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Abstract Wx is considered to be the most important

gene controlling eating and cooking qualities and

pasting properties in rice (Oryza sativa L.). In this

study, a recombinant inbred line population derived

from indica rice parents differing in apparent amylose

content (AAC) was used to detect quantitative trait

loci (QTLs) for ten grain quality parameters for rice

quality improvement. QTL mapping was performed

on the whole population and on two sub-populations

based on Wx genotypes. A total of 29 QTLs were

found in the whole population. Ten QTLs for 7 traits

were detected in the two sub-populations, four of

which (qPRO3.1, qPV9, qHPV9, and qCS7) were also

detected in the whole population, whereas the other six

were QTLs with minor effects that might be covered

by theWx locus. Besides theWx locus with the largest

effect on AAC and most pasting properties, there were

another six QTL clusters contributing to grain quality

located on chromosomes 2, 3, 5, 6 and 9. It was also

found that some QTLs for peak viscosity, breakdown

and consistency were closely linked to rice grain shape

related QTLs on chromosome 3. A QTL cluster on

chromosome 9 for peak viscosity, hot paste viscosity

and cold paste viscosity was detectable in the whole

population, which was close to the isoamylase 3

(ISA3) locus. A QTL cluster for both peak time and

pasting temperature on chromosome 6 was near to the

starch synthase I locus, and was potentially a newQTL

with minor effect for peak time and pasting tem-

perature. These findings will promote better under-

standing of the genetic regulation of rice eating and

cooking qualities.

Keywords Rice �Grain quality � Eating and cooking
qualities � QTL mapping � Wx

Introduction

Rice (Oryza sativa L.) is one of the most important

staple foods, and is consumed by more than 50 % of

the world’s population. As the largest proportion of

milled rice, the starch component in the endosperm is a

key factor in determining the eating qualities of table
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rice and the processing qualities of rice flours. The

cooking and eating qualities (ECQs) of rice are largely

determined by some physicochemical characteristics

of the starch in the endosperm: apparent amylose

content (AAC), gel consistency and gelatinization

temperature (GT) and pasting properties (Bao 2012).

The AAC, gel consistency and most Rapid Visco

Analyzer (RVA) pasting viscosity properties are

mainly controlled by the Wx gene which encodes

granule-bound starch synthase I (GBSSI) responsible

for amylose synthesis in endosperm (Bao et al. 2000,

2002). In non-glutinous rice, the riceWx locus has two

functional alleles, Wxa and Wxb. Most japonica

varieties with the Wxb allele, containing 18 % or less

amylose content, have the sequence AGTTATA at the

putative leader intron 50 splice site, while most indica

varieties with the Wxa allele, containing a higher

proportion of amylose content, have the sequence

AGGTATA (Bligh et al. 1998; Hirano et al. 1998).

Other single nucleotide polymorphisms (SNPs) in

exons 6 and 10 cause amino acid substitutions,

resulting in different AAC and pasting viscosity

(Larkin and Park 2003). In glutinous rice, the wx gene

contains a 23-bp duplication in exon 2, resulting in a

premature translation termination codon, and loss of

the function GBSSI (Wanchana et al. 2003).

In earlier studies on the inheritance of rice RVA

profiles, they are found to be predominantly controlled

by a single gene, with partial control by minor-effect

genes with various additive effects, and are closely

linked with the inheritance of amylose content

(Gravois and Webb 1997; Larkin et al. 2003; Bao

et al. 2000). As the Wx gene is the main factor in

determining most RVA properties in non-glutinous

accessions, many studies have then focused on the

detection of minor-effect quantitative trait loci (QTLs)

for RVA profiles based on the similar genetic back-

ground. With a doubled haploid population derived

from two similar intermediate-AAC parents, Bao et al.

(2000) detected two QTLs for setback (SB) and

consistency (CS) located close to the starch branching

enzyme 1 locus on chromosome 6 and a QTL for both

hot paste viscosity (HPV) and breakdown (BD) on

chromosome 2 that was close to the starch branching

enzyme 3 locus. Using a recombinant inbred line (RIL)

population derived from two indica cultivars with

similar amylose content, Yan et al. (2014) identified

66 minor QTLs for rice ECQs. In an F3 progeny

population derived from two parents with similar high

AACs, Traore et al. (2011) showed that theWaxy exon

10 SNP was associated with the proportion of soluble

to insoluble apparent amylose and most RVA pasting

measurements. In glutinous varieties, association

mapping studies have been carried out to detect

minor-effect QTLs influencing RVA properties which

are expected to be irrespective of the effect ofWx. Han

et al. (2004) found that polymorphisms in both SBE1

and SBE3 loci accounted for *70 % of the observed

variations in HPV and cold paste viscosity (CPV), and

for 40 % of the observed variations in peak viscosity

(PV) and CS. Yan et al. (2011) genotyped 17 starch

synthesis-related genes (SSRG) of 118 glutinous

accessions and did association analysis with starch

paste viscosity parameters; they found that pullu-

lanase (PUL) was the main QTL responsible for most

RVA properties. Xu et al. (2013) found that soluble

starch synthase IIa (SSIIa) and starch synthase I (SSI)

loci were responsible for most RVA properties of

waxy rice. However, whether the population derived

from parents with normal AAC could be used to detect

minor QTLs for RVA pasting viscosity needs to be

further addressed.

The GT and most thermal properties are mainly

determined by the ALK gene (Wang et al. 2007; Bao

2012). Map-based cloning revealed that ALK encodes

SSIIa (Gao et al. 2003). Two functional SNPs in SSIIa

were detected at ?4198 bp (G/A) and ?4330 bp (GC/

TT) (Bao et al. 2006a). The SNP at?4198 bp (G/A) is

crucial for SSIIa activity; the enzyme is inactive when it

is anA SNP regardless of which GC/TT allele is present

at?4330 bp (Nakamura et al. 2005), but it is a rare allele

in the natural population (Bao et al. 2006a; Bao 2012).

The GC/TT polymorphism can differentiate rice vari-

eties with high and intermediate GT (GC allele) from

low GT (TT allele) rice varieties (Bao et al. 2006a).

Besides the ECQs mainly influenced by starch

components, rice storage proteins also play a role in

determining rice qualities (Likitwattanasade and

Hongsprabhas 2010). Common rice generally contains

about 7 % protein (Xie et al. 2008). The main storage

protein in rice is oryzenin, which is composed of

subunits that are linked by both intra- and inter-

molecular disulfide bonds. Early in cooking, proteins

affect the amount of water the rice absorbs, and the

availability of water will determine the texture of the

cooked rice (Martin and Fitzgerald 2002). It was found

that the higher protein content rice displays higher

stickness (Chrastil 1994) and hardness (Lyon et al.
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1999) than low protein content rice. Proteins also

influence viscosity curves, both through binding water

and through the agency of a network linked by

disulfide bonds (Martin and Fitzgerald 2002).

In this study, an RIL population derived from two

non-waxy parents differing in AAC was used to detect

QTLs for ten ECQ-related traits. Our strategy was to

divide the population into two sub-populations based on

Wx genotype, so that new QTLs could be identified in

these sub-populations which might be covered by the

effect of Wx in the whole population. The objective of

this study was to find some new minor-effect QTLs for

ECQ-related traits which were covered byWx genes.

Materials and methods

Materials

A mapping population consisting of 234 RILs at F8
and F9 derived from a cross between M201 and JY293

(Xu et al. 2015) was used in the study. In 2012 and

2013, seeds were sown in late May and harvested in

late September at the experimental farm of Zhejiang

University, Hangzhou, China.

After being air-dried and stored at room tem-

perature for 2 months, the rice samples were stored in

the cooling rooms at 4 �C until use. The samples were

milled to white rice using a Satake rice machine

(Satake Corp.) and then ground to flour in a Cyclone

sample mill (UDY Corp., Fort Collins, CO, USA), and

then sieved through a 100-mesh sieve.

AAC and protein content

Determination of AAC was carried out using the iodine

stainingmethod (Baoet al. 2006b). The absorbanceof the

solution was measured at 620 nm against the blank

solution using a spectrophotometer. AACwas calculated

using a standard curve made from rice samples with

known AAC. Protein content was measured by the

Kjeldahl method using a Kjeltec-Foss 70 2400 Auto-

analyzer using 5.95 as the nitrogen-to-protein conversion

factor.

Pasting viscosity profiles

The pasting property of rice flour was determined by

using a Rapid Visco Analyzer (RVA-3, Newport

Scientific, Warriewood, Australia). According to the

method of AACC61-02, 3.0 g (12 %m.b.) of rice flour

was placed an aluminum canister, then 25 g of

distilled water was added. The heating profile was

set as follows: (1) the temperature is held at 50 �C for

1 min; (2) the temperature is linearly ramped up to

95 �C until 4.8 min; (3) the temperature is held at

95 �C until 7.3 min; (4) the temperature is linearly

ramped down to 50 �C at 11.1 min and (5) held at

50 �C until 12.5 min.

Four primary parameters could be obtained from

the pasting curve, peak viscosity (PV), hot paste

viscosity (HPV), cool paste viscosity (CPV) and

pasting time (PTime). Three secondary parameters

were calculated from primary parameters: breakdown

viscosity (BD = PV - HPV), setback viscosity

(SB = CPV - PV) and consistency viscosity

(CS = CPV - HPV). The viscosity parameters were

measured in Rapid Visco Units (RVU). Pasting

temperature (PTemp) was determined according to

the method proposed by Bao (2008).

Molecular linkage map construction and QTL

mapping

One hundred and eighty markers, comprising 161 SSR

(simple sequence repeat), ten InDel (insertion–dele-

tion), three STS (sequence tagged site), two CAPS

(cleaved amplified polymorphic sequence) and four

dCAPS (derived cleaved amplified polymorphic

sequence) markers, were used to construct a linkage

map. Linkage map construction and QTL mapping

were carried out by QTL IciMapping v3.3 (http://

www.isbreeding.net/software/?type=detail&id=14).

A minimum log10-likelihood ratio (LOD) score of 2.5

was used to declare the presence of a putative QTL in a

given genomic region, and the variation explained and

additive effect of each QTL was also calculated. QTL

nomenclature followed that described by McCouch

et al. (1997).

Statistical analysis

All the statistical analyses were carried out with the

SAS program v9.1 (SAS Institute Inc, Cary, NC,

USA). Proc Corr was used to examine correlations

between these traits. Analysis of variance (ANOVA)

was carried out to using the general linear model

procedure (Proc Glm) and Duncan’s new multiple-
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range test was used to determine significant

differences.

Results

Phenotypic variation in parents and the RIL

population

In both years, significant phenotypic differences were

detected between the two parents for AAC and protein

content (P\ 0.01), where JY293 had higher AAC but

lower protein content (Table 1). Most parameters for

RVA profiles showed significant differences between

the two parents. The PV, HPV, CPV, SB, CS, PTime

and PTemp of JY293 were significantly higher than

those of M201 in both years (Supplementary Fig. 1).

The BD of JY293 was significantly lower than M201

in both years. The RIL population showed transgres-

sive segregations in both directions for all the traits.

The average values of AAC, PTime and PTemp were

significantly higher in 2012 than those in 2013

(P\ 0.05); the other parameters showed no sig-

nificant differences between the 2 years.

Correlation analysis of all ECQ and RVA

parameters

The coefficients of correlation of the same trait or

parameter ranged from 0.52 for PV to 0.83 for AAC

between 2012 and 2013 (P\ 0.001) (Supplementary

Table 1). In both years, AACwas positively correlated

with HPV, CPV, SB and CS, and was negatively

correlated with BD. Protein content was negatively

correlated with PV, HPV, CPV, BD and CS in 2013,

and was negatively correlated with AAC, PV and BD

and positively correlated with PTemp in 2012. Except

for AAC and SB, PV was positively correlated with all

RVA parameters, and was negatively correlated with

protein content in both years. HPV and CPV were

correlated with all parameters, except for PTemp in

2012, and were correlated with AAC and all RVA

parameters, expect for protein content, PTime and

PTemp in 2013. BD was positively correlated with PV

and PTime, but was negatively correlated with all the

other parameters except for PTemp in both years. SB

was correlated with AAC, HPV, CPV, BD and CS in

both years. CS was correlated with all parameters in

both years. PTime was correlated with PV, BD, CS

Table 1 Descriptive

statistics of the rice cooking

and eating quality traits in

parents and RIL population

observed in 2012 (upper)

and 2013 (lower)

SD standard deviation; see

text for other abbreviations

Traits Parents (mean ± SD) RIL population

M201 JY293 Mean ± SD Range

AAC (%) 19.18 ± 0.04 27.17 ± 0.03 24.98 ± 4.30 13.00 to 31.00

18.22 ± 0.08 27.70 ± 0.05 23.38 ± 4.24 12.60 to 31.00

Protein (%) 10.40 ± 0.17 8.47 ± 0.06 8.10 ± 0.68 5.67 to 9.99

10.00 ± 0.10 6.70 ± 0.14 8.01 ± 1.39 5.23 to 11.21

PV(RVU) 213.0 ± 17.5 280.9 ± 0.3 253.9 ± 34.5 136.0 to 336.0

239.2 ± 2.6 286.3 ± 3.3 261.0 ± 35.0 120.3 to 351.5

HPV (RVU) 120.7 ± 15.8 229.6 ± 1.9 166.2 ± 40.8 48.5 to 247.4

130.9 ± 2.6 214.6 ± 6.9 172.1 ± 41.3 65.9 to 251.1

CPV (RVU) 219.3 ± 35.1 371.6 ± 1.4 292.4 ± 61.3 104.5 to 392.0

215.9 ± 4.2 383.7 ± 6.3 294.3 ± 60.1 131.6 to 391.6

BD (RVU) 92.3 ± 1.7 51.3 ± 2.2 87.7 ± 29.8 28.6 to 191.8

108.3 ± 0.0 71.6 ± 10.1 88.9 ± 32.8 25.0 to 185.5

SB (RVU) 6.3 ± 17.6 90.7 ± 1.1 38.5 ± 47.4 -113.9 to 117.2

-23.3 ± 1.6 97.4 ± 3.1 33.4 ± 48.3 -100.9 to 106.7

CS (RVU) 98.6 ± 19.3 142.0 ± 3.3 126.2 ± 24.8 56.05 to 181.9

84.9 ± 1.56 169.1 ± 13.3 122.3 ± 23.3 65.8 to 169.5

Ptime (min) 3.25 ± 0.02 3.42 ± 0.02 3.30 ± 0.03 2.49 to 3.63

3.25 ± 0.07 3.56 ± 0.01 3.25 ± 0.04 2.07 to 3.60

PTemp (�C) 76.64 ± 0.28 78.62 ± 0.28 77.67 ± 1.65 69.8 to 81.2

76.67 ± 0.87 80.30 ± 0.14 77.02 ± 2.06 68.0 to 80.9
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and PTemp in both years, but was also correlated with

HPV and CPV in 2012, and was correlated with SB in

2013. PTemp was correlated with PV, CS and PTime

in both years, and was correlated with protein and CPV

in 2012.

Linkage map construction and QTL mapping

A linkage mapwas constructed with 180markers, with

chromosomes 1, 2 and 8 each containing two linkage

groups. All these markers covered a total of

1950.28 cM of the whole genome, with an average

interval of 10.83 cM between adjacent markers. A

total of 29 QTLs were identified for all of the ten traits

involved in ECQs, distributed on eight chromosomes

(Table 2; Fig. 1). Of these QTLs, only nine could be

identified in both years, indicating that most QTLs

detected in this study were easily affected by envi-

ronment. At least one QTL and as many as six QTLs

were detected for different traits.

Apparent amylose content

Two QTLs were detected for AAC. One was in 2012

and two in 2013, collectively accounting for 76.71 and

75.24 % of phenotypic variation, respectively

Table 2 QTLs for cooking and eating quality parameters

Trait QTL Chr. Interval 2012 2013

LOD PVE (%) Add LOD PVE (%) Add

AAC qAAC5 5 RM249-RM18450 4.35 5.64 1.0

qAAC6 6 RM8109-Wx484 48.45 76.71 -3.5 34.31 69.60 -3.3

Protein qPRO1 1 RM3234-RM579 2.51 6.74 0.2

qPRO2 2 RM423-RM6375 2.86 11.72 0.4

qPRO3.1 3 SLAF13482-SLAF13474 3.08 6.85 0.2

qPRO3.2 3 GS3-SLAF13430 5.81 13.50 0.4

qPRO4 4 C4M13-RM471 2.89 8.02 0.2

PV qPV2 2 RM5622-RM423 4.49 11.42 -12.3

qPV3 3 GL3-RM15578 5.51 11.98 -13.0 6.88 15.86 -15.0

qPV9 9 RM409-RM257 3.42 7.04 9.3

HPV qHPV3.1 3 RM232-RM15413 3.18 4.16 -8.8

qHPV3.2 3 SLAF13382-RM15474 4.10 6.83 -11.4

qHPV6 6 RM8109-Wx 23.10 40.78 -26.1 19.73 48.55 -28.8

qHPV9 9 RM7387-RM409 4.19 6.45 10.4

CPV qCPV3.1 3 RM15413-RM15394 4.58 5.45 -15.2

qCPV3.2 3 SLAF13382-RM15474 4.84 7.49 -17.3

qCPV6 6 Wx-RM584 31.70 56.30 -46.1 28.18 67.43 -49.2

qCPV9 9 RM7387-RM409 4.23 5.36 14.3

BD qBD3 3 GL3-RM15578 4.44 5.64 -7.7

qBD6 6 Wx-RM584 33.34 64.49 24.1 17.21 59.59 25.3

SB qSB5 5 RM249-RM18450 2.81 4.27 10.1

qSB6 6 Wx-RM584 49.64 79.26 -42.4 27.12 67.42 -39.6

CS qCS2 2 RM423-RM6375 2.56 6.78 -6.3

qCS3 3 GS3-SLAF13430 5.81 8.33 -7.7 5.16 9.22 -7.6

qCS6 6 Wx-RM584 30.98 53.74 -18.2 18.05 52.28 -16.8

qCS7 7 RM234-RM5720 2.71 3.69 -4.8

PTime qPTime6 6 RM584-RM6917 2.57 7.89 -0.05 3.11 10.91 -0.07

PTemp qPTemp1 1 RM3627-RM23 2.62 6.18 -0.4

qPTemp6 6 RM584-RM6917 3.82 10.83 -0.5 3.13 11.31 -0.7

Chr chromosome; PVE percentage of variance explained, Add additive effect
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RM594

RM562

RM129

RM3341

RM1287

C1M7

RM23

RM3627

RM572

RM580

RM600

RM579

RM3234

RM266

RM3774

RM3316

W14

RM3421

RM263

RM526

RM3763

RM324

RM424

RM6375

RM423

RM5622

RM555

RM211

RM110

RM348

RM17377

C4M50

RM17303

RM252

RM3866

RM6997

RM1155

RM16939

RM1205

RM3308

RM16835

RM471

C4M13

RM1305

RM518

RM335

qPTemp1

qPV2

qPRO3.1
qHPV3.2
qCPV3.2

qPRO3.2

qPV3

qHPV3.1

qCPV3.1

qBD3

RM85

RM148

RM570

RM571

RM520

RM532

RM15701

RM15652

RM15575

RM3513

RM15578

GL3

SLAF13411

RM15508

RM15453

RM16

RM15465

RM15474

SLAF13382

SLAF13474

SLAF13482

SLAF13430

GS3

RM15338

RM15419

RM15435

RM15394

RM15413

RM232

RM517

RM545

RM489

qPRO4

qCS3

1 2 3 4

qCS2
qPRO2

qPRO1

RM5310

RM315

RM486

RM5968

RM26

RM3295

RM18450

RM249

RM289

C5M13

RM405

RM5874

RM548

RM13

RM5579

RM1248

RM30

RM20352

RM3183

RM3330

RM527

RM557

C6M14

RM19620

RM6917

RM584

RM8109

RM172

RM420

RM10

C7M37

C7M37

RM351

RM234

RM5720

RM248

RM11

RM560

RM481

RM201

RM160

RM553

RM6460

RM242

RM257

RM409

RM7387

RM219

RM444

RM3609

RM23759

RM23793

RM6196

20cM

qAAC6 
qHPV6
qCPV6
qBD6 
qSB6
qCS6

Wx

qPTime6
qPTemp6

qAAC5
qSB5 qCS7

qPV9

qHPV9
qCPV9

5 6 7 9
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(Table 2). The QTL with the largest effect detected in

both years was theWx locus on chromosome 6, which

was closely related to the SSRmarker ofWx (RM190).

The other QTL on chromosome 5 was only detected in

2013 and accounted for 5.64 % of the phenotypic

variation.

Protein content

There were altogether five QTLs for protein content

detected in 2012 and 2013 (Table 2). None of them

was detected in both years, but qPRO3.1 detected in

2012 was close to qPRO3.2 detected in 2013 on

chromosome 3. The other three QTLs were located on

chromosomes 1, 2 and 4, respectively.

Peak viscosity

Three main-effect QTLs for PV were detected in both

years (Table 2). On chromosome 3, one QTL was

detected in both years which explained the largest part

of phenotypic variation, i.e. 11.98 % in 2012 and

15.86 % in 2013. The other two QTLs detected only in

one year were located on chromosome 2 and chromo-

some 9.

Hot paste viscosity and cool paste viscosity

In total we detected four QTLs for HPV in 2012 and

2013 (Table 2). Three QTLs detected in 2012 and two

in 2013 collectively explained 51.2 and 54.3 % of the

total phenotypic variation, respectively. The QTL

(qHPV6) detected in both years corresponded to the

Wx locus. Two QTLs detected in 2012 were located on

chromosomes 3 and 9; the QTL detected in 2013 was

on chromosome 3.

Two QTLs for CPV were localized to the same

position as those for HPV and the other two QTLs

were also linked with the same markers (Table 2).

qHPV9 and qCPV9 were QTLs contributed by M201,

and increased HPV and CPV by 10.44 and 14.31 RVU,

respectively, in 2012.

Breakdown, setback and consistency

Two QTLs were detected for BD in the 2 years

(Table 2). The main-effect QTL for BD in both years

was also located close to the Wx locus, accounting for

64.5 and 59.6 % of the total phenotypic variation,

respectively. The other QTL detected in 2012 could

explain 5.64 % of phenotypic variation.

Two QTLs were detected for SB in the 2 years on

chromosomes 5 and 6, collectively explaining 79 and

71.8 % of phenotypic variation (Table 2). The QTL

detected in both years with the largest effect was at the

Wx locus. qSB5, flanked by RM249 and RM18450,

was located to the same site as the QTL detected for

AAC in 2013.

A total of four QTLs were well mapped for CS on

chromosomes 2, 3, 6 and 7. Two QTLs were consis-

tently detected in both years, and could collectively

account for 62 and 61.4 % of the total phenotypic

variation in 2012 and 2013, respectively. The QTL

with the largest effect was theWx locus. qCS2, flanked

by RM423 and RM6375, was also a QTL for protein

content in 2013. Another QTL detected in 2012 was

located on chromosome 7.

Pasting time and pasting temperature

Only one QTL was detected for PTime in both years

(Table 2). The QTL was flanked by RM584 and

RM6917, and accounted for 7.9 and 10.9 % of the total

phenotypeic variation in 2012 and 2013, respectively.

Two QTLs were detected for PTemp in the 2 years.

The QTL detected in both years was located to the

same site as the major QTL for PTime, and explained

10.8 and 11.3 % of the total phenotypic variation in

2012 and 2013. The other QTL, only detected in 2012,

was on chromosome 1 with a contribution of 6.2 % to

phenotypic variation.

Multiple comparison of AAC-related traits

with different Wx genotypes

According to theWx genotype, all the RIL lines can be

divided into two sub-populations: one is the same as

the JY293-Wx genotype and the other is the same as

the M201-Wx genotype (Table 3). In the 2 years, sub-

population I (JY293-Wx genotype) had significantly

higher AAC, HPV, CPV, SB and CS, but lower BD

than sub-population II (M201-Wx genotype). The

bFig. 1 QTLs detected for rice RVA properties and ECQs (2012

and 2013). The QTLs in the box were detected in both years.

QTLs with underlines were detected in 2012, while QTLs

without underlines were detected in 2013. Chr chromosome,

PVE percentage of variance explained, Add additive effect; see

text for other abbreviations
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AAC in the same sub-populations in 2012 was

significantly higher than in 2013.

QTL detection in sub-populations based on Wx

backgrounds

As stated above, all the lines could be divided into two

sub-populations according to the Wx genotype; QTLs

for grain quality parameters were detected in the two

sub-populations (Table 4). This strategy may allow

more QTLs with minor effect to be detected which

might be covered by the Wx locus. In the 2 years, a

total of ten QTLs for seven traits were detected under

the JY293-Wx and M201-Wx backgrounds (Table 4).

Most of these QTLs were also detected in the whole

RIL population. Under the JY293-Wx background, a

total of seven QTLs were identified in 2012 for AAC,

PV, HPV, SB, CS and PTemp, while none was

detected in 2013, indicating that these QTLs were

affected by environment. Of the seven QTLs, three

QTLs for PV, HPV and CS were also detected in the

whole population. Under the M201-Wx background,

two QTLs were detected for protein content; one

detected in 2012 was located on chromosome 5 and the

other detected in 2013 was located on chromosome 3,

and was located exactly to the same site as qPRO3.1

detected in the whole population in 2013. We also

detected a QTL flanked by RM232 and RM15413 for

PV in both 2012 and 2013.

Discussion

Genetic studies have shown that many starch physi-

cochemical properties are controlled by Wx and SSIIa

genes (Bao 2012; Wang et al. 2007). In order to

discover more minor-effect QTLs contributing to

ECQs, many linkage mapping studies have carried

out with genetic populations derived from parents with

similar amylose contents or with the same Wx

genotype (Bao et al. 2002; Traore et al. 2011; Han

et al. 2004; Yan et al. 2011). In addition, association

studies have also been carried out with glutinous

accessions in which theWx gene is dysfunctional (Han

et al. 2004; Yan et al. 2011; Xu et al. 2013). We

describe an additional strategy to detect minor QTLs

within sub-populations derived from parents differing

in AAC content and Wx genotype. This strategy is

alternative to the genetic population derived fromT
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parents with similar amylose contents or with the same

Wx genotype. The difference is that we artificially

created two sub-populations with the same Wx geno-

type. The advantage of this strategy is that we can

compare QTLs detected in the whole population and in

two sub-populations.

To confirm whether our strategy could identify

more minor-effect QTLs, we divided the whole

population into two sub-populations corresponding

to the JY293-Wx and M201-Wx genotypes. Within

each sub-population, all lines have the same Wx

genotype but they still have subtle differences in AAC,

protein content and RVA pasting properties, so QTL

mapping for these ten traits were carried out in two

sub-populations, respectively. We detected a total of

ten QTLs for seven traits in the sub-populations

(Table 4). Under the JY293-Wx background (sub-

population I), seven QTLs were identified in 2012 for

AAC, PV, HPV, SB, CS and PTemp, but none was

detected in 2013, indicating that these QTLs were also

environment-responsive. Of the seven QTLs, three

QTLs for PV (qPV9), HPV (qHPV9) and CS (qCS7)

were also detected in the whole population (Tables 2,

4). The other four QTLs, qAAC3, qSB7, qCS3.1, and

qTemp3, were specific to this sub-population. qAAC3

is close to a QTL detected by Li et al. (2014) for

amylose content, which was flanked by two SSR

markers RM135 and RM49. qSB7 is located to the

same site as a QTL for SB detected by Hsu et al.

(2014). qTemp3 is close to the QTL for peak

temperature detected by Wang et al. (2007). Under

the M201-Wx background (sub-population II), only

three QTLs were detected, two for protein content and

another QTL for PV. The QTL on chromosome 3 for

protein content detected in 2013 was located exactly in

the same region as qPRO3.1 detected in 2012 in the

whole population. The other QTL located on chromo-

some 5 detected in 2012 (qPRO5) is specific to sub-

population II. The QTL for PV, flanked by RM232 and

RM 15413, detected in both years is specific to sub-

population II, but it was also a QTL for HPV and CPV

detected in the whole population in 2012. Thus, we

confirmed that our strategy can identify more QTLs

with minor effect for eating and cooking qualities in

rice grain.

In the whole RIL population, we detected 29 QTLs

for ten traits. Among these QTLs, the Wx gene is the

most important QTL for AAC, HPV, CPV, BD, SB

and CS, agreeing with previous reports (Bao et al.

2000; Hsu et al. 2014; Larkin et al. 2003; Larkin and

Park 2003; Traore et al. 2011; Wang et al. 2007;). Li

et al. (2014) have integrated QTLs for amylose

content, finding that QTLs for AAC were located on

chromosomes 1, 2, 3, 6, 7, 8, 9 and 10, so the QTL on

chromosome 5 for AAC detected in 2012 might be a

new locus. We detected five QTLs for protein content,

but none was detected in both years, which might be

caused by environmental effects. Of the five QTLs,

three of them (qPRO1, qPRO3.2 and qPRO4) were

also detected in previous studies (Zhang et al. 2008;

Zheng et al. 2011). In correlation analysis, it was

found that protein had negative correlations with PV

(P\ 0.001), HPV (P\ 0.01), CPV (P\ 0.01) and

BD (P\ 0.01) (Supplementary Table 1), suggesting

Table 4 QTLs detected in the sub-populations based on the Wx genotype in 2012 and 2013

Trait Year QTL Chr. Interval JY293-Wx (Sub-population I) M201-Wx (Sub-population II)

LOD PVE (%) Add LOD PVE (%) Add

ACC 2012 qAAC3 3 SLAF13382- RM15474 3.08 16.82 -0.73

Protein 2012 qPRO5 5 RM405- C5M13 2.77 17.44 -0.36

2013 qPRO3.1 3 SLAF13482- SLAF13474 4.43 25.31 0.67

PV 2012 qPV9 9 RM409- RM257 3.14 16.83 13.82

2012 qPV3.1 3 RM232- RM15413 3.37 25.71 -17.97

2013 qPV3.1 3 RM232- RM15413 4.16 39.23 -21.77

HPV 2012 qHPV9 9 RM409-RM257 3.08 16.52 14.2

SB 2012 qSB7 7 RM351- RM234 5.09 31.78 -12.71

CS 2012 qCS3.1 3 SLAF13411-GL3 3.08 14.31 -7.96

2012 qCS7 7 RM351- RM234 5.65 30.45 -10.73

PTemp 2012 pTEMP3 3 RM15652- RM15701 2.79 15.47 -0.6
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that protein influenced ECQs by affecting starch

viscosities (Martin and Fitzgerald 2002). Three QTLs

for PV were detected in the 2 years. qPV3, flanked by

GL3 and RM15578, was detected in both years. In this

region, FLOURY ENDOSPERM 6 (FLO6)-deficient

mutants also showed low PV (Peng et al. 2014). In

addition, a QTL for rice grain weight (qGL3) was

located in this region (Xu et al. 2015; Zhang et al.

2012). qPV9, qHPV9 and qCPV9 were located at the

same site, and were also detected by Wang et al.

(2007). This locus is near to the isoamylase 3 (ISA3)

locus, indicating that isoamylase 3 activity might play

a role in affecting PV, HPV and CPV. Almost all of the

QTLs detected for HPV and CPV are located at the

same sites (Table 2; Fig. 1), which might explain their

significant correlation. qBD3 is flanked by GL3 and

RM15578, and is close to the QTL (qGL3) affecting

grain length (Xu et al. 2015; Zhang et al. 2012). qCS2

and qCS3 are located near to grain shape genes GW2

and GS3 (Fan et al. 2006; Song et al. 2007; Xu et al.

2015). These phenomena may explain why grain yield

is often negatively correlated with grain quality. The

QTLs qPTime6 and qTemp6 detected for PTime and

PTemp, sharing the same region flanked by RM584

and RM6917, are near to the starch synthase 1 (SSI)

locus, which is potentially a new QTL with minor

effect for pasting time and pasting temperature.

In summary, we describe a strategy to search for

more QTLs with minor effect for rice ECQs. As

expected, the Wx gene has the largest effect on AAC

and most pasting properties. However, there are

another six QTL clusters contributing to grain quality,

located on chromosomes 2, 3, 5, 6 and 9. These QTLs,

detected simultaneously in the whole RIL population

and in sub-populations, display minor effects on rice

ECQs, which are irrespective of the effect of Wx.

However, QTLs detected only in one of the sub-

populations are specific to this population but are also

covered by Wx. Co-location of QTLs for pasting

properties at grain shape-related genes provides an

answer to the question why grain yield is usually

negatively correlated with grain quality. The QTL

detected for PTime and PTemp, near to the SSI locus,

is a potential new minor-effect QTL for pasting time

and pasting temperature.
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