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Abstract

The ultrastructure of apical meristem cells was studied in Triticum aestivum
L. cv. “Trizo” seedlings grown on soil without or enriched with selenium and
survived 14 days’ stress caused by lead pollution in the soil. The soil treat-
ments: control—the original soil; (Pb1)—50 mgkg™'; (Pb2)—100 mg-kg™;
(Pbl + Sel) —0.4 mgkg™ Se added to Pbl treated soil; (Pbl + Se2)—0.8
mg-kg™' Se added to Pbl treated soil; (Pb2 + Sel)—0.4 mgkg™' Se added to
Pb2 treated soil; (Pb2 + Se2)—0.8 mg-kg™' Se added to Pb2 treated soil were
used. Light and other conditions were optimal for plant growth. A distinctive
feature of the cells of the apical meristem of control plants was the absence of
nuclear membranes. Proplastids were membrane vesicles 1 - 2 microns in
diameter, filled with contents of varying degrees of density, from membrane
vesicles containing only plastid DNA up to a fully formed structure of prop-
lastids. In (Pb1)-plants, the amount of cytoplasmic ribosomes and proplastids
in the meristematic cells was less than in the control. The structure of the
forming proplastids was almost the same as that of the control plants. Signs of
degradation of meristematic proplastids, such as a decrease of their diameter,
observed in (Pb2)-plants. The introduction of selenium into lead contami-
nated soil increased the accumulation of Pb in plants, especially in the roots
and apical meristem. In (Pbl + Sel)-, (Pbl + Se2)-, (Pb2 + Sel)-, and (Pb2 +
Se2)-plants, the number of cytoplasmic ribosomes in meristematic cells in-
creased, which indirectly indicates an increase in protein synthesis. Based on
our concept about the formation (assembly) of proplastids in the cells of the
apical meristem, we believe that toxic agents, such as lead, which inhibit the
development of proplastids into chloroplasts in mesophyll cells, act on apical
meristem cells at the stage when plastid DNA is replicated in the cytoplasm
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and is not yet surrounded by a plastid membrane.
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1. Introduction

Soil lead contamination caused, depending on the pollutant concentration, inhi-
bition of plant growth, a decrease in the concentration of chlorophyll and pho-
tosynthesis, the excessive accumulation of H,O, and thiobarbituric acid-reactive
substances, and a change in the activity of antioxidant enzymes [1] [2].

The introduction of selenium into the soil had a multidirectional effect at dif-
ferent concentrations of the agent [1] [2]. Enrichment of soil with less dose of Se
(0.4 mgkg™") without Pb resulted in: stimulating growth processes; increasing
ascorbate peroxidase activity in leaves and the activities of ascorbate peroxidase,
guaiacol peroxidase, and glutathione reductase in plant roots; and reducing the
amount of thiobarbituric acid-reactive substances. The introduction of the same
dose of selenium into soil contaminated with Pb reduced the negative impact of
lead on plants. The protective role of Se is considered to be related to decrease of
heavy metal uptake and toxicity [3] [4].

Introduction of a larger (0.8 mgkg™) dose of selenium into lead-free soil
caused the suppression of growth processes and an increase in the thiobarbituric
acid-reactive substances content during the activation of antioxidant enzymes in
the roots and leaves [1]. The introduction of this dose of selenium into soil con-
taminated with Pb enhanced its negative effect, especially in the variant with a
high concentration of lead [2].

As was also shown in the previous article [2], in wheat seedlings growing for 2
weeks in the light in pots with lead contaminated soil, the tissue of leaf blades
became almost white. In the mesophyll cells of the whitened leaves, chloroplasts
were absent, but there were etioplasts, which in this case were actually proplas-
tids that did not develop into chloroplasts. In other words, despite the growth of
the leaf plate, the formation of chloroplasts from proplastids was disrupted. All
other cellular structures of leaf mesophyll cells did not differ from those in con-
trol plants that were not affected by the action of the stressor. The selectivity of
the suppression of the chlorophyll synthesis process and, accordingly, the im-
possibility of the development of proplastids to chloroplasts indicated a point
(target) effect of lead on this process. We assumed that the targets of the action
of lead on the development of proplastids to chloroplasts are meristematic cells.

It is known that in the cells of the intercalary meristem, proplastids are well
developed and are 1 - 2 pm bodies, covered with a double membrane and con-
taining a dense matrix. The cells of the growth cone meristem (apical meristem),

in contrast to the intercalary meristem, are characterized by heterogeneity of the
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proplastid structure [5]. The structure of the proplastids of the apical meristem
varies from transparent membrane vesicles containing plastid DNA to fully
formed proplastids with a dense matrix (see [5]; and Figures 1-4). Such variabil-
ity in the structure of proplastids suggests that in the apical meristem there is a
process of formation (assembly) of the proplastid bodies [5], and not their sim-
ple division, as is commonly believed [6].

To clarify the effects of lead on the formation and development of proplastids
in the apical meristem and the possibility of reducing the negative effects of lead
at low concentrations of selenium, the aim of this work was to study the ultra-
structural organization of the cells of the apical meristem of wheat seedlings sur-
vived 14 days’ stress caused by lead pollution in soil (50 and 100 mg-kg™) with-
out or with soil enrichment with selenium (0.4 and 0.8 mgkg™). A 14-day
growth period was selected based on previous studies [2] that showed that the
leaves of the Pb-treated plants were green during the first week of growth; after

another week, etiolation occurred in the middle and bottom parts of these leaves.

2. Materials and Methods

Studies were carried out in 2017-2019 on the basis of three organizations: Insti-
tute of Basic Biological Problems, Russian Academy of Sciences (growing
plants), Institute of Theoretical and Experimental Biophysics, Russian Academy
of Sciences (electron microscopy), and P.G. Demidov Yaroslavl State University,

the Department of Morphology (lead content measurements).

2.1. Plant Growth Conditions

The seeds of Triticum aestivum L. cv. “Trizo” (species Lutescens) after steriliza-
tion by 3% H,O, for 10 minutes were soaked in distilled water for 24 hours and
germinated on moist filter paper in the dark for 2 days. Equally well-germinated
seeds were sown in plastic pots (18 seeds per pot). The pots were filled with
slightly acidic soil with low available nitrogen; medium contents of phosphorus
and selenium, and the higher content of potassium (see [1]). The lead content in
the soil did not exceed 6.27 mg-kg™". Plants were grown in under 300 pE-ms™'
illumination at 16/8 h day/night photoperiod and 22/20°C day/night air temper-

ature and investigated after 14-days growth.

2.2. Soil Treatments

Seven variants of the soil treatments in 3 replicates were prepared for plant cul-
tivation: control—the original soil; (Pb1)—50 mg-kg™'; (Pb2)—100 mg-kg™; (Pb1
+ Sel)—0.4 mg-kg™ Se added to Pbl treated soil; (Pbl + Se2)—0.8 mgkg™ Se
added to Pbl treated soil; (Pb2 + Sel)—0.4 mg-kg™' Se added to Pb2 treated soil;
(Pb2 + Se2)—0.8 mg-kg™' Se added to Pb2 treated soil. For this, 80 mg (Pbl) or
160 mg (Pb2) of Pb(NO,), were added per kg of dry soil as sours of lead. Sele-
nium was applied in the form of Na,SeO, at the concentration of 0.96 mg-kg™

(Sel) or 1.92 mg-kg™" (Se2), respectively. Weighted lead and selenium salts, cal-
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culated per 15 kg of air-dried soil, were dissolved in 1 liter of distilled water. Soil
(15 kg for each variant) was placed on the plastic film, aligned and sprayed by
hand sprayer with a thin layer of salt solution or water (control). After thorough
mixing, the soil was brought up to full field water capacity and used to fill in

1-liter pots.

2.3. Lead Content Measurements

The decomposition of samples of dry plant material (leaves, roots, apical meris-
tem) was carried out by wet ashing with a mixture of nitric acid and potassium
nitrate on an electric stove, and then in a muffle furnace with an increase in
temperature from 250°C to 450°C. The microelement analysis of the samples
was carried out by the method of inverse voltammetry on an AKB-07 MK in-

strument (Akvilon).

2.4. Electron Microscopy Analyses of Meristematic Cells

Pieces of shoots adjacent to the caryopsis 2 to 3 mm in height were fixed in a 2%
glutaraldehyde solution on phosphate buffer (pH 7.4) for 2 h followed by the
postfixation in a 1% OsO4 (Reakhim, Russia) solution. After dehydration in al-
cohols of increasing concentrations 50% - 100% and 100% acetone, samples were
embedded in Epon-812 (Fluka, Germany). Ultrathin sections were contrasted
with a saturated aqueous uranyl acetate (Sewa, Czech Republic) solution and
0.25% lead citrate (British Drug Houses, England) by the conventional methods
and examined in a JEM-100B electron microscope (Jeol, Japan) under an accele-
rating voltage of 80 kV. Quantitative measurements of organelles and inclusions
were performed on ultrathin sections of meristem cells in the equatorial and
sub-equatorial regions; the obtained data are estimates and not intended for sta-

tistical accuracy.

3. Results

3.1. Lead Content in Leaves, Roots and Apical Meristem

The lead concentration in the leaves of plants was relatively low in all treatments
(Table 1). The concentration of lead in the roots and apical meristem was much
higher than in the leaves. The introduction of selenium into soil contaminated
with lead led to an increase in the absorption of Pb by plants, compared with the
variants without selenium, especially to the roots and apical meristem. Characte-
ristically, a lower dose of selenium (Sel) led to greater stimulation of lead uptake

by plants, compared with a higher dose of selenium (Se2).

3.2. Ultrastructure of Meristematic Cells

Figure 1 and Figure 2 show the apical meristem of the control plants. A distinc-
tive feature of this meristem is the absence of nuclear membranes (Figure 1).
Proplastids are membrane vesicles 1 - 2 microns in diameter, filled with contents

of varying degrees of density, up to a fully formed structure of proplastids. Such
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structural heterogeneity from membrane vesicles containing only plastid DNA
(Figure 2(a)) to fully formed proplastids (Figure 2(b)) is interpreted by us as
stages of formation (assembly) of the proplastid bodies [5].

Table 1. Pb concentration in the leaves, roots and apical meristem of 7riticum aestivum
L. cv. Trizo seedlings grown on soil without or enriched with selenium 0.4 mgkg™ (Sel)
and 0.8 mg-kg™ (Se2), and survived 14 days’ stress caused by lead 50 mgkg™ (Pbl) and
100 mg-kg™" (Pb2).

Leaves Roots Apical meristem

Soil treatment
Pb concentration, ug-g™' dry weight

Control 186+ 1.9 102 + 11 147 + 8
Pbl 21.6 +£2.0 158 + 13 1646
Pbl + Sel 56.5 6.1 971 £ 95 761 + 83
Pbl + Se2 39.6 4.2 869 + 90 239 +£25
Pb2 24.6 £2.6 455 + 50 227 £ 25
Pb2 + Sel 56.0 £ 15 632+ 71 514 + 66
Pb2 + Se2 16.0+ 1.8 389 £ 42 411 £51

Values are expressed as means + S.D.

Figure 1. Cross sections of the apical meristem cells of Triticum aestivum L. cv. Trizo
seedlings grown under control conditions. Proplastids tightly fill the cell space and have
varying degrees of internal structuring. N, nucleus, scale bar= 1 um.
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Figure 2. Proplastids of the apical meristem cells of 7riticum aestivum L. cv. Trizo seedl-
ings of the control plant at high magnification. (a) Juvenile proplastid, proplastid matrix
is not yet formed. (b) Formed proplastid with a dense matrix and plastid ribosomes. Ar-
rows indicate plastid DNA. Scale bar= 0.2 yum.

Figure 2(a) shows one of the stages of the formation of the proplastid body at
high magnification. The body of the proplastid is filled mainly with 20
angstroms of plastid DNA. Separate parts of plastid DNA are in close contact
with each other, forming aggregates of 2 - 10 strands (arrows in the photomi-
crograph). The proplastid membrane envelope is only partially formed on one
side, and on the opposite side, direct contact between the cytoplasmic ribosomes
and the plastid DNA strands can be seen. Such proplastids we will call juvenile.

Figure 2(b) shows a fully formed proplastid having a dense matrix containing
plastid ribosomes in which plastid DNA (arrows in the photomicrograph) is
immersed.

Figure 3 shows plots of the apical meristem of the experimental (Pb1)-plants
and (Pbl + Sel)-plants. In (Pbl)-plants grown with lead content in the soil of 50
mg-kg™', the amount of cytoplasmic ribosomes and proplastids in the meriste-
matic cells is less than in the control (Table 2). However, the structure of the
forming proplastids (Figure 3(a)) is almost the same as that of the control
plants. Only a lower matrix density can be noted in fully formed proplastids of
(Pbl)-plants as compared to the control.

With the additional introduction of 0.4 mg-kg™" selenium into the soil, (Pbl +

Sel)-treatment, the simultaneous presence in the same cell of both juvenile
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proplastids containing only plastid DNA and fully formed proplastids with
membrane thylakoids is observed, and the cytoplasmic ribosomes are more nu-
merous than in meristem cells of control plants (Figure 3(b), Table 2). The ul-
trastructure of meristematic cells of (Pbl + Se2)-plants was the same as that of
(Pb1 + Sel)-plants (data not shown).

Figure 3. Cross sections of the apical meristem cells of Triticum aestivum L. cv. Trizo
seedlings grown in soil: (a) with 50 mgkg™ Pb (Pbl), (b) with 50 mgkg™ Pb and 0.4
mgkg™ Se (Pbl + Sel). Arrowindicates forming thylakoids. N, nucleus, scale bar= 0.2 pm.

Table 2. Biometric parameters of the meristematic cells of the apical meristem of 7riti-
cum aestivum L. cv. Trizo seedlings grown on soil without or enriched with selenium 0.4
mgkg™ (Sel) and 0.8 mgkg™ (Se2), and survived 14 days’ stress caused by lead 50
mg-kg™' (Pbl) and 100 mg-kg™ (Pb2).

The density of ribosomes in the

. ) Diameter of The number of
Soil treatment  cytoplasm, number per pm? of cell

lastid, lastid. 11 sli
cross section proplastid, um  proplastids per cell slice

Control 1008 =70 1.2+0.10 35+2.50
Pbl 864 + 64 0.9 +£0.08 17 £1.50
Pbl + Sel 1080 =75 0.8 +£0.06 16 £1.10
Pbl + Se2 972 + 68 0.9 +£0.08 14 £1.10
Pb2 720 £ 56 0.5+0.03 10 £0.80
Pb2 + Sel 1080 =73 0.5 +0.04 20 +1.50
Pb2 + Se2 1044 £ 71 0.8 £0.07 17 £1.20

Values are expressed as means + S.D.; the data are estimates and are not intended for statistical accuracy.

DOI: 10.4236/cellbio.2019.83003

47 CellBio


https://doi.org/10.4236/cellbio.2019.83003

G. A. Semenova et al.

In (Pb2)-plants grown with lead content in the soil of 100 mgkg™, signs of
degradation are observed in the cells of the apical meristem (Figure 4). Namely,
the density of ribosomes in the cytoplasm decreases to their complete absence in
some cells (Figure 4(a), Table 2). Unlike the nuclei of the meristematic cells of
control plants that are not covered by the nuclear envelope, the nuclei of the me-
ristematic cells in (Pb2)-plants have a clearly visible envelope (Figure 4(a)). The
number of proplastids visible in the cross section is reduced (Table 2), juvenile
proplastids are absent, and the formed proplastids have a much smaller diameter
(0.5 um) than in the control (Table 2), and their matrix is compacted (Figure
4(b)).

With the additional introduction of 0.8 mg-kg™" selenium into the soil, (Pb2 +
Se2)-treatment, the number of proplastids in the meristematic cells also de-
creases and signs of their degradation are detected. It should be noted that the
number of cytoplasmic ribosomes, on the contrary, is increased and exceeds
control plants (Figures 5(a)-(c), Table 2). The ultrastructure of meristematic
cells of (Pb2 + Sel)-plants was the same as that of (Pb2 + Se2)-plants, but signs

of degradation of proplastids were less pronounced (data not shown).

4. Discussion

In previous works of this series of experiments [1] [2], mesophyll chloroplasts of

Figure 4. Cross sections of the apical meristem cells of Triticum aestivum L. cv. Trizo
seedlings grown in soil with 100 mg-kg™ Pb (Pb2). (a) The cytoplasm is not dense and
contains only formed proplastids in a small number. (b) Formed proplastid at high mag-
nification. N, nucleus, scale bar= 1 um (a), scale bar= 0.2 pm (b).
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Figure 5. Cross sections of the apical meristem cells of Triticum aestivum L. cv. Trizo
seedlings grown in soil with 100 mg-kg™ Pb and 0.8 mg-kg™' Se (Pb2 + Se2). (a) The cy-
toplasm contains many ribosomes and formed proplastids. (b) Formed proplastids with
signs of degradation. (c) Proplastids at the final stage of degradation. N, nucleus, scale bar
=1 pm (a), scale bar= 0.2 um ((b), (c)).

stressed plants showed signs of degradation. In most mesophyll cells chloroplasts
were completely absent, the plastids were represented proplastids which did not
develop into chloroplasts. Therefore, we assumed that Pb is likely to target me-
ristem. Antagonistic effect of low concentration of Se and Pb in combination al-
lowed to propose that Se generates some barriers for metal transfer from the
wheat roots to the shoots as it was shown in mustard [3] and rice [4].

Surprisingly, it is the lover dose of selenium in the soil (0.4 mg-kg™"), useful for
wheat plants [2], that stimulates the intake of lead into plants, especially to the
roots and apical meristem. We believe that selenium prevents the penetration of
lead from the apoplast into the symplast.

On the other hand, the lower lead content in the leaves, roots and apical me-
ristem of (Pb2 + Se2)-plants compared with the (Pb2 + Sel)-plants may be asso-
ciated with the deep phase of development of extreme stress, suppression of the

general level of metabolism. When inhibiting growth processes, the concentra-
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tion of plastid pigments, the intensity of photosynthesis, and also reducing not
only the activity of antioxidant enzymes, but also the intensity of peroxide
processes in (Pb2 + Se2)-plants [1], the ability of plants to absorb nutrients from
the soil, including the lead can be reduced.

Here we can note also that selenium when applied against a background of
lead, compared with lead without selenium, probably caused stimulation of pro-
tein synthesis, as evidenced by a sharp increase in the number of ribosomes in
the cytoplasm. However, protective inhibition of degradation, for example plas-
tid DNA, was not detected.

Direct division of proplastids in the apical meristem of wheat was not ob-
served. The increase in the number of proplastids required for cell division of
the meristem seems to be carried out by a different mechanism (pathway) [5].
As shown in this work, in the cells of the apical meristem, the formation of juve-
nile proplastids is preceded by the stage of appearance of plastid DNA in the cy-
toplasm. Perhaps it is at this point that plastid DNA replicates. At this stage and
somewhat later, when the proplastid membrane is not yet fully formed (see Fig-
ure 2(a)), toxic effects of various agents may occur. The decrease in the number
of proplastids in the meristem of experimental plants subjected to stress is possi-
bly due to the inhibition of plastid DNA replication when it is not yet protected

by a plastid membrane.

5. Conclusions

Soil lead pollution of 50 mg-kg™' reduces the amount of proprastids in the cells of
the apical meristem, but does not change their structure. Signs of degradation of
proplastids occur at a higher lead dose of 100 mg-kg™". The introduction of sele-
nium simultaneously with lead increases the number of cytoplasmic ribosomes
in meristematic cells, which indirectly indicates an increase in protein synthesis.

Based on the concept [5] about the formation (assembly) of proplastids in the
cells of the apical meristem, we believe that toxic agents, such as lead, which in-
hibit the development of proplastids into chloroplasts in mesophyll cells, act on
apical meristem cells at the stage when plastid DNA is replicated in the cytop-
lasm and is not yet surrounded by a plastid membrane.
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