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Abstract. Synthetic hexaploid wheats (SHWs) and their synthetic derivative lines (SDLs) are being used as a means of
introducing novel genetic variation into bread wheat (BW). Phenotypic information for days to flowering, height, grain
weight and grain yield was collected frommultiple environments for three SDL families, each with ~50 lines, and their elite
BW parents. In general, the SDLs were earlier flowering and taller with larger grain size, but similar grain yield to the BWs.
The three SDL families and their SHW and BW parents were genotyped using mapped DArT (diversity arrays technology)
markers. Within each SDL family, SHW-specific DArT markers were used to identify SHW-derived chromosomal regions
that appeared to be preferentially retained in the SDL families, as determined by retention at frequencies >0.25, the expected
frequency for Mendelian segregation. Regions on chromosomes 2BS and 7BL appeared to be preferentially retained in all
three SDL families, while regions on chromosomes 1AL, 1BS, 3BS, 5AS, 5BL, and 7ASwere preferentially retained in two
of the three SDL families. Other regions were preferentially retained in single families only, including some regions located
on the D genome. Single-marker regression analysis was performed using the preferentially retained markers and identified
markers and regions that were significantly associated with one or more of the four traits measured. Comparative mapping
also indicates that these preferentially retained markers and chromosome regions may co-locate with previously identified
QTLs for anthesis, height, grain weight and/or grain yield. Therefore, SHWs may contain novel alleles at these loci in these
regions for these traits, which may provide a selective advantage to the SDLs. This approach could provide a useful method
for identifying chromosomal regions of interest with potentially novel alleles for introgression for further BW improvement.
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Introduction

Modern hexaploid bread wheat (BW) (AABBDD) has resulted
from two consecutive, inter-specific hybridisation events. About
10 000 years ago, the diploid species Triticum uratu Tum.
ex Gandil. (A genome) hybridised with an-as yet unidentified
diploid species related toAegilops speltoidesTausch (B genome)
to form the tetraploid T. turgidum L. subsp. dicoccoides (Korn.
ex Asch. & Graebn.) Thell. (AABB genomes) after spontaneous
chromosome doubling (Feldman 2001). Subsequently,
domesticated emmer wheat (T. turgidum L. subsp. dicoccum
Schrank ex Schub.) naturally hybridised with the diploid goat
grass Ae. tauschii Coss. (D genome) to produce hexaploid BW,
again following spontaneous chromosome doubling (Feldman
2001). Although recent research suggests BW is of polyphyletic
origin, it is likely that both of these founder populations had
limited genetic variation (Feldman 2001); such genetic variation
is likely to have been further reduced due to selection by early

farmers during domestication and by current plant breeding
efforts. Using molecular markers, genetic diversity in the D
genome of Ae. tauschii Coss. has been shown to be higher
than in the D genome of BW (Lelley et al. 2000; Zhang et al.
2005).

Genetic diversity is essential for continued improvement in
agronomic traits such as grain yield and grain weight, as well as
for the identification of new resistance genes to pests anddiseases.
Wild relatives have long been recognised as a source of useful
traits. A recent review by Hajjar and Hodgkin (2007) indicated
that of 19 crop species surveyed,wildgeneshadbeen successfully
incorporated into released cultivars of 13 crops. They found that
>60 wild species had contributed >100 beneficial traits to the
13 crop species. While the most common use of wild relatives
has been as a source of pest and disease resistance, they have
also contributed to abiotic-stress resistance traits. In wheat,
novel genetic variation has been introduced successfully via
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intergeneric hybridisation (Trethowan and Mujeeb-Kazi 2008);
the short arm of chromosome 1Rof rye in the form of 1BL/1RS or
1AL/1RS translocations, carrying useful resistance genes to a
variety of diseases and conferring yield increase, is one of the
most successful examples of alien introgression (Trethowan and
Mujeeb-Kazi 2008).

Another method of introducing new genetic diversity into the
BW gene pool is through the reconstitution of hexaploid wheat.
In the early 1990s, CIMMYT began a program of interspecific
hybridisation between diploid Ae. tauschii and tetraploid durum
wheat to create synthetic hexaploid wheat (SHW) (Mujeeb-Kazi
et al. 1996). The program was developed primarily to identify
new sources of resistance to diseases such as Karnal bunt, head
scab,Helminthosporium leaf blight, and to increase grain weight
(kernel size) (Ortiz et al. 2007). To date, >1100 spring-type SHW
lines have been produced at CIMMYT from a collection of ~900
Ae. tauschii accessions (Mujeeb-Kazi et al. 2001). As SHWs
frequently carry unfavourable alleles and are agronomically
poorly adapted, they are typically crossed and then back- or
top-crossed to elite BWs to produce more agronomically
acceptable synthetic derived lines (SDLs). Evaluation of
SHWs and SDLs has revealed extensive new variation in
morphological, physiological and agronomic traits (Villareal
et al. 1994a, 1994b; Ortiz et al. 2007; Dreccer et al. 2008;
Rattey and Shorter 2010; Rattey et al. 2011), in milling and
baking quality traits (Kunert et al. 2007), and in resistance to both
biotic (Mujeeb-Kazi et al. 2004; Ogbannaya et al. 2008; Zwart
et al. 2010; Mulki et al. 2013) and abiotic stresses (Ogbonnaya
et al. 2007; Rattey and Shorter 2010; De Leon et al. 2011;
Ghaffary et al. 2012).

Molecular markers have been used to assess the levels of
genetic diversity in SHWs and SDLs compared with BW. Using
both amplified fragment length polymorphism (AFLP) and
microsatellite (SSR) markers, higher levels of molecular
diversity have been observed within SHW than BW (Lage
et al. 2003; Zhang et al. 2005; Dreisigacker et al. 2008).
Cluster analysis separated the SHWs from the BWs,
confirming that the SHWs contain novel genetic variation that
could be used for broadening the genetic base of BWgermplasm.
Furthermore, using SSR markers, a small genome-wide analysis
of SHWs and related SDL families identified four SSRs with
alleles from the SHWparent that had a selective advantage. These
four SSRs mapped to chromosomes 3B, 4D (two SSRs) and
7B (Zhang et al. 2005). More recently, recombinant inbred line
(RIL), advanced backcross quantitative trait locus analysis
(AB-QTL), and genome-wide association mapping approaches
(GWAS) have been used to identify advantageous alleles that
originate from synthetic wheats for traits such as resistance to
stripe rust (Ahmad Naz et al. 2012), soil-borne pathogen

resistance (Mulki et al. 2013), milling and baking quality
(Kunert et al. 2007), root morphological traits (Ibrahim et al.
2012), and grain yield (Tang et al. 2011).

The objective of this study was to use DArT (diversity arrays
technology) markers to identify chromosomal regions from
SHWs with a selective advantage within SDL families, with
particular interest in regions from the D genome. Several SDL
families and their SHW and BW parents were genotyped with
mappedDArTmarkers to identifymarkers/chromosomal regions
inherited from the SHW parent. In addition, the agronomic
performance of the lines was evaluated in multiple
environments. The phenotypic and genotypic information was
compared to determine whether SHW chromosomal regions
retained in the SDL families were associated with QTL for
traits that differed between the SDL families and their parental
lines.

Materials and methods
Germplasm

Three SDL families, derived from three different SHWs, were
identified that had ~40 SDL progeny lines available for analysis.
The three SHWs were derived from two different durum wheats
and three different accessions of Ae. tauschii (Table 1).
Table 1 lists the SHW parent, the elite BW parents and the
number of SDL lines analysed for each SDL family. For each
SDL family, the SHW had been crossed and subsequently
backcrossed to elite BWs to provide SDL lines, which
theoretically should, on average, contain 25% of the SHW
genome. One SDL family contained three sub-families—the
same SHW was backcrossed to different elite BW lines
(Table 1). The BWs and several earlier generation SDL lines
(having only a single cross after SHW creation, referred to as
SDL1 herein) also were obtained. Seeds of all lines and of each
SHW parent were obtained from the Australian Winter Cereal
Collection, Tamworth, following importation from CIMMYT as
described in Dreccer et al. (2007). The lines in this study are a
subset of the SDLs sent from CIMMYT to Australia in three
shipments from 2002 to 2004. Each shipment contained ~100
SDLs as advanced lines selected froma larger set tested inMexico
based on increased grain yield (~10%) compared with Mexican
and Australian check varieties (R. Trethowan, pers. comm., cited
in Dreccer et al. 2007).

Phenotypic analysis of SDLs

The SDLs, parental BWs and SDL1 lines were evaluated in field
trials conducted across the northern wheat region of Australia in
2007 and 2008 (Table 2). At each environment, soils were
Vertosols that can hold up to 250mm plant-available water to

Table 1. Number of synthetic derivative lines (SDLs) in each synthetic hexaploid wheat (SHW) family analysed by DArT

SHW SHW backcross-derived families No. of SDLs
analysed

Croc_1/Ae. squarrosa (224) Croc_1/Ae. squarrosa (224)//Opata/3/Pastor 15
Croc_1/Ae. squarrosa (224) Croc_1/Ae. squarrosa (224)//Opata/3/RAC655 27
Croc_1/Ae. squarrosa (224) SLVS/3/Croc_1/Ae. squarrosa (224)//Opata 13
Croc_1/Ae. squarrosa (205) Croc_1/Ae. squarrosa (205)//Borl95/3/Kennedy 45
Altar84/Ae. squarrosa (TAUS) Pastor/3/Altar84/Ae. squarrosa (TAUS)//Opata 48
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180 cm depth. The trials were grown in a p-replicate design
(Smith et al. 2006), where p was ~1.4. In 2007, trials were at
Dalby (D07) in southern Queensland (278190S, 1518210E) and
Narrabri (N07) in northern New South Wales (308190S, 1498,
460E). In 2008, trials were at Dalby (D08) and Gatton in south-
eastern Queensland (278340S, 1528200E), where two planting
dates (21 May, GE08; 3 August, GL08) were imposed. Grain
yield (GY) (g m–2) (D07, N07, GE08), grain weight (GW)
(mg grain–1) (D07, N07, D08, GE08), days to anthesis (ANT)
(D07, GE08, GL08), and height (HT) (D08, G08, GL08),
were measured as described in Rattey et al. (2009) at most
environments as indicated. Statistical analysis of the
phenotypic data was undertaken as described in Rattey et al.
(2009), with appropriate modelling of within-environment
variation followed by across-environment analyses to model
genotype� environment interaction (G�E) effects. Across-
environment group means for SDL families were estimated as
per Rattey and Shorter (2010).

Genotypic analysis of SDLs

Leaf material was collected from 5–10 young, glasshouse-grown
seedlings from all SDLs, SHWs (Altar84/Ae. squarrosa (TAUS)
was not available) and the parental BWs. Leaves were freeze-
dried and DNA was extracted using the method of Hoisington
(1992). DNA from all SDLs, SHWs and BWs was genotyped
using DArTs (Wenzl et al. 2004).

The SHW-specific DArT markers were identified as DArT
markers present in the SDLs and SHW (if available) and absent
from the BW parents for each SDL family. As the Altar84/
Ae. squarrosa (TAUS) SHW was unavailable for analysis,
putative SHW-specific DArT markers were defined as those
present in the SDL lines and absent from the elite BW parental
lines. The frequency of each SHW-specific DArT marker in the
SDL family was determined. Preferentially retained DArT
markers were identified as those present at statistically
significant ratios higher than the expected ratio of 0.25.

For each SDL family, single marker regression analysis was
undertaken using MapManager v17 (Manly et al. 2001) to
identify preferentially retained markers associated with the
four phenotypic traits (GY, GW, ANT, HT). The phenotypic
datasets varied for each SDL family, as not all traits were
measured in each trial as indicated above.

Comparative mapping analyses were undertaken using
the GrainGenes website (http://wheat.pw.usda.gov/GG2/index.
shtml), the maps provided in the cited publications and the DArT
map locations as reported by Detering et al. (2010), and the

Triticarte website (www.triticarte.com.au/) to identify common
markers that map to QTLs or chromosomal regions of interest.

Results

Phenotypicanalysisof SDL familiesand their eliteBWparents

In total, 55, 45 and 48 sister lines were sourced for the three SDL
families (Table 1). The SDLs and their BW parents were
evaluated in five field trials at three locations in 2007 and
2008 (Table 2). Phenotypic data for four traits (GY, GW,
ANT, HT) were collected from at least three environments for
each trait. The five trials experienced similar levels of radiation
and temperature, however, in-crop rainfall + irrigation varied
considerably (Table 2). The across-environment range for all
traits was: GY (160 (N07)–401 (GE08) gm–2), ANT (66.5
(GL08)–102.1 (D07) days), HT (53.8 (D08)–98.8 (GE08) cm),
and GW (29.2 (D07)–33.7 (D08) mg) (data not shown). Across
environments, h2 was high for ANT, HT and GW (> ~0.8),
but low for GY (0.3) due primarily to large G�E effects on
GY (data not shown).

For theSHWCroc_1/Ae. squarrosa (224), 15, 27 and13SDLs
were identified from three SDL sub-families (Table 1). The SDLs
tended to be earlier flowering and taller, with heavier grain and
varied yields, than their elite BW parental lines (Table 3). The
SDLs in the Silverstar/3/Croc_1/Ae. squarrosa (224)//Opata sub-
family had very early flowering time and GY similar to the
Silverstar parent, and were intermediate between the two
parental BWs for HT and GW. The SDLs in the Croc_1/Ae.
squarrosa (224)//Opata/3/Pastor sub-family were high-yielding
like Pastor andwere earlierflowering and tallerwith heavier grain
than either BW parent. For the Croc_1/Ae. squarrosa (224)//
Opata/3/RAC655 sub-family, the SDLswere intermediate in GY
and GW, and earlier flowering and taller than either BW parent.
In the Croc_1/Ae. squarrosa (205)//Borl95/3/Kennedy SDL
family, the SDLs were slightly lower in GY than the high-
yielding Kennedy parent as well as being earlier flowering and
taller with heavier grain than either elite BW parent. The SDL
lines in the Pastor/3/Altar84/Ae. squarrosa (TAUS)//Opata SDL
family were intermediate in GY, and earlier flowering and taller
with heavier grain than either BW parent.

Genotypic analysis of the SDLs and their elite BW parents

The DArT analysis of the SDLs and their BW parents was
undertaken with 933 polymorphic DArT markers, of which
905 had been assigned to a wheat chromosome and 870 had
beenmapped (Detering et al. 2010).Variable numbers ofmarkers
have beenmapped to eachwheat chromosome from7on 4D to 90

Table 2. Trials, treatments and seasonal weather
Values are seasonal averages (standard deviation) for yield and radiation, seasonal average (av. maximum–minimum) for temperature;

n.a., trial not harvested due to adverse weather

Trial Sowing date Yield Radiation Temperature In crop rainfall +
code (gm–2) (MJm–2 day–1) (8C) irrigation (mm)

D07 20 June 07 174.5 (16.2) 18.3 (5.3) 17.4 (24.9–9.8) 195
N07 23 June 07 153.3 (16.2) 17.9 (6.1) 14.9 (22.7–7.2) 121
D08 23 May 06 n.a. 16.4 (4.8) 16.0 (24.2–8.0) 272
GE08 21 May 08 403.4 (25.6) 15.7 (5.2) 16.3 (23.7–8.8) 263
GL08 3 Aug. 08 n.a. 20.0 (5.2) 19.0 (26.8–11.1) 105
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on 3B, as indicated in Table 4. Of the 870 polymorphic and
mapped DArT markers, 301 map to the A genome (35%), 455 to
the B genome (52%) and 114 to the D genome (13%).

Genotypic and QTL analysis of Croc_1/Ae. squarrosa
(224)-derived SDLs

For the Croc_1/Ae. squarrosa (224)-derived SDLs, 28 DArT
markers were found only in the SHW and not in any of the BW
parents of the 3 SDL sub-families (Table 4). Within the SDL
families, the number of SHW-specific markers in an individual
SDL line varied fromfive to 16 (data not shown).Across all SDLs
from this SHW, the correlation between the number of SHW-
specific markers and GY, GW, ANT and HTwas non-significant
(P > 0.05) for all four traits (r= –0.05, 0.08, 0.17 and 0.21,

respectively). Twenty-six of the 28 SHW-specific markers
have been assigned to 13 wheat chromosomes, including four
markers assigned to three D genome chromosomes (Table 4).
Eleven of the 28DArTmarkers appear to have been preferentially
retained in theSDL lines (Table5), ofwhich10havebeenmapped
to seven different chromosomes; 3BS contains more than one,
non-co-locating mapped marker (Tables 4, 5) (Detering et al.
2010). One preferentially retained marker maps to chromosome
7D (Tables 4, 5).

Of the 11 preferentially retainedDArTmarkers in the Croc_1/
Ae. squarrosa (224) SDLs, all were associated with at least one
trait in at least one trial; ANT,GW,GY andHTweremeasured in
these SDLs in two, four, three and three trials, respectively
(Table 6). Six of these DArT markers were associated with a
trait in more than one trial, with a consistent direction of effect. In

Table 3. Best linear unbiased predictors (BLUPs for anthesis (ANT), grain yield (GY), height (HT) and grain weight (GW) across environments
for SDL families

DW, Durum wheat; E, elite bread wheat; SDL, synthetic derived line; SDL1, early generation SDL. NA, Not available

Pedigree Type Lines ANT (days) GY (gm–2) HT (cm) GW (mg)
Mean Range Mean Range Mean Range Mean Range

Altar 84 DW 1 93.4 NA 244 NA 67.8 NA 28.7 NA
Opata E 1 90.6 NA 227 NA 73.8 NA 26.4 NA
Altar 84/Ae. squarrosa (TAUS)//Opata SDL1 1 88.9 NA 241 NA 76 NA 30.8 NA
Pastor/3/Altar 84/Ae. squarrosa (TAUS)//Opata SDL 48 87.5 85.2–91.4 242 225–260 80.6 73.0–86.4 32.4 27.7–36.8
Borl95 E 1 96.3 NA 222 NA 61.3 NA 30.7 NA
Kennedy E 1 89.9 NA 258 NA 72 NA 29.7 NA
Croc_1/Ae. squarrosa (205)//Borl95 SDL1 3 86.4 84.4–88.1 250 245–256 74.3 73.1–78.0 33.1 30.4–34.8
Croc_1/Ae. squarrosa (205)//Borl95/3/Kennedy SDL 45 87.9 84.6–90.6 251 238–255 77.9 70.6–81.8 29.3 25.6–34.0
Pastor E 1 88.2 NA 257 NA 76 NA 31.1 NA
RAC655 E 1 88.3 NA 258 NA 69.5 NA 35.2 NA
Silverstar E 1 84.1 NA 244 NA 68.6 NA 24.3 NA
Croc_1/Ae. squarrosa (224)//Opata SDL1 1 87.8 NA 239 NA 74.3 NA 30.7 NA
Croc_1/Ae. squarrosa (224)//Opata/3/Pastor SDL 15 86.4 84.9–89.0 256 243–261 85.1 77.5–86.7 34.6 28.3–36.4
Croc_1/Ae. squarrosa (224)//Opata/3/RAC655 SDL 27 86.5 84.7–89.4 232 229–248 76.5 71.3–80.6 28 26.0–31.1
Silverstar/3/ Croc_1/Ae. squarrosa (224)//Opata SDL 13 84.4 83.6–89.7 242 235–253 71.5 71.1–77.5 28.2 27.1–30.1

Table 4. Chromosomal assignment of DArT markers (1A–7D). For synthetic hexaploid wheat (SHW)-specific markers, values
are no. preferentially retained./no. of mapped SHW-specific markers

1 2 3 4 5 6 7

Assignment of polymorphic and mapped DArT markers to the 21 wheat chromosomes
A 52 41 33 51 17 48 59
B 66 72 90 17 73 71 66
D 20 14 21 7 13 15 24

Croc_1/Ae. squarrosa (224) SHW-specific DArT markers (specific across all 3 sub-families)
A 2/2 – – 0/1 0/1 0/1 –

B 1/2 1/1 4/6 – 1/2 0/1 1/5
D – – 0/2 – – 0/1 1/1

Altar84/Ae. squarrosa (TAUS) SHW-specific DArT markers
A 0/5 4/5 0/1 0/2 1/1 2/3 3/6
B 0/2 5/9 6/9 2/4 5/7 0/2 10/15
D 1/1 2/2 – 0/1 – 0/1 –

Croc_1/Ae. squarrosa (205) SHW-specific DArT markers
A 3/9 0/1 2/3 6/9 3/3 1/2 5/7
B 1/4 1/2 0/3 0/1 0/4 5/6 4/11
D 4/5 0/2 – 0/1 – 1/1 1/4

128 Crop & Pasture Science C. L. McIntyre et al.



Table 5. Chromosomal position of Map; preferentially retained DArT markers
Map, map positions – Detering et al. (2010), A. Kilian, unpublished observations; Chr, chromosome; Freq, marker frequency in SDL family. Chi-square test:

*P< 0.05, **P< 0.01, ***P< 0.005,**** P< 0.0001; n.m., not mapped

Croc_1/Ae. squarrosa (224) families Altar84/Ae. squarrosa (TAUS) family Croc_1/Ae. squarrosa (205) family
Map Clone Chr Freq c2 Map Clone Chr Freq c2 Map Clone Chr Freq c2

60.73 wPt-6941 1A 0.78 **** 15.45 wPt-3560 1A 0.5 ****
135.62 wPt-6853 1A 0.42 ** 19.71 wPt-4735 1A 0.62 ****

135.62 wPt-6853 1A 0.49 ****
135.62 wPt-3836 1A|7A 0.58 ****

44.31 wPt-9792 1B 0.38 * 42.35 wPt-1573 1B 0.42 ***
39.62 wPt-7828 1D 0.66 **** n.m. wPt-3945 1D 0.4 *

n.m. wPt-6560 1D 0.56 ****
n.m. wPt-4988 1D 0.6 ****

17.6 tPt-5584 2A 0.57 ****
17.6 wPt-0115 2A 0.55 ****
18.83 tPt-1560 2A 0.55 ****
n.m. wPt-3896 2A 0.64 ****

4.21 wPt-1634 2B 0.75 **** 4.21 wPt-1634 2B 0.6 **** 4.84 wPt-9274 2B 0.8 ****
4.84 wPt-9274 2B 0.6 ****
72.82 wPt-2117 2B 0.36 *
90.54 wPt-7466 2D 0.4 *
92.62 wPt-0322 2D 0.43 ***

40.72 wPt-9634 3A 0.91 ****
62.09 wPt-2866 3A 0.87 ****

56.53 wPt-6945 3B 0.38 * 56.53 wPt-7737 3B 0.6 ****
56.53 wPt-7737 3B 0.51 **** 68.58 wPt-7786 3B 0.68 ****
65.23 wPt-9443 3B 0.69 **** 74.39 wPt-2280 3B 0.57 ****
n.m. wPt-7301 3B 0.64 **** 131.49 wPt-1151 3B 0.77 ****

131.49 wPt-0531 3B 0.74 ****
132.54 wPt-9826 3B 0.72 ****

60.02 wPt-0117 4A 0.71 ****
89.93 wPt-6502 4A 0.91 ****
93.23 wPt-6900 4A 0.69 ****
93.23 wPt-1007 4A|7B 0.58 ****
93.92 wPt-4241 4A 0.89 ****
100.56 wPt-3729 4A 0.6 ****

68.79 wPt-6209 4B 0.49 ***
73.18 wPt-8291 4B 0.49 ***
37.92 wPt-4131 5A 0.4 *** 36.81 tPt-9702 5A 0.56 ****

36.81 wPt-3620 5A 0.53 ****
36.81 wPt-8236 5A 0.53 ****

35.07 wPt-4736 5B 0.56 **** 18.28 wPt-0033 5B 0.55 ****
35.07 tPt-8942 5B 0.43 *
54.25 wPt-8163 5B 0.38 *
137.73 tPt-3144 5B 0.6 ****
108.4 tPt-6661 6A 0.49 *** 48.79 wPt-7857 6A 0.67 ****
108.4 wPt-8944 6A 0.47 ****

10.03 wPt-3116 6B 0.82 ****
11.51 wPt-4386 6B|7A 0.67 ****
15.93 wPt-1437 6B 0.8 ****
15.93 wPt-2095 6B 0.82 ****
n.m. wPt-8551 6B

120.02 wPt-9589 6D 0.35 *** 120.02 wPt-9589 6D 0.58 ****
13.02 wPt-5742 7A 0.64 **** 10.53 wPt-1076 7A 0.58 ****
13.02 wPt-3964 7A 0.62 **** 10.53 wPt-6273 7A 0.58 ****
13.02 wPt-4748 7A 0.62 **** 10.62 wPt-4172 7A 0.58 ****

11.78 wPt-6959 7A 0.67 ****
219.97 wPt-4120 7B 0.36 * 106.84 wPt-7318 7B 0.51 **** 152.3 wPt-0841 7B 0.4 ***

152.3 wPt-8312 7B 0.51 **** 152.3 wPt-8312 7B 0.47 ***
152.3 wPt-0841 7B 0.49 **** 152.3 wPt-9133 7B 0.44 ***
152.3 wPt-9133 7B 0.49 *** 210.85 wPt-4300 7B 0.6 ****
212.29 wPt-3939 7B 0.47 ***
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particular, markers were associated with GY and GW. One of the
six markers mapped to chromosome 7D and was associated
with increased GW and increased HT in all trials in which
GW (four trials) and HT (three trials) were measured. Whereas
allmarkers associatedwithGYhad a negative effect onGY, some
markers associated with GW had a positive effect while others
had a negative effect; markers associated with both traits had a
consistent and negative effect (Table 6). Similarly, markers
associated with earlier flowering were also associated with
increased GW, and one marker associated with increased HT
was also associated with increased GW and GY.

Genotypic and QTL analysis of Altar84/Ae. squarrosa
(TAUS)-derived SDLs

For the Altar84/Ae. squarrosa (TAUS)-derived SDL family,
81 putative SHW-specific markers were identified, of which 76

hadbeen assigned to chromosomes (Table 4); onlyfivemapped to
D genome chromosomes. Within the SDL family, the number of
SHW-specific markers in individual SDL lines varied from 12 to
42 (data not shown). The correlation between the number of
SHW-specific markers and trait values was significant (P < 0.05)
for GY, GW and ANT (0.28, 0.31, –0.41, respectively) but not
significant for HT (–0.16). Forty-three of the 81 putative SHW-
specific markers were preferentially retained; 41 had been
assigned to chromosomes (Table 4). Multiple, preferentially
retained, non-co-locating mapped markers were assigned to
chromosomes 2AS, 2BS, 2DL, 3BS and L, 4BS, 5BL and
7BL (Tables 4, 5) (Detering et al. 2010). Markers on 1D and
2D were also preferentially retained.

Thirty-three of the 43 preferentially retained DArT markers
were associated with at least one trait in at least one trial; ANT,
GW, GY and HT were measured in the SDLs in three, four, three
and three trials, respectively (Table 7). Sixteen of these markers

Table 5. (continued )

Croc_1/Ae. squarrosa (224) families Altar84/Ae. squarrosa (TAUS) family Croc_1/Ae. squarrosa (205) family
Map Clone Chr Freq c2 Map Clone Chr Freq c2 Map Clone Chr Freq c2

212.29 wPt-8040 2B|7B 0.45 **
214.84 wPt-5462 7B 0.47 ***
214.84 wPt-5228 7B 0.4 *
219.97 wPt-0547 7B 0.51 ****
219.97 wPt-4120 7B 0.49 ***

115.05 wPt-4555 7D 0.55 **** 2.03 wPt-6263 7D 0.67 ****

Table 6. Preferentially retained Croc_1/Ae. squarrosa (224)-specific markers associated with phenotypic traits
P, Probability of marker-trait association; Add, additive genetic effect of marker

Markers Chr Map ANT07D ANT08GL GW07D GW07N GW08D GW08GE
P Add P Add P Add P Add P Add P Add

wPt-8193 – n.m. 0.017 –2.53 0.007 –0.96 0.006 –1.52
wPt-6853 1A 135.62 0.035 1.15
wPt-9792 1B 44.31 0.002 –1.21 0 –1.63
wPt-1634 2B 4.21 0.023 –1.04
wPt-6945 3B 56.53 0.02 –2.25
wPt-7301 3B n.m.
wPt-7737 3B 56.53 0.038 –0.95
wPt-9443 3B 65.23
wPt-4736 5B 35.07 0.001 –2.61 0.003 –1.07 0.031 –1 0.001 –1.82
wPt-9589 6D 120.02
wPt-4120 7B 219.97 0.016 –1.1 0.042 1.63 0.015 0.9 0.024 1.29
wPt-4555 7D 115.05 0.026 1.94 0.003 1.06 0.002 1.36 0.003 1.62

GY07D GY07N GY08GE HT08D HT08GE HT08GL
wPt-8193 – n.m. 0.005 –4.89 0 –17.4
wPt-6853 1A 135.62
wPt-9792 1B 44.31
wPt-1634 2B 4.21 0.023 4.33 0.008 –9.75
wPt-6945 3B 56.53 0.03 –7.54
wPt-7301 3B n.m. 0 –13.8
wPt-7737 3B 56.53
wPt-9443 3B 65.23 0.049 -3.85
wPt-4736 5B 35.07 0 –17.6
wPt-9589 6D 120.02 0.032 –7.67
wPt-4120 7B 219.97 0.01 1.86
wPt-4555 7D 115.05 0.012 1.21 0.005 1.94 0.022 2.28
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were associatedwith the same trait inmore thanone trial, andonly
onewas associatedwithmore than one trait inmore than one trial;
none of these markers was located on the D genome. As in the
Croc_1/Ae. squarrosa (224)-derived SDLs, most markers were
associated with GW. All markers associated with the same trait
in more than one trial had the same direction of effect. Markers
associatedwithGWandGY also had the same direction of effect.
Markers associated with increased GW were usually associated
with increasedGY, earlierflowering and shorter plants.However,
markers on chromosome 7B were associated with increased GW
and GY, shorter plants, and delayed flowering (Table 7).

Genotypic and QTL analysis of Croc_1/Ae. squarrosa
(205)-derived SDLs

For the Croc_1/Ae. squarrosa (205)-derived SDLs, 91 SHW-
specificmarkerswere identified, ofwhich76hadbeen assigned to
chromosomes (Table 4). Within the SDL family, the number of
SHW-specific markers in individual SDL lines varied from 14 to
50 (data not shown). A significant correlation (P< 0.05) was
observed between the number of SHW-specific markers and GW
(r= 0.34); the correlation was non-significant for GY, ANT and
HT (r= –0.08, –0.15 and 0.18, respectively). Forty-nine of the
76markers appear to be preferentially retained in the SDL family,
and 37 of these have been assigned to 13 wheat chromosomes.
Multiple, retained, non-co-locating mapped markers were
assigned to six of the 13 chromosomes—1AS, 1DS, 3AS,
4AL, 6BS, and 7AS (Tables 4, 5) (Detering et al. 2010). A
single, preferentially retained marker also mapped to
chromosomes 6D and 7D.

Of the 48 preferentially retainedDArTmarkers in the Croc_1/
Ae. squarrosa (205) SDLs, 45 were associated with a trait in one
or more of the trials; ANT, GW, GY and HT were measured
in two, two, one and three trials, respectively (Table 8). Most
markers (36 of the 45) were associated with a trait in more than
one trial, and most were associated with a negative additive
effect, i.e. earlier flowering, lighter grain weight, lower grain
yield and shorter plants. In particular, markers were associated
with earlier flowering and shorter plants, including several
markers on chromosome 1D and 7D (Table 8).

Chromosomal regions from SHWs are retained in multiple
SDL families and are associated with traits

Some markers were preferentially retained in more than one
population (Table 5). For example, wPt-6853 on chromosome
1AL,wPt-9274andwPt-1634onchromosome2BS,wPt-7737on
chromosome 3BS, and wPt-8312, wPt-0841, wPt-9133 and wPt-
4120 on chromosome 7BL were preferentially retained in two of
the three populations. The unmapped marker, wPt-8193, was
preferentially retained in all three SDL families. All ninemarkers
were significantly associated with traits in the populations in
which theywere preferentially retained, although not alwayswith
the same trait and not always with the same direction of effect
(Tables 6–8). In general, the direction of effectwas the same in the
Croc_1/Ae. squarrosa (224) and Croc_1/Ae. squarrosa (205)
SDL families and opposite in theAltar84/Ae. squarrosa (TAUS)-
derived SDL family.

In addition to individual markers retained in more than one
SDL family, chromosome regions from the SHWs were retained

in more than one SDL family. A region on 2BS and another on
7BL has been preferentially retained in all three SDL families
(Table 5). Similarly, regions on 1AL, 1BL, 3BS, 5AS, 5BL and
7AS appear to have been preferentially retained in two of the
three SDL families (Table 5). With the exception of the region
on 7AS, all regions were associated with one or more of the
four traits measured, although, as noted for the common and
preferentially retainedmarkers, not alwayswith the same trait and
not always with the same direction of effect (Tables 6–8). Again,
the direction of effect usually was the same in the Croc_1/Ae.
squarrosa (224) and Croc_1/Ae. squarrosa (205) SDL families
and opposite in the Altar84/Ae. squarrosa (TAUS)-derived
SDL family.

Comparative analyses confirm preferential retention of
chromosomal regions from SHW and potential co-location
with previously identified QTL for traits

A study by Zhang et al. (2005) also identified chromosomal
regions that had been preferentially retained in two SHWs and
their BC1 backcross-derived families, one of which was Croc_1/
Ae. squarrosa (224). Four and five SSR marker alleles were
identified in the two families at frequencies higher than expected
from Mendelian segregation. For SHW Croc_1/Ae. squarrosa
(224) and its SDLs, the four SSR markers mapped to
chromosomes 3B, 4D (2 SSRs) and 7B. For DVERD_2/Ae.
squarrosa (214) and its SDLs, the five SSR markers mapped
to chromosomes 1B, 3B (same SSR as for Croc_1/Ae. squarrosa
(224) and its SDLs), 4D (one common SSR with Croc_1/Ae.
squarrosa (224) and its SDLs), and 5A and 7B (Supplementary
Table1, available at the journal’swebsite).Comparativemapping
using flanking or nearby SSR markers suggests that the 3B SSR
maps to the same region preferentially retained in two of the three
SDL families in the current study, including the Croc_1/Ae.
squarrosa (224) SDL family. Similarly, the 7B SSR identified
in the Croc_1/Ae. squarrosa (224) SDL family maps near to the
region preferentially retained on 7BL in all three SDL families in
the present study (Supplementary Table 1; Table 5); the map
location of the second 7B SSR marker is unknown. The map
locations of the 1B and 5A SSRmarkers are unknown, so it is not
possible to determine whether the same chromosomal regions
have been identified as preferentially retained in both studies. In
this study, no markers from chromosome 4D were preferentially
retained in any SDL family.

Comparative mapping using flanking or nearby SSR markers
also suggests that all eight preferentially retained regions co-
locate with chromosomal regions that have been published as
associated with the four traits measured (GY, GW,ANT andHT)
(Supplementary Table 2; Tables 6–8). The 2BS region was
associated with positive and negative effects on ANT, GW and
GY in the present study; comparative mapping suggests that it is
the same region as identified in several published studies, which
contains QTLs for anthesis, height, grain weight and grain yield
(Verma et al. 2004; Quarrie et al. 2005; Kuchel et al. 2006;
Rebetzke et al. 2008;McIntyre et al. 2010), and Ppd-B1 (Mohler
et al. 2004). Similarly, the 7BL regionwas associatedwith all four
traits in this study. This also appears to be the same as the region
identified as containing QTLs for anthesis and grain yield, by
Kuchel et al. (2006) andQuarrie et al. (2005), respectively. In this
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Table 7. Preferentially retained Altar84/Ae. squarrosa (TAUS)-specific markers associated with phenotypic traits
P, Probability of marker-trait association; Add, additive genetic effect of marker

Marker Chr Map ANT07D ANT08GE ANT08GL GW07D GW07N GW08D GW08GE
P Add P Add P Add P Add P Add P Add P Add

wPt-8193 – – 0.01 1.29 0.01 1.28
tPt-5584 2A 17.60
wPt-0115 2A 17.60
wPt-1634 2B 4.21
wPt-9274 2B 4.84
wPt-7619 2B 51.63 0.00 1.41 0.00 1.60
wPt-8548 2B 72.82 0.01 0.79 0.03 –0.95 0.01 –1.32 0.00 –1.14
wPt-2117 2B 72.82 0.01 0.73 0.00 –1.38 0.00 –1.20
wPt-8741 3A 211.70
wPt-7737 3B 56.53 0.00 –1.39
wPt-2280 3B 74.39 0.03 1.05
wPt-1151 3B 131.49 0.00 –2.03 0.00 –1.28
wPt-0531 3B 131.49 0.01 –1.73 0.01 –1.27
wPt-9826 3B 132.54 0.05 0.76 0.01 –1.64
wPt-8291 4B 46.04 0.01 –0.86
wPt-6209 4B 68.79
wPt-4131 5A 37.92 0.03 1.17
tPt-8942 5B 35.07
wPt-8163 5B 54.25 0.02 1.01 0.02 1.25
tPt-3719 5B 72.41 0.04 –0.55
tPt-3144 5B 137.73 0.02 0.75 0.02 –1.31 0.00 –1.13
tPt-6661 6A 108.40
wPt-8944 6A 108.40 0.04 –0.93
wPt-7318 7B 106.84 0.02 0.71 0.04 0.73
wPt-0841 7B 152.30 0.01 0.77 0.01 1.19 0.01 1.28
wPt-8312 7B 152.30 0.02 0.69 0.01 1.16 0.01 1.27
wPt-9133 7B 152.30 0.01 0.76 0.01 1.18 0.00 1.38
wPt-8040 7B 212.29 0.03 –0.78 0.02 –1.00 0.04 –0.76
wPt-3939 7B 212.29 0.02 –0.82 0.01 –1.09 0.04 –0.75
wPt-5228 7B 214.84
wPt-5462 7B 214.84 0.01 –0.85 0.03 –0.92
wPt-4120 7B 219.97
wPt-0547 7B 219.97

GY07D GY07N GY08GE HT08D HT08GE HT08GL
wPt-8193 – – 0.00 12.80 0.02 –1.96
tPt-5584 2A 17.60 0.03 1.12
wPt-0115 2A 17.60 0.04 1.07
wPt-1634 2B 4.21 0.00 –10.31
wPt-9274 2B 4.84 0.01 –8.97
wPt-7619 2B 51.63 0.02 10.03
wPt-8548 2B 72.82 0.04 –1.44
wPt-2117 2B 72.82
wPt-8741 3A 211.70 0.00 1.57
wPt-7737 3B 56.53 0.00 –14.79
wPt-2280 3B 74.39
wPt-1151 3B 131.49
wPt-0531 3B 131.49
wPt-9826 3B 132.54 0.03 –8.07
wPt-8291 4B 46.04 0.01 –1.76 0.00 –2.19
wPt-6209 4B 68.79 0.05 –1.58
wPt-4131 5A 37.92
tPt-8942 5B 35.07 0.04 5.78
wPt-8163 5B 54.25 0.03 6.62 0.01 10.31
tPt-3719 5B 72.41 0.00 7.60 0.05 8.43 0.01 9.54
tPt-3144 5B 137.73 0.02 –1.66
tPt-6661 6A 108.40 0.01 –1.68
wPt-8944 6A 108.40 0.01 –1.78
wPt-7318 7B 106.84 0.02 6.42 0.00 13.50
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study, a region on 1ALwas associated with earlier flowering and
reduced height; it appears to be the same as the anthesis QTL
region identified by Kuchel et al. (2006). The regions on 1BS,
3BS and 7AS appear to be the same as the heading date QTL
region identified by Griffiths et al. (2009); in our study, all three
regions are associated with earlier flowering, in addition to both
positive and negative effects on GW and GY. The region on 5AS
appears to be the same as that identified as containing QTLs for
grainweight and grain yield (Marza et al. 2006), and heading date
(Griffiths et al. 2009); in our study, the region was associated
with anthesis, GW and HT. Similarly, the preferentially retained
region on 5BL appears to be the same region identified as
containing QTLs for yield (Quarrie et al. 2006) and heading
date (Griffiths et al. 2009), but is proximal to Vrn-B1; in this
study, the region was associated with GW and GY.

Discussion

Synthetic hexaploid wheats and SDLs obtained from them
represent a novel source of useful traits and allelic variation
for broadening the genetic diversity in wheat germplasm for
continued wheat improvement. Previous studies have
demonstrated useful variation in SHWs for morphological and
agronomic traits (Villareal et al. 1994a, 1994b; Lage et al. 2006;
Dreccer et al. 2008) such as anthesis date, height andgrainweight,
aswell as inbiotic andabiotic-stress related traits. In this study,we
observed that the SDLs, in general, tended to be earlierflowering,
taller, with large grain size and varied yields compared with their
elite parental lines. Similarly, in a larger set of environments (27)
within the northernwheat region ofAustralia, Rattey et al. (2011)
found that SDL lines were significantly taller, with larger grain
size than commercial cultivars adapted to the region. For each
SHW family, the SDLs exhibited a large range in phenotype,
although family mean agronomic attributes were closer to the
values of the elite wheat parents than to the phenotype of the
SDL1 (i.e. only one cross to a BW after SHW creation).

Both natural and artificial selection in the field during the
production of SDL families can result in chromosomal regions
that are preferentially lost or retained. In the case of these
SDL families, the SDLs were subject to some selection based
on GY and agronomic type (R. Trethowan, pers. comm., cited
in Dreccer et al. 2007). Preferentially retained regions can be
detected via the use of molecular markers to assess allele
frequencies that deviate from the expected Mendelian

segregation ratios. However, non-Mendelian segregation
ratios can occur because of several other factors, including the
presence of translocations or the presence of deleterious or
favourable genes. In wheat and other species, translocation
chromosomes, especially those involving wild or distant wheat
relatives, are poorly transmitted compared with non-translocated
chromosomes and recombine less well with BW chromosomes.
For example, crosses between wheat lines, one of which contains
the short arm of chromosome 1R of rye for the short arm of
chromosome 1B (T1BL.1RS), have demonstrated a preferential
transmission of the non-translocated chromosome through
both the male and female gametes (Lukaszewski et al. 1982;
Singh 1985 (cited in Koebner et al. 1986); McIntyre et al. 2010).
Furthermore, the 1RS arm is usually inherited intact with little to
no recombinationwith the short arm of the group 1 chromosomes
of wheat, and reducing the size of the translocation has been
difficult (Anugrahwati et al. 2008). However, there is no
information to suggest that particular wheat chromosomes are
more prone to translocations than are others, or that there is a
reduced rate of recombination between the A and B, and D
genomes of durum and Ae. squarrosa, respectively, and the A,
B and D genomes of BW.

In this study, the observed preferential retention of the same
chromosomal regions in multiple populations suggests that the
non-Mendelian segregation of markers and chromosome regions
is not due to the presence of translocations between the SHW and
BW but is due to preferential retention of marker alleles from the
SHW and indicates chromosomal regions from the SHW that
provide a selective advantage; this hypothesis is consistent with
the reported selection of SDLs on the basis of GY and agronomic
type, before their evaluation in Australia. While there was
no consistent relationship between the total numbers of SHW-
specific markers in the SDLs and the traits measured, this study
identified eight chromosomal regions from SHWs that have been
preferentially retained in the SDLs. Two of these regions, on
chromosomes 2BS and 7BL, were preferentially retained in all
three SDL families, along with the as-yet unmapped marker
wPt-8193, whereas regions on chromosomes 1AL, 1BS, 3BS,
5AS, 5BL and 7AS were preferentially retained in two of the
three SDL families. A study by Zhang et al. (2005) also identified
chromosomal regions that had been preferentially retained in two
SHW and their BC1 backcross-derived families, one of which,
Croc_1/Ae. squarrosa (224), was analysed in the present study.
They identified nine SSR marker alleles that were present at

Table 7. (continued )

Marker Chr Map ANT07D ANT08GE ANT08GL GW07D GW07N GW08D GW08GE
P Add P Add P Add P Add P Add P Add P Add

wPt-0841 7B 152.30 0.00 13.33 0.01 –1.97
wPt-8312 7B 152.30 0.00 13.25 0.02 –1.84
wPt-9133 7B 152.30 0.00 12.38 0.02 –1.94
wPt-8040 7B 212.29
wPt-3939 7B 212.29
wPt-5228 7B 214.84 0.05 –1.05
wPt-5462 7B 214.84
wPt-4120 7B 219.97 0.00 –12.67
wPt-0547 7B 219.97 0.00 –12.37
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Table 8. Preferentially retained Croc_1/Ae. squarrosa (205)-specific markers associated with phenotypic traits
P, Probability of marker-trait association; Add, additive genetic effect of marker

Marker Chr Map ANT08GE ANT08GL GW08D GW08GE
P Add P Add P Add P Add

wPt-8193 – –

wPt-3560 1A 15.45 0.000 –1.730 0.000 –1.680
wPt-4735 1A 41.60 0.000 –1.790 0.000 –1.660 0.024 –1.520
wPt-6853 1A 135.62 0.006 –1.160 0.038 –0.910
wPt-8488 1B 12.38 0.000 –1.860 0.000 –1.900 0.042 0.890
wPt-0044 1B 12.38 0.000 –1.930 0.000 –2.090 0.037 0.910
wPt-3098 1B 12.38 0.000 –2.180 0.000 –2.260
wPt-3942 1B 12.38 0.000 –1.810 0.000 –1.900 0.034 0.920
wPt-2654 1B 14.56 0.000 –2.430 0.000 –2.420
wPt-1573 1B 42.35 0.000 1.780 0.000 1.650
wPt-3945 1D –

wPt-4427 1D – 0.007 –1.050 0.036 –0.870 0.027 –1.480
wPt-6560 1D – 0.000 –1.590 0.000 –1.620
wPt-4988 1D|2B – 0.000 –1.720 0.000 –1.640
wPt-9274 2B 4.84 0.033 1.170
wPt-2866 3A 62.09 0.013 –1.530
wPt-0117 4A 60.02 0.001 –1.360 0.020 –1.060
wPt-6502 4A 89.93
wPt-1007 4A 93.23 0.000 –1.520 0.002 –1.300
wPt-6900 4A 93.23 0.000 –1.880 0.000 –1.770 0.025 1.150
wPt-4241 4A 93.92
wPt-3729 4A 100.56 0.000 –1.580 0.001 –1.370 0.041 –1.370
tPt-9702 5A – 0.030 –0.860
wPt-3620 5A 36.81 0.018 –0.930 0.047 –0.820
wPt-8236 5A 36.81 0.025 –0.880
wPt-7857 6A 48.79
wPt-1437 6B 15.93
wPt-2095 6B 15.93
wPt-1761 6D 128.47
wPt-9589 6D 129.08 0.029 0.900
wPt-1076 7A 10.53 0.000 –1.450 0.002 –1.250 0.049 0.850
wPt-3836 7A 10.53 0.000 –1.860 0.000 –1.720
wPt-6273 7A 10.53 0.000 –1.820 0.000 –1.650
wPt-4172 7A 10.62 0.000 –1.820 0.000 –1.650
wPt-2056 7A 11.21 0.000 –2.080 0.000 –1.890
wPt-6959 7A 11.78 0.000 –2.150 0.000 –2.100
wPt-4051 7A 69.25 0.029 –0.930 0.001 –2.230
wPt-1976 7A 144.42 0.000 –1.710 0.000 –1.610
wPt-3403 7A 144.42 0.000 –1.740 0.000 –1.640
wPt-0841 7B 152.30 0.000 –1.420 0.005 –1.210 0.005 –1.900
wPt-8312 7B 152.30 0.000 –1.380 0.001 –1.300 0.041 –1.350
wPt-9133 7B 152.30 0.000 –1.390 0.001 –1.300 0.045 –1.350
wPt-4300 7B 210.85 0.026 1.340
wPt–6263 7D – 0.000 –1.710 0.002 –1.480
wPt-7076 7D 0.00 0.006 –1.950

GY08GE HT08D HT08GE HT08GL
wPt-8193 – – 0.034 –1.420 0.015 –2.100
wPt-3560 1A 15.45 0.002 –2.220
wPt-4735 1A 41.60
wPt-6853 1A 135.62 0.000 –2.840 0.038 –1.930
wPt-8488 1B 12.38
wPt-0044 1B 12.38
wPt-3098 1B 12.38
wPt-3942 1B 12.38 0.044 –1.460
wPt-2654 1B 14.56 0.010 –1.940
wPt-1573 1B 42.35
wPt-3945 1D – 0.007 –1.510 0.002 –2.230
wPt-4427 1D – 0.013 –1.740
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frequencies higher than expected fromMendelian segregation in
the two BC1-derived SDL families. These SSR markers mapped
to chromosomes 3B, 4D and 7B in one population and to
chromosomes 4D, 5A and 7B in the other. Comparative
mapping suggests that the 3B and 7B SSRs identified by
Zhang et al. (2005) map to the same regions preferentially
retained in two, and in all three, SDL families in the current
study, respectively. Both regions appear to be associated with
flowering time.

The eight chromosomal regions that are preferentially retained
in theSDLfamilies in this study are associatedwithoneormoreof
the traitsmeasured in these populations: grain yield, grainweight,
anthesis and height. They all also appear to co-locate with
chromosomal regions that have been published as associated
with the four traits. These observations suggest that the SHW
and elite BW parents may contain novel alleles at these loci that
may be of selective advantage and of use for further wheat
improvement. For example, a previous study by Dreccer et al.
(2008) noted that early flowering in SDLs was an important
attribute that contributed to broad adaptation in the northern
Australian wheatbelt. This may be because early flowering
allows grain filling to occur when temperatures are cooler and
ensures that more water is available post-anthesis. The eight

chromosomal regions were preferentially retained in at least
two of the three populations studied—1AL, 1BS, 2BS, 3BS,
5AS, 5BL, 7AS and 7B—with the region on 2BS and 7B
preferentially retained in all three populations. The strongest
marker–trait associations were observed with anthesis and
grain weight. Seven of the eight regions were associated with
flowering time and a similar number with grain weight in one or
more of the field trials in one or more of the populations in the
present study. All eight regions appear to co-locate with QTL
previously identified for flowering and heading date; four, two
and one region appear to co-locate with QTLs for grain yield,
grainweight and height, respectively. Liao et al. (2008) identified
QTLs for grain weight in a population derived from a cross
between a syntheticwheat andChinese commercial variety. They
identified QTLs for grain weight on three chromosomes (1A, 3D,
4B). Comparative mapping suggests that the QTL on 1A is in the
same region as the anthesisQTL identifiedbyKuchel et al. (2006)
and the region preferentially retained in the present study, which
is also associatedwith anthesis. TheQTLon4B is also located in a
similar region to the region preferentially retained and associated
with GW and HT in the Altar84/Ae. squarrosa (TAUS) SDL
family. It should be noted, however, that most of the published
QTLs, and the preferentially retained regions in the current

Table 8. (continued )

Marker Chr Map ANT08GE ANT08GL GW08D GW08GE
P Add P Add P Add P Add

wPt-6560 1D – 0.008 –1.910
wPt-4988 1D|2B – 0.004 –1.940
wPt-9274 2B 4.84
wPt-2866 3A 62.09 0.048 –1.690
wPt-0117 4A 60.02
wPt-6502 4A 89.93 0.019 –20.460 0.010 –2.850 0.001 –4.780
wPt-1007 4A 93.23
wPt-6900 4A 93.23
wPt-4241 4A 93.92 0.040 –15.810 0.002 –3.000 0.001 –4.160 0.020 –3.640
wPt-3729 4A 100.56 0.035 –1.510
tPt-9702 5A –

wPt-3620 5A 36.81
wPt-8236 5A 36.81 0.047 –1.400
wPt-7857 6A 48.79 0.017 –2.210
wPt-1437 6B 15.93 0.004 –2.000 0.001 –2.970 0.029 –2.420
wPt-2095 6B 15.93 0.004 –2.000 0.000 –3.250 0.014 –2.730
wPt-1761 6D 128.47 0.020 –15.730 0.027 –1.920 0.000 –3.850
wPt-9589 6D 129.08
wPt-1076 7A 10.53
wPt-3836 7A 10.53
wPt-6273 7A 10.53
wPt-4172 7A 10.62
wPt-2056 7A 11.21 0.001 –2.370
wPt-6959 7A 11.78 0.012 –1.940
wPt-4051 7A 69.25
wPt-1976 7A 144.42
wPt-3403 7A 144.42
wPt-0841 7B 152.30 0.002 –2.200 0.043 –1.770
wPt-8312 7B 152.30 0.002 –2.110
wPt-9133 7B 152.30 0.002 –2.140
wPt-4300 7B 210.85
wPt–6263 7D –

wPt-7076 7D 0.00
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study, are large and will contain many genes for many traits. The
preferential retention of these regions is possibly due to selection
for other traits not screened in this study; these traits may have
provided the increased yield that was the basis of selection of
SDLs for shipment to Australia. For example, root lesion
nematodes (Pratylenchus thornei) have been shown to cause
significant yield losses at CIMMYT in Mexico (Nicol and Ortiz-
Monaterio 2004;Mathews et al. 2011), and amajorQTLhas been
identified on 2BS in several wheat cultivars (Schmidt et al. 2005;
Zwart et al. 2006, 2010). Further fine-mapping using larger
populations and a denser marker platform would be required
to confirm that the same loci underpin these QTLs and
preferentially retained regions.

Each of the eight preferentially retained regions was
associated with one or more of the traits measured in one or
more of the SDL families. The regions on 2BS and 7BL were
associated with traits in all three SDL families, while four of the
six remaining regions were associated with traits in two of the
SDL families. However, for many regions, the traits with which
theywere associated and/or the direction of effect of the region on
the trait varied from SDL family to SDL family. These results
suggest first that these markers map to chromosomal regions
containing genes that influence these different traits, and second
that different alleles of different trait value are present at these
loci in the SHWs. For example, the preferentially retained region
on 2BS was associated weakly with earlier flowering and
reduced grain yield in the Croc_1/Ae. squarrosa (224) SDL
family and reduced grain yield in the Croc_1/Ae. squarrosa
(205) SDL family, but increased grain weight in the Altar84/
Ae. squarrosa (TAUS) SDL family. The region on 7BLwasmore
strongly associatedwith increased grainweight in theCroc_1/Ae.
squarrosa (224) SDL family but reduced grain weight and grain
yield, and earlier flowering in the other two SDL families. In
the Croc_1/Ae. squarrosa (224) and Altar84/Ae. squarrosa
(TAUS) SDL families, which have common elite parents,
differences in trait associations and/or allele value are likely to
be due to different SHW alleles present in these regions. Not
surprisingly, the direction of effect of preferentially retained
regions in the Croc_1/Ae. squarrosa (224) and Croc_1/Ae.
squarrosa (205) SDL families was more similar generally;
differences in trait associations and/or direction of effect of the
preferentially retained regions are then most likely due to
the relative value of the SHW alleles compared with the
alternate alleles derived from the common elite parents in
these preferentially retained chromosome regions.

Most of the eight regions preferentially retained in twoormore
SDL families, and the six regions preferentially retained in a
single SDL family, were defined by multiple markers, some of
which co-locate. While the majority of markers in these regions
were associatedwith the same traits andwith the samedirectionof
effect, some of the co-located markers were not associated with
the same traits (e.g. markers on 3B, Table 6; 7B, Table 7;
4A, Table 8). These markers most likely represent spurious
marker–trait associations or may reflect genotyping errors in
the current populations or an incorrect map location.

An important aspect of the production of SHWs was targeted
at increasing the diversity within the D genome of BW.
However, our study revealed that few D genome regions were
preferentially retained, i.e. possible regions on 1DS, 2DL, 6DL

and 7D. This observation may in part be due to the smaller
number of DArT markers on the D genome compared with
markers on the A and B genome chromosomes. In our study,
only 13% of DArT markers used in the analysis mapped to the D
genome. A similar percentage of SHW-specific DArT markers
mapped to theDgenome in two families—15%ineachofCroc_1/
Ae. squarrosa (224) andCroc_1/Ae. squarrosa (205), and a lower
percentage (6%) in the Altar84/Ae. squarrosa (TAUS) SDL
family. Furthermore, a similar percentage of DArT markers
was preferentially retained in the three families—17%, 12% in
and 7% in the three SDL families, respectively. These data
suggest that advantageous alleles and genome regions (those
that were preferentially retained) were equally present in all three
genomes. Zhang et al. (2005) identified four chromosomal
regions that showed a selective advantage, one of which was
on a D genome chromosome (4D). In the QTL analysis of an
SHW� elite population, Liao et al. (2008) identified QTLs for
grain weight, spike number per plant and plant height on four
different chromosomes, again, one of which was a D genome
chromosome (3D).Wedid not identify anypreferentially retained
markers on these two chromosomes in the present study.

This study supports others suggesting that synthetic derived
lines offer new genetic variation in morphological, physiological
and agronomic traits, in resistance to both biotic and abiotic
stresses, and in potential improvements in grain size (Villareal
et al. 1994a, 1994b; Mujeeb-Kazi et al. 2004; Ogbonnaya et al.
2007; Ortiz et al. 2007; Dreccer et al. 2008; Rattey et al. 2011).
Genotypic analysis in this study confirms that DNA marker
analysis of SDLs and their corresponding SHW and elite BW
parents can be used to identifymarkers and chromosomal regions
that appear to be preferentially retained and associated with
useful traits; such regions may confer a selective advantage for
exploitation in breeding programs to help increase the rate of
genetic improvement for bread wheat. This approach appears
to be a promising method to detect novel allelic diversity in
chromosomal regions of interest to bread wheat improvement
from the progenitors of bread wheat.
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