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Abstract  Quantitative triat loci (QTLs) for yield and 
related traits in rice were mapped based on RFLP  maps 
from two indica/indica F 2 populations, Tesanai 2/CB 
and Waiyin 2/CB. In Tesanai 2/CB, 14 intervals carry- 
ing QTLs for eight traits were detected, including 3 for 
grain weight per plant (GWT), 2 for number of panicles 
per plant (NP), 2 for number of grains per panicle (NG), 
1 for total number of spikelets per panicle (TNS), 1 for 
spikelet fertility (SF), 3 for 1000-grain weight (TGWT), 1 
for spikelet density (SD), and 1 for number of first 
branches per main panicle. The 3 QTLs for GWT were 
located on chromosomes 1, 2, and 4, with 1 in each 
chromosome. The additive effect of the single locus 
ranged from 2.0 g to 9.1 g. A major gene (np4) for NP was 
detected on chromosome 4 within the interval of 
RG143-RG214, about 4 cM for RG143, and this locus 
explained 26.1% of the observed phenotypic variance 
for NP. The paternal allele of this locus was responsible 
for reduced panicles per plant (3 panicles per plant). In 
another population, Waiyin 2/CB, 12 intervals contain- 
ing QTLs for six of the above-mentioned traits were 
detected, including 3 for GWT, 2 for each of NP, TNS, 
TGWT and SD, 1 for SF. Three QTLs for GWT were 
located on chromosome 1, 4, and 5, respectively. The 
additive effect of the single locus for GWT ranged from 
6.7 g to 8.8 g, while the dominance effect was 1.7-11.5 g. 
QTL mapping in two populations with a common male 
parent is compared and discussed. 

Key words Oryza sativa L. �9 RFLP  �9 Yield traits �9 
QTLs 

Communicated by G. Wenzel 

H.-X. Lin" H.-R. Qian" J.-Y. Zhuang.  J. Lu" S.-K. Min" 
Z.-M. Xiong �9 K.-L. Zheng ([~) 
China National Rice Research Institute, Hangzhou 310006, P.R. 
China 

H.-X. Lin �9 N. Huang 
International Rice Research Institute, P.O. Box 933, 1099 Manila, 
Philippines 

Introduction 

The recent development of restriction fragment length 
polymorphism (RFLP) techniques makes it possible 
to investigate the inheritance of complex traits and 
to locate and manipulate individual genetic factors 
controlling these traits (Tanksley 1993). The techni- 
ques have been widely used to map quantitative trait 
loci (QTLs) in such crops as maize (Burr et al. 1988; 
Beavis et al. 1991; Stuber et al. 1987, 1992), tomato 
(Osborn et al. 1987; Nienhuis et al. 1987; Tanksley and 
Hewitt 1988; Paterson et al. 1988, 1990; Martin et al. 
1989; de Vicente and Tanksley 1993), and soybean 
(Keim et al. 1990). In rice, QTLs mapping is very 
recent. Wang et al. (1994) located the genes conferring 
complete and partial resistance to blast in a durably 
resistant rice cultivar. QTLs for drought tolerance 
and root parameters for drought tolerance (Champoux 
et al. 1995) have also been mapped with the same po- 
pulation. Li et al. (1995) mapped the QTLs for head- 
ing data and plant height in rice and found 4 QTLs 
for heading date, including 2 major genes, 1 on chro- 
mosome 3 and the other on chromosome 8, and 7 QTLs 
for plant height. Rice yield is the final product of 
the manifestation of several components, such as numb- 
er of panicles per plant, number of grains per panicle, 
fertility, and grain weight, and is supposed to be a very 
complex trait. The dissection of such a complex trait by 
means of the QTL mapping approach will be of great 
significance in helping breeders to enhance the yield 
potential of rice. 

The present paper describes the genetic analysis of 
yield and related traits in rice, the localization of QTLs 
involved in controlling these traits on the molecular 
map of rice, and the estimation of the contribution of 
each QTL based on two F 2 populations derived from 
indica/indica combinations as well as the comparison of 
QTLs between the two populations with a common 
male parent. 



921 

Materials and methods 

Plant materials 

genomic region. The percentages of variation explained by the QTLs 
for the trait, the additive effect, the dominance effect, and the degree of 
dominance are estimated by MAPMAKER/QTL analysis. 

Two F 2 populations were established from two indica/indica combi- 
nations, Tesanai 2/CB (TSA/CB) and Waiyin 2/CB (WY/CB), which 
have a common male parent ~ 'CB', a variety inclining to indica 
type is from California, USA, 'Tesanai 2' is from Guangdong, China, 
and is a high yielding variety notable for its large panicles, 'Waiyin 2' 
is from International Rice Research Institute (IRRI) and has com- 
paratively larger grains. 

Evaluation of the parents and of the F 1 and F 2 generations was 
carried out at the China National Rice Research Institute (CNRRI), 
Hangzhou, China, during 1993. A total of 48 plants for each parental 
line, 32 plants for each F1, and 480 plants for each F 2 population were 
grown with a spacing of 23 x 23 cm. A single tiller was separated from 
each plant during the early tillering stage and was transplanted 
individually, which provided the materials for DNA extraction. At 
maturity, eight traits were measured on individual plants (Table 1). 

Construction of RFLP map 

Total DNA extraction, restriction endonuclease digestion, electro- 
phoresis, Southern blotting, hybridization, and autoradiography 
were carried out as described by Zheng et al. (1990), and Lu and 
Zheng (1992). The restriction endonucleases BamHI, DraI, EcoRI, 
EcoRV, and XbaI were used to digest total DNA. Altogether 167 
probes were used, including rice genomic clones (RG), rice cDNA 
clones (RZ), and oat cDNA clones (CDO), all of which were a gift from 
Dr. S.D. Tanksley of Cornell University. The selected probes covered 
and the whole RFLP map of rice with an average interval between 
probes of about 12 cM. The majority of these clones represent single- 
copy sequences. Probes detecting polymorphism between the parents 
with at least one enzyme were used to detect the genotypes of each F e 
plant. 

The program MAPMAKER (Lander et al. 1987; Stephen et al. 
1990) was used to establish two RFLP maps based on the segregation 
data of the two F 2 populations, respectively. Distances between 
markers are presented in centiMorgans (cM) derived using the 
Kosambi function (Kosambi 1944) of the MAPMAKER program. 

QTL mapping 

Two analytical methods were used to identify QTLs. The PROC 
GLM procedure in the Statistical Analysis System (SAS) (SAS Insti- 
tute 1988) was used to determine the associations between molecular 
markers and the QTLs for the studied traits. A per-chromosome 
significance level of P = 0.0043 (equivalent to an overall significant 
level of P = 0.05) was used for the significant levels of individual 
markers (Rebai et al. 1994; Wu and Li 1994). MAPMAKER/QTL 
(Lander and Botstein 1989) was also used to identify loci affecting 
quantitative traits on the basis of interval analysis. An LOD threshold 
of 2.5 was used to declare the presence of putative QTL in a given 

Table 1 Traits analyzed in two F 2 populations ('Tesanai 2'/'CB' and 
'Waiyin 2'/'CB') 

Trait abbreviation Trait description 

GWT 
NP 
NG 
TNS 
SF 
TGWT 
SD 

NFB 

Grain weight/plant (g) 
Number of panicles/plant 
Number of grains/panicle 
Total number of spikelets/panicle 
Spikelet fertility (%) 
1000-grain weight (g) 
Spikelet density (number of spikelets per 

10 cm of panicle) 
Number of first branches/main panicle 

Results and discussion 

Phenotypes 

In TSA/CB, the phenotypic values of the eight traits 
scored in the female parent TSA were all higher than 
those found in the male parent CB (Table 2); all were 
very significantly different (P < 0.01) except spikelet fer- 
tility (SF). The differences between the parents in 
WY/CB were similar to those in TSA/CB (Table 2). The 
fertilities of the F 1 plants of both crosses were 
64.3 _ 8.1% and 74.2_+ 7.8%, respectively, while the 
scores of the other seven traits of the F is in both crosses 
were more than mid-parent values or higher than the 
superior parents showing some degree of heterosis. 

In the two F 2 populations, the segregations of 3 
major components of yield were obvious, and the stan- 
dard deviations in the F2s were much larger than those, 
in the parents and Fls. The skewness test showed that 
the phenotypic values of these traits were normally 
distributed (data not shown). For almost all of the traits 
there were some F 2 progenies showing extreme perform- 
ance, with values either much larger or much smaller 
than those of the parents. This might be due to trans- 
gression or environmental effects, as the F 2 populations 
are much larger. The average number of panicles per 
plant (NP) was 9.3 _+ 4.0 (range: 2-21) in TSA/CB and 
8.1 + 4.1 (range: 1-22) in WY/CB. The average number 
of grains per panicle (NG) in TSA/CB was 105 _+ 58.0 
(range: 4-248), while in WY/CB it was 98.6_+ 54.2 
(range: 3-247). Average 1000-grain weight (TGWT) in 
TSA/CB was 24.1_3.3g (range: 13-34g, while in 
WY/CB it was 29.5 + 4.5g (range: 19-42g). The other 
five related traits studied similarly showed large segre- 
gation and normal distribution, indicating the feasibility 
of QTL mapping for all these traits in these two popula- 
tions. 

Construction of RFLP maps 

Of the 167 RFLP markers tested, 73% revealed poly- 
morphisms between the parents of the two crosses. For 
each F 2 population 171 plants were genotyped with 
93 and 101 RFLP markers in TSA/CB and WY/CB, 
respectively. 

Skewed segregations (P < 0.05) were observed for 20 
out of the 93 markers tested in TSA/CB, but overall 
distributions of paternal alleles on all marker loci were 
symmetrical, the average of which was 0.478 ___ 0.042. 
While in WY/CB 15 out of 101 markers tested skewed 
from the theoretical ratio 1:2:1 (P < 0.05), the frequency 
distributions of paternal alleles on all marker loci were 
also symmetrical, with an average of 0.489 _+ 0.033. A 



922 

Table 2 Phenotypic values of yield components (F female �9 M male) 

Cross Trait" Female 
(m _+ SD) 

Male t-value F 1 F 2 
(m -+ SD) (m _+ SD) (m • SD) 

F-M 

Tesanai 2/CB 

Waiyin 2/CB 

GWT 40.5 + 10.1 
NP 10.7 _+ 2.5 
NG 150.7 _+ 17.8 
TNS 178.9 • 22.6 
SF 84.1 • 4.2 
TGWT 23.0 _+ 2.1 
SD 82.5 • 7.8 
NFB 12.3 _+ 1.2 

GWT 32.3 -+ 9.1 
NP 9.3 • 2.3 
NG 139.3 _+ 15.3 
TNS 169,1 • 17,2 
SF 83.0 _+ 3.3 
TGWT 32.3 -+ 2.1 
SD 52.1 -+ 6.5 
NFB 14.3 -+ 1.8 

7.8 • 2,6 12.22'* 28.2 _+ 7.7 23.9 • 19.0 
5.1 • 1.4 7.34** 7.7 _+ 1.5 9.3 -t-4.0 

105.9 • 17.9 6.85** 143.3 • 23.4 105,5 • 58.0 
130.8 • 20.2 7.85** 226.2 _+ 31.6 197.0 _+ 97.1 
81.1 • 5,5 1.64 64.3 _+ 8.1 53.2 _+ 28.1 
14.9 • 1.5 11.64'* 25.0+_ 2.3 24.1 • 3.3 
68.1 • 6,6 5.41"* 87.4 _+ 9.5 79.6 _+ 34.3 
11.0 • 1.3 2.73** 13.2 _+ 1.9 12.8 +_ 3.1 

7.8 • 2.6 9.93** 45.2 _+ 10,7 24.0 • 18.0 
5.1 • 1.4 5.99** 8.4_+ 1.3 8.1 _+4,1 

105.9 + 17.9 5.48** 184.5 _+ 40.9 98.6 _+ 54,2 
130.8 • 20.2 5,59** 249,4 • 45.1 174.8 ___ 93.5 
81.1 • 5.5 1.14 74.2 _+ 7.8 56.0 _+ 23.9 
14.9 • 1.5 26.00** 31,1 • 4.0 29.5 • 4.5 
68,1 • 6.6 -6.68** 83.2 -+ 12,4 68.7 • 31.9 
11.0-+ 1.3 5.75** 19.4-+ 1.9 14.6-+4.6 

** Indicates 1% significant level 
a See Table 1 for abbreviations 

similar state of skewness was observed in other rice 
mapping populations (McCouch et al. 1988; Saito 1991). 
However, the availability of large number of RFLPs and 
their close linkage to each other may not pose problems 
in locating QTLs (Paterson et al. 1988). 

A linkage map consisting of 89 marker loci from 12 
linkage groups was constructed based on the TSA/CB 
population (Fig. 1). The map covers 1410.4cM of the 
rice genome with an average interval of 18.3 cM between 
marker loci. Another genetic map comprised of 93 
marker loci covering 12 linkage groups was also con- 
structed based on the WY/CB population (Fig. 2). This 
map covers 1328.5 cM of the rice genome with an aver- 
age interval of 16.4 cM between two markers. The aver- 
age intervals are smaller than 20cM in both maps so 
they are suitable for QTL mapping (Lander and Bot- 
stein 1989). 

When the maps were compared to the map of 
Causse et al. (1994) it was found that most markers were 
located on the expected chromosome in the expected 
orders. In the two populations, 5 markers were located 
on different chromosomes-RZ649,  RG634, RG348, 
RG190, and RG9. Close examination of the autoradio- 
grams showed that multiple bands were generated with 
all of these markers except RG9. It is possible that the 
polymorphic bands scored in our populations are differ- 
ent from those of Causse et al. (1994). RG9 produced a 
null allele, which might also be a reason for its altered 
position. 

RFLP maps with the same set of markers in two 
different populations (Figs. 1 and 2) provide an oppor- 
tunity to compare the recombination frequencies be- 
tween markers in different populations. On the basis of a 
two-point analysis, genetic distances (cM) for all of the 
common markers used in both populations were es- 
timated. Regression analysis showed that the genetic 

distances of corresponding regions between the two 
populations are highly correlated (Fig. 3A). The correla- 
tion coefficiency is as high as 0.922, indicating that the 
overall recombination frequency between populations is 
comparable. On average, the distance between any 2 
markers was found to be 2 cM smaller in WY/CB than in 
TSA/CB. In some regions of the rice chromosomes, the 
distances between markers can be very different in both 
populations (Fig. 3B). The differences can be larger than 
15 cM and/or 1-2 times larger than the smaller values of 
recombination frequency in both populations. For 
example, the distance between RG690 and RG394 is 
10.3 cM in WY/CB, which is 2 times larger than that in 
TSA/CB. This observation is similar to ones observed 
previously in F z and BC 1 populations (Abenes et al. 
1994; Causse et al. 1994). 

The consistency or variation in recombination fre- 
quency between loci from population to population has 
implications in practical marker-assisted breeding. For 
accurate identification of a target gene based on markers 
the kind ofpopulations used need to be similar such that 
variation in the recombination frequency between 
populations is within a reasonable range. 

QTL mapping for yield and yield-related characters 

Each of eight characters were subjected to QTL map- 
ping with both ANOVA and interval mapping pro- 
cedures. In TSA/CB, 14 QTLs for the eight characters 
were detected by one-way ANOVA (Table 3); the same 
QTLs were also detected by interval analysis (Table 3). 
In WY/CB, 12 QTLs for six traits were detected by 
one-way ANOVA and again, all 12 QTLs were detected 
by interval analysis (Table 4). These results indicate that 
both statistical procedures produce very similar results. 
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The QTLs identified are named with a trait abbreviation 
followed by the chromosomal number. 

On the basis of interval mapping, the QTLs controll- 
ing GWT, 9wtl, gwt2, and 9wt4, were located within 3 
intervals, in TSA/CB; gwtl is located within RG374- 
RG394 on chromosome 1, gwt2 within RG157-RG171 
on chromosome 2, and gwt4 within RG143-RG214 on 
chromosome 4 (Table 3; Fig. 1). QTLs gwtl and -2 
individually explained about 11% of the observed 
phenotypic variance (Table 3). The additive effect of a 
single locus ranged from 2.0g to 9.1g. The paternal 
alleles of all 3 QTLs represented reduced GWT, while 
the dominance effect of the 3 QTLs was indicated by 
increased GWT. Of these 3 QTLs the effect of 9wtl was 
higher and reached 12.3 g. The degree of dominance of 
gwtl was also higher and overdominance was observed 
(Table 3). In WY/CB also, 3 intervals containing QTLs 
(gwtla, 9wt4a, and gwtS) controlling GWT were detec- 
ted. QTL 9wtla was located within RG374-RG394 on 
chromosome 1, as in TSA/CB; 9wt4a within RG788- 
RG190 on chromosome 4, and 9wt5 within CDO- 
RG360 on chromosome 5 (Table 4; Fig. 2). The percen- 
tages of the observed phenotypic variance explained by 
individual QTLs ranged from 10.1 to 22.3. The highest 

Fig. 1 RFLP linkage map showing location of QTLs for rice yield 
and yield components in the Tesanai 2/CB F 2 population. Numbers at 
top indicate chromosomes. Kosambi values (cM) are indicated left of 
the chromosomes, and markers are indicated right of the chromo- 
somes. The boxes on the chromosomes represent intervals with a 
LOD > 2.5 

percentage of the observed phenotypic variance was 
explained by 9wt4a having a higher level of gene effect. 
The additive effect of the CB allele reduced GWT by 
8.85 g, and the dominance effect reduced it by 11.48 g. In 
both TSA/CB and WY/CB the total number of QTLs 
detected for yield was 3. 

A relatively small number of the QTLs detected seem 
not to fit to such a complex trait, and as it is generally 
believed that rice yield is controlled by many genes 
Many factors may have contributed to this phenom- 
enon: (1) many genes are playing such very small roles 
that do not reach the threshold used; (2) each QTL 
detected may harbor many minor genes; (3) strong 
environmental effects and a single measurement in the 
F 2 plants result in a large non-genetic variation. How- 
ever, as in the F2 only 8 QTLs for yield were detected 
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with the replicated trial of a rice double-haploid lines (B. 
Courtois and N. Huang, unpublished data). As such the 
QTLs detected must possess a relatively large effect on 
yield. 

QTLs and transgression 

A total of 26 QTLs were detected in both populations. 
These QTLs were from both parents and can be seen 
from the sign of additive effect (Table 3 and 4). The 
additive effect is the measurement of the change in a 
population mean when an allele of a QTL is re- 
placed/substituted by an allele from CB. A negative 
value indicates a reduction in performance and, there- 
fore, the QTL from TSA or WY is the QTL-contributing 
parent. On the other hand, if the additive effect is 
positive, the contributing allele is from parent CB. Out 
of the 26 QTLs detected in both populations, 5 are 
derived from parent CB. When an individual receives 
positive alleles from both parents, it out performs the 
parents; when an individual receives negative alleles 

Fig. 2 RFLP linkage map showing location of QTLs for rice yield 
and yield components in the Waiyin 2/CB F z population. Numbers at 
top indicate chromosomes. Kosambi values (cM) are indicated left of 
the chromosomes, and markers are indicated right of the chromo- 
somes. The boxes on the chromosomes represent intervals with a 
LOD > 2.5 

from both parents, its performance is inferior to either of 
its parents. As transgression is defined as the occurrence 
of individuals out-performing their parents, in a seg- 
regating population the recombination of positive 
QTLs would be the most likely genetic base of trans- 
gression. 

QTLs present in both populations 

In general, 1-3 QTLs were detected for each trait in both 
populations (Table 3 and 4). Comparisons of QTLs for 
individual traits showed that the majority of the QTLs 
were present in only one of the two populations. For 
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example, 3 QTLs were detected for trait GWT, but only 
1 (gwtl) was detected in both populations. The perform- 
ance of each of the female parents is very different and 
likely to be controlled by a different set of operating 
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genes. All together, we found only i QTL (gwtl) that was 
shared by both populations. The presence of different 
QTLs in different populations provide an opportunity 
to combine them to produce new breeding lines with a 
higher yield potential. As DNA markers are not subject 
to environmental effects, marker-aided selection of the 
QTLs can be conducted in the early generations of a 
breeding program. 

Effect of QTLs 

Among the 26 QTLs for various traits detected in both 
populations, 20 QTLs explained phenotypic variances 
larger than 10%. Some of the QTLs, such as rip4, gwt4a, 
tgwtlO, and nfb8, explained more than 20% of the 
variance. If a QTL can explain a larger variation than, 
and is significantly different from, other QTLs (e.g., has a 
much larger LOD score), one would assume that it 
would be a major gene rather than a QTL. QTL np4 
(Table 3) from TSA seems to have such characteristics 
(Fig. 1). Number of panicles (NP) is generally considered 
to be under the control of both major and minor genes. 
The np4 might be a major gene which is linked to other 
QTLs such as rip2 having a lesser effect to control 
development of the panicle. 

QTLs with dominance and trait heterosis 

Many QTLs in both populations showed significant 
levels of dominance effect (Table 3 and 4). The majority 
of the dominance effects were positive and there were a 
few cases of over-dominance. For most traits, these high 
levels of dominance effect can be related to the heterosis 
observed in the F 1 hybrids (Table 2). For example, all 3 
QTLs of TNS in the two populations showed a very 

Table 3 QTLs detected for yield components based on interval analysis (MAPMAKER/QTL)  in the Tesanai 2/CB F 2 population 

Trait a QTL b Interval P-value ~ LOD d % Variation e a f d g d/[a]h 
explained 

G W T  9wtl RG374-RG394 0.0030 2.93 10.7 - 1.96 12.36 6.32 
gwt2 RG157-RG171 0.0001 4.11 11.4 -9 .14  7.10 0.78 
9wt4 RG143-RG214 0.0005 3.10 8.7 -7 .91  0.28 0.04 

NP np2 RG157-RG171 0.0003 3.62 9.3 - 1.39 2.27 1.64 
np4 RG143-RG214 <0.0001 9.68 26.1 -2 .92  0,18 0.06 

N G  ngl RG374-RG394 0.0003 4.41 17.2 - 1.39 48.18 34.57 
rig2 RG25-RG157 0.0021 2.79 9.0 -21 .46  27.65 1.29 

TNS tns8 RZ562-RG978 <0.0001 4.84 15.5 35.70 53.64 1.50 
SF sf/ RG374-RG394 0.0001 3.86 12.2 -5 .10  25.00 4.92 
T G W T  tgwtl RG173-RG532 0.0033 3.01 12.6 1.63 - 1.50 - 0.92 

tgwt4 RG143-RG214 0.0027 2.74 8.5 - 1.39 0.55 0.39 
tgwt5 RG182-RG13 0.0042 2.73 14.8 - 1.55 - 1.33 -0 .86  

SD sd8 RZ562-RG978 0.0001 3.73 10.9 11.79 14.69 1.25 
NFB nJb8 RG108-RZ562 < 0.0001 6.49 20.9 1.91 -0 .49  -0 .25  

a See Table 1 for abbreviations 
b QTLs are named by trait abbreviations plus chromosomal number  
c p value refers to the probability of the association between QTL and 
the marker having the larger effect 
a Loglo likelihood 

e Percent phenotypic variance explained 
f Additive gene effect at the putative QTL 
g Dominance effect at the putative QTL 
h Degree of dominance 
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Table 4 QTLs detected for yield components based on interval analysis (MAPMAKER/QTL) in the Waiyin 2/CB F 2 population. See 
footnotes to Table 2 for definitions of column headings 

Trait QTL Interval P value LOD % Variation a d d/[a] 
explained 

GWT gwtla RG374 RG394 0.0037 3.13 11.5 -6 .70 -6 .56 -0 .98 
gwt4a RG788-RG190 0.0001 4.67 22.3 - 8.85 - 11.48 - 1.30 
gwt5 CDO82-RG360 0.0022 3.14 10.1 -8 .59 - 1.66 -0 .19 

NP np5 RG360-RG9 0.0017 2.86 9.9 - 1.99 -0 .24  -0 .12  
np6 waxy-RG213 0.0023 2.86 12.1 - 1.51 - 1.16 -0 .76  

TNS tns6 RG138-RG64 <0.0001 5.01 13.1 -38.04 28.14 0.74 
tns11 RG1094-RGl18 0.0013 4.38 12.5 -54.71 -43.41 -0 .79 

SF sfla RG536-RG222 0.0010 3.25 9.4 - 8.27 - 6.80 - 0.82 
TGWT tgwt2 RG171 RG437 0.0003 4.23 14.8 -2 .42  0.57 0.24 

tgwtlO RG241-RG561 0.0021 3.52 22.8 -2 .89 1.32 0.46 
SD sd2 RG520-RG256 0.0003 3.13 12.3 3.92 -21.09 -5 .38 

sd6 RG138-RG64 <0.0001 5.15 13.3 -14.62 6.30 0.43 

significant dominance effect, which matched the signifi- 
cant heterosis for this trait in both populations (Tables 
2-4). While this observation was expected, we also 
observed a different phenomenon. For TGWT, we ob- 
served heterosis on this trait in TSA/CB (Table 2), but 
we found little dominance on 3 detected QTLs. This 
observation is similar to that observed by de Vicente 
and Tanksley (1993). 

Trait correlations and chromosome regions with 
multiple QTLs 

Classical quantitative genetics assumes that character 
correlation is attributable to the effect of pleiotropy or 
the very close linkage of genes. This assumption remains 
largely untested because of the lack of appropriate tools. 
If this assumption is correct, we would expect that QTLs 
for correlated characters would be mapped to the same 
regions of rice chromosomes. We know that SD is 
closely correlated to TNS and that the correlation coef- 
ficient is as high as 0.9680. As expected, we found that 
QTLs controlling SD (sd8) in TSA/CB also controlled 
TNS (tns8). Chromosomal regions with multiple QTLs 
were also observed for other correlated characters (Figs. 
1 and 2). Thus our mapping of QTLs on rice chromo- 
some provides evidence that genetic correlation is due to 
pleiotropy or linkage. 

Relationship between parental differences and QTL 
mapping 

Both of the female parents used are high-yielding var- 
ieties. 'Tesanai 2' is characterized by a larger number of 
panicles, the so-called "panicle type", while 'Waiyin 2' is 
characterized by its larger grain weight, the so-called 
'~ type" (Table 2). It is generally believed that a large 
difference between parents would facilitate the mapping 
of QTLs: one would expect to map more QTLs or QTLs 
with larger effects for those characters that vary greatly 

between the parents. Certainly for NP, NG, and TNS, a 
total of 5 QTLs were mapped for the '"panicle type" 
population (Table 3), while only 4 were mapped in the 
"grain type" population (Table 4). Furthermore, we 
observed larger effects of the QTLs in the "panicle type" 
population. For TGWT, 5 QTLs were found in two 
populations, but the effects of QTLs in "grain type" were 
larger as measured by the total percent variation ex- 
plained by the QTLs. While these traits were found to 
correspond to our expectation, others did not. For SD 
and NFB, the results were just the opposite. More QTLs 
and QTLs with a l~/rger effect for SD were detected in 
WY/CB although the difference between parents was 
smaller in WY/CB than in TAS/CB. On the other hand, 
no QTLs for NFB were uncovered in WY/CB despite 
the fact that the difference was larger in WY/CB than in 
TSA/CB. It is suggested that populations of parents with 
greater genotypic differences favor the mapping of 
QTLs but sometimes mapping efficiency is trait-depend- 
ent. 

Conclusion 

QTL mapping of rice yield and related characters is the 
first step in applying marker technology to breeding 
programs for the improvement of yield potential. We 
used two F2 mapping populations to identify QTLs 
controlling rice yield and its components. In TSA/CB, 
14 QTLs for eight different traits were detected, among 
which 1 (np4) was found to be a major gene. In WY/CB, 
12 QTLs for six traits were detected but no major gene 
was found. Among the QTLs identified from both popu- 
lations, a few were shared in both populations and were 
from the same male parent (CB). This could be due to the 
fact that the two female parents were very different from 
each other in both overall performance and origin. It is 
possible that there are two different sets of positive 
QTLs for yield and yield components in the two parents, 
reflecting a very complex genetic control system for 
these traits. It also offers an opportunity that we can 
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now to combine positive QTLs from both parents to 
examine the effect of QTLs. 
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