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Abstract Low temperature or cold stress is one of the

major constraints of rice production and productivity in

temperate rice-growing countries and high-altitude areas in

the tropics. Even though low temperature affects the rice

plant in all stages of growth, the percent seed set is dam-

aged severely by cold and this reduces the yield potential of

cultivars significantly. In this study, a new source of cold-

tolerant line, IR66160-121-4-4-2, was used as a donor

parent with a cold-sensitive cultivar, Geumobyeo, to pro-

duce 153 F8 recombinant inbred lines (RILs) for quanti-

tative trait locus (QTL) analysis. QTL analysis with 175

polymorphic simple sequence repeat (SSR) markers and

composite interval mapping identified three main-effect

QTLs (qPSST-3, qPSST-7, and qPSST-9) on chromosomes

3, 7, and 9. The SSR markers RM569, RM1377, and

RM24545 were linked to the identified QTLs for cold

tolerance with respect to percent seed set using cold-water

(18–19�C) irrigation in the field and controlled air tem-

perature (17�C) in the greenhouse. The total phenotypic

variation for cold tolerance contributed by the three QTLs

was 27.4%. RILs with high percent seed set under cold

stress were validated with linked DNA markers and by

haplotype analysis that revealed the contribution of

progenitor genomes from the tropical japonica cultivar

Jimbrug (Javanica) and temperate japonica cultivar Shen-

Nung89-366. Three QTLs contributed by the cold-tolerant

parent were identified which showed additive effect on

percent seed set under cold treatment. This study demon-

strated the utility of a new phenotyping method as well as

the identification of SSR markers associated with QTLs for

selection of cold-tolerant genotypes to improve temperate

rice production.

Introduction

Rice, the major cereal crop cultivated worldwide can be

classified into two major cultivar types. Indica cultivars are

grown mostly in the hot and humid tropical low lands; in

contrast japonica cultivars are grown in the temperate and

sub-temperate regions and the high-altitude areas of the

tropics (Mackill and Lei 1997). Even though temperate

regions are considered as high yielding in rice production

(IRRI 2002), low temperature at the reproductive stage is a

major limiting factor for temperate adaptation of cultivars

that eventually reduces the yield potential significantly (Xu

et al. 2008). The effect of low temperature is manifested at

different growth stages such as germination, seedling,

vegetative, reproductive, and grain maturity (Andaya and

Mackill 2003; Ji et al. 2008; Xu et al. 2008). Low tem-

perature impairs seed germination, reduces seedling vigor,

weakens photosynthetic ability by inducing leaf discolor-

ation, reduces plant height, produces degenerated spikes,

delays days to heading, reduces spikelet fertility, causes

irregular grain maturity, and poor grain quality. Extended
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low temperature during the reproductive stage of rice in the

Republic of Korea caused 17, 78, and 20% damage to the

total rice area in 1971, 1980, and 1993, respectively, with

maximum yield loss of milled rice of 3.9 t/ha in 1980

(Lee 2001). Yield loss of 1–2 t/ha due to low temperature

during the reproductive stage in 1995–96 was also

reported in Australia and an annual yield loss of 3–5

million tons was recorded in China (Farrell et al. 2001;

Xu et al. 2008).

Japonica cultivars are adapted to low temperature and

exhibit better cold tolerance than indica cultivars. Some

tropical japonica (javanica) cultivars are reported to also

have cold tolerance, and cold tolerance genes from the

cultivars Silewah, Lambayque 1, and Padi Labou Alumbis

were introduced into many temperate japonica breeding

lines in Japan (Abe et al. 1989; Glaszmann et al. 1990; IRRI

1978; Saito et al. 2001). Genetic analysis revealed that two

dominant alleles control tolerance of low temperature at the

reproductive stage (Nishimura and Hamamura 1993).

Nonetheless, this cold tolerance is reported as a complex

trait controlled by four or more genes (Nagasawa et al.

1994). Low temperature at the booting stage often causes

anther injury, an increase in the number of aborted

microspores, eventually resulting in high spikelet sterility

and decreased rice yield (Satake 1989). The spikelet

sterility type of cold injury is the most serious problem not

only at high latitudes but also in high-altitude areas at low

latitudes and is characterized by the occurrence of sterile

spikelets induced by low temperature during meiosis

causing serious yield losses (Murai et al. 1991; Nagasawa

et al. 1994). Analysis of mutants from the cultivar Taichung

65 treated with cold water at 19�C revealed that pollen

development was inhibited and the embryo sac was mal-

formed in some mutants, resulting in lower spikelet fertility

(Nagasawa et al. 1994). The percentage of fertile spikelets

has been used as an effective parameter of cold tolerance of

rice at the reproductive stage, which includes both booting

and flowering (anthesis) stages (Hayase et al. 1969; Saito

et al. 1995; Takeuchi et al. 2001).

Simple sequence repeat (SSR) markers (McCouch et al.

2002) were used to identify quantitative trait loci (QTLs)

controlling cold tolerance at the reproductive stage (Andaya

and Mackill 2003; Saito et al. 2001). QTLs for cold toler-

ance were identified on chromosomes 3 and 4 derived from

a tropical japonica cultivar, Silewah (Saito et al. 1995).

Three QTLs for cold tolerance derived from tolerant culti-

var Koshihikari were identified on chromosomes 1, 7, and

11 and QTLs for low temperature-induced sterility were

mapped on chromosomes 1 and 12 (Li et al. 1997).

QTL analysis has been conducted by using near-iso-

genic lines (NIL) to tag the genes Ctb1 and Ctb2 for cold

tolerance at the booting stage on chromosome 4 (Saito

et al. 2004). Eight QTLs for cold tolerance at the

reproductive stage were also reported on chromosomes 1,

4, 5, 10, and 11 using NILs (Xu et al. 2008). However,

using recombinant inbred lines (RILs) derived from a

japonica and indica cross, five QTLs controlling spikelet

fertility from a japonica line were located on chromosomes

1, 2, 3, and 9 for booting-stage cold tolerance (Andaya and

Mackill 2003). Three QTLs for cold tolerance were also

identified on chromosomes 1, 7, and 11 using a doubled

haploid (DH) population derived from a cross between two

temperate japonica cultivars (Takeuchi et al. 2001). A QTL

(qCTB 8) for cold tolerance has been identified on chro-

mosome 8 using an F2 mapping population derived from a

cross between two temperate japonica cultivars and by F7

substitution mapping (Kuroki et al. 2007).

The genetics and molecular basis of cold tolerance at the

reproductive stage are not completely understood due

to unreliable phenotyping methods, non-availability of

effective QTLs, and the use of the same genetic sources of

cold tolerance. Therefore, it is imperative to use a repro-

ducible phenotyping method to measure tolerant and sen-

sitive traits under cold stress and apply improved QTL

analysis procedures to identify effective QTLs for cold

tolerance at the reproductive stage. The procedure of

screening rice genotypes in the field using cold-water

irrigation at 18–19�C from the vegetative stage until grain

maturity has been considered as a reliable method to

measure cold tolerance (Jena et al. 2004; Xu et al. 2008),

although air temperature could not be controlled under field

conditions.

The objective of this study was to identify and analyze

QTLs derived from a new genetic source (IR66160-121-4-

4-2) by using an F7–8 RILs through phenotyping in the field

with cold-water irrigation as well as with cool air tem-

perature in the greenhouse with respect to spikelet fertility

trait (percent seed set). Here, we report the identification of

three reliable QTLs located on chromosomes 3, 7, and 9

responsible for cold tolerance, and haplotype analysis

of QTL alleles and their validation using linked SSR

marker analysis on some representative cold-tolerant RIL

genotypes.

Materials and methods

Plant materials

The breeding line IR66160-121-4-4-2 was used as the

donor parent for cold tolerance (Jena et al. 2004). An RIL

population (F7 and F8) consisting of 153 plants was pro-

duced by single seed descent (SSD) from an F2 population

of a cross between the cold-sensitive japonica cultivar

Geumobyeo and the cold-tolerant breeding line IR66160-

121-4-4-2. These RILs were used to construct a molecular
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genetic map and identify QTLs controlling cold tolerance.

The breeding line IR66160-121-4-4-2 is a new plant type

(NPT) line developed at the International Rice Research

Institute (IRRI) from a cross between temperate japonica

cultivar Shen-Nung89-386 from northern China and trop-

ical japonica cultivar Jimbrug from Indonesia (Peng et al.

1999). Korean japonica cultivars Jinbubyeo, Odaebyeo,

and Junganbyeo were used as cold-tolerant checks and

Saetbyeolbyeo was used as a cold-sensitive check. Seeds

of Shen-Nung89-386, Jimbrug, and IR66160-121-4-4-2

were obtained from the Genetic Resources Center of IRRI,

Manila, Philippines, and seeds of Geumobyeo, Saetbyeolbyeo,

Jinbubyeo, Odaebyeo, and Junganbyeo were obtained from

the Rice Research Division of the National Institute of

Crop Science (NICS), Rural Development Administration

(RDA), Suwon, Republic of Korea.

Evaluation of cold tolerance

Cold tolerance screening in cold-water irrigation plot

and trait measurement

Some 153 RILs along with the parents were planted in a

cold-water irrigation plot for phenotypic evaluation during

the summer of 2007 and 2008 at Chuncheon substation of

NICS, RDA, Republic of Korea. Thirty-day-old seedlings

were transplanted in normal-water and cold-water irriga-

tion plots with 25 plants in a single row with 15-/30-cm

spacing between plants and rows. The field planting fol-

lowed a completely randomized block design (CRBD) with

two replications. Irrigation-water temperature was normal

until the tillering stage (20 days after transplanting). Cold

water at 17�C was supplied with water depth of 5 cm

during the entire period of rice growth from tillering to

grain maturity following standard agronomic practices

(NICS 2004). Water temperature showed a gradient from

17�C at the inlet to around 21�C at the outlet (measured by

temperature sensors fixed in the plot) in a 6-m-long

screening plot. The temperature zone of 17–18�C severely

affected the normal development of agronomic traits in

most of the RILs. Therefore, we have considered 18–19�C

water temperature as the critical temperature zone to

measure genotypes as cold tolerant and cold sensitive.

Phenotypic data on percent seed set were collected from

the first three panicles of five plants at the critical tem-

perature zone in cold-water and normal-water plots. Per-

cent seed set in normal (PSSN) water-irrigated plots and

percent seed set in cold water-treated (PSST) plots were

measured as the indices for cold tolerance and sensitivity at

the reproductive stage, and calculated as the average

number of fertile grains in percentage (%) in cold water-

irrigated plots and normal water-irrigated plots. Data for

percent seed set (PSS) were transformed to measure the

effect of the cold-water treatment as follows: a reduction

ratio of PSS (PSSR) was calculated as a percentage of the

deviation of seed set in the cold water-irrigated plot value

from the normal water-irrigated plot value.

Cold tolerance screening in greenhouse with controlled air

and water temperature

A subset of nine selected cold-tolerant RILs was evaluated

for cold tolerance at the booting stage in a controlled cool-

environment greenhouse maintained with 17�C air/water

temperature following a modified screening procedure of

Andaya and Mackill (2003). Five rice seedlings each of the

nine RILs and two parents were transplanted in plastic pots

containing pulverized dry soil with commercial fertilizer

(9–4.5–5.7, N–P2O5–K2O). Extra tillers were removed

from each plant in the pot, leaving the main tiller per plant

to avoid overcrowding and to promote better growth. Three

healthy plants per pot showing uniform development stage

were selected and one tiller each from the three plants was

tagged. The plants were moved to the controlled-air-and-

water-temperature greenhouse maintained at 17�C when

the auricle of the flag leaf was approximately 4 cm inside

the penultimate leaf of the tillers. After 10 days of cold

treatment, the plants were taken back to the normal

greenhouse and grown until maturity. The tagged tillers

were harvested at maturity and the average number of

fertile grains (in %) was measured.

SSR analysis

Genomic DNA was extracted from the fresh leaves of

RILs, parents, and progenitor lines of the cold-tolerant

parent by a modified CTAB method (Rogers and Bendich

1988). A total of 380 SSR markers distributed at regular

intervals (around 3-5 cM) on rice chromosomes were used

in a polymorphism survey between the parents. SSR

markers that detected polymorphism between the two

parents were used for genotype analysis of the RILs. We

also searched for additional SSR markers on chromosome

regions to locate QTLs for cold tolerance in the SSR map

constructed by McCouch et al. (2002) and on the Gramene

Web site (http://www.gramene.org/). PCR amplification

was done using Taq polymerase (SolGent Co., Ltd.,

Korea) with the following condition: one cycle at 95�C for

4 min, followed by 35 cycles of denaturing at 95�C

for 30 s, annealing at 55�C for 30 s, and extension at 72�C

for 1 min, with a final extension at 72�C for 10 min

(Bio-Rad, PTC-200 Thermocycler, Germany). PCR

products were detected using a 4% denaturing poly-

acrylamide gel electrophoresis followed by silver stain-

ing. SSR analysis was performed following the method of

Suh et al. (2009).
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Linkage map construction and QTL analysis

The molecular linkage map for the whole genome was

constructed using MAPMAKER 3.0 (Lincoln et al. 1992).

A Kosambi mapping function was used to convert

recombination frequencies to map distances in centiMor-

gans (cM). The GROUP command was set for logarithm of

odds (LOD) at 5.0 to identify initial linkage groupings, and

markers that did not belong to the initial group were

included in the groupings at LOD = 3.0. Chi-square tests

were also performed to examine segregation ratios at the

marker loci for deviation from the expected ratio of 1:1,

and skewness was determined.

The chromosomal locations of QTLs using RILs were

determined by composite interval mapping (CIM). CIM

analysis was performed using WinQTL Cartographer v2.5

(Wang et al. 2007). Significance threshold values of LOD

scores for QTL detection were determined by using per-

mutation tests (Churchill and Doerge 1994) with 1,000

replicates. For CIM, the critical threshold value of LOD at

a genome-wide significance level of P = 0.05 and 0.01

was 2.5 and 4.2, respectively. Correlation analysis between

the traits was performed using the correlation procedure of

the SAS program (SAS version 8.0, SAS Institute, Cary,

NC, USA, 2000).

Haplotype analysis and QTL validation

Sixteen genotypes such as the progenitor lines of IR66160-

121-4-4-2 (Shen-Nung89-366 and Jimbrug), parental lines

of RILs (IR66160-121-4-4-2 and Geumobyeo), four cold-

tolerant RILs, four cold-sensitive RILs, and four check

cultivars were used for haplotyping, and to confirm the

QTLs controlling cold tolerance. SSR markers closely

linked with the three QTLs associated with cold tolerance

on chromosomes 3, 7, and 9 were used to compare the

genotype patterns of progenitors with parents. The pres-

ence or absence of marker allele types corresponding to

three QTLs in each of the 16 tested genotypes was deter-

mined based on the unique band sizes derived from the

PCR products.

Results

Phenotypic variation for cold tolerance

The frequency distribution of PSSN, PSST, and PSSR in

the RIL population is shown in Fig. 1. PSSN, PSST, and

PSSR showed continuous distribution reflecting quantita-

tive inheritance of the traits. The PSSN of Geumobyeo and

IR66160-121-4-4-2 was 91.7 and 93.6%, respectively. The

PSSN for RILs ranged from 68.1 to 98.3%, with a mean of

89.1%. The PSST at the critical temperature zone (18–

19�C) for Geumobyeo and IR66160-121-4-4-2 was 6.5%

and 72.5%, respectively. The PSST for RILs ranged from

0.5 to 80.6%, with a mean of 23.8%. The PSSR of Geu-

mobyeo and IR66160-121-4-4-2 was 92.9 and 24.9%,

respectively. However, the PSSR of RILs ranged from 4.9

to 99.5%, with a mean of 73.3%, and it had a left- or right-

skewed distribution of the ratings toward cold sensitivity

(Fig. 1). A significant negative correlation (-0.995**) was

observed between PSST and PSSR at P \ 0.01 (Table 1).

Linkage map construction and marker segregation

A genetic linkage map was constructed using 175 poly-

morphic SSR markers distributed on the 12 rice chromo-

somes (Fig. 2). The number of surveyed markers per

chromosome ranged from 10 to 21 and the average poly-

morphism between Geumobyeo (temperate japonica) and

IR66160-121-4-4-2 (tropical japonica) was 55%. The
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Fig. 1 Frequency distribution of percent seed set in normal plot

(PSSN) and percent seed set (PSST) and reduction ratio (PSSR) in

cold-water treated plot. Means of RILs (M), P1 (Geumobyeo), and P2

(IR66160-121-4-4-2) are indicated by arrows
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genetic linkage map covered a total length of 1,641.3 cM,

with an average interval size of 9.6 cM between adjacent

markers. Some regions on chromosomes 3, 4, 5, 9, and 12

exhibited a limited number of polymorphic markers

(Fig. 2). However, additional polymorphic SSR markers

derived from a search of the SSR database were inserted on

the sparse chromosomal regions.

SSR markers with distorted segregation were detected

using the v2-test for goodness of fit to the expected

allelic frequency of 1:1 (Geumobyeo:IR66160-121-4-4-

2). Of the 175 mapped loci, 10.3% (18 loci) were skewed

toward the Geumobyeo allele type, while 2.9% (5 loci)

were skewed toward the IR66160-121-4-4-2 allele type

(Fig. 2). Chromosome 11 showed only distorted marker

segregation that skewed toward IR66160-121-4-4-2

alleles.

QTL identification

QTL analysis using CIM identified two significant QTLs

for PSSN on chromosomes 8 and 11 that explained 9.3 and

7.4% of the phenotypic variation, respectively. These

QTLs explained only 16.7% of the total phenotypic vari-

ation (Table 2). However, three significant QTLs (qPSST-

3, qPSST-7, and qPSST-9) for PSST were detected at the

marker intervals (4.6 cM) of RM569-RM231, (1.7 cM)

RM3767-RM1377, and (10.8 cM) RM24427-RM24545 on

the short arm of chromosome 3, short arm of chromosome

7, and long arm of chromosome 9, respectively. The QTLs

qPSST-3, qPSST-7, and qPSST-9 explained 7.1, 10.9, and

9.4% of the phenotypic variation, respectively. The

IR66160-121-4-4-2 derived alleles in all three QTL regions

increased PSS. Three significant QTLs for PSSR were

detected on the same chromosomes (3, 7, and 9), and were

associated with PSST, which explained 5.8, 10.9, and 8.7%

of the phenotypic variation, respectively. The IR66160-

121-4-4-2 allele decreased PSSR at all three QTLs, in

contrast to Geumobyeo alleles that increased PSSR at all

loci. All the detected QTLs for qPSST and qPSSR totally

explained 27.4 and 25.4% of the phenotypic variation,

respectively (Table 2).

QTL validation for cold-tolerant RILs

Nine RILs with high PSST in 2007 were evaluated for cold

tolerance in a cold-water irrigation plot (18–19�C) and

controlled-environment greenhouse with 17�C air/water

temperature in 2008. These RILs had the presence of at

least one of the three or all QTLs in a homozygous state

derived from the cold-tolerant parent for PSST (Table 3).

Three of the nine selected cold-tolerant RILs showed

higher PSS than even the cold-tolerant parent IR66160-

121-4-4-2 in both the screening systems (Table 3). RIL-

115 also showed PSS similar to that of IR66160-121-4-4-2.

The nine RIL progenies have good phenotypic accept-

ability for the main agronomic traits and the phenotypes

were similar to Geumobyeo. RIL-105 has one QTL

(qPSST-3), RIL-110 has two QTLs (qPSST-3 and qPSST-

9), RIL-115 has two QTLs (qPSST-7 and qPSST-9), and

RIL-138 has all three QTLs (qPSST-3, qPSST-7, and

qPSST-9) as detected in this study (Table 3; Fig. 3).

Haplotype analysis at QTLs

A comparative haplotype analysis of 16 genotypes using

SSR markers closely linked to the three QTLs for cold

tolerance revealed matching alleles of the progenitors

present in the cold-tolerant parent (Fig. 4). The closely

linked markers, RM1377 for qPSST-7 and RM24545 for

qPSST-9, amplified the 145-bp and 152-bp alleles,

respectively, in cold-tolerant RILs same as IR66160-121-4-

4-2 and the progenitor cultivar Jimbrug. However, the

closely linked marker RM231 for qPSST-3 amplified a 186-

bp allele in cold-tolerant RILs same as both IR66160-121-

4-4-2 and Shen-Nung89-366. The haplotypes with three

QTL markers associated with cold tolerance revealed

specific banding patterns for the cold-tolerant parent,

IR66160-121-4-4-2, as well as cold-tolerant RILs differing

from those of japonica check cultivars and cold-sensitive

RILs (Fig. 4).

Discussion

Low temperature or cold is one of the major abiotic

environmental stresses affecting rice plant at different

growth stages and it eventually reduces rice yield sig-

nificantly. Even though molecular and cellular responses

to low-temperature stress have been studied extensively

at the physiological and biochemical level, the genetic

mechanism of cold tolerance in crop plants is not fully

understood (Pandey et al. 2009; Yamaguchi-Shinozaki

and Shinozaki 2005; Thomashow 1999). Accurate phe-

notyping of segregating populations and breeding lines

for cold tolerance, and their association with molecular

Table 1 Correlation coefficients among the three traits for percent

seed set in 153 RILs

Trait PSSN PSST

PSST 0.107 –

PSSR -0.029 -0.995**

PSSN percent seed set in control plot

PSST percent seed set in cold water-treated plot

PSSR percent seed set reduction ratio in cold water-treated plot

** Significant at 0.01 probability
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markers, is the major limitation to developing cold-

tolerant rice cultivars with high spikelet fertility. There-

fore, the identification of new sources of cold tolerance

followed by the development of appropriate DNA mark-

ers associated with a cold tolerance phenotype for percent

seed set are important breeding strategies for improving

japonica cultivars in temperate regions and high-altitude

areas of the tropics.

The main finding of this study is the identification of

three QTLs located on chromosomes 3, 7, and 9 and their

association with percent seed set, which is the main agro-

nomic trait contributing to yield and which is usually

affected during cold stress. We used IR66160-121-4-4-2 as

a new source of cold tolerance at the reproductive stage

and identified QTLs different from those of other studies

in which the sources of cold tolerance were Silewah,
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Fig. 2 The SSR linkage map and chromosomal locations of putative

QTLs for percent seed set detected in the RIL population. QTLs

detected by composite interval mapping analysis (WinQTL cartog-

rapher v2.5) are represented to the left of the chromosomes as boxes.

qPSSN: QTLs for percent seed set in the normal plot, qPSST: QTLs

for percent seed set in cold-water treated plot, qPSSR: QTLs for

percent seed set reduction ratio in cold-water treated plot, downward
arrow indicates Skewed markers
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Kunmingxiaobaigu, and M-202 (Andaya and Mackill

2003; Kuroki et al. 2007; Takeuchi et al. 2001; Xu et al.

2008). The new QTLs for cold tolerance identified in this

study are used for the first time to track early-maturing and

fertile cold-tolerant lines in a japonica genetic background.

A molecular marker-based genetic map using 175 poly-

morphic SSR markers has been used efficiently for QTL

analysis in this study. The clustering and distribution of SSR

markers on the respective chromosomes coincided with the

observation of McCouch et al. (2002). Although the SSR

markers were distributed at regular distances (3–5 cM) on all

chromosomes and were surveyed to detect polymorphism

between the parents, some regions on chromosomes 3, 4, 5,

9, and 12 still have a limited number of polymorphic

markers. It suggests that the genetic background of parents

may not be very divergent in those chromosomal regions.

Table 2 QTLs detected for percent seed set under cold-water treatment by composite interval mapping

QTL Chr. Marker interval Interval (cM) LOD R2(%) Additive effect Direction of phenotypic effect

Percent seed set in control plot (PSSN)

qPSSN-8 8 RM5353-RM5485 11.8 3.9 9.3 -1.82 IR66160-121-4-4-2

qPSSN-11 11 RM287-RM5857 7.1 3.3 7.4 -1.65 IR66160-121-4-4-2

Percent seed set in cold-water treated plot (PSST)

qPSST-3 3 RM569-RM231 4.6 2.5 7.1 -4.60 IR66160-121-4-4-2

qPSST-7 7 RM3767-RM1377 1.7 4.9 10.9 -6.58 IR66160-121-4-4-2

qPSST-9 9 RM24427-RM24545 10.8 2.8 9.4 -6.21 IR66160-121-4-4-2

Percent seed set reduction ratio in cold-water treated plot (PSSR)

qPSSR-3 3 RM569-RM231 4.6 2.6 5.8 5.23 Geumobyeo

qPSSR-7 7 RM3767-RM1377 1.7 4.9 10.9 7.27 Geumobyeo

qPSSR-9 9 RM24427-RM24545 10.8 2.6 8.7 6.67 Geumobyeo

qPSSN: QTLs for percent seed set in control plot, qPSST: QTLs for percent seed set in cold-water treated plot, qPSSR: QTLs for percent seed set

reduction ratio in cold-water treated plot

Chr chromosome number

LOD experiment-wise P = 0.05 was equivalent to critical LOD score threshold of 2.5

R2 percentage of the phenotypic variation explained by the QTL

Table 3 Performance of agronomic traits and relative cold tolerance of selected RILs

Selected

RILs

Linked

QTLs

Control plot Cold-water treated plot Greeenhouse

DTH CL

(cm)

PL

(cm)

PN SNP PSSN

(%)

DTH CL

(cm)

PL

(cm)

PN SNP 2007

PSST

(%)

2008

PSST

(%)

Treat

date

(M/D)

HD

(M/D)

2008

PSSG

(%)

RIL-7 qPSST-3, 7, 9 116 89.3 25.0 10 118 90.7 129 72.3 21.9 10 118 55 53 8/11 8/29 58

RIL-10 qPSST-7, 9 117 96.0 25.3 12 129 94.4 131 76.8 22.6 12 116 64 52 8/13 8/30 46

RIL-42 qPSST-3, 9 107 67.3 23.0 13 113 91.6 123 57.2 19.8 15 89 55 56 8/3 8/21 55

RIL-64 qPSST-3 105 87.3 24.0 13 89 89.5 125 68.2 21.4 14 86 51 54 8/1 8/19 63

RIL-89 qPSST-7, 9 116 75.0 22.3 11 107 84.8 128 62.5 20.3 14 78 68 57 8/8 8/28 60

RIL-105 qPSST-3 100 81.7 22.0 10 113 90.1 118 69.7 19.8 13 124 80 75 8/1 8/17 76

RIL-110 qPSST-3, 9 100 75.3 21.0 14 86 89.2 114 59.4 20.2 14 77 75 82 8/5 8/22 80

RIL-115 qPSST-7, 9 108 79.7 20.7 12 86 93.9 123 67.2 18.5 14 96 67 70 8/6 8/22 71

RIL-138 qPSST-3, 7, 9 105 69.5 20.3 11 82 90.2 115 55.3 17.7 15 82 74 81 8/5 8/24 78

Geumobyeo None 99 79.3 22.7 12 101 91.7 113 62.4 19.7 13 90 7 12 8/1 8/17 52

IR66160-121-4-4-2 qPSST-3, 7, 9 116 75.7 23.3 10 87 93.6 126 58.7 20.1 14 95 73 75 8/10 8/25 66

DTH days to heading, CL culm length, PL panicle length, PN panicle number, SNP spikelet number per panicle, PSSN percent seed set in control

plot

PSST percent seed set in cold-water treated plot

PSSG percent seed set in temperature-controlled greenhouse, HD: Heading date (month/date), Treat date (month/date): The RILs were moved to

the temperature-controlled greenhouse maintained at 17�C on this date and treated for 10 days
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Of the 175 SSR markers surveyed, 23 were skewed

toward one of the parents. Segregation distortion patterns are

frequently observed in the progenies of intervarietal crosses

and different types of mapping populations such as F2, RILs,

and DH in rice (Andaya and Mackill 2003; Xu et al. 1997;

Huang et al. 1997). The segregation distortion of marker

alleles observed in this study using RILs from a cross of

temperate japonica and an NPT line with a tropical japonica

background may be attributed to linkage of the markers with

a partially lethal gene as reported by Cheng et al. (1998) or

may be due to the presence of gametophytic or sterility genes

(Xu et al. 1997). The RILs showed high spikelet fertility

although they were developed from a cross between a tem-

perate japonica and an NPT breeding line derived from a

temperate japonica and tropical japonica cross. Another

cause of segregation distortion for marker alleles in this

study may be the selection of fertile progenies developed

through the SSD method that excluded sterile plants.

Nonetheless, the molecular genetic linkage map constructed

in this study using a RIL population is comparable to the

maps developed in other studies and should be useful for

genetic mapping of different agronomic traits in rice.

Phenotypic variations in PSST and PSSR under

cold stress are critical to differentiate cold-tolerant and

cold-sensitive individuals in a mapping population.

Depending on the origin of the mapping populations,

phenotypic indices vary as evident in the progenies from

indica/japonica crosses, in which it is difficult to distin-

guish between floret sterility caused by gametic abortion

and that caused by low temperature (Takeuchi et al. 2001).

In this study, however, 93% of the RILs showed more than

80% spikelet fertility in the control plot, indicating suit-

ability of the RIL population for QTL analysis for cold

tolerance where the progenies could be distinguished for

spikelet fertility and sterility. Hence, construction of a

molecular linkage map using this RIL population is con-

sidered ideal in contrast to an indica/japonica population in

which spikelet sterility is often a problem and japonica/

japonica population where low DNA polymorphism is

normally encountered.

The cold-tolerant donor line used in this study produced

high percent seed set (spikelet fertility) under cold-water

stress and contributed toward the identification of reliable

QTLs. In this study, we used PSST and PSSR to measure

the potential of RIL genotypes for cold tolerance or cold

sensitivity. These two genetic loci were (PSST and PSSR)

mapped on the same genomic regions. Three significant

QTLs (qPSST-3, qPSST-7, and qPSST-9) for PSST were
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Fig. 3 QTLs for cold-tolerant

genotypes of selected RILs on

chromosomes 3, 7, and 9

associated with PSST and

PSSG. Solid bars and dotted
bars are intervals homozygous

for IR66160-121-4-4-2 allele

and Geumobyeo allele,

respectively. P1: Geumobyeo,

P2: IR66160-121-4-4-2
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identified on chromosomes 3, 7, and 9, respectively. The

RILs possessing these QTLs/genes may be involved in

reducing the degenerative process of reproductive tissues

during cold stress. It is imperative to note that, during cold

stress, the RILs tend to reduce plant height and flower

either early or late. However, QTLs for plant height and

early heading are also putatively located in the different

regions of QTLs associated with cold tolerance (Suh et al.

unpublished). Reduced panicle nodes of primary tillers

might be a critical factor associated with cold tolerance and

spikelet fertility (Huang et al. 2009).

QTLs for cold tolerance at the booting and reproductive

stages in rice were previously mapped on all the chromo-

somes (Andaya and Mackill 2003; Dai et al. 2004; Kuroki

et al. 2007; Li et al. 1997; Liu et al. 2003; Saito et al. 1995;

Saito et al. 2001; Takeuchi et al. 2001; Xu et al. 2008).

Saito et al. (1995) identified one QTL for spikelet fertility

around the region of qPSST-3 on chromosome 3 as

detected in our study. Likewise, Takeuchi et al. (2001)

mapped a QTL for percent floret sterility on chromosome 7

in a nearby region similar to that of qPSST-7. These two

QTLs may be the reliable indices for cold tolerance.

Andaya and Mackill (2003) reported the existence of the

QTLs qCTB-7 for undeveloped spikelet (US) and qCTB-9

for spikelet fertility in growth chamber screening, which

are also located in the region of qPSST-7 and qPSST-9 for

PSST identified in our study. The QTLs detected in our

study are very specific and stable because we conducted

phenotyping for PSST under long-term cold-water irriga-

tion in the field as well as in controlled environmental

conditions in the greenhouse that yielded the same result

compared with a short period of cold treatment in the

growth chamber. Even though the identified QTLs are

relatively minor as indicated by the phenotypic contribu-

tion of each QTL, additive values indicate that IR66160-

121-4-4-2 is the source contributing to cold tolerance. In a

previous study, a QTL (Ctb-1) with minor phenotypic

variation for cold tolerance was fine mapped and candidate

genes were identified (Saito et al. 2004).

Our results on foreground selection of QTLs associated

with cold tolerance are of interest because we could trace

the presence of marker alleles in the progenitor cultivars

contributing cold tolerance in IR66160-121-4-4-2. Ampli-

fication of a 186-bp band at the qPSST-3 locus in the donor,

RILs, and progenitor (Shen-Nung89-366) indicated its

origin from a temperate japonica genotype of northern

China. Similarly, amplification of 145-bp and 152-bp bands

at qPSST-7 and qPSST-9 loci, respectively, was attributed

to their inheritance from tropical japonica cultivar Jimbrug

originated from Indonesia. The qPSST-7 and qPSST-9

might be novel alleles from tropical japonica rice germ-

plasm to improve the cold tolerance of Korean japonica

cultivars because the allele sizes of IR66160-121-4-4-2 on

the two QTLs were different from those of Korean check

cultivars and the QTLs were different from those of Sile-

wah, a tropical japonica (javanica) rice cultivar.

Various methods can be used to create cold injury

environments for evaluating cold tolerance at the booting

and reproductive stages in rice. The effect of cold-water

treatment genetically affected the genotypes of RILs as we

have compared the genotype effect in the control plot

where there was high percent seed set for all RILs. We

studied this effect on RILs for 2 years in two replications.

We also used cold tolerant and cold sensitive check culti-

vars to avoid any biased phenotyping besides testing the

RILs in the control plot with normal water irrigation.

Because of reproducible results, we used this new method

to correctly phenotype RILs for QTL mapping of cold

tolerance. Our method of using cold-water irrigation in the

field sufficiently induced spikelet sterility and spikelet

fertility in RILs although some extreme phenotypes were

detected at 17�C water temperature. It is necessary to study

the genetics of booting-stage cold tolerance in a growth

chamber or greenhouse to minimize the problems imposed

by differences in maturity of the test materials (Andaya and

Mackill 2003). Interestingly, in our study, the RILs with

higher spikelet fertility were observed in both field and

1   2   3  4   5   6   7   8   9 10 11 12 13 14 15 16

186bp

RM231 (Chromosome 3) 

RM1377 (Chromosome 7) 

145bp

1   2   3   4    5   6   7   8   9  10 1112 13 14 15 16

152bp

RM24545 (Chromosome 9) 

1   2   3  4   5   6   7   8   9 10 11 12 13 14 15 16

Fig. 4 PCR amplification of genotypes using SSR markers linked

with QTLs for cold tolerance on chromosomes 3, 7, and 9. Samples in

lanes 1, 2, 3, and 4 are Saetbyeolbyeo (cold sensitive), Jinbubyeo,

Odaebyeo, and Junganbyeo (cold tolerant), respectively. Samples in

lanes 5 and 6 are Shen-Nung89-366 and Jimbrug, the progenitors of

IR66160-121-4-4-2. Samples in lanes 7 and 8 are Geumobyeo (P1)

and IR66160-121-4-4-2 (P2). Samples in lanes 9, 10, 11, and 12 are

cold-tolerant RILs and samples in lanes 13, 14, 15, and 16 are cold-

sensitive RILs
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greenhouse testings. Similar result was obtained in another

study (Xu et al. 2008). We conducted precise experiments

to reconfirm cold-tolerant RILs in the greenhouse-

controlled air and water temperature. Nine selected

cold-tolerant RILs showed cold-tolerant phenotypes under

cold-water stress and also produced the same results in

greenhouse testing. Spikelet fertility was influenced by

both water and air temperature. It is hard to screen many

materials in the greenhouse at the critical reproductive

stage. From a practical plant breeding point of view, we

need to select cold-tolerant breeding lines with high

spikelet fertility in the field. Therefore, we confirmed our

results in both methods using a subset of cold-tolerant

RILs. It is recommended that the cold-water irrigation

method with water depth of 5 cm is effective and repro-

ducible to screen and identify cold-tolerant lines in rice.

Four of the nine selected RILs have one or two or all three

QTLs for PSST and have high percent seed set compared to

IR66160-121-4-4-2. However, these QTLs do not show a

cumulative effect as a RIL with one QTL (qPSST-3)

expressed the same level of percent seed set as a RIL with

two or three QTLs. The QTLs on chromosomes 3, 7, and 9

may have a common set of genes controlling spikelet fer-

tility. Even though the effect of QTLs on cold tolerance of

the selected RILs does not look like additive based on

percent seed set, our results from the analysis of the RIL

population in the cold-water irrigated plot revealed additive

effect of the QTLs conferring cold tolerance. Additional

genetic studies are needed to partition the percent seed set

trait to correctly understand the role of the QTLs identified

in our study for cold tolerance. We are now developing

near-isogenic lines possessing these QTLs using the four

cold-tolerant RILs to fine map the QTL genomic regions

and determine precisely the effect of each QTL for percent

seed set under cold stress.

In this study, marker-QTL association for cold tolerance

has been validated using selected RILs for 2 consecutive

years in the field and under greenhouse conditions. These

QTLs may be useful to facilitate the selection and devel-

opment of improved cold-tolerant genotypes with high

percent seed set for their cultivation in temperate envi-

ronments and high-altitude areas in the tropics.
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