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Abstract. Downy mildew (DM) caused by Sclerospora graminicola is the most calamitous disease of pearl millet. Therefore,
for introgression of DM resistance (DMR) in HHB 197 (MH-1302), an elite pearl millet hybrid, a marker-assisted breeding was
undertaken by targeting three DMR loci on linkage groups (LGs) 1, 2 and 4. Breeding programme was initiated by crossing HBL
11 (DM susceptible), male parent of HHB 197 hybrid with ICMP 451 (DM-resistant) to produce true F1 plants. By conducting
three rounds of backcrossing and selection, BC3 F1 lines were generated. Foreground selection was employed using six polymorphic
simple sequence repeat (SSR) markers of the 18 total selected markers. Four of these markers were linked to LG 1, five to LG 2 and
nine to LG 4. Background selection was performed in BC3 F1 generation using 33 polymorphic SSR markers of a total of 56 evenly
spread SSR markers in the pearl millet genome to check recovery of recurrent parent genome. On the basis of genotypic selection
(foreground as well as background) using selected SSR markers, agronomic performance in field and DM screening in greenhouse;
10 improved HBL 11 lines were selected and crossed with ICMA 97111 to produce DM-resistant HHB 197 hybrid versions. Six
putatively improved HHB 197 hybrids were successfully tested in first year trials at Hisar and Bawal locations of Haryana and two
selected versions with higher yield and zero DM incidence will be further tested in multilocation trials.
Keywords. downy mildew; HHB 197 hybrid; marker-assisted selection; pearl millet; simple sequence repeat.

Introduction
Pearl millet is an important old world annual cereal
having nutritive value higher than that of rice or wheat.
It has the highest levels of tolerance to drought among
tropical cereals and is grown annually on more than 29
million hectares in arid and semiarid tropical regions
of Asia, Africa and Latin America (Pearl Millet News
2015 http://www.aicpmip.res.in/pmnews2015), where in its
traditional growing areas, it is the basic staple for poor
households. India continues to be the single largest
NRY, RCY and HPY conceived and designed the experiments. JT performed molecular experiments. JT, AR, DVY, KR and RK performed
field experiments. JT, NRY, RCY and DVY analysed the data. HPY
contributed reagents/materials/analysis tools. JT and NRY wrote the
manuscript.

producer of pearl millet in the world with an area of 8.1
million hectares and average production of 9.6 million
tonnes during the past 5 years from 2011 to 2015 (Pearl
Millet News 2015). Pearl millet is well adapted to low-soil
fertility, salinity, low pH and high temperatures and owing
to its shorter duration (<90 days), it can readily fit into any
cropping system. Unfortunately, the production potential
of pearl millet is heavily constrained by downy mildew
(DM) disease caused by obligate biotrophic oomycete parasite, Sclerospora graminicola (Sacc.) Schroet. The fungus
reproduces both by sexual and asexual means producing oospores and zoospores, respectively (Pushpavathi
2006), and causes substantial annual yield losses by forming ‘green ear’ panicles. There are at least 11 diverse
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pathotypes of S. graminicola that have been identified from
among 59 isolates from major pearl millet growing parts
of India (Thakur et al. 2008). Also, new virulent pathotypes are in rapid progress of evolution under changing
climatic and environmental conditions. Although, there
are some disease management options available, including fungicides like ‘Metalaxyl’ which can be used in some
cases for the effective control of the disease (Gupta 2001),
but considering their adverse impact on environment,
the most appropriate approach to manage the disease
is through host–plant resistance as it is an eco-friendly
and a highly cost-effective method for the resource poor
farmers.
Host–plant resistance achieved through marker-assisted
selection (MAS) has number of important advantages in
terms of transferring desirable genes, but the important
is that the breeding process is more rapid, selection being
based on the test for the appropriate markers rather than
on unreliable testing for phenotype in the field. Availability
of molecular markers associated with the trait of interest
is prerequisite for any MAS programme. Quantitative trait
loci (QTLs) associated with DM resistance (DMR) in pearl
millet have been identified and mapped on linkage groups
(LGs) 1, 2 and 4 (Jones et al. 1995, 2002; Breese et al. 2002;
Gulia 2004; Gulia et al. 2007). Further, their relationship
with the maps of other grass species has also been established (Devos et al. 2000). Simple sequence repeats (SSRs)
being single-locus markers, which are codominantly inherited and characterized by hypervariability, abundance and
reproducibility are presently the markers of choice for most
molecular breeding improvement programmes. Liu et al.
(1994) developed the first detailed restriction fragment
length polymorphism (RFLP) marker-based genetic linkage map of pearl millet which was later supplemented with
SSR markers by Qi et al. (2004). Some of RFLP markers
bracketed SSRs linked to DMR QTLs have recently been
characterized which can be utilized in molecular breeding programmes for improvement of DMR (Taunk et al.
2017).
‘HHB 67-improved’ was the first product of
marker-assisted breeding to be delivered to Indian farmers in July 2005 by the joint efforts of CCS Haryana
Agricultural University (CCS HAU) and International
Crop Research Institute for Semi-Arid Tropics (ICRISAT)
in India (Hash et al. 2006). Marker-assisted backcrossing with the elite donor parent, ICMP 451 was used to
transfer DMR to the male parent, H 77/833-2 to produce improved resistant versions of H 77/833-2. ICMP
451 is tall, has medium-sized globular seeds, broad leaf
blades, thick stems and long-bristled, semi-compact panicles. ICMP 451 is a well-known donor parent for DMR and
has been used previously in marker-assisted backcrossing
for transfer of DMR in ICMR 01004 and ICMR 01007
(Hash 2004). Further, ICMP 451 was initially utilized in
QTL mapping of DMR, where from the cross of ICMP
451 × H77-833-2, DMR QTLs from the donor parent

(ICMP 451) were mapped to LG 1, LG 2 and LG 4 (Breese
et al. 2002). HHB 197 (MH-1302), another elite pearl millet hybrid released in 2007 by the CCS HAU, is an early
maturing, medium tall hybrid with cylindrical Togo earheads and long bristles. Its female and male parents were
ICMA 97111 and HBL 11, respectively. ICMB 97111 is its
maintainer line (Singh et al. 2016). It is a highly popular
hybrid in north-western regions of India. Initially, it was
highly resistant to DM and tolerant to grain smut but now
the resistance is broken. This elite hybrid has high-yield
potential and can be improved for DMR using molecular breeding techniques. Keeping in view the above facts,
the present investigation was aimed at developing DMresistant HHB 197 hybrids by transferring QTLs for DMR
to its male parent HBL 11 from ICMP 451 by backcrossing.

Materials and methods
Plant materials

Donor parent: ICMP 451 which is resistant to DM disease
and derived from a selection made in Upper Volta from
ICRISAT centre late composite (Supriya et al. 2011) was
chosen as a donor parent for transferring DMR. It is tall,
has medium-sized globular seeds, broad leaf blades, thick
stems and long-bristled, semi-compact panicles.
Recurrent parent: HBL 11 which is the male parent of HHB
197 hybrid and is susceptible to DM was used as a recurrent parent for introgression of genes for DMR. Compared
with ICMP 451, HBL 11 is short, has narrower leaf blades
and thinner panicles.
Molecular markers

A total of 18 SSR markers, four linked to DMR QTL
on LG 1, five to LG 2 and nine to LG 4 were used to
check parental polymorphism and the polymorphic ones
were used to select lines carrying the ICMP 451 allele for
DMR to make backcross progenies having resistance loci
table 1 in electronic supplementary material at http://www.
ias.ac.in/jgenet/). Fifty-six SSR markers spread evenly on
seven LGs excluding DMR QTL regions were used to estimate the recovery of the recurrent parent genome through
background selection (table 2 in electronic supplementary
material).
DNA extraction, polymerase chain reaction amplification and
marker genotyping

DNA was extracted from young, green leaf tissues of
parental genotypes, F1 s and backcross progenies using
the cetyltrimethylammonium bromide (CTAB) method
as described by Doyle and Doyle (1990) with some
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modifications. The integrity and quality of DNA was
checked by comparing with lambda uncut DNA on 0.8%
agarose gels stained with ethidium bromide, visualized
under a UV transilluminator and photographed using
a BioRad gel documentation system. Polymerase chain
reaction (PCR) was performed in 96-well plates in a BenchTop Gene Explorer thermocycler. The reactions were
performed in 20 µL volumes of PCR reaction mixture containing 20 ng DNA, 1 µL of 10× PCR buffer with MgCl2 ,
0.5 µM of each forward and reverse primer (Bioserve,
India), 250 µM dNTP (Fermentas, USA) and 0.5 U Taq
DNA polymerase (Thermo Scientific, USA). The PCR
programme consisted of initial denaturation for 5 min at
94◦ C and then denaturation for 30 s at 94◦ C, annealing at
49–63◦ C for 30 s and extension at 72◦ C for 30 s with 36
cycles. The last PCR cycle was followed by a final extension of 10 min at 72◦ C. The PCR products were separated
on 6% nondenaturing polyacrylamide gel electrophoresis
(PAGE) using an electrophoresis unit (C.B.S. Scientific).
The gel was run at a constant voltage of 250 V for 2.5–3 h.
Amplified products were visualized while the gel remained
in the plate sandwich under a UV transilluminator since
ethidium bromide was used for staining in this protocol
(Wang et al. 2003). An Alpha Innotech, USA gel documentation system was used for gel photography. Bands on the
gels were scored for the presence of parental alleles. Individuals showing banding pattern of donor parental type
(ICMP 451) were scored as ‘A’ and those showing recurrent
parental type (HBL 11) were scored as ‘B’. Heterozygotes
having both parental alleles were scored as ‘H’. Backcross
progenies segregating for heterozygosity for marker alleles
in the vicinity of DMR QTLs from donor ICMP 451 were
selected based on SSR marker genotype data. Background
selection was performed to analyse per cent recovery of
recurrent parent genome in BC3 F1 progenies by testing
for the presence of HBL 11 SSR marker alleles for the
nontarget region of LG 1, 2 and 4 and SSR markers from
other LGs and was visualized graphically using Graphical
Genotypes 2.0 software (Berloo 1999).

Molecular breeding strategy

A molecular breeding strategy to introgress DMR QTL in
HBL 11 (male parent of HHB 197) to improve resistance
against DM disease in HHB 197 hybrid of pearl millet is
presented in figure 1. Crosses were made between ICMP
451 and HBL 11 plants for generation of F1 seeds during the Summer, 2011 at ICRISAT, Hyderabad. Genomic
DNA from parental genotypes was isolated at CCSHAU,
Hisar and 18 SSR markers (table 1 in electronic supplementary material) linked to DMR QTLs were used to
check the parental polymorphism. SSR markers associated with DMR that were found polymorphic between
two parental genotypes were used for identification of true
F1 plants during Kharif, 2011 at CCSHAU, Hisar and
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the selected plants were used for generation of backcross
progenies. Foreground selection was made in each backcross generation to identify individuals which have the
ICMP 451 (donor parent) allele for DMR in the target
region using polymorphic SSR markers linked to DMR
QTLs (figure 2).
Recurrent parent alleles for markers unlinked to target DMR QTLs were used for background selection in
BC3 F1 generation. Fifty-six SSR markers together from
each LG, representing the whole nuclear genome were
checked for parental polymorphism and the polymorphic ones were used in background selection to check
recovery of recurrent parent genome. Plants selected
after background selection were subjected to disease
screening.
Phenotypic analysis

Agronomic and yield performance of plants grown in fields
were recorded in each generation. Agronomic parameters like plant height, panicle length, panicle diameter,
leaf blade width and effective number of tillers were
assessed at 50% flowering stage. After harvesting, 1000
grain weight was also recorded. Yield parameters like grain
yield and dry fodder yield were recorded in first year trials
(FYTs).
Disease screening

Greenhouse screening of improved BC 3 F 1 (HBL 11) lines:
Fungal bioassays using S. graminicola were carried out
on the resulting putatively improved HBL 11 plants
from BC3 F1 generation along with parents and universal susceptible check genotype 7042 S under controlled
conditions in greenhouse. Inoculation with oospores was
performed following the protocol of Singh et al. (1997).
Oospore inoculum obtained after grinding of infected leaf
samples was placed below and above the seeds so that
both emerging radicles and plumules come in contact with
oospores. For this, 10 g oospore powder was mixed with 1
kg potting mixture. Also, a layer of oospore powder was
spread on the surface of potting mixture. Forty seeds of all
entries were sown in three replications in six in pots and
covered with oospore potting mixture. Proper temperature
and humidity were maintained in greenhouse, as infection
by oospores is good at 30–35◦ C and >80% relative humidity (RH). Disease incidence (percentage of plants showing
chlorotic symptoms) was assessed 14 days after inoculation
based on the number of diseased plants of total number of
plants in a pot.
Artificial sick plot screening and field evaluation of improved
lines: Selected improved HBL 11 versions that showed
zero DM incidence (DMI) were grown under field conditions during Kharif, 2014 and Summer, 2015. Further,
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Figure 1. An overview of molecular breeding strategy employed to improve HHB 197 for DMR.

Figure 2. Electrophoretic pattern (PAGE) of PCR amplified products of parents and (a) BC1 F1 generation using Xpsmp 2088 marker,
P1–P4 = BC1 F1 generation; (b) BC2 F1 generation using Xipes 0098 marker, P1–P8 = BC2 F1 generation; (c) BC3 F1 generation using
Xpsmp 2088 marker, P1–P8 = BC3 F1 generation; (d) BC3 F1 generation using Xipes 0146 marker, P1–P8 = BC3 F1 generation; L =
20 bp ladder, D = donor parent (ICMP 451), R = recurrent parent (HBL 11).
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selected versions were tested at Hisar and artificial sick
plot nursery with original HBL 11 as check. In Kharif
2015, improved HHB 197 hybrid versions were sown at
CCSHAU, Hisar and Regional Research Station (RRS),
Bawal locations including artificial sick plot nursery at
Hisar. The improved lines were evaluated in randomized
block design. The trials were grown with locally appropriate protocols for planting date, plot dimensions and
fertilizer applications. Agronomic performance along with
yield parameters and DMI were evaluated. The original
HHB 197, HHB 67-improved and HHB 223 were used as
checks.

Results
Marker-assisted selection and backcrossing

Molecular breeding for improvement of HHB 197 was
undertaken as presented in figure 1. ICMP 451, which is
a DM-resistant genotype, was crossed with the male parent of HHB 197 hybrid, i.e. HBL 11 during summer 2011.
Polymorphism analysis in parents, i.e. HBL 11 and ICMP
451 was performed using 18 identified SSR markers on LG
1, 2 and 4 for DMR. Of the 18 SSR markers screened, six
were found to be polymorphic in parents; three from LG
1, namelyXipes 0146, Xipes 0098 and Xipes 0203; one from
LG 2, i.e. Xpsmp 2088 and two from LG 4, namely Xpsmp
2008 and Xpsmp 2076. Seeds of parents and F1 s so-formed
were collected and sown at farms of CCSHAU, Hisar during Kharif 2011. Five F1 lines were grown, of which one did
not grow well in the field. MAS was used to confirm hybridity of F1 plants carrying ICMP 451 alleles at markers
flanking the target regions using SSR markers. Heterozygous F1 hybrids having bands from both the parents were
confirmed hybrids. Two F1 s were found to be ‘true’ hybrids
carrying the target allele from ICMP 451. True F1 plants
were used to make first backcross by crossing with HBL
11 (recurrent parent) during this season. Polymorphic foreground markers targeting the resistance QTLs were used
for MAS in BC1 F1 generation during summer 2012. Scoring of banding pattern was performed and heterozygotes
were selected for further backcrossing. Four BC1 F1 s (a
total of 11 BC1 F1 plants) were selected. Thus, 11 BC2 F1
lines were grown in fields at CCSHAU, Hisar during Kharif
2012. Of these lines, three were discarded based on phenotypic selection and two did not grow properly. BC3 F1
seeds were prepared by crossing BC2 F1 plants and HBL
11. A total of 43 crosses were made ranging from 2 to 13
crosses in each line, depending on the presence of pollen
in recurrent parent and stigma in BC2 F1 plants. Care was
taken to cross phenotypically selected plants, e.g. short
BC2 F1 plants were preferred in making crosses. Based on
molecular analysis, 22 plants were selected in this generation. Subsequently, 22 BC3 F1 lines were grown in fields at
ICRISAT, Hyderabad during summer 2013. BC4 F1 seeds
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were collected after crossing BC3 F1 plants and HBL 11
plants. A total of 116 crosses were made ranging from
three to six crosses in each line. A total of 105 plants
were genotyped in BC3 F1 generation using polymorphic
foreground markers to select plants carrying linked DMR
QTLs. Of the 105 plants genotyped in BC3 F1 generation, only 10 were selected on the basis of QTL transfer
and DMI. LG 1 QTL was transferred in all the selected
plants, namely 435P1 (Xipes 0146 and Xipes 0203), 437P4
(Xipes 0146 and Xipes 0203), 437P7 (Xipes 0146 and Xipes
0203), 437P6 (Xipes 0146, Xipes 0203 and Xipes 0098),
451P4 (Xipes 0146, Xipes 0203 and Xipes 0098), 451P2
(Xipes 0146 and Xipes 0098), 451P3 (Xipes 0146 and Xipes
0203), 455P6 (Xipes 0203 and Xipes 0098), 491P5 (Xipes
0146 and Xipes 0098) and 499P2 (Xipes 0146 and Xipes
0098). A polymorphic SSR marker for LG 2 QTL (Xpsmp
2088) was also present in most of the selected plants except
for 435P1 and 455P6. For LG 4 QTL, polymorphic SSR
marker Xpsmp 2008 was present in three selected plants,
namely 435P1, 451P2 and 455P6. A representative profile
of some of the polymorphic foreground markers for each
backcross generation is presented in figure 2. Summarized
result of MAS operations in each generation is presented
in table 1.

Background analysis

Fifty-six SSR markers that were unlinked to DMR QTLs
and otherwise representing the whole pearl millet nuclear
genome were used for selection of individuals which have
recovered most of the recurrent parent genome. These
SSR markers were first used to check polymorphism in
parents and was found that 33 markers showed parental
polymorphism. These polymorphic markers representing
nuclear genome were screened on 10 selected plants of
BC3 F1 generation. The generated marker genotype data
were further used to represent graphically the percentage
of recurrent parent genome recovered on each separate
chromosome using Graphical Genotypes 2 software (figure 3). Analysis revealed that 70% recurrent parent, i.e.
HBL 11 genome has been recovered in most of the selected
plants; where in one individual (437P6) the recovery was
up to 96.8% (table 2). Further, to check diversity among
parents and selected individuals, cluster analysis was also
performed using NTsysPC 2.00 software. At a similarity
coefficient of 0.22, individuals were grouped into two main
clusters, namely A and B. ‘cluster A’ had only one individual, i.e. the donor parent, ICMP 451 and all other
individuals were clustered together with recurrent parent in ‘cluster B’ which depicts that selected individuals
were closely related to recurrent parent, HBL 11 and
hence it confirmed that a good amount of recurrent parent genome has been recovered in these selected individuals
(figure 4).
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Table 1. Summary of MAS operations and results in each generation.

Generation

Season

Selection for
target trait

Type of
plants selected

Product

Plants
genotyped

Plants
selected

Hybridization
ICMP 451 × HBL 11
F1 × HBL 11
BC1 F1 × HBL 11
BC2 F1 × HBL 11
BC3 F1 × HBL 11

Summer, 2011

No

None

F1 seeds

—

—

Kharif, 2011
Summer, 2012
Kharif, 2012
Summer, 2013

Yes
Yes
Yes
Yes

Heterozygotes
Heterozygotes
Heterozygotes
Heterozygotes

BC1 F1
BC2 F1
BC3 F1
BC4 F1

20
24
55
105

6
11
22
10

seeds
seeds
seeds
seeds

Figure 3. Graphical genotype representation of parents and selected individuals of BC3 F1 generation using background markers
where, A, donor parent (ICMP 451); B, recurrent parent (HBL 11).

Table 2. Molecular analysis of recovery of recurrent
parent (HBL 11) genome using Graphical Genotypes
software.
Individual
1
2
3
4
5
6
7
8
9
10

Alias

(%)

A (%)

ICMP 451
0
100
HBL 11
0
0
435P1
6.9
19.1
437P4
25.2 −3.8
437P6
−5.6 −1.4
451P4
5.9
21.7
451P2
14.2 −10.8
455P6
5.8
7.1
491P5
0 −19.4
499P2
−1 −22.1

B (%)

H (%)

0
100
70.3
75.2
96.8
71.7
77.1
72.7
76.9
81.8

0
0
3.7
3.4
−20.7
0.7
19.5
14.4
42.5
41.2

to DM screening in greenhouse against DM pathogen
population from Hisar, India during Kharif 2013. Among
the parental lines, donor parent ICMP 451 was resistant
to DM isolate. The original HBL 11 plants showed a mean
DMI of 53.92% whereas its improved versions in BC3 F1
generation showed mean DMI of 18.84%. In BC3 F1 generation, DMI ranged from 0 to 73% indicating segregation
of targeted alleles from the resistant donor. In recurrent
parent plants, DMI ranged from 17.24 to 100%. Four of
the selected plants in BC3 F1 generation showed zero DMI
and remaining six selected plants had DMI in between 3.50
and 7.69.

Performance of improved HBL 11 lines

Resistance evaluation of improved BC3 F1 lines

Selected BC3 F1 generation plants along with parents,
i.e. HBL 11 and ICMP 451; original HHB 197 plants
and universal susceptible control (7042 S) were subjected

Performance of putatively improved HBL 11, BC3 F1
plants was conducted during Summer, 2013 to compare
phenotypic and yield related traits of improved lines with
recurrent and donor parent genotypes. A good variation in plant height, panicle length, panicle diameter, leaf
blade width, number of tillers and 1000 grain weight was
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Figure 4. UPGMA dendrogram for parents and selected 10 individuals of BC3 F1 generation based on background marker analysis
using Jaccard’s similarity coefficient.

observed among improved lines (table 3). Plant height
ranged from 50 to 95 cm while mean plant height was 74.08
cm. There was an increase of 6 cm in mean plant height of
BC3 F1 generation plants as compared with recurrent parent plants. Standard error (S.E.) of 2.0 was observed for
plant height. Panicle length vary widely, ranging from 11
to 22 cm. Mean panicle length for the generation was 14.94
cm, while that of recurrent parent, HBL 11 was 13.91 cm
indicating increase in mean of BC3 F1 generation plants for
this trait. Panicle diameter also exhibited some differences
ranging from 1.6 to 2.8 cm in BC3 F1 generation plants.
Mean panicle diameter of 2.23 cm was recorded along with
HBL 11 mean of 2.09 cm. Standard error was found to
be less than 0.1 for this trait and coefficient of variability
was 7.23% in BC3 F1 generation. Leaf blade width ranged
from 1.2 to 2.5 cm in BC3 F1 generation while it ranged
from 1.4 to 3.0 cm in recurrent parent plants. Number of
tillers in recurrent parent plants ranged from 2 to 8, while
in BC3 F1 generation, they ranged from 1 to 7. BC3 F1 generation means revealed significant differences in 1000 grain
weight. With a mean of 9.25 g, BC3 F1 generation entries
ranged from 6.1 to 14 g. While 1000 grain weight for HBL
11 entries ranged from 8.93 to 14.2 g.
First year trial (FYT) of improved HHB 197 hybrids

The selected improved HBL 11 plants with zero DMI
and maximum recovery of recurrent parent genome were
further crossed with ICMA 97111 to generate improved
versions of HHB 197 hybrids during Kharif 2014. First
year replicated evaluation trial was conducted during
Kharif 2015 at Bajra experimental area, CCSHAU and
RRS, Bawal to compare agronomic and yield performance

of improved HHB 197 hybrid versions with that of
original HHB 197 hybrid, HHB 67 improved and one
another elite hybrid, HHB 223, whose male parent is also
HBL 11. Hybrid versions 1 and 3 were not tested at Bawal
location due to less seed. The data indicated that selected
versions (HHB 197-2 and HHB 197-4) had higher yields
and zero DMI (tables 4 and 5). Hybrid version HHB 1974 exhibited higher yield than the check HHB 197 at both
Hisar and Bawal locations. Days to 50% flowering of this
version at Hisar (45 days) almost matches with the original
hybrid (44 days) and at Bawal, this version and the original hybrid took the same days to 50% flowering (47 days).
Improved HBL 11 version, i.e. HBL 11-8, male parent of
HHB 197-4 exhibited no DMI (0.0%) as compared with
original HBL 11 (4.76%) at 60 days after sowing (DAS).
Similarly, in the case of hybrids, HHB 197-4 had no DMI
as compared with 2.08% in original HHB 197. The version
HHB 197-1 is also promising as compared with original
hybrid and its male parent to original male parent. HHB
197-1 is higher yielding, shows lower DMI as compared
with its counterpart original hybrid. Seeds of promising
versions of improved hybrid HHB 197 and its male parent,
HBL 11 will be multiplied and promising improved HBL
11 versions will be crossed with ICMA 843-22 and ICMA
94555 to generate improved versions of hybrids HHB 226
and HHB 223, respectively, as HBL 11 is a common male
parent of hybrids HHB 197, HHB 223 and HHB 226.

Discussion
Pearl millet DM disease is of great economic importance
in India and many countries in Africa as it causes significant yield losses. Therefore, on its first report in India, the
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Table 3. Phenotypic performance of pearl millet BC3 F1 plants during summer 2013, recorded at 50%
flowering stage.
Plant
height (cm)
Recurrent parent (HBL 11)
Mean
69.41
Maximum
90
Minimum
54
SE
2.28
CV (%)
7.35
BC3 F1
Mean
74.08
Maximum
95
Minimum
50
SE
2.08
CV (%)
6.28

Panicle
length (cm)

Panicle
diameter (cm)

Leaf blade
width (cm)

1000 grain
wt (g)

No. of
tillers

DMI

13.91
18
11
0.50
8.07

2.09
2.7
1.6
0.10
11.37

1.87
3
1.4
0.10
0.10

8.93
14.2
5.8
0.45
11.36

4.37
8
2
0.37
18.92

53.92
100.00
17.24
5.44
22.55

14.94
22
11
0.54
8.13

2.23
2.8
1.6
0.07
7.23

1.88
2.5
1.2
0.09
10.34

9.25
14
6.1
0.43
10.29

4.29
7
1
0.37
19.28

18.84
73.33
0.00
4.80
56.91

DMI was recorded under greenhouse conditions. SE, standard error; CV, coefficient of variation.
Table 4. Agronomic performance of improved HHB 197 versions tested at Bajra Experimental area, CCS HAU, Hisar and RRS,
Bawal.

Entry

Pedigree
ICMA
97111 X

CCS HAU, Hisar
HHB 197-1
HBL 11-5
HHB 197-2
HBL 11-3
HHB 197-3
HBL 11-6
HHB 197-4
HBL 11-8
HHB 197-5
HBL 11-9
HHB 197-6
HBL 11-13
HHB 197 (check)
HBL 11
HHB 223 (check)
HBL 11
HHB 67 Imp. (check) H 77/833-2-202
CD (P = 0.05)
RRS Bawal, CCS HAU
HHB 197-2
HBL 11-3
HHB 197-4
HBL 11-8
HHB 197-5
HBL 11-9
HHB 197-6
HBL 11-13
HHB 197 (check)
HBL 11
HHB 223 (check)
HBL 11
HHB 67 Imp. (check) H 77/833-2-202
CD (P = 0.05)

Plant
Days to 50% height
flowering
(cm)

Productive
tillers
(no./plant)

Panicle
length
(cm)

Panicle
diameter
(cm)

Grain
yield
(q/ha)

Dry fodder
yield (q/ha)

45
44
44
45
45
42
44
46
44

212
208
211
205
205
199
199
204
189

2.2
2.5
2.2
2.3
2.5
2.8
2.8
2.5
2.4

24.8
23.4
24.5
25.0
23.4
24.7
23.1
22.5
23.0

3.17
3.09
3.09
3.15
3.06
2.87
2.90
2.90
29.4

30.6
27.4
27.7
32.0
25.3
29.6
27.3
26.7
19.2
3.71

48.8
68.1
46.4
57.9
51.8
51.9
55.0
51.4
39.6

44
47
47
44
47
47
43

202
197
196
191
200
196
183

2.8
2.7
2.3
2.0
2.4
2.9
2.8

25.7
25.3
26.1
27.8
27.1
25.0
23.2

3.2
3.2
3.1
3.3
3.1
3.2
2.5

37.2
34.8
36.4
27.6
33.5
34.0
27.1
2.54

81.2
78.9
80.4
63.9
72.2
84.0
67.7

Mean data of three replications, plot size: nine entries (seven entries at Bawal) ×6 rows × 4 m × 45 cm.

disease was appropriately called as ‘disease of ill-drained
lands where it developed into epidemics of severity’ by
Butler (1907). The inheritance of DMR in pearl millet is quantitative, highly heritable and would respond
to selection (Angarawai et al. 2008). MAS has proved
its role in speeding up the precision breeding process to
develop agriculturally important varieties for disease resistance and several other traits (Ragimekula et al. 2013;
Farokhzadeh and Fakheri 2014; Gazal et al. 2016). In
the present product oriented effort, we reported successful improvement of HHB 197 hybrid for resistance to
DM disease through MAS. HHB 197 is a high-yielding

pearl millet hybrid which is tolerant to smut. This hybrid
has been adapted in Haryana, Rajasthan, Gujrat, Punjab and New Delhi, Uttar Pradesh and Madhya Pradesh
(http://dmd.dacnet.nic.in/10year_pearl.htm). The hybrid
is early maturing and was resistant to DM previously but
its resistance to DM has broken recently. Inheritance of
DMR is through nonadditive gene action where resistance
is dominant or partially dominant (Deswal and Govila
1994; Kataria et al. 1994). Also, segregation of host–plant
resistance for DM showed continuous variation in pearl
millet (Dass et al. 1984; Shinde et al. 1984). These factors may have contributed towards breakdown of DMR
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Table 5. DMI tested versions of improved HHB 197 and improved HBL 11.
Entry
FYT early version
HHB 197 improved
HHB 197-1
HHB 197-2
HHB 197-3
HHB 197-4
HHB 197-5
HHB 197-6
HHB 197 (check)
HHB 223 (check)
HHB 67 Imp. (check)

DM% (mean)

Entry

DM% (mean)

30 DAS

60 DAS

HBL 11 versions

30 DAS

60 DAS

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

2.27
2.94
2.63
0.00
6.00
5.88
2.08
4.55
2.78

HBL 11-5
HBL 11-3
HBL 11-6
HBL 11-8
HBL 11-9
HBL 11-13
HBL 11
HBL 11
H 77/833-2-202

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.00
5.88
3.57
0.00
2.27
3.33
4.76
—
—

in HHB 197. (Kumar et al. (2010) have reported that pearl
millet hybrid HHB 197 gave significantly higher yield over
local check, i.e. ‘improved HHB 67’ under both irrigated
and rainfed situations. Yield advantage with HHB 197
over HHB 67-improved was in the range of 13.9–24.0%
under irrigated conditions whereas yield advantage under
rainfed conditions was between 8.4 and 13.0%, although
Yadav et al. (2014) showed that HHB 197 gave better performance in terms of growth and yield under irrigated
conditions as compared with rainfed conditions. Also,
Gupta et al. (2015) found HHB 197 to be outstanding
among 20 genetically diverse pearl millet genotypes due
to its high mean value of test weight, grain yield per plot,
productive tillers per plant, panicle diameter and therefore
has recommended this genotype to be used as a reference variety for future breeding programmes. Considering
its importance in pearl millet production, improving this
hybrid with respect to DMR can provide better alternative hybrid to farmers, which could line-up after HHB
67-improved in the list of pearl millet varieties improved
using the MAS approach.
First QTL mapping study for DMR in pearl millet
was conducted by Jones (1994) and Jones et al. (1995),
where they described QTLs for pearl millet DMR effective
against pathogen populations from western and central
Africa as well as populations from south Asia. Breese
et al. (2002) has described that for the cross of ICMP 451
× H 77/833-2, resistance QTLs from the resistant parent
were mapped to LG 1, 2 and 4. These QTLs were effective against pathogen isolates from India, Sudan, Mali,
Nigeria and Niger. Utilizing the same cross, 15 SSR markers linked to DMR have been mapped on LG 1 and LG 4
(Taunk et al. 2017), of which three polymorphic SSR markers, namelyXipes 0203 on LG 1; Xpsmp 2008 and Xpsmp
2076 on LG 4 were deployed in the present study. Three
other polymorphic SSR markers used for foreground selection in the present study were mapped on LG 1 (Xipes 0146
and Xipes 0098) and LG 2 (Xpsmp 2088) (Rajaram et al.
2013).
MAS have previously been utilized in pearl millet for
producing improved HHB 67 hybrids resistant to DM,

which was the first product of MAS in pearl millet to be
delivered to Indian farmers. In that case, RFLP markers
were used for marker-assisted backcrossing with donor
parent ICMP 451 to transfer resistance to H 77/833-2.
Improved H 77/833-2 lines were crossed with 843A/B
to produce historically known ‘improved 67 hybrids’.
Similarly, Toojinda et al. (1998) have introgressed QTL
determining stripe rust resistance in barley. Phunc et al.
(2005) had introgressed three bacterial blight resistance
genes, namely xa-13, xa-5 and xa-4 in rice, where all the 60
selected lines that were tested against 11 races of bacterial
blight pathogen showed resistance to bacterial blight.
The present study reports the successful introgression
of DMR in genetic background of HBL 11, male parent
of HHB 197 hybrid by targeting three DMR loci on LG
1, 2 and 4. After undertaking three rounds of backcrossing and selection, improved HBL 11 lines were developed
which showed up to 96.8% recovery of recurrent parent
genome in BC3 F1 generation. In BC3 F1 generation, 10
plants were selected on the basis of QTL transfer and DMI,
where LG 1 QTL was transferred in all the selected plants,
whereas polymorphic markers from other two QTLs (LG
2 and LG 4) were present in some of the plants. Improved
lines with maximum recovery of recurrent parent genome
and which showed zero DMI under greenhouse conditions were crossed with ICMA 97111 to generate improved
HHB 197 hybrid versions. Replicated disease screening of
improved versions under field conditions during Kharif
2015 showed that all the versions showed zero DMI after
30 DAS and majority of them showed quite low DMI,
which was very less as compared with original HHB 197
hybrid check, indicating successful introgression of resistance QTL in these lines. Replicated yield assessment of
improved hybrid versions at Bajra Experimental Area,
CCSHAU, Hisar and RRS, Bawal during Kharif 2015 has
shown that there is increment in both grain yield (q/ha) and
dry fodder yield (q/ha) as compared with original hybrid
as well as with that of HHB 67 improved at both the locations (table 4). The increase in yield can be attributed to
the resistance offered by DMR QTLs in the improved versions. Also, the improved HHB 197 versions have similar
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maturity period to that of original HHB 197 hybrid as
no significant variation was observed for days to flowering. Further, improved HBL 11 plants can also be used
for improvement of two other pearl millet hybrids, namely
HHB 226 and HHB 223, whose male parent is also HBL
11. Although DMR has not broken in these hybrids yet but
with rapidly evolving pathogen population these hybrids
could also be succumbed to DM disease in future. Therefore, transfer of resistance QTLs in these hybrids can help
preventing their likely breakdown from DM disease.
In summary, the present study demonstrates the use of
MAS to develop higher grade hybrid with enhanced yield
and resistance to DM. The improved hybrid versions can
be tested in multilocation trials for possible release of the
second improved hybrid for DMR through MAS after
HHB 67-improved for commercial cultivation in India.
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