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the plant hormone ethylene or the gaseous signalling molecule nitric oxide (nO) may enhance salt stress 
tolerance by maintaining ion homeostasis, first of all K+/na+ ratio of tissues. ethylene and nO accumula-
tion increased in the root apices and suspension culture cells of tomato at sublethal salt stress caused by 
100 mm nacl, however, the induction phase of programmed cell death (pcd) was different at lethal salt 
concentration. the production of ethylene by root apices and the accumulation of nO in the cells of 
suspension culture did not increase during the initiation of pcd after 250 mm nacl treatment. moreover, 
cells in suspension culture accumulated higher amount of reactive oxygen species which, along with nO 
deficiency contributed to cell death induction. The absence of ethylene in the apical root segments and 
the absence of nO accumulation in the cell suspension resulted in similar ion disequilibrium, namely  
K+/na+ ratio of 1.41 ± 0.1 and 1.68 ± 0.3 in intact plant tissues and suspension culture cells, respectively 
that was not tolerated by tomato.
 
Keywords: ethylene – ionic homeostasis – programmed cell death – root apex and cell suspension – salt 
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intrOductiOn

tissue culture techniques, the aseptic culture of cells, tissues, organs or whole plants 
under controlled nutritional and environmental conditions provided new tools for 
plant biotechnology [32], plant molecular biology and for studying physiological 
processes such as cell cycle, cell differentiation [12], organogenesis [14] or pro-
grammed cell death (pcd) [39] at cell level. cell suspension cultures are especially 
suitable for the investigation of stress-induced pcd, because the initiation and the 
development of the process can be synchronized as well as the number of dead cells 
can easily be detected [29]. 

excess of nacl in the culture solution induces salt stress and depending on the salt 
tolerance of the investigated plant genotype, it may initiate pcd. pcd induced by 
250 mm nacl in tomato cell suspension was accompanied by high ethylene produc-
tion, by the accumulation of reactive oxygen species (rOs) and a moderate genera-
tion of nitric oxide (nO). pcd-inducing salt concentrations resulted in cell shrinkage, 
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chromatin condensation, dna fragmentation, tunel positive nuclei and activation 
of cysteine proteases in this system [30]. moreover, high salinity initiated cell death 
in the apical cells of roots due to ion disequilibrium caused by na+ uptake [16]. na+ 
uptake was also accompanied by a strong membrane depolarisation resulting in K+ 
efflux and potassium deficiency [36], which activated cysteine proteases, the effectors 
of pcd [10, 33]. the activity but not the abundance of 20s proteasome also increased 
in the root tip of wheat plants under salt stress [34].

Ethylene has been recognized as a ubiquitous plant hormone which influences the 
growth and development of plants [23]. In vitro studies have indicated that ethylene 
accumulates in the headspace of vessels and can affect the growth of cells [21, 35], 
the regeneration of shoots [31], somatic embryogenesis in tissue cultures [3] and pcd 
[30]. ethylene in higher plants is synthesized from s-adenosylmethionine which is 
converted to 1-aminocyclopropane-1-carboxylic acid (acc) by various acc syn-
thase (acs) isoenzymes. acc, the immediate precursor of ethylene is then oxidized 
to ethylene, cO2 and cyanide by acc oxidases [40]. ethylene receptors are trans-
membrane proteins bound to endoplasmic reticulum membranes and have structural 
similarity to bacterial two-component histidine kinases. in tomato there are eight 
ethylene receptors, LeETR1, -2, to -7, and Never ripe (NR), five of them have been 
shown to bind ethylene with high affinity [18]. They negatively regulate ethylene 
signalling and the suppression is cancelled upon ethylene binding. decreasing the 
number of receptors increases ethylene sensitivity and with fewer ethylene receptors 
actively suppressing ethylene signalling less ethylene is needed to relieve the sup-
pression [37]. the downstream components of the pathway have been reviewed by 
several authors (e.g. [24]) and among signalling intermediates two types of positive 
regulators, ein2, a metal ion transporter-like protein and the transcription factors 
ein3/eil1 and erfs seems to be key players in ethylene response.

moreover, ethylene regulates the proteolytic activity and the expression of cysteine 
proteases in senescing organs [17] and abiotic stress-induced cell death can also be 
accelerated through ethylene-induced cysteine proteases [39].

maintenance of ion homeostasis, in particular K+/na+ ratio is of critical importance 
under salt stress. exogenous acc increased the K+ content relative to na+ and the activ-
ity of plasmamembrane (pm) atpase in wild type Arabidopsis plants under salt stress. 
since h+-atpase activity is necessary for the extrusion of excess na+ from the cyto-
plasm, this suggests that ethylene at appropriate concentration may mitigate the ionic 
stress under high salinity [22]. previous studies have also demonstrated that exogenous 
nitric oxide (nO), a gaseous free radical and signalling intermediate could attenuate the 
nacl-induced increase in na+/K+ ratio and stimulated pm h+-atpase activity [41]. nO 
also plays a role in protecting plant tissues from oxidative stress [30] and it can stimu-
late or inhibit ethylene production in plants exposed to abiotic stresses [11].

a tomato cell suspension culture was established in order to reveal the initiation 
mechanism of salt stress-induced pcd at cell level and to compare it with the most 
important events in the root tip of intact tomato plants. the question is whether this 
heterotrophic cell culture can be used as a model of meristematic tissues to investi-
gate the molecular events of pcd under salt stress.
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materials and methOds

Plant material

tomato (Solanum lycopersicum l. cvar rio fuego) plants were grown hydroponi-
cally in controlled environment (under 300 μmol m–2 s–1 photon flux density with 
12/12 light/dark period, 25 °c, and 55–60% relative humidity) as described by poór 
et al. [28].

Establishment of suspension cultures

stem segments of 2-week-old plants were surface sterilised for 1 min with 70% (v/v) 
ethanol and for 20 min with 5% (v/v) naOcl and then rinsed four times with sterile 
distilled water. then they were placed on callus inducing ms medium [25]. media 
were supplemented with Gamborg B5 vitamins [13], 30 g l–1 sucrose, 8 g l–1 agar,  
5 μM α-naphthyl acetic acid (NAA) in combination with 8.8 μM 6-benzyladenine 
(Ba) [26]. the ph of the culture medium was adjusted to 5.8 with 0.1 n KOh and 
the cultures were incubated at 25 °c in darkness. segments produced calli 2 months 
after the culture initiation and then they were subcultured every 3 weeks. in order to 
establish cell suspension, 2 g of calli was initially transferred into a 100 ml erlenmeyer 
flask containing 20 ml of medium (MS + GB5 vitamins, 30 g l–1 sucrose, 5 mm naa, 
1 mm Ba) as described by yakimova et al. [39]. suspensions were incubated on 
rotary shaker (100 rpm) at 25 °c in darkness and were subcultured every 7 days.

NaCl treatments

a 100 mm nacl caused salt stress and induced acclimation of tomato plants. a 250 
mM concentration of NaCl was chosen to provoke fast and significant induction of 
pcd within 24 h both in cell suspension and intact plants. the cells in cell suspension 
were treated with 100 or 250 mM NaCl (pH 5.8) four or five days after subculture. 
six-week-old intact plants were exposed to salt stress through the root system. in 
order to investigate the induction phase of pcd, the samples were harvested 6 hours 
after salt exposure.

Determination of ethylene production

ethylene production of the suspension cells and apical root segments was measured 
with a Hewlett-Packard 5890 Series II gas chromatograph equipped with flame ioni-
zation detector and a column packed with activated alumina as described by csiszár 
et al. [9]. 0.5 g of the cells from suspension cultures and of 1 cm long root apical 
segments was incubated in closed tubes for 6 h. the ethylene emanated from the plant 
tissues was withdrawn by gas-tight syringe from the gas phase and after Gc analysis 
it was quantified using a calibration with pure ethylene.
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Determination of ROS and NO production

ROS was visualized with 10 μM 2’,7’-dichlorofluorescein diacetate (H2dcfda) and 
NO with 10 μM 4,5-diaminofluorescein-diacetate (DAF-2 DA) fluorescent dyes. 
staining occurred for 20 min in 10 mm mes-tris/Kcl buffer (ph 5.8) in the dark 
at 37 °c and the plant cells were rinsed twice with 10 mm mes-tris/Kcl buffer (ph 
5.8) [15]. Fluorescence intensity was detected with Zeiss Axiovert 200M type fluo-
rescent microscope (carl Zeiss inc., Jena, Germany). digital photographs were taken 
from the samples with a high-resolution digital camera (axiocam hr, hQ ccd 
camera; Carl Zeiss Inc., Jena, Germany). The fluorescence intensity was determined 
with axiOVisiOn rel. 4.5 software (carl Zeiss inc., munich, Germany) using a 
filter set 10 (exitation 450–495 nm, emission 515–565 nm). 

Determination of cell viability by electrolyte leakage

Electrolyte leakage was determined as described earlier [29]. Briefly, 0.5 g of cells or 
root tissues was transferred to 20 ml double distilled water. after 2 h of incubation at 
25 °c, the conductivity of the bathing solution was determined (c1) with conductiv-
ity meter (OK-102/1 radelkis, Budapest, hungary). the samples were then heated at 
95 °c for 40 min and the total conductivity (c2) of the cooled samples was measured. 
relative electrolyte leakage (el) was expressed as a percentage of total conductivity: 
el(%) = (c1/c2) ×100.

Determination of macroelement contents

macroelements in plant material were determined by atomic absorption spectrometry 
(aas) (hitachi Z-8200, Japan) [30]. the dry samples were incubated in 6 ml of cc. 
hnO3 (reanal, hungary) and 2 ml of 30% h2O2 (reanal, hungary) for 20 h. the 
samples were digested in microwave destructor (marsxpress cem, usa) at 200 °c 
for 3 h. cooled samples were diluted with double distilled water and transferred to 
packard glass tubes. 

Statistical analysis

data are average values ± se of a representing experiment from at least three inde-
pendent biological repetitions. statistical analysis was carried out with sigma plot 
11.0 software (systat software inc., erkrath, Germany). after analysis of variance 
(ANOVA) Duncan’s multiple comparisons were performed. Differences were consid-
ered significant if P < 0.05.
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Fig. 1. cumulative ethylene production of 1 cm-long apices of tomato roots (a) and tomato cell suspen-
sion cultures (B) were determined six hours after exposure to 100 or 250 mm nacl. (means ± se, n = 5). 

Bars with different letters are significantly different at 0.05 level (Duncan’s multiple range test)

Fig. 2. changes in rOs (a, B) and nO production (c, d) in 1 cm-long apices of tomato plants (a, c) 
and tomato cell suspension cultures (B, d) six hours after exposure to 100 or 250 mm nacl. (means ± se, 
n = 5). Bars with different letters are significantly different at 0.05 level (Duncan’s multiple range test). 

root tissues and cell suspension were treated separately in the test
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results

ethylene production of 1 cm-long apical segments of tomato roots and tomato sus-
pension cultures were measured 6 h after exposure to sublethal, 100 mm concentra-
tion of nacl and to 250 mm nacl, which induced pcd within 24 h both in the root 
apices and suspension culture cells. it was found that sublethal salt concentration 
resulted in significant increase in ethylene production of root tissues and cell suspen-
sion cultures, but the two experimental systems responded antagonistically to lethal 
salt stress. the ethylene production was inhibited in the root apices and increased in 
the cell cultures after exposure to 250 mm nacl (fig. 1a, B).

the oxidative and nitrosative stress elicited by high salinity was also different. in 
root apices the level of rOs was enhanced by ~100–150% and that of nO by about 
160–200% compared to untreated controls at both salt concentrations (fig. 2a, c). in 
cell cultures, however, the accumulation of rOs was similar at sublethal and lethal 
salt stress (fig. 2B) but the production of nO increased at 100 mm nacl and 
remained at control level at 250 mm in cell cultures six hours after salt exposure  
(fig. 2d).

The electrolyte leakage in both cases was significantly increased, however, it was 
much higher at 250 mm nacl (fig. 3a, B).

in earlier experiments it was found that plant cells could be recovered after stress 
removal if the relative electrolyte leakage was not higher than ~30%, but the recovery 
was unsuccessful at higher membrane damage [30].

although the intact root tissues accumulated more na+ than cell cultures on dry 
mass basis, the sodium uptake increased, and K+ content of tissues decreased with 
increasing na+ concentration (fig. 4a, B). thus, the K+/na+ ratio decreased more 
significantly at lethal salt stress. 250 mM NaCl also caused a significant reduction in 
mg2+ content of apical root segments and the reduction was smaller in cell cultures 
(fig. 4d). total ca2+ content has not been changed in the first 6 h of salt stress  
(fig. 4c).

Fig. 3. relative electrolyte leakage from 1 cm-long apices of tomato roots (a) and tomato cell suspension 
cultures (B) were determined six hours after exposure to 100 or 250 mm nacl. (means ± se, n = 5). Bars 

with different letters are significantly different at 0.05 level (Duncan’s multiple range test)
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discussiOn

the ethylene synthesis increased in both experimental systems at sublethal salt con-
centration. 

although a treatment of tomato cells with 250 mm nacl initiated pcd both in root 
apices and suspension cultures within 24 hours, the signalling events were different. 
the apical segments of roots did not show increased ethylene production, but the 
ethylene synthesis was promoted in cell suspension cultures under lethal salt stress. 
the induction of ethylene production of suspension culture cells may be due to the 
components of the incubation solution. the concentrations of exogenous hormones 
were constant in this experimental system and it was not modified by the status of 
cells organized into tissues. the media which is generally used for callus cultures or 
shoot regeneration is supplemented with various auxins (e.g. 1-naphthaleneacetic 
acid, naa) and cytokinins (e.g. 6-benzylaminopurine, Ba) [6]. stimulation of ethyl-
ene biosynthesis is common response of plants exposed to exogenous auxins [1]. 
auxins have been shown to induce de novo synthesis of acc by increased expression 
of specific ACS genes [19]. Cytokinins may also stimulate ethylene production by 

Fig. 4. changes in K+ (a), na+ (B), ca2+ (c) and mg2+ (d) content in 1 cm-long apices of tomato plants 
(black columns) and tomato cell suspension cultures (open columns) six hours after exposure to 100 or 
250 mM NaCl. (Means ± SE, n = 5). Bars with different letters are significantly different at 0.05 level 

(Duncan’s multiple range test). Root tissues and cell suspension were treated separately in the test.
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enhancing the stability of acs protein [7]. increasing Ba concentrations resulted in 
increased h2O2 accumulation, lipid peroxidation and reduction of biomass as well as 
activation of catalase in grape callus cultures [27]. unexpectedly, Ba at high concen-
tration could induce pcd in carrot and Arabidopsis thaliana l. heynh cell cultures 
within 24 h [5]. thus, high ethylene production in tomato suspension cultures con-
tributed to pcd initiation under high salinity.

ethylene has also been shown to alleviate salt stress injury. in Arabidopsis the 
expression of ethylene receptor ETR1 was downregulated by 24-hour salt stress both 
at transcript and protein levels which should cause increased ethylene sensitivity [42]. 

moreover, a loss of function mutation in EIN2, a positive regulator of ethylene 
signalling led to salt sensitivity [4]. erf1 an ethylene- and salt stress-induced tran-
scription factor, which acts downstream of ein2, is also related to salt stress response. 
transgenic tomato [23a] and Arabidopsis [2, 8] overexpressing ERF1 of tomato, 
Arabidopsis and wild radish, respectively, were more tolerant to high salinity. 
ethylene can mitigate the ionic component of salt stress by increasing the extrusion 
of na+ from cytoplasm through the activation of pm atpases. On the effect of 100 
mm nacl the ethylene production of tissues increased and the K+/na+ ratio decreased 
to 51.6% and 42.9% of the respective controls in root apices and suspension culture 
cells, respectively. according to the relative electrolyte leakage from the cells these 
changes can be tolerated by tomato (fig. 3).

pm atpases in higher plants form a phosphorylated intermediate using mg2+-atp 
as substrate, which increases the activity of the enzyme. the activation of pm-atpase 
can be diminished in the absence of ethylene and disturbances in mg2+ accumulation 
may also contribute to the decline in enzyme activity. thus, the dramatic reduction in 
mg2+ content observed in root apices can enhance the ionic stress at lethal salt con-
centration (fig. 4).

Generation of rOs increased to the same extent at both salt concentrations, but it 
was more pronounced in suspension culture cells. there were, however, great differ-
ences in nO accumulation of the cells. the root tissues exhibited much higher nO 
accumulation compared to untreated control than the cells in suspension culture at 
lethal salt stress. NO application significantly enhanced the NaCl-induced osmotic 
stress tolerance via the accumulation of osmoprotectants such as glycine betaine, 
soluble sugars or proline [20]. the ionic effect of salt stress and the decrease in opti-
mal K+/na+ ratio can also be mitigated by the use of nO donors. higher nO levels 
correlated with higher K+/na+ ratios in Arabidopsis thaliana [38] and Brassica jun-
cea [20] and the nO donor sodium nitroprusside enhanced the activities of pm and 
vacuolar h+-atpases as well as that of vacuolar h+-pyrophosphatase in Arabidopsis 
thaliana calli [38]. thus, the lack of nO accumulation may lead to cell death induc-
tion in cell suspension cultures under lethal salt stress. moreover, nO can interplay 
with rOs in a variety of ways [30], thus it may control the antioxidant status of cells.

in the root tips, the salt stress-induced pcd is initiated independently of ethylene 
action. under salt stress in the absence of ethylene or in the presence of the ami-
nooxyacetic acid (aOa), an inhibitor of ethylene biosynthesis, the K+/na+ ratio and 
the activity of pm h+-atpase decreased in roots of Arabidopsis plants leading to 
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enhanced ionic stress [22]. thus, the absence of ethylene in the root tips or the 
absence of nO accumulation in cell suspension may cause similar severe ion disequi-
librium, namely K+/na+ ratio of 1.41 ± 0.1 and 1.68 ± 0.3 in intact plant tissues and 
suspension culture cells, respectively.

Cells in the suspension culture are exposed to an artificial environment containing 
constant concentration of hormones, sugars, vitamins and mineral elements. in organ-
ized tissues the surroundings of the cells at specific position varies from cell to cell 
and it is different from that of tissue culture, thus the initial events leading to pcd are 
also different in the two systems. The accumulating data suggest that a significant 
crosstalk occurs between various forms of reactive oxygen and nitrogen species. 
Moreover, NO and ROS can regulate each other’s synthesis but the molecular mech-
anism of the interaction between ethylene and nO signalling and the possible role of 
nO-induced cGmp levels in this interaction needs further elucidation.
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