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ABSTRACT

Rice (Oryza sativa) is an important food crop in India as well as in other Asian countries. It is well known that
compounds of heavy metals are known to harm land plants, and plant parts and aluminium is one such an
element causing toxic effects in plants particularly in plant growing in marshy and acidic soils. Senescence
is characterized by the results of many sequential molecular events and these are influenced by biotic and
abiotic factors. The present study was carried out systematically on the toxic effects of aluminium in the
detached rice leaves during leaf senescence with reference to starch metabolism and its associated enzymes.
In our study reducing and non-reducing sugars were increased and starch content decreased. Significant
increases were observed in reducing and non-reducing sugars and their associated enzymes such as
starch phosphorylase and sucrose synthase in both Aduthurai 43 (ADT-43) and Pro Agro 6129 (PA 6129)
varieties and decreased activity of a-amylase was observed with the increasing periods of exposure and
increasing concentration of aluminium in leaves of rice varieties in detached leaves during leaf senescence.
However, the shifts in the non-reducing sugars were greater in ADT 43, when compared to PA 6129. The
shifted carbon partitioning from non-soluble carbohydrate to soluble carbohydrates significantly contributed

to osmotic adjustment in ADT 43 and it indicates that it is tolerant to aluminium toxicity.

INTRODUCTION

Rice (Oryza sativa. L) is an important crop in India. It is
well known that compounds of heavy metals are known to
harm land plants, and plant parts. The componentsof earth’s
crust wereutilized by variousindustries, which releasetoxic
substances and are harmful to biota (Ferguson 1990). Many
trace metalsact asessential micronutrientsin higher plants
and animals, however, some heavy metals create adverse ef-
fectsat minor level (Alloway 1995). It iswell known that
aluminium isamajor environmental pollutant and ishighly
phytotoxic, affecting plant growth and yield (Delhaize &
Ryan 1995, Bose et al. 2011, Krstic et al. 2012). The con-
centrations of soluble sugars particul arly non-reducing sug-
arswereincreased significantly with theincreasing leaf age
on exposure to aluminium (Pallavi & Dubey 2008,
Balakumar et al. 1992). Aluminiumiswidely distributedin
plants, particularly in vegetation in marshy placesand acid
soils (Ernest 1972). Aluminium is present in air samples;
roadsi des sample dusts and water (Rahn 1976). The source
of aluminium includesall rocks; particularly igneousrocks
containa uminium in the form of aluminium silicate miner-
als. Aluminium isone of the heavy metals, widely distrib-
uted in environment. It isaproblemin plants, particularly in
vegetation in marshy places and acid soils affecting plant
growth and yield. Carbohydrate metabolism plays an im-
portant rolein the physiology of aplant. Thelevelsof starch
were decreased correspondingly with a decrease in photo-

synthesis activity on exposure to aluminium (James et al.
1990). Industrialization of 20" century formed the pollution
of air, water and soil, which play major global negativeim-
pact on the agriculture. Riceis cultivated in almost all the
statesof India and isused as staplefood, hay for cattlefeed,
and straw for making strawboards, paper and mats. In our
studies, two important rice varieties were selected for alu-
minium toxicity studies. The variety ADT 43 crop cultiva-
tion period is 115 days and yieldsin 7.0 t/ha with medium
dender size, seed grainsof 1000 having weight of 15.5g. In
additionto that ADT 43 wasidentified as more susceptible
crop than seven other high yiel ding varieties (Radhakrishnan
& Ramaraju 2009). Hybrid PA 6129 varieties were sel ected
for studiesrelated to good irrigated, resistant to blast, brown
spot diseasesfrom various pestsand recommend for irrigated
areasof Punjab and Tamil Nadu. Hence, carbohydratessuch
as starch, reducing sugars and non-reducing sugars and its
associated hydrolysing enzymes were studied to know the
impact of aluminium during senescence of detached rice
leaves.

MATERIALS AND METHODS

Rice (Oryza sativa. L) seeds of varieties ADT 43 and PA
6129 were procured from PKKVK, Pondicherry district, In-
dia, and plantswere grown infield conditions. L eavesfrom
8 weeksoldrice plantswere used for further studies. Seven
cm leaf bitsfrom fully expanded and matured |eaves were
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washed in distilled water, and surface sterilized with 0.1 per
cent mercuric chloride solution for 30 seconds, then washed
againwith distilled water. Four |eaf bitswere placed in each
Petri dish of 20 cm diameter, containing distilled water as
control and aluminium solutions at different concentrations
(100uM, 200uM, 300uM) astreated. Six Petri dishes were
placed for each concentration of aluminium. Petri disheswere
kept under light intensity of approximately 150wm2and tem-
perature of 27 + 3°C, the solutionswere replaced with fresh
one. The sampleswere estimated for starch metabolism stud-
ies at 48, 96, 144, 192 hrs of incubation. The exposed | eaf
material swere taken for starch estimation by following the
method of McCready et al. (1950). Thereducing sugarswere
estimated by Nelson’s method (1944) as modified by
Somogyi (1952). From the al coholic extract the non-reduc-
ing sugars were estimated by the method of Scott (1960).
Starch phosphorylase activity was estimated according to
the method of Fiske Subbarow (1925). The sucrose phos-
phate synthase was extracted by the method of Hubbard et
al. (1989) and was assayed according to Miron & Schaffer
(1991). Finally, the resulting sucrose formed during reac-
tion catalysed by sucrose phosphate synthase was estimated
according to themethod of Vassey et al. (1991). a-amylase
activity wasmeasured intheleavesof control and al uminium
stressed leaf bits according to the method of Sridhar & Ou
(1972). All the data obtained per each parameter was ana-
lysed for their significance according to the method of
Duncans s multiple range test (Duncan 1955). The signifi-
cance was cal culated at 5% level (P<0.05).

RESULTS

Inthe present study the effect of a uminium on some aspects
of carbohydrate metabolism during riceleaf senescence was
studied. From thedatapresentedin Table 1, it wasobserved
that related to controls, the starch content was decreased in
the senescing rice leaves on exposure to aluminium in two
ricevarieties. In PA 6129 variety the starch content wasde-
creased inthericeleaf with anincreasein concentrations of
aluminium and period of exposures. ADT 43 also exhibited
similar decrease in starch levels with an increase in alu-
minium concentration and exposure periods. The magnitude
of decline in starch content was comparatively more in PA
6129rice variety thanin ADT 43 variety. Reducing sugars
levelsin the leaves are presented in Table 2; the reducing
sugar content was significantly increased in all concentra-
tions of aluminium. The significant increase was aso ob-
served in ADT 43 variety in all concentrations and at all
exposure periods. However, the percent increase in the re-
ducing sugar levelswasrelatively moreinthe variety ADT
43 thanin PA 6129 at all concentrations of aluminium and
at all periods of exposure. The estimated non-reducing sug-
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arslevelsin the leaves are presented in Table 3. The non-
reducing sugar levelswere significantly increased in all alu-
minium concentrationsand periods of exposure. In PA 6129
variety, the non-reducing sugars levels were significantly
increased at all aluminium exposure periods. A smilar trend
was also observed in ADT 43 in the all concentrations of
aluminium exposures. It was observed that the degree of in-
crease was dependent on the concentrations and exposure
period. The shiftsin the non-reducing sugarswere greater in
ADT 43 thanin PA 6129. Relatingto the starch hydrolysing
enzymes, from the Table 4, it is observed that the levels of
starch phosphorylase increased significantly with increas-
ing period of exposure and concentrations of aluminium.
Further, from the Table 5, it is noticed that sucrose phos-
phate activity was also increased with increasing period of
exposure and concentrations of aluminium. However, from
the Table 6 it is seen that the a-amylase was decreased in
both ADT 43 and PA 6129 and the degree of decrease was
dependent on concentrations and exposure periods.

DISCUSSION

Senescence is programmed changesin many metabolic and
morphol ogical aspectsof flora. Such senescence can bein-
duced by various environmental stresses and aluminiumis
oneof the environmental stresses. Metabolism of starch and
sugars are influenced by a variety of stressful conditions.
Starch is a high molecular weight polysaccharide and the
chief storage carbohydrate in higher plants consisting of
about 80 % water soluble amylopectin and 20% water solu-
bleamylose. In plant metabolism the starch first appearsas
an assimilation product in chloroplasts. It isthen degraded,
the products of degradation are trandocated and starch is
resynthesized as storage starch in storage organs. Further
sugarssuch asreducing sugars, non-reduci ng sugars and their
associated hydrolysing enzymes play animportant role dur-
ing plant metabolism and development. Acid invertase or
sucrose synthase (Pfeiffer & Kutschera 1996) enzymesin-
volve in sucrose breakdown. Starch phosphorylase breaks
down the starch molecul e at non-reducing end. Inthe present
study adecreaseinthe starch content and anincreasein sugar
levelsinthe two varieties of rice was observed at al expo-
sure periods and at different concentrations of aluminium.
Theincreased sucrose phosphate synthase activity was cor-
related with significant increasing levels of non-reducing
sugars. Theresults demonstrate that the increased hydroly-
sisof starch and increased carbon mobilization were attrib-
uted to the enhanced starch phosphorylase and the signifi-
cant increase in the activity of sucrose phosphate synthase.
However, in our study it was found that the activity of a-
amylase enzymewhich isal so astarch hydrolysing enzyme
was decreased. In spite of the declinein the a-amylasethe
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Table 1: Starch (mg/g dry wt.) in the leavesof rice veritiesof control and on exposure to different concentrations of aluminum at 24, 48, 72 and 96 hours.

Exposure ADT 43 PA 6129

periods  Control 100uM 200uM 300uM Control 100uM 200uM 300uM

(hrs)

24 52.406% 48.611°+ 0.17 49.197°+0.14 44.833%+0.11 54.496°  49.505°+0.15  48.988°+0.12 46.4219+0.04
(-0.724) (-6.123) (-14.450) (-8.992) (-10.107) (-14.816)

48 56.9342 53.421°+0.15 48.359°+0.11 44.386%+0.09 56.2312  51.940°+0.09  44.180°+0.01 40.238%+0.17
(-6.710) (-15.061) (-22.039) (-7.631) (-21.431) (-28.440)

72 59.610% 52.813°+0.05 45.579° 0.09 39.506¢+0.02 59.4232  51.296°+0.01  42.220°+0.17 33.520¢+0.11
(-11.402) (-23.538) (-33.725) (-13.675) (-28.950) (-43.590)

96 64.6722 49.164°+0.11 41.588+0.04 35.127¢+0.09 64.8900°  50.623°+0.04  43.203°t0.05 28.148%+0.06
(-23.625) (-35.394) (-45.431) (-21.985) (-33.421) (-56.621)

Each value is a mean of six replicates estimations; Percent decrease / increase over control is given in parentheses.

Means within arow followed by the same letter are not significantly different (P>0.05) from each other according to Duncan’s multiple range tests.

Table 2: Reducing sugar (mg/g dry wt.) intheleaves of rice varieties of control and on exposureto different concentrations of aluminum at 24, 48, 72 and

96 hours.

Exposure ADT 43 PA 6129

periods  Control 100uM 200uM 300uM Control 100uM 200uM 300uM

(hrs)

24 6.2942 7.239°+0.02 8.089°+ 0.03 8.957¢+0.05 6.0832 7.812°+0.11 9.265°+0.05 9.981¢+0.02
(+13.140) (+16.654) (+30.435) (+12.270) (+36.150) (+47.923)

48 6.350% 9.108°+0.12 9.353°+0.05 9.741% 0.09 6.5422 8.861°+0.02  10.351°t 0.05 12.756%+0.05
(+18.511) (+22.355) (+28.470) (+21.425) (+44.217) (+80.269)

72 7.9112 10.068°+0.16 10.723°+ 0.13 11.074%+0.07 7.8212 10.505°+0.06 ~ 14.474°+0.15 15.503%+ 0.09
(+20.455) (+28.730) (+33.175) (+33.907) (+84.315) (+97.815)

96 8.235% 10.994°+0.11 11.574°+0.04 12.8529+0.15 8.3212 11.821°+0.16  15.811°+0.07 18.244%+0.15
(+24.639) (+31.681) (+47.207) (+43.111) (+91.106) (+120.375)

Each value is a mean of six replicates estimations; Percent decrease / increase over control is given in parentheses.
Means within arow followed by the same letter are not significantly different (P>0.05) from each other according to Duncan’s multiple range tests.

enhanced activities of starch phosphorylase and sucrose phos-
phate synthase activities contributed the higher concentra-
tions of soluble sugars particularly non-reducing sugarsin-
creased significantly with theincreasing | eaf age during | eaf
senescence on exposure to aluminium stress. Probably, the
accumulated soluble sugars might have inhibited the amy-
lase expression in feedback mechanism. In support of our
results, earlier researchers exhibited that glucose and fruc-
tose exert arepression on the a-amylase synthesissimilar to
that of sucrose and also explained that the induction of a-
amylase synthesisis by carbohydrate starvation in suspen-
sion cellsof rice (Yu et al. 1991, 1992). In support of our
results, earlier researchers exhibited that glucose and fruc-
tose exert arepression on the a-amylase synthesissimilar to
that of sucrose and also explained that the induction of a-
amylase synthesisis by carbohydrate starvation in suspen-
sion cellsof rice (Yu et a. 1992). Dubey & Singh (1999)
exhibited that under salinity stressthe starch contentsin roots
decreased whereas the content of reducing and non- reduc-
ing sugars and the activities of sucrose phosphate synthase
increased moreinthe sensitiverice cultivars.

During stressand in senescing | eaves, sugars often accu-
mulate and the accumul ation and stress can induce leaf se-
nescence (Wingler & Roitsch 2008). Inour study, adecrease
in starch levels and an increase in reducing and non-reduc-
ing sugar content levels were observed in both senescing
rice leaves varieties on exposure to aluminium at different
concentrationsand at different exposure periods. The degree
of declinein starch content was relatively lessand the mag-
nitude of elevation of reducing and non-reducing sugarswas
comparatively moreinthe variety ADT 43than in PA 6129.
Earlier studiesreported that sucrose and hexoses are highly
sensitive to environmental stressesand serve as substrate for
cellular respiration as well as osmolytes to maintain cell
homoeostasis under stress (Gupta & Kaur 2005, Pallavi &
Dubey 2008). Further, antioxidant and free radical scaveng-
ing properties were al so attributed to the accumul ated sug-
ars (Greger & Lindberg 1986). Hence, the variety ADT43
that could be ableto accumulate relatively higher levels of
sugarsand could mitigate the oxidative stressmoreefficiently
thanthevariety PA 6129 which accumul ated lesser level sof
sugars. A conclusi on could bedrawn in the present investiga
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Table 3: Non-reducing sugar (mg/g dry wt.) in theleaves of rice veritiesof control and on exposure to different concentrations of aluminum at 24, 48, 72

and 96 hours.

Exposure ADT 43 PA 6129

periods  Control 100uM 200uM 300uM Control 100uM 200uM 300uM

(hrs)

24 28.4352 33.657°+0.16 39.082°+0.07 40.5794+0.15 245192 29.395°+0.07  39.138+0.054 7.026%+0.07
(+11.277) (+30.358) (+35.620) (+16.485) (+56.221) (+88.391)

48 30.5622 39.530°+£0.07 45.051°+0.09 47.749%+0.11 26.618*  35.933°+0.07  46.087°+0.05 57.576%+0.07
(+22.458) (+40.525) (+49.352) (+31.395) (+69.545) (+112.705)

72 32.7342 44.086°+0.07 53.128+0.05 57.763%+0.07 30.490°  42.792°+0.11  54.341°+0.07 64.135%+0.05
(+32.79) (+60.412) (+74.571) (+37.395) (+75.275) (+107.39)

96 34.510% 47.656°+0.08 58.615% 0.07 62.660% 0.03 33.785°  50.557°+0.08  66.374°t 0.07 75.849% 0.03
(+35.881) (+67.639) (+79.361) (+47.597) (+94.415) (+122.461)

Each value is a mean of six replicates estimations; Percent decrease / increase over control is given in parentheses.

Means within arow followed by the same letter are not significantly different (P>0.05) from each other according to Duncan’s multiple range tests.

Table 4: Starch phosphorylase (umol (pi)/mg (protein) s* in the leaves of rice verities of control and on exposure to different concentrations of aluminum

at 24, 48, 72 and 96 hours.

Exposure ADT 43 PA 6129

periods  Control 100uM 200uM 300uM Control 100uM 200uM 300uM

(hrs)

24 0.242 0.31°+0.08 0.33°+ 0.04 0.34%+ 0.03 0.372 0.48°+0.08 0.54° 0.07 0.55%+ 0.03
(+29.16) (+37.5) (+41.66) (+29.72) (+45.94) (+48.84)

48 0.362 0.47°+0.09 0.52°+ 0.13 0.53+0.17 0.452 0.60°+0.04 0.66°+0.12 0.67¢+0.09
(+30.55) (+48.96) (+47.22) (+33.33) (+46.66) (+48.88)

72 0.472 0.64°+0.09 0.70°+0.13 0.719+0.17 0.522 0.71°+0.09 0.77°+0.17 0.8070.01
(+36.17) (+48.93) (+51.06) (+36.53) (+48.07) (+53.84)

96 0.552 0.78°+0.08 0.82°+0.13 0.82¢+0.06 0.552 0.81°+0.12 0.82°+0.19 0.87¢+0.11
(+47.16) (+54.7) (+56.48) (+47.27) (+49.09) (+58.41)

Each value is a mean of six replicates estimations; Percent decrease / increase over control is given in parentheses.
Means within arow followed by the same letter are not significantly different (P>0.05) from each other according to Duncan’s multiple range tests.

tion based on sugar accumul ation, supporting the aluminium
tolerant nature of ADT 43. Further, abetter level of reducing
sugar content on exposure to aluminiumin ADT 43 can also
be explained by relatively abetter rate of photosynthesiswhen
compared to PA 6129. Thevariety ADT 43 had maintained
relatively better levels of starch, which was due to better
photosynthetic efficiency under stress conditions, over the
variety PA 6129. The data on starch content also support
therelativetolerance of ADT 43. Chaves (1991) reported
that increased concentrations of reducing and non-reduc-
ing sugars might have resulted from increased starch hy-
drolysis, synthesis by other pathway or decreased conver-
sion to other products or from areduced rate of export of
sugarsfrom leaf. Increased level of heavy metal like cad-
mium stress could induce the decreased level of starch and
an increase in proline content in ADT 43 (Vijayarengan
2012). Similarly, our findingsexhibit that coincident of Smi-
lar results on auminium toxicity also when compared with
cadmium toxicity.
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CONCLUSIONS

The analysis of carbohydrate fractions, especially sugars
provideinformation in the contribution of sugarsinosmatic
adjustments during aluminium toxicity stressin senescing
rice varieties. Reducing and non-reducing sugarsincreased
whereas, the starch content decreased, in theleavesin both
rice varietieson exposure to aluminium. Further, the starch
hydrolysing enzymes like starch phosphorylase and sucrose
phosphate synthase wereincreased in association with break-
down of starch resulting reducing and non-reducing sugars
in senescing rice leaves on exposure to aluminium. There-
fore, itissuggested that al uminium enhanced the | eaf senes-
cence at faster rate inrice leaves. Since, greater magnifica-
tionsin reducing and non-reducing sugarswere observed in
ADT 43, supporting the a uminium tol erant nature, the shifts
in carbon partiti oni ng from non-sol ubl e carbohydrate to sol u-
ble carbohydrate could greatly contribute to osmotic adjust-
mentsin ADT 43 ricevariety.
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Table 5: Sucrose phosphate synthase (umol (sucrose)/mg (protein) s* in the leaves of rice verities of control and on exposure to different concentrations
of aluminum at 24, 48, 72 and 96 hours.

Exposure ADT 43 PA 6129

periods  Control 100uM 200uM 300uM Control 100uM 200uM 300uM

(hrs)

24 1.1842 1.542+0.13 1.612°+ 0.22 1.706% 0.63 1.2672 1.666°+0.24 1.814%+ 0.37 1.9334+ 0.61
(+30.23) (+36.14) (+44.08) (+31.49) (+43.17) (+52.56)

48 1.2072 1.626°+0.76 1.761°+ 0.44 1.789¢+0.15 1.3952 1.903°+0.29 2.018°+0.42 2.088%+0.20
(+34.71) (+45.89) (+48.21) (+36.41) (+44.65) (+49.67)

72 1.4552 2.004+0.39 2.148°+0.11 2.2204+0.27 1.5262 2.127°+0.56 2.262°+0.17 2.36790.54
(+37.73) (+47.62) (+52.57) (+39.38) (+48.23) (+55.11)

96 1.6472 2.439°+0.34 2.546°+0.15 2.600%+0.45 1.6552 2.471°+0.14 2.527°+0.22 2.608%+0.61
(+48.08) (+54.58) (+57.86) (+49.30) (+52.68) (+57.58)

Each value is a mean of six replicates estimations; Percent decrease / increase over control is given in parentheses.

Means within arow followed by the same letter are not significantly different (P>0.05) from each other according to Duncan’s multiple range tests.

Table 6: a- amylase (pg reducing sugar formed per mg protein min) in the leaves of rice varities of control and on exposure to different concentrations
of aluminum at 24, 48, 72 and 96 hours.

Exposure ADT 43 PA 6129

periods  Control 100uM 200uM 300uM Control 100uM 200uM 300uM

(hrs)

24 21472 2.131°+0.09 2.099°+0.04 2.140°+0.09 1.960° 1.944°+0.04 1.926°+0.08 1.920°+0.07
(-0.745) (-2.328) (-2.921) (-0.816) (-1.734) (-2.040)

48 2.260° 2.154+0.13 2.1412+0.12 2112+ 0.13 2.083¢ 1.988°+0.12  1.965°+ 0.06 1.910°+0.05

(-4.69) (-5.265) (-6.548) (-4.560) (-5.664) (-8.305)

72 2.642¢ 2.138°+0.01 2.0782+0.06 1.9982+0.17 2.175¢ 1.726° +0.07  2.128°+ 0.04 1.691%+ 0.09
(-19.076) (-21.347) (-24.375) (-20.464) (-21.461) (-22.240)

96 2.695¢ 1.966°+0.14 1.856a+0.11 1.814°+0.03 2.228° 1.660°+0.16 1.749°+0.10 1.710° £0.07
(-30.50) (-31.856) (-32.690) (-20.649) (-21.499) (-23.240)

Each value is a mean of six replicates estimations; Percent decrease / increase over control is given in parentheses.
Means within arow followed by the same letter are not significantly different (P>0.05) from each other according to Duncan’s multiple range tests.
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