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A b s t r a c t  'Lemont '  and 'Teqing' are both semidwarf rice 
varieties that differ in heading date by only 6 days. How- 
ever, when 'Lemont '  and 'Teqing' are crossed there is 
transgressive segregation for both heading date (HD) and 
plant height (PH). By testing 2418 F 4 lines with 113 well- 
distributed RFLP markers, we identified and mapped chro- 
mosomal regions that were largely responsible for this 
transgressive segregation. QHd3a, a QTL from 'Lemont '  
that gives 8 days earlier heading, was identified on chro- 
mosome 3 approximately 3 cM from the marker RG348. 
Another QTL with a large effect, QHd8a, which gives 
7 days earlier heading, was identified on chromosome 8 of 
'Teqing' between RG20 and RG1034. Along with a QTL, 
QHd9a with a phenotypic effect of 3.5 days, these genomic 
regions collectively explain 76.5% of the observed pheno- 
typic variance in heading date. Four QTLs which altered 
plant height from 4 to 7 cm were also mapped; these col- 
lectively explain 48.8% of the observed phenotypic varia- 
tion in plant height. None of the QTLs for plant height 
mapped to chromosome 1, the location of the semidwarf 
gene sd-1. All three of the HD loci mapped to approxi- 
mately the same genomic locations as PH QTLs, and in all 
cases, there was a reduction in height of approximately 
1 cm for every day of earlier heading. The correspondence 
between the HD and some of the PH loci suggests that genes 
at these chromosome locations may have pleiotropic ef- 
fects on both HD and PH. The observed heterosis in the F t 
plants for HD can be largely explained by the dominance 
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for earliness of the identified HD loci and distribution of 
earlier heading alleles in the parents. However, overdom- 
inance observed at one of the PH QTL may, at least in part, 
be responsible for the observed heterosis in PH. 
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Introduction 

Rice can be grown under a variety of climatic conditions. 
However, when commercial rice varieties are being devel- 
oped, it is important that their maturity be optimized for 
the particular environment in which they will be grown. 
The genes which control maturity in rice may be divided 
functionally into three categories: (1) genes for photope- 
riod sensitivity, (2) genes controlling the rate of vegetative 
(internode) development and (3) genes determining the to- 
tal number of internodes on the plant's main stem. 

Two genes controlling photoperiod sensitivity in rice, 
Se-J and se-2, have been mapped onto chromosomes 6 and 
7, respectively (Kinoshita and Takahashi 1991; Mackill et 
al. 1993). Several other genes for photoperiod sensitivity 
have been identified in rice, including Se-3, E-l, E-2, E-3 
and lf-1, but their chromosomal locations remain unknown 
(Tsai 1986; Kinoshita and Takahashi 1991). The maturity 
gene If-2 does not appear to be photoperiod sensitive (Tsai 
1986). Interestingly, the maturity gene Ef-1, which is lo- 
cated on chromosome 7, has multiple alleles that differ in 
their photoperiod sensitivity (Tsai 1986; Nakazaki et al. 
1986). Ef-1 also has pleiotropic effects on the number of 
leaves and elongated internodes on the main stem. Despite 
the efforts directed toward understanding the genetic ba- 
sis of plant maturity, the genomic regions which are asso- 
ciated with maturity in non-photosensitive commercial rice 
varieties remain largely undefined. 

Another important character associated with the pro- 
ductivity of rice is plant height. Extensive worldwide 
searches and work with mutagens have resulted in the dis- 
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covery and generat ion of more than 50 major  genes for 
dwarf ism or semidwarf ism in rice (Kinoshi ta  and Takaha- 
shi 1991). The semidwarf  gene sd-1 is the best character- 
ized of these and has been extensively used to produce 
high-yielding semidwarf  varieties (Hargrove et al. 1988; 
Rutger and Boll ich 1989). The other dwarf  or semidwarf  
genes have not been widely uti l ized in breeding programs 
because they are associated with poor agronomic perfor- 
mance  (Rutger 1984; Kikuchi  and Ikehashi 1984; Chang 
and Li 1984). 

There must  also be a number  of other loci which affect 
the height of rice plants since quanti tat ive variation in plant  
height has been frequently observed in rice breeding pop- 
ulations. This is also demonstrated by the development  of 
rice varieties such as 'Maybe l l e '  that are almost as short 
as semidwarf  varieties, but which do not contain any of the 
known semidwarf  genes (Bollich et al. 1991). Despite the 
effort that has been focused on manipula t ing  plant  height 
in rice breeding,  genes or quanti tat ive trait loci (QTLs) 
which control plant  height in most  commercial  rice varie- 
ties remain largely uncharacterized,  other than sd-1. 

Since the efficiently manipula t ion  of maturi ty and plant  
height is a critical component  of rice improvement ,  the ob- 
ject ive of the current study was to use molecular  markers 
to further examine  and characterize the genes and QTLs 
that control heading date and plant  height in commercia l ly  
important  rice cultivars of divergent  origin. 

Materials and methods 

Experimental procedures 

The experimental materials were developed by crossing 'Lemont', 
a leading commercial semidwarf rice variety (tropical japonica, or 
javanica) in the southern US, with 'Teqing', a semidwarf indica rice 
variety from China that has an extremely high yield potential. From 
this cross, F 2 plants producing a minimum of 35 seed were random- 
ly selected to produce 267 F 3 lines. Twelve F 3 lines did not provide 
enough plants for further study. From each of the remaining 255 F 3 
lines, 7-11 plants were randomly selected to produce 2418 F 4 lines. 

The F 4 lines were drill planted into the field at the Texas A&M 
University System Agricultural Research and Extension Center in 
Beaumont, Texas, in the summer of 1990. Each F 4 line was planted 
in a single row plot 2.4 m long with a spacing of 28 cm between rows. 
The F 4 lines were planted in family groups separated by two-row 
check plots of 'Gulfmont', a sister line of the female parent 'Lemont' 
(Bollich et al. 1990). 'Gulfmont' was used to determine within plot 
variation and the F 4 data were adjusted accordingly. Eleven plots of 
'Teqing' were also randomly located in the field. Twenty FI plants 
from the 'Lemont' x 'Teqing' cross were transplanted into single row 
plots, 1.2 mx 28 cm, with the parents in the summer of 1992. Head- 
mg date (HD) was defined as when 50% of the plants in a plot com- 
pletely exerted at least one panicle. Plant height (PH) was determined 
by measuring 5 different plants in each F 4 row plot. Purple apiculus 
was determined visually, and glabrous leaves were determined by 
touching. 

Restriction fragment length polymorphism (RFLP) survey 
and genotyping 

Two hundred and forty loci at intervals of 5-10 cM were surveyed 
in the parents using RFLP probes obtained from Steven Tanksley's 

lab at Cornell University; approximately 80% of the probes detect- 
ed RFLPs. A subset of 97 probes, which detected 113 RFLP mark- 
er loci, was selected that covered all 12 chromosomes with a spac- 
ing of approximately 19 cM. To reconstruct the marker genotypes of 
the original 255 F 2 plants, DNA was extracted from 10 grams of fresh 
leaf tissue mixed from approximately 15 F 3 seedlings per F2 plant. 
The DNA extraction followed the procedure of Tai and Tanksley 
(1990) with minor modifications, and we used fresh leaf tissue in- 
stead of dehydrated tissue. Digestion of the DNA samples by EcoRV, 
HindIII, XbaI and ScaI; electrophoresis; Southern blotting; and hy- 
bridization followed standard procedures (McCouch et al. 1988; Yu 
et ah 1991). 

Construction of linkage map 

Linkage analyses were performed using the MAPMAKER program 
(Lincoln et al. 1990). A LOD score of 2.0 was used as a standard for 
all two-point analyses and a LOD score of 3.0 for all three-point and 
multipoint analyses, except in one case on chromosome 8 where link- 
age between RG20 and RG1034 was in agreement with previously 
reported maps (McCouch and Tanksley 1991; Causse et ah 1994) 
and had a LOD of 1.9 using our data. The assignment of linkage 
groups or markers to their corresponding chromosomes was based 
on McCouch and Tanksley (1991). 

Statistical analyses and interval mapping of QTLs 

Chi-square tests were performed to examine if the observed allelic 
and genotypic frequencies of the marker loci deviated from the ex- 
pected ratios so that the skewedness of the population could be de- 
termined. The mapping of QTLs was performed on the basis of 
the RFLP linkage map and breeding values of the 255 F 2 plants ac- 
cording to the method of interval mapping (Paterson et aI. 1988; 
Lander and Botstein 1989) using MAPMAKER/QTL 1.1 (Lincoln 
et al. 1992). The breeding values of the F 2 plants were obtained by 
averaging data from their derived F 4 lines. On the basis of our esti- 
mated rice genome size of approximately 1800 cM, a LOD score of 
2.4 was selected as the threshold for claiming presence of a QTL. 
With such a threshold, the probability that even a single false posi- 
tive QTL would be detected anywhere in the rice genome is approx- 
imately 0.05. QTLs were designated with a Q to indicate they were 
detected through QTL mapping, followed by an abbreviation of the 
trait name and the chromosome number. A final letter was used to 
accommodate situations where more than one QTL affecting a trait 
might be identified on the same chromosome. When adjacent LOD 
peaks were noted, the possibility of two linked QTLs was tested. A 
single QTL was claimed unless a two-QTL model was determined 
to be 100 times more likely than a one-QTL model (2 LOD differ- 
ence) (Lincoln et ah 1990). 

The proportion of total genotypic variance explained collective- 
ly by all identified QTLs for each trait was obtained by fitting the 
model containing all QTLs for that trait in MAPMAKER/QTL. This 
was performed by specifying the genomic region containing the most 
significant QTL for the respective trait, sequentially including each 
lesser significant QTL in the model and then using MAPMAK- 
ER/QTL to estimate the a and d for all of the QTLs simultaneously. 

When breeding values calculated from F 4 lines are used for phe- 
notyping instead of data from F2 plants, as was the case in our study, 
only a quarter of the dominance effect (6l) of the F2 plants would be 
expected to remain and contribute to the genotypic mean of their lz4 
progenies. Therefore, the unconstrained model in MAPMAKER/ 
QTL was used for all QTL mapping and the resulting estimates for 
d were multiplied by four. One-way ANOVA using SAS PROC GLM 
(SAS Institute 1987) was used to confirm the presence of each QTL. 
The two-factor model in SAS PROC GLM (SAS Institute Inc. 1987) 
was used to evaluate digenic interactions between identified QTLs 
as represented by their most closely linked markers. In each of these 
analyses, we used pFregression=pMgre~ression/Mgresidual (Haley and 
Knott 1992), which is an approxxmate hkelihood ratio test that is 
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Fig. 1 A rice linkage map with 113 RFLP marker loci and two mor- 
phological markers constructed from 255 F 2 plants from the cross 
'Lemont' x 'Teqing'. The numbers between marker loci are Kosam- 
bi cM. The map locations of the underlined markers have not been 
described previously 

some 6 (CDO544 and RZ768, RG433 and RG653) and one 
on chromosome 12 (RG241a and RG341). We also report 
the location of 32 loci (detected by with 26 probes) that 
have not previously been mapped (Fig. 1 underlined). 

more appropriate for unreplicated experiments than the traditional F 
2 test. pF has a % distribution with p (the number of parameters in the 

model) degrees of freedom. Since the mean of the F 4 lines was used 
in the analyses, 3/4 of the (a x d) and 11/16 of the (d x d) were con- 
founded with the (a x a) effect in this experimental design. Thus, on- 
ly highly significant interactions (P<0.01) between QTLs, due pri- 
marily to additive epistasis, were considered as evidence of epista- 
sis. 

Results 

Construction of linkage map 

The genotyping of the 255 F 2 progeny of 'Lemont 'x  
'Teqing' utilized 113 RFLP loci and two morphological 
markers. The resulting linkage map spanned 1840 cM and 
covered all 12 chromosomes with an average distance of 
19.0 cM (Kosambi map units, Kosambi 1944) or 
17.5_+7.8% (recombination fraction) between markers 
(Fig. 1). There were gaps on chromosomen 3, 4, 8 and 9, 
but the genome coverage was estimated to be approxi- 
mately 95%. The linear order of the markers matched that 
of Causse et al. (1994) except for RG190 and CDO109b, 
which mapped to different chromosomes, and five inver- 
sions: one on chromosome 1 (RZ276 and CDO348a), one 
on chromosome 5 (RG207 and RZ390b), two on chromo- 

Segregation of marker loci in the F 2 population 

The genomic composition of the F 2 plant population in- 
ferred from all marker loci had an approximately normal 
distribution with an average of 49.6% (_+5.8%) of the ge- 
home coming from 'Lemont ' .  The chi-square tests of the 
frequencies of individual parental alleles in the 255 F 2 
progeny indicated that alleles at 17 of the 115 mapped 
marker loci (14.8%) displayed significant deviation from 
the expected 1:1 ratio. The allelic frequency distortions did 
not generally favor alleles from either of the parents, but 
their chromosomal distribution was nonrandom and, in all 
cases, increased allelic frequencies were associated with 
alleles for increased fitness. For example, 'Lemont '  alleles 
of 6 linked loci on chromosome 5 (centered at RG403) and 
of 2 linked loci on chromosome 3 (centered at CDO1069) 
were favored and associated with two QTLs affecting pan- 
icle fertility (data not shown). Alleles of 'Teqing' on chro- 
mosome 6 (4 linked loci centered at RG433) and chromo- 
some 9 (2 linked loci centered at RG910b) were also fa- 
vored and associated with two QTLs affecting panicle fer- 
tility and grain yield (data not shown). Selection against 
F 2 and F 3 genotypes with low fertility and/or low viability 
was likely since only those F 2 plants producing sufficient 
seeds to plant a F 3 row and only progeny from viable F 3 
seeds were represented in the F 4 progeny observed in the 
study. However, the overall segregation distortion of al- 
leles at marker loci was much less severe in the 'Lemont '  x 



'Teqing' cross than that observed in previous studies in rice 
involving a wide indicaxjaponica cross (Wang et al. 1993) 
and in interspecific crosses in tomatoes (Zamir and Tad- 
mor 1987; Paterson et al. 1988). 

The F 2 population was homozygous with an average of 
21.8% and 22.5% (_+ 7.4%) of 'Lemont'  and 'Teqing' 
marker alleles, respectively, and were heterozygous at 
55.7% of the alleles. When individual marker loci were ex- 
amined, 86 (76%) showed small, but significant devia- 
tion from the expected genotypic ratio of 1 homozygous 
'Lemont' :  2 heterozygotes: 1 homozygous 'Teqing'. Of 
these, 9 could be attributed to allele frequency distortion. 
Most of the loci with distorted segregation showed an ex- 
cess of heterozygotes, while in only 5 cases (3.9%) were 
the homozygotes favored. Among the 72 loci exhibiting an 
excess of heterozygotes, the average degree of the devia- 
tion was small (11.4%), and it did not significantly affect 
identification of QTLs. 

Genetic variation for heading date and plant height 

The frequency distributions of the HD breeding values of 
the 255 F2 plants and the phenotypic values of the 2418 F 4 
lines were bimodal, thereby suggesting the involvement of 
genes with large effects (Fig. 2). In contrast, for PH the 
breeding value of the F 2 and that in the F 4 lines were ap- 
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proximately normally distributed, indicating polygenic 
segregation. 

The HD of the parents differed by only 6 days, with 
'Lemont'  having a HD of 92.5+1.3 days and 'Teqing' hav- 
ing a HD of 98.4 _+ 1.3 days. However, there was marked 
transgressive segregation for HD in the F 4 lines (ranging 
from 73 to 125 days) and for the calculated breeding val- 
ues of the F 2 plants (78 to 115 days) (Fig. 2). PH showed 
a similar transgressive segregation. The height of 'Lemont'  
and 'Teqing' differed by approximately 10 cm, but the 
height of the F 4 lines varied from 63 to 144 cm and the cal- 
culated breeding values of the F 2 plants ranged from 75 to 
132 cm. When F 1 plants were directly compared with pa- 
rental plants in 1992, heterosis was observed for both HD 
and PH with F 1 plants being 14 days earlier than 'Lemont '  
and 24 cm taller than 'Teqing'. 

Interval mapping of QTLs 

Heading date 

Two QTLs with large effects, QHd3a and QHd8a, were 
identified, each of which explained greater than 40% of 
the total genotypic variation in heading date (Fig. 3 and 
Table 1). QHd3a is located approximately 3 cM from the 
marker RG348, while QHd8a is located between RG20 and 

Fig. 2 Frequency distributions 
of the breeding value for head- 
ing date and plant height of 255 
F 2 plants from the cross 
'Lemont' x'Teqing'. P1 is 'Le- 
mont' and P2 is 'Teqing'. Also 
shown are the frequency distri- 
butions of the 2418 derived F 4 
Dines from which these breeding 
values were calculated 
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Fig. 3 Chromosomal regions associated with the control of heading 
date and plant height in the cross 'Lemont'x ~ The shaded 
boxes cover the region where the QTLs are most likely located based 
on where the likelihood score was within tenfold (1 LOD) of its max- 
imal value (90% likelihood interval as per Paterson et al. 1988). 
Underlined markers as in Fig. 1 

indicated the presence (P=0.004) of a QTL at a region 
between RZ2 and CDO109b on chromosome 6 that had a 
subthreshold LOD peak score of 2.11. 

Plant height 

RG1034. These genes had additive effects of 8 and 7 days, 
respectively. Earlier heading was promoted by the 'Lemont' 
allele of QHd3a and by the 'Teqing' allele of QHd8a. In 
addition, we identified QHdga, which had an additive ef- 
fect of 3.5 days. Both QHd3a and QHd8a appeared over- 
dominant for earliness with d/a ratios of 1.66 and 2.06, re- 
spectively. QHd9a exhibited partial dominance (d/a=0.53) 
toward lateness. Multiple QTL model analysis indicated 
that these three QTLs collectively explained 78.8% of the 
observed genotypic variation and 76.5 % of the phenotypic 
variation of HD in the 'Lemont' x'Teqing' cross. Results 
from ANOVA confirmed the three HD QTLs (Table 1) and 

Four QTLs for PH were mapped to 4 of the 12 rice chro- 
mosomes (Fig. 3 and Table 1). The two QTLs with the larg- 
est effects, QPh3a and QPh8a, individually explained 21% 
and 25% of the genotypic variation, respectively, and each 
had an additive effect of approximately 7 cm for increased 
height. The other two QTLs, QPh2a and QPh9a, explained 
7.9% and 8.4% of the genotypic variation, respectively, 
and each had an additive effect of approximately 4 cm for 
increased PH. For all of the PH QTLs except QPh8a, the 
alleles for increased height were from the taller parent, 
'Teqing'. Three of these QTLs (QPh2a, QPh3a and 
QPh8a) had partial dominance effects toward shortness 

Table 1 Genetic parameters as estimated by interval mapping and ANOVA of the QTLs affecting heading date (HD) and plant height (PH) 
identified in the cross 'Lemont' x 'Teqing' 

QTL Flanking markers Interval mapping ANOVA 
Iocus a 

a b d R~ LOD a b d R~ pF P 

QHd3a RG348-RG944 8.14 -13.48 0.447 24.46 6.60 -9.90 0.307 163.54 <0.0001 
QHd8a RG20-RG1034 -7.05 -14.52 0.425 8.16 -3.63 -6 .44 0.091 37.60 <0.0001 
QHd9a RG910b-RZ777 3.46 1.84 0.075 3.01 2.47 2.25 0.040 13.11 0.0044 

TotaF 15.87 -17.29 0.788 38.33 

QPh2a RG654-RZ260 4.13 -0.88 0.079 3.18 3.17 0.39 0.046 17.69 0.0005 
QPh3a RG348-RG944 6.76 -0.89 0.211 10.50 5.98 -0.85 0.168 74.00 <0.0001 
QPh8a RG20-RG1034 -7.03 -4.32 0.251 5.22 -3.86 -0.44 0.074 27.51 <0.0001 
QPh9a RG910b-RZ777 4.19 17.80 0.084 3.12 2.68 8.40 0.032 10.70 0.0135 

Total c 18.90 5.58 0.534 22.02 

a Individual QTLs are designated with "Q" indicating QTLs with LOD>2.4,  the abbreviation of the trait name and chromosome number 
followed by a letter is to accommodate situations where more than one QTL affecting a trait is identified on the same chromosome 
b The additive effect (a) is the effect associated with substitution of a 'Lemont' allele by the corresponding 'Teqing' allele 
c Estimates are obtained from a multi-QTL model fitting all QTLs (LOD>2.4) simultaneously 
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Fig. 4 QTL likelihood maps of LOD scores for heading date and 
plant height on chromosomes 3, 8 and 9. The corresponding chro- 
mosomal region is shown below the LOD score graphs with the po- 
sitions of the RFLP marker loci and the approximate recombination 
fraction between them indicated. The shaded boxes are as in Fig. 3. 
It should be noted that even though the LOD scores on chromosome 
3 had a double peak, a two-QTL model did not give a significantly 
better fit of the data 

and the remaining QTL, QPh9a, exhibited overdominance 
toward increased height (d/a ratio=4.25). Collectively, 
these four PH QTLs explained 53.4% of the genotypic vari- 
ation and 48.8% of the phenotypic variation in the F 2 
plants, respectively. Results from ANOVA confirmed these 
four PH QTLs and also suggested (P<0.01) QTLs at three 
regions that had LOD scores between 2.0 and 2.23 when 
analyzed using MAPMAKER/QTL. These regions had an 
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R 2 of approximately 4% and additive effects of 2-3 cm. 
They were located near RG418a on chromosome 3 and on 
chromosome 12 between RG323 and RG901 and between 
RG241a and RZ397. At LOD=2.0, there is only a 10% 
probability of identifying a single false positive, so it is un- 
likely that all three of these regions with 2.0<LOD<2.4 are 
not PH QTLs. 

Epistasis between QTLs for morphological traits 

The two-factor models using SAS PROC GLM (SAS In- 
stitute 1987) indicated that there was no evidence (all 
P>0.01) for the presence of digenic epistasis between the 
QTLs and the genomic regions associated with HD and PH. 
Such a lack of significant epistasis between QTLs was sim- 
ilar to that observed in most of the preceding gene map- 
ping studies (Stuber et al. 1987, 1992; Paterson et al. 1988, 
1991). 

Evidence of pleiotropic effects 

Since heading date and plant height are physiologically re- 
lated, it is of interest to examine the genetic relationship 
between the two traits. As expected, the simple correlation 
between HD and PH was highly significant (r=0.514, 
P<0.0001). Also, maps of LOD scores for HD and PH 
showed similar patterns (Fig. 4). The two PH QTLs with 
the largest phenotypic effects, QPh3a and QPhSa, mapped 
to approximately the same chromosome locations as the 
HD QTLs QHd3a and QHdSa.QPh9a also mapped to ap- 
proximately the same location as QHd9a. In addition, 
there was notable correspondence in both the directions 
and magnitudes of the additive effects between these HD 
and PH loci. Reduction in PH by 7 cm due to either QPh3a 
and QPh8a was associated with 7-8 days earlier heading 
and reduction in PH by 4 cm due to QPh9a was associated 
with 3.5 days earlier heading (Table 1). The dominance ef- 
fects of the HD and PH loci were in the same direction, al- 
though their apparent magnitudes differed substantially 
(Table 1). 

Discussion 

The bimodal phenotypic distribution of heading date in the 
F 2 plants and the F 4 lines suggests that genes with large ef- 
fects are involved in its inheritance. In agreement with this 
prediction, we mapped two QTLs with additive effects of 
8 and 7 days, QHd3a and QHdSa, each of which explains 
over 40% of the observed genotypic variation. We were 
also able to identify QHd9a, which would have gone un- 
detected using traditional methods. QHd9a explains only 
7.5% of the observed genotypic variation but has an addi- 
tive effect of 3.5 days and may be useful in breeding. Col- 
lectively, the three HD QTLs account for 79% of the ge- 
netic variation (Table 1). 
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The chromosomal locations of QHd3a, QHd8a and 
QHd9a identified in the 'Lemont'  x 'Teqing' cross did not 
correspond to those reported for the mapped maturity genes 
Ef-1, Se-1, and se-2 (Kinoshita and Takahashi 1991). Un- 
like E-I, E-2, E-3, se-2, Se-3, and lf-1, HD loci identified 
in this cross would be predicted to be non-photosensitive 
since heading date in neither parent is significantly affected 
by photoperiod. However, the effect of photoperiod on 
QHd3a, QHd8a and QHd9a remains to be directly tested. 
It is also possible that some of these loci have multiple al- 
leles that differ in their photoperiod sensitivity as does the 
earliness gene Ef-1 (Tsai 1986; Nakazaki et al. 1986). 
Whether QHd3a, QHd8a and QHd9a are related to If-2, 
the only unmapped gene for early flowering reported not 
to be photosensitive (Tsai 1986), also remains unknown. 
Interestingly, the region on chromosome 6 which had a sub- 
threshold LOD score of 2.11 for HD is approximately the 
same chromosomal region in which Se-1, a gene previously 
reported to be responsible for photosensitivity in rice, is 
located (Kinoshita and Takahashi 1991; Mackill et al. 
1993). 

From pedigree analysis, the semidwarf gene sd-1 is 
known to be present in 'Lemont'  (Bollich et al. 1985). In- 
corporation of this gene into traditional (tall) japonica 
backgrounds reduced plant height by 15-20 cm through 
approximately proportional reductions in the length of the 
top five internodes (Foster and Rutger 1978). However, the 
segregation for plant height in the 'Lemont'  x 'Teqing '  
cross was not due to segregation of sd-1. None of the plant 
height QTLs were on chromosome 1 where sd-1 is known 
to reside (Khush and Kinoshita 1991). The lack of segre- 
gation of a PH QTL in this region suggests that the 
semidwarf gene in 'Teqing' is allelic to sd-1. It also sug- 
gests that the PH QTLs identified in this study may be used 
in conjunction with sd-1 to adjust plant height in 3- to 
7-cm increments to fit specific requirements. The effect of 
these QTLs in the absence of sd-1 cannot be determined 
from our present data. 

The fact that the 3 HD loci mapped to similar genomic 
locations as PH QTLs suggests that genes at these loci may 
have pleiotropic effects on both HD and PH. The predicted 
direction and magnitude of additive gene effects at these 
QTLs are consistent with a pleiotropic effect in which a 1- 
cm reduction in PH is associated with an each day earlier 
HD. However, the correlation between HD and PH was not 
absolute in that one PH QTL, QPh2a, was not associated 
with HD (LOD = 0.33). Furthermore, although the domi- 
nance effects of the HD and PH loci were in the same di- 
rection, but their apparent magnitudes differed substan- 
tially (Table 1). QHd3a and QHd8a showed overdomi- 
nance of approximately 10 and 13 days, respectively, to- 
ward earliness, while QPh3a and QPh8a exhibited partial 
dominance toward decreased PH by 1 and 4 cm, respec- 
tively. In contrast, QHd9a showed dominance of 2 days to- 
ward lateness while QPh9a showed overdominance of 
18 cm toward increased PHI. It should be pointed out that 
defining HD as when there is complete exertion of one or 
more panicles by 50% of the plants in a F 4 line biased data 
toward earliness for F 4 lines segregating for HD. Thus, 

dominance effects for earliness (i.e. QHd3a and QHd8a) 
were likely overestimated, while dominance for lateness 
(i.e. QHd9a) may have been underestimated. All our dom- 
inance data must be also interpreted with caution due to 
the excess of heterozygosity detected throughout the ge- 
home in this population. 

Genes that determine which node of the rice stem de- 
velops into the panicle and those which control the rate of 
internode elongation would be expected to alter both head- 
ing date and plant height. In studies conducted at Beau- 
mont, it was found that 'Teqing' has three to four more 
internodes on the main stem and faster internode develop- 
ment rate than 'Lemont'  (L. T. Wilson, personal commu- 
nication). Thus, genes affecting the rate of vegetative de- 
velopment and the internode at which the panicle devel- 
ops would be expected to be segregating in our population, 
and may have been responsible for the HD and PH QTLs. 
This remains to be directly tested, but similar pleiotropic 
effects of genes controlling maturity and plant height have 
been reported in rice (Nakazaki et al. 1986) and other crop 
species (Wallace et al. 1993). 

The results of this study demonstrate that large pheno- 
typic differences between the parents for quantitative traits 
of interest are not always required for successful gene map- 
ping. 'Lemont'  and 'Teqing' differ in heading date by only 
6 days, but we were able to map two QTLs with large phe- 
notypic effects of 7-8 days and one QTL with a phenotypic 
effect of 3.5 days. Similarly, even though the parents dif- 
fered in height by only 10 cm, we were able to map four 
PH QTLs with phenotypic effects of 4-7 cm. 

The small difference in heading date between the par- 
ents but marked transgressive segregation in the progeny 
can readily be explained by the fact that both 'Lemont'  and 
'Teqing' contained alleles for early heading at different 
QTLs. The observation that the F 1 plants were 14 days ear- 
lier than the earlier parent, 'Lemont ' ,  can also be explained 
by dominance and/or partial dominance of the early alleles. 
Although two of our HD QTLs exhibited d/a> 1, this data 
does not provide irrefutable evidence of true overdomi- 
nance since they were likely biased toward earliness and 
the use of F 4 data provided inflated estimates of d for these 
loci. 

The situation with plant height is more complex. The 
sum of the additive effects at the PH QTLs exceeded the 
small difference in PH between the parents, but this does 
not appear to be adequate to explain the marked transgres- 
sive segregation observed in the progeny. Also, a simple 
additive-dominance theory does not adequately explain the 
observation that the F 1 plants were 24 cm taller than the 
taller parent, 'Teqing'. Three of the four PH QTLs, QPh2a, 
QPh3a and QPh8a, showed partial dominance toward 
shorter stature. Even if the remaining identified QTL, 
QPh9a, showed complete dominance toward increased 
height, the F 1 plants would still not be expected to be taller 
than 'Teqing'. Thus, the fact that the d/a ratio determined 
for QPh9a was greater than 1 may be indicative of true 
overdominance. Two of the regions which were associated 
with sub-threshold LOD scores for PH also exhibited over- 
dominance for increased height. Overdominance for PH 



QTLs  is consis tent  with the s t r iking heterosis  observed  in 
the F 1. However ,  one must  be careful  when in terpret ing our 
dominance  es t imates  s ince F4 plants  were used and the 
genera l  excess ive  he te rozygos i ty  l ike ly  caused  an overes -  
t imat ion  of  dominance  effects.  

The ava i lab i l i ty  of  genet ic  loci  which  alter head ing  date 
in 4-, 7- or 8-day increments  and which al ter  p lant  height  
in 3- to 7 -cm increments  make  it feas ib le  to " f ine- tune"  
genotypes  to meet  specif ic  requi rements  of  local  condi -  
t ions.  Hav ing  molecu la r  markers  wil l  a l low these loci  to 
be used more  p rec i se ly  to manipu la te  head ing  date or p lant  
he ight  than would  be poss ib le  on the basis  of  pheno typ ic  
select ion.  However ,  it  should be noted that we es t imated  
the effects of  these genes wi thin  a s ingle popula t ion  with 
data  co l lec ted  f rom a s ingle year. The genera l  ut i l i ty  of  
these loci  wil l  depend  on their  express ion  in other genet ic  
backgrounds  and envi ronments  and on whether  they are 
assoc ia ted  with undes i rab le  traits,  e i ther  because  of  p le io-  
t ropic effects or t ight  l inkage.  Many  known  dwar f  or sem- 
idwar f  genes  other  than sd-1 have not  been wide ly  ut i l ized 
in breed ing  p rograms  because  they are associa ted  with poor  
agronomic  pe r fo rmance  (Rutger  1984; Kikuchi  and Ikeha-  
shi 1984; Chang and Li  1984). In p re l iminary  studies,  we 
have not  de tec ted  associa t ion  be tween  the HD and PH 
QTLs  descr ibed  here  and undes i rab le  agronomic  perfor-  
mance ,  but we did detect  an assoc ia t ion  be tween  al leles for 
decreased  he ight  at QPh2a, QPh3a, QPh8a and QPh9a 
with increased  sheath b l ight  suscept ib i l i ty  which is dis-  
cussed in the accompany ing  paper  (Li et al. 1995). 
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