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ABSTRACT. Panicle exsertion (PE) is an important morphological
trait that is closely associated with spikelet fertility and grain yield. To
understand the genetic basis of PE and its relationships with yield and
yield-related traits, a recombinant inbred population consisting of 240
lines derived from a cross between an Indica cultivar ‘Kasalath’ and
a Japonica germplasm ‘TD70’, was studied over two years. PE was
significantly correlated with plant height, heading date (HD), panicle
length (PL), and panicle characteristics such as primary branch number,
spikelet number per panicle, and spikelet density, but showed poor
correlation with yield components. Based on linkage mapping of 141
SSR markers, a total of 38 quantitative trait loci (QTLs) were located for
12 investigated traits, with the contribution varying from 6.51 to 8.61%.
Among these, four QTL clusters were identified on chromosomes 1,
2, 3, and 6, suggesting the existence of pleiotropic alleles. In some
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intervals, two loci for PE were collocated with several traits, which is
consistent with the correlations observed with phenotypic variations.
The PE QTLs with ‘Kasalath’ alleles and without pleiotropic effects
would be valuable for the improvement of PE in ‘TD70’ and in other
rice varieties.

Key words: Oryza sativa L.; QTL; Panicle exsertion;
Recombinant inbred population; Yield-related traits

INTRODUCTION

In rice, stem development involves internode elongation in the vegetative phase and the
expansion of panicle elements in the reproductive phase (Kende et al., 1998). The panicle neck,
which connects the culm and the panicle, reflects the conversion from vegetative growth to a
reproductive stage. It plays an important role in high yield and better grain filling in rice through
the efficient transport of water and nutrients from the leaves and stems (Cui et al., 2003). The
diameter of the panicle neck is strongly correlated with the total sink capacity and grain weight,
which are affected by the conductive tissue together with the source strength (Sasahara et al.,
1999; Liu et al., 2008). Panicle neck length, known as ‘panicle exsertion’ (PE), is also considered
to be essential for enhancing total sink capacity and grain filling by improving the transport
efficiency of assimilates (Ma et al., 2002; da Cruz et al., 2008). Incomplete PE (also named
sheathed panicle) is an adverse symptom observed in rice plants, which is associated with almost
all cytoplasmic male sterile lines during the production of hybrid rice seeds (Shen et al., 1987).
Sheathed panicles are usually found in rice germplasm or cultivar and can reduce grain yield and
increase the incidence of disease (da Cruz et al., 2008). To improve PE of rice germplasms or
varieties, it is necessary to understand its genetic control.

To date, numerous PE mutants have been identified, and their controlling genes have
been characterized in rice. Mutants with enhanced PEs often show increased plant height (PH),
while the shrunken mutants have a dwarf phenotype. Several genetic studies have revealed that
the culm elongation or decrement mutations derive from excess or deficient biosynthesis of plant
hormones such as gibberellins (GAs) and brassinosteroids (BRs), respectively. For example,
elongated uppermost internode (eui) mutants exhibit an elongated PE and PH as a result of
elevated GA levels (Yang et al., 2001; Luo et al., 2006). Conversely, several dwarf rice mutants
show defective BR biosynthesis and signaling (Je et al., 2010). Recently, enzymes associated
with tissue development were reported to regulate the elongation of PE. The shortened uppermost
internode 1 (suil) mutant was characterized as having symptoms of a sheathed panicle, and the
gene responsible was found to encode a putative phosphatidyl serine synthase (Zhu et al., 2011).
Three SUI family genes (SUII, SUI2, and SUI3) in rice, which encode base-exchange-types
of phosphatidyl serine synthases, were shown to regulate the development of the intercalary
meristem for culm or internode elongation (Yin et al., 2013). These studies on mutant plants
reveal that multiple genes are involved in the regulation of PE.

Quantitative trait locus (QTL) analysis is based on genetic linkage maps and is a
powerful tool that can be used to investigate the genetic basis of complicated agronomic traits.
Recently, studies of QTL mapping for panicle- and yield-related traits have been performed in
rice (Liuetal., 2012; Bian et al., 2013; Cai et al., 2015), allowing several important agronomic
genes such as ¢gSHI, PLOG1, and gSW5 to be cloned and functionally analyzed (Konishi et al.,
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2006; Weng et al., 2008; Wang and Li, 2011), which are of great significance for rice breeding
and genomics. PE is a typically and quantitatively inherited trait in mapping populations
derived from different rice varieties with natural allelic variation (Yamamoto et al., 2001;
Qiao et al., 2008). Based on data in the QTL Annotation Rice Online database (http://qtaro.abr.
affrc.go.jp/), dozens of QTLs for PE have been documented on rice chromosomes 1, 2, 3,4, 6,
8,9, 11, and 12, providing important information for studying the genetic basis and breeding
application of panicle exsertion.

A set of recombinant inbred lines (RILs) was developed from a cross between an
Indica variety ‘Kasalath’ and a Japonica germplasm ‘“TD70’ with extra-large grain size (Dong
et al., 2012). “TD70’ has a large grain size and grain weight, strong lodging resistance, good
grain quality, and a temperate plant type. It has suitable PH, flag leaf length, and tiller angle,
but a short PE, with sheathed panicles observed among various planting seasons or conditions,
and lower grain filling. QTL analyses have been conducted for grain size and grain weight
traits in the RILs (Zhang et al., 2013). However, many other primary target traits for breeding
selection, such as PE, panicle components, and yield traits, have not been genetically identified
in the population.

In this study, PE, yield, and yield-related traits were investigated in the RIL population
in 2012 and 2013. Phenotypic correlations between PE and other agronomic traits and QTLs
for these traits were evaluated individually. QTLs and QTL clusters for PE are discussed in
detail. This study aimed to uncover valuable QTLs that influence PE, which can be used to
improve PE of ‘TD70’ and other rice varieties.

MATERIAL AND METHODS
Plant materials

The RIL population consisted of 240 lines and was developed by crossing an Indica
variety ‘Kasalath’ and a Japonica germplasm ‘TD70°, which has a large grain phenotype.
The 240 F, and F generation lines, together with the parent lines, were planted during
the rice growing season of 2012 and 2013 in the experimental field of Jiangsu Academy of
Agricultural Sciences, Nanjing, China (32.04°N, 118.87°E). Seeds of all lines were sown
on May 10, and seedlings were transplanted into the paddy field on June 10. Each line was
planted into a plot containing four rows with ten plants per row, arranged in a completely
randomized design with two replicates. The parental materials were planted in triplicate.
The plant spacing was 26.7 cm (row space) x 16.7 cm (plot space). Field management
followed the normal agricultural practices for applied fertilizer (per hectare) as follows:
50 kg N, 60 kg P, and 95 kg K as basic fertilizer; 90 kg N at the largest tilling stage; and
30 kg N at the heading stage.

Trait measurements

Five plants per line were randomly selected from the middle two rows of each plot
and investigated for PE (in cm) and for other agronomical traits. PE was measured from the
flag leaf to the panicle base in each tiller using a ruler. When the flag leaf overlapped the
panicle base, the value of PE was marked as 0; when the panicle base was under the flag leaf,
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a negative value was assigned. The degree of panicle enclosure (also named sheathed panicle)
was reflected by a negative PE value.

PH (in cm), PE (in cm), PL (in ¢cm), and panicle number (PN) were measured in the
field. The primary branch number (PBN), spikelet number per panicle (SNP), grain number
per panicle (GNP), 1000-grain weight (TGW, in g), and grain weight per plant (GW, in g)
were measured after harvest. The length traits were measured using a ruler or a meter rule
(measured to the nearest 0.01 cm), while the weight traits were measured using an electronic
balance (measured to the nearest 0.0001 g). Spikelet density (SD = SNP/PL) and spikelet
fertility (SF = GNP/SNP) were calculated from the corresponding traits. The average value
from two replicates per year was used for QTL analysis.

Statistical analysis and QTL mapping

Combined analysis of variance (ANOVA) using data obtained each year from three
replicates of the parental materials was performed to estimate the variance components as
described by Bian et al. (2013). Correlation analysis was performed to detect association
between different traits based on the average value of each line using the SPSS software.

To explore the gene expression for PE and other yield-related traits in the RIL
population in difference years, QTL analysis was performed using composite interval
mapping with the QTL IciMapping version 3.1 computer program (Li et al., 2007). A
threshold of LOD score 2.5 was adopted to confirm the existence of a locus. The threshold was
estimated by 1000 permutations at a significance level of P =0.001 (Churchill and Doerge,
1994). Before QTL analysis was performed, a molecular linkage map was constructed using
Mapmaker 3.0 (Lincoln et al., 1992), which spanned 1832.47 c¢cM of the rice genome with an
average distance of 12.7 cM between adjacent markers (Dong et al., 2012). The linkage map
consisted of 141 microsatellite markers [single nucleotide repeats (SSRs)] derived from
the Cornell SSR linkage map (McCouch et al., 2002). QTL nomenclature followed that of
McCouch et al. (1997).

RESULTS

Performance of PE and yield-related traits

PE and 11 other yield-related traits in parents and in the RIL population were
evaluated in 2012 and 2013. Their phenotypic differences are summarized in Table 1.
ANOVA revealed no significant difference (P > 0.05) among the agronomic traits in the
two parents, indicating minimal environmental impact on this planting region. Relative
to ‘Kasalath’, “TD70’ showed significantly shorter PE at the 1% probability level in both
years, as well as shorter PH, fewer PBN, PN, SNP, and GNP, smaller SD, with higher
TGW and GW, which were attributed to its larger grain size. There were no significant
differences between parents for HD and PL. Among the RIL population, all the agronomic
traits exhibited wide variations and transgressive segregants except for SF and TGW
(Table 1 and S1 Figure). Diverse phenotypes for PE and panicle characteristics in parents
and parts of the RILs are presented in Figure 1. All the traits showed continuous and
normal distribution in this RIL population (S1 Figure).
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Table 1. Statistical analysis of panicle exsertion and yield-related traits in parent plants and in the RIL
population in 2012 (upper values) and 2013 (lower values).

Trait name Parents (mean + SD) RIL population
‘Kasalath’ ‘TD70° Means + SD Range
Panicle exsertion (PE, cm) 8.57 £ 1.47** 2.80 £ 1.56 5.57 +£4.06 -5.98-16.53
6.42 +£2.09** 1.97 £1.65 6.15+4.62 -4.97-19.51
Heading date (HD, days) 91.30+1.15 93.00 +0.00 100.09 + 7.80 77.00-125.00
90.00 £ 0.00 92.50+1.13 101.01 £7.35 77.00-122.00
Plant height (PH, cm) 162.73 £ 1.31** 107.32£3.57 145.75 £19.67 95.16-214.72
173.14 + 3.49%* 122,45 £2.48 154.03 £21.52 90.60-219.60
Panicle length (PL, cm) 2920 +1.76 28.59 +£2.64 29.05+4.27 16.89-40.84
30.25£2.45 28.98 +£1.32 31.47£4.99 17.30-46.10
Primary branch number (PBN) 10.00 £ 1.67** 7.35+1.07 9.66 +1.92 6.14-16.00
11.15 & 1.54%* 7.59+1.23 11.12+1.53 7.23-18.23
Spikelet number per panicle (SNP) 182.82 + 54.28** 4438 £9.41 118.68 +40.38 45.67-236.70
186.12 £ 56.45%* 52.02 +£10.02 117.26 +44.86 49.54-216.13
Grain number per panicle (GNP) 164.33 £47.99%* 35.17+6.52 73.75+£27.62 12.48-172.29
166.45 £ 32.89** 43.09 +£10.5 86.87 +30.60 17.64-183.72
Spikelet density (SD) 6.70 + 1.31%* 1.52+£0.25 4.41+1.45 1.63-9.30
6.35+2.01** 1.86 + 1.56 3.86+1.45 1.34-9.22
Panicle number (PN) 19.50 £ 1.50%* 8.50 +3.18 14.40 +£5.34 5.00-35.25
18.89 + 3.45%* 7.56 £3.95 15.55 +£6.25 4.40-35.86
Spikelet fertility (SF) 0.86 +0.03* 0.73 +£0.07 0.62+£0.10 0.20-0.80
0.92 +0.08* 0.78 +£0.10 0.73 £0.10 0.29-0.90
1000-grain weight (TGW, g) 20.25+1.52 65.75 + 4.55%* 34.59 +8.40 18.80-63.83
21.03+147 68.41 +3.22%* 31.21+£7.21 18.00-55.40
Grain weight per plant (GW, g) 49.17+8.23 7276 +£7.45%* 38.34+16.53 1.76-103.04
52.45+9.89 74.52 + 5.89%* 35.12+15.02 1.72-99.65

***Represent significance at 0.05 and 0.01 levels, respectively, based on the #-test; RIL = recombinant inbred line.
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Figure 1. Performance of panicle exsertion in parent plants and in the recombinant inbred line (RIL) population.
A. Panicle exsertion phenotypes and panicle characteristics in parents and parts of RILs. Short white lines indicate
the position of the flag leaf base and arrowheads indicate the position of the panicle base; negative values reflect
the degree of sheathed panicle. Bar = 4 cm. B. Frequency distribution of panicle exsertion in the RIL population.
C. Panicle exsertion of two parent plants in 2012 and 2013.
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Correlation between PE and yield-related characters

The coefficients of pairwise correlations between PE and yield-related traits are
shown in Table 2. PE was highly intercorrelated between both years, implying that it was
largely determined by genotype. PE was correlated with nine yield-related traits at the 5%
level of significance in at least one year. Positive correlations with PE were found for PH, PL,
and TGW, and negative correlations were found for panicle characteristics such as primary
PBN, SNP, GNP, and SD in both years. This indicated that RILs with longer PEs usually
had longer culms and panicles and smaller numbers of primary branches and spikelets. PE
was also negatively correlated with HD and GW in one year, but showed relatively low
correlations with PN and SF.

Table 2. Correlation of panicle exsertion (PE) with other agronomic traits in the RILs and the number of QTLs
for each trait located near PE QTLs.

Trait name 2012 \ 2013
Correlation with PE No. of QTLs" ‘ Correlation with PE No. of QTLs®

PE 0.805%*

HD 0.128% 2(0) 20.080 (D)
PH 0332+ T0) 0.347% 302)
PL 0.202%* 3(D) 0.131% 0(0)
PBN -0.191%%* 2(1) -0.256** 1(1)
SNP -0.207** 1(0) -0.173%* 1(0)
GNP 20.139%* 2(0) 20.223%* 2(0)
SD 20.250% 6(1) 20270+ 62)
PN 20,063 2() 20.105 0(0)
SF 0.071 1(0) 0.079 2(0)
TGW 0.109 2(0) 0.138* 4(0)
GW 20.138* 0(0) 20.166%* 0(0)

HD = heading date; PH = plant height; PL = panicle length; PBN = primary branch number; SNP = spikelet
number per panicle; GNP = grain number per panicle; SD = spikelet density; PN = panicle number; SF = spikelet
fertility; TGW = 1000-grain weight; GW = grain weight per plant. ***Significance at the 0.05 and 0.01 levels,
respectively, based on the #-test. *Correlation coefficient between the PE traits investigated in 2012 and 2013.
“Figures in parentheses indicate the number of QTLs located near QTLs of PE.

QTL identification

Using a linkage map consisting of 141 SSR markers, a total of 38 QTLs were
detected for 12 agronomic traits that were measured in 2012 and 2013 (Table 3). The QTLs
were distributed on all rice chromosomes except for chromosomes 5 and 10 (Figure 2).
Five QTLs (gPE1, gPE3, qPEG6, gPEY9, and gPE1l) were identified for PE, each with a
6.51-8.61% contribution of phenotypic variation. OPE[ and gPE9 were two common QTLs
detected across the two years. Alleles that increased or decreased phenotypic variation of
PE were found in ‘Kasalath’ and ‘TD70’, respectively. Four QTL clusters that constituted
more than four traits were observed on the long arms of chromosomes 1, 3, and 6, and the
short arm of chromosome 2 (Figure 2). QPEI and gPE6 were located in two clusters on
chromosome 1 and 6, respectively. QTLs for traits significantly correlated with PE tended
to be located near QTLs of PE (Table 2), indicating that there was pleiotropism or tight
linkage of the contributing alleles. QTLs with relatively large effects were co-located with
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the QTL clusters, which suggested that most of the agronomic traits were controlled by the
major genes in these clusters.

Table 3. QTLs for panicle exsertion and other agronomic traits identified in the RIL population.

Trait QTL Chr Marker interval 2012 2013
LOD R? (%) Add LOD R? (%) Add
PE qPEI 1 RM5389-RM 165 2.93 7.87 -1.23 2.6 7.56 -1.62
qPE3 3 RM1278-RM3766 2.79 8.61 -1.24
qPE6 6 RM6782-RM3343 2.8 8.46 -1.52
qPE9 9 RMS553-RM215 3.34 7.30 1.14 2.5 6.51 1.44
qPE11] 11 RM5349-RM 1233 3.82 7.16 1.11
HD qHD3 3 RM3564-RM85 6.12 12.87 3.25 3.12 7.70 1.59
qHD6.1 6 RM510-RM253 5.21 10.99 -2.44 2.97 5.58 -1.86
qHD6.2° 6 RM3343-RM412 2.97 4.77 2.05
qHD7 7 RM1253-RM214 6.86 13.82 -2.89 6.71 12.96 -2.64
PH qPHI“ 1 RM5389-RM 165 10.75 3243 -11.60 11.06 3441 -13.04
qPH6" 6 RM3628-RM6782 3.50 7.31 -5.88
qPHI2 12 RM7119-RM277 3.52 10.75 -7.06
PL qPL1¢ 1 RM165-RM6407 4.21 11.97 -1.49
qPL3 3 RM6080-RM6832 3.74 6.40 1.08
gqPLY 9 RM257-RM553 522 9.61 -1.32
PBN gqPBN4 4 RM3367-RM1018 3.17 5.87 0.47
qPBN6“ 6 RM3138-RM3343 4.88 9.17 -0.74 3.78 7.55 -0.56
SNP | gSNP2 2 RM5699-RM424 3.20 7.46 -9.80 3.67 9.51 -8.13
GNP qGNP4 4 RM241-RM470 2.72 5.01 9.05
qGNPS8 8 RM506-RM152 3.06 5.96 -9.85 4.12 7.23 -11.53
qGNP9 9 RM257-RM553 5.66 8.98 10.32
SD qSD2.1 2 RM279-RM1347 4.14 7.52 -0.04
qSD2.2 2 RM5699-RM424 4.19 6.91 -0.04
qSD2.3 2 RM475-RM1367 3.27 421 -0.03
qSD3.1¢ 3 RM1278-RM3766 342 4.97 0.04
4qSD3.2 3 RM6080-RM6832 4.29 12.37 -0.06 6.08 20.13 -0.07
qSD4 4 RM241-RM470 5.45 7.04 0.04
qSD6" 6 RM3138-RM3343 5.20 7.56 -0.04 2.97 4.89 -0.04
qSD7 7 RM455-RM505 448 9.03 -0.05
qSD8 8 RM281-RM5545 6.29 7.77 -0.04 3.16 4.53 -0.03
PN gPNI“ 1 RM5389-RM 165 5.14 13.93 2.07
qPN2 2 RM1347-RM5699 6.16 14.48 -2.03
SF qSF2 2 RM1347-RM5699 2.69 6.71 -2.53
qSF3 3 RM6080-RM6832 6.55 24.89 -5.02 6.21 17.84 -4.15
TGW | qTGW2 2 RM1347-RM424 9.49 15.87 2.89 7.15 12.59 3.04
qTGW3 3 RM6080-RM6832 21.37 4435 5.66 21.63 47.05 5.09
qTGWS8 8 RM281-RM5545 2.51 2.66 1.18
GW qGW2 2 RM1347-RM5699 14.81 22.54 3.54 10.01 15.85 2.69

Chr = chromosome; R? = proportion of phenotypic variation explained; Add = additive effect. *QTLs located near
QTLs of PE.

Four QTLs for HD were detected on chromosomes 3, 6, and 7 (Table 3 and Figure
2). QHD3 and gHD6.1 were located in the same marker intervals as the HD genes HD16
and HD17, respectively (Matsubara et al., 2012; Hori et al., 2013). Three QTLs for PH were
detected on chromosomes 1, 6, and 12. QPHI was located near the rice semi-dwarf gene,
sd-1 (Spielmeyer et al., 2002). QTLs of panicle characteristics were detected for PL on
chromosomes 1, 3, and 9, for PBN on chromosomes 4 and 6, for SNP on chromosome 4, for
GNP on chromosomes 4 and 8, and for SD on chromosomes 2, 3, 4, 6, 7, and 8. QTLs were
found on chromosomes 1 and 2 for PN, on chromosomes 2 and 3 for both SF and TGW, and
on chromosome 2 for GW.
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Figure 2. Quantitative trait locus (QTLs) for panicle exsertion and 11 yield-related traits in the RIL population
detected in 2012 and 2013. The QTLs for panicle exsertion are underlined.

DISCUSSION

Significant correlations with PE have previously been reported for a number
of agronomic traits (Yang et al., 2011; Hori et al., 2012). In the present study, significant
relationships were observed between PE and yield-related traits (Table 2). There were
significant positive correlations between PE and PH and PL, which have been confirmed in
the multiple phenotypes of eui mutants, which have notably rapid elongation of plant height,
excess PE, and an increased PE as compared with the wild type (Rutger and Carnahan, 1981;
Luo et al., 2006). These positive correlations could be explained from the identification of
mutants related to PH. In these mutants, elongation of the culm, internode, and panicle were
synergistically controlled by plant hormones such as GA, BRs, and ethylene in rice (Haubrick
and Assmann 2006; Achard and Genschik, 2009; Hattori et al., 2009).

In the present study, PE was negatively correlated to PBN and SNP. The elongation
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of PE accompanies panicle development and is controlled by panicle differentiation signals
during the reproductive phase (Wang et al., 2009). PBN originates from the reproductive apex
and SNP is determined by cellular division of the panicle (Mu et al., 2005). In this case,
the negative effects of PE on panicle branch and spikelet number could be explained in two
ways. First, because longer PEs synergistically developed with longer and thinner panicles
during panicle initiation, indicating that there is a competitive relationship between elongation
and width of panicles. Second, because floret development and grain filling might decline
due to the weak transportation of water and nutrients based on a longer PE. However, it is
difficult to reach a definitive conclusion based only on the data obtained here. Unexpectedly,
almost no correlation was found between PE and the yield component traits PN, SF, and TGW,
which might be attributed to autogamous self-pollination and the independent genetic basis
of the traits. However, some rice lines of PE that had negative values frequently presented
lower spikelet fertility in this population, indicating that grain filling is influenced by sheathed
panicles. The negative relationship between PE and GW may suggest that lower grain yield is
directly derived from the scarcity of SNP companied by a longer PE.

Previous studies have found several QTLs for highly correlated traits located on the
same or on neighboring chromosomal intervals, possibly resulting from pleiotropism or
multigenic effects (Marathi et al., 2012; Swamy et al., 2014). In the present study, four QTL
clusters were located on four intervals: RM5389-RM6407, RM1347-RM341, RM6080-
RM6832, and RM3628-RM412 on chromosomes 1, 2, 3, and 6, respectively (Figure 2). QTL
clusters on chromosomes 1 and 6 mainly contained QTLs for length traits and alleles with
negative effects were all derived from the shorter parent ‘“TD70°, suggesting that pleiotropism
of one major QTL rather than tight linkage of different QTLs might be responsible. The QTL
cluster on chromosome 1 encompassed sd-/, a major semi-dwarf gene that affects plant height
(Spielmeyer et al., 2002), while the QTL cluster on chromosome 6 had a similar locus with the
semi dwarf and high-tillering gene SDT (Jiao et al., 2010). These data indicate that the semi dwarf
genes are probably the major QTLs responsible for the pleiotropic phenotypes. In comparison
with previous reports (Hittalmani et al., 2002; Hori et al., 2012; Cai et al., 2015), QTLs for
PH and yield-related traits were usually detected on these chromosomal regions. Another two
QTL clusters on chromosomes 2 and 3 were collocated for several yield and yield-related traits
including TGW and GW traits, and their alleles were all from ‘TD70’° and had enhancing effects.
Thus, these loci are worthy for use when improving grain size and weight of ‘Kasalath’, and
other rice varieties with small grain size, by marker-assisted selection and are also important
in QTL pyramiding programs. The results of these pleiotropic QTLs are consistent with the
corresponding traits reported in previous publications (Swamy et al., 2014).

A total of five QTLs for PE were detected across two years. Among them, gPE]
and gPE6 were co-located with PH and panicle characteristics in the QTL clusters on
chromosomes 1 and 6, respectively. This means that gPE! and gPE6 were controlled by the
semi dwarf genes sd-/ and SDT, respectively. Additionally, three QTLs ¢PE3, gPE9, and
gPE1l for PE were not included in the QTL clusters, indicating their specific genetic basis
of PE different from other agronomic traits. To identify the genomic regions influencing PE
across different populations, the QTL positions in the present study were compared with earlier
reports, and three QTLs (¢PE!, gPE3, and ¢PE6) were found to map to the same genomic
regions (Hittalmani et al., 2002; Qiao et al., 2007, 2008). For example, Hittalmani et al. (2002)
identified one genetic locus that controls PE on chromosome 1 in the IR64 x Azucena DH
population, which had the same chromosomal region as gPE! in the present study. Qiao et
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al (2007, 2008) reported consistent loci of gPE3 and gPE6 using 94 backcrossed inbred lines
developed from ‘Nippobare’ and ‘Kasalath’. The consensus on QTL locations suggests that
these QTLs were adopted for transfer in different genetic backgrounds. The remaining two
QTLs (¢PE9 and gPE11) are reported for the first time and gPE9 was stably expressed in 2012
and 2013; however, no consistency was found with previous QTLs. One possible explanation
is that the genetic control of PE differs between rice genotypes and mapping populations.
Moreover, the gPE9 and gPE] alleles with the genetic effects from ‘Kasalath’ for increasing
PE, might rarely exist in the mapping population of this study. Hence, the QTL markers would
be applied for the genetic and direct improvement of PE in the elite germplasm ‘TD70’.

In the future, stable QTLs could be used as priority loci for fine mapping, candidate
gene identification, and allele mining to discover novel, naturally occurring variations by
constructing near-isogenic lines in the progeny test. The cloning and functional analysis of
the quantitative genes ¢SHI, PLOGI, and gSW35 illustrate the importance of QTL mapping
of agronomic traits. More investigation is needed into rare QTLs to ensure their validity and
accuracy. Notably, the QTLs for PE were identified in the present study with minor effect,
explaining phenotypic variance ranging from 6.51 to 8.61% with a LOD value of 2.5-3.8. This
was due to the fact that the PE trait was governed by many genes of small effects, and these
QTLs will help to improve PE in a small but cumulative manner.

Overall, this study begins to characterize the quantitative inheritance of PE and yield-
related traits using an RIL population derived from excellent rice germplasms “TD70’ and
‘Kasalath’ rather than from mutant materials. Further studies are needed to confirm the genetic role
of these, which are stably expressed across elite rice germplasms or varieties, to fully understand
their valuable potential in marker-assisted rice breeding, and to uncover their controlling genes.
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