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Determination of Zn Efficiency in Rice (Oryza sativa 1..)
Genotypes with Use of Response to Bicarbonate
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Abstract: Diversity of root growth and accumulation of organic acids in Zn-inefficient and Zn-efficient rice
genotypes under bicarbonate treatment can be an ecological strategy for plants grown on calcareous soils with
low Zn availability. In this study, the effects of bicarbonate on root and shoot fresh and dry weight, root
length, number of roots per plant and the accumulation of malate and citrate on four genotypes of rice
(Oryza sativa L.) were examined. Two genotypes, Pokkali (Zn-efficient) and IR26 (Zn-mefficient), from IRRI were
used as known cultivars for Zn efficiency and two genotypes from Tran (Shafagh and Domsiah) were examined
for Zn efficiency. The results indicated that the one of Tranian cultivars, Shafagh, was a Zn-efficient and
Domsiah (local variety) was Zn-inefficient. Results showed that bicarbonate sigmificantly decreased the growth
of roots in the Zn-inefticient genotypes but induced their growth in the Zn-efficient genotypes particularly after
8 days of treatment. The accumulation of malate and citrate were greater in Zn-inefficient genotypes, as
compared with the Zn-efficient genotypes. We conclude that root characteristics and the accumulation of

organic acids can be used in rice genotypes for screening Zn efficiency under bicarbonate treatment.
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INTRODUCTION

Zinc (Zn) deficiency was first identified as a field
problem in rice in 1966 (Nene, 1966). It is now wildly
recognized as one of the most widespread soil constraints
inrice production, with as much as 50% of all lowland rice
so1ls prone to Zn deficiency (Sillanpés, 1990; Wiite and
Zasoski, 1999; Cakmak et al, 1998). Similar to Fe
deficiency, most of the Zn deficiency occurred in
calcareous soils (Fomo et al, 1975a; Yoshida and
Tanaka, 1969; Yang et al., 1993; Yang ef al., 1994a).
Calcareous soils, generally with a pH>7.4 have relatively
low available zinc concentration because the solubility of
zinc decreases with increasing pH. Very often the total
zine content of calcareous soils is similar to those in soils
of the other types, or even higher, but the availability 1s
low (Alloway, 2004). In calcareous soils, after the flush in
microbial activity that follows submergence, bicarbonate
15 the predommantation, which mainly decreases Zn
transport from root to shoot and to a lesser extent, Zn
uptake by roots (Singh et al., 2005). Bicarbonate inhibited
the uptake of not only Zn but also Fe, Mn and K in the
Zn-nefficient rice cultivars, but not in the Zn-efficient
cultivars (Yang et al., 1993). The inhibitory effect of
bicarbonate on root growth appeared to be related to high
accumulation and compartmentation of organic acids in

root cells (Lee and woolhouse, 1971; Yang ef af., 1994b;
Yang et al., 2003). The findings showed that the intubitory
effect of bicarbonate on root growth of Zn-inefficient rice
genotypes was  closely  associated  with  high
accumulation of organic acids, malate and citrate in
particular, in roots (Yang et al, 1994b, 2003,
Hajiboland ef al., 2005). In the present study, the effect
of bicarbonate concentrations m nutrient solutions were
examined on root and shoot growth and the accumulation
of organic acids in roots for determination of 7Zn efficiency
in rice genotypes.

MATERIALS AND METHODS

Plant culture: Four genotypes of rice plants (Oryza
sativa 1..) were selected for this study. Two cultivars were
provided by IRRI (persenal communication). One being
Zn-efficient (Pokkali) and the other Zn-inefficient (TR26)
which were used as control. The others two genotypes
from Tran, Shafagh (as a cultivar) and Domsiah (as a local
variety) were unknown for Zn-efficiency. Rice seedlings
were grown in nutrient solution with the following
composition (Yoshida et al., 1972) (mM): NH,NO, 1.43,
CaCl; 1.00, MgS0, 1.64, K,30,1.32, NaH,PO, 0.32 and
{(uM): MnCl, 9.5, FeCl; 356, ZnSO, 0.15, CuSO, 0.15,
(NH)Mo,0,, 0.075 and H,BO, 1.9. Bicarbonate was
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supplied at four concentrations: 0, 5, 10 and 20 mM as
sodium salt. Germinated rice seeds were placed on nylon
net and precultured for 5 days in a solution of 0.02 mM
CaS0,. Five-day-old rice seedlings of similar size were
selected and transplanted to 3 L. plastic containers, each
container having eight clusters and three plants per
cluster. Prior to the bicarbonate treatment, plants were
precultured for 7 days in 0.5 strength nutrient solutions.
The pH of the nutrient solution during preculture was
6.0 and 8.0 during bicarbonate treatment. Plants were
grown under controlled environmental conditions with
temperature regimes of 25/18°C, 14/10 h light/dark, a
relative humidity of 75/85% and at a photon flux density

1

of about 400 pmol m ™",

Measurements: Plants were harvested at 0, 2, 4 and 8
days after bicarbonate treatments. Shoot fresh and dry
weights were recorded. Roots from each replication were
divided into three parts after determination of fresh
weights. One part was used for the determination of
dry weight, the second for root number and length
(Tannat, 1975) and the third part was used for the
determination of organic acids.

Determination of organic acids: Determination of malate
and citrate were carried out after extraction from
homogenized samples with 5% (v/v) H,PO, [1 mL per
200 (mg FW™")]. The extracts were centrifuged at 10000 g
for 10 min and after suitable dilution with 18 mM K,HPO,
(pH = 2.1), were analyzed by RP-HPL.C with UV detection
at 215 nm (Neumann et al., 1999).

Data analysis: All data were subjected to analysis
through ANOVA and means were separated using the
least sigmficant difference (LSD, p<0.05). All the data are
means of four replications+3E.

RESULTS

Effect of bicarbonate on dry matter of roots and shoots:
Bicarbonate at 5-20 mM significantly reduced the root dry
weight of TR26 and Domsiah after 2 days of treatment
(Fig. 1). After 4 days of treatment with the concentrations
of 5-20 mM bicarbonate, the root dry weight of the
Zn-inefficient cultivar (IR26) and Domsiah were decreased
by 21.7 and 25.1%, respectively and after 8 days of
treatment, they were decreased by about 28 and 31%,
respectively (Fig. 1). The inhibitory effect of bicarbonate
on root dry weight m Zn-mefficient cultivar was
noticeable even at 5 mM bicarbonate in nutrient solution.
However, the root dry weight of the Zn-efficient cultivar
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(Poklali) and Shafagh had minimum fluctuation with the
concentrations of 5, 10 and 20 mM bicarbonate up to day
4 and 8 treatment (Fig. 1). Thus, the root growth of the
Zn-efficient cultivars quickly adapted to the bicarbonate
concentrations. Both fresh and dry weights of the shoots
of IR26 (Zn-mefficient) and Domsiah were significantly
reduced by added bicarbonate (5-20 mM) up to 4 and
8 days of treatments (Table 1). Shoot fresh and dry
weights of Polkali (Zn-efficient) and Shafagh after 8 days
increased 3-6% at the most, when plants were grown
at bicarbonate concentrations of 5 and 10 mM, but
decreased 13-16% at the most when grown at 20 mM
bicarbonate. Thus, different effects of bicarbonate on reot
growth of the four cultivars (Fig. 1), m principle, were also
similar on shoot growth.

Effect of bicarbonate on root length and number per
plant: In IR26 (Zn-inefficient), even 5 mM bicarbonate
severely depressed root length and number of roots per
plant as early as 2 days treatment (Fig. 2 and 3). The
longer the treatment, the more prominent the inhibitory
effects of bicarbonate were, irrespective of the
bicarbonate concentration. But root length of Domsiah
was not affected by bicarbonate treatment after 2 days,
whereas, it decreased greatly after 4 and then 8 days
treatment. Also, root number alteration per plant of
Domsiah was similar to IR26 cultivar. In general,
increasing of bicarbonate concentrations from 5 to
20 mM decreased the root number and length of
Zn-inefficient rice cultivars, distinetly. In contrast, neither
root length nor number of roots per plant of Pokkali
(Zn-efficient) and Shafagh were significantly affected by
bicarbonate.

Effect of bicarbonate on accumulation of organic acids:
Malate concentration in root of all cultivars was
considerably increased with bicarbonate treatment
(Fig. 4). In comparison with the control, malate
concentration mcreased by 4-6 times in roots of [IR26 and
3-6 times m roots of Domsiah grown at 5-10 mM
bicarbonate after 8 days and it mcreased as much as
11 and 8 times when the plants were grown at 20 mM
bicarbonate, respectively. However, malate concentration
in the roots of Polckali and Shafagh increased less, at the
most 1-2 times at 5-10 mM and 3-4 times at the 20 mM
bicarbonate compared with the control (Fig. 4).

Similarly, citrate concentration in roots of all cultivars
increased when plants were grown under bicarbonate
treatment (data not shown). After 2 days of treatment the
citrate concentration i roots of IR26 and Domsiah
increased 3 and 4 tunes at 5mM, 11 and 13 times at 10 mM
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Fig. 1: Effect of bicarbonate on root dry weight of the Zn-inefficient and Zn-efficient rice genotypes. From left to right:
Pokkali, IR26, Shafagh and Domsiah
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Fig. 2 Effect of bicarbonate on roct length of the Zn efficient and Zn-inefficient genotypes. Genotypes from left to right:
Pokkali, IR26, Shafagh and Domsiah
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Fig. 3: Effect of bicarbonate on root umber per plant of the Zn-mefficient and Zn-efficient rice genotypes. Genotypes
from left to right: Pokkali, IR26, Shafagh and Domsiah
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Fig. 4: Effect of bicarbonate on the concentrations of malate in the roots of Zn-efficient: A(Poldali), C(Shafagh) and
Zn-inefficient: B(TR26), D(Domsiah) rice genotypes. (Values represent the meantSE of four replications)

and 15 and 18 times at 20 mM bicarbonate, respectively.
Whereas, citrate concentration in roots of Pokkali and
Shafagh grown at 5-20 mM bicarbonate were about
40-45 and 43-48% higher than in case of the control at
day 2 and were little affected at day 4 of treatment.

DISCUSSION

Treatment of rice seedlings with different
concentrations of bicarbonate inhibited fresh and dry
weight of root (Fig. 1) and shoot (Table 1), root length
(Fig. 2) and mdividual root number per plant (Fig. 3) n
Zn-mefficient cultivars and these results conform to
previous reports (Yang et al., 1994b; Hajiboland ef af.,
2005). Increases of bicarbonate concentrations from
5 to 20 mM, inhibited the root and shoot growth of
Zn-inefficient rice cultivars and conversely improved the
root elongation for Zn-efficient cultivars (Fig. 1-3). Present
results as compared with previous works (Yang et al.,
1994h; Hajiboland et al., 2003, 2005) indicates that root
accumulation of organic acids can be used for the
screerung of Zn-efficient and Zn-inefficient genotypes.
On the basis of this finding, obtained results of this
research showed that the Iraman cultivar (Shafagh) was
a Zn-efficient genotype and Domsiah was a Zn-mefficient
local variety. Zine deficiency n rice plant occurs mamly at
early stages in calcareous soils, where Zn availability 1s
low due to adsorption by calcium carbonate (Xie and
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Tan, 1994). Bicarbonate tolerance and Zn efficiency have
been developed in rice simultaneously during natural or
artificial selection for plant growth on alkaline and
calcareous soils with low Zn availability. Dong ef al.
(1995) suggested that the difference m root morphology
among genotypes 1s more likely to be a property of the
genotype. Zinc uptake by higher plants appears to be
mostly controlled by the transport of zinc across the
plasma membrane, which is largely metabolism-dependent
and genetically controlled. Zn-efficient genotypes may be
able to maintain structural and functional stability of
their root-cell plasma membranes better than Zn-inefficient
genotypes under Zn deficiency (Rengel and Graham,
1995). In rice, under flooded conditions, Zn availability
decreased because of the reduction in Zn solubility as
pH increases. High bicarbonate concentration is one
of the causes of Zn deficiency, which due to reducing
conditions in calcareous soils with high organic matter
content or because of large concentrations of bicarbonate
n irrigation water. Bicarbonate has been regarded as a
major factor for inducing Zn deficiency in lowland rice.
The length of the total root system increased in response
Zn-efficient genotypes but
decreased in the Zn-inefficient genotypes. Although the
mechamsm involved in these morphological changes 1s
not known, these changes could be the main cause of
bicarbonate-related Zn efficiency responses of various
rice genotypes. Hajiboland ef al. (2003) suggested that

to bicarbonate in the
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Table 1: Effect of bicarbonate on shoot fresh and dry weight of the
Zn-inefficient and Zn-efficient rice genotypes

4 days 8 days
(mg plant™") (mg plant™)
NaHCO,
Genotypes (mM) W DW W Dw
Pokkali 0 602 83.2 1328 162.1
5 6l4 89.1 1332 168.3
10 610 86.2 1331 165.4
20 522 69.1 1118 140.1
IR26 0 332 48.1 592 71.3
5 201 302 318 431
10 267 34.1 378 54.2
20 186 231 298 41.3
Shafagh 0 285 371 516 63.2
5 302 41.2 525 67.3
10 315 42.5 532 64.1
20 273 351 487 60.2
Domsiah 0 311 40.9 542 67.1
5 202 38.6 418 58.1
10 218 201 325 43.5
20 202 25.8 318 42.1
LSD 5., 71.56 11.94 130.54 28.99

the impairment of root growth 15 due to bicarbonate in
inducing Zn deficiency in lowland rice on calcareous
soils. Root accumulation of organic acids in rice plants
grown in bicarbonate contaiming nutrient solution exhibits
genotypic differences (Yang et al., 1994b). Zinc-inefficient
genotypes accumulated much more organic acids than
Zn-efficient genotypes in response to bicarbonate
treatment, which was associated with strongly miubited
root growth. In the Zn-inefficient rice genotype the
increased accumulation of malate and citrate in roots by
bicarbonate appeared to result
exudation to the rhizosphore

shoots. Different accumulation of orgamic acids i the
roots of the four genotypes which caused different

from their less

and transport up to

growth responses to bicarbonate may be the result of
differences m the dark fixatien of bicarbonate 1.e., PEP
activity, exudation of organic acids into the medium or
transport to above ground parts of the plant. Another
possibility could be the differential ability of the four
genotypes m the use of bicarbonate-derived orgamc acids
as respiratory metabolites in the TCA cycle. Lee and
Woolhouse (1971) showed that the respiratory malate
pool was more completely compartmented from other
malate pools in the cells of the calcifuges, whereas a
progressive mixing of the malate pool occurred in the
calcicoles.

REFERENCES

Alloway, B.J., 2004, Zinc m soils and crop Nutrition.
International Zinc Associated (IZA),
pp: 128.

Belgium,

428

Cakmak, 1., B. Torun, B. Frenogln, 1. Oztirk,
H. Marschner, M. Kalayaci, H. Ekiz and A. Yilmaz,
1998. Morphological and physiological differences
in cereals in response to zinc deficiency. Euphytica,
100: 349-357.

Dong, B., 7Z. Rengel and R.D. Graham, 1995. Root
morphology of wheat genotypes differing in zinc
efficiency. J. Plant Nutr,, 18: 2761-2773.

Forno, D.A., S. Yoshida and C.J. Asher, 1975. Zinc
deficiency in rice. 1. Soil factors associated with the
deficiency. Plant Soil, 42: 537-550.

Hajiboland, R., X.E. Yang and V. Rémheld, 2003. Effect of
bicarbonate and high pH on growth of Zn-efficient
and Zn-mefficient genotypes of rice, wheat and rye.
Plant Soil, 250: 349-357,

Hajiboland, R., X.E. Yang, V. Rémheld and G. Neumann,
2005. Effect of bicarbonmate on elongation and
distribution of organic acids in root and root zone of
Zn-efficient and Zn-inefficient rice (Oryza sativa 1..)
genotypes. Environ. Exp. Bot., 54: 163-173.

Lee, J.A. and HW. Woolhouse, 1971. The relationship of
compartmentation of orgamc acid metabolism to
bicarbonate ion sensitivity of root growth in
calcicoles and calcifuges. New Phytol., 70: 103-111.

Nene, Y.I., 1966. Symptoms, cause and control of
khaira disease of paddy. Bull. Ind. Phytopathol. Soc.,
3: 97-101.

Neumann, G., A. Massonneau, E. Martinoia and
V. Romheld, 1999. Physiological adaptations to
phosphorus  deficiency  during proteoid root
development 1 white lupin. Planta, 208: 373-382.

Rengel, 7. and R.D. Graham, 1995. Tmportance of seed
Zn content for wheat growth on Zn-deficient soil.
Vegetative growth. Plant Soil, 173: 259-266.

Singh, B., 5. Kumar, BK. Singh and K. Usha, 2005.
Improving zinc efficiency of cereals under zinc
deficiency. Curr. Sci., 88: 36-44.

Sillanpéa, M., 1990. Micronutrient Assessment at the
country level: An International study. FAO Soils
Bulletin No. 63. Food and Agricultural Orgamzation
of the United Nations, Rome, Ttaly.

Tannat, D., 1975. A test of modified line interest method
of estimating root length. J. Ecol., 63: 995-1001.
White, 1.G. and R.J. Zasoski, 1999. Mapping soil

micronutrients. Field Crops Res., 60: 11-24.

Xie, 7. Ch. and J H. Tian, 1994. Effect of calcium carbonate
on desorption of zinc in soil. J. Chinese Soil Sci,
31:105-108.

Yang, X., V. Rémheld and H. Marschner, 1993. Effect of
bicarbonate and root zone temperature on the uptake
of Zn, Fe, Mn and Cu by different rice cultivars
(Oryza sativa 1..) grown in calcareous soil. Plant Soil.,
155/156: 441-445.



J. Agron., 5 (3): 424-429, 2006

Yang, X, V. Rémheld and H. Marschner, 19%94a.
Micronutrient uptake by hybrid and conventional rice
cultivars from different types of soils. J. Plant Nutr.,
17:319-332.

Yang, ¥X., V. Rémheld and H. Marschner, 1994b. Effect of
bicarbonate on root growth and accumulation of
organic acids in Zn-inefficient and Zn-efficient rice
cultivars (Oryza sativa L.). Plant Soil, 164: 1-7.

Yang, X.E., R. Hajiboland and V. Rémheld, 2003.
Bicarbonate had grater effects than high pH on
inhibiting root growth of zinc-inefficient rice
genotype. J. Plant Nutr., 26: 399-415.

429

Yoshida, S. and A. Tanaka, 1969. Zinc deficiency of the
rice plant in calcareous soils. Soil Sci. Plant Nutr,
15: 75-80.

Yoshida, S., D.A. Forno, 1. H. Cock and K. Gomez, 1972.
Routine Methods of Solution Culture for Rice. In:
Laboratory Manual for Physiological Studies of Rice,
2nd Edn., The International Rice Research Institute,
Los Banos, Philippines, pp: 53-57.



