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Introduction of chromosome segment carrying the seed storage
protein genes from chromosome 1V of Dasypyrum villosum
showed positive effect on bread-making quality of common wheat
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Abstract

Key message Development of wheat-D. villosum 1V#4
translocation lines; physically mapping the Glu-V1 and
Gli-V1/Glu-V3 loci; and assess the effects of the intro-
duced Glu-VI and Gli-V1/Glu-V3 on wheat bread-mak-
ing quality.

Abstract Glu-VI and Gli-VI1/Glu-V3 loci, located in the
chromosome 1V of Dasypyrum villosum, were proved to
have positive effects on grain quality. However, there are
very few reports about the transfer of the D. villosum-
derived seed storage protein genes into wheat background
by chromosome manipulation. In the present study, a total
of six CS-1V#4 introgression lines with different alien-
fragment sizes were developed through ionizing radia-
tion of the mature female gametes of CS—D. villosum
1V#4 disomic addition line and confirmed by cytogenetic
analysis. Genomic in situ hybridization (GISH), chromo-
some C-banding, twelve 1V#4-specific EST-STS markers
and seed storage protein analysis enabled the cytological
physical mapping of Glu-VI and Gli-V1/Glu-V3 loci to
the region of FL 0.50-1.00 of 1V#4S of D. villosum. The
Glu-V1 allele of D. villosum was Glu-VIa and its coded
protein was V71 subunit. Quality analysis indicated that
Glu-Vla together with Gli-V1/Glu-V3 loci showed a posi-
tive effect on protein content, Zeleny sedimentation value
and the rheological characteristics of wheat flour dough.
In addition, the positive effect could be maintained when
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specific Glu-V1 and Gli-V1/Glu-V3 loci were transferred to
the wheat genetic background as in the case of T1V#4S-
6BS-6BL, T1V#4S-1BL and T1V#4S-1DS translocation
lines. These results showed that the chromosome segment
carrying the Glu-VI and Gli-V1/Glu-V3 loci in 1V#4S of
D. villosum had positive effect on bread-making quality,
and the T1V#4S-6BS-6BL and T1V#4S-1BL translocation
lines could be useful germplasms for bread wheat improve-
ment. The developed 1V#4S-specific molecular markers
could be used to rapidly identify and trace the alien chro-
matin of 1V#4S in wheat background.

Introduction

The end-product quality of common wheat (Triticum aes-
tivum L.) is mainly determined by its seed storage pro-
teins (SSPs), including glutenins and gliadins. Gliadins
are monomeric and play important roles in determining
extensibility properties of gluten dough, whereas gluten-
ins are polymeric, consisting of high-molecular-weight
(HMW) and low-molecular-weight (LMW) subunits,
which can form complex polymeric proteins by inter-
chain disulphide bonds and impart dough viscoelastic-
ity (Payne et al. 1980, 1987; Shewry and Tatham 1990;
Shewry et al. 2003). In bread wheat, glutenins and glia-
dins are encoded by loci located in homoeologous groups
1 and 6 chromosomes (Mclntosh et al. 2008). The Glu-1
loci for high-molecular-weight glutenin subunits (HMW-
GSs) are in the long arms of group 1 chromosomes; while
the Gli-1 locus for gliadins and Glu-3 for low-molecular-
weight glutenin subunits (LMW-GSs) are in the short
arms. HMW-GSs explained up to 70 % of the variation
in bread-making performance among European wheat
cultivars (Branlard and Dardevet 1985; Payne et al. 1987,
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1988), although they only account for approximately
12 % of the total protein in the endosperm of common
wheat (Halford et al. 1992). Even though the HMW-GSs
are such important determinants for processing qual-
ity, the number of subunits associated with good quality
remains rather limited (Garg et al. 2009b). Screening for
positive effect HMW-GS in wheat-related species is there-
fore important for improving bread-making quality. By
using PCR-based methods, some HMW-GS alleles from
wheat-related species in tribe Triticeae have been charac-
terized (Mackie et al. 1996; Wan et al. 2002; Cao et al.
2007; Liu et al. 2008, 2012; Garg et al. 2009a; Niu et al.
2011; Li et al. 2013). But only a few reported the success-
ful transfer of alien chromatin segment carrying the SSP
genes into wheat background by chromosome manipula-
tion (Li et al. 2013).

Dasypyrum villosum (L.) Candargy (Dv), also
known as Haynaldia villosa (L.) Schur, which is native
to the northeastern part of the Mediterranean regions
and southwest Asia, is an annual diploid wild rela-
tive (2n = 2x = 14, genome VV) of common wheat
(Agnieszka 2006). In addition to having good resistances
to several fungal pathogens that cause severe diseases
in wheat (Chen et al. 1995; Zhang et al. 2005; Qi et al.
2011), V-genome also contains genes that can increase
the amount of SSP and gluten strength (Shewry et al.
1987, 1991; De Pace et al. 2001; Zhao et al. 2010; Vac-
cino et al. 2010; Dong et al. 2013). It has been proved that
the wheat-D. villosum alien chromosome lines involving
chromosomes 1V, 4V or 6V had higher protein contents
than wheat, but only those lines having chromosome
1V, which carry the complex loci coding for HMW-GS
(Glu-V1), LMW polymeric prolamin proteins (Glu-V3),
sulfur-poor (w-type) and sulfur-rich (y-type) monomeric
prolamins (Gli-VI) have improved grain quality (De Pace
et al. 2001; Gradzielewska 2006; Zhao et al. 2010; Vac-
cino et al. 2010). Zhong and Qualset (1993) identified 14
alleles for Glu-VI coding for null, single and two HMW
protein subunits. As a result, different homoeologous
chromosome 1V could differ not only for the allele at the
Glu-V1 locus, but also for the alleles at the Gli-V1/Glu-V3
loci. Thus, D. villosum is also an important resource for
the improvement of wheat grain quality.

The development of wheat-D. villosum alien introgres-
sion lines involving 1V, with Glu-VI and Gli-VI1/Glu-
V3 loci carrying chromosome fragments transferred into
wheat background may provide useful genetic resources
for quality improvement. The objectives of this study are to
develop wheat-D. villosum alien translocation lines involv-
ing 1V, map the Glu-VI and Gli-V1/Glu-V3 loci physically
to specific chromosome region, and assess the effects of the
introduced Glu-VI and GIli-VI1/Glu-V3 on wheat quality.
Our results will extend the current understandings of the
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chromosome location of the HMW-GS gene family and be
regarded as a prerequisite for the utilization of Glu-VI and
Gli-V1/Glu-V3 loci in wheat breeding for the improvement
of the end-use quality.

Materials and methods
Plant materials

The plant materials used in this study included T. aestivum
cv. Chinese Spring (CS), D. villosum parental line (acces-
sion no. 91C43, the donor of Glu-VI and Gli-V1/Glu-
V3 loci) T. durum cv. (accession no. 1286), T. durum cv.
(1286)-D. villosum (91C43) amphiploid (AABBVV), a
complete set of wheat-D. villosum disomic addition lines
(The V chromosomes of this stock were numbered #4 by
De Pace et al. 2011) in the CS background (Zhang et al.
2013) and two telosomic addition lines 1V#4L and 1V#4S.
These cytogenetic materials were all developed and main-
tained at the Cytogenetic Institute, Nanjing Agricultural
University (CINAU), China. Other genetic stocks includ-
ing three nulli-tetrasomic (N1AT1D, N1BT1D, N1DT1B)
and six ditelosomic (Dt, Dt1AS, Dt1AL, Dt1BS, Dt1BL,
Dt1DS and Dt1DL) stocks, which were kindly provided by
the Wheat Genetics and Genomics Resource Centre, Kan-
sas State University, Manhattan, KS, USA, were also used
in this study.

Irradiation of female gametes

The adult plants, with the mature female gametes of the
DA1V#4 were irradiated by °CO-y ray at the dosages of
1,200 Rad with the dose rate of 160 Rad/min before flow-
ering. The irradiated spikes were emasculated and covered
with paper bags, the florets were pollinated with normal
fresh matured pollens of CS 2-3 days after emasculation.

Cytogenetic analysis

The procedures for chromosome C-banding were accord-
ing to Gill et al. (1991) and that for GISH followed Chen
et al. (1995). To characterize the translocated chromo-
somes, dual-color fluorescence in situ hybridization
(FISH) was employed using repetitive DNA clones, i.e.,
pScli9.2, pAsl, 45S rDNA and total genomic DNA of
D. villosum as probes. Dual-color FISH can therefore
not only differentiate the wheat and D. villosum chroma-
tin, but also determine the identities of particular wheat
chromosomes. The genomic DNA of D. villosum was
labeled with fluorescein-12-dUTP, and used to detect the
chromosome fragment of 1V#4. The clone pAs/ from
Aegilops tauschii Coss. was used to detect most of the
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D-genome chromosomes, and the clone pSc/79.2 could
identify the B-genome chromosomes (Mukai et al. 1993).
The 45S rDNA probe (p7a71) was used to detect the
chromosomal nucleolus organizing region (Nor), and the
Nor-B2 (6BS) and Nor-B1 (1BS) loci of common wheat
(Mukai et al. 1991) and Nor-VI (1VS) loci of D. villo-
sum (Zhang et al. 2013) can be visualized. The clones of
pScl19.2, pAsl and pTa7l were all labeled with digox-
igenin-11-dUTP (Roche Diagnostics GmbH, Germany).
After hybridization with the probes, chromosomes were
treated with FITC-avidin antibody, stained with DAPI
and visualized under an Olympus BX60 fluorescence
microscope and photographed with a SPOT Cooled Color
Digital Camera.

Molecular markers analysis

For the development of the 1V#4 arm-specific EST-PCR
markers, a total of 250 EST-based primers from differ-
ent regions of each arm of the wheat group 1 chromo-
some were used to screen the polymorphism among CS,

T. durum cv. 1286, T. durum cv. 1286-D. villosum amphi-
ploid (AABBVYV), a set of wheat-D. villosum disomic
addition lines (DA1V#4-7V#4) and telosomic addition
lines 1V#4L and 1V#4S. The primers were designed
using the ConservedPrimers 2.0 software (Frank et al.
2009). Five previously reported 1V#4 arm-specific
EST-PCR markers (CINAU23, CINAU24, CINAU?2S,
CINAU26 and CINAU27) were also used in this study
(Wang et al. 2007) (Table 1). Genomic DNA was isolated
from young leaves following the procedure of Doyle and
Doyle (1990). PCR amplifications were conducted in a
25-pL reaction mixture containing 1x Taq DNA poly-
merase buffer, 0.8 mmol/L MgCl,, 0.8 mmol/L dNTPs,
200 pmol/L primers, 2 units DNA polymerase and 50-ng
genomic DNA as template. The samples were denaturated
at 94 °C for 5 min and subjected to 34 cycles of 30 s of
denaturation at 94 °C, 45 s annealing at 7,,, and 2.0-min
elongation at 72 °C. A final cycle with an extension of
10 min at 72 °C was applied to complete the reactions.
The PCR products were analyzed on 8 % polyacrylamide
gels in 1 x TBE buffer.

Table 1 Primer sequences of the 12 1V#4-specific STS markers derived from wheat ESTs on the wheat group 1 chromosomes

Marker EST EST bin location®  Arm location on 1V#4  Primer sequence 5’3’ References
CINAU23 BE446312 1BL (0.00-0.32) 1V#4L F:AAGCCAGGAAATTTGTGGTG Wang et al. (2007)
1DL (0.18-0.41) R:CAAGGGATATTGCGAGGAAA
CINAU24 BE498376 1BL (0.00-0.32) 1V#4L F:CTCCTCCTCCTCTCCCACTT Wang et al. (2007)
R:TGAATTGAATGTCCATTTTGATG
CINAU25 BE494376 1AL (0.17-0.61) 1V#4L F:GAAGAAGATGTTCGGCTTCG Wang et al. (2007)
1BL (0.00-0.32) R:GGGAACAAGAAACTGCAGGA
1DL (0.41-1.00)
CINAU26 BE499607 1BL (0.00-0.32) 1V#4L F:ACACTGCAATTCGTCAAGCA Wang et al. (2007)
R:TGGCAAATCCAAAGACACAG
1EST235°  Ta®$26020434 - 1V#4L F:AGCCTCTCAACTGACCTCCA This study
R:TGGCGAGACTTTGTGTCTTG
1EST425°  Ta*S17984515 — 1V#4L F:CAACATTGTCCCGCAGTATG This study
R:TTTTGCTGCAGTGCTGATTC
1EST493°  Ta*$32528602 - 1V#4L F:GGCCTTTCATTTGCTTACCA This study
R:CATGGAGGACCACGAAGTCT
CINAU27 BE443531 1S-0.47-0.48 1V#4S F.-TTGTTGCTGCCTGTGAAAAC Wang et al. (2007)
R:ACCAGTTAGCGTTGCCAGAT
1EST1112  BES591682 1S-0.70-1.00 1V#4S F:CAAAGGGTATGAGATGGAAA This study
R:GCTGGAAGAAGATGATTTTG
1EST1118  BG275046 1AS (0.86-1.00) 1V#4S F:GACAAGCTACCAGCTTCAAC This study
1BS (0-0.31) R:GGATTTTAGTTCTGGCATCA
1DS (0.70-1.00)
1EST1147  BG263028 1S 1V#4S F:AGAGAACCAGCTCCGTGAAA This study
R:AAAGTCTTGCTTGCGATGGT
1EST1150  BF291549 1S 1V#4S F:ACGAGATGGGCAATATGAGC This study

R:CCATTTCTTCCCTCAATGCT

# Chromosome bin locations in group 1 chromosomes of wheat ESTs was referenced to http://wheat.pw.usda.gov/cgi-bin/westsql/map_locus.cgi

and was indicated by the consensus bins for group 1 chromosomes

® The Unigene ESTs were referenced to http://www.ncbi.nlm.nih.gov/unigene
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Protein extraction from the grain and SDS-PAGE

The composition of glutenin subunit (HMW-GS and
LMW-GS) in the half-seed endosperm (the other half with
the embryo was used to germinate for collecting the seed—
roots for cytogenetic analysis) was determined by SDS-
PAGE according to Garg et al. (2009a). A 10-pL sample
was loaded onto an SDS-PAGE gel, formed by a 12.5 %
gradient separating gel (pH 8.5) and a 4.0 % stacking gel
(pH 6.8). Gliadins were extracted by 50 % v/v isopro-
panol and separated by 17.5 % SDS-PAGE. Separation
was carried out at a constant current of 6 mA for 14-16 h.
The gel was stained by gently shaking in 0.25 % w/v
Coomassie Brilliant Blue R250, 12.5 % trichloroacetic
acid for 10 h and then rinsed with distilled water.

Evaluation of grain quality

All the genetic stocks were grown in the greenhouse at
Jiangpu Experimental Station of Nanjing Agriculture Uni-
versity, China, during 2010-2011 and 2011-2012 in a ran-
domized plot design. Each plot with three replications had
six 1.2-m rows with 0.25 m between-row space and 0.1 m
between plants within row space. Field management fol-
lowed local practices.

Grain samples were harvested and cleaned prior to con-
ditioning and milling. Grain protein content (14 % mois-
ture) was determined by near-infrared spectroscopy (NIRS)
analysis using an Instalab 610 instrument (Newport Scien-
tific Scales and Services Pty Ltd). Zeleny sedimentation
tests were performed according to AACC method 56-61A.
Dough rheological parameters, dough development time
(DT) and dough stability time (ST) were measured by
Farinograph 810104 (Brabender, Germany) according to
AACC method 54-21 (1987). Analysis of variance was
performed on original data for grain quality values using
the SAS 8.2 system.

Results

Development of the wheat-D. villosum introgression lines
involving chromosome 1V#4

Six CS-1V#4 introgression lines with different alien-frag-
ment sizes were identified from 146 M, plants by GISH and
C-banding analyses. These plants were backcrossed using
CS as the recurrent parent and then self-fertilized. Homozy-
gous translocation lines were identified in the BC,F, popu-
lation and characterized by GISH on chromosome prepara-
tions at metaphases of both mitosis of the root tip cells and
meiosis of the pollen mother cells (Fig. 1). Among them,
NAUI1IV-1 2n = 44) was a 1V#4S deletion line with the
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Fig. 1 Mitotic and meiotic GISH analysis of the wheat-1V#4 intro-»
gression lines. GISH using D. villosum total genomic DNA labeled
with digoxigenin-11-dUTP as probe (the D. villosum chromatin flu-
oresced yellow-greenish and the wheat chromatin fluoresced red).
a Somatic metaphase of line NAU1V-1(2n = 44), which contained
42 wheat chromosomes and a pair of 1V#4 deletion chromosomes
(yellowish-green color); b GISH patterns of NAU1V-2 line (2n = 42)
with a pair of wheat-1V#4 large-fragment translocation chromo-
somes; ¢ GISH patterns of NAU1V-3 (2n = 42), which included 40
wheat chromosomes and one pair of wheat-1V#4 small-fragment ter-
minally translocated chromosomes; d PMCs at meiotic metaphase I
of NAUI1V-3, where translocated chromosomes formed a ring biva-
lent. e, f Mitotic and meiotic GISH patterns of NAU1V-4 2n = 42)
with 21 II (ring), which included a pair of wheat-1V#4 whole-arm
translocated chromosomes. g, h Mitotic and meiotic GISH patterns
of NAU1V-5 (2n = 42) with 21 II containing a pair of wheat-1V#4
whole-arm translocated chromosomes. i, j Mitotic and meiotic GISH
patterns of NAU1V-6 (2n = 42) formed 21 II with a pair of wheat-
1 V#4 whole-arm translocated chromosomes (color figure online)

breakpoint at FL0.50 (Fig. 1a). NAU1V-2 (2n = 42) was
a large-fragment translocation, involving 1V#4 (Fig. 1b),
and NAU1V-3 (2n = 42) was a small alien-fragment ter-
minal translocation (Fig. 1c), in which 42 chromosomes
paired as 21 bivalents at meiotic metaphase I and the trans-
location chromosomes formed a ring bivalent revealed by
GISH (Fig. 1d), suggesting that NAU1V-3 was a homozy-
gous translocation. Three lines, NAU1V-4, NAU1V-5 and
NAU1V-6, all had chromosome numbers as 2n = 42 and
were homozygous whole-arm translocations, having a pair
of 1V#4S-W or 1VH#4L-W, respectively (Fig. le—j).

Characterization of the wheat-D. villosum 1V#4
translocation chromosomes by GISH/FISH

Zhang et al. (2013) observed that 45S rDNA loci were
located to the terminal of 1VS (Nor-VI) in D. villosum. By
the dual color of GISH/FISH using total genomic DNA of
D. villosum and 45S rDNA as probes, we found that the Nor-
V1 loci were absent in NAU1V-1, NAU1V-2 and NAU1V-6,
which implied that the distal region of 1VS#4 was all missing
in these lines. Whereas, the Nor-V1 loci were present in lines
NAU1V-3, NAU1V-4 and NAU1V-5 (Fig. 2). In addition, the
identities of wheat chromosomes involved in these transloca-
tion chromosomes were characterized by sequential chromo-
some C-banding and FISH. Referring to the standard C-band-
ing pattern (Gill et al. 1991) and FISH pattern for pSc/79.2
and pAs/ (Mukai et al. 1993) established for wheat variety
CS, it was found that the wheat chromosomes involved in the
translocation with 1V#4 in NAU1V-3, NAU1V-4, NAU1V-5
and NAU1V-6 were 6B, 1B and 1D (NAU1V-5 and NAU1V-
6), respectively (Fig. 2). Hence, the NAU1V-3 was a small
terminal translocation and designated T1VS#4-6BS-6BL
(Fig. 2), while the NAU1V-4, NAU1V-5 and NAU1V-6 were
whole-arm translocations and designated T1VS#4-1BL,
T1VS#4-1DS and T1VL#4-1DL, respectively (Fig. 2).
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Characterization of the wheat-D. villosum 1V#4
translocations by molecular marker analysis

Seven out of the 250 EST-PCR primer pairs (2.8 %) ampli-
fied polymorphism products between CS and the wheat-D.
villosum disomic addition line DA1V#4. By amplification in
two telosomic addition lines 1VL#4 and 1VS#4, four were
assigned to the short arm (1VS#4) and three to the long arm
(1VL#4) (Table 1). Further amplification of the above seven
markers in the nulli-/tetrasomic and ditelosomic stocks of
homoeologous group 1 chromosomes of CS showed that
all were located in the corresponding homoeologous wheat
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Fig. 2 C-banding and FISH patterns of wheat-1V#4 translocated
chromosomes. Dual-color FISH using a pSc119.2, pAsl or 45S
labeled with digoxigenin-11-dUTP (red) and total genomic DNA of
D. villosum labeled with fluorescein-12-dUTP (green) as probes. The
45S rDNA signals are near the tip of the short arm of chromosome
1V, while secondary constriction of Nor-VI in wheat-1V#4 introgres-
sion lines could not be observed, demonstrating that the expression
of Nor-VI could be suppressed by the Nors of wheat in these lines

(color figure online)

group 1 chromosome arms of 1V#4 (part of the amplifica-
tion results were shown in Fig. 3). Together with the five
previously reported 1V#4 specific markers, a total of 12
makers were used to detect the alien segments present in the
six wheat-D. villosum 1V#4 translocation lines (Table 2).
The results showed that in NAUIV-1 and NAU1V-2, all
the diagnostic bands of seven 1VL#4- and two 1VS#4-
specific molecular markers were present. However, the
diagnostic bands of the remaining three 1V#4S-specific
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Fig. 3 Electrophoresis patterns
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markers (CINAU27, 1IEST1112 and 1EST1118) were absent
(Table 2), further confirming these two lines did not have
the terminal fragment of 1V#4S. In NAU1V-3, only three
of the five 1V#4S-specific molecular markers could amplify
the diagnostic bands (Table 2), confirmed that NAU1V-3
was a small alien-fragment translocation involving the ter-
minal fragment of 1V#4S. In NAU1V-4 and NAU1V-5, all
the five 1V#4S-specific markers were present, whereas the
1BS fragment or the 1DL fragment was absent (Fig. 3), con-
firming that NAU1V-4 was a T1VS#4-1BL translocation and
NAU1V-5 was a TIVS#4-1DS translocation. In NAU1V-
6, the 1VL#4-specific bands of CINAU23, CINAU24,
CINAU2S, CINAU26, 1EST235, 1EST425 and 1EST493
were present, but 1DS-specific bands were absent (Fig. 3),
supporting that NAU1V-6 was a TIVL#4-1DL translocation,
which was also consistent with the cytogenetic results.
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Seed storage protein constitutions of the wheat-D. villosum
1V#4 translocations by SDS-PAGE

SDS-PAGE analysis indicated that the D. villosum and
DA1V#4 had one extra HMW-GS, which was a fast-moving
HMW-GS and below the 1Bx7 of CS (Fig. 4a). According
to the designation system for the Glu-V1 alleles proposed by
Zhong and Qualset (1993), based on the SDS-PAGE migra-
tion distance of D. villosum HMW-GS relative to those
(7 + 8 subunits) of CS, the Glu-VI allele of D. villosum in
the current study was Glu-VIa and its coded protein was the
V71 subunit. This subunit was also present in lines NAU1V-
3, NAU1V-4 and NAUI1V-5, but absent in NAU1V-1 and
NAU1V-6 (Fig. 4b, c). Comparing the SDS-PAGE patterns of
DA1V#4 and NAU1V-1, the Glu-VIa locus was cytologically
mapped to the distal region of 1VS, immersed in the bin of
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Table 2 Molecular analysis

N A NAU NAU HNAU NAD N&aU  HNAU
of wheat-1V#4 introgression Markers DALV DHVL DtVS o1 W2 1v3 1v.4 0.5 1V.6
lines with their different alien v ——
chromatin and the physical g CInNAuZ? * * * * *
location of Glu-V1 and Glu- IESTII2 + + + + +
V3/Gli-V1 loci — | IEST1I8 + - + kS +

FL:05 458 + + + + +
Glu-V1 + + + + +
Glu-V3 + + + + +
GlLi-¥V1 + + + + +
1EST1147 + + + + + +
1ESTI1150 + - + + + + + -
CINAU23 + + + + +
CINAU24 + + + + +
CINAU25 + + + + +
T | cmave 4+ + + + +
1EST235 + + + + +
‘4’ indicates the presence of the L 1EST425 * * * * *
1EST493 + + + + - +

marker loci, and ‘—’ the absence

Yellowish-green, the chromatin
of 1V#4; red, the chromatin of
wheat

FL 0.50-1.00. It was found that the 2 + 12 subunits located
in the 1DL was absent in line NAU1V-5 (Fig. 4b), confirm-
ing NAUIV-5 was a T1VS#4-1DS translocation line. In
NAU1V-3 and DA1V#4 there were two additional intensive
subunits (indicated by arrows in Fig. 4c), which were absent
in NAUIV-1 in the region of wheat LMW-GS. The result
suggested that the additional LMW-GSs encoded by the
orthologous Glu-V3 locus were cytologically mapped to the
distal region of 1VS. Similarly, the additional gliadin subunits
(showed by arrows in Fig. 4d) encoded by the orthologous
Gli-VI locus were also cytologically mapped to the distal
region of 1VS, immersed in the bin of FL 0.50-1.00.

Grain quality of the wheat-D. villosum 1V#4 translocations

The results of grain quality of the chromosome 1V#4 varia-
tions were shown in Table 3. In the 2 years, the seed protein
concentration (SPC) and the values of Zeleny sedimenta-
tion value (ZSV), dough development time (DT) and dough
stability time (ST) of DA1V#4 were all significantly higher
than those of CS and NAU1V-1. In addition, the bread-
making quality characteristics of the three translocation
lines NAU1V-3, NAU1V-4 and NAU1V-5 were all better
than those of their recipient parent CS. These indicated
that the introduction of the Glu-Via, Glu-V3 and Gli-VI
loci in 1V#4S into wheat led to improved bread-making
quality. By comparison, the values of ZSV, DT and ST of
T1V#4S-1DS translocation line NAU1V-5 were lower than
those of T1V#4S-6BS-6BL translocation line NAU1V-3
and T1V#4S-1BL translocation line NAU1V-4. The dif-
ferences for SPC and gluten strength among different

fo p2yeit

translocation lines carrying the same Glu-VIa, Glu-V3 and
Gli-V1 loci of D. villosum showed the wheat chromosome
involving in these translocated chromosomes may have
effects on grain quality.

Discussion

The use of alien genetic resources from a wide collec-
tive of exotic Triticeae species is important for the genetic
improvement of agronomic traits, including the end-use
quality of wheat. Ionizing radiation using the wheat-alien
species amphiploid, addition, substitution and whole-arm
translocation lines as initial materials is the most preferred
choice for the induction of alien chromosome translocation,
which is the best carrier for the useful alien genes (Sears
and Gustafson 1993; Chen et al. 1995, 2005, 2008; Friebe
et al. 1996; Zhang et al. 2010, 2012). In the present study,
by ®°CO-y ray irradiation of the adult plants of the disomic
addition line (DA1V#4), various chromosome structural
aberrants including deletion, large alien-fragment trans-
location, small alien-fragment translocation and whole-
arm translocation were achieved (Fig. 1; Table 2). Cyto-
logical studies indicated that no abnormal behavior was
observed in the meiotic process of pollen mother cells of
the translocation chromosomes in NAU1V-3 and NAU1V-
4. The major agronomic characters of T1V#4S-6BS-6BL
(NAU1VS-3) and T1V#4S-1BL (NAU1V-4) translocation
lines, such as plant height and flowering time, were simi-
lar as the recipient variety CS (date was not shown), show-
ing that the translocation chromosomes, T1V#4S-6BS-6BL
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Fig. 4 Seed storage protein

of the wheat-1V#4 introgres-
sion lines. a SDS-PAGE of
CS-DA1V#4-7V#4 addition
lines. SDS-PAGE showing a
additional HMW-GS (V71)

of D. villosum in the homoe-
ologous group 1 addition line
(DA 1V#4), the mobility of the
subunit V71 coded by Glu-Vlia
is greater than that of subunit

7 of CS. b SDS-PAGE of the
whole-arm translocation lines.
Glu-DI-encoded bands 1Dx2
and 1Dy12 bands in NAU1V-5
are lost. ¢, d Sequential SDS-
PAGE separation of glutenins(c)
and gliadins (d) from the same
kernels. Glu-V3 and Gli-V1
locus-specific subunits of D.
villosum indicated by arrow-
heads and arrows, respectively,
are all present in DA1V#4 and
NAU1V-3 lines but absent in

1 V#4-deletion line NAU1V-1
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Table 3 Seed protein content and dough properties of wheat-1V#4 introgression lines compared with recipient Chinese Spring

NAU1V-5

\q
>
)
Z

Line 2010/2011-Greenhouse 2011/2012-Greenhouse
SPC (%) ZSV (mL) DT (min) ST (min) SPC (%) ZSV (mL) DT (min) ST (min)

CS 13.5¢ 30.3¢c 2.0c 2.2e 14.4¢ 33.0d 2.1c 2.6d
ADIV 17.7a 55.8a 4.8a 6.1a 18.9a 54.2a 4.4a 5.7a
NAUI1V-1 14.2¢ 33.5¢ 2.2¢ 2.9e 15.0c 31.3d 2.3c 2.5d
NAU1V-3 15.8b 56.3a 4.5a 6.3a 16.1b 49.6ab 4.3a 5.1a
NAU1V-4 14.2¢ 52.6a 4.0b 5.6¢ 14.8¢ 46.3b 4.1a 5.0b
NAU1V-5 15.5b 45.3b 3.9b 4.0d 16.3b 38.7¢c 3.7b 43¢

Means followed by the same letter within a column are not significantly different at 5 % as determined by the least significant difference

SPC seed protein content, ZSV Zeleny sedimentation value, DT drought development time, ST drought stability time

and T1V#4S-1BL, had no obvious influence on agronomic
performances. We proposed that this was due to the good
genetic compensation of 6A/6D or 1VS/1AS/1DS homol-
ogous genes to those genes located on the terminal of

@ Springer

6BS and 1BS, which were lost in T1V#4S-6BS-6BL and
T1V#4S-1BL translocation line, respectively. It could be
concluded that T1V#4S-6BS-6BL small alien transloca-
tion line and T1V#4S-1BL compensating translocation line
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carrying the Glu-VI, Glu-V3 and Gli-V1 loci of D. villosum
could be used to improve the quality of bread wheat. While,
some of the sterile spikelets were observed in T1V#4S-1DS
translocation line (NAU1V-5), leading to a decreasing
seeds per spike. This may be due to the genetic disequilib-
rium when chromosome 1DL was substituted by chromo-
some 1VS#4S. Therefore, development of bread wheat cul-
tivars using NAU1V-5 as the donor of the Glu-VI, Glu-V3
and Gli-V1I loci may have a negative effect on the yield.

In genus Triticum and Aegilops, genetic studies confirmed
that the genes controlling the HMW-GS were located on the
long arms of the group 1 chromosomes; all w-gliadins, most
of the y-gliadins and a few of p-gliadins were encoded by
the Gli-1 loci on the short arms of homoeologous chromo-
some 1, which was tightly linked to the Glu-3 loci coding
for LMW-GS (Mclntosh et al. 2008). Chromosomes of 1V
of D. villosum and 1A, 1B, 1D of wheat are homeologous
chromosomes. Theoretically, the prolamin genes on these
chromosomes should be synteny; that is to say, Glu-VI and
Glu-V3/Gli-V1 loci should be located on 1VL and 1VS,
respectively. Vaccino et al. (2010) confirmed that the Glu-
V3/Gli-V1 loci were synteny to wheat’s Glu-B3/Gli-BI loci
because they were equal crossing-over in CS x V63 lines.
They also argued that the Glu-V1I loci was located on chro-
mosome 1VL based on the HMW-GS band of D. villosum
carrying in the line 09.CS 1B-1V (T1BL-1V#IL-1V#1S).
Zhao et al. (2010) developed the Robertsonian transloca-
tion lines T1V#3L-1DS and T1V#3S-1DL (this V chromo-
somes of this stock were numbered #2 by De Pace et al.
2011). Recently, Dong et al. (2013) analyzed their HMW-
GS components and confirmed that the HMW-GS gene of
D. villosum was located on both 1V#3L and 1V#3S, and
the gene expression level might be higher in T1V#3S-1DL
than in T1V#3L-1DS. In the present study, the six developed
CS-1V#4 introgression lines and two telosomic addition lines
I'V#4L and 1V#4S were confirmed by molecular cytogenet-
ics analysis. Dual-color FISH, chromosome C-banding, 12
1'V#4-specific EST-STS markers and SSP analysis enabled
the cytological physical mapping of Glu-VI and Gli-VI1/Glu-
V3 loci to the region of FL. 0.50-1.00 of 1V#4S of D. vil-
losum. The chromosome location of Gli-V1/Glu-V3 loci was
consistent with the result of Vaccino et al. (2010), and the
Glu-V3/Gli-VI loci of 1V#4S could be homoeologous to
Glu-3/Gli-1 loci of common wheat. However, the finding
of a HMW-GS gene located on the short arm of homoeolo-
gous chromosome 1 in tribe Triticeae breaks the traditional
understandings. The different results of Glu-V1I locus’ chro-
mosome location in Vaccino et al. (2010), Dong et al. (2013)
and the present study may be due to the polymorphism of
the Glu-V1 locus in different accessions of D. villosum. It is
possible that the HMW-GS genes on 1V#4S (this study) and
1V#3S (Dong et al. 2013) in D. villosum had independent
origins due to independent translocations of ancestral gene

from the long arm of chromosome 1. The degenerate prim-
ers, P1: 5-ATGGCTAAGCGGc/tTa/gGTCCTCTTTG and
P2:  5-CTATCACTGGCTa/gGCCGACAATGCG, which
were previously used to isolate the homologous HMW-GS
genes from wheat and its relative species (Xia et al. 2003;
Sun et al. 2006; Liu et al. 2008; Garg et al. 2009a; Gao et al.
2010; Li et al. 2013) were used to isolate the homologous
genes from D. villosum in the present study. PCR amplifica-
tion employed a high fidelity LA Taq polymerase (TaKaRa
Biotechnology) with a GC buffer provided for GC-rich tem-
plate. However, we were not able to find any amplification
product in the D. villosum accession 91C43, possibly due to
the specific structure of HMW-GS gene sequence in D. villo-
sum. Therefore, the wheat-1V#4S translocation lines carry-
ing the Glu-V1 and Glu-V3/Gli-VI loci could provide novel
germplasm for the improvement of bread wheat quality.

The distinct differences for SPC and the values of ZSV,
dough development time (DT) and dough stability time
(ST) values between the three lines NAU1V-3, NAU1V-4
and NAU1V-5 could be attributed in part to the interaction
of prolamins encoded by loci of CS and 1V#4S. T1V#4S-
6BS-6BL (NAU1V-3) translocation line had significantly
lower positive effects on SPC compared to DA1V#4. This
may due to the missing of the Gli-B2 loci located in the
6BS. The T1V#4S-1BL (NAU1V-4) translocation line also
had significantly positive effects on gluten strength when
1V#4S replaced 1BS, suggesting a higher positive effect
on quality owing to the glutens and gliadins encoded at the
Glu-V1 and Gli-VI/Glu-V3 loci of 1V#4S than that of Gli-
1/Glu-3 loci of 1BS. The similar results were also observed
when the Gli-B1/Glu-B3 loci were substituted by Glu-V1
and Gli-VI1/Glu-V3 loci in the line 09.CS 1B-1V (T1BL-
1V#1L-1V#1S) (Vaccino et al. 2010).The Glu-D1I locus on
1DL shows a drastic positive effect on gluten strength com-
pared with the euploid CS (Rogers et al. 1990). Although
the Glu-DI locus is absent in TIV#4S-1DS translocation
line NAU1V-5 (Fig. 4b), the quality is also increased com-
pared to the CS, suggesting a higher positive effect on glu-
ten strength of 1V#4S than that of 1DL.

Extensive studies on SSPs in tribe Triticeae have been
carried out and revealed genetic diversity among wheat
and its relative species. SSPs of rye (Secale cereale) substi-
tuted for wheat SSPs, for example, TIBL-1RS translocation
line, resulted in inferior wheat quality (Lukaszewski 1993).
Whereas, SSPs located on chromosome 1E of Thinopyrum
elongatum had positive effects in addition lines but not in
substitution lines for chromosome 1D of wheat (Garg et al.
2009a). In contrast, SSPs of Th. intermedium have posi-
tive effects, even in case of substitution for chromosome
1D of wheat (Cao et al. 2007). De Pace et al. (2001) have
confirmed that SSPs located on chromosome 1V of D. vil-
losum had large positive effects of bread quality in addi-
tion line CS+1V#1, substitution lines CS-1V#1 (1A) and
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CS-1V#1 (1B). Vaccino et al. (2010) observed the similar
results when the Gli-B1/Glu-B3 loci were substituted by
Glu-V1 and Gli-VI/Glu-V3 loci in the line 09.CS 1B-1V
(T1IBL-1V#1L-1V#1S). While, Dong et al. (2013) suggested
that TIDS-1V#3L had a significant negative effect on wheat
dough strength, but T1DL-1V#3S significantly improved
bread-making quality. Our results also suggested that SSPs
located on chromosome 1V#4S of D. villoum had positive
effects in addition lines and translocation lines. The signifi-
cant positive effects of quality in the wheat having D. vil-
loum chromosome 1VS are believed to be due to D. villoum
alleles at the Glu-VI and Gli-V1/Glu-V3 loci. Although,
Vaccino et al. (2010) argue that the improved bread-mak-
ing quality was attributed to the Glu-V1I introgressed in CS
because replacing Gli-B1/Glu-B3 loci by the Gli-V1/Glu-V3
loci affected end-use grain quality by decreasing the specific
SDS sedimentation volume and increasing the water absorp-
tion properties of the flour. We proposed that the interac-
tion effect of Glu-VI between Gli-V1/Glu-V3 loci may also
have contribution on grain quality because HMW and LMW
subunits can form complex polymeric proteins by inter-chain
disulphide bonds and impart dough viscoelasticity (Shewry
et al. 2003). Also, whether the effect on grain quality of Glu-
V1 locus only is better than that of the interaction of three
loci needs further study. The small segmental translocation
line (T1V#4S-6BS-6BL, NAU1V-3) and the whole-arm
translocation line (T1V#4S-1BL, NAU1V-4), which had
significantly improved and stably inherited dough strength,
could be used directly by wheat breeders. In addition, the
whole-arm translocation line T1V#4S-1BL could be used as
initial materials to induce small alien chromosome transloca-
tions only carries the Glu-V1 locus between 1V#4S and short
arms of group 1 using CSph1b mutant. The five 1V#4S-spe-
cific molecular markers developed could be used to detect
the alien chromatin of 1V#4S in wheat background.
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