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HIGHLIGHTS

¢ In cherry tomato leaves the deficiency of Ca and Mg affects the elements of vessels.
e Ca-deficient plants produced leaves with changes in the of chlorophyll tissues.
¢ Inthe cherry tomato Mg deficiency caused an hyperplasia of phloem and xylem.

¢ Hyperplasia of phloem may be understood as an adaptive strategy of the plant.

Abstract: Studies evaluating the influence of nutrients on plant anatomy are very important because
nutritional deficiencies can alter the thickness and shape of certain tissues, compromising their functionality
what can explain the reduction of productivity. The aim of this study was to characterize the anatomical
changes in cherry tomato plants subjected to calcium (Ca) and magnesium (Mg) deficiencies. The experiment
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was conducted in nutrient solution and the plants subjected to three treatments: complete solution (Control),
Ca restriction (1 mmol L of Ca) and Mg omission (without Mg). The experimental design was completely
randomized, with three repetitions. Sixty days after seedling transplanting leaves and stem were collected
and submitted to anatomical evaluations. Ca or Mg deficiency promotes most evident anatomical changes in
chlorophyllous and vascular tissues of the leaves, rather than in the stems. Leaves of ‘Sindy’ tomato plants
with a concentration of 1.7 g kg of Mg and visual symptoms of Mg deficiency present hyperplasia of both
tissues, phloem and xylem. Mg deficiency also promotes increases in the thickness of mesophyll, spongy
parenchyma and palisade parenchyma, and consequently of leaf thickness. The midrib of the leaves with a
concentration of 10 g kg? of Ca, without visual symptoms of deficiency presented phloem hypertrophy and
hyperplasia.

Keywords: Solanum lycopersicum Mill.; xylem; phloem; mineral nutrition; nutrient solution.

INTRODUCTION

It is known that macronutrients and micronutrients can directly or indirectly influence the anatomical
structure of plants. An insufficient or excess supply of these minerals may cause alterations in plant anatomy.
Anatomical studies that aim to evaluate the influence of nutrients on plant anatomy are of fundamental
importance because, aside from causing damage primarily to metabolic pathways [1], alterations in mineral
nutrition can compromise the structure and function of tissues and hence the development of the plant [2].

Proper mineral nutrition is important because lack or excess quantity of nutrients affects firstly plant
metabolism, triggering adjustment mechanisms. If the lack or excess persist these adjustment mechanisms
fail to maintain the plant homeostasis reflecting in low growth, anatomical disarrangement and visual
symptoms [3].

Magnesium (Mg), one of the essential nutrients, is involved in numerous physiological processes during
plant growth and development [4, 5]. We can highlight its function as central atom of chlorophyll and as metal
component that activates more than 300 enzymes [2]. Calcium (Ca), by the other hand, is responsible for
growth, cell wall thickness and remaodeling, as well as for plant tissue development [6, 7].

The effect of Ca and Mg on the anatomy of the leaves is justified by their functions and compartmentation
in plant cells. High Ca concentrations are found in the middle lamella of the cell wall, at the exterior surface
of the plasma membrane, in the endoplasmic reticulum, and in the vacuole. Thus, Ca is involved in the cell
wall stabilization, cell extension and secretory processes, membrane stabilization, cation—anion balance and
osmoregulation, and acts as second messenger [2, 8]. The Mg ion, besides the presence in the chlorophyll
molecule is firmly bound to pectin in cell walls, precipitate as sparingly soluble salts in the vacuole, and act
as bridging element for the aggregation of ribosome subunits [2].

Although the mechanisms by which plants respond to nutritional stress are similar, small differences are
observed among species and/or cultivars. Thus, knowing these differences is very import in plant production
because production costs are greater when plants are experiencing nutritional stress [9]. Many studies have
explored different aspects of tomato mineral nutrition, including nutrient accumulation, growth and production
responses, effects of nutrients on quality, deficiency symptoms and foliar diagnostic standards [10-13]. There
are also studies related to the physiological responses to Mg deficiency showing decline in transpiration,
accumulation of sugars and starch, increased oxidative stress, metabolite alterations, interactions between
Mg and decline in photosynthetic activity [14-16]. However, in general there are few studies addressing the
anatomical changes associated with nutrient visual or foliar diagnosis, and none was found in cherry tomato
plant. Thus, the aim of this study was to characterize the anatomical changes in cherry tomato plants
subjected to Ca and Mg deficiencies.

MATERIAL AND METHODS

The experiment was conducted in a greenhouse of the Laboratory of Mineral Nutrition of Plants,
Department of Agronomy, Federal University of Vigcosa, Brazil. The cherry tomato seedlings (Solanum
lycopersicum Mill. Hybrid ‘Sindy’) were obtained by germinating seeds in trays containing commercial
substrate. After the plants had developed two definitive leaves, they were selected based on uniformity and
transferred to plastic pots (8 L capacity). Two plants were placed in a vessel containing a specific nutrient
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solution, and each vessel represented an experimental plot. The treatment solutions were complete (Control),
Ca restriction and Mg omission.

The complete nutrient solution had the following composition: N = 8 mmol L; P =2 mmol L*%; K =4 mmol
L1, Ca=2mmol L} Mg =1 mmol L% S =1 mmol L%, Na=2mmol L%, B =21 umol L% Cu=0.9 umol L?;
Fe = 35 ymol L*; Mn = 15 ymol L; Mo = 0.7 ymol L%; Zn = 0.4 ymol L. The treatment minus Mg have
received “zero” mmol L of Mg and the minus Ca received a low dose of this nutrient (1 mmol L of Ca). We
have decided supplying such a dose to avoid high concentration of Na, as companion ion of the anionic
macronutrients, in case “zero” Ca would be supplied. These omission treatments have received the same
concentrations of the other macro and micronutrients. The electrical conductivities (EC) of the nutrient
solutions were of 1.22; 1.23 and 1.27 dS m™ for the treatments complete, minus Ca and minus Mg
respectively. The nutrient solutions were maintained under constant aeration. The volume of water lost by
evapotranspiration was supplemented with deionized water and the pH was monitored and adjusted to 5.5 +
0.5 with 1 mol L' HCI or 1 mol L' NaOH on a daily basis. The nutrient solutions were completely renewed
whenever electrical conductivity was reduced by 30%.

The experimental design was completely randomized, with three treatments: complete solution, Ca
restriction and Mg omission, and three repetitions were performed. Sixty days after the start of the experiment
we picked out some leaves to the anatomical evaluations. It was used the median third of the leaves in each
evaluation. Considering the nutrient mobility in the phloem it was taken leaves at different positions: For Mg,
we sampled the third fully expanded leaf from the apex; for Ca, we sampled older leaves from the middle
third of the plants that were not showing visible senescence. Sections of the stem (approximately 5 cm long)
at the internode just below the third fully expanded leaf from the apex were also sampled from each plant.
The samples were fixed in a solution of FAAs (formaldehyde, acetic acid and 50% ethyl alcohol) for 72 hours
and stored in 70% ethanol [17].

To make the slides, samples of approximately 0.25 cm? were dehydrated in an ascending ethanol series
and embedded in methacrylate (Historesin-Leica) according to the manufacturer's recommendations. The
material was transversely sectioned (5 pym thickness) in a rotary microtome, and the sections were stained
with toluidine blue for structural characterization and micromorphometric analysis. The slides were mounted
in synthetic resin (Permount). For each experimental repetition, digital images of stem and leaf cross sections
were obtained using a photomicroscope (Olympus AX70) with a U-Photo system.

In each leaf sample, it was measured the total thickness of the lamina and the thickness of the following
components: adaxial epidermis, abaxial epidermis, palisade parenchyma, spongy parenchyma, and
mesophyll (palisade plus spongy parenchyma). These data were transformed into percentage of the total
thickness of the lamina. Length and width of palisade parenchyma cells were also measured. In the midrib,
the number of sieve tube elements and the number, diameter and total area of vessel elements of the main
vascular bundle were also measured.

In the stems, it was measured the total thickness of the sampled region and the thickness of epidermis,
chlorenchyma, collenchyma, ground parenchyma (cortical and medullar parenchyma), phloem, xylem,
sclereids and sclereids cell wall, and the number of cambium zone cells. Except the last two, all other
measurements were transformed into percentage in relation to the total thickness.

The measurements were taken with Image Pro-Plus software (Media Cybernetics, Silver Spring, MD,
USA). For all measurements at least ten replicates (measures) for each repetition were used. The data were
subjected to analysis of variance. The mean values obtained to the plants Ca and Mg deprived were
compared with the obtained in control plants (Complete treatment) by means of Dunnett’s test at 5%
probability.

RESULTS

A Ca dose as low as 1 mmol L in the nutrient solution did not promote the development of visual
symptoms of deficiency (Figure 1B) even with a reduction of 53% in Ca leaf concentration, that fell from 21.3
to 10 g kg™. As a result of Ca starvation the dry matter accumulation suffered a reduction of 19%. The plants
submitted to the treatment minus Mg presented interveinal chlorosis of older and intermediate leaves that
evolved from the edges toward the midrib (Figure 1 C). In such conditions the dry matter accumulation by the
plants was depressed by 55% and the leaf Mg concentration fell from 5.4 to 1.7 g kg [18]. These results are
in accordance to the fact that when visual symptoms are evident the plant growth is severely depressed.
These results also stud out that probably, the tomato cultivar Sindy has low Ca requirement.
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Figure 1. Visual aspect of ‘Sindy’ tomato plants subjected to 60 days of calcium and magnesium deprivation: (A)
Complete nutrient solution (Control); (B) Treatment minus Ca; (C) Treatment minus Mg.

Regarding the anatomic features the cherry tomato leaf has a uniseriate epidermis with glandular and
non-glandular trichomes, and stomata on both sides; thus, it is classified as amphistomatic. The mesophyll
is dorsiventral, with the palisade facing the adaxial side and the spongy parenchyma facing the abaxial side.
In the midrib, the chlorenchyma extends across the adaxial side, where it is interrupted by collenchyma cells.
The vascular bundle of the midrib is bicollateral with phloem facing both sides of the leaf and is surrounded
by ground parenchyma. The other vascular bundles are collateral, with bundle sheaths discretely arranged
in the mesophyll.

The stem of the cherry tomato plant also presents a uniseriate epidermis with glandular and non-
glandular trichomes and stomata. The cortex shows subepidermal chlorenchyma, followed by collenchyma
and ground parenchyma. The vascular tissue is formed by primary (internal and external) and secondary
phloem, bounded externally by sclereids and primary and secondary xylem. Phloem and xylem are joined by
vascular cambium and the ground parenchyma fills the medulla of the stem.

The general anatomical features of the leaf and stem of cherry tomato, described above, were not
gualitatively affected by the treatments; however, quantitative differences were very evident.

In Ca-deficient plants, although the proportion of spongy parenchyma was 25% higher than that observed
in the complete treatment, the final thickness of the leaf was not affected as the length of palisade
parenchyma cells was lower in this condition (Table 1). Phloem hypertrophy and hyperplasy in midrib can be
observed as the main anatomical alteration of Ca-deficient plants and confirmed by the increase of 235% in
the number of sieve tube elements (Table 1). In relation to the xylem, there was no change in the number
and diameter of vessel elements in Ca-deficient plants, but the total area occupied by vessel elements was
147% higher than in the control.
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Table 1. Quantitative anatomical characteristics of leaves and stems of cherry tomato plants grown hydroponically in
complete medium, Ca-deficient medium and Mg-deficient medium.

Treatments

Characteristics : CV%
Complete medium (-) Ca (-) Mg

Leaf lamina
Total tickness (um) 149.49 126.55 198.52" 8.69
% adaxial epidermis 9.01 10.37 6.92 16.21
% palisade parenchyma 38.62 32.10 37.17 7.74
Length of palisade parenchyma cells (um) 63.03 50.01° 83.25° 10.21
Width of palisade parenchyma cells (um) 17.27 18.99 31.02° 9.04
% spongy parenchyma 40.83 51.07° 50.38" 6.28
% abaxial epidermis 5.47 6.45 5.54 10.49
% mesophyll 82.05 83.18 87.54" 1.84
Leaf midrib
Number of sieve tube elements 96.17 226.33° 234.00° 8.43
Number of vessel elements 24.33 30.33 42.00 11.57
Diameter of vessel elements (um) 11.93 13.04 11.73 8.17
Total area of vessel elements (um?) 2732.22 4022.02"° 4555.95° 16.70
Stem
Total tickness of sampled region (um) 1110.08 1073.12 1044.43 3.66
% epidermis 2.17 2.05 1.59 24.41
% collenchyma 14.14 14.46 17.59 18.95
% chlorenchyma 2.30 1.93° 1.60° 7.22
% cortical ground parenchyma 11.05 9.89 8.97 20.80
% medullar ground parenchyma 28.27 35.82 30.46 31.18
% phloem 7.36 5.84 6.96 21.72
Number of cambium zone cells 4.48 4.32 3.91 9.71
% xylem 27.78 22.77 24.54 21.15
% sclereids 4.08 3.45 4.25 17.56
Tickness of sclereids cell wall (um) 4.32 1.14 1.56" 12.04

* Means followed by * in line differ of treatment at 5% probability by Dunnett test.

Comparatively to the control, in the stem, only the percentage of chlorenchyma and the thickness of the
cell wall of the sclereids were reduced in the Ca-deficient plants. The decrease in the wall thickness of the
sclereids reached 74% (Figure 2, Table 1). In the stem of Mg deficient plants, only the chlorenchyma and the
thickness of the sclereid cell wall decreased 30% and 64%, respectively (Figure 2, Table 1).

Brazilian Archives of Biology and Technology. Vol.63: €20180670, 2020 www.scielo.br/babt


https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=2ahUKEwjY_IyMpJjfAhXBqZAKHdazDawQFjAAegQIAxAC&url=http%3A%2F%2Fwww.scielo.br%2Fbabt&usg=AOvVaw08BojU0LuZNEI4C434jTD4

6 Martinez, H.E.P. et al.

- r Yoo
3 ‘:_‘ 4 ;Q'ak"
e

;qi?{ s

5
v
w Lo Py

U, 5
S o

== Y
Figure 2. Stems of cherry tomato plants grown in complete solution (A, D, G), in Ca-deficient medium (B, E, H) or in
Mg-deficient medium (C, F, I). (Photomicrographs; cross sections). A-C, general view of the stems. D-F, detail of the
cortex, vascular tissue and pith region. G-I, detail of the vascular cambium region. bs, bundle sheath; cc, companion
cell; co, collenchyma; ch, chlorenchyma; ct, cortex; ep, epidermis; fi, fiber; pa, parenchyma; pc, parenchyma cell; ph,
phloem; pi, pith; sc, sclereids; se, sieve tube element; st, stomata; vc, vascular cambium; v, vessel element; vt, vascular
tissue; xy, xylem;. Bar = 500 pm (A-C); 200 pm (D-F); 50 um (G-I).

When compared to the control there was a variation of a large number of anatomical features in Mg-
deficient plants. There was a 133% increase in leaf thickness of Mg-deficient plants accompanied by the
increase of mesophyll 107%, spongy parenchyma 123%, palisade parenchyma cell length and width. Phloem
tissue hyperplasia was also one of the main characteristics of Mg-deficient plants, and results mainly from
234% increase in number of sieve tube elements and their associated companion cells (Figure 3, Table 1).
In the xylem there was a significant increase in the number (hyperplasia) and in the total area of vessel
elements in Mg-deficient plants that reached 167% of the control.
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Figure 3. Leaves of cherry tomato plants grown in complete solution (A, D, G), in Ca-deficient medium (B, E, H) or in
Mg-deficient medium (C, F, ). (Photomicrographs; cross sections). A-C, general view of midrib region. D-F, detail of the
midrib. G-I, detail of the lamina. ab, abaxial epidermis; ad, adaxial epidermis; bs, bundle sheath; co, collenchyma,; ch,
chlorenchyma; pa, parenchyma; ph, phloem; pp, palisade parenchyma; sp, spongy parenchyma; st, stomata; vc,
vascular cambium; vt, vascular tissue; xy, xylem. Bar = 300 um (A-C); 100 um (D-I).

DISCUSSION

The anatomy of leaves and stems of cherry tomato were just affected quantitatively by Ca or Mg
deficiency. It must be considered that anatomical symptoms can vary with respect to the time of appearance
and the sequence in which the plant organs are affected, the age and species of plant studied, the
environment, and the severity of the deficiency [33]. The most evident anatomical changes in the plants
occurred in the leaves, in chlorophyllous and in vascular tissues. Therefore, Ca or Mg deficiency may interfere
with plant photosynthetic activity and substance transport by phloem and xylem.

Ca-deficient plants produced leaves with slight changes in the proportion of chlorophyllous tissues, but
the percentage of mesophyll remained unchanged. Regarding the vascular tissues, the total area occupied
by the xylem vessel elements was increased by 1.47 times, while the number of sieve tube elements of the
phloem was increased by 2.35 times. This suggests that leaf anatomical changes would not directly affect
the photosynthetic sites, but rather the supply of water and salts by the xylem and the transport of organic
material by the phloem in Ca-deficient plants. Hyperplasia of phloem may be understood as an adaptive
strategy of the plant under conditions of Ca or Mg deficiency to maximize the sap translocation in this vascular
tissue. Changes in the activity of meristems as procambium and vascular cambium may be related to
hyperplasy of phloem and to the increase of the area occupied by xylem vessel elements in cherry tomato
plants.

The Mg deficiency imposed greater anatomical leaf changes compared to Ca deficiency in cherry tomato
plants. However, it should be considered that the nutrient solution minus Mg had total absence of the element,
while the solution minus Ca had 1 mmol L of Ca.

Under Mg deficiency, the thickness of the leaf was greater, with larger chlorenchyma cells (hypertrophy).
The hypertrophy of chlorenchyma cells in leaves of cherry tomato, especially under Mg deficiency, could be
related to changes in osmotic equilibrium of vacuoles and in the cell wall extensibility [2]. The chlorenchyma
with larger and vacuolated cells and larger intercellular spaces had a lower number of chloroplasts per unit
area. Farther on, in addition of the involvement of Mg in chlorophyll molecule [2] we can conclude that this
anatomical configuration by itself can cause yellowing of leaves under Mg deficiency. Mg is a structural
component of the chlorophyll molecule and its deficiency compromises its function [16, 22, 23]. Therefore,
Mg is associated with leaf yellowing in the form of interveinal chlorosis in leaves under Mg deficiency [4]. This
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Mg deficiency may involve a programmed cell damage related to oxidative damage in chloroplasts [24]. In
Arabidopsis thaliana leaves show a disorganization of thylakoid membranes due to Mg deficiency [25].
Transverse sections of the interveinal region of the leaf revealed malformed parenchyma cells, the presence
of which resulted in an increased area of intercellular space that increased the total thickness of the leaf. As
a result of the anatomical changes observed in these tissues, plants experiencing Mg deficiency exhibited
interveinal chlorosis in mature leaves [14, 19].

Interestingly, the Mg deficiency in the tomato caused an hyperplasia of booth phloem and xylem, which
affects the transport of organic material and water and salts, respectively. Under Mg deficit, the vascular
tissues especially the phloem [26] may be affected, compromising the translocation of carbohydrates [27, 28].
Additionally, Mg is essential for the activation of ATPases involved in phloem loading [29, 30], under Mg-
deficient, phloem loading inhibition into is explained by an impairment of the membrane integral protein,
H*/ATPase. Mg lack reduces the level of Mg-ATP complexes required by plasma membrane-bound ATPases.
Therefore, there is inhibition of photosynthate export via phloem [31, 32]. Needles of damaged spruce (Picea
abies L. Karst.) growing at a Mg-deficient and ozone polluted mountain site, produced rapid needle yellowing,
hypertrophy and anomalous divisions of cambium cells, phloem collapse, and production of atypical xylem
tracheids [34].

In the stem, the chlorenchyma tissue decreased 16.08% in plants deficient in Ca, but what is more
evident is the reduction of the wall thickness of the sclereides external to the phloem. Similar response is
observed in the stem of Mg-deficient plants, which indicates that both Ca and Mg deficiency would be related
to the problems in secondary cell wall synthesis. Phloem fiber formation may be compromised in Ca-deficient
plants, indicating that Ca deficiency has a greater effect on the formation of phloem compared with xylem
[20].

As observed in this study, the cell walls of phloem sclereids were thinner under Ca deficiency compared
with the control treatment. The cell wall, the middle lamella and the outer surface of the plasma membrane
are all areas with high concentrations of Ca, which has essential structural functions; therefore, any change
in the supply of this element can undermine the formation of these structures [21]. When calcium chloride
(CaCly) was applied to pre-frozen strawberry fruits, their cell wall structure remained unchanged compared
with to those receiving no treatment, becoming less firm and resistant [22]. The most obvious symptom of
both Ca or Mg deficiency in cherry tomato stems is the marked decrease in the cell wall thickness of support
cells (sclereids) located outside the phloem.

The decrease in cell wall thickness of sclereids may be related to the contribution of these ions through
the process of cell wall deposition, since Ca and Mg are strongly associated with cell wall pectins [2]. In Ca-
deficient tissue polygalacturonase activity is increased, and a typical symptom of Ca deficiency is the
disintegration of cell walls and the collapse of the affected tissues [2]. The decrease in cell wall thickening of
supporting cells in cherry tomato plants may decrease the mechanical strength of the body as a whole.

CONCLUSION

Ca or Mg deficiency promotes most evident anatomical changes in chlorophyllous and vascular tissues
of the leaves, rather than in the stem of ‘Sindy’ tomato plants.

Leaves of ‘Sindy’ tomato plants with a concentration of 1.7 g kg™ of Mg and visual symptoms of Mg
deficiency present hyperplasia of both tissues, phloem and xylem. This deficiency also promotes increases
in the thickness of mesophyll, spongy parenchyma and palisade parenchyma, and consequently of leaf
thickness.

The midrib of the leaves of ‘Sindy’ tomato plants with a concentration of 10 g kg of Ca, without visual
symptoms of deficiency presented phloem hypertrophy and hyperplasia.
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