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Abstract: Zinc (Zn) deficiency and water scarcity are major challenges in rice (Oryza sativa L.) under an intensive
rice production system. This study aims to investigate the impact of water-saving management and different Zn fertilization source (ZnSO4 and Zn-EDTA) regimes on grain yield and Zn accumulation in rice grain. Different water
managements, continuous flooding (CF), and alternate wetting and drying (AWD) were applied during the rice growing
season. Compared with CF, the AWD regime significantly increased grain yield and Zn concentrations in both brown
rice and polished rice. Grain yield of genotypes (Nipponbare and Jiaxing27), on the average, was increased by 11.4%,
and grain Zn concentration by 3.9% when compared with those under a CF regime. Zn fertilization significantly increased Zn density in polished rice, with a more pronounced effect of ZnSO4 being observed as compared with
Zn-EDTA, especially under an AWD regime. Decreased phytic acid content and molar ratio of phytic acid to Zn were
also noted in rice grains with Zn fertilization. The above results demonstrated that water management of AWD combined with ZnSO4 fertilization was an effective agricultural practice to elevate grain yield and increase Zn accumulation
and bioavailability in rice grains.
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1 Introduction
Rice (Oryza sativa L.) is one of the most important crops in the world, providing over 21% of the
dietary calories for more than half of the global world
population (Fitzgerald et al., 2009). However, zinc
(Zn) deficiency in rice has been widely reported in
many rice-growing regions of the world (Lonergan et
al., 2009; Tiong et al., 2014). Zn deficiency in crop
plants results in not only yield reduction but also Zn
‡
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malnutrition in humans, where a high proportion of
rice is consumed as a staple food (Wu et al., 2011;
Chasapis et al., 2012). Zn biofortification of rice
grains, which aims at increasing Zn concentration
and bioavailability of food crop, appears to be the
most feasible, sustainable, and economical approach
among the different interventions to address human
Zn deficiency (Zhao and Mcgrath, 2009; Salunke et
al., 2011).
Low bioavailability of Zn in soil generally results in Zn deficiency in rice plants, and thus becomes
one of the common constraints for Zn biofortification
in rice grains (Zhao and Mcgrath, 2009). Zn deficiency in rice can be alleviated through Zn fertilization, which is considered to be a cost-effective method
to alleviate Zn malnutrition (Zhao and Mcgrath, 2009).
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Zn fertilization to cereal crops improves productivity
and grain Zn concentration (Kang and Okoro, 1976;
Yilmaz et al., 1997; Cakmak, 2008a; Phattarakul et al.,
2012), and thus contributes to grain nutritional value
for human beings. However, the vast majority of Zn
fertilizer trials and resulting fertilizer recommendations in rice have been in the context of managing the
Zn deficiency, with very few studies related to Zn
biofortification (Impa and Johnson-Beebout, 2012).
Selection of appropriate Zn sources for soil application is considered to be an alternative strategy to improve plant availability of Zn under lowland conditions (Rehman et al., 2012). Generally, ZnSO4 is the
most widely applied Zn source for its high solubility
and low cost. In addition, Zn-EDTA (ethylenediaminetetraacetic acid) is also being recommended due
to its efficiency of Zn availability for the plant
(Rehman et al., 2012). However, varied responses of
crops to the Zn fertilizers have been reported, depending on the source, application time, methods
(Rehman et al., 2012; Takrattanasaran et al., 2013) as
well as soil chemical properties, which are also influenced by water management (Rehman et al., 2012).
Because of the water crisis, rice production in
China is now undergoing changes, on a gradient from
continuous flooding (CF) to continuously aerobic
(Bouman et al., 2002; Yao et al., 2012). Among several water-saving strategies, alternate wetting and
drying (AWD) management is one of the most
commonly practiced water-saving technologies,
which is being widely adopted in China (Li and
Barker, 2004; Rehman et al., 2012). It has been reported that AWD potentially results in decreased
water inputs by 5%–35% when compared with CF,
with the yield of rice grain either being maintained
(Chapagain and Yamaji, 2010) or even increasing
(Zhang et al., 2009).
The widespread phenomenon of Zn deficiency is
generally aggravated by CF, resulting in the changes
of the soil pH and Eh, which influences the availability of Zn through controlling Zn forms in soils (Xu et al.,
2003; Rehman et al., 2012). The shift from flooding
towards water-saving rice cultivation may change the
soil factors affecting crop Zn availability, which is
expected to change and cause an impact on the Zn
uptake of rice (Rehman et al., 2012). Compared with
CF, drier water management that maintains more
aerobic soil is expected to increase Zn availability in

most soils (Impa and Johnson-Beebout, 2012). The
soil flooded continuously for chemical reactions
generally results in lower Zn availability for plant
uptake than a non-flooded soil (Kögel-Knabner et al.,
2010). However, it is reported that Zn deficiency
occurs not only in traditional lowland rice, but also in
some newly developed water-saving management
(Rehman et al., 2012). According to Gao et al. (2006),
the adoption of the water-saving systems may also
decrease Zn availability in aerobic soil. To our
knowledge, few papers have reported on Zn concentration and bioavailability for lowland rice under
AWD management. It is therefore interesting to investigate the impact of AWD management on grain
Zn accumulation. The purposes of the present study
are: (1) to compare the effectiveness of a Zn fertilizer
source (ZnSO4 and Zn-EDTA), (2) to investigate if
the water-saving management (i.e., AWD) could
increase grain yield, Zn accumulation in rice grain
and Zn bioavailability.

2 Materials and methods
2.1 Plant materials and growth conditions
A greenhouse experiment was performed at
Zhejiang University, Hangzhou, Zhejiang Province,
China (30°14′ N, 120°10′ E) during the rice growing
season. The soil used in the experiment was collected
from the surface horizon (0–30 cm) of an experimental field of Zhejiang University. The air-dried soil
was ground in order to sieve through a 5-mm mesh
sieve, and being thoroughly mixed before filling a pot.
A subsample of the sieved soil was analyzed to determine its different physical chemical properties.
The soil was silty loam with pH 6.3, 67.7 mg/kg hydrolyzable N, 25.7 mg/kg available P, 75.8 mg/kg
exchangeable K and 2.0 mg/kg available Zn. A total
of 9 kg sieved soil was transferred into each plastic
pot.
Two rice genotypes were used in this experiment,
namely Nipponbare and Jiaxing27. Thirty-day old
seedlings of each genotype were transplanted to the
pots with three hills per pot and two seedlings per hill.
Before transplanting, NPK fertilizers within the
recommended range were applied to each pot (in
mg/kg dry soil). N at a rate of 180 mg was applied two
times: 70% as basal and 30% at panicle initiation. P
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and K were applied as basal at a rate of 60 and 100 mg,
respectively.
2.2 Fertilizer and irrigation treatments
Fertilizer treatments consisted of two Zn sources
including ZnSO4 and Zn-EDTA at a rate of 5 mg/kg,
while fertilizer without Zn was applied as a control
treatment. And irrigation regimes included CF and
AWD, which were applied from 10 d after transplanting to maturity. On 10 d after transplanting,
tensiometers were installed in one pot from each
treatment. In the AWD regime, pots were not irrigated
until the soil water potential reached −10 kPa. The
cycle was repeated throughout the season. In the CF
regime, the water layer (30 mm above the soil surface)
was kept by applying distilled water until one week
before harvest as recommended by good farming
practices. Treatments were arranged randomly with
three replications.
2.3 Sample preparation
All plants were harvested at maturity, and separated into root, straw and panicles. The dry weight of
the straw was determined after oven-drying at 70 °C
to constant weight, and the panicles were air-dried.
The aboveground total biomass was the total dry
matter of straw and rice panicles. The panicle number,
percentage of filled grains, 1000-grain weight, and
grain yield of each pot were recorded from all plants.
Rice grains were manually threshed from panicles
and air-dried. Brown rice was separated by removing
the husk with a de-husker (JLGJ 4.5, Taizhou Cereal
and Oil Instrument Co., Ltd., Zhejiang, China), and
the polished rice was obtained by removing the bran
with a polishing machine (JNM3, Taizhou Cereal
and Oil Instrument Co. Ltd., Zhejiang, China). Rice
roots were washed with ultrapure water (resistivity
≥18.2 MΩ/cm2), and then oven-baked at 70 °C. All
samples were ground to make powder using a ball
mill (Retsch, MM-301, Germany) and kept in plastic
bags until analysis.
2.4 Zn concentration determination
Samples (0.1 g, accuracy 0.1 mg) of each
treatment were digested with 5.0 ml HNO3-H2O2 (4:1,
v/v) using a hot block system (LabTech ED36, Germany). After cooling, the digest was transferred to a
20-ml volumetric flask composed of ultrapure water
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and then filtered. Zn concentrations of these samples
were determined using inductively coupled plasma
mass spectrometry (ICP-MS; Agilent 7500a, Agilent
Technologies, CA, USA).
Samples of rhizosphere soil were collected by
gently shaking off from the root system and were
analyzed for available Zn by diethylene triamine
pentaacetic acid-triethanolamine (DTPA-TEA) (Lindsay
and Norvell, 1978) determined using ICP-MS (Agilent 7500a, USA).
2.5 Phytic acid content determination
Phytic acid of the polished rice samples was
determined according to Wei et al. (2012). The rice
flour (0.5 g) was placed into a 50-ml centrifuge tube
and extracted with 10 ml 0.2 mol/L HCl, and vibrated
in a rotary shaker for 2 h, then centrifuged at 10 000×g
for 10 min. The resulting supernatants (2.5 ml) were
transferred into an anther centrifuge tube, and 2 ml of
2 g/L FeCl3 was added, then mixed thoroughly. The
mixtures were boiled in a bath for 30 min, cooled at
room temperature, and then centrifuged at 10 000×g
for 15 min. The resulting supernatants were discarded,
while the precipitates were washed three times with
5 ml ultrapure water. After adding 3 ml of 1.5 mol/L
NaOH to the precipitates, the tubes were then centrifuged at 10 000×g for 10 min. Supernatants was
discarded, and 3 ml of 0.5 mol/L HCl was added to
dissolve the precipitates. Finally, ultrapure water was
added to the solution up to a volume of 20 ml. The Fe
concentration in the solution was determined by ICPMS (Agilent 7500a, USA). Phytic acid content was
measured by multiplying Fe content by the factor 4.2.
2.6 Statistical analysis
All statistical analyses of the data were analyzed
using Statistic version 5.5 (SataSoft, Tulsa, OK,
USA). Each value represented the average of three
replicates. Data were subjected to an analysis of variance (ANOVA), and significant differences in mean
values were determined using Duncan’s multiple
range test (P<0.05).

3 Results
3.1 ANOVA of experimental factors
Table 1 shows the analysis for the differences in
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grain yield, straw dry weight, Zn concentration in rice
tissues and phytic acid content in the polished rice.
All measurements were significantly affected by
genotype, water management, and Zn fertilizer.
Phytic acid was significant in the interaction between
genotype and water management. No significant interaction effect was observed between the genotype
and Zn fertilizer on the measurements, except for Zn
concentration in the polished rice. Interaction between water management and Zn fertilizer had a significant effect on the grain yield and Zn concentration
in the polished rice. Interaction among genotype,
water management, and Zn fertilizer had a significant
effect on the Zn concentration in the root and polished
rice.
3.2 Plant growth and yield components
Grain yield, straw and root dry weight of Nipponbare were significantly higher than those of Jiaxing27 (Table 2). Regardless of genotypes, the watersaving management and Zn fertilization significantly
increased grain yield, straw and root dry weight
(Table 2). The AWD regime significantly increased
grain yield, straw and root dry weight by 11.4%, 11.0%,

and 14.1%, respectively, as compared to those under
the CF regime. For the harvest index, no significant
differences were observed between CF and AWD or
between the two genotypes (Table 2). However, Zn
fertilization significantly increased the harvest index
by 6.23%–10.20%, and the highest harvest index was
observed with ZnSO4 fertilization (Table 2). Plant
growth was significantly impacted by Zn fertilization.
When compared to the control, the grain yield increased by 29.6% and 19.9% with the ZnSO4 and
Zn-EDTA fertilization, respectively. The straw dry
weight significantly increased by 20.0% and 11.9%
with the ZnSO4 and Zn-EDTA application, respectively. Root dry weight was significantly increased by
12.10%–21.61%, with more pronounced effects of
ZnSO4 observed as compared with Zn-EDTA.
Panicles per pot for Nipponbare were significantly higher than that of Jiaxing27 (Table 3). No
significant differences were detected in kernels per
panicle, filled grain or 1000-grain weight between
genotypes, as well as water managements (Table 3).
Zn fertilization significantly increased spikelet per
panicle and grain filling percentage, while showing
no influence on panicle per pot (Table 3).

Table 1 ANOVA for grain yield, straw dry weight, Zn concentration and phytic acid content of rice under different
water regimes and Zn source treatments
Source of variation

Yield

Straw
dry weight

Genotype (G)
Water (W)
Zinc (Z)
G×W
G×Z
W×Z
G×W×Z

**

**

**

**

**

**

**

**

**

**

**

*

**

**

**

**

**

**

**

**

**

ns
ns

ns
ns
ns
ns

ns
ns
ns
ns

ns
ns
ns

ns
ns
ns
ns

ns

**

**

ns
ns
ns

*

ns
*

ns: not significant; Significant at P<0.05;

**

Shoot Zn
Root Zn
Brown rice Zn Polished rice Zn Phytic acid
concentration concentration concentration
concentration
content

*

**
*

Significant at P<0.01

Table 2 Grain yield, straw and root dry weight (DW), and harvest index of rice under different water regimes and Zn
source treatments
Genotype
Nipponbare

Jiaxing27

Zn
treatment
Control
ZnSO4
Zn-EDTA
Mean
Control
ZnSO4
Zn-EDTA
Mean

Grain yield (g/pot)
CF
AWD
29.9c
33.4c
38.6a
44.2a
36.0b
39.6b
34.8A
39.1A
27.4c
29.6c
34.5a
38.9a
32.7b
36.1b
31.5B
34.9B

Straw DW (g/pot)
CF
AWD
55.4b
60.2c
61.0a
71.3a
57.0a
66.1b
57.8A
65.9A
48.9b
51.0b
60.0a
65.7a
56.4a
61.7a
55.1A
59.4B

Root DW (g/pot)
CF
AWD
6.9c
7.6c
7.9a
9.4a
7.3b
8.4b
7.3A
8.5A
6.2c
6.7c
7.4a
8.6a
7.0b
8.0b
6.9B
7.7B

Harvest index (%)
CF
AWD
35.1c
34.9b
40.7a
38.3a
37.1b
39.4a
37.6A
37.5A
35.9b
35.5b
37.9a
38.7a
36.8ab 36.8ab
36.9A
37.0A

Within a column, means followed by different letters are significantly different at P<0.05 according to Duncan’s multiple range test.
Lower-case and upper-case letters indicate comparisons among three Zn treatments and between two genotypes, respectively
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3.3 Zn concentrations in rice tissues
Genotypes varied significantly in concentrations
of Zn in rice tissues and Zn accumulation in the rice
grain. In all treatments, Jiaxing27 had significantly
higher Zn concentration (Table 4, Fig. 1) and Zn
accumulation (Fig. 2) than Nipponbare. Significant
variations of water managements were also observed
in Zn concentration and accumulation in rice plant
(Table 4, Fig. 1) and rice grain (Fig. 2). Compared
with CF, AWD significantly increased Zn concentrations in both shoot and root by 5.88% and 7.12%,
respectively. And Zn concentration and accumulation
in both brown rice and polished rice increased by
2.0%–3.9% and 13.8%–15.5%, respectively.
Zn fertilization had significant impacts on Zn
concentration and accumulation in the rice plants
(Table 4) and grains (Figs. 1 and 2). Compared to no
Zn application, Zn fertilization significantly increased
Zn concentrations in both shoot and root by 11.4%–
14.5% and 37.4%–52.2%, respectively. Zn concentration in brown rice increased from 29.3 mg/kg in the

control treatment to 32.4 mg/kg by ZnSO4 fertilization and to 31.5 mg/kg by Zn-EDTA fertilization, and
increased overall by 10.6% and 7.5%, respectively.
And the Zn concentration in polished rice increased
from 23.3 mg/kg in the control treatment to 24.7 mg/kg
by ZnSO4 application and to 24.8 mg/kg by ZnEDTA application, and increased overall by 6.3%
and 6.6%, respectively. Zn accumulations in both
brown rice and polished rice showed increases of
27.8%–38.3% and 29.7%–43.7%, respectively, depending on different Zn sources. And these effects
were much more pronounced when Zn was supplied
with ZnSO4.
3.4 Phytic acid content and molar ratio of phytic
acid to Zn in polished rice
Phytic acid content of polished rice varied in
different water managements and Zn sources. Compared to CF, the AWD regime significantly reduced
phytic acid content by 24.2% in polished rice
(Table 5). Zn fertilization also significantly reduced
the phytic acid content (Table 5). Generally, phytic

Table 3 Yield components of rice under different water regimes and Zn source treatments
Genotype

Zn
treatment

Nipponbare Control
ZnSO4
Zn-EDTA
Mean
Jiaxing27
Control
ZnSO4
Zn-EDTA
Mean

Panicle (pot−1)
CF
AWD
24.5a
25.3a
26.8a
27.5a
26.1a
26.2a
25.8A
26.3A
24.7a
23.9a
25.5a
25.1a
23.9a
24.6a
24.7A
24.2A

Kernel (panicle−1)
CF
AWD
64.8b
70.5b
71.3a
77.8a
68.9a
74.3a
69.5A
74.2A
60.1b
66.5b
70.4a
75.2a
68.5a
73.1b
66.3A
71.6A

Filled-grain (%)
CF
AWD
79.7b
81.4b
88.9a
90.2a
87.4a
89.9a
85.3A
87.2A
81.7b
84.2b
85.9a
89.5a
87.6a
91.9a
85.1A
88.5A

1000-grain weight (g)
CF
AWD
22.4a
23.0a
22.7a
22.9a
22.9a
22.6a
22.7A
22.8A
22.6a
22.1a
22.4a
23.0a
22.8a
22.8a
22.6A
22.6A

Within a column, means followed by different letters are significantly different at P<0.05 according to Duncan’s multiple range test.
Lower-case and upper-case letters indicate comparisons among three Zn treatments and between two genotypes, respectively

Table 4 Zn concentrations in shoot and root of rice under different water regimes and Zn source treatments
Genotype
Nipponbare

Jiaxing27

Zn
treatment
Control
ZnSO4
Zn-EDTA
Mean
Control
ZnSO4
Zn-EDTA
Mean

Shoot Zn concentration (mg/kg)
CF
AWD
50.2b
54.6b
60.7a
63.6a
59.6a
61.3a
56.9B
59.8B
62.0b
65.3b
68.7a
72.6a
66.2ab
71.5a
65.6A
69.8A

Root Zn concentration (mg/kg)
CF
AWD
86.9c
90.7c
130.6a
143.9a
119.5b
117.7b
112.3A
117.5B
96.2c
102.1b
144.5a
153.5a
130.0b
149.9a
123.6A
135.1A

Within a column, means followed by different letters are significantly different at P<0.05 according to Duncan’s multiple range test.
Lower-case and upper-case letters indicate comparisons among three Zn treatments and between two genotypes, respectively
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Table 5 Effects of different Zn sources and water managements on phytic acid content and moral ratio of phytic acid
to Zn (rPA/Zn) in polished rice
Phytic acid (mg/g)
CF
AWD
2.57a
2.23a
2.10b
1.65b
2.06b
1.85b
2.24B
1.91B
3.49a
2.84a
2.99b
2.21b
3.12b
2.34b
3.20A
2.46A

Zn
treatment

Genotype
Nipponbare

Control
ZnSO4
Zn-EDTA
Mean
Control
ZnSO4
Zn-EDTA
Mean

Jiaxing27

rPA/Zn
CF
13.31a
10.33b
10.26b
11.30A
12.36a
10.26b
10.78b
11.13A

AWD
11.30a
7.83c
8.86b
9.33A
10.50a
7.32b
7.67b
8.50A

Within a column, means followed by different letters are significantly different at P<0.05 according to Duncan’s multiple range test.
Lower-case and upper-case letters indicate comparisons among three Zn treatments and between two genotypes, respectively

Control

35
30

Nipponbare

(a)

a

a

a

25

a

b

a

Zn concentration (mg/kg)

20
15
10
5
0
25

CF

Nipponbare

(c)
a

20

AWD

a

a

a

b

a

35
30

(d)

a

Jiaxing27

a

a

b

CF

a

AWD

20
15

Jiaxing27
a

a

a

a a

b

10
5

0

CF

0

AWD

Control

(a)
a

b

b*

ZnSO 4

AWD

Zn-EDTA
a*

Jiaxing27

1.2

b*

a
b

c*

0.9

c

0.6

CF

1.5 (b)

a*

Nipponbare

0.9

c

c*

0.6
0.3

0.3

0.0
0.8

CF

(c)

AW D

Nipponbare
a

0.6
c

b*
b

0.0
1.0

a*

c*

CF

(d)

AW D

Jiaxing27

0.8
0.6

0.4

a b
c

a*

b*

c*

0.4

0.2
0.0

Fig. 1 Zn concentration in brown rice (a, b) and
polished rice (c, d) under different water regimes and Zn source treatments
Different letters indicate significant differences
(P<0.05) according to Duncan’s multiple range
test. Lower-case letters indicate comparisons among
three Zn treatments. Error bars indicate the standard deviations of three replicate determinations

25

10

1.2

Zn-EDTA

45 (b)
40
b
35
30
25
20
15
10
5
0

15

5

Zn accumulation (mg/pot)

ZnSO 4

0.2
CF

AW D

0.0

CF

AW D

Fig. 2 Effects of different water managements
and Zn sources on Zn accumulations in brown
rice (a, b) and polished rice (c, d)
Different letters indicate significant differences
(P<0.05) according to Duncan’s multiple range
test. Lower-case letters and * indicate comparisons
among three Zn treatments and between two water
managements, respectively
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acid concentrations decreased with Zn application,
being the highest for the control, intermediate for the
Zn-EDTA application, and the lowest for the ZnSO4
application. The mean value of the phytic acid content
of the two genotypes decreased from 2.78 mg/g for
the control to 2.24 mg/g by ZnSO4 and to 2.34 mg/g
by Zn-EDTA, and decreased overall by 24.1% and
18.8%, respectively. Genotype Jiaxing27 had a higher
phytic acid content than that of Nipponbare (Table 5).
There was a significant interaction between AWD
and ZnSO4 on the phytic acid content in the polished
rice, which had the lowest phytic acid content in
Nipponbare or Jiaxing27.
Both water-saving management and Zn fertilization significantly reduced the molar ratio of phytic
acid to Zn in the polished rice (Table 5). Compared to
CF, the molar ratio of phytic acid to Zn was significantly decreased by 25.8% under AWD treatment.
The molar ratio of phytic acid to Zn ranged from 11.9
in no Zn treatment to 8.9 by ZnSO4 application and to
9.4 by Zn-EDTA application, and decreased overall
by 33.7% and 26.6%, respectively. However, no significant difference was observed in the molar ratio of
phytic acid to Zn between the two genotypes (Table 5).

4 Discussion
Zn deficiency is a critical problem in flooded
rice, causing rice grains with low Zn content to contribute to human Zn deficiency (Impa and JohnsonBeebout, 2012). Water management and Zn fertilization are important agricultural practices for rice plants,
both of which were proved through impacting soil
conditions to affect Zn uptake by rice (Gao et al.,
2011; Impa and Johnson-Beebout, 2012). In order to
obtain high grain yield and Zn content in rice grain,
optimization of Zn source fertilizer and water management should be assessed.
Though AWD is considered to be a promising
water-saving strategy under an intensive rice production system, it remains debatable to achieve the dual
goal of increasing grain yield and saving water
(Zhang et al., 2009). The results of our present study
demonstrated that except for water-saving, an AWD
regime significantly increased grain yield by 11.4%
(Table 2), in agreement with the previous studies
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(Belder et al., 2004; Bouman et al., 2007). The AWD
regime leading to higher yield may be attributed to
plant water status during the drying period. It is reported that the soil water potential (−10 kPa) during
the rice-growing season was usually not a limitation
factor for plant growth and yield formation when
water-saving AWD was practiced (Belder et al.,
2004). In our current study, plants were re-watered
when soil potential was −10 kPa in AWD and the rice
plants did not experience water stress during the entire growing season. Moreover, genotype variance in
grain yield under AWD conditions showed that
Nipponbare produced an 11.7% more grain yield than
Jiaxing27 (Table 2), which is in agreement with the
previous studies (Belder et al., 2004), and the increase
of grain yield was pronounced with Zn fertilization
under an AWD regime. The results suggest that
high-yielding variety developed for continuously
flood-irrigated rice systems could still produce a high
yield under safe AWD conditions.
Under water-saving conditions, the decrease of
soil water content maybe restricted to Zn transport to
the plant roots and transpiration rate, resulting in
reduced Zn transport towards plants and loading into
the grains as well (Rehman et al., 2012). However,
accord to Zhang et al. (2009), AWD not only enhanced root growth, but also maintained the transpiration rate of leaves when plants were re-watered
(Zhang et al., 2009). In this present study, AWD also
significantly increased root growth (Table 2), Zn
concentration in both root and shoot (Table 4) as well
as rice grain (Fig. 1). In addition, Zn concentration in
rhizosphere soil was not decreased under AWD conditions when compared with CF (data not shown).
The results demonstrated that Zn transport to rice
roots was not restricted when safe AWD was practiced, and the increases of yield and Zn concentration
in grain rice resulted in higher Zn accumulation in
brown rice and polished rice (Fig. 2).
In this present study, Zn fertilization significantly increased total dry weight and grain yield under both AWD and CF regimes (Tables 1 and 2),
consistent with the previous studies that a Zn application could significantly increase plant growth and
grain yield in both low Zn status and high Zn status
(Wissuwa et al., 2008). A Zn application also significantly increased Zn concentrations in rice tissues, and
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significant interaction effects were observed between
AWD and ZnSO4 (Tables 1 and 4, Fig. 1). As for
different Zn sources, the results confirmed that the
effectivenesses of ZnSO4 and Zn-EDTA fertilizations
were observed to be equal in improving Zn concentration in rice grain (Fig. 1). However, measurements
of grain yield and harvest index showed that ZnSO4
fertilization tended to be more effective than
Zn-EDTA fertilization (Table 2), and thus the grain
Zn accumulation with ZnSO4 fertilization was higher
than that with Zn-EDTA fertilization, consistent
with the previous studies (Kang and Okoro, 1976;
Giordano, 1977). In addition, it is reported that the use
of Zn-EDTA on rice proves to be not cost-effective
because high cost is not offset by greater efficiency as
a Zn source (Giordano, 1977). In general, the results
above demonstrated that ZnSO4 fertilization was
more effective than Zn-EDTA in increasing Zn accumulation, especially in the case of water-saving
management.
Phytic acid is considered as anti-nutrient component, which complexes with Zn in rice grain and
reduces the bioavailability of Zn (Cakmak, 2008a;
Roohani et al., 2012; Wei et al., 2012). The molar
ratio of phytic acid to Zn is another important parameter for evaluating Zn bioavailability (Cakmak,
2008b). The molar ratio of phytic acid to Zn above 15
would result in low availability of the Zn in the diet
(Alloway, 2009), and even lower molar ratio of 4–8
would also decrease the Zn absorption (Hurrell, 2003).
Thus, it is important to enhance Zn bioavailability by
decreasing the level of phytic acid content (Ning et al.,
2009) and the molar ratio of phytic acid to Zn in rice
grain. In our current study, phytic acid contents and
molar ratios in polished rice were significantly decreased by Zn fertilization, consistent with the previous studies (Hussain et al., 2012), and these decreases were also observed under AWD conditions
(Table 5). The decrease in phytic acid content
might be related to the effect of Zn fertilization on
uptake, translocation, and metabolism of phosphorus
(Cakmak, 2008a), while the AWD regime increased
the efficacy of the Zn fertilizer. And the dropping of
the molar ratio of phytic acid to Zn might be related to
a decrease in phytic acid and an increase in Zn concentration in polished rice (Table 5, Fig. 1).

5 Conclusions
Water-saving management was shown to be more
effective in improving grain yield, Zn concentration
and accumulation in rice grain than CF conditions.
Thus, AWD represents not only a promising rice
production system but also a strategy for Zn biofortification. Zn fertilization significantly increased grain
yield and Zn concentration, and maximum Zn accumulation was observed with ZnSO4 fertilization under
AWD. Moreover, Zn fertilization reduced the phytic
acid content and molar ratio of phytic acid to Zn in
polished rice, and consequentially enhanced the Zn
bioavailability in the rice grain. According to the
current results, AWD regime combined with ZnSO4
fertilization was recommended in rice production
systems to obtain higher yield, Zn concentration and
bioavailability in grain.
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中文概要：
本文题目：通过锌肥和适宜的水分管理提高水稻籽粒产量及锌积累量
Improved yield and Zn accumulation for rice grain by Zn fertilization and optimized water
management
研究目的：在生产高度集约化体系下，研究节水灌溉措施及锌肥对水稻产量及锌积累量的影响。
创新要点：目前关于干湿交替能否对水稻增产仍存在争议，对锌含量及生物有效性也鲜有报道。因此，
针对这些问题，本文系统地研究影响水稻产量及品质的两大限制性因素，即锌肥和灌溉方式
对稻米锌生物有效性的影响。
研究方法：采用盆钵试验模拟大田锌肥及水分管理方式，两种基因型、两种锌肥种类、两种水分管理，
三个重复控制误差。利用电感耦合等离子体质谱（ICP-MS）测定微量元素锌含量，以精米
中植酸含量表征锌生物有效性。
重要结论：干湿交替在增加了稻米产量、锌含量及积累量方面效果显著。干湿交替结合土施硫酸锌肥可
以作为水稻生产体系中获得高产、高锌、高生物有效性的农艺措施。
关键词组：水稻；干湿交替；施肥；锌

