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In wheat, plant height is an important agronomic trait, and a number of quantitative trait loci (QTLs) controlling plant height have
been located. In this study, using the conditional and unconditional QTL mapping methods, combined with data from five differ-
ent growth stages over two years of field trials, the developmental behavior for plant height in wheat was dissected. Nine uncon-
ditional QTLs and 8 conditional QTLs were identified, of which 6 were detected by both methods. None of the 11 QTLs was de-
tected at all of the 5 investigated developmental stages, but 7 QTLs were detected at certain stages in both years. Further analysis
identified 9 unconditional QTLs at different stages, which could explain the phenotypic variation from 4.81% to 17.35%. It was
noteworthy that one major QTL designated QHr-4B-2, which was located on chromosome 4B, was detected on May 18 and 25 in
both years, and its genetic contributions to plant height ranged from 13.42% to 16.13%. Moreover, of the 8 conditional QTLs
identified, six were detected in both years, in the order of QHt-3B—QHt-4B-1—QHt-4B-2—QHt-4D—QHt-5A and QHt-2B ex-
pressed at the same developmental stage. The results indicate that QTL expression during plant height development is selective

and in a temporal order.
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As one of the most important agronomic traits in wheat
breeding, plant height plays a vital role in producing plants
with high lodging resistance and high harvest index. For
example, the dwarfism gene from Nonglin-10, which was
widely used in classical wheat breeding programs, contrib-
uted significantly to the green revolution in the 1960s [1].
Until now, dwarfism breeding has been important in in-
creasing the yield of wheat all over the world.

Genetic analysis of plant height has been carried out by
many researchers, and more than 20 dwarfism genes have
been identified in wheat [2]. Some of these genes have been
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exploited to breed many semidwarf cultivars with high yield
potential. Recently, along with the advent of molecular
quantitative genetics, about 50 quantitative trait loci (QTLs)
for wheat plant height have been identified using the con-
structed molecular genetic linkage maps [3—15]. However,
QTL mapping of plant height in wheat was only focused on
the performance of this trait at the maturing stage.
Conventional statistical genetic analysis revealed that
gene expression patterns were distinct at different develop-
mental stages, and the genetic model for the final character
did not fully reflect the true gene expression pattern during
formation of the character [16-22]. Therefore it is necessary
to conduct dynamic mapping of plant height at a variety of
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stages to fully elucidate the genetic basis of the develop-
mental behavior of the trait. Indeed, conditional and uncon-
ditional QTL mapping methods developed by Zhu [21] have
already been used successfully to study the developmental
behavior of plant height in other crops, such as rice [22],
maize [23] and soybean [24]. These studies indicated that
the actions and interactions of genes responsible for plant
height varied in different growth periods and environmental
conditions. Recently, QTL mapping for developmental be-
havior of plant height in wheat was conducted under
well-watered and drought conditions [25].

Spelt (Triticum spelta L.) is a hexaploid species of wheat,
an ancient and distant cousin of modern wheat (Triticum
aestivum L.), and it possesses many genes valuable for con-
ferring tolerance to biotic and abiotic stress, as well as flour
quality [26], which could be useful for wheat breeding. As
dwarf wheat, Line 3338 is ideal for the study of plant height
and QTLs for plant height have been detected using an F,;
population derived from Line 3338 and F390 [27]. In the
present study, a population of 188 advanced recombinant
inbred lines was derived from a cross between a common
wheat (7. aestivum AABBDD) Line 3338 and spelt wheat
(T. spelta AABBDD) Altgold. The population was further
used to analyze the developmental behavior of plant height,
and the 11 conditional and unconditional QTLs of plant
height detected in our study enabled us to further under-
stand the genetic basis of plant height in wheat.

1 Materials and methods

1.1 Materials and genetic maps

A population of 188 (F;) recombinant inbred lines derived
from a cross between the common wheat (7. aestivum) Line
3338 and spelt wheat (7. apelta) Altgold using a single seed
descent method was used for constructing a genetic linkage
map and QTL mapping. Using Mapmaker/EXP version 3.0b
(centimorgan function: Kosambi, LOD > 3), a genetic link-
age map was constructed with 290 DNA markers (232 sim-
ple sequence repeat [SSR], 56 expressed sequence tag
(EST)-SSR and two gene-specific markers), which were
distributed throughout the 21 chromosomes (data not
shown). This map covered 4048.3 cM with an average dis-
tance of 13.9 cm (maximum 48.2 cm, minimum O cm) be-
tween pairs of markers. The SSR markers used in this study
were taken from the GrainGenes database (http://wheat.pw.
usda.gov), and the EST-SSR markers (designated as Xcau)
were designed by the Wheat Genetics and Genomics Labo-
ratory of China Agricultural University. The Q gene-spe-
cific primers were designed based on the sequence variation
between common wheat and spelt wheat according to
Simons et al. [28]. The Rht-Bl-specific marker (BF-WR1)
was exploited by Ellis et al. [29].

1.2 Measurement of plant height

The experiment was conducted during the April, 2003 and
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May, 2004 growing seasons at the Changping experimental
station, Beijing, of the China Agricultural University. Seeds
of the 188 F; RILs and their parents Line 3338 and Altgold
were sown on October 3 in both 2003 and 2004 in a ran-
domized complete block design with three replications. A
spacing of 20 cm between rows and 20 cm between plants
was maintained within a 2-m-long row, which represented a
single plot. The management of the field experiments was in
accordance with local standard practices.

Starting on April 27, plant height was measured for 5
plants in each plot every 7 d until the height remained un-
changed. Height (in cm) from the soil surface to the tip of
the tallest ear was considered as actual plant height (awns
excluded).

1.3 Data analysis and QTL mapping

The unconditional QTLs for plant height were mapped us-
ing the composite interval mapping method [30]. The ge-
netic effect detected by unconditional mapping represented
the total effect of the QTL from the initial time to time .
The conditional phenotypic value (y(#)/y(z—1)) of plant
height was obtained by mixed model approaches for the
conditional genetics of developmental quantitative traits
[21], and the composite interval mapping method was used
to analyze the conditional phenotypic value. The conditional
QTLs were detected by conditional mapping, which ac-
counts for gene expression at a specific developmental pe-
riod (+1 to ), and the effect of the QTL is the genetic net
effect during the time interval (+~1 to f). The conditional
phenotypic value was calculated with QGA Station version
1.0 software. Windows QTL Cartographer version 2.5 was
used to locate QTLs (LOD = 2.5).

2 Results

2.1 Plant height at 5 different developmental stages

The plant height of the 188 RILs and the parents Line 3338
and Altgold was measured at 5 different developmental
stages in both growing seasons (Table 1). The male parent
Altgold grew much faster and was much taller than the fe-
male parent Line 3338 at all investigated stages in both
growing seasons. Line 3338 grew quickly only at the first
investigated stage, namely from April 27 to May 4 (Table
1). This was probably because Line 3338 is an early head-
ing genotype, which resulted in cessation of vegetative
growth from May 4. Broad variation of plant height among
the RILs existed (Table 1). At the final stage, the average
plant height of the 188 RIL lines was 92.5 cm and ranged
from 56.2 to 131.9 cm.

2.2 Unconditional QTL analysis

Using unconditional plant height phenotypic values measured
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Table 1 Plant height (cm) of the RIL population and two parents at different stages in 2004 and 2005

Date Year Parents : RILs
3338 Altgold Min Max Mean Skew Kurt
April 27 2004 50.8+0.84 54.4+2.07 34 81.2 57.7+8.9 -0.23 -0.12
2005 43.2+0.84 54.6+3.44 31 724 53.5+7.5 —-0.01 -0.11
May 4 2004 58.2+1.67 63.4+2.30 42 102.8 71.9+11.4 -0.33 -0.02
2005 53.4+1.41 71.6+1.22 41.4 89.8 67.6+9.4 -0.17 -0.23
May 11 2004 60.4+3.63 80.2+3.11 50 108.4 83.7+12.6 -0.49 -0.08
2005 53.6+1.58 84.8+3.51 51 100.2 80.3x14.5 -0.45 -0.19
May 18 2004 60.4+0.59 93+4.74 51 126.8 89.1+13.3 -0.47 0.24
2005 52.6+1.22 105.6+4.30 572 127.8 89.1x13.2 -0.11 -0.15
May 28 2004 58.3%1.51 108+5.71 54.6 132.4 92.5+14.1 -0.38 0.37
2005 52.6+1.95 119.2+5.57 57.8 131.4 92.5+14.8 0.02 -0.32

at 5 different stages, seven and eight QTLs were detected at
different stages in 2004 and 2005, respectively (Table 2,
Figure 1). Of these QTLs, 6 were detected in both years,
with slight differences with growth stage and genetic effect
value. For example, one QTL (QHt-4B-2), which explained
12.17% (2004) and 16.13% (2005) of phenotypic variation
in plant height, was detected on May 11, 18 and 25 in 2004,
and on May 18 and 25 in 2005. Another QTL (QHt-3B) was
detected at the four earliest stages in 2004, but was detected
only at the first stage in 2005, and was not detected at the
final stage in 2004 or 2005. Similarly, QHt-4B-1 was de-
tected at the first two stages and at the three earliest stages
in 2004 and 2005, respectively, but was not detected at the
last stage. QHr-7B-1 and QHt-7B-2 were only detected in
2005, while QHt-2D was only detected at the last stage in
2004. It was no table that only five QTLs were detected at
the last stage (May 25), and three of these were common to
both growing seasons, which was much fewer than QTLs

detected at the different developmental stages, suggesting
that some QTLs expressed early during growth in plant
height might be inactive or undetectable as the plants ma-
tured.

2.3 Conditional QTL analysis

Using a conditional QTL mapping method, six and eight
QTLs of plant height were detected at the five different
stages in 2004 and 2005, respectively, of which six were
detected in both years (Table 3, Figure 1). Among the three
QTLs detected at the initial stage to April 27, two were de-
tected in both years, but none of QTLs detected from April
27 to May 4 were identical in both years. Only one QTL
(QHt-4D) was detected from May 4 to May 11 only in
2004. Though 3 QTLs were identified from May 11 to May
18, only one locus (QHt-4B-2) was detected in both years.
At the last stage, loci QHt-2B and QHt-5A were detected

Table 2 Effect of unconditional QTLs for plant height at different stages in 2004 and 2005

4-27 5-4 5-11 5-18 5-25
QTL Interval Year
LOD AY PR%” LOD A R*% LOD A R*% LOD A R*% LOD A R%
QHt-2D  Xcfd44-Xgwm539 2004 3.62 4.62 10.07
2005
QH1-3B Xgwm566-Xcaul0l 2004 3.68 247 722 474 458 1033 284 3.02 547 445 499 9.07
2005 256 1.69  4.81
QHt-4A  Xwmc24-Xksm130 2004 255 361 796 289 3.16 53
2005 298 3.04 506 275 419 7.80
QHt-4B-1 Xgwm375-Xgwm251 2004 577 -3.08 11.00 6.01 -4.05 12.00
2005 547 -2.48 10.57 4.04 -276 833 3.89 -420 8.17
QH1-4B-2  Xgwm495-Xgwm375 2004 576 446 12.17 736 -5.43 16.13  6.58 —5.32 13.8
2005 7.58 =5.17 15.11  6.50 —-5.48 13.42
QH1-4D  Xpsp3103-Xcfd71 2004 3.19 =327 657  3.64 =369 7.51 291 -351 599
2005 453 —4.09 947  4.60 -4.92 10.79
QH1-5A 0-Xcfa21559 2004 427 -4.68 10.62
2005 6.97 -4.62 12.1 1037 —6.21 17.35
QHt-7B-1  Xcaul30-Xgwm537 2004
2005 3.03 1.9 6.04 326 268 7.74
QHt-7B-2  Xgdm36-Xbarc50 2004
2005 284 313 558

a) Additive effect: positive value of the additive effect that Line 3338 alleles are in the direction of increasing the plant height; b) phenotypic variation ex-

plained by each QTL.
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Figure 1 Conditional and unconditional QTLs for wheat plant height at different stages.

in both years. Of all the QTLs detected at the last four
stages (from April 27 to May 25), the Altgold alleles in-
creased plant height, which was in accordance with the fact
that growth of Altgold continued while Line 3338 stopped
growing after April 27. The result also indicated that no
QTLs/genes for plant height were continually active during

the whole period of growth. Interestingly, expression of the
6 QTLs was in the order of QHt-3B—QHt-4B-1—
QHt-4B-2—QHt-4D—QHt-5A and QHt-2B expressed at the
same developmental stage in both years. Further analysis
showed that the genetic effect of these QTLs was quite
similar for the two years, though the size of effects varied
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(Table 3).

3 Discussion

The formation of plant height is a dynamic process, involv-
ing the expression of many genes and other important regu-
latory mechanisms. Most previous studies related to QTL
mapping of plant height have focused on the trait at the ma-
turing stage, which might lead to loss of much important
information. In order to detect loci underlying the develop-
mental behavior of plant height in wheat, two QTL mapping
methods, comprising unconditional and conditional meth-
ods, were used in the present study. The former method
involves mapping QTLs using phenotypic values at each
observed time point, which is referred to as accumulation
analysis of QTL from the initial time to the time point ¢. The
latter method identifies QTLs using increments of pheno-
typic values from the specific time point t—1 to ¢, reflecting
the net effects of gene expression from time 7—1 to 7.

In this study, expression of QTLs/genes for wheat plant
height at 5 growth stages in two years was assessed using
dynamic QTL mapping methods. Nine unconditional QTLs
and eight conditional QTLs responsible for plant height
were identified in the RIL population derived from a cross
between common wheat (7. aestivum) Line 3338 and spelt
wheat (7. spelta) Altgold (Tables 2 and 3, Figure 1), respec-
tively. More QTLs were detected at immature stages than at
the maturing stage and no QTL for plant height was con-
tinually active during the whole period of growth. We also
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observed many differences between conditional and uncon-
ditional QTLs, for example, one unconditional QTL located
on chromosome 4D and flanked by the SSR markers
xpsp3103 and xcfd71 was detected at three stages in 2004
(May 11, 18 and 25), but was only expressed from May 4 to
May 11 during the conditional QTL analysis. In addition,
two conditional QTLs (QHt-2B and QHt-3A) identified in
the present study were not be detected in the unconditional
QTL analysis. These results indicated that some of the con-
ditional QTLs were only actively expressed at one or two
stages compared to unconditional QTLs. In other words,
these QTLs only play an important role at certain develop-
mental stages. These results were in agreement with previ-
ous studies of plant height in rice [22] and maize [23],
which also reflected the developmental genetics and biology
theory that genes are expressed selectively at different
growth stages. Therefore, the conditional QTL method en-
abled us to identify the important developmental stages that
we should focus on, which was helpful to understand the
genetic and molecular mechanisms of plant height in wheat.

Though the average plant height of the RIL population
was quite different between the two years, they were iden-
tical at the last two investigated stages in both years (Table
1). In addition, plants of the female parent Line 3338 at the
different stages in 2004 were taller than in 2005, while
plants of the male parent Altgold in 2004 were much shorter
than in 2005 (Table 1). Similar results have been reported
by Wang [25]. We also found that the QTLs detected by
both conditional and unconditional analysis in both years
showed slight differences, such as QHr-3B, which was

Table 3 Effect of conditional QTLs (#/+—1) for plant height at different stages in 2004 and 2005

<4-27 4-27-5-4 5-4-5-11 5-11-5-18 5-18-5-25
QTL Interval Year
LOD A R*%  LOD R% 10D A R% LOD A R% LOD A R%

QHt-2B Xwmcl54-Xgwm257 2004 349 -1.48 7.04

2005 251 -1.18 481
QH1-3A  Xcau206-Xgwm383 2004

2005 254 —1.47 10.07
QHt-3B  Xgwm566-Xcaul0l 2004 3.68 247 7.22

2005 256 1.69 481
QHt-4B-1  Xgwm375-Xgwm251 2004 5.77 -3.08 11.00

2005 547 -248 1057 252 -132 8.04
QH1-4B-2  Xgwm495-Xgwm375 2004 3.81 -1.73 8.00 337 -1.38 7.99

2005 352 275 7.84 321 -1.60 9.07
QHt-4D  Xpsp3103-Xcfd71 2004 3.03 -1.72 6.96

2005 402 -3.48 1270
QH1-5A Q-Xcfa2155 2004 6.39 —2.07 13.95

2005 327 -2.88 828 6.63 —1.93 13.07
QH1-7B-1  Xcaul30-Xgwm537 2004

2005 3.03 19 6.04

a) Same as in Table 2.
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detected at the first four stages in 2004, but was only de-
tected at the first stage in 2005 by unconditional analysis.
However, the locus was detected by conditional analysis at
the first stage in both 2004 and 2005, and the effect value in
2004 was larger than in 2005. All these differences ob-
served might result from gene-environment interaction.
More importantly, these unstable QTLs might be more sen-
sitive to the environment than QTLs detected at the same
stages in the two years.

Flowering time is probably another factor that influences
plant height. The flowering time of Altgold (about June 1)
was significantly later than that of Line 3338 (about May
10), and the plant height of Altgold was much higher than
that of Line 3338 during the heading to flowering period
owing to elongation of the uppermost internode (data not
shown). In the current study, the locus QHt-5A, with the ¢
allele obtained from Altgold, increased plant height and was
expressed exclusively in Altgold after May 18 in 2004 and
May 11 in 2005 (Tables 2 and 3) and, as mentioned above,
the plant height of Line 3338 remained unchanged after
May 11. Thus it could be inferred that this locus was re-
sponsible for elongation of the uppermost internode in Alt-
gold after heading and until flowering.

In previous studies, which had the objective of investi-
gating the developmental behavior of quantitative traits,
equal intervals in the developmental period were usually
employed for conditional analysis [22-24]. In the present
study, 7-d intervals from April 27th to May 25th were used
for dynamic characterization of plant height QTLs in wheat.
At the 5 time points, we detected nine QTLs by the uncon-
ditional QTL mapping method, which were located on
chromosomes 2D, 4A, 4B, 4D, 5A and 7B, respectively,
and 6 of these QTLs were also identified by conditional
QTL analysis. In contrast, the other three unconditional
QTLs (QHt-2D, QHt-4A and QHt-7B-2) were not detected
by conditional QTL mapping. Moreover, another 5 condi-
tional QTLs (QHt-3A, QHt-3B, QHt-4B, QHt-4D and
QHt-7B-1) were detected at the 5 investigated developmen-
tal stages, but not at the maturing stage, which might reflect
that the expression of genes is not uniform among all of the
intervals, and the basis for division of measurement stages
needs further study. More recently, Wu et al. [31] developed
a statistical model, called functional mapping, which was
proposed to evaluate QTL values with respect to a plant
growth curve, allowing for complete characterization of the
network of all possible genes that confer the temporal pat-
tern of variation in a complex dynamic trait. The approach
may be beneficial to cope with the problem of division of
measurement stages. However, it is important for functional
mapping to evaluate the error of estimation for mathemati-
cal model parameters in future studies [32].

We also identified two features of expression of plant
height QTL in the wheat RIL population: (1) the effect of
each QTL/gene was in one direction (with +/— value) and
independent of developmental stage; for instance, the un-
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conditional QTL QHr-3B contributed a positive additive
effect at the 4 stages at which it was detected, while the
unconditional and conditional QH#-4B-1 contributed a
negative additive effect at all the stages it was expressed;
(2) expression of 6 conditional QTLs was in the order
QHt-3B—QHt-4B-1—QHt-4B-2—QHt-4D—QHt-5A and
QHt-2B expressed at the same developmental stage, which
indicated that expression of QTLs/genes at sequential de-
velopmental stages, followed a certain order. The stable
temporal order of QTL/gene expression in both years may
also imply existence of network of genetic interactions,
such as the gibberellin signaling pathway, whose relation-
ship with plant height has been discussed extensively [33].
Twenty-one Rht (Reduced plant height) genes have been
identified in wheat thus far [2], among which Rh#-Blb
(Rhtl) and Rht-D1b (Rht2), located on chromosomes 4B
and 4D, respectively, have been used successfully in wheat
breeding programs worldwide. In this study, 2 QTLs
(QHt-4B-1 and QHt-4B-2) closely linked to plant height
were located on chromosome 4B. In our study, QHt-4B-1
was located between Xgwm251 and Xgwm375, and
QHt-4B-2 was located in the chromosomal region between
Xgwm375 and Xgwm495. In addition, Xgwm251, Xgwm375
and Xgwm149 are reported to be located in the same chro-
mosome bin (4BL1-0.86-1.00) (http://wheat.pw.usda.gov),
and another QTL for plant height, which is linked to
XgwmlI49, has been mapped at the same location by Huang
et al. [9]. Furthermore, two molecular markers (Xfbal and
Xgwm495) were also reported to be linked to Rht/BI [12].
More recently, a plant height QTL linked to Xgwm495 was
also detected using the DH population derived from
RL4452 x AC Domain [3]. Though Rht/B1 is reported to be
located on the short arm of chromosome 4B, it is quite dif-
ferent from the QTLs (QHt-4B-1 and QHt-4B-2) identified
in our study that were located on the other arm of this
chromosome (Figure 1), suggesting that QHt-4B-1 and
QHt-4B-2 are new QTLs for plant height. Another dwarfism
gene, Rht-DI, mapped on chromosome 4D was closely
linked to the marker Xfba211 [12]. In the present study, one
QTL (QHt-4D) was located on chromosome 4D and was
flanked by xpsp3103 and xcfd71. Another two major plant
height QTLs (QHt-2B and Qht-7B-1) detected in this study
were reported previously by Gervais et al. [7] and Huang et
al. [11], respectively. It was reported also that the marker
Xgwm?257 was linked closely with the Ppd-Bl gene [34].
This marker was linked with QHt-2B in our study, suggest-
ing that QHt-2B might represent the Ppd-BI gene. Taken
together, these QTLs detected by dynamic mapping were
highly consistent with that of a final trait phenotype in other
populations, and most had a large effect with LOD values
ranging from 2.52 to 7.58. Furthermore, the Q gene is a
well-characterized gene that governs the free-threshing
character, square spike phenotype, spike length and plant
height [27]. A Q gene-specific marker was developed and
located on chromosome 5A (Figure 1). Most importantly,
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we detected a QTL (QHt-5A) located between Q and
xcfa2155 (Figure 1), and the locus was closely linked with
Q. As expected, the g allele detected in spelt wheat Altgold
contributed positively to plant height, while the Q allele in
common wheat Line 3338 was negative to the trait (Tables
2 and 3), which is in agreement with a previous study [35].

In conclusion, the developmental behavior of wheat plant
height was dissected in this study. QTLs detected by condi-
tional and unconditional analysis in the present study are
useful for marker-assisted selection and fine mapping of
genes controlling wheat plant height. As for plant height,
the development of many other agronomic traits is a dy-
namic process, and closer attention should be paid to detec-
tion of the developmental QTLs of these traits, which can
be further used for pyramid breeding by marker-aided se-
lection. Another striking result in the present study was that
QTL expression during development of the plant height trait
showed selectivity and followed a temporal order, and this
may be helpful to dissect the genetic and molecular mecha-
nisms of plant height development.
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