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Abstract

In this study, only two of 12 quantitative trait loci (QTLs) affecting yield and yield components
were identified in a single year, indicating that individual QTLs are probably sensitive to the envi-
ronment. A rice growth survey of “Cheongcheong” and “Nag dong” in a doubled haploid population
in 2012 revealed that yield capacity was influenced by climate change. Analysis of yield and yield
components indicated that five average traits are high in “Cheongcheong”. Frequency distribution
tables indicated that panicles per plant (PPP), spike lets per panicle (SPP), and 1000-grain weight
(TGW) were normally distributed. The strongest relationship was identified between SPP and
seed set percentage (SSP) among phenotypic correlations related to yield and yield components
found on chromosomes 2, 3, 6, 8 in 2012. SPP and SSP was a very relevant requisite about quantity.
Analysis of QTL about quantity was total 9. In the present study, a doubled haploid population was
used to analyze the epistatic effects on yield and yield components in rice. Although other epistatic
QTLs were not included in any of the main-effect QTLs, they significantly influenced the traits.
These results indicated that epistatic interaction plays an important role in controlling the ex-
pression of complex traits. Thus, the utilization of marker-assisted selection in rice breeding pro-
grams should take epistatic effects into consideration. Hence, the QTLs responsible for major ef-
fects are more suitable for marker-assisted selection programs to improve yield and related traits
across different environments.
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1. Introduction

Rice, which is one of the most important crops grown worldwide, is eaten by more than half of the world’s pop-
ulation. Rice consists of the indica, japonica, and javanica types. These phenotypes developed under different
environmental conditions, and are thus clearly distinguished by the country in which they are grown. Residents
of the Republic of Korea, and most Asian countries, rely on rice for 60% - 70% of their daily nourishment. Since
the green revolution in the 1980s, South Korean rice production has more than doubled. Beginning in the late
1990s, this increase has made stable self-sufficiency possible. In addition, Tongilbyeo was bred by cross breed-
ing indica and japonica in the late 1960s, and has been bred ever since. Further, cultivation techniques have
been established. Currently, improved japonica varieties are mainly being grown, although tongilbyeo-type va-
rieties are grown for application-specific purposes. The development of rice cultivars has been successful, but
the world’s population continues to suffer from famines. Therefore, continuous study into ways to increase the
rice yield may be necessary.

The advent of molecular marker technology and molecular linkage genetic maps has made it possible to cha-
racterize the performance of individual quantitative trait loci (QTLs). These techniques have been widely ap-
plied to identify QTLs controlling yield and related traits in various crops, such as maize [1]-[3], tomatoes
[4]-[6], and wheat [7] [8]. QTL analyses have been conducted focusing on traits that are components of grain
yield and quality [9]-[11]. A number of QTLs have been identified in rice using various genetic backgrounds in
different environments [12]-[15], which has provided useful information for breeders to improve breeding strat-
egies via marker-assisted selection (MAS). The effects of epistasis have been identified by classical quantitative
genetic analysis. The existence of digenicepistatic interactions in barley has been demonstrated using morpho-
logical markers [16]. Recent QTL mapping studies have revealed that epistatic interactions among multiple loci
play an important role in complex quantitative traits such as yield and yield components. In rice, several map-
ping populations have been developed to detect epistatic effects onyield and related traits, such as the F,, Fji3
chromosome segment substitution lines (CSSL). Doubled haploid (DH) populations with homozygous geno-
types derived from F; plants via anther culture can be used to detect additive effects within a single locus and
additive effects between loci. Quantitative traits are controlled by polygenes that have very small effects and are
sensitive to the environment. QTL-environment (QE) interaction is an important component for plant evolution
and breeding. The QE of yield and related traits has been extensively investigated in many crops [17]-[19]. A
number of QTLs detected in one or several different environments have been found to have significant QE ef-
fects in previous studies, indicating that QE interactions commonly impact quantitative traits in various envi-
ronments.

This study was conducted to facilitate evaluation of the genetic basis of yield-related traits and improve selec-
tive efficiency via the detection of QTLs controlling yield and yield components in different environments, as
well as the analysis of the epistatic effects and QE interactions using a rice DH population. The information
presented in this study can be used for the development of new cultivars in future studies.

2. Materials and Methods
2.1. Plant Materials and Field Experiments

A population of 70 DH lines derived from a cross between the rice lines “Cheongcheong” (Oryza sativa L. ssp.
indica) and “Nagdong” (Oryza sativa L. ssp. japonica) was used in this study, which was conducted on the ex-
perimental farm of Kyungpook National University. The germinated seeds were sown in a seedling bed, and
seedlings were transplanted into three-row plots after 30 days. In 2012, the population was evaluated in a ran-
domized complete block design with two replications Seventeen plants were cultivated in each row, with 30 cm
between rows and 15 cm between plants within each row. The parents, “Cheongcheong” and “Nagdong”, were
cultivated in 10 plots as controls. All of the panicles from each plant were harvested and retained in different
envelopes to avoid seed shattering. Panicles per plant (PPP) were identified as the mean number of panicles per
plant. Spikelets per panicle (SPP) were counted as the average number of spike lets per panicle. Seed set per-
centage (SSP) was evaluated using the number of filled grains per plant divided by the number of spike lets per
plant. The 1000-grain weight (TGW) was measured as the average weight of 1000 filled grains. Yield was eva-
luated as the weight of all filled grains of the plant, which was converted to kg per 10a (kg/10a). Mean values of
the two replications were calculated for each trait and used in data analysis.
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2.2. DNA Extraction

A population of 70 DH lines derived from a cross between “Cheongcheong” (Oryza sativa L. ssp. indica) and
“Nagdong” (Oryza sativa L. ssp. japonica) was grown in a greenhouse for 3 weeks. The experimental design
was based on that of Chen and Ronand (1999). A total 20 - 100 mg of leaves of each sample was placed in
2-mLmicrotubes containing a tungsten ball and frozen liquid nitrogen for 5 minutes. The samples were then
ground into powder using a Tissue Lyger (Qiagen, Co. Ltd) at 20 vibrations per second for30 seconds. Next, 700
pL of 2 x CTAB buffer (2% CTAB, 0.1M Tris, pH 8.0, 1.4AMNaCl, 1% PVP) was added to the tubes. The sam-
ples were then vortexed, after which the tubes were incubated in a water bath at 65°C for 20 minutes. After re-
moval from the water bath, 700 uL PCI (phenol:chloroform:isoamylalcohol = 25:24:1) was added to the tubes
and shaken for 20 minutes at room temperature before centrifugation. Next, 500 uL of the supernatant was re-
moved and placed into a new 1.5-mLmicrotube, after which 350 pL isopropanol was added. The tubes were then
shaken for 5 minutes, followed by freezing at —72°C for 2 hours. Subsequently, the samples were melted slowly
and centrifuged at 14,000 rpm for 10 minutes. The was supernatant removed from each tube, and the pellet dried
at room temperature after washing two times in 70% ethanol. Finally, 20 pL of distilled water was added into
each tube. The concentration of genomic DNA was checked using a Nano Drop 2000 Spectrophotometer.

2.3. QTLs Analysis of Yield Relationships

Distances between markers are presented in centiMorgans (cM) using the Kosambi function with an average in-
terval of 10.6 cM. The completed genetic map used by the Plant Molecular Breeding Laboratory at the School of
Applied Biosciences at Kyungpook National University. To identify the putative QTLs, composite interval
mapping was employed using WinQTL Cartographer 2.5 [20] [21]. An LOD value of 2.5 was used as the thre-
shold for significance, claiming a QTL at p < 0.05. QTLMapper 1.6 was used to detect the main effect QTLs,
epistatic interactions, and their environmental interactions with a threshold of P < 0.005 [22]. The QTL locations
identified in the current research were compared with previously reported QTLs affecting rice yield and related
traits using a genomic database (http://gramene.org). The methods were similar to those described by [14].

3. Results

The yield of components was summarized for the parents and 120 DH lines in 2012 (Table 1). Phenotypic
transgressive and continuous variations were observed for most traits. 2012 “Nagdong” had higher values for
spike lets per panicle, seed set percentage, and grain yield, while 2012 “Cheongcheong” had higher panicles per
plant and 1000-grain weight. Although the parents have high grain yield, some extremely low values for grain
yield were observed due to the low seed set percentage in the DH population. Frequency distributions of yield
and yield components are shown using the DH population in 2012.PPP was observed to have a high frequency
from 9 - 14. SPP was observed to have a high frequency from 47 - 103. SSP was observed to have a high fre-
quency from 64% - 83% and TGW was observed to have a high frequency from 21 - 25 g. The PPP, SPP, SSP,
and TGW had a normal distribution, except yield. This phenomenon was probably attributable to the origin of
the progeny from sub-specific (indica-japonica) crosses. Significant correlations (P < 0.05, P < 0.01were calcu-
lated among yield and related traits in 2012 (Table 2). Yield was positively correlated with SSP, SPP, and TGW.
SPP was most strongly correlated with SSP. SSP, SPP, and TGW were negatively correlated. Putative QTLs and
significant QTLs detected for yield and yield components are shown in Table 3 and Figure 1, Figure 2. In 2012,
a total of 9 QTLs were identified on chromosomes 2, 3, 6, and 8. In addition, 35% - 53% of the contributions to
the phenotypic variations appeared when QTL were applied. PPP was identified as having three QTLs. The first
was found between RM 15063 and RM15448 of chromosome 3. Another was identified between RM 148 and
RM6990 of chromosome 8. The final was identified between RM23314 and RM149 of chromosome 8. The
phenotypic variations of the three QTLs were 53%, 47%, and 47%.Amongthese, there was a 5.02 LOD.SPP was
identified in one QTL; found on chromosomes 6. This was identified between RM527 and RM50 of chromo-
somes 6, with a phenotypic variation of 35%. This was a 3.14 LOD.SSP was identified in two QTLS, on chro-
mosomes 3, and 8. One was identified between RM6931 and RM15063 of chromosome 3, and showed pheno-
typic variation of 40%. Another was identified between RM1235 and RM22334 of chromosome 8, and had a
phenotypic variation of 36%. Among these, there was a 4.40 LOD. Yield was identified in three QTLS, on
chromosomes 2 and 8. A total of two QTLs were identified on chromo some 6. Phenotypic variations were
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Table 1. Analysis of yield and yield component between parents and a DH population in 2012.

) Parents .
Traits CNDH population
Cheongcheong Nagdong
PPP 139+1.9° 119+0.8 145+31
SPP 949+48 118.1+24.3 108.9+41.5
SSP 713+25 78.0+5.2 62.1+16.8
TGW 259+12 243+0.7 23.4+42
Yield 734.9+82.8 740.6 +196.1 498.4 +241.6

PPP: panicles per plant, SPP: spikelets per panicle, SSP: seed set percentage, TGW: 1000-grain weight.

Table 2. Analysis of yield and yield component between parents and a DH population in 2012.

PPP SPP SSP TGW Yield
PPP 1 -0.222 -0.093 —0.044 0.103
SPP 1 0.372" -0.050 0.744"
SSP 1 -0.071 0.615"

TGW 1 0.297

Yield 1

PPP: panicles per plant, SPP: spikelets per panicle, SSP: seed set percentage, TGW: 1000-grain weight.

Table 3. Selection of the interval markers at composite interval mapping.

Traits QTL Marker interval chromo-some LOD Variance (%) Additive effect
PPP gPPP3 RM15063-RM15448 3 4.73 53 16
qPPP8-1 RM1148-RM6990 8 5.02 47 19
gPPP8-2 RM23314-RM149 8 281 47 -1.4
SPP qSPP6 RM527-RM50 6 3.14 35 19.6
SSP qSSP3 RM6931-RM15063 3 3.34 40 8.4
qSSP8 RM1235-RM22334 8 4.40 36 8.6
Yield qYield2-1 2 2.59 41 125
qYield2-2 RM12662-RM12532 2 4.52 40 125
qYieldd RM23230-RM23314 8 4.77 40 13.3

PPP: panicles per plant, SPP: spikelets per panicle, SSP: seed set percentage, TGW: 1000-grain weight. -: This QTL not possessed any marker.

41% and 40%.The other was identified between RM23230 and RM23314 of chromosome 8, with a phenotypic
variation of 40%. Among these, there was 4.77 LOD (Table 4).

4. Discussion

In this study, only 9 QTLs affecting yield and yield components were identified in a single year, indicating that
individual QTLs are sensitive to the environment. An interval was identified on chromosome 1 between markers
RZ730 and RZ801, where QTLs associated with panicle number, plant height, maximum tiller number, and flag
leaf length were detected [18]. qPPP1-1 flanked by marker 1008 and RM575 was identified and qPPP3,
gPPP8-1, gPPP8-2 were first reported in the present study. It was reported that a QTL for spike lets per panicle
was flanked by markers RM237 and RM128 on chromo some [14]. Furthermore, they reported a QTL for spike
lets per panicle was flanked by markers RM237 and RM128 on chromo some [14]. In this study, gSPP6 was de-
tected and flanked by markers 527 and 50.A QTL-associated seed set percentage was found with peak marker
RM23 on chromosome 1 by [23]. In this study, gSSP8 was detected and flanked by markers 1235 and 22334.
For 1000-grain weight, gTGW3 andqTGWS5, which were the most important genes for grain length and grain
width in rice, respectively, were detected [24]. In this study, gTGW3 was detected and flanked by markers
12662 and 12532. It was reported by [25] that gYIELD4 is flanked by C2807 and RM252 on chromosome 4

()
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Table 4. Coincidence of phenotype and marker type of yield characters.

Traits chr. Maker Samples coinlt?iggc(:zf(%)
C N 66 35 44 60 69 40 45 67 53 57 72 16 51 63 37 52 65 24 46 54
RM15063 O X O O O X X X O O 0O 0O O O O 0O X O o0 o X 75
: RM15448 O X O O O X O X O O - O X X O O X O 0O X O O 65
RM1148 O X - O O X X X O X - X O 0O 0O O X - 0 0O OO 55
PP RM6999 O X X O O X X X O X O X O O O O X X 0 0 0O 60
_ RM22499 O X X O O X X X O X - X X O 0O 0O X X 0 0 o o 50
RM6990 O X - O O X X X O X - X X O 0 OO X X 0 0O 50
8-2RM23314 O X O O O X O X O X - O O O O OO O X O X oo 70
C N 19 66 52 53 2 24 16 18 22 21 51 46 65 61 3 64 67 62 63 60
SFP 6 RM527 O X X X O O X X X O OO - 00 X OO O X OO 60
C N 69 44 33 6 10 36 30 12 26 70 9 24 55 14 37 17 50 35 8 72
SSP 3 RM6931 0 X X X X X X X X X X X X X X X O X X 0 X X 90
8 RM506 O X X X O O X X O X X X O X X X X O O O O 55
C N 15 69 33 44 4 37 10 36 72 17 6 31 9 26 45 55 12 70 32 35
YIELD2-2RM12532 O X O X O O O O O O X X O X O O O O O X X O 70
8 RM23314 O X O O O O O O X X O X O O X O O OO X OO 75

PPP: panicles per plant, SPP: spikelets per panicle, SSP: seed set percentage. O: PCR expressed band of ‘Cheongcheong’ type, X: PCR expressed
band of ‘Nagdong’ type, -: not amplified band by PCR.

2 3 6 8
Rmss19 A-RM14330 A-RM20196 nfjm’;gfgﬁzms
- ~RM22334
S 2
|| -RM5862 RM14281 ::‘R'\"2°355R’\"7434l T~RM22499
-RM5699 RM20387 = RM6990
FNIRM 12856 RM12895 | L -RM20145 [NRM44
| [\'RM3680 —+—RM20176 NRM3689 RM23036

Nt I i
[ [~RM12915 —RMS539 [ RM23314
T
—H—RM5897 N
II__RM527 —RM149
iIRM15749 RM15689 L RM50
e ——RM19621
- RM1163
H—RM12925 I -
RM6931 E-RMa66
SPP

l——RM12662 RM15063 I]

l——RM12532 nssp
U rM555 RM15448

RM6266 IY'E"D

Figure 1. QTLs for yield and yield components were identified in 70 doubled haploid lines derived
from a “Cheongcheong” x “Nagdong” cross. The approximate positions of centro- meres are re-
presented on the 12 chromosomes using red bars. The QTLs reported by previous studies are indicated
on the right of chromosomes.PPP: panicles per plant, SPP: spikelets per panicle, SSP: seed set per-

centage.
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PPP (hypostasis)
Chr.3Rm15063

C N sample

SSP (hypostasis)
Chr. 3Rm6931

SSP (hypostasis)
Chr. 11 Rm26771

Figure 2. Coincidence of phenotype and marker typeon band. C: “Cheongcheong”, N: “Nag- dong”,
Sample: plants from “Cheongcheong” x “Nagdong” cross.

[9] [26]. In this study, qYIELD8 was detected and flanked by markers 23230 and 23314. Investigation of the
phenotypic correlations of five traits indicated that SPP and SSP have the highest correlation.
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