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A b s t r a c t  
 

Improving plant resistance to unfavorable environmental factors is one of the important 
tasks of modern agricultural production. The cultivated tomato is highly sensitive to salinity. Un-
derstanding the physiological, biochemical, molecular and genetic adaptive mechanisms of tomato 
resistance to salinity as a complex trait is an essential part of most fundamental studies, the results 
of which are increasingly finding practical application during the last decade. However, the data 
on the effect of sodium chloride on cell organization of different tomato tissues and organs are 
scarce. Thus, the purpose of the study was to investigate cell organization of the epidermis and 
parenchyma cortical tissues of tomato hypocotyl (Solanum lycopersicum L. line YaLF and cultivar 
Rekordsmen) under chloride salinity in vitro. Fragments of 10-12-day-old aseptically germinated 
tomato seedlings, whose roots have been removed, were transferred on root induction medium 
(1/2 МS, 2 % sucrose, 0.2 mg/l indole-3-butyric acid) supplemented with 0-250 mМ NaCl. After 8 
days in culture, middle part of hypocotyls were excised from rooted seedlings and prepared for 
light microscopy. Histological examination revealed significant differences between genotypes in 
shape and average cross-sectional areas of the epidermal and cortical parenchyma cells of hypo-
cotyl. The addition of Na+ and Cl ions to culture medium significantly affected the size of the 
intercellular spaces in the cortical parenchyma as well as the average cross-sectional areas and 
shape epidermal and cortical parenchyma hypocotyl cells of both tomato genotypes. The average 
cross-sectional areas of epidermal and cortical parenchyma hypocotyl cells of tomato line YaLF un-
der 50 mM NaCl were significantly less (1.2 and 1.6 times, respectively) compared with control con-
ditions (medium without NaCl). Epidermal and cortical parenchyma hypocotyl cells of tomato culti-
var Rekordsmen decreased in size at higher concentrations of NaCl in the culture medium (100 and 
150 mM NaCl, respectively). Dramatic increase in the cells areas of both tissue types of tomato 
line YaLF were observed under 250 mM NaCl salinity. In addition, under high salinity treat-
ments there was a considerable change in the shape of epidermal (cells obtained angular con-
tours) and cortical parenchyma hypocotyl cells (cell flattening) of line YaLF. Unlike line YaLF, 
the cross-sectional areas of epidermal and cortical parenchyma hypocotyl cells of tomato cultivar 
Rekordsmen was no significant differences between 0 and 250 mM NaCl treatment. The dramatic 
difference between the two tomato genotypes was observed by a change in the cross-sectional areas 
of intercellular spaces in cortical parenchyma hypocotyl cells under salt treatments. Epidermal and 
cortical parenchyma cells of tomato hypocotyls cultivar Rekordsmen were less sensitive to the pres-
ence of NaCl in the culture medium, compared with the line YaLF. The revealed changes in shape 
and size of epidermal and cortical parenchyma hypocotyl cells can be used as cytological markers for 
comparative evaluation of tomato genotypes in sensitivity and/or resistance to salinity.  
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Salinity, one of the main abiotic stressors, restricts cultivation of most 
crops in many agro-climatic areas, and significantly decreases crop production 
[1]. In the word an area of 950,000,000 hectares, according to FAO, is salinized, 
including alkaline salinity. In different reports, from 33 to 50 % of total irrigated 
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agriculture areas are subjected to salinization [2, 3]. Tomato (Solanum lycopersi-
cum L.) is high sensitive to salinity with the soil electrical conductivity (ЕСе) 
threshold of 2.5 dS/m [4], that corresponds to low saline soils as to the FAO 
classification (ЕСе = 2.0-4.0 dS/m). 

A prerequisite for studying mechanisms of plant resistance to abiotic 
stress, in particular to salinity, is controlled conditions. This is quite difficult to 
achieve when testing in pots in greenhouses or even impossible for field tests. 
Changing environmental factors (temperature, relative humidity, light intensity, 
air pollution, etc.) radically affect plant response to salinity, leading either to its 
strengthening, or to compensation of the visible manifestations [5, 6]. Tech-
niques based on adding toxic ions to media for plant cultivation or tissue cul-
tures allow for a relatively rapid screening for potential tolerance in the early de-
velopment stages which in many crops, including a tomato, are the most crucial 
[2, 6]. Noteworthy, in some experiments, a direct correlation have been found 
between the salinity tolerance in callus tissue in vitro and in adult plants in. This 
trend was traced in cultivated and wild tomato species [7, 8], and in Cucurbita-
ceae plants (melon, watermelon, cucumber) [9]. 

Different morphometric growth parameters of tomato seedlings and re-
generants are suppressed in vitro by salinity, together with a notable decrease in 
leaf chlorophyll content occurred [6, 8]. High sodium chloride or sodium sulfat-
ed levels affect respiration, water balance and mineral nutrition [10-12]. These 
are due to hyperosmotic and toxic effects of excess ion concentrations [13, 14]. 

For last decades, the researchers are mostly focused on mapping QTLs 
for abiotic stress tolerance which is polygenic in nature in tomato plants. This 
approach is practically used in marker-assisted selection in tomato breeding for 
salinity tolerance [15, 16]. Significant progress in understanding salt tolerance 
was achieved due to genetic engineering technology, i.e. by introduction of het-
erologous genes into plant genome. Using different strategies, numerous data are 
obtained about transgenic tomato plants tolerant to salinity in vitro, under hy-
droponic technology and when growing in greenhouses [2, 5, 17]. However, the 
tissue mesostructures in different tomato organs as influenced by toxic ions still 
remain poor known [18-20]. Studying mesostructure, together with molecular, 
genetic, biochemical and physiological mechanisms, will contribute to better un-
derstanding stress adaptation and salt tolerance in plants, allowing for develop-
ment of the diagnostic tests and, ultimately, the improved breeding technologies. 

This study has, for the first time, compared the anatomical and morpho-
logical parameters of epidermal and parenchymal hypocotyl cells as influenced 
by Na+ and Cl concentrations in vitro using an experimental model of two to-
mato genotypes different in salt tolerance. 

Our aim was to investigate cell mesostructure in epidermis and cortical 
parenchyma of tomato hypocotyls at NaCl salinization.  

Technique. Aseptic tomato (Solanum lycopersicum L.) seedlings of more 
salt-sensitive line YaLF, the male parent for the F1 Yunior hybrid, and more 
salt-tolerant variety Rekordsmen were used. To grow aseptic seedlings, the 
seeds were 96 % ethanol-sterilized for 10 sec and then exposed to 20 % ACE 
chlorine commercial bleach with few Tween 20 drops (Merck, Germany) for 
7-8 min. The threated seeds were 3-4 times rinsed with distilled water and 
placed on Murashige-Skoog (MS) agar (0.7 %) [21], supplemented with 3 % 
sucrose. At 1st true leaf the roots were cut off, and the upper fragments, 1.5-
2.0 cm in length, were placed on 1/2 МS agar (0.7 %) supplemented with 2 % 
sucrose and 0.2 mg/l indole-3-butyric acid (3-IBA) for rhizogenic induction. 
The effect of 50, 100, 150, 200 and 250 mM NaCl in the media was tested vs no 
NaCl added in the control. Plants were grown at controlled temperature (23 С) 
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and light conditions (3.0 klx, 16/8 h for day/night).  
On day 8, the 2-3 mm hypocotyl fragments were excised from the 

middle part of rooted seedlings, fixed with 2.5 % glutaraldehyde (Merck, Ger-
many) in 0.1 М phosphate buffer (рН 7.2) with 1.5 % sucrose. Posfixation in 
1 % ОsО4 (Sigma, USA), dehydration through ascending series of ethanol (30, 
50, 70, 96 and 100 %), propylene oxide treatment (Fluka, Germany), and epoxy 
embedding in EponTM 812 and Araldite (Merck, Germany) were conventional 
[22]. An ultra-microtome LKB–V (LKB, Sweden) was used for sectioning. An 
Olympus BX51 microscope (Olympus, Japan) with a Color View II camera (Soft 
Imaging System, Germany) were used for viewing 1-2 µm-thick sections and 
recording digital images. Cell-A software (Olympus, Japan) was applied to cal-
culate cross-sectional areas for epidermal and cortical parenchyma hypocotyl 
cells, and intercellular space. At least 500 cells of each tissue from three differ-
ent seedlings, or 20-30 sections, were analyzed.   

Data were processed using parametric Student’s test, Fisher’s test and 
Duncan’s test. 

Results. The plant cells first respond to an excess of Na+ and Cl by 
water and osmotic homeostasis regulation through modifying different physiolog-
ical functions. This results from the coordinated processes in the cytoplasm and 
the cell wall leading to changes in cell size and shape [13, 23].  

We have revealed significant differences on the size and shape of epi-
dermal hypocotyl cells between studied tomato genotypes diverse in salt toler-
ance when growing without adding NaCl. The epidermal cell area in the YaLF 
line was 1.3-fold as much as in the Rekordsmen variety (843.5 and 644.5 µm2, 
respectively) (Fig. 1, А). Besides, in the YaLF line the epidermal cells were 
more rounded in shape (Fig. 2, А). The same we observed in the parenchymal 
hypocotyl cells which were rounded in the YaLF line (see Fig. 2, A) and irregular 
in shape in the Rekordsmen variety (see Fig. 2, G). Moreover, the parenchymal 
cell area in the YaLF line was also larger compared to the Rekordsmen variety 
(see Fig. 1, B). 

 

 

Fig. 1. Areas of epidermal (А) and core parenchymal cells (B) in hypocotyls of tomato (Solanum lyco-
persicum L.) seedlings grown in vitro on Murashige-Skoog agar at different NaCl concentra-
tions: 1 — YaLF line (less salt-tolerant), 2 — variety Rekordsmen (more salt-tolerant). Differences 
between the variants marked with the same letters are insignificant according to Duncan’s criterion 
( = 0.05). 
 

Also we have found the differences between hypocotyl cell size and 
shape depending on NaCl concentrations, tissue specificity and plant genotypes 
(see Fig. 1, 2). In case of the least studied NaCl concentration (50 мМ) the epi-
dermal cell area in YaLF line was substantially less when compared to control. 
At 100 to 200 mM NaCl the cell size remained unchanged but at 250 mM NaCl 
it increased significantly and exceeded that at 0 to 200 мМ NaCl. Besides, at 
250 mM NaCl the epidermal cell became angular in contours (se Fig. 2, F).   

Unlike YaLF, in Rekorsmen variety the epidermal cell area in hypocot-
yls significantly decreased at 100 mM, whereas at 200 and 250 мМ NaCl it in-
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creased to that in control. At moderate and strong salinity the hypocotyl epider-
mal cells in Rekordsmen variety became ovate-oblong, i.e. more tissue-specific 
in shape (see Fig. 2, I-L).  

 

 

Fig. 2. Cross sections of middle part of hypocotyls in tomato (Solanum lycopersicum L.) seedlings of 
line YaLF (А-F, less salt-tolerant) and Rekordsmen variety (G-L, more salt-tolerant) grown in vitro 
on Murashige-Skoog agar at different NaCl concentrations: A, G — control  without NaCl; B, 
H — 50 mM NaCl; C, I — 100 mM NaCl; D, J — 150 mM NaCl; E, K — 200 mM NaCl; F, L — 
250 mM NaCl. Asterisks mark plasmolysed parenchymal cells of the hypocotyl cortex.  

 

In the parenchymal cells, also sensitive to salinization, the reaction to 
NaCl differed between genotypes depending on salt concentration (see Fig. 1, 
B). At 50 and 100 mM NaCl cell area decreased in the line YaLF. Moreover, 
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the parenchymal cells became strongly flattened in shape (see Fig. 2, D-F). 
At 250 mM NaCl the parenchymal cell area in the YaLF seedlings increased 
1.2 times compared to control, and 2.0-2.5 times compared to other NaCl 
levels tested.  

At 50 and 100 mM NaCl the area of the hypocotyl parenchymal cells 
in the Rekordsmen variety, unlike YaLF line, did not decrease compared with 
the control. In contrast, an increase was observed (4158 and 4412 mm2 at 50 
and 100 mM NaCl, respectively), though we did not found statistically signifi-
cant differences when compared these two variants to each other and to con-
trol. Smaller area of parenchymal cells was observed in the Rekordsmen variety 
at 150 mM NaCl. Noteworthy, in this variety the high levels of toxic ions influ-
enced parenchymal cell configuration. Like epidermal cells, they possessed 
rounded shape, more characteristic of this tissue (see Fig. 2, J-L).  

Reducing the epidermal cell area in both genotypes and cortical paren-
chyma cell area in line YaLF, together with a change in their shape under mod-
erate salinity can be treated in several ways. On the one hand, it can be positive 
cells adaptive response to stress. It is known that the water balance disorder due 
to NaCl, which is expressed in the reduction of water content of tissues, results 
in a reduction in cell size and thus lowers the osmotic potential of the cell sap 
[24, 25]. On the other hand, the decrease in the cell size can be due to inhibi-
tion of their growth by stretching because of the cytoskeleton destruction. С. 
Wang et all. (26) showed that 12 hr exposition to 150 mM and 250 mM NaCl 
led to an increase in polymeric actin level and filament bundle diameter in root, 
hypocotyl and cotyledons epidermal cells of Arabidopsis thaliana (L.) Heynh. 
seedlings. After 18 hr at 150 мМ NaCl the actin cytoskeleton was still not de-
structed while 250 мМ NaCl caused destruction of actin filaments followed by 
seedling death. 

The sharp increase in the hypocotyl parenchymal and epidermal cell ar-
ea, when culturing seedlings of YaLF line at 250 mM NaCl, may be related to 
their death. Indeed, necrosis occurred in hypocotyl part which contacts directly 
with the nutrient medium. In these seedlings roots did not regenerate. Besides 
(see Fig. 2, F), we clearly observed a large number of parenchymal cells with the 
signs of irreversible plasmolysis, which apparently led to their death and subse-
quent swelling of the dead cells. However, this assumption should be additional-
ly proved by electron microscopy and histochemical methods. 

The presence of toxic Na+ and Cl ions induced changes of the intercel-
lular spaces of the cortical parenchyma in the hypocotyl. At that, the genotype-
dependent responce was radically (Table).  

Intercellular space (µm2) in cortical parenchyma of hypocotyl in studies tomato 
(Solanum lycopersicum L.) genotypes in vitro as influenced by NaCl  

NaCl, mM 
Line YaLF  
(less salt resistant) 

Variety Rekordsmen  
(more salt resistant) 

0 108.8g 92.1defg 
50 82.1bcde 128.2h 
100 66.8ab 103.4fg  
150 77.4abcd 94.9defg 
200 87.7cdef 67.2ab 
250 100.3efg 61.5ab 
N o t е. Differences between the variants marked with the same letters are insignificant according to Duncan’s cri-
terion ( = 0.05) 
 

At 50 мМ NaCl the intercellular space in variety Rekordsmen notable 
increased compared to control. The same was earlier found in mesophyll of true 
leaf in the seedlings of varieties Mariela and Cambell 28 at soil salinity (75 и 
150 mM NaCl) [19]. Increasing NaCl concentration resulted in a decrease in in-
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tercellular space in the variety Rekordsmen. Thus, at 100 and 150 mM NaCl it 
was comparable to the control, whereas at higher NaCl concentrations it was 1.4 
and 1.5 times less, respectively.  

Unlike variety Rekordsmen, intercellular space in hypocotyl cortex pa-
renchyma of YaLF tomato seedlings at 50 to 200 mM NaCl was significantly 
lower compared with the control. The highest studied level of the stress agent 
resulted in an increase in intercellular space to that comparable with the control. 

Thus, our experimental data are in line with previous evidences that in 
various tissues the cell reaction to chloride salinity not only varies significantly 
between species but also highly depends on genotype specificity within the 
same species. 

So, the histological examination showed significant differences between 
the studied genotypes of tomato on the size and shape of the epidermal and 
parenchymal cells in hypocotyl cortex.  In both genotypes toxic Na+ and Cl 
ions affect significantly these cytomorphological parameters. Moreover, at sa-
linity these genotypes differed on intercellular space of the cortex parenchyma 
in hypocotyl. IT was found out that sensitivity of epidermal and parenchymal 
cells to NaCl in tomato variety Rekordsmen was lower compared to line 
YaLF. Changing the size and shape of these types of tissue cells under NaCl sal-
inization in vitro can be used as cytological markers for comparative evaluation 
for sensitivity or resistance to salt stress in tomato plants. To obtain the most ob-
jective and reliable results the comparative assessment must be carried out using 
a wide range of stress agent concentrations and anatomical and morphological 
parameters (both size and shape of cells).   
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