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ABSTRACT

The genetic basis underlying inbreeding depression and heterosis for three grain yield components of
rice was investigated in five interrelated mapping populations using a complete RFLP linkage map,
replicated phenotyping, and the mixed model approach. The populations included 254 F,, recombinant
inbred lines (RILs) derived from a cross between Lemont (japonica) and Teqing (indica), two backcross
(BC) and two testcross populations derived from crosses between the RILs and the parents plus two testers
(Zhong413 and IR64). For the yield components, the RILs showed significant inbreeding depression and
hybrid breakdown, and the BC and testcross populations showed high levels of heterosis. The average
performance of the BC or testcross hybrids was largely determined by heterosis. The inbreeding depression
values of individual RILs were negatively associated with the heterosis measurements of the BC or testcross
hybrids. We identified many epistatic QTL pairs and a few main-effect QTL responsible for >65% of the
phenotypic variation of the yield components in each of the populations. Most epistasis occurred between
complementary loci, suggesting that grain yield components were associated more with multilocus geno-
types than with specific alleles at individual loci. Overdominance was also an important property of most
loci associated with heterosis, particularly for panicles per plant and grains per panicle. Two independent
groups of genes appeared to affect grain weight: one showing primarily nonadditive gene action explained
62.1% of the heterotic variation of the trait, and the other exhibiting only additive gene action accounted
for 28.1% of the total trait variation of the F; mean values. We found no evidence suggesting that pseudo-
overdominance from the repulsive linkage of completely or partially dominant QTL for yield components
resulted in the overdominant QTL for grain yield. Pronounced overdominance resulting from epistasis
expressed by multilocus genotypes appeared to explain the long-standing dilemma of how inbreeding
depression could arise from overdominant genes.

NBREEDING depression, the overall decline in fit-
ness-related traits arising from increased homozygos-
ity, and heterosis, the superiority of F, hybrids relative
to parental performance, are fundamentally concerned
with outbreeding and inbreeding. The negative effect
of inbreeding and the positive effect of outbreeding
have been known since ancient civilization (GOLDMAN
1998; FiLHO 1999). Inbreeding depression and heterosis
are considered two aspects of the same phenomenon
(FALcoONER 1981; MATHER and JiNks 1982). Heterosis
is the opposite of inbreeding depression in the sense
that the vigor lost as a consequence of inbreeding is
recovered by crossing (FILHO 1999). In agriculture, the
use of heterosis in different crop plants and animals
has achieved great success and is considered essential to
meeting the world’s food needs (Duvick 1999; PHILLIPS
1999).
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Despite its tremendous success in plant and animal
breeding, the genetic basis of heterosis remains uncer-
tain. Theories include dominance (Bruck 1910), over-
dominance (SHULL 1908; EAsT 1936), and certain types
of epistasis (STUBER et al. 1973, 1992). In all cases, in-
breeding depression is considered due to segregation
and expression of deleterious recessive alleles in the
homozygous state in inbred progenies (ALLARD 1960;
StMMoNDs 1979; FiLHo 1999). Results from recent quan-
titative traitlocus (QTL) mapping studies in major crops
have done little to alleviate the controversy regarding
the genetic basis of heterosis. STUBER et al. (1992) re-
ported that overdominance was observed at most QTL
for grain yield and components in two maize backcross
F; (BCF;) hybrid populations. However, X1A0 el al.
(1994) concluded that dominance is the major genetic
basis of heterosis of most QTL segregating in two rice
BCF; populations. L1 et al. (1997a,b) reported that hy-
brid breakdown (part of inbreeding depression) in an
intersubspecific F, population was largely due to addi-
tive epistatic loci, which implies epistasis as a genetic
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basis of heterosis. YU et al. (1997) also reported that
additive epistasis was largely responsible for the grain
yield and its components in an F; population of rice.

Recently, we reported that epistasis and overdomi-
nance are the major genetic bases of inbreeding depres-
sion and heterosis for grain yield and biomass in five
related rice mapping populations (L1 et al. 2001). How-
ever, it remains unclear if the observed epistasis and
apparent overdominance of the yield QTL actually re-
sulted from the multiplicative actions of partially or
completely dominant QTL affecting yield components,
since yield per plant was the product of its three direct
components, panicles per plant, grains per panicle, and
grain weight. In this article, this possibility was examined
by exploring the relative importance of main-effect QTL
and digenic epistatic loci associated with inbreeding
depression and heterosis of the three grain yield compo-
nents in the five related mapping populations.

MATERIALS AND METHODS

Development of the experimental populations: A set of 254
Fiy recombination inbred lines (RILs) derived from a cross
between Lemont (japonica) and Teqing (indica), two BC,F,
populations, including 172 LTBCF, hybrids (RILs X Lemont)
and 177 TQBCF; hybrids (RILs X Teqing), and two testcross
populations, including 192 Z413 test F, hybrids (the RILs X
Zhong 413) and 187 IR64 test F, hybrids (the RILs X IR64),
were developed and used in this study (L1 et al. 2001). One
of the testers, Zhong 413, is a widely compatible restorer line
developed in China and the other, IR64, is an indica cultivar
developed in IRRI. IR64 is a popular restorer line for cyto-
plasmic male sterility rice lines and the most widely grown
variety in South and Southeast Asia.

Phenotypic evaluation: As described previously (L1 et al.
2001), two separate experiments were conducted at two loca-
tions, Zhejiang Agricultural University (ZAU) and China Na-
tional Rice Research Institute (CNRRI) in 1996. In the ZAU
experiment, the RILs, parents, F, plants, and the two BC,F,
populations (LTBCF;s and TQBCF;s), and a check hybrid,
Shanyou63 (the most widely grown commercial hybrid cultivar
in China), were planted in the seedling nursery on May 25,
1996. The 25-day-old seedlings were transplanted into three-
row plots, each consisting of a single row of the female RIL
and the two BC,F, hybrids (the RIL X Lemont and Teqing).
The plots were arranged in a randomized complete block
design with two replications. Each row within a plot consisted
of 15 plants with a spacing of 20 cm between plants within
each row and 35 cm between rows. Four check plots consisting
of Lemont, Teqing, F; (Lemont X Teqing), and Shanyou63
were randomly arranged in each replication. In the CNRRI
experiment, the same three-row plots, each consisting of one
row of a RIL and two rows of testcross F, hybrids (the RIL X
the testers, Z413 and IR64), were used. In addition, six check
plots consisting of Lemont, Teqing, F,, Z413, IR64, and Sha-
nyou63 were also included in each replication. The field ar-
rangement in CNRRI was the same as the ZAU experiment
except that three replications were used.

At the maturity stage, three representative plants from the
middle of each row plot were sampled and dried in an oven.
Each sampled plant was evaluated for grain yield and three
major yield components, effective panicles per plant (PP),
filled grains per panicle (GP), and 1000-grain weight (GW,

in grams).

Genotyping and RFLP map construction: Genomic DNA of
the RILs, parental lines, and testers was extracted from freshly
harvested leaves of 25-day-old seedlings grown in the green-
house at Texas A&M University. Restriction fragment length
polymorphism (RFLP) mapping was conducted using pub-
lished procedures (L1 et al. 1995) and 179 well-distributed
RFLP markers from Cornell University and the Japanese Rice
Genome Research Program. The RILs were also evaluated
for two morphological markers, C (apiculus color) and gi-I
(glabrous leaf) in the field. An additional marker, the reaction
to phenol (Ph), was evaluated for the RILs, parents, and testers.
A complete linkage map with 182 markers spanning 1918.7
cM and covering 12 rice chromosomes with an average interval
of 11.3 cM between markers, was constructed using MAP-
MAKER/EXP version 3.0 (LINCOLN et al.1992), as described
previously (L1 et al. 1999, 2001).

Data analyses: The original data of the three yield compo-
nents and the square-root-transformed data for GP of the RI,
BCF,, and testcross hybrid populations were used in the data
analyses with each population analyzed separately. SAS PROC
GLM (SAS InsTITUTE 1996) was used to test the differences
among the RILs and the BC/testcross hybrids. Equations for
calculating values of hybrid breakdown (a component of in-
breeding depression) of individual RILs and the midparental
heterosis for the three traits of individual BC/testcross hybrids
are listed in Table 1. In addition, two other relative heterosis
measurements were calculated as follows: the better parental
heterosis, Hgp = 100 X (F; — BP)/BP, and the competitive
heterosis, H; = 100 X (F, — Shanyou63) /Shanyou63, where
BP and Shanyou63 were the better parent and the check
hybrid, respectively.

For mapping main-effect and epistatic QTL, data from each
of the mapping populations were analyzed separately. The
mean values of individual RILs for the three yield components
and the genotypic data at the 182 RFLP loci of the RILs were
used as input data to identify QTL showing additive gene
action. The mean midparental heterosis, Hyp, and the mean
values of individual BC and testcross F; hybrids for the three
traits were used to identify QTL contributing to heterosis. The
mixed linear model and the computer software QTLMAPPER
v. 1.0 were used for interval mapping of main-effect and epi-
static QTL in each of the mapping populations, as described
previously (WANG et al. 1999; L1 et al. 2001). QTL mapping
was carried out in three steps using the computer software.
First, significant markers were identified across the genome
using stepwise regression analyses based on single marker
genotypes for putative main-effect QTL and based on all possi-
ble pairwise marker pairs for epistatic QTL with a threshold
of P= 0.005. Then, all putative main-effect and epistatic QTL
were identified using interval mapping in putative QTL re-
gions identified in the first step, with all QTL fixed in the
model to control the background genetic variation. Finally,
genetic parameters (effects and test statistics) associated with
significant main-effect and epistatic QTL were simultaneously
estimated at the positions of respective LOD peaks in individ-
ual putative QTL regions (each putative QTL region covered
two marker intervals) using the model and the restricted maxi-
mum likelihood estimation method (WANG et al. 1999). The
threshold was 0.005 for main-effect QTL and P = 0.001 for
epistatic QTL.

RESULTS

Inbreeding depression and heterosis: Table 2 shows
the summary statistics for the yield components of the
parents, I, (Lemont X Teqing), RILs, two BCF, popula-
tions, and two testcross F; populations, as well as the
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TABLE 1

Equations for calculating HB of the Lemont/Teqing RILs and the midparental heterosis (Hyp)
of the two BCF, and two testcross F, populations

Population® N Equations’

RILs 254 HB = RIL - MP, where MP = (Lemont + Teqing)/2
LTBCF, 172 Hyp = F, — MP, where MP = (RIL + Lemont)/2
TQBCF, 177 Hyp = F; — MP, where MP = (RIL + Teqing)/2
7413BCF, 192 Hyp = F, — MP, where MP = (RIL + 7413),/2
IR64BCF, 187 Hyp = F, — MP, where MP = (RIL + IR64)/2

* LTBCF,s and TQBCF;s are two BCF, populations obtained by crossing the RILs with the parents, Lemont
(LT) and Teqing (TQ), while Z413F;s and IR64F;s are two testcross F; populations obtained by crossing the

RILs with the testers Zhong 413 (Z413) and IR64.

"F, are mean trait values of individual BC or testcross hybrids while RIL is the corresponding female RIL

parent for each of the BC or testcross hybrids.

estimated hybrid breakdown (HB) and the H,, of the
BCF, and testcross F; hybrids. The male parent, Teqing
(indica), had significantly greater trait values for PP,
GP, and GW than Lemont (japonica) in both experi-
ments. The PP, GP, and GW values of the F, plants were
9.7, 157.6, and 24.9 g in the ZAU experiment, and 11.8,
201.9, and 24.8 g in the CNRRI experiment. The midpa-
rental heterosis of the F, plants for PP, GP, and GW was
2.6 (36.7%), 73.2 (86.6%), and 0.7 (2.8%) in ZAU,
and 1.0 (9.3%), 89 (78.8%), and 1.4 (6.0%) in CNRRI,
respectively.

Hybrid breakdown of the RILs: In both ZAU and CNRRI
experiments, significant reductions of the RILs for PP
and GP were observed as a result of hybrid breakdown,
but not for GW (Table 2). In ZAU, the mean deviation
of the RILs from the midparental values was —0.9
(—12.6%) ranging from —6.8 (—95.1%) to 11.8
(165.0%) for PP, —13.5 (—16.0%) ranging from —63.1
(=74.7%) to 85.1 (100.8%) for GP, and —0.1 (0.5%)
ranging from —12.5 (51.5%) to 6.8 (28.0%) for GW,
respectively (Table 2 and Figure 1). The number of
RILs having significantly higher values than the better
parent, Teqing, was two for PP, two for GP, and nine
for GW, respectively. In the CNRRI experiment, the
mean hybrid breakdown of the RI population was —0.8
(=7.4%) for PP, —27.2 (—24.1%) for GP, and —1.8
(—7.7%) for GW, respectively. Six RILs had significantly
higher mean values than Teqing for PP and GW, but
none for GP.

Heterosis in the BC and testcross I populations: Significant
levels of heterosis for PP, GP, and GW were observed in
the BCF, and testcross hybrid populations and heterosis
values of individual BC/testcross F; hybrids varied con-
siderably (Table 2 and Figure 1). In the CNRRI experi-
ment, the IR64F; population showed a much greater
level of heterosis than the Z413F, population for all
three traits. In the ZAU experiment, the two BCF, popu-
lations showed the same levels of heterosis for PP and
GP, but LTBCF;s exhibited greater mean heterosis for
GW than TQBCF;s. Within each of the populations,

individual F; hybrids varied considerably in their mean
values and heterosis measurements (Figure 1). For PP
and GP, most F, hybrids showed highly significant posi-
tive heterosis. Many hybrids showed significant negative
heterosis for the three yield components, particularly
for GW.

In the ZAU experiment, the mean values of the
LTBCF,; and TQBCF, populations were 8.7 and 9.6 for
PP, 107.8 and 129.2 for GP, and 26.0 and 25.4 g for
GW, respectively. The heterosis values were 2.6 (42.0%)
and 2.3 (31.5%) for PP, 42.5 (65.1%) and 39.2 (43.5%)
for GP, and 2.7 (11.2%) and 0.4 g (1.6%) for GW in
the LTBCF; and TQBCF; populations, respectively. The
top 20 high-yielding hybrids in the LTBCF,; population
had a mean heterosis of 5.3 (86.2%) for PP, 128.9
(197.4%) for GP, and 2.9 (12.0%) for GW, respectively.
The top 20 high-yielding hybrids in the TQBCF, popula-
tion had a mean heterosis of 6.6 (90.4%) for PP, 123.7
(137.4%) for GP, and 5.8 (23.1%) for GW, respectively.

In the CNRRI experiment, the mean values of the
7413F, and IR64F, populations were 13.8 and 15.9 for
PP, 142.5 and 134.0 for GP, and 24.5 and 24.8 g for
GW, respectively. Their mean H,, values were 2.7
(24.3%) and 4.1 (34.7%) for PP, 10.1 (7.6%) and 46.9
(58.4%) for GP, and 0.9 g (3.8%) and 2.1 g (8.8%) for
GW. The top 20% high-yielding hybrids in the Z413F,
population had a mean heterosis of 7.2 (64.9%) for PP,
50.6 (38.2%) for GP, and 3.9 (16.5%) for GW, respec-
tively. The top 20 high-yielding hybrids in the IR64F,
population had a mean heterosis of 9.9 (83.9%) for
PP, 99.2 (117.1%) for GP, and 5.7 (25.1%) for GW,
respectively. The competitive heterosis, Hc, of the top
20 high-yielding hybrids of the Z413F, and IR64CF, pop-
ulations was —0.3 (—1.6%) and 3.1 (16.7%) for PP, 56.8
(45.0%) and 57.7 (45.7%) for GP, and 1.4 (5.4%) and
3.3 (12.5%) for GW, respectively.

The relationships between the mean trait values of
RILs, heterosis, and F, performance: Table 3 shows
the correlation coefficients between the mean values of
individual F, hybrids, their heterosis, and the mean val-
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TABLE 2

Summary statistics on inbreeding depression of the Lemont/Teqing RILs and the midparental heterosis (Hyy) of two backcross

F, (RILs X parents) and two testcross F, populations (RILs X two testers, Z413 and IR64)

Panicles per plant (PP)

Grains per panicle (GP)

1000-grain weight (GW, g)

Mean SD Range Mean SD Range Mean SD Range
Zhejiang Agricultural University
Lemont (LT) 6.0 1.1 59.7 3.2 22.5 1.3
Teqing (TQ) 8.3 1.2 109.2 3.6 26.0 1.7
F, (LT X TQ) 9.7 1.5 157.6 4.0 24.9 2.0
Hyp 2.6 73.2 0.7
CK (SY63) 12.5 2.7 83.1 2.6 31.0 1.6
LTBCF, 8.7 2.0 4.0 ~ 155 107.8 49.6 34.4 ~ 276.4 26.0 3.0 20.1 ~ 34.2
(LTBC) Hyp 2.6 2.5 —5.3~ 9.8 42.5 50.4 —44.2 ~ 191.5 2.7 3.1 —8.6 ~ 9.2
TQBCF,; 9.6 2.1 53 ~ 145 129.2 38.0 48.9 ~ 283.7 25.4 2.9 17.9 ~ 34.6
(TQBC) Hyp 2.3 2.4 —5.7~ 82 39.2 40.5 —42.5 ~ 199.0 0.4 2.9 —6.9 ~ 8.4
RILs 6.3 2.5 2.3 ~20.0 70.9 29.8 21.4 ~ 169.5 24.2 4.0 15.0 ~ 34.4
HB* —0.9 2.5 —6.8 ~11.8 —13.5 29.8 —63.1 ~ 85.1 —0.1 4.0 —12.5~ 6.8
China National Rice Research Institute
Lemont (LT) 9.1 2.0 59.5 6.7 21.3 1.6
Teqing (TQ) 12,5 1.9 166.4 20.2 25.5 1.6
F, (LT X TQ) 11.8 2.6 201.9 15.2 24.8 0.7
Hyp 1.0 89.0 1.4
CK (SY63) 18.6 1.9 126.2 21.5 26.1 1.2
7413 12.2 1.2 179.0 16.4 25.6 1.5
IR64 13.6 1.8 83.5 14.9 23.7 0.5
7Z413F, 13.8 2.6 7.3 ~ 25.0 142.5 37.4 52.1 ~ 233.1 24.5 2.4 9.9 ~ 31.3
(Z413F)) Hyp 2.7 2.7 —35~113 10.1 38.9 —104.6 ~ 106.8 0.9 2.2 —-123 ~ 7.7
IR64F,; 15.9 2.9 9.2~ 275 134.0 27.9 64.4 ~ 234.2 24.8 2.2 13.0 ~ 30.9
(IR64F,) Hyp 4.1 3.0 —3.3~16.0 49.4 29.5 —21.4 ~ 155.4 2.1 2.2 —9.8~ 83
RILs 10.0 2.5 5.3 ~16.7 85.8 27.5 18.9 ~ 181.0 21.6 2.7 14.7 ~ 31.1
HB —0.8 2.5 —-55-5.9 —27.2 27.5 —84.6 - 77.6 -1.8 2.68 —10.7 ~ 7.7

“HB = RIL — MP, where HB is hybrid breakdown and MP = (Lemont + Teqing)/2.

ues of their maternal RILs for the yield components.
The mean values of the RILs and heterosis of the BC/
testcross F; hybrids for all three traits were distributed
in opposite directions around the midparental value (at
the zero point) with varied degrees of overlapping in
different populations (Figure 1). There was no correla-
tion between the mean trait values of the RILs and their
F, performance of BC or testcross hybrids for PP and
GP. However, the mean F, values of GW in LTBCFI,
TOQBCF,, Z413F,, and IR64F, populations was positively
associated with the mean trait values of the RILs with
determination coefficients of 0.27, 0.31, 0.42, and 0.34,
respectively (P < 0.0001).

The mean trait values of individual BC and testcross
hybrids for PP, GP, and GW were largely determined
by the levels of heterosis. The correlation between the
F, mean values and H,p in the LTBCF;, TQBCF,, Z413F,,
and IR64F,; populations was 0.851, 0.838, 0.890, and
0.915 for PP; 0.951, 0.930, 0.937, and 0.862 for GP;
and 0.803, 0.758, 0.838, and 0.812 for GW, respectively.
The mean trait values of individual RILs were negatively
correlated (P < 0.0001) with their heterosis values in
all BC and testcross populations (Table 3). This nega-

tive association between the mean trait values of the
RILs and the heterosis of their BC/testcross hybrids
was stronger for PP (r = —0.586, —0.489, —0.290, and
—0.247) than for GP (—0.363, —0.292, —0.265, and
—0.367) and GW (—0.359, —0.383, —0.143, and
—0.272) in the LTBCF1, TQBCF,, Z413F,, and IR64F,
populations.

The contributions of PP, GP, and GW to grain yield:
All three yield components contributed significantly to
the grain yield per plant in all five populations. Regres-
sion analyses indicated that the contributions (partial
R?) to the total variances of the grain yield in the
LTBCEF,, TQBCF,, Z413F,, and IR64F, populations were
21.2, 34.4, 24.0, and 37.4% for PP; 71.1, 54.4, 66.1, and
49.4% for GP; and 7.7, 11.2, 9.9, and 18.2% for GW,
respectively. For the RILs, the partial R? was 31.6%,
60.5%, and 7.9% for PP, GP, and GW in the ZAU experi-
ment, and 34.1, 55.6, and 10.3% in the CNRRI experi-
ment.

Correlation between the traits was weak and inconsis-
tent across the populations and experiments. For the
RILs, a weak positive correlation (r = 0.21, P = 0.005)
was observed between PP and GW in the CNRRI experi-
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Ficure 1.—Frequency distribution of hybrid breakdown (HB = RILs — MP) of the Lemont/Teqing RILs and the midparental
heterosis (Hyp) for three yield components in the two backcross and two testcross F; populations.

ment, but a weak negative correlation (r = —0.31, P =
0.0002) was present between PP and GP in the ZAU
experiment. Negative correlation between PP and GP
was observed in the two BCF, populations, but was much
stronger in the LTBCF;s (r = —0.59, P < 0.0001) than
in the LTBCFs (r = —0.22, P = 0.01). In the Z413F,
population, a weak positive correlation (r = 0.21, P =
0.01) was present between PP and GW, but PP was nega-
tively correlated with GP (r = —0.20, P = 0.008) in the
IR64F, population.

Main-effect QTL associated with the mean trait values
of the RILs and heterosis of the BC/testcross F, hybrids:
Table 4 shows 30 main-effect QTL affecting the three
yield components identified in the RILs and the BC/

testcross F; populations. On average, these main-effect
QTL explained a small portion of the total phenotypic
variance in each of the populations (11.3%, ranging
from 0 to 32.8% for PP, 20.4%, ranging from 11.0 to
26.1% for GP, and 9.0%, ranging from 0 to 15.2% for
GW, respectively).

PP: Three main-effect QTL were detected in the RILs
(one in ZAU and two in CNRRI) and mapped to chro-
mosomes 3 and 4. The Teqing allele at all three QTL
increased the panicle number. The QTL on chromo-
some 4 was detected with a large LOD score of 10.3 and
explained 18.7% of the total variation. In addition, five
main-effect QTL were identified in the BC and testcross
populations, which were mapped to chromosomes I, 3,
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TABLE 3

Phenotypic correlation (r) and determination coefficients (R?) for grain yield components between HB of the Lemont/Teqing RILs

and the midparental heterosis (Hyp) in the two BCF, and two testcross F, populations

Between Hyp and F; mean Between HB and Hyp

Between HB and F, mean

TQBCF, 7413F, IR64F, LTBCF, TQBCF, 7413F, IR64F, LTBCF, TQBCF, 7413F, IR64F,

LTBCF,

—0.586 —0.489 —0.290 —0.247

0.915

0.890
0.792

0.838

—0.073 0.066 0.178 0.164 0.851
0.004 0.032 0.027

r

R2

PP

0.061
—0.367

0.344 0.239 0.084
—0.292 —0.265

—0.363

0.838

0.703

0.724

0.005
—0.058

0.862

0.937
0.878
0.838

0.930

0.951

0.153
0.024
0.340
0.116

0.089
0.008

0.079
0.006
0.311

r

R2

GP

0.134
—0.272

0.070
—0.143

0.085
—0.383

0.866 0.743 0.132
—0.359

0.758

0.905
0.803

0.003
0.268
0.072

0.812

0.421

GW

0.575 0.702 0.659 0.129 0.147 0.020 0.074

0.645

0.177

0.097

R?
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4, 6, and 7, respectively. Two of the five QTL (chromo-
somes 4 and 7) were additive, while the other three
(chromosomes 1, 3, and 6) appeared to be overdomi-
nant as their effects estimated from heterosis values
were equal to or greater than those estimated from F,
mean values. These three QTL had dominance effects
for increased panicle number.

GP: Four main-effect QTL affecting GP (one in ZAU
and three in CNRRI) were identified in the RILs and
mapped to chromosomes I, 3, 6, and 9. The Teqing
allele at all QTL increased GP. Eleven main-effect QTL
affecting F; mean values and/or heterosis were detected
in the BC or testcross F; populations. Of these, two
(between C225c and G2132a on chromosome & and
between RG1094f and C16 on chromosome 10) were
additive as they were detectable only by the F; mean
values. One QTL (between G103b and RZ698 on chro-
mosome 9) detected in the LTBCF;s appeared to be
dominant. The remaining 8 QTL appeared to be over-
dominant since the QTL effects estimated from hetero-
sis values were equal to or greater than their effects
estimated from F, mean values. These QTL were
mapped to chromosomes 3, 4, 6, 8, 9, and 12.

GW: Three main-effect QTL affecting GW were identi-
fied in the RILs (one in ZAU and two in CNRRI) and
mapped to chromosomes 1, 5, and 10. The Teqing allele
at all three QTL increased GW. Five additional main-
effect QTL were identified in the two BC and one test-
cross (Z413F,) populations. The only additive QTL was
detected on chromosome I in the TQBCF,, with the
Teqing allele associated with increased GW. The other
four QTL appeared to be overdominant. The domi-
nance effects at three QTL on the chromosomes 1, 4,
and 10 caused increased GW while another QTL on
chromosome 10 resulted in reduced GW.

Epistatic loci associated with hybrid breakdown in the
RILs and heterosis in F; populations: Table 5 shows
35 digenic epistatic QTL pairs associated with hybrid
breakdown of the RILs, which explained the majority of
the total phenotypic variances for the yield components
(36.0 and 51.0% for PP, 57.6 and 49.2% for GP, and
49.6 and 45.5% for GW) in the CNRRI and ZAU experi-
ments, respectively. In addition, 73 pairs of epistatic
QTL affecting the mean performance and heterosis in
the BC/testcross F, populations were identified. On av-
erage, these epistatic QTL explained significant por-
tions of the total phenotypic variances for the traits
(48.8% for PP, 37.4% for GP, and 43.1% for GW) in
the BC/testcross F, populations (Tables 6-8).

Epistatic QTL affecting hybrid breakdown of the RILs:
Eleven pairs of epistatic QTL associated with PP of the
RILs were identified. Six detected in ZAU and 5 in
CNRRI explained 36.0 and 51.0% of the total pheno-
typic variation for PP in the two locations. Four of the
epistatic QTL effects were positive and the remaining
seven were negative. Three of the epistatic QTL (on
chromosomes 7, 11, and 12) had significant main effects
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on PP. The Teqing allele at two of the QTL resulted in
increased PP while the Lemont allele caused increased
PP (Table 5).

For GP, 12 pairs (5 in ZAU and 7 in CNRRI) of
epistatic QTL were identified, which explained, respec-
tively, 57.6 and 49.2% of the total phenotypic variation
in the RILs in the two locations. Nine of the epistatic
QTL effects were positive and the remaining three were
negative. Three of the epistatic QTL (on chromosomes
2, 6,and 7) had significant main effects on GP, at which
the Teqing allele was associated with increased GP.

For GW, 12 pairs (6 in each of the locations) of epi-
static QTL were identified, which explained 49.6 and
45.5% of the total phenotypic variation of the RILs in
ZAU and CNRRI, respectively. Six of the epistatic QTL
effects were positive and the remaining six were nega-
tive. Two of the epistatic QTL (on chromosomes I and
6) had significant main effects on GW. The allele at
one of the QTL for increased GW was from Teqing
while the other was from Lemont.

Epistatic QTL associated with heterosis for the yield compo-
nents in the BC and testcross populations: Table 6 shows 25
epistatic QTL pairs affecting PP identified from the F,
mean and/or heterosis of the BC/testcross populations,
including 8 in the LTBCF;s, 5 in the TQBCF;s, 5 in
the Z413F;s, and 7 in the IR64F;s, respectively. The
proportions of the total phenotypic variances of the F,
mean and heterosis values explained by the epistatic
QTL pairs were 64.2 and 84.1% in the LTBCF;s, 40.8
and 46.3% in the TQBCFs, 38.4 and 29.7% in the
Z413F;s, and 44.7 and 42.1% in the IR64F s, respectively.
Twenty of the epistatic QTL pairs appeared to be over-
dominant, while the remaining 5 were additive as they
were detected only from the F; mean values. Twelve of
the 25 epistatic effects were positive and the remaining
13 were negative. Significant main effects were detected
at nine of the epistatic loci (chromosomes I, 2, 6, 9,
and 12), five of which were additive, and the remaining
four appeared overdominant (all four associated with
increased PP).

Table 7 shows 19 epistatic QTL pairs affecting GP
identified from the F, mean and/or heterosis of the
BC/testcross populations, including 6 in the LTBCF;s,
5in the TQBCF;s, 5 in the Z413F;s, and 3 in the IR64F s,
respectively. The proportions of the total phenotypic
variances of the F; mean and heterosis values explained
by the epistatic QTL pairs were 54.1 and 64.0% in the
LTBCF;s, 40.2 and 30.3% in the TQBCF;s, 35.6 and
37.9% in the Z413F;s, and 18.8 and 18.2% in the IR64F s,
respectively. Seventeen of the epistatic QTL pairs ap-
peared to be overdominant, while the remaining 2 were
additive. Ten of the 19 epistatic effects were positive
and the remaining 9 were negative. Eight of the epistatic
loci (chromosomes 3, 4, 5, 8, 9, and 11) showed signifi-
cant overdominance effects, five of which increased GP
and the other three of which reduced GP.

Table 8 shows 29 epistatic QTL pairs affecting GW

detected from the F, mean or heterosis of the BC/
testcross populations, including 9 in the LTBCFs, 6 in
the TQBCFs, 7 in the Z413F;s, and 7 in the IR64Fs,
respectively. The proportions of the total phenotypic
variances of the F; mean and heterosis values explained
by the epistatic QTL pairs were 51.1 and 40.2% in the
LTBCF;s, 41.9 and 58.7% in the TQBCF;s, 48.9 and
28.0% in the Z4138F;s, and 42.5 and 33.6% in the IR64F;s,
respectively. Eleven of the epistatic QTL pairs were addi-
tive and the remaining 18 appeared to be overdominant.
For the additive epistatic QTL, 7 of the epistatic effects
were positive and the other 4 were negative. For the
overdominant ones, 10 epistatic effects were positive
and the remaining 8 were negative. Five of the epistatic
loci (chromosomes I, 6, and 7) showed significant main
effects.

DISCUSSION AND CONCLUSIONS

The observed hybrid breakdown of the RILs and het-
erosis of the BC/testcross F; populations were highly
significant for PP and GP but not for GW, although the
IR64F, population showed significant heterosis for GW.
The overall magnitudes of hybrid breakdown and heter-
osis for the yield components were much less pro-
nounced than grain yield itself (L1 et al. 2001). The
observed levels of hybrid breakdown or heterosis were
GY > GP > PP > GW and so were their contributions
to grain yield and the amounts of variation. The oppo-
site was true for their heritability, #* estimates (GY <
GP < PP < GW; data not shown). This tendency toward
more complex fitness or yield traits showing much
greater levels of heterosis and inbreeding depression
has been universally observed in both plants and ani-
mals. In evolution, seed abundance plays a much greater
role for plant survival in nature than seed size. For grain
crops such as rice, seed size is expected to contribute
little to plant survival since the common grain sizes of
most cultivars contain an excess of endosperm as a result
of long-term artificial selection.

Genetic basis of inbreeding depression and heterosis
for the three yield components: In our previous article,
we reached two conclusions regarding the genetic basis
of inbreeding depression and heterosis for grain yield
and biomass for the same five mapping populations
(L1 et al. 2001). The first conclusion that the prevalent
epistasis for the loci involved appeared to hold true for
the three yield components. Our results indicated that
the epistatic QTL explained a much greater portion of
the total variation than the main-effect QTL for the yield
components. Relatively speaking, however, the main-
effect QTL accounted for a slightly greater portion of
the total variation for the yield components than for
grain yield. This was consistent with our previous results
from the F, progeny of the Lemont/Teqing cross, which
indicated that more complex traits tend to be deter-
mined by a greater number of and more complex epista-
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sis (L1 et al. 1997a). Similar to the grain yield (L1 et al.
2001), the same general pattern of epistasis affecting
the yield components was revealed for the yield compo-
nents; i.e., most epistasis (79.4% in the RILs and 77.2%
in the BC/testcross populations) occurred between
complementary loci with no detectable main effects. In
many fewer cases (17.6% in the RILs and 21.0% in the
BC/testcross populations), epistasis occurred between
a main-effect QTL and a complementary locus and in
only one case between main-effect QTL. This result
resembles the observation in the F, progeny of the same
cross (LI et al. 1997a). Thus, our results provide strong
evidence for the presence of pronounced epistasis for
grain yield or fitness-related traits in rice, which has
been suggested by a large number of empirical studies
in other selfing and outcrossing plant species (ALLARD
1988; LAMKEY and EDwARDS 1999). The predominance
of epistasis between complementary loci observed in
this study suggests that fitness traits and grain yield are
associated more with multilocus genotypes than with
specific alleles at individual loci. Accurate detection and
parameter estimation of epistasis then can be more eas-
ily achieved by direct comparison of differences among
multilocus genotypes using reduced genetic models (L1
1997).

Our second conclusion (L1 et al. 2001) that overdomi-
nance is an important property of most loci associated
with heterosis for grain yield also appeared to hold true
for the three yield components. Similar to grain yield,
the parameters at most main-effect and epistatic QTL
estimated from the heterosis values were greater than,
or equal to, in magnitude, those from the F, mean values
for GP and PP. This suggested that these QTL were
overdominant. It is interesting to note that QTL affect-
ing GW could be divided into two independent groups.
The first group showed primarily nonadditive gene ac-
tion and explained 62.1% of the total variation in the
trait heterosis (average across the four BC/testcross
populations), while the other exhibited additive gene
action and did not contribute to the trait heterosis. On
average, this latter group of genes accounted for 28.1%
of the total trait variation of the F; mean values (Tables
6-8), which was consistent with the relatively high herita-
bility of GW observed in this study and many previous
studies. In fact, we found that this was generally true
for most quantitative traits studied in these populations
except heading date, for which more main-effect QTL
showing partial or complete dominance were detected
(L1 2001; data not shown).

The apparent overdominance at both main-effect and
epistatic QTL for grain yield and its components ob-
served in the four related BC and testcross populations
was overwhelming. Moreover, it is expressed more often
as a common feature of multilocus genotypes than as
the allelic interaction at single main-effect QTL (Crow
1952). Because of the resolution of 10-20 ¢cM of our
molecular linkage map, it is difficult to distinguish the

true overdominance from pseudooverdominance gen-
erated by repulsion-phase linkage between genes of par-
tial or complete dominance (Crow 1952; STUBER 1994,
1997). Also, many empirical studies indicate the pres-
ence of negative correlation between grain yield compo-
nents, which suggests that apparent overdominance at
QTL for grain yield might actually result from the multi-
plicative actions of tightly linked yield component QTL
with opposite effects on yield. When we looked closely
at the correspondences of the main-effect QTL affecting
grain yield and its components (Figure 2, Tables 4-8),
we found that, of the 22 overdominant main-effect QTL
affecting grain vyield, 12 (44.4%) were associated with
the main-effect QTL for one of the yield components
(8 for GP, 2 for PP, and 2 for GW). In all cases, the
QTL effects for yield and the components were in the
same direction for increased trait values (and grain
yield). Similarly, of the 24 overdominant epistatic QTL
pairs affecting yield, 10 (41.7%) were attributed to the
overdominant QTL pairs affecting GP, and in all cases,
the epistatic effects were in the same direction for yield
and GP. In only three cases (chromosomes 4, 6, and
9), the overdominant main-effect QTL affecting two of
the components were mapped to the same locations of
the yield QTL in the same population, but the QTL
effects were in the same direction for increased trait
values in all three cases. Thus, there was no evidence,
at least in our study, suggesting that the overdominant
QTL for grain yield were due to the pseudooverdomi-
nance from the repulsive linkage of completely or par-
tially dominant QTL for yield components. It would be
even less likely that the apparent overdominance at
large numbers of the observed epistatic QTL was all
attributable to pseudooverdominance. Crow (1999)
pointed out that the dominance hypothesis can explain,
at most, 5% of the yield heterosis in maize, while the
commonly observed heterosis is often 30% or greater
in maize, which is most likely due to overdominance.
However, there is a major dilemma regarding how in-
breeding depression is explained by the overdominance
theory in which the mutation load is at the minimum
(Crow 1999). In this respect, our results provide an
adequate explanation. As discussed in our previous arti-
cle (L1 et al. 2001), inbreeding depression in rice con-
tains two parts, the nonadditive genetic component re-
sulting from disappearance of overdominance due to
homozygosity and the additive genetic one arising from
breakdown of co-adapted indica or japonica gene com-
plexes by recombination and homozygosity. The sig-
nificant genetic overlap, revealed by correlation analy-
ses, between genes for heterosis and hybrid breakdown
indicates that epistasis is the key for resolving this di-
lemma, as indicated by GOODNIGHT (1999). One may
imagine that the genetic load from recessive mutants
of large deleterious effects in genomes of selfing plant
species such as rice should be at the minimum because
of its quick exposure, by selfing, to the strong natural
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and artificial selection for increased yield (and fitness).
Otherwise, one would have to explain why selection
should favor such a high level of genetic load across
the rice genome maintained by repulsion linkage (L1
et al. 2001). Also, the genetic load from recessive delete-
rious mutants in the current maize populations is ex-
pected to be low. This is because strong and long-term
selection for increased yield, elevated recombination in
breeding populations by outcrossing, and reinforced
selfing for development of inbred parents should have
eliminated most deleterious mutants. This argument is
evidenced by the many-fold increase in the yields of
the current maize inbreds since the beginning of the
century (Duvick 1999). Even with such an increase in
the yield level of maize inbreds, there is no sign for
a corresponding decrease in heterosis for most maize
hybrids (Duvick 1999). Thus, it is not unlikely that the
pronounced epistasis and overdominance we observed
in rice may have played an important role in the hetero-
sis observed in maize and other plant and animal spe-
cies, although epistasis has not been adequately tested
and characterized in most of these species.

It should be pointed out that as the collective effect
on a specific trait, of all genes showing nonadditive
action, heterosis is part of the genetic basis of that trait.
According to evidence from numerous classical quanti-
tative genetic studies, it would be expected that the genetic
basis of heterosis may vary considerably, depending on
specific traits and materials involved, even though to most
plant and animal breeders, heterosis very often stands
for complex fitness-related traits of economic importance.
Thus, results of complete or partial dominance at main-
effect QTL for yield components and other quantitative
traits may not provide sufficient evidence supporting the
dominance theory of heterosis, unless the other alternative
hypotheses are adequately tested (X1a0 et al. 1994).

Implications for rice improvement: Indirect selection
for grain yield components to improve yield potential
in grain crops has been a common selection strategy
practiced by many plant breeders, which is based on
the expected contributions of component traits to yield.
However, numerous classic genetic studies have clearly
shown that the phenotypic relationships between yield
and its components in grain crops are complex and
that the genetic basis of the relationships in segregating
breeding populations remains poorly understood. Re-
sults from this study have several implications for rice
breeding for improved yield potential.

First, to break the yield ceiling of hybrid rice cultivars,
simultaneous selection for all three yield components,
with emphasis on increased panicle size (more grains
per panicle), should be much more efficient than select-
ing for single components. This is so because the levels
of heterosis and genetic variation in the segregating
populations (particularly for intersubspecific crosses),
and the contribution to grain yield, were much greater
for panicle size than for panicle number and grain

weight, while genes/QTL affecting the three yield com-
ponents appeared to be independent. This result is con-
sistent with empirical experiences with the common rice
hybrid cultivars (ZENG et al. 1979). Second, selection
for improved yield potential of parental lines may not
necessarily result in the expected gain in the hybrids.
In this study, we found that none of the top 20 high-
yielding RILs had high levels of trait heterosis and very
few of them resulted in top high-yielding BC/testcross
F; hybrids. This coincides well with FILHO’s statement
(1999, p. 73) that “Strong inbreeding depression will
result in a high heterosis expression,” suggesting that
separate efforts should be taken for breeding high-yield-
ing inbred and hybrid cultivars in rice. Finally, predic-
tion of yield heterosis of hybrids using either molecular
markers or phenotypic values of parental lines would
be impossible because of the complexity of the genetic
basis associated with heterosis.
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