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a b s t r a c t
Grain protein content (GPC) in wheat has been a major trait of interest for breeders since it has enormous
end use potential. In the present study, marker-assisted backcrossing (MABC) was successfully used to
improve GPC in wheat cultivar HUW468. The genotype Glu269 was used as the donor parent for introgression of the gene Gpc-B1 that confers high GPC. In a segregating population, SSR marker Xucw108, with
its locus linked to Gpc-B1 was used for foreground selection to select plants carrying Gpc-B1. Background
selection, involving 86 polymorphic SSR markers dispersed throughout the genome, was exercised to
recover the genome of HUW468. For eliminating linkage drag, markers spanning a 10 cM region around
the gene Gpc-B1 were employed to select lines with a donor segment of the minimum size carrying
the gene of interest. Improved lines had signiﬁcantly higher GPC and displayed 88.4–92.3 per cent of
the recurrent parent genome (RPG). For grain yield, selected lines were at par with the recurrent parent HUW468, suggesting that there was no yield penalty. The whole exercise of transfer of Gpc-B1 and
reconstitution of the genome of HUW468 was completed within a period of two and half years (ﬁve crop
cycles) demonstrating practical utility of MABC for developing high GPC lines in the background of any
elite and popular wheat cultivar with relatively higher speed and precision.
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).

1. Introduction
Wheat (Triticum aestivum L. em. Thell.) is one of the most important food crops in the world with global yield over 700 million tons
annually, and providing 20% of the total calorie intake for the world
population [1,2]. Wheat is grown in ∼128 countries involving all the
continents of the world, the top ﬁve leading producers being China,
India, United States of America, France and Russia [3]. Among cereals involved in cross-border trading, wheat has the highest tonnage,
with an estimate value of 135 Mt in 2012/13, with major importing countries being in Asia and Africa [3]. In India, wheat is a staple
food for more than 65% of the population with annual production of
around 94 Mt [4]. The demand of wheat is expected to keep growing
due to steady population increase. The demand for better quality
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wheat grain will also increase due to increased urbanization [5].
Although, many Indian wheat varieties have been characterized for
various end products, these varieties and their traits are spillovers
of the routine breeding program for high yield and disease resistance, rather than the product of a systematic quality breeding
program [6]. The current challenges for wheat breeding programs
around the world are to maintain or improve agronomic performance along with improvement in wheat quality, thus maintaining
competitiveness in the increasingly discriminating international
market [7].
Wheat is a crop with several end-use products such as pasta,
macaroni, biscuit, chapatti and bread. These end-use products differ for their requirements of GPC and the type of wheat. In general,
GPC in Indian wheat cultivars is relatively lower than the standards of international market [7]. Under these conditions, either
we need to accept wheat with a lower GPC or apply more nitrogen to achieve the desired level of GPC, since some increase in GPC
through increased nitrogen application has been documented [8].
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GPC is also an important for bread-making quality, which is known
to depend upon both, the content and composition of grain protein
[9,10].
According to an estimate of World Health Organization [11],
over 3 billion people were deﬁcient in key micronutrients Zn and
Fe, and about 160 million children below the age of 5 lack adequate
protein, amounting to malnutrition [11–13]; this suggests that not
only GPC, but also the content of micronutrients like Zinc (Zn) and
Iron (Fe) need to be improved for improving the grain quality of
wheat. Progress in breeding for high GPC wheat has been rather
slow, because GPC is controlled by a complex genetic system and
is also inﬂuenced by the environment, thus making it difﬁcult to
select effectively for this trait [8,14,15]. However, GPC and grain
yield are reported to be negatively correlated [8,14], making it difﬁcult to breed for high GPC without a yield penalty. Although the
theoretical basis for this inverse correlation has been debated [16],
high GPC cereals are unlikely to be commercially successful without
a ﬁnancial incentive to growers.
Yield is an essential trait for commercial success of a variety, hence developing wheat varieties combining improved grain
quality with high grain yield is an important goal in wheat breeding. However speciﬁc quality parameters such as protein %, grain
hardness, bread loaf volume and biscuit spread factor are getting
increased attention due to growing demand for industrial endproducts such as bread, biscuit, cake, pasta, etc. Wheat varieties
with high GPC (>12%) and micronutrients (Zinc and Iron) are also
important for providing nutritionally improved wheat based diet
and for enhancing export potential of wheat. In addition, high
yielding wheat with superior internal (protein %) and external
(grain weight, luster) traits is easy to market and may provide
extra cash to poor farmers. In India, although wheat is overwhelmingly consumed in the form of chapatti [7], the demand for other
end-products like bread, biscuit, pasta and cakes is growing with
expanding urbanization (estimated urban population in 2020 = 550
million) and growing industrialization [5]. Therefore, it is important
to combine the high grain yield with better grain quality to meet
the twin challenges of nutritionally superior and high quality wheat
products [6].
In the recent past, the introgression and pyramiding of major
genes/QTL for different traits through marker-assisted selection
(MAS) has proved successful in wheat [17–24]. Several RFLP, SSR
and CAPS markers were reported to be closely linked with high
GPC locus (Gpc-B1) on the short arm of chromosome 6B [25–28].
Among these markers, a tightly linked marker at a narrow distance of 0.1 cM within a physical location of a 250 kb, was the SSR
marker Xuhw89 for the locus Gpc-B1 [29]. Since Gpc B1 has been
cloned and characterized, a “gene-speciﬁc” marker is also available
for this locus [30]. The introgression of Gpc-B1 has been achieved
for improving GPC without yield penalty mostly in the developed
countries [8,31], although a report of successful introgression of
Gpc-B1 in 10 elite varieties of India is also available [23].
Conventional breeding program, if supplemented with MAS,
can become cost and time-effective [20]. For the last more
than 20 years, MAS is being used on a large-scale in several
countries including USA, Australia, Canada, and Mexico (CIMMYT).
In majority of these MAS programs in wheat, MABC involving
backcrossing has been deployed to ensure maximum recovery
of the genome and particularly, the carrier chromosome [32].
According to a recent report, more than 60 genes/markers are
being deployed for wheat improvement through MAS [33], of
which more than 20 traits/genes belong to grain quality like gain
hardness, dough strength and swelling volume [34]. Molecular
markers for quality traits (protein content, pre-harvest sprouting tolerance, gluten strength and grain weight) are also being
increasingly used in Indian wheat breeding program successfully
[19,22–24].
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The present study was planned to improve GPC through MABC
coupled with stringent phenotypic selection into the genetic background of wheat cultivar HUW468, which is a very promising
cultivar with good performance under conventional and zerotillage conditions in the North Eastern Plains Zone (NEPZ) of India
[6].
2. Materials and methods
2.1. Plant materials
Plant materials used in the present work included recipient parent HUW468 and a donor parent Glu269 with high GPC procured
from Punjab Agriculture University, Ludhiana, Punjab. HUW468
(CPAN-1962//TONI/LIRA’S’/PRL’S’). Glu269 is a high yielding, disease resistant and double dwarf wheat variety released in 1999 for
timely sown high fertility irrigated conditions of NEPZ and since
then has maintained resistance and popularity among farmers due
to its superior agronomic performance. The donor parent Glu269
(DBW16/GluPro//2*DBW16) is a wheat breeding line that is resistant to yellow and brown rusts and is also amenable to late sowings.
It also carries higher level of resistance to spot botch relative to all
the existing varieties, and has been identiﬁed for cultivation in the
North Western Plains Zone (NWPZ) of India. Since, it had GluPro as
one the parents in its pedigree, it carries Gpc-B1 providing higher
level of GPC (>14%) relative to the recurrent parent HUW468 with
only 10% GPC.
2.2. Molecular marker used
Seven GPC linked markers (Xuhw89, QGpc.ccsu-2D.1/2DL,
CAPS/ASA/XNor-B2, Xwmc415, Xucw108 and Xucw109) were validated based on published results [26,29,30,35,36]. Out of seven,
only one (Xucw108) [30] was selected for foreground selection.
Primers were synthesized from Euroﬁns Genomics India Pvt Ltd.,
Bangaluru, India. To analyze the recovery of RPG of the segregating backcross progeny during background selection, a total
of 744 SSR (simple sequence repeats) markers covering all the
21 chromosomes of wheat were selected to detect polymorphism between HUW468 and Glu269. The primer sequences were
obtained from http://wheat.pw.usda.gov/GG2/index.shtml (GrainGenes 2.0: A database for Triticeae and Avena), Somers et al. [37]
and Röder et al. [38]. Primers that were polymorphic between parents were used for background selection.
2.3. MABC breeding
2.3.1. DNA isolation, PCR conditions and electrophoresis
DNA isolation of parental genotypes and backcross progenies
was carried out from one-month-old plants using a modiﬁed CTAB
method [39]. The PCR ampliﬁcation was carried out in a reaction mixture of 20 L containing 200 M dNTPs (MBI; Fermentas,
Lithuania, USA), 0.75 U Taq DNA polymerase (MBI; Fermentas,
Lithuania, USA), 5 pmole of each primer, 20–30 ng template DNA
and 10 X PCR buffer (10 mM Tris, pH 8.4, 50 mM KCl, 1.8 mM MgCl2 ).
PCR cycle consisted of an initial denaturation for 5 min at 94 ◦ C,
followed by 40 cycles each with 1 min at 94 ◦ C, 1 min at annealing temperature (which differs for different primers), with a ﬁnal
extension of 7 min at 72 ◦ C. The ampliﬁed products were resolved
on 2.5% agarose gel for the foreground selection (involving use of
gene speciﬁc marker Xucw108), and on 10% PAGE (followed by silver staining for visualization) for the background selection (used
for RPG recovery).
2.3.2. Breeding scheme
MABC scheme [32] was followed to transfer the Gpc-B1 gene
from Glu269 into the genetic background of HUW468. Recurrent
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Fig. 1. Development of HUW468 for protein content with details of markers used for foreground and background selection and numbers of plants selected in each generation.

parent HUW468 was used as female and crossed with Glu269 as
male to generate the F1 seeds. The cross was designated HUW46809. Detailed ﬂowchart of MABC approach deployed to transfer
Gpc-B1 is given in Fig. 1. Following testing hybridity of F1 plants
using gene-linked marker, two true F1 plants were crossed with
the recurrent parent to obtain BC1 F1 seeds. Both foreground and
background selections were deployed. Foreground selection for a
trait using molecular marker facilitates identiﬁcation of positive
plants for the gene of interest at early plant stage and thus enables
a breeder to reduce the population size by around 50% in a backcross
breeding program [40,41].
Foreground selection for desirable BC1 F1 plants with Gpc-B1
gene was exercised using gene-linked marker. The plants possessing Gpc-B1 were subjected to further phenotypic selection to
identify top ten plant with desirable recurrent parent phenotype
(RPP) for analyzing RPG recovery. One selected plant with high RPG
recovery was then backcrossed to produce BC2 F1 seed. Like BC1 F1 ,
foreground selection (for Gpc-B1), phenotypic selection (for plants
having agronomic similarity to recurrent parent) and background
selections (for RPG recovery) were again exercised to identify suitable plants for obtaining BC2 F2 seeds. The selected BC2 F2 plants
with high RPG recovery were selfed and advanced up to BC2 F3
using marker-assisted pedigree method of selection. The homozygosity of BC2F3 families for Gpc-B1 gene was further conﬁrmed by
screening of randomly selected 10 plants from each family using
the marker Xucw108 associated with Gpc-B1.

2.3.3. Estimation of linkage drag
Analysis of the size of introgressed donor segment on carrier
chromosome was conducted to eliminate linkage drag [42]; this
was possible through the use of six additional markers (Xgwm132,

Xcfd190, Xgwm193, Xgwm361, Xgwm219 and Xcfd2110) from the
10 cM genomic region on either side of Gpc-B1 marker Xucw108
given in http://wheat.pw.usda.gov/GG2/index.shtml (GrainGenes
2.0: A database for Triticeae and Avena).
2.3.4. Evaluation of MABC lines for agronomic performance
Field trials to evaluate MABC lines were conducted during main
Rabi season (2008–2009 to 2011–2012) at Agricultural Research
Farm, Institute of Agricultural Sciences, Banaras Hindu University (BHU), Varanasi, Uttar Pradesh, India and during off-season
(2009–2011) at IARI, Regional Station, Wellington, Tamil Nadu
during 2008–2009 to 2011–2012. In the different backcross generations, plants were hand sown in three rows of 2 meter with row
to row spacing of 22.5 and plant to plant distance of 20 cm. After
every third progeny row, recurrent parent HUW468 was planted
as a check for facilitating morphological evaluation. Recommended
agronomic and fertilization (120 kg N: 60 kg P2 O5 : 40 kg K2 O per ha)
practices were followed at both locations and seasons. Zinc was not
applied. Full doses of K2 O and P2 O5 were applied at sowing; nitrogen was supplied in split applications, with 60 kg N per ha at sowing,
30 kg N per ha at the ﬁrst irrigation (21 days after sowing), and 30 kg
N per ha at the second irrigation (45 days after sowing) [56]. Data
on phenotypic traits in BC1 F1 , BC2 F1 and BC2 F2 generations was
recorded on single selected plants that were positive for Gpc-B1
gene, as determined through associated marker. In BC2 F3 generation, data were taken from ten randomly selected plants from each
homozygous family for Gpc-B1 identiﬁed in BC2 F2 . Following agronomic traits were used for recording data on phenotypes: days to
maturity (DM), plant height (PH), number of effective tillers/plant
(TP), spike length (SL), spikelet number (SN), thousand grain weight
(TGW) and grain yield per plant (GY).
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Fig. 2. Molecular proﬁle of BC2 F3 families of HUW468 × Glu269 cross for conﬁrming homozygosity for Gpc-B1 by marker Xucw108. L-100 bp ladder, D-Glu269, R-HUW468,
lane 1–10 for each BC2 F3 families.

2.3.5. Evaluation of MABC lines for protein, zinc and iron content
The seeds of BC2 F3 lines of HUW468 having Gpc-B1 gene were
analyzed by InfratecTM 1241 Grain Analyser, Foss, Denmark. A total
of 5–7 g sample of clean grain was used for Zn and Fe analysis,
based on X-ray ﬂuorescence (X-Supreme8000, Oxford Instruments,
Oxford, UK). Grain protein content (GPC) was estimated using an
Infratec 1241 Grain Analyser (Foss, Hilleroed, Denmark). Protein
data was recorded at 12% of seed moisture level in (%) unit, while
data on Zn and Fe content were taken as particle per molecule
(ppm) [43].
2.3.6. Statistical analysis and determination of recurrent parent
genome recovery
The data recorded as above was used for estimation of progeny
means for each replication. The statistical analysis was performed
on the basis of progeny means in each replication by the PAST
software [44] and Microsoft excel. The extent of RPG recovery in
backcross generations was calculated using the following formula.

RPG% =

2(R) + (H)
× 100
2N

where, R = number of marker loci homozygous for recurrent parent allele; H = number of marker loci still remaining heterozygous
and N = total number of polymorphic markers used for background
analysis. In BC2 F3 , the genetic similarity between the recurrent parent HUW468 and the high GPC introgressed lines was determined
through data on morphological features. To check the robustness of
the clustering, boot-strap analysis was carried out. Further graphical genotyping was done by using GGT software [45].
3. Results
3.1. MABC for GPC
Of seven markers for Gpc-B1, only two (Xucw108 and Xucw109)
were found polymorphic between parents. The pipeline (crossing
program) followed for MABC to incorporate Gpc-B1 into HUW468 is
presented in Fig. 1. Details of 10 phenotypically superior plants each
among 26 BC1 F1 and 28 BC2 F1 plants carrying Gpc-B1 are available
in Supplementary Tables S1 and S2, respectively. The homozygosity
of BC2 F3 families for Gpc-B1 by screening of randomly selected 10
plants from each family using the marker Xucw108 is given in Fig. 2.
3.2. Grain quality in BC2 F3
A summary of data on grain quality of 23 BC2 F3 lines is presented
in Table 1. The GPC of the BC2 F3 lines ranged from 13 to 17.2%
compared to 10% in HUW468 and 14.3% in donor parent Glu269.
All these 23 lines had a signiﬁcant increase in the mean value of
GPC relative to the recurrent parent HUW468. Similarly, in these
23 BC2 F3 lines, Fe content ranged from 39.3 to 53.8 ppm, while Zn
content ranged from 35 to 54.2 ppm, the Zn and Fe in the recurrent
parent HUW468 being 39 and 30 ppm respectively. For Zn and Fe

content, all the 23 improved lines except HUW468-09-233 for Fe
were superior to the recurrent parent HUW468, and only one line
(HUW468-09-131) exceeded the level in the donor.
3.3. Evaluation of MABC lines for agronomic performances
The 23 BC2 F3 MABC lines showed variable expression of agronomic traits. The plant height among the families ranged from
80-92 cm compared to 85.7 cm of HUW468 (Table 1). Six lines
showed signiﬁcantly higher tillers/plant relative to both parents
HUW468 and Glu269. The number of spikelet per spike ranged from
41 to 51, while only one line HUW468-09-6 (12 cm) showed better spike length relative to HUW468 (11.2 cm). The TGW among
selected families ranged from 37.8 to 42.4 g as against 35.10 g in
HUW468. For TGW, all the 23 lines were better than the recurrent
parent HUW468, but none was better than the donor Glu269. For
yield per plant, 14 families showed signiﬁcant improvement over
HUW468 (7.85 g), while only one (HUW468-09-95) was better than
the donor parent. On the basis of overall performance, three lines
(HUW468-09-131, HUW468-09-132 and HUW468-09-59) were
considered to be superior to the recurrent parent HUW468.
3.4. Recurrent parent genome recovery
3.4.1. Recovery for whole genome
Out of 744 SSR markers, 106 (14.0%) were polymorphic between
both the parents. However, on the basis of the difference in product
size (eliminated ≤10 bp difference), 86 SSR (11.5%) were selected
for background analysis of 23 BC2 F3 lines (Table 1); these 86 markers covered all the 21 chromosomes. The per cent RPG recovery
among the 23 selected lines ranged from 90.7% (HUW468-09-3 and
HUW468-09-6) to 95.4% (HUW468-09-244) (Table 1).
3.4.2. Carrier chromosome recovery with the minimum size of
donor segment
As expected, donor segments were present in all the 23
improved lines, and a segment carrying the gene Gpc-B1 was
available in all the lines; this segment was not the minimum possible, so that some linkage drag was unavoidable. A screening for
recombinants carrying the minimum size of donor fragment was
undertaken using six markers, which were the only polymorphic
markers among the 48 ﬂanking markers that were tested for the
Gpc-B1 region. These six markers included Xgwm132, Xcfd190,
Xgwm193, Xgwm361, Xgwm219 and Xcfd2110 (Fig. 3). Based on
carrier chromosome analysis of 23 lines using these six markers, four (HUW468-09-96, HUW468-09-131, HUW468-09-132 and
HUW468-09-244) were such, which did not carry any segment
other than the small segment carrying Gpc-B1; all other lines carried
additional segments, away from Gpc-B1.
4. Discussion
Breeding for agronomic and nutritional traits of wheat continues to be important for food security and human health especially
in developing countries of south Asia, where demand of wheat is
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Table 1
Quality characters and agronomic performance of BC2 F3 families of the cross HUW 468 × Glu269 with high GPC-B1 in the background of recurrent parent HUW468.
Grain quality

Agronomic traits

%RPG

Lines/traits

GPC (%)

Zn (ppm)

Fe (ppm)

DM

PH (cm)

SPN

SPL

TLN

TGW

YPP

HUW468-09-3
HUW468-09-5
HUW468-09-6
HUW468-09-29
HUW468-09-30
HUW468-09-56
HUW468-09-57
HUW468-09-59
HUW468-09-88
HUW468-09-89
HUW468-09-95
HUW468-09-96
HUW468-09-128
HUW468-09-131
HUW468-09-132
HUW468-09-142
HUW468-09-144
HUW468-09-233
HUW468-09-235
HUW468-09-236
HUW468-09-241
HUW468-09-242
HUW468-09-244
HUW468
Glu 269

14.5
13.5
13.0
13.8
13.8
14.8
13.6
13.3
13.1
13.2
13.2
13.1
13.8
16.4
14.1
17.2
13.3
13.6
13.6
13.7
13.8
14.1
14.2
10.0
14.3

45.8
43.5
43.0
44.3
44.5
50.2
48.4
42.6
48.0
42.2
47.3
43.5
47.2
53.8
44.6
44.0
46.5
39.3
43.7
41.4
43.3
48.4
47.2
39.0
45.2

47.5
53.0
52.3
41.0
43.0
49.4
47.4
52.5
52.0
35.1
44.8
47.2
46.9
54.2
47.0
49.8
43.1
45.4
46.8
49.2
51.1
52.6
43.3
30.0
49.0

107
102
109
105
104
104
102
102
107
102
108
110
104
107
107
103
104
106
104
103
104
102
111
103
120

86
92
89
82
80
89
89
84
87
82
85
89
84
85
87
86
87
91
91
83
88
90
89
85.7
82.6

47
41
45
46
45
50
45
48
51
50
47
46
46
47
48
48
50
45
47
48
45
45
47
46.5
53.6

10
9
12
10
9
9
9
10
11
10
11
10
10
11
10
9
10
11
10
9
10
11
10
11.2
11

13
12
16
16
16
9
10
10
12
13
15
15
9
12
13
11
12
10
12
13
13
12
14
9
11

38.80
37.84
41.44
40.04
41.94
41.56
42.43
41.48
38.96
37.08
41.20
41.76
40.40
41.60
40.84
40.44
39.04
41.94
41.56
42.44
41.44
40.04
41.94
35.10
42.24

7.56
8.23
8.45
8.41
8.50
7.56
8.23
8.45
7.90
7.55
9.24
8.40
8.60
7.90
7.85
8.41
8.50
7.56
8.23
7.56
8.23
8.45
7.90
7.85
8.54

0.64

0.19

CD (0.05)

0.43

1.38

1.97

1.17

1.39

0.96

0.36

3.93

90.70
91.86
90.70
91.86
91.86
91.86
93.02
93.02
91.86
91.86
93.02
94.19
93.02
94.19
94.19
93.02
93.02
93.02
91.86
91.86
91.86
93.02
95.35

GPC (%), grain protein content (per cent); Fe (ppm), iron content; Zn (ppm), zinc content, DM, days to maturity; PH, plant height; SPN, spikelet number; SPL, spikelet length;
TLN, number of tillers; TGW, 1000-grain weight; % RPG, per cent recurrent parent genome recovery.

growing due to increasing population and income levels. For a long
time, conventional breeding methods have given desired success
in wheat improvement in the absence of alternative approaches.
However conventional methods are time consuming, needing up
to 12 years for the development leading to release of a new variety
[46]. It has been suggested that conventional breeding methods, if
supplemented with MAS, could help reduce time for development
of a new cultivar and offer an approach for reliable improvement
of elite breeding material [20]. During the last few years, use of
molecular tools has grown substantially due to development of
high-throughput markers that can be used in a cost-effective manner [33]. There are several examples of successful use of MAS
for introgression or pyramiding of major genes/QTL for different
traits in wheat [18,21,22,33]. There are also examples of introgression of GpcB1 through MAS for improving GPC without yield
penalty [8,31], but most of these examples are from developed
countries. There are at least two reports of its introgression in
elite wheat lines of India, one of them involving pyramiding of
eight genes including Gpc-B1 [23,24]. In the present study, Gpc-B1
was incorporated into elite variety HUW468 using MABC combined with stringent phenotypic selection within a short period.
HUW468 is a popular cultivar of NEPZ of India but has low protein
content. The derived lines HUW468 (Gpc-B1) showed signiﬁcant
improvement in GPC, Fe and Zn as compared to the recipient parent. In addition, the improved lines were superior in TGW, TLN
and YPP, while at par for other agronomic traits. Distelfeld et al.
[29] reported that GPC was signiﬁcantly (P < 0.001) correlated with
grain Zn and Fe content, since the locus Gpc-B1 (imparting high
GPC) on the short arm of chromosome 6B was also effective in
increasing Zn and Fe in the grain. In our study, some MABC lines
were found to show higher Zn content compared to Fe. Additive main effects and multiplicative interactions (AMMI) analysis
of genotype × environment interactions for grain Fe and Zn content also revealed that Fe content in a large measure is genetically
controlled, whereas Zn was almost totally dependent on location
effects [47].

4.1. Marker assisted background selection with stringent
phenotypic selection
The expected average RPG recovery in the BC2 F3 generation was
93.75%. However, RPG in the ﬁnal product (HUW468-09-244) in
BC2 F3 was 95.35% as revealed by background analysis with polymorphic SSR markers. Eighty six (86) genome-wide polymorphic
SSR markers distributed at an average interval of 5 Mb (∼20 cM)
were employed to analyze the recovery of RPG in 23 improved lines
in the background of HUW468. The higher recovery of RPG was
achieved mainly through stringent phenotypic selection followed
by background selection using molecular markers. Background
analysis exercised through phenotypic evaluation is reported to be
useful in efﬁcient recovery of the RPG [48]. It has been suggested
that stringent phenotypic selection for the recovery of recurrent
parent phenotype is a good substitute for background selection
through molecular markers in terms of judicious use of resources
[42,49–51]. Recently, the problem of linkage drag has also been
reported in rice when stringent phenotypic selection with MAS
was used [51]. In the present study, the progenies selected through
foreground markers were subjected to phenotypic selection for
background traits followed by background analysis using molecular markers. This approach reduces the cost of MAS and also helps to
retain useful interactive loci of both the parents [42]. Cost of molecular genotyping in routine marker-assisted breeding programs is an
important factor especially in developing countries.
4.2. Marker assisted step-wise background selection (MASBS)
Most of the MABC studies conducted earlier utilized all the background polymorphic markers in early generation for the recovery
of RPG [23]. The use of a large number of markers in a single generation is a tedious job and keeps molecular breeders engaged for
a longer period of time. In the present study, we utilized stepwise background selection for RPG recovery. We judicially used two
markers per chromosomes and six markers on carrier chromosome
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Fig. 3. Analysis of improved lines of HUW468 for introgressed genomic regions of chromosome 6B, including segments carrying Gpc-B1 (blue segments from donor; red
segments from recurrent parent, and gray segments showing heterozygosity). (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the
web version of the article.)

in the ﬁrst backcross generation after stringent phenotypic selection. While the remaining markers out of a total of 86 were used in
the second backcross. The markers that were heterozygous in BC2 F1
were again used in BC2 F2 . In this manner, RPG recovery could be fastened in a cost-effective manner. The application of this step-wise
background selection has also been demonstrated in rice [52].
4.3. Linkage drag and its elimination
During introgression of desirable/target gene(s) in the
backcross-breeding program the probability of other closely
linked genes getting introgressed is quite high, which affects the
performance of the end product [53]. The probability of undesirable end product due to linkage drag is high, if the donor genotype
is of unadapted/wild type. This can be signiﬁcantly reduced by
selecting the genomic region of recurrent parent ﬂanking the
desirable gene(s) [42,54].
In the present study, the donor parent Glu269
(DBW16/GluPro//2*DBW16) carrying the gene Gpc-B1 was a

non-adaptive genotype for NEPZ and had poor grain texture
and chapatti making quality. This could be because the introgressed gene Gpc-B1 for high GPC was originally identiﬁed in wild
emmer wheat Triticum turgidum ssp. dicoccoides accession FA15-3
(referred hereafter as DIC; [55]). Hexaploid cultivar Glu-pro was
developed from a three-way cross between two bread wheat
cultivars and the dicoccoides accession earlier used to develop
the substitution line LDN(DIC6B) [26]. Therefore, the only option
to get rid of undesirable effects, particularly poor grain texture
and chapatti quality, was to minimize linkage drag of the donor
parent Glu269 used for introgressing the gene Gpc B1. For this,
we used ﬂanking markers (Xcfd190 and Xgwm193) on the carrier
chromosome 6B. These markers were approximately 12 cM apart
from each other covering the gene Gpc-B1. In a previous study by
Kumar et al. [23] ﬂanking markers XNor-B2 (CAPS) and Xgwm193
were used for selection of Gpc-B1 gene to eliminate the risk of
losing the gene segment due to lack of closely linked markers.
Later, more precise (Xucw108 and Xucw109) markers (within
500 bp region in gene) became available for the transfer of Gpc-B1
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segment [30]. This facilitates the ﬂanking PCR markers XNor-B2,
Xucw66, Xgwm508 and Xgwm193 to minimize the linkage drag
during MAS [27]. One of the BC2 F3 line HUW468-09-244 had a
single small donor segment (no other segment in the vicinity of
Gpc-B1) in the carrier chromosome 6B in the region ﬂanking the
Gpc-B1 gene. In this study we utilized carrier chromosome genome
recovery in the plants selected through foreground selected in
each of the backcross generations. After foreground selection in
BC2 F1 , we covered genome of all 21 chromosomes by utilizing
single marker for each chromosome along with 6 markers for
carrier chromosomes, covering 12 cM region of recurrent parent
ﬂanking the donor gene segment. Previously, two backcrosses
along with maximum recovery of carrier chromosomes were
reported in wheat [32].
4.4. Agronomic performance in the backcross derived lines
Marker-assisted backcrossing has been used for introgression
of the gene Gpc-B1 in a few landmark wheat cultivars in India
[23,24]. However, only seven desirable selected progenies showed
high GPC without yield penalty. The RPG recovery varied from 72.0
to 95.71%. However in the present study, the improved HUW468
derivatives showed high GPC as well as agronomic superiority. Due
to directional phenotypic selection for yield and yield related traits,
we obtained superiority in four HUW468 derived lines (HUW46809-95, HUW468-09-131, HUW468-09-132 and HUW468-09-59) in
the background of HUW468. Thus, the present work is a successful example of an integrated approach of combining phenotypic
selection with marker assisted backcross breeding in wheat for
introgression of Gpc-B1, high grain weight and leaf rust resistance in
the background of HUW468. The results indicate that the markerassisted selection with stringent phenotypic selection is effective
in rapid recovery of the RPG in a time and cost-effective manner.
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