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Abstract. Sugarcane (Saccharum officinarum L.) an important sugar crop, shows high sensitivity to salinity at vari-
ous growth stages. This study was conducted to determine the comparative response of a salt-tolerant (CP-4333)
and a salt-sensitive (CP-71-3002) sugarcane clone to the toxic or osmotic effects of sodium chloride at two growth
stages. Clones indicated significant differences in terms of reductions in dry weight and area of leaves under salinity
at the grand growth stage. Leaf dry weight was more affected than leaf area, resulting in reduced specific leaf weight.
The tolerant clone produced supplementary tillers in greater number that appeared to offload the ion excess. Clones
indicated significant difference with regard to increase in leaf Na* and Cl- and decrease in K*, but no difference in K*:
Na' ratio. Na" and Cl- were negatively correlated while K* was positively correlated with leaf growth parameters,
indicating an adverse effect of Na® and Cl- and importance of K* to salt tolerance. The tolerant clone displayed higher
water content, water, and turgor potentials of leaf than sensitive clone, but the osmotic potential did not significantly
change. Soluble sugars of tolerant clone indicated a ~2 fold increase over control, indicating their osmo-protective
role. Free proline accumulation was more specific to the sensitive clone and was correlated with Na* and Cl- showing
its synthesis due to ion-toxicity. At maturity, increased salinity reduced the millable cane yield, extractable juice and
juice-brix percentage, but increased juice osmolality. All these parameters were negatively correlated with EC, Na',
and Cl- and displayed their specific effect on the sugar levels in the internodes. In summary, ion-toxicity was the
main determinant of salt tolerance at the grand growth stage while the osmotic component of NaCl mainly appeared
to affect the transport of sucrose to stalks, followed by stimulated sucrolytic activity in the internodes, resulting in

reduced final caneyield.
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I ntroduction

A soil is considered saline or salt-affected when the
electrical conductivity of extract from water-saturated,
root-associated soil exceeds 4 dS m?. Salt affected land
on earth comprises 19% out of 2.8 billion hectares of ar-
ableland (Szabolics, 1989). The main reason for thisin irri-
gated areas is the build-up of excessionsin the upper soil
profileswhile in non-irrigated areasthe culpritisalow pre-
cipitation/evaporation ratio. The build-up of toxicionsin
the rhizosphere initially causes injury to plant roots, and
then their gradual accumulation in the aerial parts causes
heavy damage to plant metabolism, reducing growth and
yield. Injury to leaves due to excess ion-accumulation
might be an important factor controlling the active size of
the canopy (Francois and Maas, 1999). Increased salinity
has an inverse rel ationship with stomatal conductance and
net photosynthetic rate (Curtis and L&uchli, 1986; Lopez
et a., 2002), leading to reduced photo-assimilation and dry
matter production (Rozeff, 1995; Lingle and Weigand, 1997).

Salt tolerant plants adopt many strategies that range from
morpho-anatomical to physiological and biochemical in
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nature (Cheeseman, 1988; Zhu, 2001). The physiological
ones include the exclusion of ionsinto physiologically less
active parts (Schachtman and Munns, 1992), better selec-
tivity of K* over Na* (Wilson et al., 2000), and synthesis
of compatible osmoticafor osmo-protection (Sakemoto and
Murata, 2002). Plant tolerance to salinity may be more re-
lated to the Na":K* ratio in the cell than the absolute Na*
concentration (Benzyl and Reuveni, 1994; Qian et al., 2001).
The salinity resistance in maize has been mainly related to
greater flux and cytoplasmic K* concentration (Hgibagheri
et al., 1989). Reduction in water uptake by the root and
hampered cell-water relations are both due to the osmotic
component of salinity (Cheeseman, 1988; Wahid et al.,
1999a). Tolerant plants adjust osmotically by the synthe-
sis of highly water soluble compatible osmotica (e.g.
glycinebetaine, free proline, and low molecular weight
sugars) and maintain turgor. Among these, free proline
ameliorates salt-induced oxidative damage to membranes
(Jain et a., 2001), and glycinebetaine buffers the cellular
redox potential (Hare et al., 1998), maintains Na" balance
between the cytoplasm and the vacuole (Subbarao et al.,
2001), and protects cytoplasmic membranes during salt
stress (Hare et al., 1998; Rehman et al., 2002; Sakamoto and
Murata, 2002). Likewise, both reducing and non-reducing
sugars contribute to turgor maintenance under salt or wa-
ter stress (Cheeseman, 1988; Garg et a., 2002).
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Sugarcane (Saccharum officinarumL.) iswidely grown
intropical and subtropical areas and ismostly irrigated with
subsoil or canal water. It is ranked moderately sensitive to
salinity with athreshold value of 1.4 dS mr? (Maas, 1986).
Salinity has a greater effect on the gas exchange param-
eters of sugarcane (Plaut et al., 2000). A reduction in the
elongation and expansion of sugarcane leaves under sa-
linity has been attributed to alowered efficiency of grow-
ing tissuesto utilize sugarsfor growth (Kumar et a., 1994).
A mgority of plants divert normal metabolic pathways and
increasingly synthesize the compatible solutes to mitigate
the adverse effects of salinity (Hare et a., 1998). Thisis
true for sugarcane too, as the synthesis of compatible
solutes, including 3-dimethylsulfoniopropionate and free
proline, has been reported in sugarcane leaves under os-
motic stress (More et al., 1994; Paquet et al., 1994).
However, more work is imperative on this aspect of
sugarcane.

Sugarcane shows a steep decline in growth and produc-
tivity with a progression in root zone salinity although
large genotypic differences occur (Rozeff, 1998; Wahid et
al., 1997; Nadr et d., 2000; Akhtar et d., 2003). Rozeff (1995)
reported a 50% reduction in the sprouting of sugarcene at
13.3 dS m* while the same reduction of yield occurred at
9.5dS m?level of salinity. An excess of ions adversely
affected the elongation and differentiation of cane stalk in-
ternodes and storage of sucrose therein (Akhtar et al.,
2001). Lingle and Weigand (1997) noticed an increase in
the juice osmolality and a decrease in total soluble solids
and sucrose per unit increase in salinity. This may be due
to a salt-induced stimulation of the sucrolytic activities of
acid and neutral invertases (Balibrea et al., 2000; Tazuke
and Weda, 2002). Furthermore, the older stalk sections had
a higher content of juice-Na, little or no change in Cl-,
and lower content of K* than the younger ones (Lingle et
al., 2000).

As aC, plant, sugarcane has a higher water and tem-
perature optima for growth. According to irrigation
schemes, sugarcane needs to be watered at frequent (15
d) intervalsfor optimum growth (Qureshi et a., 2002). With
irrigation water, in marginally or moderately saline fields,
an excess of soluble salts are inevitably taken up, which
accumulate in the aerial parts and reduce growth and yield
(Meinzer et d., 1994; Akhtar et ., 2003). Reduction in sug-
arcane growth might either be due to additive or individu-
alistic effects of osmotic and toxic components of salinity.
However, which of the two is more causative is not yet
clear. It is surmised that both osmotic and toxic compo-
nents of salinity differently affect the growth and yield of
sugarcane at different growth stages. This hypothesis was
tested based on changes in the growth, ions, and
osmolytesin leaves at the grand growth stage, with cane
yield and sugar characteristics measured at the maturity
stagesin this crop of commercia value.

Materials and M ethods

Plant Material and Experimental Details
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Sugarcane clones CP-4333 and CP-71-3002 were previ-
ously tested and declared tolerant and sensitive to NaCl
sdlinity with average sat tolerance limits (EC, ) of 15.5and
8.6 dS m'L, respectively (Wahid et al., 1997). Stalk nodes
(50 in number) of the clones were sown in tanks built in
greenhouse measuring 2.35 m (long)x1.50 m (wide)x0.45
m (deep), lined with a double layer of polyethylene sheet
and filled with soil. Experimental design was randomized
complete block. Each treatment was replicated three times
in each block. After sprouting, the clones were allowed to
grow up to the onset of the grand growth stage (180 days
after planting). A salt (NaCl) solution was gradually added
to soil at thistimeto achieve 80, 120 and 160 mmol L lev-
elsin four days, in addition to a control (no salt added).
Physico-chemical characteristics of (@) soil were: organic
matter 1.05%, total N 0.72%, cation exchange capecity 16.
7 meq 100 g?, pH 7.3 and (b) soil extract were: ECe2 dSmr
1, SAR0.17,Na" 52 mg kg?, K* 430 mg kg?, Cl- 223 mg kg
', 80,7 49 mgkg*, CatMg 935 mgkg*, NH," 7.1 mgkg™,
NO, 14.8 mg kg™, as determined by standard methods of
soil analysis (Black, 1965). Tankswere irrigated with sub-
soil at 12- to 15-day intervals, having the following
characteristics: ECw 0.6 dSm?, SAR4.9,Na* 13mg L%, K*
8mgL* Cl271mgL*, and SO,*, CO.> and HCO, in
traces. ECe level of the soil was measured at the end of
experiment, and it had slightly increased.

Growth, Water and lonic Relations

All measurements were taken on leaf lamina 60 d after
the induction of salinity treatments. Leaf area was mea-
sured of intact plants as leaf length x leaf width x 0.68 (a
factor derived from the slope of correlation between mea-
sured leaf area and the product of length x width of leaf).
A leaf was considered green showing <20% symptoms of
salt damage in the form of tip burning and chlorosis, as
described elsewhere (Wahid et al., 1999b). Fresh weight
was taken immediately after removing the green leaves,
and dry weight was taken after drying them at 70°C for
five days. Percent leaf water content was measured as:
[(fresh weight-dry weight) x 100]/fresh weight. Specific leaf
weight was computed as leaf dry weight/leaf area (Hunt,
1982). The water potential of three leaves below the top
visible dewlgp (TVD) leaf was measured using a pressure
chamber (Scholander Bomb, Germany), and the values were
averaged. For the measurement of osmotic potential, the
fresh excised leaf samples were quickly frozen on dry ice,
thawed, sap expressed, and collected in a microfuge tube.
The sap was centrifuged at 1.2x10* xg for 5 min in order
to pellet the suspended materials and determined for os-
motic potential using a vapor pressure osmometer (Model
5100 C, Wescor Inc., Utah). The turgor potential was de-
termined from the difference of water and osmotic
potentials. For the determination of mineral ions from
leaves, the dried powdered material (1.0 g) was digested
in an HNO,:HCIO, mixture (3:1 ratio) at 280°C for 2 h,
cooled, and made up to known volume using deionized
water (Yoshida et al., 1976). Na" and K* were determined
on flame-photometer (Sherwood Model 410, Cambridge,
UK). A portion of the material (1.0 g) from above was boiled
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in deionized water for 2 h, filtered hot, and made up to
known volume using deionized water to estimate Cl- us-
ing chloride meter (Model VVC-HI, Central Kagaku, Japan).

Free proline was determined from the fresh leaves ex-
tracted with sulphosalicylic acid and the extracts reacted
with acid-ninhydrin, according to the method of Bates et
al. (1973). To determine water soluble sugars from |eaf
blades, 0.5 g of tissue was excised, cut into small pieces,
and vigorously shaken with 20 ml of 80% ethanol in awa-
ter bath at 70°C for 2 h. Extract was centrifuged at 1x10°
xg for 5 min, reduced to afinal 5 ml volume under vacuum
at 55°C, and stored at -20°C until analyzed. After thawing,
an aliquot was colorimetrically determined for sugars by
reaction with anthrone reagent (Yoshida et al., 1976).

Stalk Yield and Juice Analysis

At maturity (330 d old crop and grown under salinity
for 150 days), fresh cane stalk weight per plant was deter-
mined after stripping and removing the tops. Cane stalk
was passed three times through a cane-crusher to recover
the maximum amount of juice, which was then filtered
(through 200 um sieve). A portion of it was immediately
frozen for sugar analysis while the remainder was used for
the rest of the analyses. Brix percentage (reflecting appar-
ent sucrose in the juice) was determined by Brix Refracto-
meter (Epic Inc. New York). To determine the osmolality, 1
ml of juice was centrifuged at 0.8x10* xg to pellet the sus-
pended materials and osmotic potential of supernatant was
measured with vapor pressure osmometer (Model 5100C,
Wescor Inc. Utah). EC of the non-frozen portion of juice
was immediately determined using conductivity meter
(Model PTI-118, UK). For the analysis of mineral ions, the
juice was reduced to dryness under vacuum at 55°C on a
rotary evaporator, digested in acid mixture, and determined
for mineral nutrients as described above. For the determi-
nation of total sugars, 2 ml of the frozen juice was diluted
to 5 ml, and rest of the procedure was the same as described
above.
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Results

Growth and lonic Characteristics

Sugarcane clones indicated significant (p<0.01) differ-
ences for the reduction in dry weight, number, and area of
leaves and tillering capacity per plant, with significant (p
<0.01) interaction of salinity and clones. Although NaCl
salinity reduced these parameters in both the clones, CP-
4333 greatly excelled CP-71-3002 (Figure 1). Salinity had a
more pronounced effect on dry weight than leaf area,
which was evident from a significantly (p<0.01) more de-
creased specific leaf weight especially of CP-71-3002.

Both the clones indicated a significant (p<0.01) differ-
ence for the accumulation of leaf-Na" and Cl- with incressed
salinity but K* content indicated a concomitant decrease
showing a significant (p<0.01) interaction of the clones
with salinity (Table 1). Applied salinity reduced the K*:Na*
ratio, but there was no significant (p>0.05) difference be-
tween the clones. Although Na* and Cl- were detrimental
to the growth of clones, the difference between the clones
was evident. CP-4333 accumulated markedly less of both
Na" end CI- and more of K* then CP-71-3002. The trend of
Na* and CI- accumulation with growth parameters, however,
was negative (Table 2). This carried greater physiological
importance in terms of substantial difference between the
clones for the excess of Na* and CI- on the dry weight,
area, and specific weight of leaves. However, a positive
correlation of K* with these attributes suggested the im-
portance of K* to growth in terms of more leaves for the
interception of light for photosynthesis as was apparent
from the substantially higher leaf dry weight and leaf area
of CP-4333 (Figure 1).

Water Relations and Osmolytes Accumulation

Both clones differed significantly (p<0.05) in leaf water
status (Figure 2). Although applied salinity reduced water
content and water potential of leaves, a significant
(p<0.01) difference was discernible between the clones.

Table 1. Changesin mineral ions of differentially salt tolerant sugarcane clones under NaCl salinity.

Clones NaCl Leaf Na' Leaf K* Lesf K*Nat Leaf CI-
(mmol L) (mg g dry weight) (mg g* dry weight) ) (mg g* dry weight)
CP-4333 Control 16.43+0.65 240.67+46.13 14.67+2.93 36.33+ 2.40
80 42.00+6.71 224.43+34.43 5.40+0.89 68.40+10.53
120 61.53+6.38 203.07+28.01 3.30+0.34 81.10+ 9.08
160 70.33£9.21 180.67+16.67 2.59+0.27 94.50+11.10
CP-71-3002 Control 13.40+2.80 237.57+£28.37 18.46+5.27 37.20+5.50
80 48.70£5.77 185.90+£19.91 3.86+0.78 79.40£8.29
120 76.27+5.85 159.93+16.66 2.12+0.38 98.83+7.09
160 88.33£8.05 137.30+ 8.52 1.57+0.32 117.90+7.96
Stendard Error
Clones (C) 12.79** 19.08** 2.15ns 4.90**
Salinity (S) 18.09** 271.93** 3.04** 6.93**
CxS 25.59** 38.15*%* 4.30ns 9.81**

Significant at **, 1% levels of probability. ns, non-significant. Mean + standard deviation.
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Figure 1. Changes in some growth characteristics of differentially salt tolerant sugarcane clones under NaCl salinity. In this and
subsequent figures, open symbols for CP-4333 and shaded for CP-71-3002. Values are means + standard deviation. Vertical bars
denote standard error of means. SE is the standard error of clones x salinity interaction. Interaction is significant at *, p<0.05; **, p

<0.01 and ns, non-significant.

Table 2. Correlation co-efficient (r) between growth characteristics and leaf-ion content leaves of sugarcane clones (n = 8).

Growth parameters Na' K* Na"K* Cl-
Leaf dry weight -0.873** 0.977** 0.735* -0.893**
Number of leaves per plant -0.983** 0.971** 0.754* -0.969**
Leaf area per plant -0.937** 0.971** 0.704ns -0.959**
Specific leaf weight -0.717* 0.836** 0.573ns -0.756*

Significant at *, p<0.05; **, p<0.01. ns, non-significant. Mean + standard deviation.
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CP-4333 maintained greater relative water content and high-
er water potential. Although the clones did not differ (P>
0.05) in leaf osmotic potential, CP-4333 exhibited a steady
leaf turgor and better osmotic adjustment.

Therewas asignificant (p<0.01) differencein the clones
with regard to accumulation of free proline and soluble
sugars. However, an interaction of salinity and clones was
noted for free proline, but not for soluble sugars. Soluble
sugars indicated a ~2 fold increase in CP-4333 at highest
salt level over controls (Figure 3), confirming their greater
role in the salt tolerance of CP-4333. No correlation of
soluble sugars appeared with any of the ions (data not
given). However, free proline accumulated in greater
amounts in CP-71-3002 (sensitive clone) and had a posi-
tive correlation with Nat (r =-0.769; n=8) and Cl (r =-0.719;
n=8), suggesting that its accumulation was due to the tox-
icity of theseions.
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Figure 2. Changes in water relations characteristics of differen-
tially salt tolerant sugarcane clones under NaCl salinity. For de-
tails see Figure 1.
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Figure 3. Changes in soluble sugars and free proline content of
differentially salt tolerant sugarcane clones under NaCl salinity.
For details see Figure 1.

Cane Yield and Juice Characteristics

Although CP-71-3002 had a greater stripped caneyield
than CP-4333 under non-saline condition, it suffered a sub-
stantial loss due to salinity (Table 3). The most significant
(p<0.01) effect of NaCl was on the quantity of extractable
juice. The lowest recovery and most viscous juice occurred
at 160 mmol Lt in CP-71-3002, indicating a more reduced
water uptake by this clone. This was further evident from
the increased juice osmolality having a direct correlation
with EC, Na*, ClI- but an inverse correlation with juice-K*
(Table 4). EC of juiceincreased with a significant (p<0.05)
difference between the clones. Juice-Na" was considerably
(p<0.01) greater in CP-71-3002 than CP-4333, but juice-Cl-
was similar (p>0.05). The K* and K*:Na' ratio was dlightly
higher (p<0.05) in the juice of CP-4333 than CP-71-3002.
Both clones exhibited differential capability to synthesize
total sugars (p<0.01) although salinity had no effect on
their accumulation. Contrarily, brix percentage was signifi-
cantly (p<0.01) higher in the juice of CP-4333 than CP-71-
3002 (Table 3). Correlations between sugar relations and
juiceionsrevealed that increased EC, Na" and CI- content
of juice had a negative relationship with the extractable
juice and brix percentage (Table 4). Juice K*, on the other
hand, indicated a strong positive correlation and appar-
ently a profound effect on the extractable juice and brix
percentage of the clones.
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Table 4. Correlation co-efficient (r) between juice-EC, juice
percentage (n = 8).
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mineral ions and quantity of extractable juice total sugars and brix

Juice characteristics Juice-EC Nat K* Cl-

Quantity of extractable juice -0.950** -0.928** 0.916** -0.984**
Juice osmolality 0.967** 0.951** -0.935** 0.986**
Total sugars -0.699ns 0.684ns 0.715* -0.661ns
Brix percentage -0.889** -0.984** 0.979** -0.914**

Significant at *, p<0.05; **, p<0.01. ns, non-significant. Mean +

ference in the leaf osmotic potential between the clones,
and the reasons for this are different. The tolerant clone
accumulated considerably higher K* (Table 1) and had a
~2 fold greater accumulation of soluble sugars (compared
to control), but relatively low free proline content at the
highest salinity level (Figure 3). All these osmolytes im-
proved cell water balance and enabled this clone to adjust
osmotically (Figure 2, 3). The sensitive clone, on the other
hand, had much reduced water content and very low tur-
gor potential although it also had a higher free proline
content. Asisrevealed from the data, this clone accumu-
lated soluble sugars and K* in amounts inappropriate to
generate turgor and thus showed reduction in osmotic
potential. Free proline accumulation held significant cor-
relations with Na+ and ClI- (cf. Results section), and its pro-
duction was more specific to the sensitive clone (Figure
3). This suggested that its production was because of salt
damage to the cell cytoplasm. This corroborates with what
has been reported for soybean (Moftah and Michel, 1987),
rice (Lin and Kao, 1996), sorghum (Wahid et a., 1998), and
Kentucky bluegrass cultivars (Qian et al., 2001). A ham-
pered leaf water status of the CP-71-3002 was further at-
tributed to a reduced water absorption by a weak root
system as reported earlier for this clone (Wahid et al.,
1997), followed by its reduced transport to the aerial parts
due to the osmotic effect of salinity.

High net leaf carbon assimilation rate followed by rapid
translocation of synthesized sucrose to the internodes de-
terminesthefinal yield in sugarcane (Lingle, 1999). Applied
salinity has a well-pronounced effect on the biosynthesis
of sucrosein the leaf and its translocation to stalk for stor-
age (Lingle and Weigand, 1997; Akhtar et a., 2001). Salin-
ity modulates the activities of sugar metabolizing enzymes
in a number of crops. It reduced activities of sucrose syn-
thase and starch phosphorylase and enhanced those of
acid and neutral invertases (Krishnamurthy and Bhagwat,
1995; Dubey and Singh, 1999; Tazuke and Wada, 2002).
Since phloem loading from source tissue and translocation
of photo-assimilates to sink tissue (in addition to other
factors) is affected by the sub-optimal availability of wa-
ter in the medium, the osmotic effect of salinity becomes
crucial to this process. This has been evidenced by an in-
creased extracted-juice osmolality (Table 3). Subsequent
to translocation of sugars in the internodes, the excess of
ions may stimulate the activity of invertases, which tends
to reduce sucrose yield by sucrolytic activity (Balibrea et
al., 2000; Tazuke and Wada, 2002). As noted here, juice EC,
Na" and Cl- content increased, which had a strong nega-

standard deviation.

tive trend with extractable juice and brix percentage, as a
measure of sucrose concentration (Table 4). It is believed
that excess Na" and CI- in the internodes stimulated the
sucrolytic action of invertase, leading to a decreased brix
percentage. Although K* had a positive correlation with
extractable juice and brix percentage, its effect appeared
to be masked by ion-specific action of Na* in the
internodes.

To conclude, the above-ground growth of sugarcane
was largely affected by NaCl-toxicity, and the effect of CI-
appeared to be more than that of Na'. Soluble sugars and
K* gppeared to lessen the adversaries of ions on tolerant
clone by improving the cell water balance to a great extent,
while free proline accumulated exclusively as a result of
ion-toxicity. At maturity mainly osmotic and, to alesser
extent, toxic effects were evident, the former during the
phloem translocation of sucrose and the latter during the
sucrolytic action of excess ions on invertases in the
internodes. This differential effect i.e. the toxic effect of
salinity on leaf growth and osmotic effect on sugar accu-
mulation in stalk may be specific to sugarcane, afact which
should be established in other crops for their better man-
agement in saline areas.
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