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ABSTRACT
This study investigated the chain length distrimut{(CLD) of two japonica rice

cultivars under six nitrogen (N) treatments by higarformance size exclusion
chromatography, with the aims to elucidate theceffld N on rice quality and its
biological mechanism. Results showed significarfluence of N on CLD. In
comparison with low N rate, high N lowered the patage of short amylopectin
branches. Fitting with the CLD model of Wu-Gilbeit, suggested that relative
activity of SBE to SS was lower at high N rate, ghproducing fewer short
amylopectin branches. Comparison of CLD betweerafdsr and between cultivars
revealed that decrease in short amlopectin branchdéise relative ratio of short to
long amylopcetin branches correlated with increase flour gelatinization
temperatures (I Tp, and T) and decrease in pasting values (except PaT) and
amylose-lipid gelatinization temperatures. In aiddit quality traits of Wuyujing3, a
cultivar with premium eating quality, expressedofitaacross N treatments compared

with the high-yielding cultivar Wuyunjing?7.

Keywords: Japonica rice; Nitrogen; Amylopectin fine struetuPhysicochemical

properties
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1. Introduction

Rice Oryza Sativa. L) is growing in importance outside Asia as cossitble
growth in its consumption in Africa and South Anceri(Muthayya et al., 2014).
Generally, rice varieties in Asia are classifiedoitwo major types, indica and
japonica. Japonica rice is preferred by people orthern Asia due to its sensory
quality of soft texture and moderate stickinessn(8ual., 2011). China is the largest
producer and consumer of japonica rice. Along wite in living standard, rice
guality, eating and cooking quality in particulaashbecome prime consideration of
both rice producers and researchers like genedjcisteeders, and agronomists.
However, our current knowledge of the physicochaiactors affecting quality of
japonica rice is still incomplete, as is reflectey the persistence of benchmark
varieties of Koshihikari (Fitzgerald et al., 20@8)d Wuyujing3 (Yang et al., 2013) for
many decades in spite of the grain yield achiewest decades.

Physicochemical foundation of rice eating and cogkiquality has been
investigated extensively. Results showed that cb@nsomponents including amylose,
amylopectin, proteins, and lipids coordinately eohphysical properties of cooked
rice and subsequently the eating quality (Bhattgehat al., 2011). There has been an
increasing awareness of the role of amylopectie Structure in physicochemical
properties of rice. Amylopectin contributes to swngl of starch granules and pasting,
as measured by Rapid Visco Analyzer (RVA). Janalef{1999) reported that long
chains of AP (DP>37) were positively associatedwstarch pasting temperature (PaT)
but negatively with peak viscosity (PKV) and breakah (BDV). By contrast, Yang et
al. (2013) found no significant relationship betweemylopectin structure and RVA
parameters. Amylopectin also plays a substantiéé 1o the process of starch

gelatinization and retrogradation. Using differahtscanning calorimeter (DSC),
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numerous studies showed that short amylopectin énc{DP 6-12) was negatively
correlated to the gelatinization temperaturg, (Tp, Tc) and enthalpy AHg) during
flour gelatinization ( Nakamura et al., 2002; Vapdtte et al., 2003), while the long
amylopectin chains exhibited the opposite trendad.kt al., 1999). In addition, Wang
and Wang (2002) investigated retrograding behawbrwaxy rice starch, and
attributed the low retrogradation tendency in waxg starches to a larger amount of
A chain and a shorter exterior chain length of apgttin.

Nitrogen (N), a primary element demand for riceirgraas obvious effect on eating
and cooking quality of rice. It is well known thaitrogen application increase protein
content and decrease amylose content in rice ¢baing et al., 2007). Gunaratne et al.
(2011) showed that nitrogen fertilizer applicationreased pasting onset temperature
(PaT), cold paste viscosity (CPV) and setback w#go(SBV), but lowered peak
viscosity (PKV), breakdown viscosity (BDV), peakntperature (f). In contrast,
Singh et al. (2011) reported that all gelatinizatiparameters were obviously
enhanced. With respect to rice sensory qualityniffzagne et al. (2009) reported that
N fertilizer significantly worsen the palatabilibf cooked rice, causing it hard, rough
and stick in texture as the results of increaserotein content and decrease in
amylose content, as was also reported by SingH. é2@11). On the other hand,
Gunaratne et al. (2011) found that N fertilizerueed the gel hardness of rice flour
but increased the gel cohesiveness. Therefore fé¢tedn physical properties and
sensory qualities of rice is still unclear. In adxh, little is known concerning the
effect of N on rice quality from perspective of dopectin fine structure.

In Southern China, one of the main areas for jaggnce planting, rice production
Is characterized as being high yielding and highnput. For example in Jiangsu

Province, the average N rate in rice is 270 kgfitheven exceeds 300 kg/ha in many
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counties (Xue et al., 2013). Excessive use of gérofertilizer has been a serious
problem in this area, posing not only a threatrt@r@nment but also negative impact
on rice eating and cooking quality. However, itygibochemical foundation is largely
unknown, especially in knowledge of N influenceamylopectin fine structure and it
biosynthesis mechanism.

Recently, Wu et al. (2013) developed a model of lapsctin fine structure
(chain-length distribution, CLD) in cereal endospewith the aim to link CLD to
concerted action of three key enzymes (starch agetSS; starch branching enzyme,
SBE; and starch debranching enzyme, DBE). In theent study, CLD of two
japonica rice cultivars under six N treatments aaalyzed by high performance size
exclusion chromatography (HPSEC) with refractiveex detection, with the aims of
(1) uncovering the variations of rice amylopectirusture with N and genotype, (2)
clarifying the contribution of CLD to physicocheralgroperties of rice flour, and (3)
exploring the biological mechanism of N effect acerquality by the Wu-Gilbert
model. We hope that these findings will further anderstanding of physicochemical
foundation of rice quality and be helpful for breegland cultivation.

2. Materials and methods
2.1 Plant material and experiment design

Two japonica rice cultivars, Wuyujing3 and Wuyuigjifj were selected here.
Wuyujing3 is famous for premium eating quality, \eéhWWuyunjing7 is high-yielding
but with medium eating quality (Suppl. Table S1 &gl S1 ) (Wei et al., 2011). Field
experiment of nitrogen treatments was conductedhat experimental station of
Nanjing Agricultural University (31°531"N, 119°2821"E) in 2011. The soil type
was clay solil, containing 1.48 g/kg total N, 10r8@/kg available P, and 49.53 mg/kg

exchangeable K. The experiment was laid out in & gpot design with three



109 replications. Six N treatments of two N rates ameké timings of topdressing were
110 conducted as follows: (1) LN1, LN2 and LN3, low &te (75 kg/ha) and topdressing
111  at initiation of panicle differentiation (as spikejpromoting fertilizer), two weeks
112  after initiation of panicle differentiation (as Eplet-sustaining fertilizer) and booting
113 stage (as grain-filling fertilizer), respectivel§z) HN1, HN2 and HN3, high N rate
114 (150 kg/ha). In addition, we use NO as control,vitrich no N fertilizer was applied
115 during the whole growth stage, except that P arddr#lizer (calcium superphosphate
116 140 kg/ha and potassium chloride 186 kg/ha) wemiexp before transplanting. To
117 avoid leaching, each plot (11.5'fin area) was separated by ridges mulched by plasti
118 film. Rice was sown in seedbeds on May 25, 201d,teansplanted on June 20, 2011.
119 At maturity, about 100 panicles with similar matynvere harvest, and then naturally
120 dried and stored in ‘4.

121 2.2 Milled-rice appearance and chemical compositions

122 Grain weight (GW) was weighted using an analytizahnce, and grain length and
123 width ratio was determined using digital vernielimers. The chalky rice ratio (CRR)
124 was calculated as total grain number divided bylkghgrain number. Head milled
125 rice was ground into powder and stored in[:2@r physicochemical analysis.
126  Moisture content, total starch and crude lipids apgarent amylose content (AAC)
127 were analyzed according to AACC procedures (AAC@)@. Total protein content
128 (TPC) was calculated as sum of the four fracti@isumin, globulin, prolamin, and
129 glutelin, which were extracted and assayed accgrttirthe method reported by Ning
130 etal. (2009).

131 2.3 Amylopectin chain length distribution

132 The preparation, debranching and analysis of anegop conducted by

133  high-performance size-exclusion chromatography E®S were performed as
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detailed in our previous report (Yang et al.,, 201B)r quantitative analysis, the
empirical division method were used here: firsthe HPSEC data were transformed
to the number distribution, and then the amylopechain length were subdivided
into four categories: (1) A,<®DP<12; (2) B, 1¥XxDP<24; (3) B, 25<DP<36; (4) B,
37<DP<60; and which were described as short, medium,,lag very long,
respectively. Consequently, the ratio of (A}B (B;+B3) was used as index of short
to long chains distribution of amylopcetin.
2.4 Modeling the amylopectin biosynthesis

As an alternative, the chain length distributiorQJ of debranched amylopectin
was fitted to Wu-Gilbert model, using a publiclyaslable FORTRAN program
package (Wu et al., 2013). The basic premise ohtbdel is that the CLD of chains
spanning two lamellae, short single-lamellar €B30) and long translamellar
(30<DP<60) branches, is controlled by two different enzysats. By fitting with this
model, we get two categories of most informativeegaries of parameters. The first
category of parameter is the ratio of activity &ESto that of SSf, B(i) &p(ii)). The
second category of parameter is the relative dmurtions of each enzyme set. For
example, h(ii/i), relative heights of the peak ahdulder in CLD number distribution,
represents the relative contribution of enzymdidetthat of set i. Before data fitting
with Wu-Gilbert model, SEC weight distribution oélatanched amylopectingglog
X) should be converted into number distributiog(X) using the relation w (log X) =
X2N(X) as described by Wang et al. (2014).
2.5 Starch particle size analysis

Milled rice of all the samples were grounded by taoand pestle. Then proteins
were isolated from rice flour by alkali extractionethod and passed through 325

mesh sieve. Particle size distribution of the $tascwas measured by laser scattering
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on triplicate samples using a Satuen DigiSizer 5&0i@romeritics, USA). The starch
(100 mg) and distilled water (5 mL) was added iataube and well mixed. The
refractive index of starch and water used were ark&81.33, respectively. The sample
was added to the sample port until the instrumead moisture 15% obscuration. The
selected criteria were percent volume (% vol.) @inglles with a diameter lower than
50 um.
2.6 X-ray diffraction analysis

This was performed using an X-ray diffractometeronda Science and
Technology Co. Ltd., TD-3500 type, Dandong, Chiopgrated at voltage of 20 kV
and current of 30 mA. Rice flour samples (equilibdaat 75% relative humidity, at
room temperature for a week) were packed tighttg the glass sample holder and
diffraction data were collected over an angulaigeafrom 4° (B) to 30° (B) with a
scanning speed of 2°/min. Relative crystallinityyeee (%) was estimated according
to the method of Wang et al. (2006).
2.7 RVA profiles

Pasting properties of rice flour samples were awyusing a Rapid Visco
Analyzer (RVA-3, Newport Scientific, Australia) folving the method described by
AACC procedure (AACC, 2000).
2.8 Thermal properties

Gelatinization and retrogradation properties oferibour were analyzed by a
differential scanning calorimeter (DSC1; Mettlendado, Schwerzenbach,
Switzerland) equipped with a thermal analysis detttion named STARell.0. A
suspension of flour (20 weight %)in distilled wateere prepared before thermal
analysis, stirred and allowed to stand for 24 Hat While heating, homogenized

suspension weighted g0into a 4Ql aluminum pan (Mettler, ME-26763), the
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samples were hermetically sealed. The DSC analyasrcalibrated using indium and
empty pan was used as a reference. For testingdlainization, the sample pans
were heated from 25°C ~120°C at a rate of//tin. To determine the amylase-lipid
melting peak, a reheating schedule was carriedaggbrding to the method of
lturriaga et al. (2004). The onset);Tpeak (T), and conclusion (J temperatures and
gelatinization enthalpy AHq, J/g) of gelatinization were determined. For
determination of retrogradation, the pans wereest@t 4°C for 2 weeks, and were
heated again. The peak temperature and the entfahhy J/g) associated with the
retrograded starch melting peak appearing betwé&a d4nd 70°C were calculated.
2.9 Satistical Analysis

All analyses were determined in triplicate. Anadysif variance (ANOVA) and
Duncan’s multiple comparison were conducted usiR$S20.0 statistical software
(Statistical Graphics Corp., Princeton, NJ).
3. Results
3.1 N and genotype effects
3.1.1 Rice grain appearance and chemical composition

N fertilization showed significant effect on gra@ppearance and chemical
composition, but the effect varied with rate amditig of N fertilization, and was also
affected by genotype. For appearance quality, B nadd no significant influence on
milled rice appearance of Wuyujing3 like grain weiggrain length/width and chalky
rice ratio, while it slightly increased grain lehftidth of Wuyunjing7 (Table 1).
Under high N rate, contents of starch and amylageWuyujing3 were slightly
decreased, whereas those of total protein and ¢atideere not significantly changed
as compared to low N rate. In contrast, increage®tal protein and decreases in

crude fat were detected for Wuyunjing7.
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With respect to N application timing, topdressingtao weeks after panicle
differentiation (spikelet-sustaining fertilizatioimcreased grain weight and chalkiness
ratio of both cultivars in comparison with otheming of N application. The chalk
rice ratio of Wuyujing3 was 40.5% for CK, and wasreased to 61.5% and 60.3%
for spikelet-sustaining fertilization at low ratdeN2) and high rate (HN2),
respectively. Similarly, the chalk rice ratio of Wunjing7 was 24.3% for CK and it
was increased to 46.5% for LN2 and 58.5% for HNab{& 1). In addition,
spikelet-sustaining fertilizer slightly decreasemtat starch content of Wuyujing3,
while increased total protein content of Wuyunjir{@able 1).

Wuyujing3 and Wuyunjing7 differed in grain appeam@an and chemical
composition, with the former having smaller graiarger chalky grain ratio, and
higher contents of total starch, amylose, and cfatdeFurther, genotypic differences
in response to N treatments were noted. Wuyunjitig3,well-known cultivar for its
good cooking and eating quality, was less senstovd treatments, with coefficients
of variation (CVs) of chalk rice ratio, and amylasmntent, total protein and crude fat
content across the 7 N treatments being 26.2%, ,1778%0, and 17.6%, respectively.
By contrast, Wuyunjing7, the high yielding cultivaith moderate eating quality, was
prone to be affected by N fertilizer, with highedwes of CVs (Table 1).

3.1.2 Amylopectin chain length distribution

Fig. 1(a) shows typical weight distribution of dabched amylopectin chains of
rice flour determined by HPSEC and the empiricalsiton results shown in Table 2.
Wuyujing3 had lower percentage of short A chain arate long B chain (Table 2).

It has the average (A+B(B.+B3) ratio of 3.68 across 7 N treatments, being lower
than that of Wuyunjing7 (4.10). Significant influsnof N fertilizer application on

amylopectin chain length distribution was detedtadboth cultivars (Table 2). High
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N rate lowered the percentage of short A chain, @rsequently decreased ratio of
(A+B1)/(B2+Bg). In addition, long chains ¢Band B) of Wuyunjing7 were increased
significantly with N rate. Timing of N topdressiraiso significantly influenced the
chain length distribution of amylopectin, but itpg@ded on N rate. At low rate, ratio
of (A+B1)/(B,+Bg3) of both cultivars were increased for topdressahdpooting stage.
However, it was reduced by spikelet-sustaininglieetr at high N rate.

Further, the debranched amylopectin weight CLD Klg. was first transformed
into number CLD Fig.1(c) and then fitted with theagtitative parameterized model
of Wu-Gilbert (Wu et al., 2013), with all the feats reproduced well in the fitted
number CLD as illustrated in Fig. 1(d). The modebvides information on the
activities of the core starch synthesizing enzyragd gives insights into starch
biosynthesis. The two linear region in the fittiptpt Fig.1(d) demonstrated the
contributions of two enzyme sets which controlldibrs single-lamellar region
(DP<30, enzyme set i) and long trans-lamellar regio®<8<60, enzyme set ii),
respectively. From the model fitting, three coreapaeters [{i, Bii and hii/i) whose
significance were were summarized here and thegrdd significantly among N
treatments and between Wuyujing3 and Wuyunjingbi@ ). Spikelet-promoting N
fertilizer at high rate significantly reducdyi) of both cultivars. However, no clear
trend was found inB(ii) for N rate and timing. Wuyujing3 showed low¢(i)
(0.140-0.150) than that of Wuyunjing7 (0.140-0.138)addition, h(ii/i) showed the
opposite changing trend in comparison wWgih being increasing with N rate. The
results suggested that enzymatic processes redoirathylopectin biosynthesis were
significantly affected by N and cultivar. By fitnto the biosynthesis-based model,
the amylopectin CLD parameters obtained are muelfieped over the parameters

from the old empircal division method, which camsuks in arbitrarily chosen DP
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ranges and different results can be obtained fié@diht ranges are chosen.
3.1.3 Sarch pasting properties and granule size

The pasting parameters of flour peak viscosity (PK\6t paste viscosity (HPV),
breakdown viscosity (BDV), cool paste viscosity {gPsetback viscosity (SBV) and
pasting temperature(PaT) of Wuyujing3 and Wuyunjingder different N treatments
were listed in Table 3. N fertilizer treatmentsrsigantly lowered the values of most
parameters including PKV, HPV, BDV, and CPV. As ttiming of topdressing
postponed, HPV and CPV of Wuyujing3 were increastmlvever, no obvious effect
of the timing of topdressing was detected for WyyigY. On average, Wuyujing3
exhibited similar PKV, HPV, BDV, and PaT with thos& Wuyunjing7. Notably,
CPV and SBV of Wuyujing3 (2743cp, -29cp) were digantly lower than those of
Wuyunjing7 (2886c¢p, 183cp), indicating a more st#kture of cooked rice of
Wuyujing3, as is perceived by consumers. Regardngg genotypic difference in
response to N treatments, Wuyunjing7 was more Hemsio N application than
Wuyujing3, reflected by the higher CV values forshpasting parameters (Table 3).

The progress of starch pasting involves swelling baorsting of starch granule.
Previous study by Zhang et al. (2013) has demasstrthat smaller starch granule
size can result in lower viscosity as determinedRWA. No significant influence of
N treatments on starch granule size was foundedbdtn cultivars. In addition, no
distinct difference was recognized between culéy@able 3 and Suppl. Fig. S2).
3.1.4 Gelatinzation, retrogradation and crystalline structure of starch

Table 4 shows the gelatinization parameters of fiecer from Wuyujing3 and
Wuyunjing7 under N treatments. High input of N flexér significantly increased pI
and decreased gelatinization enthalpii§) for Wuyujing3. Similarly, the majority of

gelatinization temperatures of Wuyujing7 were iased by high N rate of N. Timing

12



284 of N topdressing had no significant influence onlageization parameters of
285 Wuyujing3, but significantly altered the gelatinima temperatures of Wuyunjing7.
286  On average, Wuyujing3 showed higher gelatinizatemperatures and gelatinization
287 enthalpy than those of Wuyunjing7. We also deteete@ndothermic peak at higher
288 temperature around 95 which may be associated with the melting of the
289 amylose-lipid complex (lturriaga et al., 2004). Higate of N fertilizer significantly
290 decreased the melting enthalpyHg) of amylose-lipid complex for both cultivars.
291 The largest gelatinization enthalpy of amylosediptomplex was observed in
292  Wuyunjing7 when treated with spikelet-sustainingilieger, as compared with other
293 N application timing (Table 4). Averagely, WuyujBighad significantly lower
294  gelatinization enthalpy of amylose-lipid compleahthat of Wuyunjing7.

295 Retrogradation of gelatinized rice flour of samplgas analyzed by DSC after
296 stored at 4/ for 1 week (Table 4). N application treatmentsveéd no significant
297 influence on retrogradation parameters of bothivarns. Except that there is a slight
298 reduction in retrogradation enthalpy of Wuyujing3thwthe increase in N rate.
299  Wuyujing3 and Wuyungjing7 had similar retrogradatitemperatures but different
300 retrogradation enthalpy, on average being 2.6746) -a56J/g for Wuyujing3 and
301  Wuyunjing7, respectively (Table 4).

302 Crystallinity of rice flour closely related with ginizatioin and retrogradation.
303 Calculation of relative crystallinity (RC) accordirto the methods of Wang et al.
304 (2006) revealed no significant N effect. In additi®Vuyujing3 had lower RC value
305 than that of Wuyunjing7 (Table 4 and Suppl. Fig).S2

306 3.2 Reationships among rice amylopectin fine structure, chalky rice ratio, and
307 physicochemical properties

308 Changes in starch fine structure can significaraher flour physicochemical
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properties and rice quality. In this study, sigraft differences in amylopectin chain
length distribution under various N treatments weleserved. Correspondingly,
changes in grain chalkiness and physicochemicagepties of rice flour were founded
as well. To reveal the potential relationships aghaoe amylopcetin fine structure
and chalky rice ratio and flour physicochemical gaxies, we compared the
amylopectin fine structure, grain appearance, ahgsipochemical properties of
milled-rice flour between low and high N rates, d®&lween cultivars of Wuyujing3
and Wuyunjing7 (Table 5), based on the results©ONVA in Table 1 to Table 4.

Comparison of amylopectin fine structure betweeratds showed high N rate had
a depressing effect on short amylopectin branchdscansequently reduced the ratio
of short to long amylopectin branches for bothigals. Further comparison revealed
similar influence of high N rate on PKV, CPV, an#lAipid AH, for both cultivars,
indicating a synergetic effect between amylopeiitie structure and these parameters.
On the other hand, high N rate exhibited promogffgct on PaT and flour pIfor
both cultivars, suggesting a reverse relation betwamylopectin fine structure and
these parameters.

It is seen that Wuyujing3 had lower percentagehofrtsamylopectin branches and
lower ratio of short to long amylopectin branchbart those of Wuyunjing7. The
genotypic difference in amylopectin structure mayassociated with the differences
in CPV, SBV, gelatinization properties and retra@idgon properties between
Wuyujing3 and Wuyunjing7. In this study, WuyujingBowed significantly lower RC
than that of Wuyunjing7, this maybe related witkittamylopectin CLD difference.
However, it has been revealed that the productioerystalline-amorphous lamellar
structure beyond simple enzymatic control of bramghsuch as the strucutre of the

whole amylopectin molecule or some enzymatic “sleeging” of the crystallization
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process or differences in the synthesis conditthresto botancial/verietal differences
can significantly influence RC (Witt et al, 2012)12). The reason for RC difference
between Wuyujing3 and Wuyunjing7 needs furtheraege In addition, our previous
study (Yang et al., 2013) showed that japonica vexgeties with high chalk rice ratio
have lower ratio of short/long chains, and simikesults were detected in this study,
implying the intrinsic relationship between amylofie biosynthesis and chalkiness
formation.

Collectively, comparison of the amylopectin fineusture, grain appearance, and
physicochemical properties between N rates and dmtwcultivars revealed that
decrease in short amylopectin branches or the dtishort to long amylopectin
branches could cause lower values of pasting ptiegefexcept PaT), higher flour
gelatinization temperatures (floug, T, and T), and smaller AM-lipid gelatinization
temperatures (Table 5).

4. Discussion
4.1 Relations between starch fine structure and pasting properties, thermal
properties and chalkiness

Historically, amylose content was considered addipter of rice eating and
cooking quality. Emerging instrumental techniquaséhfacilitated in-depth research,
revealing the relation between the amylopectin ftreicture and physicochemical
properties of rice grain (Patindol et al. 2015).VSB generally taken as an indicator
of cooked rice texture, being positively correlateith amylose content or the
percentage of extreme long chains of amylopectimar{@Vet al., 2014). Conversely,
our results showed that SBV increased with the elmse percentage of short
amylopectin branches, and similar change trend faasd for CPV. Gilbert et al.

(2013) stated that starches with greater amoungnylopectin chains with DP 6-12
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have lower pasting temperatures than those havioig nonger amylopectin chains
(DP>12) within the same botanical origin. Similarlg this study, at low rate of N
application both cultivars showed more percentdgahort amylopectin branches and
consequently lower pasting temperatures. The areglop chain length distribution
can influence starch crystal structure and theredter gelatinization and
retrogradation properties. Wang et al. (2010) destrated that the percentage of
short chains (DP 6-11) was negatively related ®otthnsition temperatures 1T,
and T.). However, Koroteeva et al. (2007) reported thghpercentage of very long
chains (DP37) facilitated the stabilization of the starchrgrar structure, causing a
rising gelatinization temperature and enthalpy. this study, decrease in short
amylopectin branches was accompanied by increasgelatinization temperatures
and gelatinization enthalpy of rice flour. Howevfar, Wuyujing3 under high rate of
N fertilizer, decrease in short amylopectin brasches accompanied by concurrent
decrease in gelatinization enthalpy, which mayq@#aened as the result of reduction
in amylose content, as argued by Biliaderis et{(E86). Regarding retrogradation,
Wuyujing3 showed higher retrogradation enthalpynth&uyunjing7, being partly
associated with fewer short amylopectin branche®umyujing3, as explained by
Singh et al. (2012). Conversely, Wuyujing3 showeddr retrogradation enthalpy
under high N rate, and this is due in part to #s#uced amylose content as reported
by Shi et al. (2009).
4.2 N effect on starch fine structure and its biological mechanism

To obtain high rice yield and quality, intensiveidies have been undertaken to
develop efficient methods of N fertilization. Hovesy it is still unclear how N
fertilization affects starch fine structure and wha the biological mechanism

underlying it. In barley, Gous et al. (2014) obselthat high rate of N fertilizer under
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drought stress can increase the proportions oft @traylopectin branches and long
amylose branches, while N showed no impact on Istaticture under favorable
conditions. However, in the current study, we fouhdt high level of N panicle
fertilizer, especially spikelet-sustaining fertdiz reduced the percentage of short
amylopectin branches significantly and therebyrdte of short to long amylopectin
branches. These discrepancies maybe due to thelh stgnthesis is very sensitive to
various environmental factors, and thus resulteddifferent starch structure and
functional properties (Patindol et al., 2015). Egample, Chun et al. (2015) reported
that as the rice ripening temperature increasesl athylose content and number of
short amylopectin chains decreased. Therefore ewgtildy the effect of N fertilizer
application on rice amylopectin structure, furttmsiderations of environmental
factors are required.

Furthermore, by fitting with starch biosynthesis dalh we can see that
spikelet-sustaining fertilization reducfd(SBE/SS) and significantly increased h(ii/i)
(long chains/short chains), indicating that N magvén depressing effect on SBE
expression or promoting effect on SS during grdimg, leading to reduced short
amylopectin branches and increased very long aregtop branches. No clear trend
was found inB(ii) for N rate and timing, which meant that thezgme set i may be
more sensitive to N treatment and had more sigmficcontribution to the
amylopectin CLD compared with enzyme set ii. Irsthiting model, there is no direct
relation between the CLD and some certain starebybithesis enzyme isoforms, thus
further analysis on the genetics of these potergiatymes could prove these
hypotheses, which may provide information for geadty modifying genes to
produce rice with ideal quality.

4.3 Varietal differencesin fine structure and other physiochemical traits
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With globally rising demand for high quality riceunderstanding its
physicochemical foundation is of great importantgids are important to rice
quality, nutritionally and functionally. Rice curars with higher crude fat possessed
better sensory quality (Yoon et al., 2012). Therenir study reveals higher crude fat
content in Wuyujing3 than Wuyunjing7, which maythe reason for its good eating
guality, as reported in our previous study (Gulet2011). In addition, Wuyujing3
had significantly lower SBV, reflecting well its fser texture. Low amylose content
was considered as the major factor contributingsedt texture of cooked rice.
However, this study showed that Wuyujing3 had shghigher apparent amylose
content than Wuyunjing7. We speculate that the td@hort amylopectin branches in
Wuyujing3 may contribute to its softer structur@ydasuggest amylopectin chain
length distribution be considered as an indicatocaoked rice texture in genetic
improvement in rice quality.

The stable expression of rice quality traits inpmasse to nitrogen fertilizer and
other environmental/cultural conditions is of sigrance for rice breeding, cultivating
and its end-use in food industry. In this studgngicant genotypic variations in
quality traits in response to N panicle-fertilizeheive been detected in most
parameters tested. The premium rice cultivar Wunggiis more stable in response
the N-fertilizer application, whereas the mediumercultivar Wuyunjing7 is more
sensitive. This indicates that such genotype likeyMying3 can be used in rice quality
improvement in future breeding work. However, theygological and molecular
mechanism contributing to this stability needseduather investigated.

5. Conclusions
As shown by HPSEC, there was a substantial infleeoic N fertilization and

genotype existed for starch fine structure of rgrain. High level of N panicle
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fertilizer, in particular spikelet-sustaining féier, decreased the percentage of short
amylopectin branches and the ratio of short to langylopectin branches, which
could be partly due to the lower relative activity SBE to SS as explained by the
Wu-Gilbert model. The relation between starch fateicture and physicochemical
properties of rice grain were evaluated by comparisf CLD between N rates and
between cultivars. Results showed that a decreasbart amylopectin branches or
the ratio of short to long amylopectin branchegealated with smaller pasting values
(except PaT), higher flour gelatinization temperesuflour T, T,, and T), and lower
amylose-lipid gelatinization temperatures and dpthaGenotypic differences in CLD
were recognized between the premium cultivar Wunggiand high-yielding cultivar
Wuyunjing7, with the former containing fewer shatnylopectin branches. In

addition, quality traits of Wuyujing3 were stabteresponse to N fertilization.
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Table 1 Effects of N rate and timing on appear ance of milled rice and grain chemical
composition (%, on dry basis)

Cultivar Nitrogen Grain Length/ Chalky Total starch ~ Amylose Total Crude
fertilizer weight Width rice (%) content (%) protein fat
(mg) (%) (%) (%)
Wuyujing3 NO(CK) 21.3d 1.7a 40.5abc 90.88ab 18.45a 5.14b 0.40a
LN 1 21.9bc 1.6b 45.8abc 90.63ab 18.99a 5.88ab a0.39
LN 2 22.7a 1.6b 61.5a 89.55hc 18.87a 6.41ab 0.37a
LN3 21.1d 1.7a 29.3c 91.4la 18.85a 5.55ab 0.35a
HN 1 22.00bc 1.7ab 57.7ab 90.09abc 18.43a 6.31ab  26a0.
HN2 22.3ab 1.6ab 60.3a 88.85¢ 18.26a 6.87a 0.39a
HN3 21.6cd 1.7ab 38.3bc 89.78bc 18.20a 6.44ab 0.27a
Mean 21.8* 1.7% 47.6** 90.05* 18.60** 6.2% 0.34*
CV (%) 2.6 3.3 26.2 1.0 1.7 7.4 17.6
VONVA N rate 0.1 3.2 1.8 6.7* 6.2* 3.2 1.7
Niiming 22.2%* 4.2* 10.4** 5.4* 0.2 15 0.7
NrateX Niiming 4.1* 2.6 0.6 0.8 0.0 0.2 0.9
Wuyunjing7  NO(CK) 22.4bc 1.7ab 24.3c 91.14a 18.75a 5.14c 0.23a
LN 1 21.4c 1.6b 35.0bc 88.75a 17.65abc 5.56bc 0.32a
LN 2 23.2ab 1.7a 46.5ab 87.55a 18.11ab 6.17b 0.34a
LN3 22.3bc 1.6b 23.5¢ 87.22a 16.82bc 6.01b 0.36a
HN 1 22.1c 1.8a 43.3b 89.39a 17.63abc 6.07b 0.17a
HN2 23.4a 1.7a 58.5a 88.62a 17.21bcd 6.91a 0.27a
HN3 22.3bc 1.7a 27.5¢c 87.21a 15.92¢ 7.13a 0.19a
Mean 22.4 1.7 36.9 88.42 17.22 6.31 0.28
CV (%) 3.0 4.1 355 1.0 4.5 9.4 29..0
VONVA Nrate 1.3 12.8** 4.2 0.2 1.6 15.6** 5.4*
Niiming 10.6** 1.8 15.6** 0.6 3.2 6.1* 0.4
NrateX Niiming 0.4 3.8 0.3 0.1 0.4 0.8 0.3

NO: control of fertilizer treatments, CK; HN: highitrogen rate of 150 kg/ha; LN: low nitrogen
rate of 75 kg/ha; 1: spikelet-promoting fertilizeapplied at top fourth leaf stage; 2:
spikelet-sustaining fertilizer applied at top setoleaf stage; 3: top-dressing fertilizer at
grain-filling stage. VONVA: Analysis of variance;\C coefficient of variation. Mean values of
Wuyujing3 with * and ** are significantly differentvith Wuyunjing7 at the 0.05 and 0.01
probability level, respectively. Values with diféat letters in the same column are significantly
different at 0.05 levelsF-value in VONVA with* and ** indicates significanc8.05 and 0.01
probability level, respectively. For supportingalaiefer to the Supplementary Tables S1.



548 Table 2 Effects of N rate and timing on grain amylopectin chain length distribution and the biosynthesismodel fitting parameters

Cultivar Nitrogen Chain lengths distribution of amylopectin Biosynthesis model fitting parameters

fertiizer A B. B, Bs (A+BD)/(B+Bs)  B() (i) h(iifi)
(6=DP=12)% (13=DP=24)% (25=DP=36)% (37=DP=60)%

Wuyujing3 ~ NO(CK) 41.16bc 37.15a 12.86a 8.83ab 3.62bc 0.146b 0.085cd0.0292bc
LN 1 40.19c 37.04ab 13.32a 9.45a 3.39¢ 0.14lcd  0.083d 0318a
LN 2 41.95b 36.68ab 12.69a 8.68ab 3.68b 0.147b 0.083cd .0284c
LN3 43.73a 37.67a 11.64b 6.95¢ 4.38a 0.150a 0.094a 3702
HN 1 41.29bc 37.27a 13.27a 8.17¢c 3.66b 0.143c 0.089b 288
HN2 38.28d 35.44b 12.84a 8.66ab 3.44bc 0.140d 0.086c  031@ab
HN3 41.26bc 37.01ab 12.71a 9.06ab 3.60bc 0.143c 0.083d 0.0297abc
Mean 41.12 % 36.89* 12.76* 8.53* 3.68* 0.144**  0.088 0.0289**
CV (%) 4.0 1.9 4.4 9.4 8.9 25 4.8 9.9

VONVA Nrate 21.3* 1.6 2.9 1.4 30.1% 68.5* 2.3 16.2%
Niiming 15.3% 33 8.1% 4.7* 43.0% 34.6% 12.5% 23.3%
Nra<Niming  15.5%* 0.9 2.3 18.6** 44.7% 38.2% 73.9% 36.9%

Wuyunjing7 ~ NO(CK) 43.16a 36.77b 11.88bc 8.19ab 3.99b 0.151bc  0.083c .0258b
LN 1 42.90a 37.81a 11.86bc 7.44bc 4.20ab 0.149¢ 0.091ah0.0243bc
LN 2 44.20a 36.95b 11.39¢ 7.38bc 4.34ab 0.155ab  0.091ab0.0238bc
LN3 44.29a 37.66a 11.22¢ 6.92¢ 4.52a 0.152bc  0.089abc.021%c
HN 1 43.11a 36.75b 12.31b 7.83bc 3.97hc 0.151bc  0.089ab6.0264b
HN2 40.13b 37.74a 13.17a 8.96a 3.53¢c 0.140d 0.085bc 299D
HN3 43.12a 37.51a 11.86bc 7.51bc 4.17ab 0.158a 0.093a .0248bc
Mean 42.99 37.31 11.96 7.75 4.10 0.151 0.086 0.0251
CV (%) 3.2 1.3 5.4 8.6 7.7 3.7 4.0 10.5

VONVA Nrate 15.4% 7.9% 30.2% 10.2% 17.9% 35 0.6 20.4%
Niiming 39 15.0%* 6.3* 4.3+ 4.7* 13.5% 1.5 7.2%
NrateXNiming  9.2** 120.7* 5.7* 1.9 25 26.2% 4.4* 2.0

549 NO: control of fertilizer treatments, CK; HN: higtitrogen rate of 150 kg/ha; LN: low nitrogen rate76 kg/ha; 1: spikelet-promoting
550 fertilizer applied at top fourth leaf stage; 2:ksiet-sustaining fertilizer applied at top secogdfistage; 3: top-dressing fertilizer at

551 grain-filling stage. VONVA: Analysis of variance;\C coefficient of variation. Values with differemétters in the same column are



552 significantly different at 0.05 levels. NS meanssgignificant at P=0.05. *F-value significant at &5 probability level. ** F-value
553 significant at the 0.01 probability level. For sopjing data, refer to the Supplementary Tables S2.



554 Table 3 Effects of N rate and timing on pasting properties of milled-rice flour and starch
555 granulesize
Cultivar Nitrogen PKV (cP) HPV(cP) BDV(cP) CPV(cP) SBV(cP) P&Y Starch granule
fertilizer size im)
Wuyujing3 ~ NO(CK) 2904a 1777a 1128ab 2921a 16a 76.9b 4.681a
LN 1 2774ab 1572¢ 1202a 2677cd -98b 76.6b 4.991a
LN 2 2777ab 1647bc 1130ab 2773bc -3a 77.1b 5.081a
LN3 2844ab 1715ab 1129ab 2827ab  -17ab 76.6b 4.672a
HN 1 2693b 1564c 1129ab 2632d -60ab 77.9ab 4.700a
HN2 2709b 1619bc 1089b 2663d -30ab 79.9a 4.811a
HN3 2703b 1620bc 1099ab 2705cd -15ab 78.7ab 4.958a
Mean 2772 1645 1130 27437 -29% 77.7 4.842
CV (%) 2.9 4.7 3.2 3.8 129.7 16 35
VONVA Nrate 5.3* 2.0 39 10.8%* 0.0 9.79% 0.3
Ntiming 0.3 3.7 22 5.3%* 4.2% 1.26 0.2
NratexNtiming 0.3 0.7 0.3 0.8 0.8 0.49 1.1
Wuyunjing7  NO(CK) 3058a 1872a 1186a 3231a 173a 74.7c 5.388ab
LN 1 2785b 1645b 1140ab 2938bc  153a 77.2bc 4.603ab
LN 2 2777b 1675b 1102ab 2972b 194a 78.0ab 5.152ab
LN3 2792b 1649b 1144ab 2964b 172a 77.2bc 4.499b
HN 1 2659b 1577b 1082ab 2837bc  178a 77.9ab 5.532a
HN2 2620b 1580b 1040b 2839bc  219a 80.4a 4.450b
HN3 2584b 1554b 1030b 2766¢ 183a 79.1ab 4.812ab
Mean 2754 1613 1090 2886 183 77.8 4.919
CV (%) 5.8 3.0 4.4 2.9 12.2 2.3 8.9
VONVA Nrate 5.3* 5.3* 4.2* 7.3* 0.8 4.40* 05
Ntiming 0.1 0.2 0.4 0.2 1.1 1.36 0.9
NratexNtiming 0.1 0.1 0.2 0.3 0.0 0.39 3.6
556  NO: control of fertilizer treatments, CK; HN: higtitrogen rate of 150 kg/ha; LN: low nitrogen
557 rate of 75 kg/ha; 1: spikelet-promoting fertilizexpplied at top fourth leaf stage; 2:
558  spikelet-sustaining fertilizer applied at top setoleaf stage; 3: top-dressing fertilizer at
559  grain-filling stage. VONVA: Analysis of variance;\C coefficient of variation. PKV: peak
560  viscosity; HPV: hot paste viscosity; BDV: breakdowiscosity; SBV: setback viscosity; PaT:
561  paste temperature. Values with different lettershim same column are significantly different at
562  0.05 levels. NS means no significant at P=0.05vékte significant at the 0.05 probability level.
563  ** F-value significant at the 0.01 probability ldv&or supporting data, refer to the Supplementary

564 Tables S3.



565 Table 4 Effects of N rate and timing on gelatinization and retrogradation properties of milled-rice flour and crystallinity
Cultivar Nitrogen Gelatinization Retrogradation Relative
fertilizer Flour endoderm Amylose-lipid complex endoderm Crystallinity
To/C Tp/C Te/'C AHs(J/g) To/C Tp/C Tc IC AHs(J/g) To/C Tp/C Tc I'C AH:(J/g) (RC, %)
Wuyujing3  CK 59.09a  65.68ab 72.94ab 9.63a 87.61a .57@5 102.03a  0.90a 39.66a 50.12a 58.67a 2.65ab a30.7
LN 1 59.90a  65.49b 72.22c  9.20ab  86.12b  94.93ab0.758b  0.96a 38.98a 49.86a 58.63a  2.40b 28.3a
LN 2 59.54a  65.83ab 73.00ab 9.24a 86.90ab 95.52é01.43a  0.92a 39.58a 49.79a 58.32a  3.16a 28.6a
LN3 59.29a  65.58ab 73.56bc  9.48a 86.45b  95.22a .7281 0.99a 40.07a 49.74a 57.72a 297ab  27.4a
HN 1 59.15a  65.77ab 72.59ab  8.70c 86.37b  94.58abl.1%ab  0.88a 39.95a 50.37a 58.55a 2.38b 27.4a
HN2 59.50a  65.99a  72.90ab 8.77bc  86.39b  94.44ab0.98@b 0.71b 39.63a 50.37a 58.6la 2.44b 30.2a
HN3 59.29a  65.94ab 73.21a  8.75bc  86.30b  93.83b 62B9. 0.84ab  39.75a 49.76a 58.12a 2.67ab  28.6a
Mean 59.39*  65.75* 72.92* 911* 8659  94.87 100  0.89*  39.66 50.00* 58.37  2.67**  28.7*
CV (%) 0.5 0.3 0.6 4.1 0.6 0.7 0.8 10.4 0.9 06 06 11.3 4.4
VONVA Nrate 0.7 4.2% 36 16.9% 0.2 6.2* 2.4 15.2% 0.7 35 Q0. 4.9* 0.3
Niiring 0.2 1.6 4.6* 05 05 0.5 0.4 3.0 0.9 14 15 32* 08
NeatXNiming 0.5 0.2 1.9 0.3 0.5 0.7 05 0.9 2.0 0.8 0.2 1.7 50
Wuyunjing7  CK 57.48cd 64.16c  70.89bc  8.69a 86.69a4.9%mb  101.45ab 1.32a 40.70a 50.35ab 58.28b  1.74a 9.4b 2
LN 1 57.13d  63.97c 70.69c  8.39ab  86.56a  95.06a .66a1 1.16b 39.19a 50.04b 58.8lab 1.64a 31.6ab
LN 2 58.15ab 64.49b 71.17b  8.64a 85.65a 94.46b .20ab 1.22ab  40.46a 50.39ab 58.8lab 1.49b 31.5ab
LN3 57.75bc  64.49b  71.03bc  8.62a 85.7l1a  94.87abl.278b 1.20b 39.75a 50.49ab 58.66ab 1.56a 33.0a
HN 1 57.11d  64.06c  70.8lbc 8.46ab  86.46a  94.87aB0.76b  0.91d 39.25a 50.50ab 59.0lab 1.65a 31.9ab
HN2 58.25ab  65.00a 71.62a 8.24ab  86.26a  94.60abl.034b 1.10bc  39.16a 50.54ab 59.94a  1.65a 31.5ab
HN3 58.59a  65.04a 71.56a  7.95b 85.65a  94.46b  3806.9 1.03c 40.08a 50.95a 58.64ab 1.22b 31.0ab
Mean 57.78  64.46 7111 843 86.14 9475  101.19 .131 398 5047  58.88 156 314
CV (%) 1.0 0.7 0.5 31 05 0.2 0.3 11.9 1.6 05 09 10.9 34
VONVA Nrate 5.5% 20.1%  115% 3.7 0.3 1.0 147 4017 05 8 1.3 0.5 0.5
Niring 29.6* 553 134 0.3 3.6* 2.8 0.3 6.2%* 1.1 3. 1.3 3.9% 0.2
NeatXNiming  4.2* 3.3* 1.3 1.6 0.8 1.0 3.5* 1.8 15 0.4 0.9 36 08
566 CK: control of fertilizer treatments; HN: high rogen rate of 150 kg/ha; LN: low nitrogen rate ofkgha; 1: spikelet-promoting fertilizer applied at
567 top fourth leaf stage; 2: spikelet-sustaining fiedr applied at top second leaf stage; 3: topgingsfertilizer at grain-filling stage. VONVA:
568 Analysis of variance; CV: coefficient of variatiovialues with different letters in the same columm significantly different at 0.05 levels. NS means



569 no significant at P=0.05. *F-value significant e t0.05 probability level. ** F-value significant gne 0.01 probability level. For supporting data,
570 refer to the Supplementary Tables S4.



571 Table 5 Comparison of amylopectin fine structure, grain appear ance, and physicochemical

572 properties of milled-rice flour between low and high N rates, and between cultivar s of
573 Wuyujing3 and Wuyunjing7
Parameters N rates Cultivars

Wuyujing3  Wuyunjing7  (Wuyujing3 vs Wuyunjing7)
Amylopectin fine strucutre
A chains
B, chains -
B, chains - A A
B; chains - A A
(A+B1)/(B2+B3)
Chalkriceratio - - A
RC - -
Pasting properties
PKV -
HPV - -
BDV - -
CPV
SBV - -
PaT A
Gelatinization properties
Flour To -
Flour Tp A
Flour Tc -
Flour AHgq -

> > > >
|

> > > >

AM-lipid To - -

AM-lipid Tp - -

AM-lipid Tc - -

AM-lipid AHq

Retrogradation properties

Flour To - - -

Flour Tp - A

Flour Tc - - -

Flour AH, - A
574 A : significantly higher for high N rate than low Mte, or for the cultivar
575 Wuyujing3 than Wuyunjing7¥ : significantly lower for high N rate than
576 low N rate, or for the cultivar Wuyujing3 than Wuwjing7. —: no

577 significant difference between N rates or betwadtivars.
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579 Fig.1 Representative distribution of rice debranched amylopectin. a) HPSEC-nor malized number
580 distribution variance, b) Sarch size-weight distribution, ¢) Chain length number distribution, d)
581 Moddl fitting of amylopectin biosynthesis



Highlights
» Weamed to elucidate N effect on chain length distribution of amylopectin;
» N lowered the ratio of short chains of amylopectininrice grain;

> N decreased the relative activity of SBE to SS;

> Quality traits of premium rice cultivar expressed stably across N treatments.



