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Abstract There is a steady demand for high-quality

rice varieties though consumers’ preference for high-

quality rice varies from regions. The improvement of

the quality of rice, especially its eating and cooking

quality (ECQ), is an important breeding target as rice

is mainly consumed in cooked form. The development

and utilization of breeder-friendly and high-through-

put marker systems play a pivotal role in marker-

assisted breeding of rice cultivars, with pyramids of

valuable genes affecting rice ECQ. In this study, we

developed functional markers based on the Kompet-

itive Allele-Specific PCR (KASP) method for three

principal genes, Wx, BADH2 and ALK, affecting ECQ

in rice. The accuracy of all KASP markers was verified

and confirmed with Sanger sequencing. A diverse rice

panel consisting of 38 indica cultivars, 9 japonica

cultivars and 1 Javanica cultivar were used to assess

the validity of these markers for genotyping. The

results showed that the functional KASP markers of

Wx, ALK and BADH2 could effectively distinguish the

different alleles. The genotyping results highly coin-

cided with the phenotypic traits of rice eating and

cooking quality. Eight rice entries harboring 3 favor-

able alleles were identified and superior rice restorers

with improved ECQ were bred via functional marker

genotyping. Breeders can develop rice cultivars that

have desirable ECQ, customized to meet the market

requirements in target regions. Hence, the develop-

ment of these 3 applicable KASP functional markers

based on allelic variation would be valuable for

improving rice eating and cooking quality through

maker-assisted selection to carter various consumer

preferences especially in Asian areas.
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Introduction

Cultivated rice (Oryza sativa L.) is one of the most

important crops and feeds approximately half of the

human population of the world (Chen et al. 2014).

Currently, improvement of rice eating and cooking
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quality (ECQ) has become a foremost consideration

for rice consumers and breeders in the main rice-

producing countries and regions, with a demand for

high-quality food in recent years (Pang et al. 2016;

Tong et al. 2014). The rice ECQ is a very complex trait

which is partially affected by environmental factors

such as growing temperature and soil fertility, but

mainly determined by genetic control (Sun et al.

2011). Consumers’ preference for high ECQ rice

varies from country to country (Bunyasiri and Sirisu-

pluxana 2018; Musa et al. 2018). People in Lao PDR

and the Isan region of Thailand prefer waxy or sticky

rice, whereas consumers from Japan, Northeast of

China etc., prefer low amylose rice; High AC rice is

preferred in some non-Asian rice-growing countries,

such as Ghana, Senegal and Suriname (Calingacion

et al. 2014). Striking regional preferences drive the

market and hence increase the complexity of breeding

for good ECQ rice. Thus, the progress in the

improvement of rice grain qualities, especially in the

ECQs of commercial varieties, is relatively slow due

to the above various reasons.

Given that starch comprises approximately 90% of

the rice grain, the structure and composition of grain

starch are two main components affecting ECQ; these

components include amylose content (AC), gel con-

sistency (GC), alkali spreading value (ASV) and

gelatinization temperature (GT). Tremendous efforts

have been made to identify genes involved in starch

biosynthesis that are naturally expected to affect ECQ.

Approximately 20 genes encoding starch synthesis

enzymes that function in different stages of starch

synthesis have been identified (Tian et al. 2010). The

Wx gene is responsible for the variation in amylose

content (AC) in rice grain endosperm. It encodes a

granule-bound starch synthase (GBSS) and has been

found to play a major role in determining AC and GC

(Zhang et al. 2012). The variation in GT was mainly

controlled by the ALK (SSII3) locus. Gao et al. (2003)

cloned the ALK gene through a map-based cloning

approach and found that a G264 to C264 substitution

downstream of the initial codon of ALK is responsible

for the observed variation in rice GT. Bao et al. (2006)

sequenced the fragments covering introns 6 and 7,

exons 6 and 8, and part of the 30-untranslated region of

the ALK gene from 30 varieties, and association

analysis indicated that the GT variation among 30

varieties could be attributed mainly to the substitution

of GC to TT in exon 8. The marker ALK-GC/TT was

developed to distinguish two contiguous single

nucleotide polymorphisms (SNPs) (GC/TT) in the

ALK gene; these SNPs explained more than 60% of the

total variation in rice thermal properties and have a

very strong association with GT (Bao et al. 2006;

Umemoto and Aoki 2005; Waters et al. 2006).

Fragrance is another popular quality pursued by

consumers worldwide. The presence of a dominant

BADH2 allele located on chromosome 8S encoding

betaine aldehyde dehydrogenase (BADH2) inhibits

the synthesis of 2-acetyl-1-pyrroline (2AP), a potent

flavor component in rice fragrance (Chen et al. 2008).

An eight-base-pair (8-bp) deletion in exon 7 of

BADH2 results in the nonfunction of BADH2 and the

accumulation of 2AP, thus causing fragrance in many

of the fragrant rice varieties, including basmati and

jasmine rice (Bradbury et al. 2005; Sakthivel et al.

2009).

Molecular marker-assisted selection (MAS) com-

bined with conventional breeding approaches enables

breeders to precisely identify the individual genotypes

that are associated with different grain quality fea-

tures, which can dramatically improve the breeding

efficiency (Tian et al. 2010). Functional markers based

on single-nucleotide polymorphisms (SNPs) are

thought to be powerful for improving the efficiency

of MAS breeding in rice due to their high throughput

and well-adapted automation. The development and

utilization of functional genetic markers based on

SNPs play a pivotal role in maker-assisted breeding of

rice cultivars during pyramiding of agronomically

valuable genes (Luo et al. 2014; Ma et al. 2017;

Neelam et al. 2013). However, to date, the number of

functional markers used in MAS for rice ECQ

improvement is still somewhat limited due to the

complexity of such traits. Several SNP markers have

been developed for Wx and BADH2 genes via high-

resolution melting (HRM) (Luo et al. 2014) and the

cleaved amplified polymorphism sequences (CAPS)

method (Chen et al. 2009). However, these markers

are not widely utilized because of some limitations.

The HRM method relies poorly on complicated and

multiround PCR procedures to ensure the acquisition

of unique PCR products for further detection. The

CAPS method is restricted to low-throughput and

special enzymes needed for specific base pair diges-

tion. Thus, breeder-friendly and high-throughput

markers are needed for large-scale selections in rice

breeding programs. The Kompetitive Allele Specific
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PCR (KASP) is a closed-tube, gel-free assay utilizing

a unique form of competitive allele-specific PCR and

suitable for high-throughput genotyping of SNPs or

inserts and deletions (InDels) (He et al. 2014; Myak-

ishev et al. 2001; Neelam et al. 2013).

The aim of this work is to develop and assess the

suitability and validity of the KASP method for

detecting the genotypes of the Wx, BADH2 and ALK

genes and to use these markers to breed improved rice

accession via MAS. Our research showed that the

development of applicable KASP molecular markers

based on allelic variation would be valuable for

improving rice ECQs through a MAS approach.

Materials and methods

Plant materials

Eleven rice accessions and pyramiding lines were

chosen to develop and verify the KASP marker for the

Wx, BADH2 and ALK genes each (Table 1). These rice

materials harboring variation alleles of 3 genes via the

Sanger sequence have been identified. Another 48 rice

accessions including 38 indica cultivars, 9 japonica

cultivars and 1 Javanica cultivar were used to assess

the validity of three KASP markers in genotyping

(Table S1). 45 out of the cultivars were collected from

China. One cultivar came from United States and one

sourced from Pakistan. The rice genomic DNA was

extracted using the CTAB method (Wang et al. 2013)

and quantified using a NanoDrop ND-1000 spec-

trophotometer (Thermo Scientific, Wilmington,

USA). The OD260/OD280 ratio was used to estimate

the purity of DNA. The sterile lines, including the two-

line sterile line C815S and three-line sterile line Ning

A, were used for testing cross to evaluate the heterosis

of the improved lines.

Primer design for KASP

We developed the allelic SNP marker using the KASP

approach (http://www.lgcgroup.com/), which requires

no labeling of the target-specific primers and allows

greater flexibility for assay design. To design markers

targeting the putative SNPs, we extracted 250 bp

surrounding the candidate SNP on either side and

ordered KASP primers from LGC Limited, UK. The

specific primer sequences are shown in Table 2. The

genotyping assays were tested in a 96-well format and

set up as 10 lL reactions (4.85 lL of template

(50–75 ng of DNA), 5.0 lL of 2 9 Kaspar mix, and

0.15 lL of primer mix). PCR was performed on a

StepOne Plus machine using the following protocol:

pre-read stage at 30 �C for 1 min, hot start at 95 �C for

15 min, followed by 10 touchdown cycles (95 �C for

20 s; touchdown 65 �C, - 1 �C per cycle, for 25 s)

and then by 26 cycles of amplification (95 �C for 10 s;

57 �C for 60 s). Fluorescence data were collected

during the pre-read and post-read stages (30 �C for

1 min). Once the run was completed, analysis was

carried out with StepOne Software ver. 2. Genotyping

data were viewed as a cluster plot by SNP viewer

(LGC Limited, UK).

Confirmation of genotype by Sanger sequencing

To evaluate the efficiency and accuracy of KASP

assays, all the marker sites, including Wx (SNP),

BADH2 (InDel), and ALK (dinucleotide polymor-

phism), were amplified with the outer-primer pair, and

the amplicons were sequenced using the Sanger

protocol (Life Technologies, https://www.

thermofisher.com/). We compared the results

obtained by KASP with those determined by Sanger

sequencing to confirm the genotype of all the tar-

get alleles. We used the online primer design system

(http://bioinfo.ut.ee/primer3-0.4.0/) according to the

genomic sequences of the Wx, BADH2 and ALK

(Table 3). PCR amplification was performed in a

50 lL reaction mixture containing 10 9 PCR Buffer

for KOD-Plus-Neo 5 lL, 2 mM dNTPs 5 lL, 25 mM

MgSO4 3 lL, 10 lM primers each 1.5 lL, KOD-Plus-

Neo (1 U/lL) 1 lL, ddH2O 32 lL and 1 lL gDNA

(approximately 100 ng). The PCR conditions were as

follows: initial denaturation at 95 �C for 5 min, 32

cycles of denaturation at 95 �C for 30 s, annealing at

55 �C for 30 s, and extension at 72 �C for 5 min. The

PCR products were separated on a 2% agarose gel and

recycled for Sanger sequencing.

Phenotypic evaluation of grain eating and ECQ

traits

We evaluated the ECQ traits of the 48 rice accessions

used in the validity of the genotyping test. Dried rice

grains were stored at room temperature for 1 month

prior to the evaluation of rice ECQ. Samples were
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Table 1 Genotypes of Wx,

BADH2 and ALK
Genes Accessions Genotypes

Genotypes of Wx Jinhangruanzhan T:T

Guijingsimiao T:T

Huanglisimiao T:T

Hanghui 7 T:T

F1 of Peiai64S/Hanghui 7 T:G

F1 of Peiai64S/Hanghui 7 T:G

F1 of Peiai64S/Hanghui 7 T:G

F1 of Peiai64S/Hanghui 7 T:G

Jinhuazhan3 G:G

Tainongxinzhan G:G

Peiai 64S G:G

Genotypes of BADH2 Heixiangruanmi TATAT:TATAT

Kexiang 2 TATAT:TATAT

Ruanhua A TATAT:TATAT

Pyrimiding line H230 TATAT:TATAT

Pyrimiding line H231 TATAT:TATAT

Pyrimiding line H232 TATAT:TATAT

Pyrimiding line H233 TATAT:TATAT

Y58S AAGATTATGGC:AAGATTATGGC

Fengxianzhan AAGATTATGGC:AAGATTATGGC

Xinhuangzhan AAGATTATGGC:AAGATTATGGC

Fengxiusimiao AAGATTATGGC:AAGATTATGGC

Genotypes of ALK Yuemeisimiao TT:TT

Huangyuesimiao TT:TT

Baihuangzhan TT:TT

Guguangzhan TT:TT

F1 of Guguangzhan/Huazhan TT:GC

F1 of Guguangzhan/Huazhan TT:GC

F1 of Guguangzhan/Huazhan TT:GC

F1 of Guguangzhan/Huazhan TT:GC

Huazhan GC:GC

IRAT109 GC:GC

Chuanhui 907 GC:GC

Table 2 Primers of KASP

markers for Wx, ALK and

BADH2

Genes Primer names Primer sequence

Wx Primer_AlleleFAM TCATCAGGAAGAACATCTGCAAGG

Primer_AlleleHEX GTTCATCAGGAAGAACATCTGCAAGT

Common reverse CGATCTGAATAAGAGGGGAAACAAAGAAT

ALK Primer_AlleleFAM GACATGCCGCGCACCTGGAA

Primer_AlleleHEX ACATGCCGCGCACCTGGAG

Common reverse GCCTCGAGACGTACCGCAAGTA

BADH2 Primer_AlleleFAM TAACCATAGGAGCAGCTGAAG

Primer_AlleleHEX ACCTTAACCATAGGAGCAGCTGAAA

Common reverse TGCATTTACTGGGAGTTATGAAACTGGTA
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boiled for 10 min in volumetric flasks to completely

disperse the grain powder, and the optical density of

the amylose-iodine blue was measured at 620 nm

using a spectrophotometer (Leng et al. 2014). The

alkali spreading value (ASV) was determined by

incubating six milled grains in 10 mL of 1.7% KOH at

28 �C for 23 h. The degree of spreading was rated

using the following 7-point semiquantitative criteria:

(1) grain not affected; (2) grain swollen; (3) grain

swollen, collar incomplete and narrow; (4) grain

swollen, collar complete and wide; (5) grain split,

collar complete and wide; (6) grain dispersed, merging

with collar; and (7) grain completely dispersed and

intermingled (Su et al. 2011). It was classified as low

GT for ASV 5.5–7.0, intermediate GT for ASV

3.5–5.4 and high GT for ASV B 3.4 (Tuano et al.

2016). For all the phenotypic parameters, more than

two biological replicates for each genotype were

assayed. The fragrance was assessed through a rice

cooking test according to GB/T 15682-2008 (http://

samr.cfda.gov.cn/). Correlation analysis and regres-

sion analysis of phenotype and genotype were done

with Microsoft EXCEL.

Results

KASP marker developed for the Wx gene

The G/T polymorphism located at the intron 1 splice

site of Wx is responsible for most of the variation in

AC (Cai et al. 1998; Chen et al. 2008), which is also

the genotyping target of the Wx-G/T marker. This

marker can discriminate three genotypes, G/G, T/T

and G/T. Four samples (Jinhangruanzhan, Gui-

jingsimiao, Huanglisimiao and Hanghui 7) were

classified as having T/T, and three samples (Jin-

huazhan 3, Tainongxinzhan, Peiai 64S) were deter-

mined to have G/G. Four F1 populations derived from

the Peiai 64S cross with Hanghui 7 were classified as

having both T/G alleles (Fig. 1a). Visual inspection

revealed an obvious distinction between the two

homozygous genotypes (red and blue) and the

heterozygous genotype (green). To confirm the valid-

ity of this KASP marker, another marker specific for

the Wx-G/T site was applied to these lines, and the

PCR products were sequenced. The Sanger sequenc-

ing results are consistent with the Wx-G/T KASP assay

(Fig. 1b–d).

KASP marker developed for the BADH2 gene

The KASP marker for the BADH2 gene was designed

based on the 8-bp deletion in exon 7. Visual inspection

revealed an obvious distinction between the 8-bp

deletion genotypes (red) and none of the 8-bp deletion

genotypes (blue) (Fig. 2a). Heixiangruanmi, Kexiang

2, Ruanhua A and 4 pyramiding lines were classified to

carry the 8-bp deletion genotype. Another four

accessions, including Y58S, Fengxianzhan, Xin-

huangzhan and Fengxiusimiao, did not have the 8-bp

deletion. No heterozygous genotype was discovered.

To validate the precision of this KASP marker, the

sequence including the 8-bp polymorphism was

amplified by another marker in these lines for

sequencing. The Sanger sequencing results are con-

sistent with the KASP assay (Fig. 2b–d).

KASP marker developed for the Alk gene

The KASP marker for ALK was developed to distin-

guish two contiguous SNPs (GC/TT) in the ALK gene.

This marker was able to discriminate three genotypes,

GC:GC, GC:TT and TT:TT. Three samples (Huazhan,

IRAT109 and Chuanhui907) were classified as having

TT:TT, and four samples (Yuemeisimiao, Huangyues-

imiao, Baihuangzhan and Guguangzhan) were deter-

mined to carry GC:GC. Four offspring of the F1

generation from the cross between Guguangzhan and

Huazhan were classified as having both alleles GC:TT

(Fig. 3a). The ALK-GC/TT KASP genotyping results

were further confirmed by Sanger sequencing

(Fig. 3b–d).

Table 3 Primers for

Sanger sequencing
Genes Primer_Left Primer_Right

Wx GCTTCACTTCTCTGCTTGTG ATGATTTAACGAGAGTTGAA

ALK GTGGGGTTCTCGGTGAAGAT CAAGCTTCTTCAGGGAGGCTA

BADH2 CTTGTTTGGAGCTTGCTGATG CCAGTGAAACAGGCTGTCAAG
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Molecular screening using KASP markers

To further validate the usefulness of this KASP

platform in molecular screening and evaluating rice

ECQ, a set of 48 rice cultivars were genotyped with the

KASP markers Wx, BADH2, and ALK. The diverse

rice panel revealed a wide range variation in AC and

ASV. The highest AC was recorded as 27.22% for

Kasalath while Wanlinuo had the lowest AC, 5.89%.

The maximum value of ASV was 7.00 in several

cultivars and the minimum value was 1.00 in

Chenghui727 and HengfengB, respectively. Forty-

two, 35 and 11 rice cultivars were identified to harbor

the favorable allele for Wx-TT (T:T allele), ALK-TT

(TT:TT allele), and BADH2-8 bp (8 bp-deletion

allele), respectively (Fig. 4a). Eight rice cultivars,

including Xiangyaxiangzhan, Basmati 370 and Meix-

iangzhan 2, carried all three favorable alleles

(Fig. 4b). The ECQ, including AC%, ASV and

fragrance, were also investigated to evaluate the

phenotype of all the above accessions (Table S1).

AC% varied from 5.89 to 27.47%. Four categories

based on AC can be broadly classified: waxy-type

(AC\ 5%), low-type (AC 10–14%), medium-type

(AC 14–21%), and high-type (AC[ 21%). Almost all

the accessions with AC less than 20% carried the T:T

allele of Wx. ASV provides information about GT, and

three GT grades can be classified based on the ASV.

The ASV of all the accessions ranged from 1 to 7. The

accessions carrying GC:GC in ALK had ASV values

lower than 5. Fragrance existed in the accessions with

TATAT:TATAT in BADH2 when tested.

Phenotypic contribution of alleles

Because both Wx and ALK genes are key genes

affecting starch synthesis, we analyzed the contribu-

tion of alleles to the phenotype of AC and ASV of the

above 48 diverse rice cultivars. Correlation analysis

showed that the Wx gene was positively correlated

with AC and that the Wx-TT allele significantly

decreased AC. In contrast, the ALK gene was

Fig. 1 KASP genotyping of Wx confirmed by Sanger sequencing. a Wx KASP genotyping results; b Sanger sequencing of SNP site

T/T; c Sanger sequencing of SNP site T/G; d Sanger sequencing of SNP site G/G. Grey dot represents no template control
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negatively correlated with the ASV phenotype, and the

ALK-TT genotype significantly increased ASV

(Table 4). Based on the correlation analysis, a regres-

sion equation between marker and trait was con-

structed by stepwise regression. The regression

equation for Wx and AC reached a very significant

level (P value 1.62 9 10-11) and accounted for 63.1%

of the phenotypic variation. The regression equation of

ALK and ASV also achieved a very significant P value

(P value 2.58 9 10-11) and explained 62.3% of ASV

phenotypic variation (Table 5). The results showed

that the constructed regression equation can be used to

predict phenotypes by genotype value.

Improved ECQ of rice restorer lines by genotyping

According to the molecular screening results, 9311, a

mega Indica rice restorer line, harbors one favorable

allele, ALK-TT, which is responsible for high ASV.

However, 9311 also showed high AC (27.47%) that

was not suitable for superior quality due to allele Wx-

GG. To improve the quality of 9311, we selected a

superior aromatic rice cultivar, Basmati 370, which

has low amylose and fragrance, as favorable alleles

Wx-TT and BADH2-8 bp donors, 9311 as the receptor

and recurrent parent, to develop new aromatic and

good quality restorer lines with a 9311 background

through backcross and functional molecular marker

selection. The technical route is shown in Fig. 5.

Thirteen improved lines with homozygous target

genes were obtained in BC2F2 generation by selection

with functional markers. Agronomic and rice quality

traits were surveyed for these improved lines. Com-

pared with the recurrent parent 9311, the quality of 13

lines was improved to a certain extent. The AC values

of 13 lines ranged from 12.06 to 16.71%, which was

significantly lower than that of 9311. These lines also

showed strong fragrance. The chalkiness traits of most

lines were also improved, with 92.3% of the lines

having lower chalkiness grain rates than 9311

(Table 6). The background recovery rate (BRR%) of

the improved lines was investigated using 48 SSR

Fig. 2 KASP genotyping of Badh2 confirmed by Sanger sequencing. a Badh2 KASP genotyping results; b Sanger sequencing of

InDel; c Sanger sequencing of InDel. Grey dot represents no template control
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markers distributed evenly on 12 chromosomes. The

backgrounds of these improved lines were restored to

over 80% of the recurrent parent 9311, and the

agronomic characteristics of the improved lines were

similar to 9311. These results indicated that molecular

marker selection in early generations could effectively

improve the breeding efficiency of quality.

The sterile lines, including the three-line sterile line

Ning A and the two-line sterile line C815S, were used

for testing cross to evaluate the heterosis of the

improved lines. Compared with the control, the

improved lines show the superiority in heterosis

utilization. The 1000-grain quality of most crossed

combination results from improved lines was

Fig. 3 KASP genotyping of ALK confirmed by Sanger sequencing. a ALK KASP genotyping results; b Sanger sequencing of SNP site

GC/GC; c Sanger sequencing of SNP site GC/TT; d Sanger sequencing of SNP site TT/TT. Grey dot represents no template control

Fig. 4 The genotyping of

48 rice accessions with

KASP markers for Wx,

BADH2 and ALK. A:

Classification of 48 rice

accessions according to their

genotypes; B: List of eight

elite accessions with all

three favorable genotypes of

Wx, ALK and BADH2
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improved, especially for the 1000-grain weight of F1,

which was higher than that of CK (Table 7). Ning

A/9311-R1, Ning A/9311-R5 and C815S/9311-R13

have significantly higher total grain weights than CK,

which increased by 26.69%, 22.53% and 9.6%,

respectively, indicating that these three lines had

potential high yield combining ability. The AC of all

hybrid combinations was lower than that of the

control, indicating that the introduction of the Wx-TT

Table 4 Correlation coefficient between phenotype and

genotype

AC ASV Wx ALK

AC 1

ASV 0.132901 1

Wx 0.794254** 0.097319 1

ALK 0.095688 - 0.78952** 0.116335 1

AC amylose content, ASV alkali spreading value

**significant at 0.01 level

Table 5 Regression equation for phenotype and genotype

Trait Gene Allele No. of genotypes Minimum of trait Maximum of trait Regression equation models (R2%)

AC Wx T 42 5.89 20.86 y = 4.9 ? 10.63x (63.1%)

G 6 24.15 27.47

ASV ALK TT 37 4.67 7.00 y = 10.12 - 3.83x (62.3%)

GC 11 1.00 4.50

y = 4.9 ? 10.63x, y indicates AC trait, x indicates Wx allele; y = 10.12 - 3.83x, y indicates ASV trait, x indicates ALK allele

AC amylose content, ASV alkali spreading value

Fig. 5 Schematic working

flow of molecular

improvement
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allele was very effective in reducing the AC of hybrid

combinations.

Discussion

Currently, rice ECQs have attracted increasing atten-

tion from breeders, especially in the main rice-

producing countries and regions with economic

development. In general, the genetic basis of rice

ECQs is mainly determined by three physicochemical

properties: AC, GC, and GT. The difficulties in

measuring eating and cooking properties make the

improvement of rice ECQs even slower and more

difficult.

Traditional genetic markers such as SSRs (simple

sequence repeats), small InDels, and CAPS markers

for MAS are time-consuming, costly, labor intensive

and not user-friendly (Ramkumar et al. 2015). Several

high-throughput SNP genotyping platforms are com-

mercially available today, such as Fluidigm Dynamic

Arrays, fluorescence-labeled TaqManTM are expen-

sive, lack flexibility, and are not of practical use for

small- to medium-sized laboratories (Thomson 2014).

KASP is one of the uniplex SNP genotyping platforms

and has evolved to be a global benchmark technology

(Semagn et al. 2014). KASP genotyping can be

performed in 96- or 384-well plates, giving it much

higher throughput than the gel-based method; more

importantly, it is a closed-tube method and therefore

can significantly reduce the chance of the experi-

menters being exposed to hazardous chemicals. In our

study, it can be very efficiently and flexibly operated

according to different sample sizes. The genotyping

results can be clearly displayed. The three KASP

markers for the three favorable alleles of the Wx, ALK

and BADH2 genes can provide a good screening

method for rice ECQs. There is a high consistency

between the genotyping result and phenotypic evalu-

ation. AC was highly associated with Wx, which

agrees well with previous studies (Sun et al. 2005).

The rice lines with GC:GC in ALK generally have low

ASV and high GT. Our study demonstrated that the

marker Wx-G/T accounted for 63.12% of the pheno-

typic variance of AC, and ALK-GC/TT accounted for

66.34% of the phenotypic variance for GT. Similar

results were obtained by previous research (Bao et al.

2006; Kharabian-Masouleh et al. 2012; Yang et al.

Table 6 Genotype and quality traits of 13 improved lines

Line Allele genotype AC% Fragrance LWR CGR% BRR%

Wx BADH2

9311 G:G AAAAGATTATGGC:AAAAGATTATGGC 27.47 - 3 17.65 /

Basmati370 T:T TATAT:TATAT 15.68 ? 3.4 5.67 /

9311-R1 T:T TATAT:TATAT 12.06 ? 3 10.01 80.1

9311-R2 T:T TATAT:TATAT 13.76 ? 2.9 13.06 82.6

9311-R3 T:T TATAT:TATAT 12.54 ? 3.2 7.79 83.1

9311-R4 T:T TATAT:TATAT 16.31 ? 3.1 11.26 81.9

9311-R5 T:T TATAT:TATAT 15.09 ? 3.1 8.21 85.6

9311-R6 T:T TATAT:TATAT 14.11 ? 2.8 18.01 87.3

9311-R7 T:T TATAT:TATAT 13.27 ? 3.2 8.91 84.2

9311-R8 T:T TATAT:TATAT 14.54 ? 3.1 9.26 83.9

9311-R9 T:T TATAT:TATAT 15.09 ? 3 10.15 88.1

9311-R10 T:T TATAT:TATAT 15.23 ? 3.1 12.29 81.2

9311-R11 T:T TATAT:TATAT 16.01 ? 3.2 7.62 83.7

9311-R12 T:T TATAT:TATAT 16.71 ? 3 8.31 86.2

9311-R13 T:T TATAT:TATAT 15.62 ? 2.9 9.1 87.1

AC, amylose content; ?, fragrant; -, nonfragrant; LWR, length–width ratio; CGR, chalkiness grain rate; BRR, background recovery

rate

123

   66 Page 10 of 12 Euphytica          (2019) 215:66 



2014) and confirmed that this marker set may be

effectively utilized as a simplified tool to predict

ECQs. BADH2-8 bp KASP array gave precise pre-

diction for fragrance as well in our study. Through

functional marker genotyping, we have effectively

improved the disadvantage of high AC in restorer line

9311 and obtained a series of aromatic restorer lines

with low AC. These restorers showed advantages in

heterosis utilization.

Rice is by no means a ‘one size fits all’ crop

although a combination of slender grain, low AC, low

GT, and fragrance is becoming more popular (Calin-

gacion et al. 2014). Breeders should develop rice

cultivars that have desirable grain quality, customized

to meet the market requirements in target regions. In

the present study, we showed again that functional

markers based on polymorphisms in principal genes

could be used for genotyping and screening rice

germplasm. The KASP markers developed in our

study are reliable and may be applied in large-scale

MAS breeding for rice ECQ improvement in the

future.
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