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ABSTRACT. Two rice doubled haploid (DH) populations derived
from the crosses of ZYQ8/JX17 and CJO6/TN1 were used to detect
quantitative trait loci (QTLs) for flag leaf length (FLL), width (FLW),
and angle (FLA) under long-day conditions in Hangzhou (subtropical
zone) and short-day conditions in Hainan (tropical zone), China. The
four parents differed significantly in all 3 traits. FLL was found to be
positively correlated with FLW in the 2 populations. A total of 30 QTLs
were identified for flag leaf traits, with a contribution to the phenotypic
variation of each QTL from 4.49 to 26.30%. Among these, gFLL-4b,
qFLW-12,and gFLA-2a showed larger additive effects on the phenotype
and explained more variations compared to the other QTLs. gFLL-1a
and gFLL-8 were detected in both environments, while gFLL-2, gFLL-
3,qFLL-10,qFLL-12, gFLW11, gFLW2, and gFLAS were novel QTLs,
which may be beneficial to rice ideal-type breeding.

Key words: Doubled haploid population; Quantitative trait loci;
Flag leaf; Rice
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INTRODUCTION

Rice flag leaf is the main photosynthetic organ after heading, which provides approxi-
mately 40% of the photosynthetic products for grain formation. The flag-leaf contributes to
44-48% yield in an individual plant, of which 40% contributes to grain setting rate and 10%
to 1000-grain weight (Tang, 1998; Zhang et al., 2001; Yang and Wang, 2001). Flag leaf shape
is also an important component of ideal plant type in rice, and flag leaf length (FLL), width
(FLW), and angle (FLA) are vital selection indices for rice breeding (Pan et al., 2004).

Leaf morphology is controlled by genetic factors, and genetic studies of rice flag leaf
shape, FLL, and FLW indicate that they are quantitative traits that are primarily controlled
by polygenes (Lu et al., 1979; Ling et al., 2008) or controlled by 1 or 2 pairs of genes (Shen,
1983; Yan and Wang, 1990; Lu et al., 2005). Quantitative trait locus (QTL) mapping has been
successfully applied for identifying genes/QTLs important in controlling leaf morphology. In
previous studies, Li et al. (1998, 1999) studied Lemont/Teqing F2:4 populations and identified
3 QTLs related to FLL and FLW and 5 QTLs controlling FLA. Li et al. (2000), using the JX17/
7Y Q8 DH population, detected 2 QTLs - gFLL4 and gFLLS for FLL, 4 QTLs for FLW, and
2 QTLs for flag leaf areas. Among these QTLs, 1 QTL on chromosome 8 controlling length,
width, and flag leaf area was at the same location. Since then, QTL mapping for flag leaf traits
has been extensively conducted in different types of genetic populations, such as near isogenic
lines, backcross inbred lines, doubled haploids (DHs), and F,, with more than 100 QTLs iden-
tified (Dong et al., 2003; Kobayashi et al., 2003; Shen et al., 2003; Wang et al., 2004; Yue et
al., 2006; Cao et al., 2007; Tong et al., 2007; Farooq et al., 2010; Ding et al., 2011; Wang et
al., 2011; Sonah et al., 2012; Chen et al., 2012). For example, Kobayashi et al. (2003) mapped
QTLs for FLL, FLW, and FLA using the Milyang23/Akihikari RIL population over 5 seasons,
and found a total of 9 genomic regions involved in leaf development. Peng et al. (2007) ana-
lyzed QTLs for flag leaf traits using 2 different populations, the JX17/2YQ8 DH population
and Zhengshan97/Minghui63 RIL population, and found that the QTLs for leaf length and
areas were the same as those reported by Li (2000).

Although a number of QTLs for rice flag leaf traits have been detected, few have been
subjected to fine mapping and none has been cloned. Wang et al. (2011) narrowed a QTL for
flag leaf size (leaf length, width, and area) on chromosome 1 to a 31-kb region containing 4
predicted genes. Ding et al. (2011) finely mapped a QTL to chromosome 4 controlling root
volume per tiller and co-segregating with FLW and spikelet number per panicle to a 38-kb
region containing 3 open reading frames, including the previously characterized NARROW
LEAF 1 (NALI) gene. Similarly, Chen et al. (2012) finely mapped a major QTL for FLW -
qFLW4 to a 74.8-kb interval that also contained the gene NAL!. In addition, mutants for leaf
size, including narrow leaf 7 (Fujino et al., 2008), NALI (Qi et al., 2008), and narrow and
rolled leaf 1 (Hu et al., 2010), have been isolated by mutant analysis and map-based cloning.
These mutants are not useful for crop improvement, while the stable, reliable, and repeatedly
expressed QTLs are useful for marker-assisted selection to improve the plant architecture and
yield potential. However, QTLs are easily influenced by genetic background and environment
(Peng et al., 2007), and thus it is necessary to search for QTLs in different populations under
different environmental conditions.

In this study, 2 rice DH populations were planted in 2 environments to map the QTLs
for flag leaf traits. Our objective was to identify reliable markers or genomic regions that can
be used for marker-assisted selection to improve the ideal plant type of rice.
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MATERIAL AND METHODS
Plant materials

Two DH populations derived from 2 crosses between an indica rice ZYQS and a
japonica rice JX17 and a japonica rice CJ06 and an indica rice TN1, respectively, were used
in this study. The ZYQ8/JX17 population consists of 127 lines, and a genetic linkage map
including 234 restriction fragment length polymorphism and simple sequence repeat markers
has been constructed previously (Li et al., 2002; Dong et al., 2003). The CJO6/TN1 popula-
tion consists of 120 lines and a genetic linkage map with 211 simple sequence repeat markers,
which was constructed previously (Zhang et al., 2006; Ma et al., 2009b).

Investigation of flag leaf traits

Field trials were conducted in 2 environments. The first was carried out during the winter
season (short-day conditions) in Linshui, Hainan Province (HN, 18°30'N, 110°02'E), China dur-
ing late 2007 and early 2008. The second experiment was carried out in a normal (long-day con-
ditions) environment at the farm of the China National Rice Research Institute, Hangzhou (HZ,
30°04'N, 119°55'E), China, in 2008. The environmental conditions from May through October in
Hangzhou differ dramatically from the conditions from November through March in Hainan (Bao
et al., 2004). The experiment design was a completely randomized block with 2 replications. In
each replication, all DH lines and 4 parents were transplanted and arranged randomly in the field
into 4 rows with 8 plants per row for each line. The plant-to-plant spacing between and within
rows was 20 cm. The flag leaf traits, including FLL, FLW, and FLLA, were measured at 10 days
after flowering of the main stem panicle. The middle 5 plants in the middle 2 rows of each DH line
(10 plants per line) were investigated for each accession in each replication.

Correlation analysis

Determination of the correlation between FLL, FLW, and FLA was carried out using
the SAS program 9.1 (SAS Institute Inc., Cary, NC, USA).

QTL analysis

Interval QTL mapping was conducted using the Mapmarker/QTL software version
1.1 to analyze the QTLs for flag leaf-related traits. A minimum log 10-likelihood ratio (LOD)
score of 2.0 was considered to indicate the presence of a putative QTL in a given genomic
region, and the variation and additive effect of each QTL was also calculated. QTL nomencla-
ture followed that described by McCouch et al. (1997).

RESULTS
Performance of flag leaf-related traits in parents and DH population

FLL, FLW, and FLA of the 4 parents and 2 DH populations are shown in Table 1. In the
ZYQS8/JX17 population, all traits showed a significant difference between the 2 parents in HN,

Genetics and Molecular Research 14 (2): 6786-6795 (2015) ©FUNPEC-RP www.funpecrp.com.br



QTLs for rice flag leaf traits 6789

but no difference in HZ, except for FLA. In the CJO6/TN1 population, TN1 showed a significant
longer flag leaf than CJ06 in HZ, but no difference in HN was observed. The FLA of the 2 parents
showed a significant difference in both environments, but the opposite effects of the environments
were found; in HZ, TN1 had a larger FLA than CJ06, whereas in HN, TN1 had a smaller FL A than
CJ06. The results clearly indicated that flag leaf traits were greatly affected by the environment.
All 3 traits showed wide segregation among the DH lines (Table 1), and the average of
each trait was close to the mid-parent value. All 3 traits had a wider range of variation in HZ than in
HN in both populations, except FLW in the ZYQ8/JX17 population. Continuous variation among
the DH populations for each trait was observed with transgressive segregation in some DH lines,
indicating the involvement of polygenic genes controlling these traits. Based on the data of skew-
ness and kurtosis, both of FLL and FLW in the DH populations fit normal distributions, but FLA
did not fit a normal distribution because the skewness and kurtosis were larger than 1 (Table 1).

Table 1. Phenotypic performance of flag leaf traits in two DH populations and their parents.

Population Traits Environments Parents DH population
Means + SD Range Skewness  Kurtosis
ZYQS8/JX17 ZYQ8 IX17
FLL HZ 25.32+4.33 26.06 = 3.04 30.38 £ 6.68 13.86-51.44 0.517 0.367
HN 16.52 +£2.57 24.18 +3.60** 19.20 £ 3.60 10.24-27.39 0.028 -0.111
FLW HZ 1.28£0.10 1.23+£0.09 1.29+0.26 0.77-2.14 0.474 0.475
HN 1.02+0.10 1.23 £0.13* 1.124+0.28 0.74-2.49 2.037 5.467
FLA HZ 14.40 +£5.82 21.90 + 4.43%* 19.59 + 8.28 7.30-58.56 1.520 3.700
HN 11.40 +5.13 20.33 £ 16.06%*  15.40 + 8.62 4.20-53.50 2.195 6.186
CJO6/TN1 CJo6 TNI1
FLL HZ 3437+3.38 38.27 +£3.92% 35.55+£6.70 21.64-53.35 0.270 -0.290
HN 20.37 +£3.59 21.17+3.80 21.18 +4.44 11.60-34.39 0.402 0.411
FLW HZ 1.58 £0.04 1.51+0.06 1.54£0.20 1.15+2.12 0.396 0.264
HN 1.38+0.11 1.30 £ 0.09 1.34+0.15 0.94-1.67 -0.150 -0.526
FLA HZ 11.30 = 1.06 17.00 £ 3.33%* 14.51+5.36 5.80-39.60 2.083 6.805
HN 8.56 +2.46 6.18 £2.04* 10.74 £4.36 5.60-33.70 2.102 7.014

* and **indicated significant difference at P < 0.05 and 0.01 levels, respectively.
Analysis of correlation

Correlation coefficients among FLL, FLW, and FLA in the 2 DH populations are
shown in Table 2. In the ZYQ8/JX17 population, FLL showed a positive correlation (r = 0.66,

P < 0.01) with FLW in only 1 environment (HZ). In the CJO6/TN1 population, a significant
correlation between FLL and FLW was observed in both environments.

Table 2. Correlation coefficients for flag leaf traits in two DH populations of different environments.

Population Trait FLL FLW FLA

ZYQ8/IX17
FLL 0.1003 -0.1646
FLW 0.6619%** 0.1487
FLA 0.1503 0.1243

CJO6/TN1
FLL 0.4522%* -0.0670
FLW 0.5045%* 0.1504
FLA -0.0261 -0.1135

Above diagonal is for HN and below diagonal is for HZ. * and **indicated significant difference at P < 0.05 and
0.01 levels, respectively.
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QTL analysis

The results of QTL analyses are shown in Table 3 and Figures 1 and 2. A total of 30
putative QTLs for 3 traits distributed on 11 chromosomes were detected in the 2 DH popula-
tions. Seven QTLs for FLL were detected in the ZYQS8/JX17 population and 6 QTLs were
detected in the CJO6/TN1 population, located on chromosomes 1, 2, 3, 4, 6, 8, 10, and 12. In
the ZYQS8/JX17 population, the qFLL-1a flanked by the marker region R210-CT441 could be
detected in 2 environments, explaining 6-7% of the phenotypic variation. Four other QTLs on
chromosome 2, 3, 4, and 12 for FLL were detected only in HZ, and another QTL on chromo-
some 10 was only detected in HN. In the CJO6/TN1 population, 1 QTL on chromosome 8
flanked by RM447 and RM3120 could be detected in both environments, explaining 11-16%
of the phenotypic variation. Two QTLs on chromosome 4 were detected in each environment.
In HZ, 2 other QTLs on chromosomes 1 (qQFLL-1b) and 6 (qFLL-6) were identified, account-
ing for approximately 20% of the phenotypic variation.

Table 3. QTL for flag leaf traits in two DH populations in different environments.

Traits ~ DH population  Environments  Locus Chr Interval LOD  Additive effect ~ Variance explained%
FLL ZYQ8/IX17 HZ qFLL-1a 1 R210-CT441 2.05 1.86 7.08
qFLL-2 2 G275-CT482 2.02 -1.70 5.26
qFLL-3 3 G1318-RM148 2.05 -1.52 5.12
qFLL-4a 4 G177-CT206 4.43 2.54 13.58
qFLL-12 12 G2140-RG457 2.48 1.74 6.46
HN qFLL-1a 1 R210-CT441 2.33 0.94 6.43
qFLL-10 10 G1125-G1084 3.25 1.10 8.46
CJO6/ TN1 HZ qFLL-1b 1 RM428-RM 5302 3.63 6.46 22.50
qFLL-4b 4 RM252-RM3276  3.56 -6.98 26.30
qFLL-6 6 RM340-RM494 3.74 6.16 19.90
qFLL-8 8 RM447-RM3120  2.98 -5.73 16.90
HN qFLL-4c 4 RM548-RM6997  2.27 -4.31 23.80
qFLL-8 8 RM447-RM3120  2.11 -3.01 11.20
FLW  ZYQS8/1X17 HZ qFLW-3 3 C74A-RG450 2.68 -0.07 6.65
qFLW-4a 4 G177-CT206 6.11 0.11 18.44
qFLW-6 6 CT115-CT506 3.83 -0.09 9.98
qFLW-12 12 G148-RG413 6.72 0.12 20.85
HN qFLW-11 11 PTA818-RG2 2.59 0.08 8.13
CJ06/ TN1 HZ qFLW-1 1 RM428-RM5302  2.12 0.14 13.30
qFLW-4b 4 RM3276-RM255 221 -0.13 12.50
HN qFLW-2 2 RM145-RM521 3.08 -0.13 17.00
FLA ZYQ8/JX17 HZ qFLA-6 6 CT506-G200 2.06 -2.29 7.02
qFLA-8 8 CT195-G1073 2.01 -2.12 5.90
qFLA-12a 12 RZ397-G124-1A 2.59 -2.38 7.74
HN qFLA-1 1 C385-G370 4.60 3.15 12.50
qFLA-2a 2 CT87-G1234 5.65 3.41 13.80
qFLA-2b 2 G243A-GA43 4.01 2.76 9.70
qFLA-7 7 RG351-CT469 2.87 -2.55 8.10
qFLA-9 9 CT100-RZ404 2.14 -1.87 4.49
qFLA-12b 12 G148-RG413 3.42 -2.50 7.93

In the ZYQ8/JX17 population, 4 QTLs on chromosomes 3, 4, 6, and 12 were detected
for FLW in HZ, and 1 QTL on chromosome 11 was detected in HN, indicating that FLW
was strongly affected by the environmental conditions. These QTLs explained 6.7% (qFLW-
3) to 20.9% (qFLW-12) of the total phenotypic variation. qFLW-4a, flanked by G177 and
CT206, was located at the same region as qFLL-4a. In the CJO6/TN1 population, 2 QTLs
were detected in HZ, and 1 detected in HN for FLW. Similarly, no common QTL between the
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2 environments were detected. qFLW4b and qFLL-4b were located nearby on chromosome 4,
sharing the same marker, RM3276 (Figure 2).

Nine QTLs, 6 in HZ and 3 in HN, were detected for FLA in the ZYQ8/JX17 popula-
tion, but no QTL was detected in the CJO6/TN1 population. These QTLs had a relatively small
effect on FLA, with a contribution of 4.5-13.8% to the total variation (Table 3). Two QTLs,
qFLA12a and qFLA12b, were located on the same chromosome (12), but at different intervals.
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Figure 2. QTL map of flag leaf traits in CJO6/TN1 in different environments.
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DISCUSSION

In the present study, we identified a total of 30 QTLs for flag leaf traits in the 2 DH
populations. For FLL, qFLL-1a could be identified in the 2 environments in the ZYQ8/JX17
population, and gFLL-1b could be identified in the HZ environment in the CJO6/TN1 popula-
tion. The qFLL-1a locus is flanked with R210 and CT441, and the restriction fragment length
polymorphism marker R210 is at the physical position of 10.49 Mb of chromosome 1 accord-
ing to its sequence deposited in the Gramene website (www.gramene.org). The qFLL-1b locus
is flanked by RM428 and RM5302, and RM5302 is at the physical position of approximately
4.15 Mb on chromosome 1. Taking the phenotyping and mapping errors in the 2 populations
into account, these 2 QTLs may be at the same region, and can be considered as 1 QTL.
Around this region, a QTL for FLW was detected in the CJO6/TN1 population in HZ (Table
3, Figure 2). Kobayashi et al. (2003) also detected a QTL for FLL, FLW, and FLA nearby
this region. Chen et al. (2012) detected a QTL for FLW at the interval of RM10116-RM220
at the physical position of 2.2 Mb. However, Li et al. (2000) and Peng et al. (2007) did not
detect this QTL using the same ZYQ8/JX17 population in the Sichuan and Hubei provinces,
China. Although others identified QTLs on chromosome 1, these QTLs may not be as same
as that examined in this study (Wang et al., 2004; Peng et al., 2007). Three QTLs were de-
tected for FLL on chromosome 4 in 2 populations. The qFLL-4a locus flanked by G177 and
CT206 detected in the ZYQ8/JX17 population was located at approximately 22.8 Mb, and the
qFLL-4b locus flanked by RM252 and RM3276 detected in the CJO6/TN1 population was at
approximately 25.3 Mb, and thus, these 2 QTLs may be at the same locus. qFLL-4b is closely
linked with qFLW-4b, as they shared a common marker of RM3276, and the qFLL-4c and
qFLW-4b may be the same locus with pleiotropic effects on FLL and FLW. Li et al. (2000)
and Peng et al. (2007) also detected qFLL-4a in an additional 2 environments in the Sichuan
and Hubei Provinces. Kobayashi et al. (2003) also detected a stable QTL for FLL and FLW
around this region. Chen et al. (2012) and Ding et al. (2011) detected a major QTL for FLW at
the nearby region of qFLL-4b, they finely mapped this QTL and delimitated it to a 38-75-kb
interval where the gene NAL! is located. Another QTL on chromosome 4 for FLL, qFLL-4c
detected in the CJO6/TN1 population, was found to be far from qFLL-4b, and thus this QTL
should be different from qFLL-4b. On chromosome 8, 1 QTL, qFLL-8, at the interval of
RM447-RM3120, was detected in both environments in the CJO6/TN1 population. Li et al.
(2000) and Peng et al. (2007) also mapped a QTL for FLL to chromosome 8 flanked by G2132
at the physical position of 19.1 Mb, while qFLL-8 was at 27.8 Mb; whether they are the same
locus must be further examined. qFLL-3 and qFLL-12 were also detected by Li et al. (2000)
and Peng et al. (2000).

For FLW, 4 QTLs were detected on chromosomes 1, 3, 8, and 12 in the ZYQS8/JX17
DH population by Li et al. (2000) in the Sichuan Province, in which the interval on chromo-
some 12 was essentially the same as that of qFLW12 (Table 3). QTLs on chromosomes 3, 4,
and 6 detected in this study have been reported previously (Li et al., 2000), but because of the
different populations used, it was not clear whether they were in the same locus. QTL qFLW3,
located on the long arm of chromosome 3, was far from /w23, located on the same chromo-
some using the same population reported by Li et al. (2000), and thus they were different
QTLs. The QTL gFLW11 on chromosome 11 has not been reported previously, which may be
anovel QTL controlling FLW. In Hangzhou and Hainan, 2 and 1 QTLs were detected by using
the CJO6/TN1 DH population, respectively. QTLs gFLW1 and qFLW4b detected in Hangzhou
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were at the same regions as qFLL-1b and qFLL-4b, respectively. However, gFLW-2 detected
in Hainan has not been reported previously, which may be a novel QTL controlling FLW.

Li et al. (1999) and Dong et al. (2003) detected QTLs controlling FLA on chromo-
somes 2, 5,6,7,and 9 and 1, 2, 3, and 12 using different populations in Hainan, respectively.
In this study, 9 QTLs controlling FLA were detected in the ZYQ8/JX17 DH population. Six
QTLs were detected in Hainan on chromosomes 1, 2,2, 7,9, and 12, while only 3 QTLs were
detected in Hangzhou on chromosomes 6, 8, and 12. Based on the comparison of the physical
position between the related markers, qFLA-1, qFLA-2a, and qFLA-7 were in the same region
as the QTLs detected by Kobayashi et al. (2003), and qFLA-8 was in the same region as that
detected by Hu et al. (2012). The two loci of qFLA-12 detected in the 2 environments were
slightly different, but their log 10-likelihood values and additive effect values were similar
(Table 3), and thus they may be the same detected at different environments, resulting from an
error, such as phenotypic measurement and statistics. Dong et al. (2003) detected this QTL at
the same interval, indicating that this QTL was stably expressed. QTL qFLA-6 (CT506-G200)
on chromosome 6 and qFLA-6 (C-RG424) detected by Li et al. (1999) may be in the same
region and be the same QTLs.

QTLs are greatly affected by environmental conditions. Some QTLs that could be
detected in different environments suggests their stable expression, while others were specifi-
cally expressed if they could only be detected at certain environments. As stated above, the
QTLs on chromosomes 1, 4, and 8 for FLL and on chromosome 12 for FLA were quite stable,
as they were detected either within the 2 DH populations or in the 2 environments. Particu-
larly, the qFLL4a was a stable QTL for FLL, with pleiotropic effects on FLW in the long-day
light environment. qFLL2, qFLL3, and qFLL12 were only identified in the long-day light
environment and qFLL10 in the short-day light environment in the ZYQ8/JX17 population,
indicating that QTLs are greatly influenced by the environmental conditions.

Correlation analysis indicated that rice flag leaf traits were related to plant height (PH)
and heading date (HD) in this study (data not shown). We found that gFLL1a in the ZYQS8/JX17
population was in the same region as qHPH1-2 (Ma et al., 2009a) for plant height, and qFLL6
in CJO6/TN1 and qFLW6 in the ZYQ8/JX17 population were co-localized to the same loci for
plant height (Ma et al., 2009b,c). In the CJO6/TN1 population, qFLL4b and qFLL4c were near
qHPH-4 (or qLPH), or share the same marker (Ma et al., 2009b) for plant height. We also found
that QTLs on chromosomes 2, 6, and 8 for FLL and FLW in the CJO6/TN1 population were
co-located with QTLs for HD (Ma et al., 2009c). Other studies also reported high correlations
between flag leaf traits and yield-related traits (Li et al., 1998; Murchie et al., 2002; Thomson et
al., 2003). The significant correlations and co-location of QTLs for the correlated traits indicate
a pleiotropic effect of the same gene/QTL or tight gene linkage. The 2 populations were typical
crosses between indica and japonica rice. Indica rice is temperature-sensitive, while japonica
rice is photosensitive. Under the long-day conditions in Hangzhou, indica and indica-inclined
DH lines have shorter growth period and lower plant height, leading to smaller flag leaf length
and width. The performance of japonica and japonica-inclined lines in Hangzhou is opposite to
those of indica rice. Under the short-day conditions in Hainan, the performance of indica and
japonica is opposite to that in Hangzhou. This may be the major environmental factor for the
different results of QTL mapping between Hangzhou and Hainan. Nevertheless, QTLs detected
in both Hangzhou and Hainan were unrelated to the environment.

In this study, QTLs mapping for FLL, FLW, and FLW were conducted using 2 popula-
tions in 2 environments, verifying some results of previous studies, while also revealing new
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loci. All results suggest that QTLs located on chromosomes 1, 4, and 8§ are good targets for the
further study of fine mapping and cloning to understand the molecular basis of leaf develop-
ment. In rice breeding programs, the results indicate that appropriate plant height and heading
date are indices of flag leaf traits. These QTLs are useful for marker-assisted selection for
improving the plant architecture and yield potential.
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