to any Cd** level. The epidermis, palisade paren-
chyma, and vascular tissues developed earlier in Cd**-
exposed leaves. The modifications found on the ground
meristem may be related to the development of thicker
leaves on S. molle plants exposed to low Cd** levels.
Furthermore, older leaves showed higher Cd** content
when compared to the younger ones, preventing the
Cd** toxicity to these leaves. Thus, low Cd** concen-
trations change the ground meristem structure and func-
tion reflecting on the development of thicker and en-
hanced leaves.
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Introduction

Plants face the heavy metal contamination caused by both natural
and anthropogenic sources. Likewise, the exposure to these pol-
lutants causes several physiological and biochemical limitations
for non-tolerant species (Singh et al. 2015). Cadmium (Cdisa
heavy metal which binds to sulthydryl groups in proteins causing
metabolism disruption and changes on the nutrient uptake, pro-
ducing reactive oxygen species (Delmail et al. 2011).

Tolerant plants develop several adaptations to reduce the
Cd toxicity (Singh et al. 2015). The Cd** perception and trans-
port can be related to signal transduction cascades promoted
by growth regulators (Asgher et al. 2015). Cadmium causes
anatomical modifications particularly to roots and leaves.
Leaves are the main site for photosynthesis, and its modifica-
tion such as increased thickness and stomatal density are key
traits for metal tolerance (Dickson and Isebrands 1991;
Tsukaya 2006; Shi and Cai 2009; Pérez Chaca et al. 2014;
Shi et al. 2014; Pereira et al. 2016). However, heavy metal
effects have been investigated only for mature leaves in de-
spite of the key role of meristems during leaf development.

Thus, the study of the meristematic activity during leaf
ontogeny can give insight into the origin of cellular traits
which are related to the structural changes found on ma-
ture leaves. Previously, it was shown that fully developed
leaves from Schinus molle exposed to Cd** showed en-
hanced photosynthesis, thicker mesophyll, and higher sto-
matal density (Pereira et al. 2016). Therefore, the aim of
this study was to evaluate the activity and structure of leaf
meristems as related to the anatomical changes on mature
leaves of S. molle exposed to Cd**.
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Material and methods
Plant growth conditions

S. molle (L.) plants were obtained from seeds collected from a
cultivated population located at the southern region of Minas
Gerais state, Brazil. These plants were grown in plastic bags of
0.35 L containing washed sand and nutrient solution in green-
house at 25 + 2 °C. The nutrient solution was composed of the
salt concentrations described by Hoagland and Arnon (1950)
using the following sources: NH,H,PO,4, Ca(NOs),, MgSOy-
7H20, KNO3, H2B03, MHSO4'H20, ZHSO4'7H20, CuSO4‘
5H,0, H,Mo004H,0, and FeSO,-7H,O. This solution was re-
placed at 15-day intervals and the water lost by evapotranspi-
ration refilled daily. These plants remained under these condi-
tions for five months.

Experimental design

Five-month-old plants were exposed to 0, 10, and 50 uM of
Cd** using the same Hoagland and Arnon solution described
for plant growth plus Cd(NO3), as the Cd** source according
to Pereira et al. (2016). The Cd** concentrations applied in our
work were based in the control (0 pM), the Cd** level that
caused leaf thickening (10 uM), and toxicity (50 uM) for
S. molle plants according to Pereira et al. (2016). The
Cd(NOs), was selected as the Cd source because NO;  causes
no secondary toxicity and the N levels were balanced by the
NH4H,PO, levels of the nutrient solution. Developing leaves
were sampled at regular time intervals, and each leaf primor-
dium received a label to ensure the correct determination of
age. The experimental design was completely randomized in a
factorial scheme, considering three concentrations of cd*
and four leaf ages for the analysis of the ground meristem
(2, 6, 8, and 10 days factorial 3 x 4) or six ages for the analysis
of leaf elongation (6, 8, 10, 14, 20, and 24 days factorial
3 x 6). The sampling of the leaf primordia for meristem anal-
ysis stopped at 10 days because older leaves were already
differentiated. These plants were maintained in these condi-
tions for 30 days. Five replicates were used per treatment both
for the analysis of meristematic tissues (n = 60) or the analysis
of leaf elongation (n = 90). Each replicate was constituted of
one different plant.

Leaf development analysis

Leaves were sampled and fixed in Karnovsky’s solution (4%
paraformaldehyde and 2.5% glutaraldehyde in sodium
cacodylate buffer 0.1 M pH 7.2) for 72 h. Further, the samples
were dried with increasing ethanol concentrations (70, 90, and
100%) at 2-h intervals and embedded in historesin according
to the manufacturer’s instructions (Leica Microsystems,
Wetzlar, Germany). Transversal and longitudinal sections
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were obtained using a semi-automated rotary microtome
Yidi YD-335 (Jinhua Yidi Medical Appliance CO., LTD,
Zhejiang, China). The sections were stained with toluidine
blue 1% (w v ') and mounted on slides with Entellan
(Merck, Darmstadt, Germany). The slides were photographed
using a microscope attached to an image capture system
(CX31, Olympus, Tokyo, Japan), and quantitative anatomical
analysis was performed using ImageJ software. The quantita-
tive analysis of meristem traits was performed only for the
ground meristem. The reason for this method was because this
meristem is the precursor of the parenchyma cells that fill most
of the mesophyll area and determine leaf thickness. In addi-
tion, the protodermis is one-layered and the procambium is
early changed to xylem and phloem making it hard to evaluate
cell division. S. molle shows compound leaves with 13 to 15
leaflets when mature. We evaluate the development of one
leaflet per leaf considering the Cd** effects to whole leaf.

Quantitative meristematic traits were evaluated according
to equations proposed by Ivanov and Dubrovsky (1997), and
the variables evaluated were the cell elongation rate, the num-
ber of meristematic cells undergoing mitosis, the cell produc-
tion, and division rates as well as the cell cycle time. In addi-
tion, we evaluated the thickness, the cell diameter, and the
number of cell layers in the ground meristem.

The leaf growth was evaluated by the following parame-
ters: leaf area, length, width, dry mass, and marginal growth.
Leaf area was measured scanning the leaves and measuring
the area in the ImagelJ software. The dry mass was measured
in a precision scale (AY 220, Shimadzu, Japan) from oven-
dried leaves for 72 h at 60 °C. The marginal growth was
measured by tracing the distance between the midrib and the
leaflet margin at each age. The leaf length and width were
measured with a digital pachymeter. The following parameters
were calculated: the specific leaf area (leaf area/dry mass) and
leaf elongation rate (leaf length at the end of experiment — the
length at the first day sampled).

Cadmium measurements

At the end of the experiment, the Cd** contents in young
(6 days old) and old (30 days old) leaves were measured.
Leaves were dried at 45 °C for 48 h. Dried mass (500 mg)
was triturated in small parts and then digested in 10 mL of
HNO; for 30 min at 150 °C in a block digestion system.
Further, 1.0 mL of HCIO, was added, and the temperature
was elevated to 210 °C for 20 min. The digested material
was diluted to 25 mL with distilled water, and the Cd** con-
tent was determined with an atomic absorption spectrometer.

Statistical analysis

Statistical analyses were performed using the SISVAR 5.0
software (Ferreira 2011). Prior to parametric analysis, data
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were tested for a normal distribution using the Shapiro—Wilk
test. Further, data were subjected to analysis of variance and
means compared by the Scott—Knott test at 5% probability.

Results

The Cd** promoted no toxic effects on the shoot apical mer-
istem of S. molle plants (Fig. 1). Plants from all treatments
showed the same overall structure with the shoot apical mer-
istem located at the center and three parallel leaf primordia
(Fig. 1). The leaf primordia showed one-layered protodermis
and procambium bundles surrounded by several layers of
ground meristem (Fig. 1). Increased number and size of the
leaf primordia were found for the Cd**-exposed plants as
compared to the control (Fig. 1).

The 2-day-old leaflets of control plants are comprised only
by the midrib with one-layered prododermis, procambium
bundles, and several ground meristem layers. The outmost
layer of the ground meristem showed partial differentiation
to the hypodermis, which is found in mature leaves
(Fig. 2a, d). The inner parts of the ground meristem are com-
posed of lighter cells with round shapes, and the outer layers
show smaller cells which are found undergoing cell division
(Fig. 2a, d). Secretory ducts are found amidst the ground mer-
istem and show large intercellular spaces surrounded by the
one-layered epithelium (Fig. 2a). The innermost part of the
midrib of the leaflet contains ground parenchyma showing larger
and lighter cells. This overall structure was found for all 2-day-
old leaflets; however, leaflets exposed to Cd** were larger and
showed xylem vessels, larger secretory ducts, and hypodermis

Fig. 1 Shoot apex of Schinus molle plants exposed to cadmium.
Increased leaf primordia size and number of leaflets are shown for the
cadmium-exposed plants (10 and 50 tM) as compared to control (0 uM).

(Fig. 2b, ¢). The 2-day-old leaflet morphology is heart-shaped in
transversal section; however, Cd>* strongly increased the mar-
ginal growth causing the expansion of the adaxial side borders
(Fig. 2b, e), which remarkably changed the shape of the leaflet,
promoting earlier mesophyll development.

The leaflets of control plants started the marginal growth at
the sixth day, and a few xylem vessel elements can be found at
the central part of the structure (Fig. 2g). However, leaflets
exposed to Cd** showed longer marginal growth and devel-
oped protoxylem and protophloem, which can be found asso-
ciated to the secretory ducts (Fig. 2h, 1). The 8-day-old leaves
of control plants showed longer marginal growth, and the first
xylem and phloem elements were found in the midrib and
mesophyll (Fig. 2j, m). Cadmium promoted enhanced leaflet
development at the eighth day where the mesophyll was found
to be well developed with several vascular bundles and epi-
dermis showing its first stomata; the palisade parenchyma at
both leaf sides started to show palisade cells (Fig. 2n, o).
Further, at the tenth day of development, leaves from all treat-
ments showed full-developed midrib and mesophyll regions,
but those exposed to Cd** were thicker (Fig. 2p—r). Leaflets
older than 10 days were already differentiated.

Cadmium changed the ground meristem activity and struc-
ture of S. molle leaves (Fig. 3). The leaf age and Cd** concen-
tration showed significant interaction, and combined effect
was found for the ground meristem anatomy and activity
(P < 0.01). Leaves exposed to 10 uM Cd** showed thicker
ground meristem as compared to control; however, at 50 uM
Cd**, reduced means were found (Fig. 3a). In addition, leaves
showed increased ground meristem thickness with aging
(Fig. 3a). The ground meristem cells had larger diameter when

Leaf primordia were labeled from the youngest to oldest as follows: p/
youngest leaf primordium, p2 intermediary leaf primordium, p3 oldest
leaf primordium, gm ground meristem. a 0 uM. b 10 pM. ¢ 50 uM
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<« Fig. 2 Leaflet development and tissue differentiation of Schinus molle
plants (showed on a daily basis for leaf age in rows) exposed to cadmium
(10 and 50 uM of Cd>*) and control treatments (0 uM of Cd**"). Leaflets
under cadmium treatments developed quicker, achieving the final number
of cell layers earlier than those of control treatment. Asterisks in e, f are
indicating xylem vessels and arrows are indicating stomata (o). pr
protodermis, sp hypodermis, gm ground meristem, sc secretory
duct, vb vascular bundle, pp palisade parenchyma, ep epidermis,
control = 0 uM

exposed to 10 pM Cd** as compared to both control and
50 pM Cd** treatments (Fig. 3b). Furthermore, the diameter
of the cells from the ground meristem increased over time
under all Cd** levels (Fig. 3b). Interestingly, the number of cell
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Fig. 3 Thickness (a), cell diameter (b), and number of cell layers (c) of
the ground meristem of Schinus molle leaf primordia (showed on a daily
basis for leaf age) exposed to cadmium (10 and 50 uM of Cd**) and
control treatments (0 uM of Cd**). The lowercase letters compare the
cadmium concentration at the same leaf age, and the uppercase letters
compare the leaf age amongst the same cadmium concentration. Means
followed by the same letter do not differ by the Scott—Knott test at 5%
significance level

layers of the ground meristem responded to Cd** application
only on younger leaves (Fig. 3c). Leaves older than 8 days
showed no differences for the number of cell layers.
However, leaves under Cd** effect developed quicker, achiev-
ing the final number of cell layers earlier (Fig. 3c).

The cell elongation rate of the ground meristem from
leaves exposed to 10 pM Cd** was always higher as com-
pared to control and 50-uM Cd>* treatments (Fig. 4a). In
addition, control plants showed higher cell elongation rate
on the older leaves (Fig. 4a). However, increased cell elonga-
tion rate was found on the leaves exposed to 10 uM Cd** at
early developmental stages (Fig. 4a). Furthermore, under
50 uM Cd*", the cell elongation rate was similar for all leaf
ages (Fig. 4a).

The number cell divisions (number of cells undergoing
mitosis) was higher at the intermediary leaf ages (6- and 8-
day-old leaves) for all treatments (Fig. 4b). However, leaves
showed the highest means for this trait at 6 days under Cd**
treatments although the control plants achieved this peak only
passed 8 days (Fig. 4b). The cell production rate was lower in
plants exposed to 50 uM of Cd** for all leaf ages (Fig. 4c).
Although 10-day-old leaves showed reduced cell production
rate for the plants of control and 50 uM treatments, 10 uM
Cd** showed no modification of this parameter for any leaf
age (Fig. 4c). The cell cycle time (time of accomplish the cell
cycle) was longer on 8-day-old leaves from the control plants;
however, on Cd**-treated plants, this trait showed higher
means for the 6-day-old leaves (Fig. 4d).

The exposure to Cd** also promoted significant morpho-
logical changes on the development of S. molle leaves (Fig. 5).
Leaves exposed to 10 uM Cd** developed quicker as com-
pared to control and 50-uM Cd** treatments (Fig. 5); the 6-
day-old leaves developed under 10 uM Cd** already showed
leaflets while other treatments had only leaflet primordia
(Fig. 5).

The leaf area increased until the eighth day of development,
and older leaf ages showed no significant differences (Fig. 6a).
The Cd** promoted no effect on the leaf area for any age
assessed (Fig. 6a). However, the leaf dry mass was higher
for leaves developed under 10 uM Cd** at all leaf ages
(Fig. 6b). In addition, the leaf dry mass was reduced in older
leaves developed under 50 uM Cd** (Fig. 6b). Likewise,
leaves from control plants showed increasing dry mass during
14 days, although this trait increased only by 8 days for Cd**-
exposed plants (Fig. 6b). Leaves developed under 50 uM
Cd** showed higher specific leaf area compared to other treat-
ments (Fig. 6¢). The lowest means for specific leaf area were
found for plants exposed to 10 uM Cd** (Fig. 6¢). The spe-
cific leaf area increased from 6 to § days of development with
no further changes (Fig. 6¢). The marginal growth increased
with time for all treatments achieving the highest mean at
20 days of development (Fig. 6d). However, 10 and 14-
day-old leaves showed higher marginal growth when exposed
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Fig. 4 Cell elongation rate (a), 5
number of cells undergoing
mitosis (b), cell production rate
(c), and time to accomplish the
cell cycle (d) of the ground
meristem in Schinus molle leaf
primordia exposed to cadmium.
The lowercase letters compare the
cadmium concentration at the
same leaf age, and the uppercase
letters compare the leaf age
amongst the same cadmium
concentration. Means followed by
the same letter do not differ by the
Scott—Knott test at 5% 10
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to 10 uM Cd** (Fig. 6d). In addition, the diameter of mature
cells of the mesophyll was higher on plants exposed to 10 uM
Cd** (Fig. 6¢) and the leaf elongation rate was reduced only
under 50 uM Cd** (Fig. 6f).

The Cd** content increased on both old and young leaves
of S. molle with increasing Cd** concentration (Fig. 7). The
control plants showed no difference in Cd** content for either
old and young leaves. However, Cd**-treated plants showed
higher allocation of the metal in old leaves as compared to
younger ones (Fig. 7).

Discussion

Previous works reported increased chlorenchyma thickness on
leaves exposed to heavy metals (Shi and Cai 2009; Souza et al.
2011; Pereira et al. 2014). Likewise, Pereira et al. (2016)
showed that low Cd** concentrations promote thicker chloren-
chyma development and enhance the photosynthesis in S. molle
leaves. However, in despite of the known effects for mature
leaves, the Cd?* effects in leaf meristems have been little
investigated.

The ground meristem is the precursor of several parenchy-
ma types, including the chlorenchyma (Evert 2006).
Therefore, a given modification on mature tissue is likely a
meristem-driven response. Likewise, the ground meristem of
S. molle leaves showed several modifications when exposed
to Cd**. These modifications may be related to the thicker
mature leaves grown under Cd** contamination.
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The Cd** effects on meristems are mostly reported as toxic,
causing several problems such as mitosis inhibition, abnormal
microtubule organization during division, and aberrant chromo-
somes (Shi et al. 2016). These toxic effects of Cd>* are remark-
able for roots, as the reduction of the meristem size and number
of cells have been reported (Yuan and Huang 2016). Therefore,
the effects of Cd** on meristems are mainly reported for the root
apex. The mitotic index as well as the number of cells in the root
apical meristem decreases depending on the concentration of
Cd** (Liu et al. 2003; Fusconi et al. 2006). All these Cd*" effects
may explain the lower results found for meristem traits at 50 pM
cd*. However, the limited meristem activity found to S. molle
leaf meristems at 50 pM Cd>* cannot be considered toxic once
the mean values are statistically similar to those of control
plants. Therefore, this corroborates the Cd** tolerance of
S. molle plants as reported by Pereira et al. (2016).

Interestingly, S. molle plants exposed to 10 uM Cd**
showed improved leaf ground meristem parameters.
However, the anatomical modifications and positive effects
on plant growth promoted by low Cd** concentrations have
been little discussed in literature (Arduini et al. 2004; Pereira
et al. 2016). According to Kennedy and Gonsalves (1987),
low Cd** levels can hyperpolarize the cell membranes, in-
creasing the trans-membrane potential and cation uptake. In
addition, low metal concentrations can stimulate enzymatic
activity (Sawidis 2008). According to Asgher et al. (2015),
the perception and transport of Cd** may activate signal trans-
duction cascades in plants. It has been reported that Cd**
stress signaling is tightly bound to the levels of both
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Fig. 5 Morphological changes
during the development of
Schinus molle leaves (from the
sixth to the 24th day) exposed to
cadmium (10 and 50 pM of Cd**)
and control treatments (0 uM of
Cd*). a0 uM. b 10 pM. ¢ 50 uM
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endogenous and exogenous plant growth regulators. Plant
growth regulators play significant roles during plant develop-
ment, which may be related to structural changes in important
organs such as leaves.

The largest cell elongation rate in S. molle leaves exposed to
10 uM Cd** may be related to cell membrane modifications.
Cell walls are very plastic, and modifications of its composi-
tion and structure are related to cell growth and differentiation
(Parrotta et al. 2015). High Cd** concentration reduces the cell
wall plastic extensibility causing morphological and structural
alterations in pollen grains (Sawidis 2008). However, previous
works have shown that low heavy metal levels may stimulate
pollen tube growth (Searcy and Mulcahy 1985; Sawidis and
Reiss 1995). Increased cell wall extensibility may be related to
the higher cell elongation, diameter, and ground meristem
thickness found on plants grown at 10 uM Cd**. Likewise,
the larger ground meristem cells may be related to thicker
mature leaves under Cd** pollution. This effect was reported
for fully developed leaves of different plant species (Shi and
Cai 2009; Souza et al. 2011; Pereira et al. 2016). Therefore,

£3

10 days 14 days 20 days 24 days
10 days 14 days 20 days 24 days
10 days 14 days 20 days 24 days

the thicker mature leaves found on tolerant plants under Cd**
contamination are related to the enlargement of ground meri-
stem cells.

Positive effects found on tolerant plants under Cd** contam-
ination also include the increased growth (Jia et al. 2015), en-
hanced plastid differentiation on the shoot apical meristem
(Stoyanova and Tchakalova 1999), upregulation of the
AtMRP6 gene transporter (Gaillard et al. 2008), and increased
photosynthesis (Jia et al. 2015; Pereira et al. 2016). All these
positive modifications and particularly those related to growth
and photosynthesis depend on the leaf chlorenchyma developed
after the ground meristem. Therefore, the Cd** effects are found
early in leaf primordia in tolerant plants such as S. molle.

The typical effect of Cd** in meristems of non-tolerant
plants is the inhibition of mitosis (Fusconi et al. 2006;
Siddiqui et al. 2009; Yuan and Huang 2016). The toxicity of
Cd** to meristems may be related to abnormal mitosis caused
by the disorganization of microtubule, cytoskeleton, and tu-
bulin structures (Shi et al. 2016); the repression of auxin pro-
duction and signaling (Yuan and Huang 2016); the formation
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Fig. 6 Morphological traits of 40
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Schinus molle leaves from the (a)
sixth to the 24th day exposed to 30
three cadmium concentrations
(a—d). Diameter of mature cells in
ground tissues (e) and leaf
elongation rate evaluated in the
ground tissues (f).
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Fig.7 Cadmium content of Schinus molle leaves at different ages (young
leaves are considered as 6-day-old ones and old leaves 30-day-old ones).
Control = 0 uM. The lowercase letters compare the cadmium content at
different nutrient solutions, and the uppercase letters compare the leaf age
amongst the same cadmium concentration. Means followed by the same
letter do not differ by the Scott—Knott test at 5% significance level
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et al. 2002). However, on tolerant species, positive Cd* ef-
fects on meristems can be found (Stoyanova and Tchakalova
1999). The cell division parameters evaluated in this work
were positively affected by 10 uM Cd** in S. molle leaves.
These traits are related to the higher ground meristem activity
and associated with the production of larger cells, which may
explain the thicker mature leaves under Cd** pollution.

The toxicity of Cd** includes the reduced area, biomass,
and elongation on leaves of non-tolerant species (Lunacova
et al. 2003; Anjum et al. 2016; Jinadasa et al. 2016). All these
responses are very common for non-tolerant species under
Cd** contamination and may be related to the lower meristem
activity found in this work. However, this effect was found
only for S. molle plants exposed to 50 uM Cd**.

The Cd** accumulation in tolerant plants occurs mainly in
older leaves. This mechanism of Cd** allocation prevents the
toxicity for younger leaves which are physiologically active
(Delmail et al. 2011; De Maria et al. 2013; Xin et al. 2013). In
this work, we found that younger leaves responded differently
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to Cd** compared to older leaves. Thus, this suggests that the
Cd** tolerance depends on differential metal allocation in
young and old leaves.

In conclusion, the Cd*" at low concentrations causes cell
enlargement and improves mitosis in the ground meristem of
S. molle leaves. Higher cell enlargement under Cd** contam-
ination results in thicker ground meristem related to thicker
and more functional mature leaves in S. molle. The develop-
ment of thicker leaves in Cd-tolerant species depends on the
primary effects on the ground meristem. Older leaves uptake
more Cd** to protect the younger ones.
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