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Abstract: This study determined how nitrogen (N) fertilizer and water
management affect grain yield and milling quality of 9 modern rice varieties
with long, slender grain in two field experiments. The effect of N on rice
grown in wetland culture was evaluated at 0, 60 and 120 kg N ha™. In a
second experiment the rice in aerobic and wetland culture were compared.
The rice in both experiments were grown to maturity and evaluated for yield,
head rice yield and chalkiness. Grain yield increased with increasing N
application, head rice yield increased with increasing N in 8 varieties, while
chalkiness was more than halved in 7 varieties. Grain N also increased with
increasing N fertilizer, but high head rice yield in several varieties was
associated with relatively low grain N. Under aerobic cultivation, all 9 varieties
yielded less than in wetland culture, the head rice yield was lower and
chalkiness was higher except in 2 varieties. In both experiments, grain yield
was associated positively with head rice yield and negatively with chalkiness.
Head rice yield and chalkiness were negatively associated in the water
experiment but not in the N experiment. This study has shown that modern high
yielding rice varieties generally respond positively to nitrogen fertilizer in
better milling quality as well as in yield. Grain chalkiness of the varieties was
more stable against variation in the environment than head rice yield.
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Introduction

Milled rice or white rice, the form commonly
preferred by consumers, is processed by removal of the
paddy rice hull, followed by polishing or milling process
to remove the bran and germ fractions. Milled rice
quality is judged based on several grain characteristics
including head rice yield, grain chalkiness and
contamination (Leesawatwong et al., 2003). Premium
milling quality rice, which receives a higher price, is
generally characterized by high percentage of unbroken
grain and freedom from blemishes such as chalkiness
(Efferson, 1985).

Milling quality is a complex trait which is influenced
by both genetic and environmental factors (Zhao and
Fitzgerald, 2013; Laenoi et al., 2018). Variety difference
in milling quality has been documented with wide ranges
of head rice yield, e.g., 8-69% in indica rice varieties and
15-70% in japonica rice varieties, while grain chalkiness
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varied more widely in japonica rice at 1-100% than
indica rice at 4-38% (Koutroubas et al., 2004). Among 25
Indian local rice varieties, the head rice yield was reported
to range from 45-73% and chalkiness from 10-100%
(Bhonsle and Sellappan, 2010). In addition, variations in
head rice yield and chalkiness were found to be 29-62%
and 5-80%, respectively, in 39 rice varieties developed by
IRRI (Zhao and Fitzgerald, 2013). While opportunities to
select for rice varieties with high head rice yield and low
chalkiness are thus indicated, there is also the genotype x
environment effect on rice grain quality to be considered.
Nitrogen fertilizer, a routine input in the cultivation of
modern, high yielding rice varieties (Yoshida, 1981), has
been reported to influence grain yield and milling quality
(Perez et al., 1996; Wang et al., 2012). Application of N
fertilizer improved milling quality by increasing head rice
yield in some varieties but not in others (Borrell et al.,
1999; Leesawatwong et al., 2005). Meanwhile, effects of
N fertilizer on chalkiness have been reported in previous
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studies, but the findings differ. Borrell et al. (1999)
reported that an increase in N fertilizer reduced
chalkiness in one variety (Newbonnet) but not in two
others (Starbonnet and Lemont). In contrast, a recent
study documented that grain chalkiness increased in
NJ9108 and NJ5055 rice varieties with an increase in N
fertilizer (Zhu et al., 2017).

Water is another input that is crucial for high yield in
modern rice varieties and the growing global water scarcity
makes it necessary to use water more economically in rice
production, one of the largest consumers of water especially
in Asia (FAQ, 2012). Aerobic rice cultivation, growing rice
in well-drained instead of flooded soil, has been proposed
as a means to increase water use efficiency (Bouman et al.,
2005; Peng et al., 2006) as well as reducing greenhouse
gas emission (Sharma et al., 2016) from rice production. A
number of water management studies have reported on rice
milling quality (e.g., Zhang et al., 2008; Hayashi et al.,
2011), but not with aerobic rice. This study therefore
aimed to evaluate how different rice varieties respond to
N fertilizer and water management in milling quality as
well as grain yield.

Materials and Methods
Plant Materials

Nine high yielding, photoperiod-insensitive wetland
rice varieties were grown in two experiments, conducted
concurrently in the dry season of 2011 at Chiang Mai
University (18.8060°N, 98.9534°E). The rice varieties all
belong to the extra long and long, slender grain type, with
high amylose (26.3-29.8%), except RD21 and PTT1
(15.0-20.0%) which are considered low amylose types
(Table 1). One-month old seedlings of each variety were
transplanted with 0.25x0.25 m spacing between hills with
a single seedling per hill. Basal fertilizer was applied at
the rate of 30 kg P.Os ha™ and 30 kg KO ha™, half at
tillering and half at flowering stage. At maturity, a 2 m?
sample was harvested manually from the internal area of
each plot. The paddy rice was threshed by hand, cleaned

Table 1: Rice varieties used to determine yield and milling quality

and air dried to 14% moisture content prior to
determination of yield and milling quality.

Experiment 1: Effect of N Fertilizer

The experiment was laid out in a split plot design,
with N rates of 0, 60 and 120 kg N ha™ as main plots
and cultivars in 2x2.5 m subplots, in three replicated
blocks. The rice was grown in a wetland culture, in a
field that had been puddled and kept flooded to 5-10 cm
above soil surface from transplanting until maturity. Half
of the N was applied at tillering and half at flowering.

Experiment 2: Effect of Water Management

The experiment was laid out in a split plot design,
with 2 water treatments, aerobic (WO0) and wetland
(W+) in main-plots and varieties in subplots, in three
replicated blocks. There were 3 m wide strips of
partition separating the aerobic and wetland blocks.
The aerobic plots were dry ploughed and harrowed.
The soil was soaked for 24 h before transplanting. After
transplanting, seedling establishment was ensured by
keeping the soil saturated for one week, after that the
rice was sprinkler irrigated for approximately 3 h once
a week. The wetland treatment was managed in the
same way as experiment 1. Nitrogen was applied by
hand as urea at the rate of 60 kg N ha™?, half at tillering
and half at flowering.

Grain Milling Quality and Chemical Analysis

One hundred g sub-samples of the paddy rice were
dehulled in a sampled huller (Ngek Seng Huat, model
P-1) to yield brown rice and milled for 30 s in a
laboratory milling machine (Ngek Seng Huat, model K-
1) to produce milled or white rice. A subsample of 15
grams of milled rice from each sample was separated
into head rice (= 3/4 length of whole milled grain) and
broken rice. Head rice yield was expressed as the
weight of head rice as percentage of the paddy weight.
Grain chalkiness is defined as visually detectable
opaque regions in an otherwise translucent background
of a white rice grain and expressed as the number of
grains in 100 randomly selected head rice grains with
chalky area of more than half of the kernel.

Variety Length Width Length/width Grain size Grain shape Amylose (%)
SPR3 7.5 2.1 3.6 Long Slender 28.3

RD41 7.7 2.2 3.5 Extra long Slender 27.2

PSL2 7.9 2.1 3.8 Extra long Slender 28.6

RD21 7.3 2.3 3.2 Long Slender 17.0-20.0
RD29 7.3 2.2 3.3 Long Slender 26.6-29.4
CNT1 7.7 2.1 3.7 Extra long Slender 26.3

RD31 7.4 2.1 35 Long Slender 27.3-29.8
SPR1 7.3 2.2 3.3 Long Slender 29.0

PTT1 7.6 2.1 3.6 Extra long Slender 15.0-19.0

Note: Brown rice size categorized based on grain length: >7.50 mm = extra long; 6.61-7.50 mm = long; 5.51-6.60 mm = medium.
Grain shape categorized based on length-to-width ratio: >3.0 = slender; 2.1-3.0 = medium; 1.1-2.0 = bold (Juliano, 1993).
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Nitrogen concentration of the white rice in
experiment 1 was analyzed by titration after Kjeldahl
digestion (Yoshida et al., 1976).

Statistical analysis

Data of head rice yield and chalkiness were arcsine
transformed before analysis of variance (ANOVA) using
STATISTIX 8.0 (Analytical software, SXW). The least
significant difference (LSD) at p<0.05 was used for
comparison between treatment mean. Correlation
analysis between each parameter was performed by
Pearson correlation analysis.

Results

Effect of N Rates on Yield and Milling Quality
(Experiment 1)

The interaction effect between variety and N rate was
found to be significant on grain yield (p<0.05) and
highly significant (p<0.001) on milling quality and grain
N concentration (Table 2). Without N fertilizer, the rice

yield ranged from 5.28 to 6.25 t ha! (Fig. 1). Nitrogen
fertilizer increased the grain yield in all rice varieties but
to different extent. The varieties were classed according
to their yield response to N into: (a) Those with the
yield increasing progressively with N rate (SPRS3,
CNT1, SPR1, PTT1); (b) those with significant yield
increase with 120 kg N ha? (RD41, RD31); and (c)
those with significant yield increase with 60 kg N ha?
(PSL2, RD21, RD29).

Head rice yield increased progressively with
increasing N to 120 kg N ha™l, in 6 of the 9 rice
varieties (Fig. 2a). The exceptions were SPR3 which
was unresponsive to N and RD41, PSL2 which
showed a significant increase in head rice yield only
with 120 kg N ha* but not at 60 kg N ha-1. Without N
fertilizer the head rice yield of the rice varieties
ranged from 37.5 to 47.5%, except in CNT1 which
was especially low at 21.7%. Head rice yield in CNT1
was increased to within the same range as 5 other
varieties at 60 and 120 kg N ha™™.

Table 2: F value of analysis of variance (ANOVA) for yield, head rice yield, chalkiness and nitrogen concentration of nine rice
varieties grown at different N rates (Experiment 1) and water managements (Experiment 2)

Yield (t ha™) Head rice yield (%) Chalkiness (%) Nitrogen (%)
Experiment 1
Nitrogen (N) 49.93** 84.46%** 266.00%** 3079.81%**
Variety (V) 10.79*** 26.93*** 65.72%** 54 71***
NxV 2.12* 17.37%** 6.43*** 27.54***
Experiment 2
Water (W) 523.06** 73.24* 874.88**
Variety (V) 16.45%** 11.80*** 119.13***
W xV 1.77 ns 4.04** 9.12%***

Note: *, ** and *** denote significant difference at p<0.05, p<0.01 and p<0.001, respectively and ns indicates no significant
difference at p>0.05
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Fig. 1: Grain yield of nine rice varieties under N rate at 0, 60 and 120 kg N ha. Bars represent standard error of mean. Letters
above bars represent significant difference between means of different N rates by LSD at p<0.05 of nitrogen by variety.
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Without N fertilizer the rice varieties were classed as
low chalkiness (5.7-11.7%: PSL2, RD21, CNT1, RD29),
moderate chalkiness (15.3-19.3%: SPR3, RD41) and
high chalkiness (27.3-35.0%: RD31, SPR1, PTT1), with
the least chalkiness at 60 kg N ha™* in 7 out of 9 varieties
(Fig. 2b). The exceptions were PSL2 from the low
chalkiness group and SPR3 from the moderate
chalkiness group, in which there was no significant
effect of N on grain chalkiness. Increasing N to 120 kg N
ha had little to no additional effect on the grain

LSDy o5 Nitrogen x Variety = 0.13

chalkiness. Thus N fertilizer appeared to have little effect
on the ranking of rice varieties by their grain chalkiness.

Grain N concentration increased progressively with
increasing rate of N fertilizer in all rice cultivars, except
SPR3 and PSL2 (Fig. 2c). Grain N was significantly
increased in SPR3 only at 60 kg N ha*and in PSL2 at
120 kg N ha%. Nitrogen concentration of the rice grain
was associated positively with head rice yield (r
0.573, p<0.01) and negatively with grain chalkiness (r =
-0.494, p<0.01) (Table 3).
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Fig. 2: Head rice yield (a), chalkiness (b) and nitrogen concentration (c) of nine rice varieties under N rate at 0, 60 and 120 kg N
ha. Bars represent standard error of mean. Letters above bars represent significant difference between mean of different N
rates by LSD at p<0.05 of nitrogen by variety. An arcsine transformation was performed before analysis by ANOVA
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Fig. 3: Grain yield of nine rice varieties grown under aerobic (WO0) and wetland (W+) culture. Bars represent standard error of mean
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Fig. 4:Head rice yield (a) and chalkiness (b) of nine rice varieties under aerobic (WO0) and wetland (W+). Bars represent standard
error of mean. Letters above bars represent significant difference between means of different water treatments by LSD at
p<0.05 of water management by variety. An arcsine transformation was performed before analysis by ANOVA
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Table 3: Correlation analysis of yield, head rice yield, chalkiness and N concentration of nine rice varieties grown at different N
rates (Experiment 1) and water managements (Experiment 2)

n Yield (t ha™) Head rice yield (%) Nitrogen (%)
Head rice yield Experiment 1 27 0.601*** 0.573**
Experiment 2 18 0.623**
pool 45 0.537***
Chalkiness Experiment 1 27 -0.386* -0.222 ns -0.494**
Experiment 2 18 -0.596** -0.613**
pool 45 -0.312* -0.295*

Effect of Water Management on Yield and Milling
Quality (Experiment 2)

The rice varieties responded differently to the water
treatments in the head rice yield and grain chalkiness,
while their grain yield responded to both water
management and variety (Table 2). The aerobic crop
yielded on average 17% less than the wetland crop
(Fig. 3). The wetland condition produced rice with
better milling quality than the aerobic condition, except
in 2 varieties (Fig. 4). Under wetland condition the rice
varieties ranged in head rice yield from 41.5 to 52.8%
and 3.0 to 17.0% in grain chalkiness. The head rice
yield was lower and chalkiness percentage higher under
aerobic condition than wetland condition in 7 out of the
9 varieties; exceptions were SPR3 and RD41 which
showed little effect of water treatments in these
measures of milling quality. The variety PTT1 suffered
the largest depression in head rice yield as well as
being among the varieties with the largest increase in
grain chalkiness under aerobic compared with wetland
culture. The relative chalkiness in the low, moderate
and high chalkiness varieties from the N experiment
were retained in the aerobic culture.

Relationship Between Yield and Milling Quality

The head rice yield and grain chalkiness were both
yield dependent, but in different directions (Table 3).
The head rice yield was positively correlated with
grain yield, under both experiment 1: N fertilizer (r =
0.601, p<0.001) and experiment 2: Water management
(r = 0.623, p<0.01) (Table 3). On the other hand,
chalkiness was negatively correlated with grain yield
under both experiment 1: N fertilizer (r -0.386,
p<0.05) and experiment 2: water management (r
0.596, p<0.01) (Table 3). The negative correlation
between head rice yield and chalkiness was found
only in the experiment 2: Water management (r = -
0.613, p<0.01), but not the experiment 2: N fertilizer
(r =-0.222, not significant at p>0.05) (Table 3).

Discussion

This study has demonstrated the interaction effect
of genetics and environment (GXE) on rice milling
quality, as described by head rice yield and grain
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chalkiness. No discernable association was observed
between the varieties’ grain length (long grain vs.
extra-long grain) or amylose content and their head
rice yield and grain chalkiness.

Effect of N Rates on Yield and Milling Quality

Nitrogen fertilizer, routinely applied to increase yield
in modern rice production (e.g., see GRiSP, 2013), has
been shown here to improve milling quality of the rice
grain while also increasing grain yield. That N fertilizer
increases head rice yield by decreasing milling grain
breakage is well established (Wopereis-Pura et al., 2002;
Leesawatwong et al., 2005; Zhou et al., 2015).
Resistance to milling breakage may be partly related to
grain N concentration, as indicated by significant
positive correlation between grain N and head rice yield
(r = 0.573, p<0.01). However, the strong interaction
effect of variety and nitrogen (VXN, significant at
p<0.001) was here defined by differences among the rice
varieties (a) in the head rice yield when no N fertilizer
was applied and (b) their varying responses to N
fertilizer. With grain N at approximately 1% when no N
fertilizer was applied, 6 out of 9 rice varieties in the
present study already reached or exceeded the 40%
head rice yield standard for price setting in the rough
rice market in Thailand (Prom-u-Thai, 2010).

Chalkiness, the white opaque region in an otherwise
translucent area of milled rice grain (Patindol and Wang,
2003), is considered an inferior quality characteristic of
milled rice that affects rice price in most markets
(Zhou et al., 2015). For example, chalkiness is among
the stringently regulated criteria for differentiating the
grades in each type of Thai rice (MoC, 2016), including
the Thai 100%B rice used as a global benchmark. While
N fertilizer application generally lowered grain
chalkiness, chalkiness was only partially explained by
grain N concentration (r = -0.494, p<0.01), the groupings
of rice varieties by their chalkiness were
indistinguishable by their grain N at any level of N
fertilizer. For example, without N fertilizer grain N was
approximately 1% in all of the varieties but the
chalkiness ranged from 5.7-11.7% in the low chalkiness
group to 27.3-35.0% in the high chalkiness group and
similarly when fertilized with 60 kg N ha™. Increasing
fertilizer to 120 kg N ha* further increased the grain N
in several varieties had little additional effect on
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reducing chalkiness, except in the variety PTTL.
Chalkiness in rice grain occurs from loosely packed
starch granules and protein bodies resulting in many air
spaces in the starchy endosperm (Lisle et al., 2000), while
starch synthesis, starch granule structure and arrangement
of starch granules were suggested as other determinants
(Ryoo et al., 2007). Differences in chalkiness among the
rice varieties were not related in any way to their amylose
content. Previous research suggested that chalkiness is
caused by insufficient assimilation supply during grain
development (Wang et al., 2007). Nitrogen stimulates
photosynthesis and increases supply and translocation of
assimilates to the grain during grain filling (Yoshida,
1981; Dobermann and Fairhurst 2000; Dordas 2009).
The effect of N on photosynthate assimilation into the
grain cannot explain the differential effects of grain N
concentration as well as N fertilizer on grain chalkiness
in the rice varieties that were tested. The inconsistant
association between head rice yield and grain chalkiness,
previously reported to vary with the growing season
(Laenoi et al., 2018), was found here to be significant in
the water experiment (r = -0.613, P<0.01) but not in the
N experiment (r = -0.222, not significant at p>0.05). The
suggestion that the much easier to measure chalkiness
could be used as a proxy for head rice yield in breeding
programs (Zhou et al., 2015) is therefore questioned.

Effect of Water Management on Yield and Milling
Quality (Experiment 2)

As others have reported (e.g., Bouman et al., 2005;
Kato et al., 2009), this study has shown that aerobic
culture produced lower yield than wetland culture. Some
of these reports have also shown that the focus on
aerobic rice is on efficiency of water use, that is the
higher yield is produced per unit of water in aerobic
culture although the yield per unit land may be lower.
While these and other authors (e.g., Priyanka et al.,
2012; Jana et al., 2016) have focused on how water use
efficiency can be increased with aerobic rice, the effect
on rice quality has received scarcely any attention. Three
types of response to aerobic condition were identified
among the rice varieties in their head rice yield, (a) the
two varieties that were unaffected (SPR3 and RDA41), (b)
PTT1 with almost halved head rice yield and (c) the rest
of the varieties that were moderately affected.

Stability of the low chalkiness trait that might be
selected for is suggested by consistency in relative
chalkiness of the rice varieties in aerobic and wetland
culture and over different N levels, as well as much
smaller variation in % chalkiness in the low chalkiness
cultivars in varying N and water treatments. Difference
in the head rice yield among the rice varieties, on the
other hand, varied more with the environment, with
different effects of grain N in different varieties.
Resistance to milling breakage in spite of low grain N
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reported for KDML105, an aromatic rice variety with
traditionally tall plant type (Leesawatwong et al., 2005)
appears to have been incorporated into modern high
yielding Thai rice varieties, which include the mega-
varieties PLS2, SPR1 and PTT1. However, it should be
noted that postharvest management can play an
important role in determining rice milling quality
(Wongpornchai et al., 2004), by either over riding or
improving on the effects of genotype, environment and
management. Parboiling strengthens the rice grain
against milling breakage as well as eliminates grain
chalkiness, as the starch grains in the endosperm are
fused together when the paddy is cooked before milling
(Bhattacharya, 1969). Typically, one t of raw paddy is
milled into 395 kg of head rice and 185 kg of broken
rice, but one t of paddy that has been steamed in the
parboiling process is milled into 580 kg of head rice and
70 kg of broken rice (Siamwalla and Na Ranong, 1990).

Conclusion

In conclusion, this study has demonstrated variation
in the milling quality responses to N fertilizer and water
management of modern, high yielding rice varieties with
long and extra-long grain and amylose ranging from 15
to 30%. While head rice yield generally increased with
increasing grain N, resistance to milling breakage at low
grain N was found in several varieties. Stability of grain
chalkiness against variation in the environment was
indicated by relative chalkiness of the varieties
regardless of the N and water treatments.
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