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Abstract Heading time (HT, days from sowing to head-
ing) is an important agronomic trait in rice. Physiologi-
caly, HT can be divided into two stages: vegetative
growth time (VGT) and reproductive growth time
(RGT). A number of studies for mapping QTLs confer-
ring HT in rice have been reported, but none of them has
tried to map HT-related QTLs based on their component
traits (VGT and RGT). The present study aims to map
HT-related QTLs in rice according not only to the perfor-
mance of HT, but also the performances of VGT and
RGT. A method based on an empirical equation of leaf
age growth was developed to partition HT into VGT and
RGT. An indica/japonica DH population and a corre-
sponding RFLP map were constructed for the study. The
methods of composite interval mapping and multiple-
trait composite interval mapping were used to map
QTLs. A total of 19 QTLs were mapped on al 12 rice
chromosomes with the exception of chromosomes 1 and
4. Results showed that: (1) more QTLs could be detected
by partitioning HT into VGT and RGT; (2) the genetic
variation of HT was largely attributed to VGT; and (3)
the two component stages were relatively independent in
terms of QTL effects, suggesting that the ratio between
VGT and RGT could be genetically adjusted without ap-
parently altering HT.
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Introduction

Heading time (HT, days from sowing to heading) is one
of the most important agronomic traits in rice. Physio-
logically, HT can be divided into two developmental
stages. vegetative growth time (VGT, days from sowing
to panicle initiation) and reproductive growth time
(RGT, days from panicle initiation to heading). VGT can
be further divided into two parts: the basic vegetative
phase (BVP) and the photoperiod sensitive phase (PSP)
(Kakizaki 1938; Vergara et a. 1965). It has been thought
that HT in rice is mainly determined by VGT (Vergara
and Chang 1985).

Since the beginning of the 20t century, many studies
have been carried out to investigate the genetic basis of
HT inrice. It is now known that HT in rice is controlled
by both major genes and minor genes. Since HT is com-
posed of two different developmental stages, it is inter-
esting, and also necessary, to study the two stages sepa-
rately and make clear whether the two stages share a
common genetic system or not. Up to now, however, all
genetic studies have been focused on VGT only. Some
major genes controlling VGT have been found. It was re-
ported (Chang et a. 1969) that BV P is controlled by two
or three Ef genes ( Ef-1, Ef-2, Ef-3), while PSP is con-
trolled by a series of genes including Se-1, se-2, Se-3,
Se-4, Se5, Se6, Se-7, E1, E2 and E3. Some of these
genes have been located using morphological or isoen-
zymatic markers (Yokoo and Fujmaki 1971; Yokoo and
Kikuchi 1992; Sato and Hayashi 1985; Poonyaritt et
al. 1989; Okumoto et al. 1992; Mackill et al. 1993;
Ohshima et al. 1993; Kinoshita 1995; Tsai 1995; Ichitani
et al. 1998), but most of them remain unmapped. In re-
cent years, with the help of molecular markers, a number
of quantitativetrait loci (QTLS) conferring HT have been
mapped inrice (Li et a. 1995; Lin et al. 1995; Xiao et al.
1995, 1996; Lu et al. 1997; Yano et a. 1997; Lin et al.
1998; Sarma et al. 1998), some of them were even
mapped to a fine scale (Yamamoto et al. 1998). But no
work has been reported to specify the stage(s) (VGT or
RGT or both) that a QTL isresponsible for.



The fact that no genetic study has been conducted on
RGT in rice may be largely due to the difficulty in deter-
mining the time of panicle initiation (i.e. the time of
transition from vegetative growth to reproductive
growth). In fact, all reported studieson VGT in rice were
based on the hypothesis that RGT is a constant (usually
considered to be 35 days), and therefore VGT could be
estimated by subtracting 35 days from HT. However,
studies have shown that RGT actually varies greatly
among varieties in rice (Senanayake et a. 1994; Yin et
al. 1997; Dung et al. 1998). Hence, taking RGT as a con-
stant is not appropriate. To study the genetic basis of
VGT and RGT, it is crucial to find a reasonable and con-
venient method for determining the time of panicle initi-
ation.

This paper reports a study of mapping QTLs underly-
ing HT, VGT and RGT in rice based on a method we
have developed for indirectly estimating the time of pan-
icleinitiation according to the growth curve of leaf age.

Materials and methods

Population and RFLP map

A doubled-haploid (DH) population consisting of 111 lines was
established by anther culture from a cross between an indica rice
variety Gui-630 and a japonica rice variety Taiwanjing. Based on
the DH population, a linkage map comprising 175 RFLP markers
and covering a total length of 1,224.6 cM was constructed (Weng
et al. 2000).

Data collection

Field experiment was conducted at Fujian Agricultural University,
Fuzhou (26°05' N), China, in 1998. Seeds of all DH lines and
their parents were sown in plastic trays on 5 April after pre-germi-
nating under a constant temperature 30°C for 2 days. Seedlings
were transplanted into the field on 25 April, with a spacing of
20 cm between plants and between rows. Twenty five seedlings of
each line were planted in a square plot surrounded by a row of
guard varieties on each side. Plants were grown under normal field
management. Two replicates were used.

Ten plants from two inner rows in each plot were chosen for
trait investigation. The number of developed leaves and the length
of the developing leaf on the main-stem of each plant were record-
ed every 5-7 days, beginning from the 30t day (5 May) after sow-
ing, until the end of leaf development. The final Iength of the de-
veloping leaf was measured after it had fully developed. The HT
of each plant was recorded when its first panicle appeared. The
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HT of each line was represented by the mean value of individual
plants.

Partitioning of HT into VGT and RGT

The leaf age (y) of a plant at a given observation time was calcu-
lated using the following formula:

y = Number of developed leaves

+ Length of the developing leaf 1
Final Tength of the developing Teaf * @

It was found that growth of the leaf age of each line (including the
parental lines) showed a parabolic curve within the observation
period (Fig. 1). Hence, an empirical non-linear model was used to
fit the leaf-age growth of each line:

y=c+atd,

@)

where t is time (with an origin on 30 April, the 25t day after sow-
ing), and a (> 0), b (> 0 and < 1) and c (> 0) are parameters. A
method called the contraction-expansion algorithm (Gu et al.
1998) was used to fit model (2).

It has been observed in previous studies (Ling et a. 1980) that
panicleinitiation in rice is always at around the time of the 3.5 re-
sidual leaf age with a very small variation range (3.3-3.6), inde-
pendent of genotype and environment. Based on this fact, the pan-
icleinitiation time (or VGT) of each line could reasonably be esti-
mated from model (2) (Fig. 2) as:
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Fig. 2 Principle of determining 3.5 residual leaf age or the time of
panicle initiation. Origin of time was set at the 25t day after sow-

ing

Fig. 1 Growth dynamics of 16 - 16 -
leaf agein parental varieties 14 a 1 b s
Taiwanjing (a) and Gui-630 ) ‘ ‘
(b). Origin of time was set at o 12 $ o 124 ¢
the 25t day after sowing & ¢ ¢ 0 ‘ ¢
h=! 10 4 ¢ ‘ o 10 4 ‘ ‘
3 s .8 3 s 4®
) ¢
6 6
4 ¥ L] L] L] L} 4 L L} L] L] 1
0 10 20 30 40 50 0 10 20 30 40 50
Time (days) Time (days)



1238

where y; is the final leaf age (i.e. the average total number of
leaves on the main-stem) of the line. Note that a constant 25 was
added in (3) because the origin of timet in (2) was set at the 25th
day after sowing. AsHT = VGT + RGT, the RGT of each line can
thus be estimated as:

RGT = HT - VGT. 4

QTL mapping

To map QTLs, HT was analyzed with the method of composite in-
terval mapping (CIM; Zeng 1994) based on least squares estima-
tion (Wu et al. 1996), and VGT and RGT were jointly analyzed
with the method of multiple-trait composite interval mapping
(MCIM; Jiang and Zeng 1995) based on least squares estimation
(Wu et al. 1999). Because the population was not large and there
were more markers than lines, QTL mapping was performed on
each chromosome separately (Wu et al. 1999). Four window sizes
(0, 10, 15 and 20 cM) were tried for CIM and MCIM. Significance
thresholds of the LOD score for CIM and MCIM were estimated
by the method of permutation tests (Churchill and Doerge 1994)
with 1,000 replicates. An overall or genome-wise significance lev-
el of 0.05 was used to declare putative QTLS.

Since QTL mapping was performed on each chromosome sep-
arately in CIM and MCIM, the effects of QTLs on other chromo-
somes were not statistically controlled. In a small sample, a corre-
lation between unlinked QTLs may exist due to sampling error.
This may possibly cause false positives (Wu et al. 1999). For this
reason, after QTLs had been mapped by CIM and MCIM, they
were re-evaluated with both univariate stepwise regression (for
HT aone) and multivariate stepwise regression (for VGT and
RGT jointly), using a significance level of 0.10 (Wu et al. 1999).
Since HT is composed of VGT and RGT, QTLs controlling VGT
and RGT may also berelated to HT and vice versa. Hence, in both
of the univariate and multivariate stepwise regression analyses, all
mapped QTLs were taken as candidate regression variables. QTLS
not significant in both stepwise regression analyses were consid-
ered to be false positives and therefore discarded. Effects of the
remaining QTLs were then estimated by multiple regression and
their contributions to phenotypic variation were indicated by a de-
termination coefficient (R?).

Path analysis

In order to investigate the relative contributions of VGT and RGT
to the genetic variation of HT, both phenotypic and genetic path-
analyses were performed. The genetic path-analysis was conduct-
ed using the genetic variances of and the genetic covariances be-
tween HT, VGT and RGT explained by the mapped QTLs. The
QTL-explained genetic variance of a trait was estimated by the
following formula (epistatic effects not considered, Wu et al.
1999):

va=gar+ s (1-25)aa;, W)

where g; is the additive effect of theith QTL and r;; is the recombi-
nation frequency between the ith and jth QTLSs. We found that the
effects of mapped QTLs on the three traits also followed the rela-
tionship of HT = VGT + RGT (see Table 1). Therefore, the QTL-
explained genetic covariances between HT and VGT and between
HT and RGT could be estimated with the following formulae, re-
spectively:

cov(HT, VGT) = cov(VGT + RGT, VGT)

=var(VGT) + cov(VGT, RGT) 8
cov(HT, RGT) = cov(VGT + RGT, RGT)
=var(RGT) + cov(VGT, RGT), 9

where

cov(VGT, RGT) = [var(HT) —var(VGT) — (var(RGT)]/2. (20)

Results
Performances of HT, VGT and RGT

All lines (including parental varieties) showed a determi-
nation coefficient (R?) greater than 95% (only one line's
R2 = 94.55%), with an average + standard deviation of
98.33 + 1.15%, when their leaf age growths were fitted
with model (2), indicating that the fitting was successful.
Therefore, using model (2) to partition HT into VGT and
RGT should be feasible. All three traits showed an ap-
proximately symmetric continuous distribution. The par-
ents Taiwanjing and Gui-630 had a quite similar HT
(about 80 and 85 days, respectively), but the variation
among DH lines was large, ranging from 79.7 to 110.0
days (mean + standard deviation = 91.7 £ 7.9). A similar
performance was observed in VGT and RGT. The differ-
ences between parents for VGT and RGT were only 2
and 3 days, while the variation ranges of the two traits
among the DH lines were 44.2-73.2 (56.9 + 6.4) and
28.0-46.2 (34.8 + 3.6) days, respectively. These results
suggest that all the traits, including RGT, displayed great
transgressive segregation and genetic variation. There-
fore, taking RGT as a constant (e.g. 35 days) asin previ-
ous studies is inappropriate. Similar results have also
been reported before (Senanayake et al. 1994; Yin et al.
1997).

Since HT varied greatly among the lines, the tempera-
ture condition during panicle development of different
lines might be varied. Hence, it would be necessary to
examine whether temperature had a large effect on RGT.
For this purpose, the mean value of the mean tempera-
ture per day during RGT (abbreviated as MTRGT) of
each line was calculated. 1t was found that the variation
of MTRGT among the lines was not large, with a differ-
ence only of about 4°C between the largest (29.14°C)
and the smallest (25.15°C). Regression analysis showed
that RGT was dlightly positively correlated with
MTRGT, but the determination coefficient was small
(15.76%). So, although temperature might somewhat in-
fluence RGT, the effect was small and therefore might
not significantly interfere with genetic analysis.

QTL mapping

A total of 19 QTLs were mapped on all 12 rice chro-
mosomes with the exception of chromosomes 1 and 4
(Fig. 3). All of these QTLs were detected by MCIM
(joint analysis of VGT and RGT), but only nine of them
were detected by CIM (analysis of HT). This indicates
that dividing HT into VGT and RGT could detect more
QTLs related to HT. Seventeen of the mapped QTLs
were significant in the subsequent multivariate stepwise
regression analysis, but only 11 were significant in
the univariate stepwise regression analysis. The two
QTLs on chromosome 11 (QTL11a and QTL11b) were
not significant in both of the stepwise regression ana-
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lyses. They were, therefore, suspected of being false
positives and were discarded. Effects of the remaining
17 QTLs on VGT, RGT and HT, and their relative
contributions to the phenotypic variation (R2) of the
three traits, were then estimated by multiple regression
(Table 1, Fig. 4).

It is seen from Fig. 4 that the relative importance of
QTLs for atrait (indicated by R2) varied greatly, with a
range of 0.329%-6.34%, 0.17%-8.18% and 0.01%—
8.40% in VGT, RGT and HT, respectively. In total, these
QTLs explained about 2/3rds of the phenotypic varia-
tions of VGT, RGT and HT, respectively. If we take the
R2 of a QTL smaller than 1% as insignificant, and so ne-

glect its contribution, then we find from Fig. 4 that VGT
was mainly controlled by 11 QTLs, namely, QTL7c, 2a,
7b, 10b, 8, 7a, 3, 2b, 9, 2c and 5a (listed in order from a
larger R2 to smaller R2, as in what follows); RGT was
mainly controlled by 12 QTLs, namely, QTL12b, 3, 123,
7c, 6b, 7b, 5a, 6a, 5b, 2a, 7a and 8; and HT was mainly
controlled by ten QTLs, namely, QTL7c, 3, 2a, 7b, 10b,
7a, 123, 2b, 9 and 8.

It is interesting to note that QTL5a, 5b, 6a and 6b
contributed almost nothing to HT (R2 very close to zero;
Fig. 4). The reason is that these QTLs had opposite ef-
fects on VGT and RGT (Table 1). Since a QTL's effects
on the three traits also follows the relationship of HT =
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Table 1 Mapped QTLs conferring vegetative growth time (VGT),
reproductive growth time (RGT) and heading time (HT) inrice

QTL Chromo- Position Additive effect 2
someno. (cM)
VGT RGT HT

QTL2a 2 43 —2.056 -0.630 -2.686
QTL2b 2 69 1.610 0.529 2.139
QTL2c 2 85 -1.313 0.333  -0.980
QTL3 3 22 -1.395 -1.266  -2.661
QTL5a 5 10 -0.893 0680 -0.213
QTL5b 5 109 —0.494 0.618 0.124
QTL6a 6 16 -0.789 0592  -0.197
QTL6b 6 64 0.658 -0.906  -0.248
QTL7a 7 0 1.413 0.497 1.910
QTL7b 7 114 —2.989 -1334 4323
QTL7c 7 127 3.214 1.319 4.533
QTL8 8 8 1.698 —0.499 1.199
QTL9 9 33 —-0.905 -0.373  -1.278
QTL10a 10 30 0.739 0.269 1.008
QTL10b 10 51 2.148 0.586 2.734
QTL12a 12 15 -0.773 -1444 2217
QTL12b 12 31 —-0.849 1.782 0.933

a Effect of allele from Gui-630

VGT + RGT, the opposite effects of a QTL on VGT and
RGT may be mutually offset, resulting in a smaller effect
on HT (Table 1). Similar phenomena were found at
QTL2c, 8and 12b.

Relationship between VGT and RGT

Comparing VGT and RGT, we see that some QTLS, such
as QTL3, QTL7c and QTL 7b, showed significant contri-
butions to both traits. However, in most of the cases, the
relative importance of a QTL (indicated by R?) for VGT
and RGT was quite different. A typical example is
QTL12a and 12b, which were among the most important
QTLsfor RGT, but unimportant for VGT. In fact, thelin-
ear correlation of R2 between VGT and RGT was very
small (= —0.066). This suggests that VGT and RGT are
relatively independent in terms of QTL effects. This is
consistent with the fact that both the phenotypic correla-
tion and the genetic correlation attributed to the mapped
QTLs between VGT and RGT were low (= 0.174 and
0.291, respectively).

Contributions of VGT and RGT to HT

It is seen from Fig. 4 that the variation pattern of the
QTL's relative importance (R2) for HT was very similar
to that of VGT (correlation = 0.861), but much less simi-
lar to that of RGT (correlation = 0.291). This is consis-
tent with the result of path analysis. The direct phenotyp-
ic and genetic paths from VGT to HT were 0.816 and
0.797, respectively; while those from RGT to HT were
0.453 and 0.415, respectively. These results suggest that
the genetic variation of HT should be largely attributed
toVGT inrice.
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Discussion

Importance of partitioning HT into VGT
and RGT for QTL mapping

A number of studies for mapping QTLs conferring HT in
rice have been reported (Li et al. 1995; Lin et al. 1995;
Xiao et al. 1995, 1996; Lu et a. 1997; Yano et al. 1997;
Lin et a. 1998; Sarma et al. 1998; Yamamoto et al.
1998). However, none of these have tried to map QTLs
related to HT based on its component traits (VGT and
RGT). In the present study, we developed an approach
for indirectly estimating the time of panicle initiation so
that HT could be divided into VGT and RGT. There are
at least two advantages to partition HT for QTL map-
ping. First, QTL effects on VGT and HT can be distin-
guished. This may help us to better understand the genet-
ic basis of HT and other related traits. Second, more
QTLsrelated to HT can be detected, especialy for those
QTLs showing opposite effects on VGT and RGT.
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Table 2 Possible allelism of

QTLs conferring HT mapped in Chrorr;osome Common linked QTL mapped References
this study to those mapped in (arm) marker . . .
previous studies This study Previous studies
3(9 RZ993 QTL3 dth3 Xiao et al. 1996
6 (S C235 QTL6a Hd-1 Yano et a. 1997
Hd-1 Yamamoto et al. 1998
Hdl Yamamoto et al. 2000
Unnamed Linetal. 1998
7(L) C596 QTL7b Unnamed Linetal. 1998
7(L) C586 QTL7c Hd-2 Yano et al. 1997
Hd-2 Yamamoto et al. 1998
8(L) RG978 QTLS8 QHd8a Li et al. 1995
dth8 Xiao et al. 1996
hd8 Linetal. 1995
hd-8 Luetal. 1997
_ o ] 9(L) G123 QTL9 FTLQ3 Sarmaet al. 1998
aS=shortarm; L =longarm; 13 (9 RG341 QTL12b hd12 Linetal. 1995

?=unknown

Consistency of QTLsfor HT mapped in different studies

At least 32 QTLs for HT have been reported in rice.
They are distributed over the whole rice genome except
for chromosome 5. We may expect that some of these
QTLs must be dlelic. But, unfortunately, a comparison
of QTLs mapped by different studies has been difficult
because different sets of DNA probes were used in the
different studies. Two sets of rice DNA probes have been
commonly employed, one is from Cornell University
(Causse et al. 1994) while the other is from the Rice
Genome Research Program (RGP) of Japan (Harushima
et al. 1998). In the present study, we used an RFLP map
containing markers (probes) from both Cornell Universi-
ty and RGP (Weng et al. 2000). This allows us to com-
pare our results with some previous studies, in which
prabes from either Cornell University or RGP were used.
The comparison suggests that seven QTLs mapped in the
present study appear to coincide with the QTLs for HT
detected by earlier studies (Table 2), giving support to
the existence of these QTLs.

Impact of mapping HT-related QTLs on rice breeding

Our research has indicated that VGT and RGT inrice are
relatively independent in terms of QTL effects. Thisim-
plies that it would be possible to adjust the ratio between
VGT and RGT via genetic recombination without appar-
ently altering HT. For example, according to the QTLs
mapped in this study, it can be expected in theory that
the ratio of VGT/RGT may vary from 1.10 to 2.20,
equivalent to a variation range of about 11.5 days in
VGT (or complementary for RGT), when HT is fixed at
70.0-70.1 days. This variation range is quite consider-
able. Hence, the structure of HT in rice is very flexible
and there is wide freedom to re-mould it. Although it is
still not clear how the ratio of VGT/RGT can affect the
grain yield of rice at present, considering the fact that the

two important yield components, the number of produc-
tive tillers and the number of spikelets per panicle, are
built during VGT and RGT respectively, it is to be ex-
pected that there might be an optimal pattern(s) of the
VGT-RGT ratio for the highest yield under a given
length of HT inrice. Thisisworth further study.
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