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ABSTRACT. Biomass yield is one of the most important traits for
wheat (7riticum aestivum L.)-breeding programs. Increasing the yield
of the aerial parts of wheat varieties will be an integral component
of future wheat improvement; however, little is known regarding the
genetic control of aerial part yield. A doubled haploid population,
comprising 168 lines derived from a cross between two winter wheat
cultivars, ‘Huapei 3’ (HP3) and ‘Yumai 57’ (YMS57), was investigated.
Quantitative trait loci (QTL) for total biomass yield, grain yield, and
straw yield were determined for additive effects and additive x additive
epistatic interactions using the QTLNetwork 2.0 software based on the
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mixed-linear model. Thirteen QTL were determined to have significant
additive effects for the three yield traits, of which six also exhibited
epistatic effects. Eleven significant additive x additive interactions
were detected, of which seven occurred between QTL showing epistatic
effects only, two occurred between QTL showing epistatic effects and
additive effects, and two occurred between QTL with additive effects.
These QTL explained 1.20 to 10.87% of the total phenotypic variation.
The QTL with an allele originating from YMS57 on chromosome 4B
and another QTL contributed by HP3 alleles on chromosome 4D were
simultaneously detected on the same or adjacent chromosome intervals
for the three traits in two environments. Most of the repeatedly detected
QTL across environments were not significant (P > 0.05). These results
have implications for selection strategies in wheat biomass yield and
for increasing the yield of the aerial part of wheat.

Key words: Wheat; Biomass yield; Grain yield; Straw yield;
Additive; Epistatic

INTRODUCTION

By 2020, wheat production will have to increase by 40% in order to meet requirements
with respect to human food and animal feed, which will mainly be accomplished by increasing
yield (Pfeiffer et al., 2000). “Increasing the intensity of production in those ecosystems that
lend themselves to sustainable intensification, while decreasing intensity of production in the
more fragile ecosystems” may be the only way for agriculture to keep pace with increasing
population growth (Borlaug and Dowswell, 1997). Hence, future wheat improvement strate-
gies must emphasize biomass yield (BY), grain yield (GY), and straw yield (SY) in concert.
BY is an important trait for wheat improvement and for its contribution to the world’s econ-
omy. GY is a particularly complex trait, being the end product of many processes in the plant
and, in consequence, is very environmentally dependent (Quarrie et al., 2005). GY forms one
of the key economic drivers behind successful wheat production, and is consequently a major
target for wheat-breeding programs (Kuchel et al., 2007). SY, an important by-product in the
production of agricultural crops, is considered as a potentially considerable source of renew-
able energy supply with an estimated value of 47 x 10'® J worldwide (Lal, 2005). Recently, the
straw of crops has received renewed attention, resulting in substituting straw for natural gas or
marsh gas instead of simply burning it. The main benefits of this practice lie in the conserva-
tion of non-renewable resources and in the reduction of greenhouse gas emissions (Gabrielle
and Gagnaire, 2008). Therefore, understanding the genetic architecture for the aerial part of
BY, GY, and SY will be of importance to wheat improvement.

The application of molecular marker technologies for quantitative trait loci (QTL)
analysis has provided an effective approach to dissect complicated quantitative traits and to
study their relative effects (Doerge, 2002). Genetic dissection of yield components can help
to elucidate the physiological route from gene to phenotype for BY, GY, and SY (Kuchel et
al., 2007). Several genetic associations with GY have been reported to date in various crops,
including maize (Li et al., 2010), rice (Huang et al., 2009), barley (Xue et al., 2010), and wheat
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(Kuchel et al., 2007; Maccaferri et al., 2008). However, yield component studies reporting
QTL that are associated with biomass and straw are relatively rare, although they have both
been shown to be important for GY in limited environments (Mclntyre et al., 2010). Li et
al. (2001) reported QTL influencing rice biomass yield in RILs, BC, and testcross mapping
populations, demonstrating a few main-effect QTL and a large number of epistatic QTL pairs
associated with biomass and straw traits.

Ayala et al. (2002) discovered five QTL for biomass on chromosomes 2B, 2D, 3B,
4D, and 6A under artificial inoculation with a BY DV-PAV-Mex isolate and under disease-free
conditions in two wheat populations, Opata x Synthetic (ITMI) and Frontana x INIA66 (F x
I). Zhang et al. (2004) detected four QTL (¢BM-1-1, gBM-1-2, gBM-3, and ¢BM-5) with R?
values ranging from 13 to 28% for biomass in a rice doubled haploid (DH) population. Liu
et al. (2006) showed additive and additive by additive epistatic QTL with significant effects
on rice biomass yield and its two component traits (SY and GY), using a population of 125
DH lines from an inter-subspecific cross of IR64 and Azucena. Four QTL and one pair of
epistatic QTL were also found to be responsible for the positive correlation between BY and
SY. Kirigwi et al. (2007) mapped some QTL for biomass production and biomass production
rate on the proximal region of chromosome 4AL in wheat under differing soil moisture regime
treatments. Anhalt et al. (2009) mapped QTL contributing to BY traits, including dry weight
and dry matter in an F, population consisting of 360 individual genotypes. A major QTL with
additive effects was found on LG3 to be largely responsible for BY traits in Lolium perenne
L. (perennial ryegrass). Consequently, present knowledge of the genetic relationships among
BY traits remains fragmentary.

With the objective of better understanding the genetic basis for yield potential associated
with BY, GY, and SY, additive and additive x additive epistatic QTL were investigated based on
the mixed linear model in the present study, using a DH population comprising 168 lines, derived
from a cross between two winter wheat cultivars, ‘Huapei 3’ (HP3) and ‘Yumai 57’ (YMS57).
The relationships of the total biomass, grain, and straw yields were analyzed at QTL levels. The
results will be of great significance for helping breeders to enhance the yield of wheat.

MATERIAL AND METHODS
Plant materials

A population of 168 DH lines was established through microspore culture from a
cross between HP3 and YMS57 (Guo et al., 2004; Hai and Kang, 2007). HP3 is an elite variety
with early maturity, high yield, and high resistance to several diseases (Hai and Kang, 2007),
whereas YMS57 is widely cultivated for its long growth duration and yield stability under vari-
ous ecological conditions (Guo et al., 2004). Both wheat cultivars, also differing in important
basic quality parameters (Guo et al., 2004; Hai and Kang, 2007), have been planted over large
areas in the Yellow and Huai River Valleys’ Winter Wheat Zone of China.

Field experiments and linkage map

Field experiments were conducted in Tai’an, Shandong Province (116°36'E, 36°57'N)
and Jiyuan, Henan Province (112°36'E, 35°05'N) in 2008. Shandong and Henan Provinces are
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the main growing areas for winter wheat in China. Field planting followed a randomized com-
plete block design with the DH population and the parents in each trial. Each plot consisted of
three rows. There were 20 plants in each row, with a distance of 10 cm between plants within
each row and 25 cm between rows. The soil was brown earth that contained 40.2, 51.3, and
70.8 mg/kg available N, P, and K, respectively. The field management followed local standard
practices. Ten plants in the middle of the inner two rows of each plot were individually har-
vested from the soil surface to measure BY per plant in terms of the total dry weight (g) of
the entire plant, GY in terms of the total dry weight (g) of grains from the entire plant, and SY
in terms of the total dry weight (g) of straws from the entire plant. Trait measurements were
averaged over ten plants within each plot for determining differences in statistical analyses.

A genetic linkage map of the DH population that was built in 2008 contains 323
molecular markers, including 284 simple sequence repeat (SSR) loci, 37 expressed sequence
tag-SSR loci, one inter-simple sequence repeat locus, and one high molecular weight locus.
Twelve markers remain unlinked. The map covered a length of 2485.7 ¢cM with an average
distance of 7.67 cM between adjacent markers (Zhang et al., 2009). These markers formed 24
linkages. The chromosomal locations and orders of the markers in the map were in accordance
with those reported for Triticum aestivum L. (Somers et al., 2004).

Statistical analysis

Phenotypic and correlation analyses were conducted using SPSS version 13.0 (SPSS,
Chicago, IL, USA). QTL analysis was performed using the QTLNetwork?2.0 software (Yang
and Zhu, 2005) based on the mixed linear model (Wang et al., 1999). Composite interval
analysis was undertaken using forward-backward stepwise multiple linear regression with a
probability in and out of the model ranging from 0.05 to 0.5, and a window size set at 10 cM.
Significant thresholds for QTL detection were calculated for each dataset using 1000 permuta-
tions and a genome-wide error rate of 0.05 (significant). The final genetic model incorporated
significant additive and epistatic effects as well as their environmental interactions. A signifi-
cant QTL was identified if the phenotype was associated with a marker locus at P < 0.005.

RESULTS
Phenotypic performance of DH lines and parents

The phenotypic variation among DH lines and the parents of BY, GY, and SY mea-
sured under two environments in 2008 are summarized in Table 1 and Figure 1. HP3 and
YMS57 differed significantly in the measured traits, with phenotypic values of HP3 for BY,
GY, and SY being much higher than those of YM57. Some lines had more extreme values than
the parents in both environments, showing substantial transgressive segregation, although the
average values of DH lines for those traits were intermediate between the parental values. In
addition, the three traits showed considerable phenotypic variation and continuous distribu-
tions, indicating their quantitative nature. Both the skew and kurt of BY, GY, and SY were less
than 1.0, implying polygenic inheritance and suitability of the data for QTL analysis. Harvest
index (grain yield/biomass yield) of DH lines ranged from 0.32 to 0.54 in Tai’an, and ranged
from 0.34 to 0.53 in Jiyuan. Both parents had a stable harvest index in the two environments.
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Table 1. Phenotypic summary of biomass yield (BY), grain yield (GY), and straw yield (SY) for HP3 (P)),
YMS57 (P,), and the doubled haploid (DH) lines at Tai’an and Jiyuan in 2008.

Environment Trait HP3 YMS7 Means Min Max SD Skew Kurt HI
2008 in Tai’an BY 48.52 38.68 45.82 23.53 65.34 7.17 -0.14 -0.18 0.32t0 0.54
GY 21.55 15.55 19.69 9.48 28.70 3.71 -0.27 -0.48
SY 26.97 23.13 26.14 14.05 41.04 4.34 0.34 0.58
2008 in Henan BY 58.18 46.87 52.05 26.80 73.00 7.79 -0.28 -0.06 0.34 to 0.53
GY 26.43 19.48 22.33 9.55 30.63 3.89 -0.29 -0.12
SY 31.75 27.39 29.72 17.25 46.75 4.78 0.45 0.90

SD = standard deviation; Min = minimum; Max = maximum; Skew = Skewness ; Kurt = Kurtosis; HI = harvest
index.
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Figure 1. Frequency distributions of BY, GY, and SY for HP3 (P)), YM57 (P,) and the DH lines at Tai’an and
Jiyuan in 2008.

The correlations among BY, GY, and SY are shown in Table 2. The traits were sig-
nificantly correlated with each other in both environments. BY showed significantly positive
correlation with GY (r*, = 0.87** and r*, = 0.88**, where subscripts 1 and 2 represent the en-
vironments in Tai’an and Jiyuan, respectively), BY showed significantly positive correlation
with SY (P <0.01), and GY showed significantly positive correlation with SY (P <0.01). This
showed that both GY and SY played important roles in BY.

Table 2. Coefficients of biomass yield (BY), grain yield (GY), and straw yield (SY) at Tai’an and Jiyuan in 2008.

Traits 2008 in Tai’an 2008 in Henan

BY GY BY GY
GY 0.87%* 0.88%*
SY 0.91%* 0.58%* 0.92%* 0.61%*

**Significant at 0.01 probability level.

Genetics and Molecular Research 13 (1): 1412-1424 (2014) ©FUNPEC-RP www.funpecrp.com.br



QTL for wheat yield 1417
QTL mapping

Analyses across environments revealed mostly significant genotype interactions for
all traits.

Additive QTL interactions

A total of 13 QTL were detected as having significant additive effects for yield traits
(Table 3, Figure 2), including four for BY, four for GY, and five for SY. A proportion of these
QTL also exhibited epistatic effects for the same trait, which will be described in the next
section.

Table 3. Additive QTL for biomass yield (BY), grain yield (GY), and straw yield (SY) detected at Tai’an and
Jiyuan in 2008.

Traits Chromosome QTL Marker intervals Position F value A R* (%)
BY 3A OBy34 Xwmc264-Xcfa2193 140.9 7.66 1.45 35
4B OBy4B Xwmc48-Xbarc1096 18.4 14.05 -1.92 6.12
4D OBy4D Xbarc334-Xwmce331 4.1 16.06 2.56 10.87
5A2 OBy5A42 Xcfe026.1-Xcwem32.2 0 7.36 -1.24 2.57
GY 2D 0Gy2D Xgwm539-Xcfdl168 68.4 9.32 0.88 5.26
4B 0Gy4B Xwmc48-Xbarc1096 18.4 12.54 -0.77 4.01
4D 0Gy4D Xbarc334-Xwmc331 2.1 15.65 1.14 8.74
7B2 0Gy7B2 Xwmc273.1-Xcfd22.1 10.7 8 -0.8 4.29
SY 2B OSy2B Xbarcl01-Xcwem55 77.4 9.2 -0.98 3.88
3A 0OSy34 Xwmc264-Xcfa2193 139.9 8.42 0.72 2.1
4B 0Sy4B Xwmc657-Xwmce48 17.7 11.27 -1.55 9.76
4D OSy4D Xbarc334-Xwmce331 3.1 11.68 1.24 6.22
5A2 OSy542 Xcfe026.1-Xcwem32.2 0 8.99 0.2 2.89

*Additive effect, a positive value indicates that the allele from HP3 increases the trait value; a negative value
indicates that the allele from YMS57 increases the trait value. *Proportion of the phenotypic variation explained by
the QTL.

Four QTL controlling BY were located on chromosomes 3A, 4B, 4D, and 5A2 in the
two environments, accounting for 2.57 to 10.87% of the phenotypic variation. Both parents
carried QTL alleles that increased phenotypic values. A major QTL, OBy4D, with its allele
originating from HP3, was mapped to the Xbarc334-Xwmc331 interval on chromosome 4D
and explained 10.87% of the phenotypic variation. The QTL QBy34, originating from HP3,
had positive effects on BY. However, the YMS57 alleles of OBy4B and OQBy5A2 increased BY.

Four QTL with additive effects significantly influencing GY were located on chromo-
somes 2D, 4B, 4D, and 7B2. All four QTL could account for 22.30% of the phenotypic varia-
tion. The QTL QGy4D, with its allele originating from HP3, made the highest contribution
explaining 8.74% of the phenotypic variation. Two QTL (QGy4B and QGy7B2) had negative
effects on GY and were contributed by YM57 alleles, while the locus QGy2D had positive
effects on GY and was transmitted by HP3 alleles. This suggested that alleles increasing GY
were dispersed within the parents, resulting in small differences in phenotypic values between
the parents and transgressive segregants among the DH lines.

Five regions on chromosomes 2B, 3A, 4B, 4D, and 5A2, which were associated with
SY, were identified in both Tai’an and Jiyuan. These loci explained 2.10 to 9.76% of the phe-
notypic variation. Of these loci, two of the favorable alleles (OSy2B and QSy4B), deriving
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from YM57, decreased SY and had an additive effect of 0.98 and 1.55, respectively, whereas
the others (QSy34, QSy4D, and QSy5A42), originating from HP3, increased SY. Furthermore,
OSy4D, which was detected in the interval Xbarc334-Xwmc331, had the most significant ef-
fect, accounting for 9.76% of the phenotypic variance.
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Figure 2. Positions of additive QTL and epistatic QTL conferring biomass yield (BY), grain yield (GY), and straw
yield (SY) at Tai’an and Jiyuan in 2008. QTL listed on the top are epistatic, those below are additive.
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Additive x additive epistatic interactions

A total of 11 significant additive-by-additive epistatic interactions were detected for
BY, GY, and SY, of which three and eight displayed effects in favor of the parental and recom-
binant genotype combinations, respectively (Table 4).

Table 4. Additive x additive epistatic QTL for biomass yield (BY), grain yield (GY), and straw yield (SY)
detected at Tai’an and Jiyuan in 2008.

Traits Chromosome QTL Marker intervals Position Chromosome QTL Marker intervals Position AA* R?(%)°
BY 2A OBy24-1 Xgwm558-Xbarc015 64.5 2D OBy2D  Xbarc349.2-Xbarc349.1 80.0 -1.15 222
2A OBy24-2 Xwmc455-Xgwm515 80.7 4D OBy4D  Xbarc334-Xwmc331 41 225 846
3A OBy34-2 Xcfa2134-Xwmc527  101.0 4B OBy4B  Xwmc48-Xbarc1096 184 -1.81 547
GY 2D 0Gy2D  Xgwm539-Xcfd168 68.4 4B QGy4B  Xwmc48-Xbarc1096 184 -0.70 3.34
2A 0Gy34  Xwmc455-Xgwm515 80.7 6A QGy64  Xbarcl055-Xwmce553 43 0.88 5.28
SY 1B OSyIB-1 Xcwem6.1-Xwmcl28 349 7D OSy7D-1 Xwm437-Xwmc630.1 1266 154 953
1B OSylB-1 Xcwem6.1-Xwmcl128  34.9 7D OSy7D-2 Xgdm67-Xwmc634 1625 -0.66 1.78
1B OSylB-2  Xgwm218-xgwm582 422 7D OSy7D-1 Xwm437-Xwmc630.1 126.6 -0.75 227
4A OSv44  Xwmce313-Xwmc497 335 4B OSy4B  Xwmcl25-Xwme47 0.0 -1.05 448
5A1 OSy541  Xcewem40-Xbarc358.2  36.7 6D OSy6D  Xwmc412.1-Xcfd49 3.0 -122 499
7A OSy74  Xbarcl57.2-Xgwm60 83 7D OSy7D  Xgdm67-Xwmc634 162.5 -0.50 1.00

*Additive x additive effect, a positive value indicates that the effect of the parents’ effect is larger than the recombinant
effect, and a negative value means that the recombinant effect is larger than the parents’ effect. "Proportion of the
phenotypic variation explained by additive x additive QTL.

Three pairs of epistatic effects were detected for BY, which were located on chro-
mosomes 2A/2D, 2A/4D, and 3A/4B, respectively (Table 4, Figure 2). These QTL explained
2.22 to 8.46% of the phenotypic variation. The QTL pair OBy24-2/QBy4D acted in favor of
the parent and had the largest effect, contributing a BY of 2.25 and accounting for 8.46% of
the phenotypic variance. The other two QTL pairs in favor of the recombinant type, QBy2A4-1/
OBy2D and QBy3A4-2/QBy4B, had an effect of 1.15 and 1.81, and together explained 7.69%
of the phenotypic variation.

Two pairs of epistatic interactions were common in both environments for GY. One inter-
action (QGy34/QGy6A) acted to increase the values of the parental types, and the other (QGy2D/
0Gy4B) acted in the opposite direction, that is, recombinant effects were larger than parental ef-
fects. These QTL accounted for 5.28 and 3.34% of the phenotypic variance, respectively.

Six pairs of epistatic interactions on chromosomes 1B/7D, 4A/4B, 5A1/6D, and
7A/7D, were identified for SY. The three additive x additive epistatic interactions of /B/7D
acted in favor of the parental and recombinant types, respectively. The three other epistatic
interactions acted by increasing the values of the recombinant types, which explained 1.00 to
4.99% of the phenotypic variation.

DISCUSSION
Relationship among BY, GY, and SY
It is expected that crop yield will continue to increase as there are no indications as

yet that the yield of cereal crops are approaching limiting conditions (Evans and Fisher, 1999).
However, the days to maturity of existing cultivars already match the short growing season
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and the harvest index is already at a high level so that enhancing it further would be detri-
mental to yield (Takeda and Frey, 1987). Therefore, higher rates of biomass accumulation
will be the main option to obtain higher yields (Zhang et al., 2004).

In the present study, BY showed a significantly positive phenotypic correlation with
both GY and SY. GY also showed a positive correlation with SY. At the same time, HP3
had a better stability harvest index of 0.44 and 0.45 in Tai’an and Jiyuan, respectively, while
those of YM57 were 0.40 and 0.42. This finding indicates that a genotype with increased BY
could be obtained by increasing GY and SY of the positive alleles for parents via marker-
assisted selection. However, Liu et al. (2006) found that BY was positively correlated with
SY but was uncorrelated with GY. Similarly, SY was found to be negatively correlated with
GY in rice. Annicchiarico et al. (2005) reported that GY was positively correlated with
aerial biomass (r = 0.61, P < 0.01), but was not correlated with SY in semi-dwarf durum
wheat cultivars. Different crops and different wheat cultivar features may explain the dif-
ferent results of correlation coefficients for BY, SY, and GY. Therefore, in order to increase
BY, the wheat cultivar should show positive correlations among BY, GY, and SY, as well as
a high harvest index. Using these traits, it will now be possible to improve super-high yield
wheat breeding programs.

QTL of BY, GY, and SY

QTL for BY, GY, and SY were detected on chromosomes 2B, 2D, 3A, 4B, 4D, 5A2,
and 7B2 in two environments in the present study. Many QTL affecting yield have been re-
ported on all chromosomes, with the exceptions of chromosomes 3D and 5D, in previous
studies, and no significant gene by environment interactions were examined (Huang et al.,
2006; Cuthbert et al., 2008; McIntyre et al., 2010). The most significant QTL simultaneously
identified for BY, GY, and SY in the current study were located on chromosomes 4B and 4D
(Figure 2). In fact, chromosomes 4B and 4D are known to carry a number of major genes af-
fecting plant height, yield productivity, and yield components (Huang et al., 2006). Therefore,
the QTL on 4B and 4D should be considered to increase wheat biomass, grain, and straw in
wheat molecular breeding.

Marza et al. (2006) and Quarrie et al. (2005) discovered that a number of major genes
affecting yield productivity were located on chromosome SAL in a similar position to chro-
mosome 5A.2. In the present study, QTL (QOBy542 and QSy542) on 5A2 were detected for
BY and SY in the same regions for Xcfe(026.1-Xcwem32.2 (Figure 2). Quarrie et al. (2005)
and Cuthbert et al. (2008) showed two-grain yield QTL clusters on chromosomes 7A and 7B
around the Xwmc273 locus. We detected a QTL (QBy7B) close to Xwmc273.1 on 7B2 with
significant effects on GY (Figure 2), which had a similar interval to that reported by Quarrie et
al. (2005). Unfortunately, however, we failed to detect any QTL on chromosome 7A. On chro-
mosome 2D, a QTL that increased GY was detected using 402 DH lines from the spring wheat
cross Superb (high yielding)/BW278 (low yielding) by Cuthbert et al. (2008). The QTL on
2D affecting GY was also identified in our study (Figure 2). Zhang et al. (2009) also detected
a QTL with significant effects on GY on chromosome 2D. At the same time, we found some
new QTL that affected both BY and SY. For example, a QTL detected on chromosome 3A had
a great influence on increasing BY and SY in different environments, and explained 3.50 and
2.10% of the phenotypic variation, respectively.
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Relationship between additive effects and additive x additive epistatic effects of QTL

Additive effects and additive x additive epistatic effects are an important factor af-
fecting the phenotypic expression of complex trait genes and genetic variations in populations
(Liao et al., 2001). Generally, the additive x additive interactions detected included all three
types of epistatic effects, classified on the basis of whether the QTL involved exhibited their
own main effects or not. These types were termed to be epistatic between two additive loci,
between an epistatic locus and an additive locus, or between epistatic loci only, which are
equivalent to the terms of interactions between QTL, interactions between QTL and back-
ground loci, and interactions between complementary loci (Li, 1998).

In the present study, a total of 13 QTL with significant additive effects and 11 signifi-
cant additive x additive interactions were detected for BY, GY, and SY using a DH population.
Among them, seven occurred between QTL showing epistatic effects only. For example, one
interaction that occurred between OBy2A4 and OBy2D was detected for BY, although OBy24
and OBy2D did not have additive effects. Similarly, QGy34/QGy6A had additive x additive
epistatic effects of GY, but neither had additive effects. Two interactions occurred between
QTL showing epistatic effects and additive effects. The QTL detected on 4A and 4D indicated
epistatic interactions for SY; only OSy44 had additive effects. Two interactions occurred be-
tween QTL with additive effects. The additive QTL QGy2D and QGy2D had an epistatic inter-
action acting on BY. Overall, the detection of additive and additive x additive effects of a QTL
interfered with each other, indicating that the detection of QTL might vary greatly depending
on their interactions with other loci in complex traits (Zhuang et al., 2002).

Effect of Rhtl and Rht2 genes

Dwarfing alleles for reduced plant height and the presence of RAf resulted in a sig-
nificant effect in biomass yield, most yield components, and agronomic traits (Cuthbert et al.,
2008). The effects of RAt dwarfing genes on increasing wheat yield and improving agronomic
characteristics have been studied previously (Li et al., 2006). In our study, the significant QTL
identified for BY, GY, and SY were located on chromosomes 4B and 4D, which were detected
at the similar intervals of Xwmc48-Xbarc1096 and Xbarc334-Xwmc331 as reported in Zhang
et al. (2008) using the same DH population, and also had a similar position of RA¢/ and RAt2
(Huang et al., 2003). The height reducing genes were significantly associated with BY compo-
nents under different environments. RA¢/ reduced plant height (Zhang et al., 2008), BY, GY,
and SY, accounting for 14.51, 6.12, 4.01, and 9.76% of the phenotypic variance, respectively.
Similarly, RAt2 reduced plant height, BY, GY, and SY, accounting for 20.22, 10.87, 8.74, and
6.22% of the phenotypic variance, respectively (Zhang et al., 2008). These QTL alleles came
from the same parents and had the same effects in different environments. In fact, modifica-
tions of plant architecture have the potential to enhance biomass production, and plant height
is an important component of architecture that is highly correlated with biomass yield (Liib-
berstedt et al., 1997). New breeding goals and plant ideotypes need to be established for bio-
fuel production systems. The QTL and candidate genes presented here could speed up breed-
ing progress or allow for a more controlled improvement of the trait. Increasing plant height is
the most obvious and direct way to impact BY, GY, and SY, although not the only way. In rice,
modifications of plant height have shown encouraging results: grain yield increases of 15-44%
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were demonstrated, providing a favorable scenario for biomass production from crop residues
(Wuetal., 2008). Therefore, new genotypes in wheat that increase plant height have the poten-
tial to further increase biomass yield and component traits if lodging issues can be mitigated.

QTL for wheat breeding

The goal of crop genomics is to understand the genetic and molecular basis of all
biological processes in plants that are relevant to the species (Vassilev et al., 2006). QTL
mapping thus represents the foundation for the selection of markers for crop breeding. First,
selection should be applied particularly for QTL with main genetic effects, which will likely
show stable performance across different environments. On the one hand, the actions of QTL
involved in epistatic interactions always depend on other loci. On the other hand, these QTL
could produce varieties adapted to specific ecosystems. Thus, it should be more efficient to
select superior genetic combinations rather than to select single genes. Second, selection pro-
grams should consider QTL with interaction effects in different environments (QE), which
will also provide confidence for breeders prior to undertaking marker-assisted selection for
complex traits in the design and implementation of breeding strategies. However, QE inter-
action effects might not be well applied across various environments (QE interaction effects
were not evident in the present study). Third, selection programs should be based on closely
linked or pleiotropic QTL. Breeders could possibly simultaneously improve several related
traits by selecting such trait-correlated QTL (Liu et al., 2006). In the current study, the closely
linked BY or pleiotropic QTL were coincident with yield components, and an increase in plant
height suggested that selecting for a yield component could efficiently increase BY. These re-
sults will make marker-assisted selection more efficient for improvement of wheat BY traits.
Thus, detailed information on loci involved in related traits and their genetic relationships will
certainly be helpful to improve biomass potential and future biofuel production by deliberately
manipulating these loci through marker-assisted selection.
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