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Abstract Ninety-two doubled haploid (DH) lines,

generated from a cross between Franklin and TX9425

(a Chinese Landrace), were grown in three environ-

ments to identify quantitative trait loci (QTLs)

controlling agronomic traits including heading date,

plant height and spike characteristics. The DH lines

showed a wide range of variations for all the agro-

nomic traits tested. Most of the traits were controlled

by one or two major QTLs which explained 9.5–80.9%

of the phenotypic variation. Two dwarfing genes were

identified from the cross. One of the dwarfing genes

was from Franklin, which is the same as the previously

reported denso gene. The other dwarfing gene was

from the Chinese landrace variety. Both dwarfing

genes were temperature and/or day length sensitive.

The dwarfing gene from Franklin was more effective

in early sowing trials (shorter day length and lower

temperature) while the gene from TX9425 was more

effective in later sown trials. The dwarfing gene from

TX9425 was located at a similar position to the uzu

gene. However, it differed from this gene being

temperature sensitive with very close links to short

spikes, awns and high grain density which is more like

a brh gene. To effectively use this gene in a breeding

program, it is necessary to break the linkage between

the dwarfing gene and the unfavourable spike traits.
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Introduction

Barley (Hordeum vulgare L.) is an important cereal

crop grown widely throughout the world’s temperate

agricultural zones. To improve grain yield is one of

the most important objectives in breeding programs.

Yield is determined by many agronomic traits. Most

of these traits are controlled by quantitative trait loci

(QTLs) and are hard to select for since they exhibit a

continuous range of phenotypic variation and can

easily be affected by environmental factors. Modern

molecular biological techniques and recent advances

in quantitative trait locus (QTL) analysis methods

enable QTLs controlling complex traits to be mapped

and elucidated (Paterson et al. 1988). QTL analysis

not only provides a better understanding of the genetic
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factors influencing these traits but also helps identify

chromosome regions and molecular markers linked to

these traits. The use of molecular markers associated

with these traits can greatly improve selection

efficiency by avoiding environmental effects.

Diversity Array Technology (DArT) has been

shown to be very efficient for whole-genome profiling

(Jaccoud et al. 2001; Wenzl et al. 2004). Although this

technique is still limited to only a few laboratories at

this stage, barley consensus maps (Wenzl et al. 2006)

have been constructed to link DArT markers with

many SSR and RFLP markers which have been

previously developed and applied widely in barley

mapping studies. Due to the known sequence for each

DArT marker, these markers can also be effectively

used in breeding programs.

Among agronomic traits, heading date is one of the

important quantitative traits in adapting cereal vari-

eties to variable environments and in maximizing

yield potential (Bezant et al. 1996). Heading date is

determined by three genetic factors: vernalization

response, photoperiodic response, and earliness in a

narrow sense (Takhashi and Yasuda 1970). It is

controlled by a number of genes with a large number

of QTLs being detected under field conditions (Hayes

et al. 1993; Tinker et al. 1996; Marquez-Cedillo et al.

2001; Pillen et al. 2003; Sameri and Komatsuda

2004). Controlled plant height was used to reduce

yield loss arising from lodging and to increase the

harvest index (Bezant et al. 1996). Plant height can be

a qualitative or a quantitative trait, and its inheritance

is complex and involves numerous genetic factors

that interact with environmental conditions (Kjær

et al. 1995). QTLs conferring plant height are

reported to be located on all seven chromosomes

(Baghizadeh et al. 2007; Backes et al. 1995; Hori

et al. 2003; Kjær et al. 1995; Sameri et al. 2006; von

Korff et al. 2006; Pillen et al. 2003). In some of the

populations, for example Pillen et al. (2003), plant

height was controlled by more than 10 QTLs, which

makes it hard for plant breeders to use molecular

markers to select for this trait. Thus, it is very

important to find new useful genes, preferably major

genes, to control plant height in breeding programs.

Yield is generally controlled by many genes and

can be dissected into a series of components includ-

ing spike number, kernel number and kernel weight.

Spike length and spike density are the other two

important traits. These traits are not components of

yield (Abeledo et al. 2002), but could indirectly affect

yield and most importantly, affect the grain quality,

such as plumpness and screenings. Increased spike

length and spike density result in a high number of

spikelets per spike. However, too high a spike density

will lead to twisting of spikes, leading to lower grain

quality. There are many QTL mapping studies on

spike numbers per plant, kernel numbers per spike,

kernel weight and spike length (Kjær et al. 1995; Hori

et al. 2003; Li et al. 2005; Sameri et al. 2006;

Baghizadeh et al. 2007), but little is known about the

inheritance of spike density (Zhang and Sun 1993).

Both grain density and twisty spike are very impor-

tant for grain quality (especially malting quality), but

there is no report on the QTLs controlling these two

traits.

TX9425 is a Chinese landrace barley variety and

was originally introduced as a source of waterlogging

tolerance (Pang et al. 2004; Zhou et al. 2007), but it

also showed some good agronomic traits such as

shorter plant height and also some unfavourable

agronomic traits such as twisty spike and too high

grain density. In the current study, a doubled haploid

population originating from the cross between

TX9425 and an Australian malting barley Franklin,

was used to investigate QTLs controlling different

agronomic and yield traits. The objectives of the

study were to: (1) identify the dwarfing gene(s) in

TX9425 and discuss their possible use in a breeding

program and (2) identify QTLs for heading date,

grain density in a spike and twisty spike.

Materials and methods

Plant material

A population of 92 doubled haploid (DH) lines was

produced from F1 plants of the barley cross between

Franklin and TX9425 by the anther culture method

(Davies and Morton 1998). Franklin is an Australian

two-rowed malting barley, and TX9425 is a Chinese

two-rowed feed variety.

Field and glasshouse experiment

The DH lines and parents were grown in three dif-

ferent environments. Two field experiments were

at Mt Pleasant Laboratories (MTP) and Forthside
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Vegetable Research Station (FVRS), Tasmania, in

2007. Both field trials were sown in winter (early

winter for MTP trial and late winter for FVRS) and

each line was grown in a 2-m row plot with 0.4 m

between rows. All agronomic management methods,

including fertilization (DAP: 125 kg/ha), weed con-

trol (3 l/ha roundup before sowing), were in accor-

dance with local practice. A glasshouse (GH) trial

was conducted at the MTP in 2007. The GH trial was

sown in spring and five seeds from each line were

planted in 13 cm 9 13 cm plastic pots filled with a

pine bark/loam based potting mix with premixed slow

release fertiliser. All experiments were arranged as a

randomized complete block design with two replica-

tions. To confirm the effect of sowing time on plant

height, the population was sown in the same site (Mt

Pleasant Laboratories) at early autumn, late autumn

and spring in 2009.

Phenotypic evaluation of agronomic Traits

Plant height, heading date, spike length, awn length,

grain number per spike, grain density, kernel weight

and the degree of spike twist were evaluated. The

recorded traits and methods of measurement are

listed in Table 1.

QTL analysis

A genetic linkage map was constructed using 412

DArT markers, 80 AFLP markers and 28 microsat-

ellite markers (Wenzl et al. 2006; Li et al. 2008). For

DArT markers, genomic representations and prepa-

ration of the ‘‘discovery arrays’’ and ‘‘polymorphism-

enriched arrays’’ were the same as explained by

Wenzl et al. (2006). Twenty-eight polymorphic

primers were selected using four well-separated SSRs

from each of the seven chromosomes. These SSRs

were amplified using fluorescent dUTPs (Molecular

Probes, Eugene, Oregon, USA). Amplification reac-

tions were performed in a total volume of 12.5 ll

containing 19 Buffer, 1.5 mM of MgCl2, 0.2 mM of

dNTPs, 0.2 lM of unlabeled primer, 0.6 lM fluores-

cent dUTPs, 0.5 U of taq polymerase and 20 ng

of template DNA. SSR name and amplification

conditions were those published in the Genetics

supplemental data site at http://www.genetics.org/cgi/

content/full/156/4/1997/DC1. Gel electrophoresis was

performed on an automated Gel scanner (Gel-Scan

2000, Corbett Research). Samples were electropho-

resed on 18-cm-long 4% polyacrylamide gel con-

taining 7 M urea. Allele sizes were calculated by

comparison with a 350 (TAMRA) size standard.

Using the software package MapQTL5.0 (Van

Ooijen and Kyazma 2004), fsQTLs were first analysed

by interval mapping (IM). The closest marker at each

putative QTL identified using interval mapping was

selected as a cofactor and the selected markers were

used as genetic background controls in the approxi-

mate multiple QTL model (MQM) of MapQTL5.0.

Logarithm of the odds (LOD) threshold values applied

to declare the presence of a QTL were estimated by

performing the genome wide permutation tests imple-

mented in MapQTL version 5.0 using at least 1000

Table 1 List of agronomic trait investigated in three environments

Abbreviation Trait Method of measurement Unit

PH Plant height Plant height measured from soil surface to tip of spike (Excluding awns) cm

HD Heading date Days after the start of heading of the earliest lines in the population

from same location.

d

SL Spike length Length from the base of spike to the tip of the terminal

spikelet (Excluding awns)

cm

GN Grain number Number of grains per spike –

GD Grain density Grain number per cm spike length –

AL Awn length Length of awn in the central spikelet cm

TI Spike twist Degree of twist using scaling points from 1 to 5: 5 = highest degree

of spike twist; 1 = 0 degree of spike twist

–

KW Kernel weight Average weight of 1000 kernels g
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permutations of the original data set for each trait,

resulting in a 95% LOD threshold between 2.7 and

3.0. For the measurements and comparisons of var-

iability among the traits, we calculated the standard

deviation (SD). Analysis of variance (ANOVA) was

carried out with the software developed by Tang and

Feng (2007).

Results

Trait analysis

The mean values of eight agronomic traits are shown

in Table 2. Franklin showed higher values than

TX9425 for plant height (PH), heading date (HD),

spike length (SL), grain number (GN) and awn length

(AL) over all three environments. TX9425 had higher

grain density (GD) and degree of spike twist than

Franklin. DH lines derived from the cross of these

two cultivars showed significant differences for all

traits measured in this experiment (Table 2), includ-

ing plant height even though the difference between

the two parents was non-significant in two out of

three environments. Analysis of variance of all traits

also showed significant effects of location and

interaction between genotype and location (Table 3).

For example, the plant height of the parents and DH

lines was much higher at MTP than the other two

environments with the lowest value in the GH.

Greater differences between the two parents were

found in the GH than at the other two locations

(Table 2). As expected many of the traits correlated

with each other (Table 4). Short spike length and

high grain density can cause the twist of the spike.

Awn length also showed significant correlation with

spike length and grain density. Most of the lines with

a shorter awn showed shorter spike length and greater

grain density, thus the twisty spike was associated

with short awns.

Table 2 Mean values for agronomic traits of TX9425, Franklin and the DH lines from this cross

Traits Plant

height (cm)

Heading

date (d)

Spike

length (cm)

Grain

number

Grain

density

Awn

length (cm)

Spike

twist

Kernel

weight (g)

MTP

TX9425 110 4.5 5.36 32.8 6.1 5.93 4.5 46.7

Franklin 115 24.5 10.22 33.8 3.3 14.22 1.0 42.3

DH lines-minimum 58 0.0 4.28 27.2 3.3 5.39 1.0 28.6

DH lines-maximum 143 29.0 10.59 42.8 7.7 17.11 5.0 53.0

DH lines-mean 107 14.1 6.75 35.5 5.5 8.11 2.4 42.6

SD 18 8.0 1.47 3.32 1.1 3.08 1.2 0.48

FVRS

TX9425 90 0.0 5.83 33.4 5.7 4.70 4.0

Franklin 95 16.0 10.04 35.2 3.5 12.74 1.0

DH lines-minimum 48 0.5 4.48 27.0 3.4 3.70 1.0

DH lines-maximum 125 19.0 11.30 40.8 7.4 14.63 5.0

DH lines-mean 89 10.3 6.66 34.7 5.4 7.47 2. 5

SD 16 5.2 1.57 2.9 1.1 2.85 1.1

GH

TX9425 60 5.0 4.69 27.4 5.84 4.68 3.0

Franklin 88 15.5 10.22 29.8 2.92 14.27 1.0

DH lines-minimum 38 0.0 2.90 19.6 2.64 3.82 1.0

DH lines-maximum 113 33.0 9.74 33.6 6.76 16.68 5.0

DH lines-mean 71 13.1 5.54 26.0 4.99 7.33 2.3

SD 16 9.3 1.69 3.18 1.12 4.34 0.9

SD standard deviation, MTP Mt Pleasant Laboratories, FVRS Forthside Vegetable Research Station, GH glasshouse experiment
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Identification of QTLs associated with different

traits

The QTL names (Fig. 1) for plant height were given

by a ‘‘Q’’, followed by ‘‘Ph’’, a ‘‘.’’, ‘‘sowing time’’,

and the number of the QTL if two QTLs were

identified. QTL positions were the distances from the

first marker at the end of the short arm.

Plant height (PH)

Two significant QTLs were identified for PH at MTP,

which explained more than 50% of the phenotypic

variation. Both are located on chromosome 3H in the

positions of 58 and 83 cM, with bPb-0716 and bPb-

2433 being the closest markers to these two QTLs

(Fig. 1). Both alleles (bPb-0176 from Franklin and

bPb-2433 from TX9425) contributed to shorter plant

height. Two QTL were also found on chromosome

3H at FVRS. One of the QTL (in the position of

83 cM) is in the same position as found at MTP and

the other one is in the position of 69 cM. In the

glasshouse experiment, only one significant QTL was

identified which is located on chromosome 3H in the

same position (69 cM) as the second one found at

FVRS. It explained 53% of the phenotypic variation,

with the nearest marker being bPb-0079, this allele

from TX9425 also contributed to shorter plant height

(Table 5, Fig. 1). Further field experiments in 2009

showed similar results (Table 6). Combined analysis

was conducted and QTLs for plant height in different

sowing date are shown in Fig. 1.

Heading date (HD)

Two QTLs were found from different environments

(Table 5, Fig. S1). At both MTP and FVRS, one QTL

was located on chromosome 3H (83 cM) with the

nearest marker being bPb-0716 and the other one was

located on chromosome 2H (20 cM) with the nearest

marker being bPb-4523. These two QTLs explained

39 (MTP)–42% (FVRS) of the phenotypic variation.

Both alleles from Franklin contributed to the late

heading. However, the effects of the individual QTLs

on late heading were different from different envi-

ronments. At MTP, which is an early sowing trial, the

QTL on chromosome 3H showed greater effect while

at FVRS experiments, the effect of the QTL on

Table 3 Analysis of variance on agronomic traits in DH lines from Franklin 9 TX9425 cross

Source of variation Plant height Heading date Spike length Grain number Grain density Awn length Spike twist

Block 21.79** 1.11 0.03 0.90 2.83 5.35 25.67**

Genotype 19.78** 99.72** 64.68** 10.64** 76.55** 236.56** 29.67**

Location 695.19** 5427.14** 303.36** 1006.06** 114.85** 77.45** 12.25**

Genotype 9 Location 2.01** 12.30** 2.42** 2.10** 2.06** 6.99** 1.86**

** Significant at the 1% level

Table 4 Correlation coefficients between agronomic traits in DH lines from Franklin 9 TX9425 (calculated from the average value

of three locations)

Plant height Heading date Spike length Grain number Grain density Awn length

Heading date -0.29*

Spike length 0.60** 0.1

Grain number 0.13 0.77** 0.30*

Grain density -0.59** 0.21 -0.91** 0.07

Awn length 0.50** 0.12 0.83** 0.17 -0.74**

Spike twist -0.37** -0.14 -0.84** -0.2 0.83** -0.70**

* Significant at the 5% level

** Significant at the 1% level
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chromosome 2H was much greater. In the glasshouse

experiment, one QTL on chromosome 2H with the

same position as that identified at MTP and FVRS

showed dominant effect on heading date, explaining

51% of the phenotypic variation. The second QTL on

chromosome 3H identified in the glasshouse experiment
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was different from those found at MTP and FVRS,

which was in the position of 58 cM with bPb-2433

being the nearest marker (Table 5). This allele from

TX9425 also contributed to late heading.

Spike length (SL)

At all three locations, two QTLs were found to be

associated with this trait. The first QTLs on

Table 5 QTLs for agronomic traits detected in the DH population of Franklin 9 TX9425 from three environments

Trait Location Chromosome Marker

interval

Nearest

marker

Position

(cM)

LOD R2 (%) Additive

effect

Plant height MTP 3H 80.2–85.6 bPb-0716 82.6 8.95 34.8 -11.07

3H 55.9–60.8 bPb-2433 57.6 6.00 21.0 -8.41

FVRS 3H 78.2–84.6 bPb-0716 82.6 7.28 31.4 -9.12

3H 66.7–74.5 p18b2 68.7 5.10 21.0 -8.77

GH 3H 67.7–73.2 bPb-0079 69.2 11.70 52.7 -14.72

Heading date MTP 2H 9.6–29.0 bPb-4523 19.9 3.58 16.8 3.31

3H 77.2–85.6 bPb-0716 82.6 4.97 21.9 3.93

FVRS 2H 14.8–23.2 bPb-4523 19.9 6.50 32.7 3.01

3H 80.2–89.6 bPb-0716 82.6 2.71 9.5 1.75

GH 2H 17.8–25.6 bPb-4523 19.9 10.48 51.1 6.69

3H 55.9–61.8 bPb-2433 57.6 3.65 13.8 3.41

Spike length MTP 2H 128.6–132.1 bPb-4094 130.8 11.66 30.7 -0.81

3H 67.7–73.2 bPb-0079 69.2 12.68 34.6 -1.09

FVRS 2H 129.2–135.1 bPb-7211 130.0 15.57 28.1 -0.83

3H 67.7–73.2 bPb-0079 69.2 21.22 47.5 -1.37

GH 2H 129.2–132.1 bPb-6087 130.2 5.18 10.7 0.55

3H 67.7–73.5 bPb-0079 69.2 17.66 57.3 -1.61

Grain number MTP – – – – – – –

FVRS 2H 15.8–20.9 bPb-8750 18.9 6.00 32.3 1.62

GH 2H 16.8–28.0 bPb-7229 25.6 6.31 33.2 -1.82

Grain density MTP 2H 129.2–132.1 bPb-7211 130.0 16.16 37.9 0.70

3H 59.8–73.2 bPb-0079 69.2 14.93 33.5 0.83

FVRS 2H 127.8–132.1 bPb-7211 130.0 11.85 29.8 0.58

3H 67.7–73.2 bPb-0079 69.2 13.70 36.8 0.81

GH 2H 129.2–132.1 bPb-5619 129.8 10.63 21.1 0.51

3H 67.7–73.2 bPb-0079 69.2 18.93 51.1 1.01

Awn length MTP 3H 67.7–73.5 bPb-0079 69.2 19.29 70.9 -3.26

FVRS 3H 67.7–73.5 bPb-0079 69.2 14.43 69.5 -2.96

GH 3H 66.7–73.5 bPb-0079 69.2 25.88 80.9 -4.90

Spike twist MTP 2H 127.8–132.1 bPb-6047 130.6 5.43 19.7 0.53

3H 67.7–73.2 bPb-0079 69.2 7.16 27.6 0.79

FVRS 2H 129.2–142.9 bPb-7211 130.0 10.40 28.1 0.58

3H 67.7–73.2 bPb-0079 69.2 12.26 35.4 0.82

GH 2H 127.8–142.9 bPb-7211 130.0 4.98 15.8 0.37

3H 67.7–73.2 bPb-0079 69.2 9.80 36.7 0.71

Kernel weight MTP 5H 5–30.6 bPb-6051 20.4 3.67 21.8 -0.22

The position is that of the nearest marker; R2 means percentage genetic variance explained by the nearest marker; Abbreviations for

traits are given in Table 1

MTP Mt Pleasant Laboratories, FVRS Forthside Vegetable Research Station, GH glasshouse experiment
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chromosome 2H was at the position of around

130 cM, explaining 11–31% of the phenotypic var-

iation. The position of the second QTL was 69 cM on

chromosome 3H, explaining 35–57% of the pheno-

typic variation (Table 5, Fig. S1).

Grain number (GN) and kernel weight (KW)

One QTL associated with the number of grains per

spike was found at both FVRS and in the glasshouse.

This QTL was on chromosome 2H and located at the

position of around 20 cM, explaining more than 30%

of the phenotypic variation. Surprisingly, no QTL

was identified at MTP. The kernel weight was only

measured at MTP and one QTL, with bPb-6051 being

the nearest marker, was identified (Table 5, Fig. S1).

Grain density (GD) and spike twist (TI)

Grain density and the degree of spike twist were

closely related to each other and both traits were also

closely related with spike length. The QTLs identified

for these two traits were the same as or similar to

those identified for spike length. The QTL on

chromosome 2H located at the position of 130 cM

and the other QTL on chromosome 3H was at 69 cM

with the molecular marker, bPb-0079 (Table 5, Fig.

S1).

Awn length (AL)

Awn length acted as a qualitative trait and all the DH

lines fell into two distinct groups, short awn from 5 to

8 cm and long awn from 11 to 15 cm. One signif-

icant QTL on chromosome 3H was identified in all

locations. This QTL, with bPb-0079 being the nearest

marker, explained 70–81% of the phenotypic varia-

tion of the trait (Table 5, Fig. S1).

Discussion

TX9425 is a Chinese landrace variety with several

useful traits that can be used in our breeding program.

These traits include waterlogging tolerance (Pang

et al. 2004, 2006, 2007a, b; Zhou et al. 2007; Li et al.

2008); salinity tolerance (Chen et al. 2007), and some

disease resistances. However, TX9425 also showed

very low malting quality (Zhou et al. 2008) with

some unique agronomic traits such as twisted spike

due to an excessively high grain density in the spike

leading to non-uniform grains. This variety also

showed different reactions to sowing time (different

day-length and temperature). In this study, the growth

of TX9425 was significantly affected by the envi-

ronment. Under winter-sown conditions (MTP and

FVRS), the plant height was only slightly shorter than

Franklin, while under spring-sown conditions (GH),

TX9425 was much shorter than Franklin. To effec-

tively use this variety in the breeding programs it is

crucial to study the genetic behaviour of agronom-

ically important traits and possibly find more useful

genes.

Most of the agronomic traits are affected by

environment. The use of molecular markers for

selecting these traits can greatly increase selection

efficiency. Great effort has been made by a number of

researchers (Backes et al. 1995; Kjær et al. 1995;

Hori et al. 2003; Pillen et al. 2003; Sameri et al. 2006;

von Korff et al. 2006; Baghizadeh et al. 2007) and

many QTLs have been found for different agronomic

traits (Table 7). In this study, two QTLs for plant

height (PH) were identified from different environ-

ments. Both alleles (one from Franklin and one from

TX9425) contributed to the short plant height. Frank-

lin carries the denso dwarfing gene from Triumph

which is allelic to the sdw dwarfing gene (Laurie

et al. 1993; Hellewell et al. 2000). The dwarfing

Table 6 QTLs for plant

height detected in the DH

population of

Franklin 9 TX9425 from

different sowing time in

2009

Sowing time Chromosome Nearest

marker

Position

(cM)

LOD R2 (%) Additive

effect

Early Autumn 3H bPb-0716 82.6 3.90 22.1 -8.0

3H bPb-2433 57.6 2.76 16.2 -6.6

Late Autumn 3H bPb-0716 82.6 6.32 23.9 -8.3

3H p18b2 68.7 7.28 29.1 -10.8

Spring 3H bPb-0079 69.2 12.21 54.2 -14.3
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allele from Franklin identified in this study is at the

same position as denso/sdw gene based on the nearest

markers of the consensus map (Varshney et al. 2007;

Wenzl et al. 2006). This gene showed temperature

and/or day length sensitivity in this experiment,

making it less effective in spring sowing trials. QTLs

Table 7 Comparison of QTLs found in this study to QTLs detected in other studies

Trait QTLs in this study QTLs in other studies

Chromosome Position (cM) Chromosome Position (cM)

Plant height 1H 8[2]; 144, 162[7]; 57, 62[5]

2H 2[3]; 15, 73, 86[4]; 42, 86[7]

3H 82(111)a, 69(62) 58(54) 3H 18(139)[3]; 65.5(43)[6]; 49(48), 155(135)[7]

4H 39[1]; 17[2]; 73.4[6]; 180[7]; 24, 26, 45, 62, 88, 108[5]

5H 14[1]; 43[7]; 141, 148[5]

6H 16[1]

7H 18[3]; 84, 137.8[6]; 27, 62, 146[7]; 98, 107, 109,

118, 139, 145, 165[5]

Heading date 1H 88, 143[6]; 130[7]; 17, 28, 57, 62[5]

2H 20(32) 2H 50(60)[1]; 29, 74, 32, 57(30-80)[4]; 49(50)[6]; 42(40),

146(130)[7]; 5(11), 48(66), 50(68), 103(122)[5]

3H 82(111), 58(54) 3H 25 (20), 155(135)[7]

4H 190[7]; 24, 26, 62, 118[5]

5H 106[6]; 41, 91, 141, 148, 187[5]

6H 6, 107[7]

7H 11, 36[1]; 19, 146[7]; 98, 107, 118, 145, 167[5]

Spike length 2H 130(135) 2H 2(90)[3]; 30, 75(30–80)[4]; 47(47), 122(122)[6]

3H 69(62) 3H 66(65)[6]

4H 0, 9[2]

5H 14[3]

7H 84[6]

Grain number 1H 17[5]

2H 20(32) 2H –[2]

Grain density 2H 130(135)

3H 69(62)

Awn length 2H 80[6]

3H 69(62) 3H 66(65)[6]

7H 84[6]

Spike twist 2H 130(135)

3H 69(62)

Kernel weight 1H 6[2]

2H 20[1]; 4[3]; 27[7]; 5, 48, 50[5]

3H 110, 175[7]

4H 13[1]; 95, 130[7]; 24, 26, 45[5]

5H 20(0) 5H 165(145)[7]; 35(45), 91, 141(126)[5]

6H 40, 103[7]

7H 6[1]; 146[7]

References: [1]Backes et al. 1995, [2]Baghizadeh et al. 2007, [3]Hori et al. 2003, [4]Kjær et al. 1995, [5]Pillen et al. 2003, [6]Sameri et al.

2006, [7]von Korff et al. 2006
a The numbers in bracket is the estimated position in the SSR consensus map (Varshney et al. 2007)
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on chromosome 3H for plant height were also

reported by several researchers (Sameri et al. 2006;

Hori et al. 2003; von Korff et al. 2006), but the

positions of the reported QTLs were different from

the QTLs found in this study (Table 7), by locating

different QTLs on the consensus map (Varshney et al.

2007). The new QTL found in this study also had

much greater effect than previously reported, indi-

cating that the gene in TX9452 could be a major

dwarfing gene. This gene is located at a similar

position to the uzu gene (GrainGenes: A database for

Triticeae and Avena). The uzu gene was reported to

be temperature sensitive (Takahashi and Yamamoto

1951) but there are no reports on the linkage between

this gene and short spike length, short awn and high

grain density. The gene from TX9425 showed strong

links with short spike length, short awn and high

grain density, in which case it acted more like a type

of brh gene (Dahleen et al. 2005)).

Like plant height, QTLs for heading date (HD)

have been found to be located on every chromosome

(Backes et al. 1995; Pillen et al. 2003; Kjær et al.

1995; Sameri et al. 2006; von Korff et al. 2006) and

heading date was always controlled by several

different QTLs at the same time. Pillen et al. (2003)

found 22 putative QTLs controlling heading date,

distributed on chromosomes 1H, 2H, 4H, 5H and 7H,

all contributing a small amount of the phenotypic

variation. In this DH population, growth conditions

showed marked effects on the QTLs identified for

heading date, even though two QTLs were identified

for all the different environments. At MTP (early

winter sown), the QTL on chromosome 3H showed

greater effect on heading date while under glasshouse

conditions (spring sown) and at FVRS (late winter

sown), the QTL on chromosome 2H showed much

greater effect on heading date. The QTL on chromo-

some 3H identified in the glasshouse experiment was

in a different position to that found at MTP and

FVRS. A similar QTL position on chromosome 2H

was reported earlier (Kjær et al. 1995) but the QTL

position on chromosome 3H seems to be different

from that reported by von Korff et al. (2006). For

most of the QTLs identified in this population, the

alleles from the late maturity variety Franklin con-

tributed to late maturity. Surprisingly, the QTL on

chromosome 3H identified from glasshouse experi-

ment which is a TX9425 allele contributed to late

maturity. This is probably due to the great response to

growth conditions of the parent variety TX9425.

Further research may be needed to clarify the genes

controlling heading date in this population.

Two QTLs for spike length (SL) were located on

chromosomes 2H and 3H. They are not affected by the

growth conditions with both found in the same

position in three different environments. These two

QTLs are also in similar positions to those reported by

Sameri et al. (2006) but different from those reported

by other researchers (Table 6). There are very few

reports on the QTLs for awn length. Sameri et al.

(2006) found three QTLs for awn length with a major

one on chromosome 3H (explaining 76% of the

genotypic variation), which is in the same position to

the QTL identified in this population (also explaining

more than 70% of the variation). Twisty spike is one

of the distinct characters of the Chinese landrace

variety. There is no report on the genetics of this trait.

Not surprisingly, this trait is closely correlated with

spike length and grain density (Table 4). Two QTLs

controlling both grain density and twisty spike were in

the same chromosome and position as those for spike

length. The alleles from TX9425 contributed all the

unfavourable traits (short spike, high grain density

and twisty spike). Kernel weight was only measured

from one site (MTP) and one QTL was identified,

which is different from earlier reports (Table 7).

In conclusion, a dwarfing gene from the Chinese

landrace variety was identified in this experiment.

This gene showed temperature and/or day length

sensitivity and was very closely linked with other

unfavourable agronomic traits such as spike length

and grain density. To effectively use this dwarfing

gene in a breeding program, it is necessary to break

the linkage. Since this gene showed too strong an

effect under high temperature and/or long day length,

it is not suitable to be used for spring sown barley.
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