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Abstract The effects of NaCl and mannitol iso-osmotic
stresses on calli issued from sugarcane cultivars (cvs.)
R570, CP59-73 and NCo0310 were investigated in rela-
tion to callus growth, water content, ion and proline
concentrations. Callus growth and water content de-
creased under both stresses with the highest reduction
under mannitol-induced osmotic stress. The ion con-
centration was drastically affected after exposure to
NaCl and mannitol. Salt stress induced an increase in
Na*and CI” accumulation and a decrease in K™ and Ca**
concentrations. Under mannitol-induced osmotic stress,
K* and Ca** concentrations decreased significantly
while Na* and CI” concentrations remained unchanged.
Free proline accumulation occurred under both stresses
and was more marked in stress-sensitive cv. than in
stress-resistant one. Our results indicated that the
physiological mechanisms operating at the plant cell
level in response to salt- and osmotic-induced stress in
sugarcane cvs. are different. Among the cvs., we con-
cluded that the stress resistance is closely related to the
maintain of an adequate water status and a high level of

Communicated by M. Filek.

T. Errabii - C. B. Gandonou - J. Abrini -

M. Idaomar - N. Skali Senhaji (D<)

Laboratoire de Biologie et Santé, Equipe de
Biotechnologies et Microbiologie Appliquée,
Université Abdelmalek Essaadi,

Faculté des Sciences, BP 2121 Tétouan, Morocco
e-mail: skali@fst.ac.ma

H. Essalmani

Laboratoire de Biotechnologie Végétale,

Université Abdelmalek Essaadi, Faculté des Sciences
et Techniques, BP 416 Tanger, Morocco

K* and Ca®* under both stresses and a low level of Na*
concentration in the presence of NaCl. Thus, sugarcane
(Saccharum sp.) can be regarded as a Na* excluder. We
also provided evidence that proline accumulation is a
stress-sensitive trait rather than a stress resistance
marker.
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Abbreviations

2,4-D 2,4-Dichlorophenoxyacetic acid
cv(s) Cultivars

MS Murashige and Skoog

RGR Relative growth rate

ANOVA Analyses of variance

Introduction

Salt stress has been extensively investigated since soil
salinity represents a major constraint for successful
production and crop yielding (Munns et al. 2002). The
salt-affected lands extended to about 6% of the world
surface and are becoming even more prevalent as the
intensity of agriculture increases worldwide (Flowers
and Yeo 1995). Thus, a large percentage of agricultural
lands are naturally saline or are salinized by inade-
quate irrigation practices (Chinnusamy and Zhu 2003).
High-salt stress disrupts homeostasis in water potential
and ion distribution at both the cellular and the whole
plant levels (Zhu 2001; Munns et al. 2002). Excess of
Na* and CI” ions may lead to conformational changes
in protein structures, while the osmotic stress leads to
turgor loss and cell volume change (Chinnusamy
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and Zhu 2003). However, the precise mechanisms
underlying these effects are not fully understood be-
cause the resistance to salt stress is a multigenic trait
(Parida and Das 2005). To achieve salt tolerance, plant
cells evolve several biochemical and physiological
pathways. These processes are thought to operate
additively to ensure plants and cells survival and they
include the exclusion of Na* ions and their compart-
mentation into vacuoles as well as the accumulation of
compatible solutes such as proline, glycinebetaine and
polyols (Hasegawa et al. 2000; Chinnusamy and Zhu
2003; Parida and Das 2005).

Sugarcane is a glycophyte crop of major economical
value in tropical and subtropical developing countries
where salinity is an ever-increasing problem (Wahid
et al. 1997). In Morocco, sugarcane is grown under
irrigated systems and is seriously prone to soil salini-
zation. This problem may be a serious handicap for the
production and the yielding of this agricultural crop.

In vitro tissue culture constitutes an important tool
to study the physiological and biochemical mechanisms
that operate in response to stress conditions at the
cellular level (Lerner 1985). Furthermore, the plant
tissue culture allows the control of stress homogeneity
and the characterization of cell behaviour under stress
conditions, independently of regulatory systems that
take place at the whole plant level (Lutts et al. 2004).

The present work was performed using three sug-
arcane (Saccharum sp.) cultivars (cvs.), R570, CP59-73
and NCo310, differing in their salt resistance at the
whole plant level with the objective to investigate the
effects of the osmotic and the ionic component of salt
stress by the addition of ionic (NaCl) and non-ionic
(mannitol) agents to the culture medium at iso-osmotic
concentrations at the plant cell level. The evolution of
the calli growth in relation to water status, ion and
proline accumulation under both stresses was
discussed.

Materials and methods
Plant material and culture conditions

The three sugarcane (Saccharum sp.) cvs. R570, CP59-
73 and NCo310 were kindly provided by CTCS (Centre
Technique des Cultures Sucrieres du Gharb, Kenitra,
Morocco). Stem sections of the three cvs. containing
two lateral buds were planted in plastic pots containing
soil and they were grown under greenhouse conditions
until reaching ~6 months. The cvs. used in this work
have been characterized for their salt resistance at the
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whole plant level (unpublished data). NCo310 (Natal
Coimbatore, South Africa), is a salt-resistant cv. R570
(CEREF, Sainte-Clotilde Cedex, Reunion) is a leading
commercial variety in several countries and is a salt-
sensitive cv., while CP59-73 (Canal Point, FL, USA) is
largely cultivated in Morocco and it behaves as an
intermediary salt-resistant cv.

Calli were induced from leaf segments of the
youngest leaves. They were surface sterilized with 75%
(v/v) ethanol. Then, they were immersed in mercuric
chloride HgCl, 0.03% (w/v) for 30 min followed by
three rinses with sterile distilled water for 10 min each.
Explants were aseptically inoculated onto Murashige
and Skoog (MS) medium (Murashige and Skoog 1962)
supplemented with 2 mg 1" 2,4-D. The pH value was
adjusted to 5.8. Callus induction was performed in the
dark at 25 + 2°C in a growth chamber.

Growth and water content determination

After 6 weeks, calli were individually weighed and
placed on MS medium supplemented or not with the
stress factors. Iso-osmotic concentrations of NaCl (50,
100 and 150 mM) and mannitol (100, 200 and 300 mM)
were applied. For each treatment (cv. X stress fac-
tor x concentration), 30-35 Calli were used. After
4 weeks of the exposure to stress conditions, the calli
were weighed and then they were characterized for ion
and proline concentrations.

Callus relative growth rate (RGR) was determined
on a fresh weight (FW) basis according to the formula;
RGR = [(FW;— FW;)/[FW,], where FW; and FW, are
the final and initial FW of the calli. The callus water
content was calculated using the formula; [(FW -
DW)/DW], where FW and DW are, respectively, the
fresh weight and dry weight of the calli.

Determination of ion concentration

For ion measurements, calli were first rinsed for 5 min
with cool distilled water in order to remove free ions
from the apoplasm without substantial elimination of
cytosolic solutes as recommended by Sacchi et al.
(1995). Calli were oven-dried at 80°C for 72 h and they
were then grounded. The dry matter obtained was used
for mineral analysis. The major cations were extracted
after digestion of dry matter with HNOj; acid according
to Lutts et al. (1996a). The extract was filtered prior to
analysis. Na*™ and K* concentrations were determined
using a flame spectrophotometer (PHF 90D, France).
Ca”" concentration was quantified by atomic absorp-
tion spectrophotometer (Shimadzu AA-6200, Kyoto,
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Japan). For CI” content estimation, ions were extracted
with hot distilled water (80°C during 2 h). Chloride was
determined spectrophotometrically at 470 nm with
ferric ammonium sulphate and mercuric thiocyanate as
described by Guerrier and Patolia (1989).

Determination of proline concentration

Proline was extracted as described by Paquin and
Lechasseur (1979). About 200 mg of callus fresh mat-
ter was homogenized in 4 ml of methanol-chloroform—
water (15:5:1 v/v/v) at 4°C and then was centrifuged at
0°C and centrifuged at 20,000g for 30 min. Superna-
tants were then incubated at 4°C for 12 h in presence
of 0.25 ml chloroform and 0.9 ml distilled water. Pro-
line was quantified in the upper phase using ninhydrin
acid reagent according to Bates et al. (1973). The
chromophore containing proline was extracted in 4 ml
of toluene and measured spectrophotometrically at
520 nm. L-proline was used as standard.

Statistical analysis

The experiments were repeated two times and gave
similar trends. Data presented hereafter are from the
two experiments. Each value is presented in the form
of mean =+ standard error with a reading of six inde-
pendent samples per treatment. The analyses of the
main effects of the stress factor, the cv., and the applied
concentrations were based on a three-way analysis of
variance at 5% level (SAS Institute Inc. 1988). When
the main effect was significant, differences between
means were evaluated for significance by using the
least significant difference method (LSD). For each
treatment, the data related the Na® and ClI” were
subjected to variance analysis (ANOVA 1II) at 5%
level of confidence, considering the cvs. and the NaCl
concentration as variable.

Results
Callus growth and water content

NaCl- and mannitol-induced stress decreased RGR
among all the cvs. However, a highly significant dif-
ference was recorded among the effects of each kind of
stress (Table 1). Mannitol-induced osmotic stress
seemed to be more harmful to CP59-73 and NCo310
callus RGR than NaCl-induced stress. In contrast,
callus RGR of R570 decreased more under salt-in-
duced stress than mannitol-induced osmotic stress.

A differential effect was also recorded among the cvs.
RGR reduction corresponded to 65, 50 and 49% of the
control at the highest concentration of NaCl and to 60,
63 and 58% of the control in the presence of mannitol
iso-osmotic concentration in R570, CP59-73 and
NCo310, respectively (Fig. 1).

The decrease of callus water content was observed
under both NaCl- and mannitol-induced stress. How-
ever, a significant difference was recorded among the
effects triggered by each kind of stress (Table 1). The
highest reduction was noticed under mannitol-induced
osmotic stress at all the experimented doses and it
reached to about 45, 48 and 42% of the control in the
presence of the highest mannitol concentration while it
to about 25, 32 and 24% of the control in the presence
of NaCl iso-osmotic concentration in R570, CP59-73
and NCo310, respectively (Fig.2). Thus, the water
content followed the same tendency as the callus RGR
among the cvs.

Ton concentration

In the absence of stress, Na* concentration differed
significantly (P < 0.001) among the cvs., and was lower
in salt-sensitive than in salt-resistant cv., while no sig-
nificant difference was recorded among cvs. in relation
to K™ and CI” concentrations. A highly significant dif-
ference was recorded among the effects of mannitol
and NaCl in relation to the callus ion concentration.
The exposure to NaCl induced an increase in Na®
(Fig. 3) and CI” (Fig. 4) concentrations as well as a
decrease in K* concentrations (Fig. 5). CI” concentra-
tion increased to about 340, 368 and 411% of the
control in R570, CP59-73 and NCo0310, respectively, at
the highest NaCl concentration. Thus, the salt resistant
NCo0310 accumulated more CI” than salt sensitive
R570. In contrast, the accumulation of Na* under salt-
induced stress and the leakage of K" under both
stresses were greater in the stress-sensitive than in
stress-resistant cv. We observed, at the highest NaCl
concentration, that Na" concentration increased to
about 699, 394 and 375% of the control in R570, CP59-
73 and NCo310, respectively. While, K™ concentration
decreased to 50, 43 and 38% of the control at the same
NaCl concentration (Fig. 5) while it decreased to about
31, 48 and 32% of the control in the presence of
mannitol iso-osmotic concentration in R570, CP59-73
and NCo310, respectively.

In contrast, mannitol-induced osmotic stress did not
affect the Na* (Fig. 3) and CI” (Fig. 4) concentrations
regardless of the mannitol concentration in the
medium, while a decrease of K™ concentration among
the cvs. was observed (Fig.5). A highly significant
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Table 1 Results of three-ways variance analyses for RGR, callus
water content, ion and proline concentrations of sugarcane calli;
F-ratios are given for the main effects of the following levels of
classification: stress factor (mannitol or NaCl), Cv. (cultivars)
and stress intensity (i.e. concentration of stress factor in the
medium) and interaction between the stress factor and the cul-
tivar

Parameter Stress Cv. Stress Interaction
factor intensity factor x cv.
Callus growth 21.51%%  52.48%*  84.14%* 21.75%:*
rate
Callus water 331.4%%  37517%*% 99.68%** 21.69%:*
content
K* 237.7%* 8.64%% 131.83%* 45.86%*
Ca?* 217.94%%* 5.77%  164.43%* 22.86%*
Proline 20.21%%  51.91%* 83.39%* 20.63%*
*P < 0.01; **P < 0.001
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Fig. 1 Effect of NaCl and mannitol induced stress on callus
relative rate growth of sugarcane (Saccharum sp.) cvs. NCo310,
R570 and CP59-73 calli after 4 weeks of exposure to stress. Each
value is the mean of six replicates and vertical bars represent
+standard error

difference was recorded among the effects of salt- and
mannitol- induced stress for the Ca”** concentration
(Table 1). Ca** reduction was more marked under salt
stress and it reached to about 57, 62 and 37% of the
control in the presence of the highest NaCl concen-
tration of NaCl and to about 32, 50 and 28% of the
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Fig. 2 Changes in callus water content of sugarcane (Saccharum
sp.) cvs. NCo0310, R570 and CP59-73 calli as affected by NaCl
and mannitol induced stress after 4 weeks of exposure to stress.
Each value is the mean of six replicates and vertical bars
represent +standard error

control in R570, CP59-73 and NCo310, respectively, in
the presence of mannitol iso-osmotic concentration
(Fig. 6). Among the cvs., we observed that the stress-
resistant cv. maintained a higher Ca®* concentration
than the stress-sensitive one under both salt- and
mannitol-induced stress.

Free proline accumulation

Proline concentration increased significantly and pro-
portionally to the concentration of NaCl and mannitol
in the medium. However, a highly significant difference
was recorded between the effects of NaCl- and man-
nitol- induced stress (Table 1). Thus, mannitol-treated
calli accumulated proline at less extent than the salt-
treated ones. The accumulation differed significantly
among the cvs., and we observed that the sensitive cv.
accumulated more proline than the stress-resistant cv.
under both NaCl- and mannitol-induced stress. Thus,
at the highest NaCl concentration, proline accumula-
tion increased by ~20, 17 and 13-fold in comparison of
the control in R570, CP59-73 and NCo310, respec-
tively. While it increased about 13-fold in CP59-73
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Fig. 3 Effect of NaCl and mannitol induced stress on Na®
concentration in sugarcane (Saccharum sp.) cvs. NCo310, R570
and CP59-73 calli after 4 weeks of exposure to stress. Each value
is the mean of six replicates and vertical bars represent +standard
error

calli, and tenfold in both NCo0310 and R570 calli in
comparison to the control under mannitol iso-osmotic
stress (Fig. 7).

Discussion

The application of NaCl- and mannitol-induced stress
decreased considerably either RGR and water con-
tent values among all cvs. However, a highly signifi-
cant difference was recorded among the effects
triggered by each kind of stress. The highest RGR
and water content decrease were noticed under
mannitol-induced osmotic stress, which indicated that
RGR inhibition is due to the reduction of water
availability and the loss of turgor in both CP59-73 and
NCo310 cvs., as reported previously in other species
(Lutts et al. 1996b, Mohamed et al. 2000; Watanabe
et al. 2000). In contrast, R570 seemed to preserve a
highest RGR value under mannitol-induced osmotic
stress. These findings allow us to conclude that at the
plant cell level, NCo310 is the most salt-resistant and
R570 is the most salt-sensitive while CP59-73 displays
an intermediary behaviour. Under mannitol-induced

70

60 -

50 A

40 -

30 A

20 A

CI” concentration (umol/g DW)

Control

NaCl 50 mM
Mannitol 100 mM
NaCl 100 mM
Mannitol 200 mM
NaCl 150 mM
Mannitol 300 mM

Fig. 4 Effect of NaCl and mannitol induced stress on CI”
concentration of sugarcane (Saccharum sp.) cvs. NCo310, R570
and CP59-73 calli after 4 weeks of exposure to stress. Each value
is the mean of six replicates and vertical bars represent +standard
error

osmotic stress, NCo310 and R570 are considered as a
drought-resistant cvs., while CP59-73 is relatively
drought-sensitive cv. These results corroborate with
those obtained at the whole plant level in relation to
salt stress (unpublished data). While the data relating
to the drought resistance of the cvs. at the whole
plant level are scarce.

The fact that NaCl affected the RGR value at least
extent is mostly due to the selective accumulation of
Na™ and CI” ions. A moderate increase of Na* and CI~
within callus tissue might avoid water loss and ensure
an economic way to adjust osmotically (Dutta Gupta
et al. 1995; Chinnusamy and Zhu 2003; Benlloch-
Gonzalez et al. 2005). However, when the ability of the
cells to compartmentalize the ions into the vacuole is
exceeded, ions build up in the cytoplasm and lead
to severe ion imbalances and to conformational chan-
ges in the plasma membrane electrical potential
(Chinnusamy and Zhu 2003; Sairam and Tygai 2004).
Calli of the salt-resistant NCo310 accumulated more
CI” than calli obtained from the salt-sensitive R570 as
was reported in tomato (Cano et al. 1996) and rice
(Lutts et al. 1996b). Such a high accumulation in the
salt-resistant cv. apparently did not cause much injury
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Fig. 5 Changes in K" concentration of sugarcane (Saccharum
sp.) cvs. NCo0310, R570 and CP59-73 calli as affected by NaCl
and mannitol induced stress after 4 weeks of exposure to stress.
Each value is the mean of six replicates and vertical bars
represent +standard error

to the calli as revealed by the RGR data. These
statements allow us to conclude that salinity resistance
in sugarcane cvs. is ascribed, at least partly, to the
restriction of Na™ accumulation and also to suggest that
salt-resistant NCo0310 has developed an exclusion
mechanism to cope with the presence of salt in the
medium (Greenway and Munns 1980). In contrast, the
salt sensitivity of R570 cv. could be due to the lack of
efficient compartmentation of Na* ions, which build up
in the cytoplasm until reaching critical levels. However,
the attribution of the deleterious effects of salt stress
solely to the Na™ toxicity might be an oversimplifica-
tion of the events taking place during the exposure to
salinity (Lutts et al. 1996b). Under salt-induced stress,
the increase in Na* concentration and the subsequent
decrease in K concentration observed among sugar-
cane cvs. were previously reported in several other
species (Basu et al. 2002; Benlloch-Gonzalez et al.
2005). This could be due to the fact that some species
were able to substitute K™ by Na* to ensure the os-
motic adjustment (Rus et al. 1999). Under mannitol-
induced osmotic stress, the Na* and CI™ concentration
were not affected. In contrast, a substantial decrease of
K" was recorded among the cvs., as was reported in
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Fig. 6 Changes in Ca®" concentration of sugarcane (Saccharum
sp.) cvs. NCo0310, R570 and CP59-73 calli as affected by NaCl
and mannitol induced stress after 4 weeks of exposure to stress.
Each value is the mean of six replicates and vertical bars
represent +standard error

wheat (Trivedi et al.1991). We also observed that the
stress-resistant cvs. maintained a higher amount of K*
than the stress-sensitive under both stresses. These
findings corroborate with those reported in rice (Lutts
et al. 1996b) and wheat (Lutts et al. 2004). We also
observed that under both salt- and mannitol-induced
stress, Ca”* concentration decreased significantly but at
least extent under mannitol-induced stress as was re-
ported in other species (Lutts et al. 1996b, 2004).
Among cvs., the reduction was more important in the
stress-sensitive than in the stress-resistant cv. under
both stresses. It is well known that Ca®* plays a crucial
role in the regulation of ion uptake and promotes the
K" versus Na* uptake (Hirschi 2004). Thus, the highest
uptake of Na* and leakage of K* observed in the salt-
sensitive cv. could be related to the strong diminution
of the Ca”* concentration in the callus cells (Grattan
and Grieve 1999). In summary, our results indicated
clearly that the disruption of the ion concentration
occurred under both salt- and mannitol- induced stress.
Moreover, and from a quantitative point of view, the
inorganic fraction did not contribute to the osmotic
adjustment in the presence of mannitol-induced os-
motic stress, while the Na* and Cl™ seemed to be the
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Fig. 7 Changes in proline concentration of sugarcane (Saccha-
rum sp.) cvs. NCo310, R570 and CP59-73 calli as affected by
NaCl and mannitol induced stress after 4 weeks of exposure to
stress. Each value is the mean of six replicates and vertical bars
represent +standard error

major contributors to osmotic adjustment under salt
induced stress.

Another strategy that plant adopt to withstand stress
conditions is the accumulation of compatible solutes
(Delauney and Verma 1993). These compounds,
including proline, appeared to have a little or no
interfering effects on macromolecules functioning
(Hasegawa et al. 2000). In sugarcane cvs., proline
concentration increased considerably under salt- and
mannitol-induced stress, which indicates that the pro-
line overproduction is a non-specific response (Bajji
et al. 2000; Alvarez et al. 2003; Ashraf and Harris
2004). A significant difference was recorded among the
effect of each kind of stress on proline accumulation,
with the highest increase under NaCl-induced stress.
Thus, the greatest accumulation of proline is thought to
be due to the osmotic component of salt stress and that
specific ions could influence the extent of this response
(Lutts et al. 1996b, Benlloch-Gonzalez et al. 2005).
However, the precise role of proline accumulation in
stress resistance remains a matter of debate and up to
now, the published reports allow no evidence whether
proline is the cause or the consequence of the meta-
bolic adaptation to stress (Ashraf and Harris 2004).

Our results revealed that under both stresses, the
stress-resistant cv. accumulated proline at lesser extent
than the stress-sensitive one. This finding let us suggest
that proline accumulation among sugarcane cvs. is
merely a symptom of injury rather than a stress resis-
tance trait. Identical statements were reported in sev-
eral other species (Cano et al. 1996; Garcia et al. 1997,
Tonon et al. 2004). Furthermore, the contribution of
proline to osmotic adjustment, from a quantitative
point of view, in sugarcane cvs. seemed to be insignif-
icant as was reported previously in other species under
mannitol- and NaCl- induced stress (Mohamed et al.
2000; Benlloch-Gonzalez et al. 2005). In contrast, the
assumption that proline is a stress resistance marker
has been widely adopted (Alvarez et al. 2003; Ehsan-
pour and Fatahian 2003). As well, proline can serve as
an organic nitrogen reserve ready to be used after
stress relief to sustain both amino acid and protein
synthesis (Trotel et al. 1996; Sairam and Tygai 2004).

Conclusion

The present study highlights the importance of the
effects of both ionic and osmotic component of the salt
stress on sugarcane callus. Our results lead us to sug-
gest that the physiological mechanisms that mediate
the response to salt and drought stress are different.
We also provide evidence that the growth inhibition is
mainly due to the loss of turgor under mannitol-in-
duced stress and to the build up of Na* and CI” ions in
the cytoplasm under salt stress. Moreover, we dem-
onstrated that the ion status is closely related to the
nature of the stress factor applied in the medium.
Among cvs., we revealed that stress resistance in sug-
arcane cvs. is closely related to the retention of an
adequate water status, a high amount of K* and Ca**
and a low level of Na*. We also showed that proline is
not directly involved in stress resistance at the cellular
level in sugarcane.
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