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SUMMARY

Rice (Oryza sativa L.) is one of the most important cereal crops in the world and a potentially important source of zinc
(Zn) in the diet. The improvement of Zn content of rice is a global challenge with implications for both rice production
and human health. The objective of the present study was to identify the effects of nitrogen (N) fertilizer rates and Zn
application methods on Zn content of rice by evaluating rice production on native soils with different Zn availabilities
in 20710/11. The results indicated that Zn application increased rice grain yield and Zn content in grains compared
with the control; however, this effect was also affected by the native soil Zn availability, N fertilizer rate and Zn fer-
tilizer application method. The native soil Zn status was the dominant factor influencing grain yield and grain Zn
content in response to Zn fertilizer application. Grain Zn content ranged from 19-74 to 26-93 mg/kg under the dif-
ferent Zn statuses. The results also indicated that Zn application method has a significant influence on grain yield.
Application of Zn fertilizer to the soil was more effective than the foliar spray on rice grain yield; however, the
foliar spray resulted in a greater increase in grain Zn content when compared with soil application. Grain Zn
content was affected by application method and displayed the following general trend: soil application + foliar
spray > foliar spray > soil application. The experiments investigating the effect of N fertilizer rate combined with
Zn application method showed a clear increase in both grain yield and Zn content as the N fertilizer level increased
from 200 to 300 kg/ha. In addition, the results also indicated that N content and accumulation increased in all plant
tissues, which suggests that Zn application might influence the uptake and translocation of N in rice plants. These
results suggest that soil application in addition to a foliar spray of Zn should be considered as an important strategy
to increase grain yield and grain Zn content of rice grown in soils with low background levels of Zn-associated di-
ethylene triamine pentaacetate acid. Moreover, this process could be further strengthened by a high N application
rate. In conclusion, these results demonstrate the potential of optimizing nutrient management using Zn fertilizer to
obtain higher grain yields and higher grain Zn content in fields with low native Zn status.

INTRODUCTION 2012); Zn deficiency adversely affects rice production
in many parts of Asia (Zhao et al. 2011; Rehman et al.
2012). In a comprehensive study, Zn deficiency was
found to affect the health of billions of people world-
wide, especially in developing countries, where
diets are based on cereal grains with very low Zn
content (Welch & Graham 2004; Hotz & Brown
2004; Cakmak et al. 2010). Rice (Oryza sativa L.) is
the staple food for more than half of the world’s popu-
* To whom all correspondence should be addressed. Email: sguo@ lation (Zimmermann & Hurrell 2002; Wang et al.
njau.edu.cn 2005; Liang et al. 2007) and feeds 0-60 of the

Zinc (Zn) is an essential micronutrient for plant nutri-
tion (Broadley et al. 2007) and human health
(Cakmak & Hoffland 2012). Zinc deficiency is a
well-known problem worldwide that causes reduced
agricultural productivity. Regions with Zn-deficient
soils are also places where there is widespread Zn de-
ficiency in humans (Fageria et al. 2002; Rehman et al.
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population in China. The consumption of cultivated
food is one of the most common natural sources of
nutrients and microelements for humans. Rice has an
inherently low content of Zn in its grain, particularly
in plants grown in Zn-deficient soils. In screens of
nearly 1000 rice genotypes grown at the International
Rice Research Institute (IRRI) farm (Los Bafos,
Philippines), the grain Zn content ranged from 15-9 to
58-4 mg/kg (Graham et al. 1999). Based on several
reports and survey studies in China, the average
content of Zn in grains from various rice varieties was
between 10 and 30 mg/kg (Gao et al. 2005; Zhang
et al. 2008). Therefore, increasing the content of Zn
in food crops is a growing global challenge with poten-
tially significant implications for both crop production
and human health.

Zinc deficiency can be overcome through Zn-toler-
ant genotypes and management practices relating to
soil, water and nutrients. Two strategies that are
widely accepted as feasible and sustainable are used
to increase Zn contents in grain and other edible
plant parts. These are genetic biofortification, i.e. var-
ieties which accumulate high Zn content and are
being developed in breeding programmes (Cakmak
2008), and agronomic methods using appropriate fer-
tilizer management, especially Zn fertilization (Kumar
& Qureshi 2012; Tabassum et al. 2014). Zinc fertilizer
is applied directly to the soil or as a foliar spray to
correct soil Zn deficiency and improve the Zn
content of the edible crop parts. In addition, physical
fortification through par-boiling with Zn (Prom-u-thai
et al. 2010) and transgenic rice (Vasconcelos et al.
2003) for the enhancement of iron (Fe) and Zn accu-
mulation have been reported.

Zinc deficiency is now considered to be the most
widespread micronutrient disorder in lowland rice
soils, half of which have shown Zn deficiency
(White & Zasoski 1999). In many cases, the applica-
tion of Zn fertilizer as a basal fertilizer in rice (most
typically as zinc sulphate, ZnSQy,) at rates of 5-10 kg
Zn/ha has been adequate to correct soil Zn deficiency
(Qadar 2002). As shown in paddy rice, Zn accumula-
tion in grains mainly originates through Zn uptake by
roots after flowering (Verma & Tripathi 1983). During
grain filling, roots and stems are the primary sources of
Zn that is distributed to the grain. However, grain can
also accumulate Zn from the leaves, as has also been
demonstrated in soybean (Khan & Weaver 1989),
wheat (Pearson & Rengel 1995; Zhao et al. 2011)
and aerobic rice (Jiang et al. 2007). It has also been
reported recently that grain contents of Zn and Fe
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could be enhanced by increasing the nitrogen (N)
supply and that Zn and N applications have a syner-
gistic effect on the grain Zn content of durum wheat
(Kutman et al. 2010; Shi et al. 2010).

In the present study, it was proposed that Zn fertil-
izer application could improve rice grain yield and
Zn contents. Changing the Zn fertilizer application
method, especially at the right time and with the
right products or improving N fertilizer application
could increase root uptake, transportation and remo-
bilization of Zn in rice, thereby improving the accu-
mulation of Zn in grain. The major objective of the
present study was to evaluate the effects of different
N fertilizer application levels, different Zn fertilizer
rates and application methods on grain yield and Zn
content of rice from Zn-sufficient/potentially deficient
flooded rice cultivation systems in Southern China. An
additional goal was to provide guidelines and a theor-
etical basis for the agronomic management of Zn
levels in rice grain.

MATERIALS AND METHODS
Experiment design
Description of the experiment fields

To examine the effect of Zn fertilizer application on
rice productivity, four field experiments were carried
out from May to November in both 2010 and 2011
in Changshu (31°57’'N, 120°63’E, 5 m a.s.l.), Rugao
(32°39’N, 120°49’E, 10 m a.s.l.) and Rudong (32°52’
N, 120°90E, 4 m a.s.l.) Counties, Jiangsu Province,
China. The fields were located in a rain agro-ecologic-
al system used for a wheat-rice rotation, which is were
typical of crop production areas in southern China.
The rice cultivar ‘Zhendao 11’ (a normal japonica
variety), an un-hybridized, round-grained rice with a
growth duration of approximately 150 days, widely
grown in Southern China, was used in these experi-
ments. Seedlings (20-30 days old) were transplanted
on June 20-25 in each year. The rice transplanting in-
tensity was 1-7 x 10* hill/ha, the hill spacing was 28
(row) x 14 (plants) cm, and each hill contained two
seedlings in Rugao and Changshu Counties in 2010.
In Rudong County in 2011, the rice-transplanting in-
tensity was 1-9 x 10* hill/ha, the hill spacing was 27
(row) x 13 (plants) cm, and each hill contained three
seedlings. The plot size was 30 m* (10 x 3 m). The
plots were kept free of weeds by the application of a
pre-emergence herbicide and hand weeding after
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Table 1. Physical and chemical properties of the basal soil

Organic
Depth carbon Total N Olsen-P NH,OA-K  pH DTPA-Zn
Location  (cm) Texture (g/kg) (g/kg) (mg/kg) (mg/kg) (water)  (mg/kg) Classification
Changshu 15 Clay 336 29 9-3 73-7 5-6 2:3 High Zn
Rugao 15 Sand 14-5 1-5 8-4 52-3 75 1-4 Sufficient Zn
Rudongl 15 Sand 15-4 13 6-3 685 77 0-8 Low Zn
Rudong2 15 Sand 14-9 1-2 14-5 886 75 0-6 Borderline Zn
deficient

N, nitrogen; P, phosphorus; NH,OAc, ammonium acetate; DTPA, diethylene triamine pentaacetate acid; Zn, zinc.

crop establishment. Soil properties are presented in
Table 1.

Experiments 1 and 2: The effects of zinc application
method on rice yield and grain zinc content at high
and low nitrogen

To study the effects of Zn application method on rice
yield and grain Zn content, two field experiments
were conducted from May to November in 2010 in
Rugao and Changshu Counties, Jiangsu Province,
China. The experiments were designed as split-plot
arrangements. The main plots were allocated different
N fertilizer rates, i.e. high: 300 kg N/ha (N300) and low:
200 kg N/ha (N200), and then each main plot was split
into four sub-plots which were allocated four different
Zn fertilizer application methods: 1: CK, Zn-free
control; 2: S50, 50 kg Zn/ha (applied to the soil as
zinc sulphate heptahydrate (ZnSO,4-7H,0)); 3: F24,
24 kg Zn/ha (applied as a foliar application x 2 of
1-3% ZnSO,4-7H,0); 4: S50+ F24, 50 kg Zn/ha soil
applied +24 kg Zn/ha foliar applied (application to
the soil as ZnSO,-7H,0 in addition to foliar applica-
tion x 2 of 1:3% ZnSO,-7H,0). A total of eight treat-
ments were carried out in Expts T and 2 and each
treatment contained four replicates. In the third and
fourth treatments, Zn was applied twice by foliar
spray, at the jointing and full flowering stages (growth
stages (GS) 34 and 65, respectively, on the BBCH
scale; Lancashire et al. 1991). The concentration was
set at 1:3% ZnSO,4-7H,0 by dissolving ZnSO,-7H,0
in tap water (900 litres/ha) containing 0-01% Tween-
20 (a leaf surface wetting agent), and the solution was
sprayed onto leaves using a knapsack sprayer. At the
same time, the first and second treatments were foliar-
sprayed with the same volume of tap water containing
0-01% Tween-20. The time of foliar applications was in
the afternoon near dusk or on a cloudy afternoon
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without wind. All of the P (phosphorus pentoxide
(P,Os)), 75 kg/ha as calcium dihydrogen phosphate
(Ca(H,PO.),), K (potassium oxide (K,0)) 120 kg/ha as
potassium chloride (KCl), 40% of the N (as urea) and
Zn (applied to the soil) fertilizers were evenly blended
with the soil before transplanting. Of the remaining N
fertilizer, 30% was applied at the three tillers detectable
stage (GS 23), and the remaining 30% was applied at
the jointing stage (GS 34).

Experiments 3 and 4: The effects of zinc application
level and method on rice yield and grain zinc content.

To study the effects of Zn application level and
method on rice yield and grain Zn content, two
similar field experiments were conducted from May
to November in 2011 in Rudong County, Jiangsu
Province, China. The experiments were arranged in
a split-plot design. The main plots were treated with
two Zn fertilizer application methods, i.e. soil applica-
tion (S) and foliar spay (F), and then each main plot
was split into three sub-plots which were treated
with three different Zn fertilizer levels (soil application
of 0 (CK), 15 (S15) and 30 (S30) kg ZnSO,4-7H,0/ha).
A total of six treatments are presented in Table 2. Each
treatment contained four replicates. The foliar spray of
ZnSO,4-7H,0O was applied three times, during the
max-tillering, jointing and full flowering stages (GS
29, 34 and 65, respectively). The 0-3% ZnSO,:7H,0O
solution was obtained (as described above) by dissolv-
ing ZnSO,4-7H,0O in tap water (800 litres/ha) with
0-01% Tween-20. At each application, the treatments
without Zn were foliar-sprayed with the same volume
of tap water containing 0-:01% Tween-20. The appli-
cations of N (200 kg/ha as urea), P (P,O5 75 kg/ha as
Ca(H,POy),), K (KyO 120 kg/ha as KCI) and Zn fertil-
izer in soil were performed similarly to the applica-
tions in Expts 1 and 2.
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Table 2. Total of six treatments of the Experiment 3 and 4

Code Description

CK Zn-free control

S15 15 kg Zn/ha (applied to the soil as ZnSO,4-7H,0)

S30 30 kg Zn/ha (applied to the soil as ZnSO,-7H,0)

F7-2 7-2 kg Zn/ha (applied as a foliar application x 3 of 0-3% ZnSOy4-7H,0)

S15+F7-2 15 kg Zn/ha soil applied + 7-2 kg Zn/ha foliar applied (application to the soil as ZnSO,-7H,0O in addition to foliar

application x 3 of 0:3% ZnSO,-7H,0)

S30+F7-2 30 kg Zn/ha soil applied + 7-2 kg Zn/ha foliar applied (application to the soil as ZnSO,-7H,0O in addition to foliar

application x 3 of 0:3% ZnSO,4-7H,0)

Measurements

During the maturation stage, three hills of rice plants
were sampled and dissected into leaves, stems (in-
cluding leaf sheaths) and spikes for mineral analysis.
Additionally, a 5 m? (5-0mx1-0m) micro-plot was
harvested to determine the grain yield and other
yield components. All of the samples were collected
from the centre of each plot to avoid edge effects
and were washed briefly with both tap and distilled
water.

Mineral analysis

The dry weights of all rice plant samples (leaves, stems
and spikes) were determined after heating in an oven
at 105 °C for 30 min and then at 70 °C until they
reached a constant weight. The grain yield was deter-
mined from a 5 m” area at maturity after adjusting the
grain to a moisture content of 0-15 g H,O/g fresh
weight. For mineral analysis, the grain sample was
brown rice. For Zn analysis, the dry samples were
ground into a powder and then digested in nitric:per-
chloric acid (4:1 v/v). The methodologies applied in
these experiments have been described previously
by Waters et al. (2009). Zinc content was determined
using an Atomic Absorption Spectrophotometer
(Varian, SpectrAA-220FS, American) at a wavelength
of 213:9 nm. For the determination of N content,
dried and ground samples were digested with
H,S04—H,0, at 260-270 °C and an Autoanalyzer 3
digital colorimeter (Bran+ Luebbe, AA3, Germany)
was used to determine the total N content according
to the method of Guo et al. (2007). The measurements
were checked using certified standard reference mate-
rials obtained from the Institute for Environmental
Reference Materials of the Ministry of Environmental
Protection (Beijing, China).
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Diphenylthiocarbazone staining

To visually assess the Zn content of brown grains under
different Zn fertilizer application methods, a staining
method was developed using diphenylthiocarbazone
(DTZ), which produces a red-purple Zn-dithizonate
complex (Ozturk et al. 2006). The brown grains were
submerged for 30 min in freshly prepared DTZ solution,
obtained by dissolving 1,5-diphenylthiocarbazone
(Merck) (500 mg/l) in methanol (AR grade), as described
previously by Ozturk et al. (2006). After 30 min submer-
sion, the samples were rinsed thoroughly with distilled,
deionized water and blotted dry with tissue paper. The
staining intensity (red colour), representing the relative
Zn density in the grains, was assessed using an optical
microscope (Olympus, DFM-50, Japan).

Statistical analysis

All of the data were analysed with the SAS 9.3 statistical
software package. The significance and the interactions
between the treatments were evaluated by one-, two-
or multi-way ANOVA according to the experimental
design, following which the significant differences
between means were determined using Duncan’s mul-
tiple range test (Duncan’s test) at P < 0-05.

RESULTS

Four locations were selected due to their differences in
soil Zn status. The amounts of diethylene triamine
pentacetate acid (DTPA) extractable Zn ranged from
0-60 mg Zn/kg in Rudong County to 2:32 mg Zn/kg
in Changshu County, Jiangsu, China (Table 1). A
threshold for Zn deficiency is widely accepted to be
0-5 mg Zn/kg, which was established from the stand-
ard DTPA method (Sims & Johnson 1991). Based on
the data, the four locations were classified as
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borderline Zn-deficient (Rudong 2), low Zn (Rudong
1), sufficient Zn (Rugao) and high Zn (Changshu)
(Table 1).

The effect of location and zinc application level on the
grain yield and zinc content of rice

Four field experiments were conducted at four differ-
ent locations in two consecutive years (2010 and
2011). There was a significant positive effect of Zn ap-
plication on grain yield and rice Zn content in each
year (Tables 2 and 3; Fig. 1). Additionally, the effect
of Zn application on grain yield was limited by loca-
tion, indicating that the increase in yield was affected
by the background content of soil-available Zn. The
grain yield increased significantly with increasing Zn
application rate in low and borderline Zn-deficient
soils in 2011 (Rudong location). However, in the pre-
vious year, the yields at Changshu and Rugao were
significantly different (P < 0-01) for each Zn treatment
with high and sufficient background Zn status of these
soils (Table 3). There was a clear correlation between
grain yield and yield components among the different
Zn treatments. The vyield components (panicle
number, number of spikelets per panicle, seed
setting percentage and thousand grain weight
(TGW)) increased with an increase in Zn application
level (Table 4) and were also associated with soil
Zn-associated DTPA (DTPA-Zn) level. For all of the
parameters, the values varied under different Zn fertil-
izer application treatments; however, all values were
higher than the Zn-free control treatment.

The statistical analysis of the data from 2010/11
revealed a clear location effect. This is illustrated by
the observation that the grain Zn content with a
given N rate (i.e., 200 kg/ha) ranged from 19-74 mg/
kg in the borderline Zn-deficient soil to 26-93 mg/kg
in the high Zn soil in the Zn-free treatment (Fig. 1).
However, the Zn fertilizer application method had a
much larger effect than location and was the dominant
factor in determining Zn content and accumulation in
the grain (Fig. 1). Furthermore, no significant interac-
tions between Zn fertilizer treatments and locations
were observed.

Effects of zinc fertilizer application method on rice
grain yield and grain zinc content

The method of Zn application also exhibited an
obvious influence on grain yield and yield compo-
nents, grain Zn content and accumulation, and Zn
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fertilizer efficacy. The results at each experimental lo-
cation showed that soil Zn application had a much
greater effect on rice grain yield than application by
foliar spray (Tables 2 and 3). Comparing all yields
with that of the control, the average increase in grain
yield from soil Zn application ranged from 21 to
10-2% and 0-2 to 4-0% in the foliar application
(Tables 2 and 3). It was concluded that the soil Zn ap-
plication contributed to the increase in grain yield
more than the foliar spray based on an increase in
the number of developed spikes. Compared with the
control treatment, under the same N fertilizer level
(200 kg N/ha), grain Zn content increased by 62-7
and 48:3% from F24 and by 15-6 and 5:3% from
S50 in the high Zn and Zn sufficient soils, respectively.
Additionally, grain Zn content increased by 15-7 and
11-:3% from F7-2 and by 3-5 and 2:9% from S15 in
low Zn and borderline Zn-deficient soils, respectively.
Therefore, to improve the grain Zn content, the Zn
foliar spray was more effective than the soil applica-
tion, and a high Zn content of foliar spray (F24) was
more effective than a low Zn content (F7-2).
However, the method of soil Zn application plus a
Zn foliar spray was the best method for increasing
grain yield and grain Zn content.

The Zn content of the brown grain from the field ex-
periment with the high Zn soil (Changshu) under dif-
ferent Zn application methods was detected by
staining with DTZ (Fig. 2). Zinc reacts with DTZ to
form a red Zn—-DTZ complex. The intensity of staining
(red colour) represents the relative density of Zn in the
grain and the results were consistent with the mineral
analysis of Zn content (Fig. 1).

Interaction of the effects of nitrogen and zinc fertilizers
on rice grain

A clear positive interaction between N and Zn fertili-
zers on rice grain yield and nutrient content was
demonstrated under the experimental conditions.
The increased N application rate had a significant
effect on the grain yield of rice in 2010 (Table 3).
Furthermore, it was observed that the grain Zn
content and accumulation increased slightly when
the N fertilizer rate increased from 200 to 300 kg/ha;
however, these two N fertilizer treatments were not
significantly different (Fig. 1). The effect of Zn applica-
tion on the grain nutrient content also showed that the
increase of Zn fertilizer could significantly increase
the N content and accumulation in individual plant
organs at harvest (Table 5). There was a very close
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Fig. 1. Effects of soil zinc (Zn) status (high, sufficient, low and borderline Zn-deficient soils) and Zn fertilizer application
method (CK =Zn-free control; S50 =50 kg Zn/ha (applied to the soil as ZnSO,4-7H,0); F24 =24 kg Zn/ha (applied as a
foliar application x 2 of 1:3% ZnSO,-7H,0); S50 + F24 = 50 kg Zn/ha soil applied + 24 kg Zn/ha foliar applied (application
to the soil as ZnSO,4-7H,0 in addition to foliar application x 2 of 1:3% ZnSO,-7H,0); S15 =15 kg Zn/ha (applied to the
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correlation between Zn and N content in rice grain
(Figs 3 and 4).

DISCUSSION

Biofortification is the process of increasing the natural
content of bioavailable nutrients in crop plants (Welch
2005; White & Broadley 2005; Nestel et al. 2006;
Mayer et al. 2008). The Zn biofortification of cereals
has been a focus of research and is becoming more
important for crops and humans in recent years. It
has recently been reported that grain yield and Zn
content could be enhanced by Zn fertilizer applica-
tion either to the soil or by foliar spray in rice
(Hossain et al. 2008; Wissuwa et al. 2008; Singh
et al. 2012), wheat (Shivay et al. 2008), maize and
mung bean (Hossain et al. 2008).

To study the effects of different Zn fertilizer rates and
application methods on Zn uptake, translocation and
accumulation of grain Zn in rice, four field experi-
ments were conducted in two consecutive years
(2010/11). These experiments suggest that, in four
soils with different Zn availabilities in Southern
China, the grain yield of rice can be improved by in-
creasing Zn application rate and by employing appro-
priate application methods. The yield components
(panicles, number of spikelets per panicle, etc.)
increased significantly with Zn application. Sui et al.
(2013) reported that an effective spike number was
the principal factor and that the number of spikelets
per panicle and the TGW were second in importance
with regard to effects on rice yield. In contrast, the
current results showed that soil Zn application at trans-
planting has a much more significant effect on rice
grain yield than foliar spray during the spike emer-
gence to flowering stages. This observation results
from the greater number of spikes per unit area in
the soil Zn treatment than in the treatment with Zn
foliar spray. As the tiller number is completely estab-
lished at spike emergence in rice, the Zn nutrition
improvement caused by the foliar spray at the mid-
growth period could only contribute to an increase
in tiller and panicle characteristics. The improvement

of grain yield by Zn fertilizer application differed with
soil DTPA-Zn content at the different experimental
locations, and the improvements from Zn fertilizer ap-
plication were more noticeable in soils with low back-
ground levels of DTPA-Zn. However, there was no
significant effect on rice grain yield from Zn fertilizer
application to soils with high or sufficient background
levels of DTPA-Zn. The present work was based on
locations with different background levels of DTPA-
Zn, rather than an independent experiment conducted
in an independent location with a single DTPA-Zn
level. Therefore, the current results evaluate the im-
provement of rice grain yield from Zn fertilizer appli-
cation objectively and systemically.

At the same time, there was a clear improvement in
grain Zn content and accumulation in rice with Zn fer-
tilizer application. The effects of Zn fertilizer were dif-
ferent with different Zn application methods, and
these results demonstrated that Zn foliar spray was
more effective than soil application on grain Zn
content and accumulation. The different native soil
pH, zinc availabilities and N fertilizer rates could
also play a critical role on the effect of Zn application
on rice. Marschner (1993) reported that an increase in
the soil pH value from 6 to 7 could reduce the chem-
ical solubility of Zn in the soil by nearly 30-fold and
that a split application of ZnSO,4 could perform
better than a single basal application. This could be
attributed to the improved availability of Zn in the
soil solution for rice plants (Naik & Das 2008) or to
the elimination of the rapid dissociation of Zn**
from ZnSO, resulting in the precipitation of Zn as
ZnCO; and Zns5(CO;),(OH), (Brar & Sekhon 1976).
These results were similar to those of the present
study; the effects of Zn application on rice were
more pronounced in the meta-acidic soil (pH 5-60;
Changshu) than in the meta-alkaline soil (pH 7-54;
Rugao), and the soil DTPA-Zn content was consistent
with this result in the two soils at different pH values.
Wissuwa et al. (2008) suggested that Zn uptake was
increased by soil Zn fertilizer application and that
Zn accumulated in the shoot tissue, with little trans-
location to the grain. Although the soil Zn application

soil as ZnSO4-7H,0); S30=30kg Zn/ha (applied to the soil as ZnSO,-7H,0); F7-2=7-2 kg Zn/ha (applied as a foliar
application x 3 of 0-3% ZnSO,4-7H,0); S15+F7-2 =15 kg Zn/ha soil applied + 7-2 kg Zn/ha foliar applied (application to
the soil as ZnSO,4-7H,0 in addition to foliar application x 3 of 0:3% ZnSO,4-7H,0); S30 + F7-2 =30 kg Zn/ha soil applied
+7-2kg Zn/ha foliar applied (application to the soil as ZnSO,-7H,O in addition to foliar application x3 of 0-3%
ZnSO,4-7H,0)) on grain Zn content and accumulation of the ‘Zhendao 11 rice crop under different N rates (N200 = 200
kg N/ha; N300 =300 kg N/ha) in 2010-2011. Each data point represents the mean value of four replicates. Bars represent

the standard errors of the mean (n =4).
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Table 3. Effect of nitrogen fertilizer rate and zinc fertilizer application method on yield and yield components of the Zhendao 11 rice crop in 2010. The

values are the means of four independent replicates*

Nitrogen Number of Seed setting Increase
ratet Panicles spikelets per percentage Grain yield yield rate Grain nitrogen
Location (kg/ha) Treatmentt (x10%ha) panicle (%) TGW (g) (kg/ha) (%) content (mg/kg)
Changshu N200 CK 258 +8-2 111 +£2-1 89+3-0 26:8+0-13 7432 +113-8 - 12-2+0-64
(high Zn) S50 270+6-3 120+ 3-0 93+1-2 26:7+0-13 7660+ 47-5 3-1 13-:0+0-20
F24 262+1-8 115+1-3 94+1-6 26:7+0-22 7522 +172-2 1-2 12:7+0-29
S50 + F24 277 +2-5 123 +£3-8 91-5+0-25 266 +0-08 7743 +139-9 4-2 13-1+0-31
N300 CK 310+ 8-0 115+4-4 84 +3-5 27-3+0-19 8151 +291-8 - 13-5+0-25
S50 319+3-7 137+£1-1 87+1-8 27-3+0-13 8332 +56-4 2:2 14-:0+0-12
F24 311 +8-0 122 +3-2 88 +2-8 27-2+0-16 8253 +170-2 13 14-3 +0-80
S50 + F24 319+69 131+£1-5 88-:3+£0-28 26:7+0-15 8500 = 50-5 4-3 14-2+0-48
Rugao N200 CK 273+29 131-5+0-84 87+1-8 27-5+0-25 7517 £134-6 - 12:0+0-28
(sufficient S50 280+ 5-1 135+4-8 91-8+0-39 27-0+0-10 7678 £165-8 21 12:1+0-49
Zn) F24 273+5-8 138+2-8 92+1-3 26:9+0-19 7576 +£127-6 0-8 12:4+0-27
S50 + F24 290 + 51 136 +4-3 91+2-2 27-2+0-18 7879 +79-4 4-8 12:9+0-36
N300 CK 287+ 68 139+5-2 86-3 +0-66 26:1+0-27 8205+ 358 - 12:2+0-26
S50 303+4-3 146 +4-2 88+1-3 26-:3+0-19 8394 + 663 2-3 12:3+0-10
F24 289+4-8 148 +£4-6 90+ 2-5 26-2 £0-41 8221 +459 0-2 12:6 +£0-10
S50 + F24 303 +4-7 149+2-7 89+1-3 26-3+0-32 8489+ 1129 3-5 13:2+0-34
Significance (P)
Locations (L) NS <0-001 NS <0-05 NS <0-001
Nitrogen rates (N) <0-001 <0-001 <0-001 <0-05 <0-001 <0-001
Zn application methods (Zn) <0-001 <0-001 <0-01 NS <0-01 <0-05
LxN <0-001 NS NS <0-001 NS <0-01
LxZn NS <0-05 NS NS NS NS
N x Zn NS NS NS NS NS NS
LxNxZn NS NS NS NS NS NS

Zn, zinc; NS, not significant.

* Significant differences were determined according to a multi-way ANOVA followed by Duncan’s multiple range test.

1t N200 =200 kg N/ha; N300 =300 kg N/ha.

¥ CK=Zn-free control; S50 = 50 kg Zn/ha (applied to the soil as ZnSO,4-7H,0); F24 = 24 kg Zn/ha (applied as a foliar application x 2 of 1:3% ZnSO,4-7H,0); S50 + F24 = 50
kg Zn/ha soil applied +24 kg Zn/ha foliar applied (application to the soil as ZnSO,4-7H,0 in addition to foliar application x 2 of 1:3% ZnSO4-7H,0).
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Table 4. Effects of zinc fertilizer rate and application method on yield and yield components of the Zhendao 11
rice crop in 2011. The values are the means of four independent replicates*

Number of Increase
Panicles spikelets per Seed setting Grain yield  yield rate
Location Treatment’ (x10%ha)  panicle percentage (%) TGW (g) (kg/ha) (%)
Rudong1 CK 239+3-4 126-:0+0-27 97-4 +0-08 27-1+0-26 8397+1352 -
(low Zn) S15 248 +2-7 127-2+0-36 97-8 £0-24 276015 8624+112:3 2-7
S30 260+ 2-7 129+1-2 97-6 £0-16 27-8+0-22 9038+654 76
F7-2 242 +3-0 131+1-2 97-9+0-27 27-7+015 8423+172-3 0-3
S15+F7-2 252+3-5 132+1-4 97-8 £0-20 27-5+0-14 8715+138-1 3-8
S30+F72 253+2-8 132-1+0-95 97-7+0-25 27-6+0-22 9019+969 7-4
Rudong?2 CK 227 +4-4 118+1-2 96-9+0-37 28:1+022 7982+72:8 -
(borderline Zn  S15 243+1-8 121+£1-8 97-2+0-22 28:6+0-12 8190+89-5 26
deficient) S30 242-6 + 122-:0+0-43 97-5+0-26 28:3+0-22 8799+61-9 10-2
0-72
F7-2 239+6-4 122+1-7 97-0+0-11 28:5+0-21 8298+96-2 40
S15+F7:2 245160 124+£1-0 97-2+0-33 28-4+015 8518+77-7 67
S30+F7:2 255+1-8 124 +£2-1 97-4 +£0-21 28:3+0-11 9016 +54-2 13-0
Significance (P)
Locations (L) NS <0-001 NS NS <0-05
Zinc application methods (Zn) <0-001 <0-001 <0-01 <0-001 <0-001
LxZn NS NS NS NS NS

NS, not significant.

* Significant differences were determined according to a two-way ANOVA followed by Duncan’s multiple range test.

t CK=Zn-free control; S15=15 kg Zn/ha (applied to the soil as ZnSO,4-7H,0); S30 =30 kg Zn/ha (applied to the soil as
ZnSO,4-7H,0); F7-2 =7-2 kg Zn/ha (applied as a foliar application x 3 of 0-3% ZnSO,-7H,0); S15 + F7-2 =15 kg Zn/ha soil
applied + 7-2 kg Zn/ha foliar applied (application to the soil as ZnSO4-7H,0O in addition to foliar application x 3 of 0-:3%
ZnSO,4-7H,0); S30+ F7-2 =30 kg Zn/ha soil applied + 7-2 kg Zn/ha foliar applied (application to the soil as ZnSO,4-7H,0

in addition to foliar application x 3 of 0-:3% ZnSO,4-7H,0).

did not obviously impact the rice grain Zn content, the
Zn foliar spay did. In addition, the rice grain Zn
content increased with the increase in Zn content or
fortification rate resulting from the Zn foliar spray. In
recent reports, surfactants can increase the penetra-
tion of many substances through the leaf cuticle
(Stock & Holloway 1993), and therefore are frequently
added to foliar sprays. This addition could explain the
greater biological availability of Zn supplied via foliar
spray: it is taken up directly into the plant tissue,
whereas in the roots it has to be taken up in soluble
form and so is dependent on soil moisture. In addition,
as the foliar Zn application rates were significantly less
than the soil Zn rates and the journey from the soil to
grain is much further than from leaf to grain, the foliar
application of Zn seems to be an important alternative
strategy to overcome grain Zn deficiency in cereal
plants and will contribute to the improved nutritional
quality of grain for human consumption (Wissuwa
et al. 2008; Cakmak et al. 2010).
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Although the routine grain yield increase with appli-
cation of fertilizers, especially N fertilizers, is well-
established (Ehdaie & Waines 2001), the effect of N
fertilizer on the Zn nutritional quality of rice grain is
not well understood. The current experiments indi-
cated that the N application rate greatly affects grain
yield and the Zn content of rice grain. The results
were similar to those reported by Hao et al. (2007),
who found in a pot experiment that the N application
rates of up to 160 kg N/ha could increase the Fe, Mn,
Cu and Zn contents in brown rice. Shi et al. (2010)
reported that wheat grain Zn content increased con-
tinually with increasing N rate in long-term (1999-
2007) field experiments in the North Plain of China.
It was possible that the content of a micronutrient in
the grain could increase with increasing N application
rate until reaching a critical N rate, at which point it
would stop increasing and remain at a steady level
(Hao et al. 2007; Shi et al. 2010). Because there
were only two N application rates in the field
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Fig. 2. Brown rice grains from different zinc (Zn) application methods with diphenylthiocarbazone staining under 300 kg
N/ha in Changshu site. (a: CK = Zn-free control; S50 = 50 kg Zn/ha (applied to the soil as ZnSO,4-7H,0); F24 =24 kg Zn/ha
(applied as a foliar applicationx 2 of 1-:3% ZnSO,4-7H,0); S50+ F24 =50kg Zn/ha soil applied +24 kg Zn/ha foliar
applied (application to the soil as ZnSO,:7H,0 in addition to foliar application x 2 of 1-3% ZnSO,4:7H,0). b: CK=The ‘~’
symbol indicates grain DTZ staining in the Zn-free control; S50 = The ‘+’ symbol indicates grain DTZ staining in the 50 kg
Zn/ha (applied to the soil as ZnSO,4-7H,0); F24 =The ‘+" symbol indicates grain DTZ staining in the 24 kg Zn/ha (applied
as a foliar application x 2 of 1:3% ZnSO,-7H,0), picture upper right.) (Colour online).

experiments of the current, it was impossible to iden-
tify this critical rate. In addition, the current results
showed that the N content and accumulation in indi-
vidual rice organs increased at harvest with increasing
Zn rates. The combination of these results illustrates a
clear positive interaction between N and Zn fertilizers
for the improvement of rice grain yield and nutrient
content: the higher N could enhance crop growth
and increase the demand for micronutrients. In add-
ition, the supply of Zn fertilizer could also enhance
the demand and uptake of other nutrients over Zn-
deficient conditions. Although the relationship
between N and Zn in the plants is unclear, many
studies have indicated that N influences the transloca-
tion of Zn in plants. Erenoglu et al. (2011) reported that
improved N nutrition enhanced the root uptake, root-
to-shoot translocation and remobilization of zinc
(®>Zn) in wheat. Finkemeier et al. (2003) discovered
that the expression of a heavy metal transport-related
gene was N-dependent in barley. Most likely, a
number of transport proteins, such as zinc-regulated
transporter/Fe-regulated  transporter-like  proteins
(ZIP), yellow stripe-like (YSL) transporters and heavy
metal ATPase (HMA) family proteins, can be

https://doi.org/10.1017/50021859615000441 Published online by Cambridge University Press

implicated in the root uptake, xylem loading and
unloading, xylem-to-phloem exchange, phloem
loading and unloading and grain deposition of Zn or
nicotianamine (NA)-chelated Zn (Waters et al. 2006;
Haydon & Cobbett 2007; Borg et al. 2009; Curie
et al. 2009; Palmer & Guerinot 2009; Pedas et al.
2009). The synthesis of some unknown proteins
could be enhanced by increasing tissue N content
with the application of N fertilizer. Furthermore, in
recent reports, positive physiological effects were
clearly documented, showing that Zn significantly
affected the biosynthesis and structural and functional
integrity of proteins (Cakmak 2000; Broadley et al.
2007). Many proteins in biological systems are Zn-
dependent. For example, in eukaryotic cells, Zn-
binding proteins make up nearly 10% of the proteome
(Andreini et al. 2006). It has been reported that pro-
teins in grain are considered to be a pool for Zn,
and, under Zn-sufficient conditions, there was a
strong positive correlation between grain Zn content
and grain N content (Cakmak et al. 2010; Kutman
et al. 2010). Therefore, the present results suggest
that the balance of Zn content or accumulation in
rice grain might be increased by the suitable
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Table 5. Effects of zinc fertilizer rate and application method on nitrogen content and accumulations in leaves, stems and grains of rice at harvest in 2011.
The values are the means of four replicates*

Nitrogen content (mg/g)

Nitrogen accumulation (kg/ha)

Total nitrogen

Location Treatment’ Leaf Stem Grain Leaf Stem Grain Total increase (%)

Rudong 1 (low Zn) CK 59+0-08 4-5+0-13 11-6+0-14 12:8+048 25+1-6 96 +6-8 134+ 86 -
S15 59+0-29 4-7+0-13 11-8+0-11 135078 28+1-2 103+1-3 145+2-2 8-3
S30 6:0+0-21 4-6+0-29 12:0+0-13 141+044 28«14 106 +2-1 148 +2-8 10-4
F7-2 6:2+0-31 4-8+0-34 12-:2+0-36 14-5+0:84 29+2-2 105 £ 3-1 148 +2-8 11-0
S15+F7-2 6:2+0-42 5:0+0-33 12-5+0-48 1619 32:6 +0-54 111 +£39 160+ 5-5 19-4
S30+F7:2 6:3+£025 49+0-19 12:2+0-14 1613 32+1-8 113+4-8 162+ 74 211

Rudong 2 (borderline Zn deficient) ~ CK 5-7+0-42 5-3+0-60 12-:0+0-50 1111 27:8+0-42 88+2-8 126:4+0-82 -
S15 6:0+0-34 54+033 12-5+0-28 13-1+0:88 31-7+0-61 106 +2-4 15127 19-3
S30 6-1+0-21 5:8+047 12:7+0-39 15+1-8 37 +1-1 11924 170+2-8 345
F7-2 6:2+0-22 6-1+0-39 12:7+0-46 13-2+0-52 35-1+0-40 106 +1-8 154 +2-8 21-8
S15+F7-2 6:5+047 6:3+£0-13 12:8+0-17 15-3+£0-56 37-5+0-91 113£1:6 166+2-0 31-2
S30+F7:2 7:0£0:38 6:6+0:66 12-:8+0-35 1716 42+1-3 12219 181 +4-2 43-2

Significance (P)

Locations (L) <0-05 <0-05 <0-05 <0-001 <0-001 <0-05 <0-001

Zn application methods (Zn) NS <0-001 NS <0-05 <0-001 <0-01 <0-001

LxZn NS NS NS NS NS NS NS

NS, not significant.

* Significant differences were determined according to a two-way ANOVA followed by Duncan’s multiple range test.
t CK=Zn-free control; S15 = 15 kg Zn/ha (applied to the soil as ZnSO,4-7H,0); S30 = 30 kg Zn/ha (applied to the soil as ZnSO,4-7H,0); F7-2 = 7-2 kg Zn/ha (applied as a foliar
application x 3 of 0-3% ZnSO,4-7H,0); S15 + F7-2 =15 kg Zn/ha soil applied + 7-2 kg Zn/ha foliar applied (application to the soil as ZnSO,4-7H,O in addition to foliar applica-
tion x 3 of 0:3% ZnSO,4-7H,0); S30 + F7-2 = 30 kg Zn/ha soil applied + 7-2 kg Zn/ha foliar applied (application to the soil as ZnSO,-7H,0 in addition to foliar application x 3 of

0:3% ZnSO4-7H,0).
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Fig. 3. Relationship between nitrogen (N) and zinc (Zn)
contents of rice grains under two different N rates (N200 =
200 kg N/ha; N300 =300 kg N/ha).
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Fig. 4. Relationship between nitrogen and zinc (Zn)
contents of rice grains under two different soil Zn statuses
(low Zn or borderline Zn-deficient soils).

application of N fertilizer based on the optimal yield
and economic/environmental efficiency.

In the present work, the Zn content of the brown
grain could be detected by staining with DTZ, and
the staining intensity (red colour) was consistent with
the results of the mineral analysis of Zn. These
results further confirmed that the DTZ method is
useful in studying the content, localization and mobil-
ization of Zn in seeds, and can be applied as a rapid
method for ranking genotypes for seed Zn content
(Ozturk et al. 2006).

In conclusion, the results of the present study have
proposed reasonable methods for both soil and foliar
spray applications of Zn fertilizer to increase rice
grain yield and grain Zn content. The effects of Zn ap-
plication varied according to native soil Zn availabil-
ity, N fertilizer rate and Zn fertilizer application
method. The grain yield increased significantly with
increasing Zn fortification rates in low Zn or Zn-
deficient soils. Zinc application method also exhibited
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a significant influence on grain yield. Soil Zn applica-
tion displayed a much greater improvement on rice
grain yield compared with foliar application;
however, the Zn foliar spray was much more effective
at increasing the grain Zn content than the soil Zn ap-
plication. Additionally, the impact of Zn application
method with regard to grain Zn content revealed the
following trend: soil application + foliar spay > foliar
spay > soil application > control. Furthermore, these
results could be increased by a high rate of N applica-
tion. Therefore, it is suggested that soil Zn application
in addition to a Zn foliar spray should be considered
an important alternative strategy to overcome Zn defi-
ciency of rice in soils with low background levels of
DTPA-Zn. Additionally, this strategy of using both
soil and foliar spray for Zn fertilizer application
rather than either one alone can optimize Zn manage-
ment for a variety of soil Zn contents for which it may
be necessary to improve both the grain yield and grain
Zn content. However, much more attention should be
given to the interaction between N and Zn fertilizer to
adjust fertilization practices.
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