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Marker-assisted elimination of necrosis gene (Nel) present in
wheat varieties HD2967 and HD2733
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Abstract

Hybrid necrosis in wheat occurs because of two dominant complementary genes, Ne7 and Ne2, located on chromosomes 5BL and 2BS,
respectively. While transferring rust resistance genes in some Indian wheat varieties, hybrid necrosis was observed with HD2967 and
HD2733, while no necrosis was observed with HD2932 and HD3059. A marker-assisted backcrossing program was initiated to eliminate
the necrosis gene presentin HD2967 and HD2733. Markers linked to NeT (Xbarc74) and Ne2 (Leq54_LrLC10and Leq22_LrLC10) genes were
used in marker validation using a set of genotypes. The linked markers showed the presence of the NeT gene in wheat varieties HD2967,
HD2733 and positive check of Ne7, C306 and Ne2 gene in Parula as that of positive check Sonalika. The wheat varieties HD2932 and
HD3059 showed the absence of NeT and Ne2 genes as negative checks, Agra Local and NI5439. For marker-assisted elimination of Nel
from HD2967 and HD2733 or substitution of dominant NeT allele with recessive neT allele, HD2932 was used as a donor parent. Near
isogenic Lines (NILs) of HD2967 (RPG = 96.80%) and HD2733 (RPG = 95.55%) were identified in BC,F, generations. Plants homozygous
for recessive allele (ne7nel) and dominant allele (Ne71NeT) were crossed with Ne2 carrier Sonalika (Ne2Ne2) to test the effectiveness of
marker-assisted selection. While all the F,s of NeTNeT died at the seedling stage, the F s of nelnel were viable and produced normal
seeds. The present study validated the available molecular markers of Ne7 and Ne2 and used these markers to develop NILs devoid
of necrosis gene Nel.The superior genotypes (NILs) without any necrosis gene can be used freely in developing superior male sterile
(A) lines for hybrid breeding programmes or in the transfer of genes of economic importance without fear of getting hybrid necrosis.
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Introduction

The F, hybrids from many inter-varietal, inter-specific, and
intergeneric crosses in wheat often show deleterious traits
such as hybrid necrosis, hybrid chlorosis, hybrid dwarfism,
and apical lethality (Tomar et al. 2007). These deleterious
phenomena are often caused by genetic interactions
leading to premature and gradual death of certain F, hybrids
(Hermsen 1966). Hybrid necrosis manifests itself as the
gradual and premature drying of leaves in F, hybrids, leading
to the premature death of plants. Hybrid necrosis appears
once the seedling is two leaves old. The drying or necrosis
first appears at the tip of the oldest leaf, and it progresses
gradually to include the entire first, second, and third leaf,
as well as an abortive fourth leaf, ultimately leading to the
death of the seedling (Caldwell et al. 1943). Besides wheat,
hybrid necrosis has been documented in several other crops,
e.g., barley (Wiebe 1934), Arabidopsis thaliana L. (Smith et al.
2011; Muralidharan et al. 2014; Swiadek et al. 2017), tobacco
(Nicotiana tabacum L.) (Tezuka and Marubashi2006; Tezuka
2012; Liu and Marubashi 2014) and rice (Ichitani et al. 2007;
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Saito et al. 2007). In most of the reported cases, hybrid
necrosis was found to be controlled by interaction of two
non-alleliccomplementary genes, such as Ne1-Ne2in wheat
(Hermsen 1963; Zeven 1972), Hwal-Hwa2, Hwcl-Hwc2, and
Hwil-Hwi2 inrice (Ichitani et al. 2007; Kuboyama et al. 2009;
Chen et al. 2014), Le3-Le4 in cotton (Song et al. 2009), Rcr3/
Ne-Cf-2 in inter-specifc tomato hybrids (Krliger et al. 2002)
and DM1-DM2 and SRF3-RPP1 in Arabidopsis (Bomblies et al.
2007; Alcazar et al. 2010). Tomar et al. (1988) reported hybrid
necrosis in several inter-specific crosses involving Triticum
aestivum with T. durum, T. turanicum, T. polonicum and T.
pyramidale. Earlier Nishikawa (1967) and Zeven (1976) also
reported hybrid necrosis in inter-specific crosses.

The genetic basis of hybrid necrosis in wheat is a
complex yet fascinating area of study. The complementary
genes causing necrosis in wheat, namely Nel and Ne2, were
found to be located on chromosome arms 5BL and 2BS,
respectively (Tsunewaki 1961; Hermsen 1966; Zeven 1972;
Nishikawa et al. 1974). The variation in the degree of necrosis
among different F s was attributed to multiple alleles of Ne7
and Ne2 (Hermsen 1963). These alleles were characterized
as strong(s), moderate(m), weak(w), and with intermediate
strengths (mw and ms). The presence of multiple alleles at
each locus of NeT and Ne2 leads to different combinations of
Ne alleles, resulting in varying degrees of necrosis in different
crosses (Vikas et al. 2013). Chu et al. (2006) mapped necrosis
genes, Nel and Ne2, with microsatellite markers, Xbarc74
and Xbarc55, on chromosomes 5BL and 2BS at a genetic
distance of 2.2 and 2.3 cM, respectively. Fine mapping of the
necrosis gene Nel identified three co-segregating markers,
Xwgrc3146, Xwgrc3147 and Xwgrc3150 (Li et al. 2021). Later
in the same year, Si et al. (2021) used map-based cloning
to characterize the necrosis gene Ne2, which was found to
encode a coiled coil-nucleotide binding site-Leucine-Rich
Repeat (CC-NBS-LRR) protein.

The distribution of Nel and Ne2 in wheat varieties has
significant implications for wheat breeding programs.
A study on the distribution of Nel and Ne2 revealed a
predominance of Ne2 in Indian wheat varieties compared
to Nel (Vikas et al. 2013). While NeT is of Indian origin and
common in landraces and old varieties, the predominance of
Ne2 occurred after the introduction of semi-dwarf Mexican
wheat varieties, which are mostly Ne2 carriers, and also
due to the extensive and continuous use of germplasm
from Mexican and European origin in the hybridization
program (Vikas et al. 2013). Indian wheat varieties HD2967
and HD2733 are high-yielding varieties released more thana
decade ago for cultivation in different zones of the country.
When used in the crossing program, these varieties showed
hybrid necrosis in several crosses. Since HD2967 and HD2733
carry the Nel allele, their use in wheat breeding programs
is restricted. Eliminating the necrosis gene Nel in these
superior genotypes will enable breeders to use them in

hybrid or gene transfer programs without encountering
hybrid necrosis. Therefore, the present study was conducted
to eliminate the necrosis gene(s) by substituting the Nel
allele with the nefT allele in HD2967 and HD2733.

Materials and methods

Plant materials

The plant material comprised bread wheat genotypes
Agra Local (AL), N15439, HD2967, HD2733, HD2932, HD3059,
Sonalika, C306 and Parula. Wheat cultivars C306 and
Sonalika were used as positive checks for necrosis alleles
NeT and Ne2, respectively. Agra Local and NI5439 were used
as negative checks as they have been extensively used in
different crossing programmes without manifestation of
necrosis. Varieties HD2967, HD2733, HD2932, HD3059, and
a Mexican wheat genotype Parula (with which HD2967
and HD2733 produced hybrid necrosis) were used as test
genotypes. HD2967 and HD2733 were used as recurrent
parents (RP) in the marker-assisted backcross breeding
programme, while HD2932 (nelnelne2ne2) was used as
donor parent (DP) for the neT allele.

Molecular markers used in marker assisted selection
SSR marker Xbarc74 was used in marker-assisted selection
of necrosis gene Nel. For Ne2 two indel-specific markers,
Leg54_LrLC10 and Leq22_LrLC1O were used in the current
study. The markers Xbarc74, Leq54_LrLC10,and Leq22_
LrLC10 are co-dominant markers and can differentiate
heterozygotes from homozygotes. The details of markers
used in the current study are provided in Table 1. After
validation, the linked molecular marker was used in
foreground selection to identify plants carrying recessive
allele (ne?) either in heterozygous or homozygous state.
Parental polymorphism between RPs HD2967 and HD2733
and DP HD2932 was carried out with 642 SSR primers
covering 21 wheat chromosomes. Polymorphic markers
were used in background selection in each backcross
generation.

Marker assisted backcrossing to substitute the
dominant allele Nel with the recessive allele nel

The recurrent parents HD2967 and HD2733 were crossed
with the donor parent HD2932 to produce F, generations. F,
plants (NeTnel) were backcrossed with respective recurrent
parents to produce BCF, generations. The details of the
marker-assisted backcrossing scheme followed in the
current study are given in Fig. 1. Ten plants carrying the
nel allele and showing maximum phenotypic resemblance
with their respective recurrent parents were selected in
each backcross generation for marker-assisted background
analysis. Plants with maximum recurrent parent genome
(RPG) were backcrossed or selfed to produce the next
generation. In BCF, generation, plants carrying nel in
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Table 1. Molecular markers used for NeTland Ne2 alleles

Gene for SSR markers  Primer sequence Chromo Annealing Dominant/Co-  Reference

necrosis some temperature (°C)  dominant

Nel Xbarc74 F:5' GCGCTTGCCCCTTCAGGCGAG 3’ 5BL 60 Co-dominant  Chu etal.(2006)
R:5’
CGCGGGAGAACCACCAGTGACAGAGC
3

Ne2 Leg54_LrLC10 F:5'CCACCAAACAAACTAAAGAAGC 2BS 58 Co-dominant ~ Zhang et al. (2022)
R: CACCCGATGACGATAAGC

Leq22 LrlC10 F: ACGTACAGAGAAGTGCCCAC 2BS 56 Co-dominant  Zhang et al. (2022)

R: GGCTCAAGTGGGTCTCTGAA

a homozygous state and with maximum RPG recovery
were identified. These plants were selfed to produce BCF,
families. Percent genome recovery (PGR)in each backcross
generation of HD2967 and HD2733 was calculated as given
below:

Percent genome recovery (PGR) = [no of homozygous
loci+1/2 (no of heterozygous loci)] / Total no of polymorphic
primers (or) loci x 100

Marker analysis

Genomic DNA was isolated from 4 to 5-week-old seedlings
by the CTAB method (Murray and Thompson, 1980). The
DNA samples were quantified, and quality was confirmed
with NanoDrop™ spectrophotometer. DNA samples were
then diluted with millipore water to 25 ng/uL concentrations
as working stock and stored at -20°C until used for PCR
amplification. The PCR reaction was carried out in a reaction
volume of 10 uL comprising 4 pL of 2x GoTag PCR Master Mix
(Promega, #M7122), 1-uL of each primer (5 pmol/uL), 2 uL
of nuclease-free water and 2 pL of 25 ng/uL DNA (50 ng) in
96-well PCR plates with thermal seal in Eppendorf thermal
cycler with following thermal profile: initial denaturation
step of 94°C for 4 minutes, followed by 35 cycles of 94°C for
30 seconds (denaturation), at specificannealing temperature
of primers for 30sec, 72°C for 30 seconds (primer extension)
and a final extension of 72°C for 10 minutes and storage at
4°C. An agarose gel (3.5%) was prepared using high-gel-
strength agarose to resolve the PCR products. Samples were
loaded into wells using a micropipette. The gel wasrun ata
voltage of 120 to 130V for 2 to 3 hours. and visualized under
UV light using a gel documentation system by Syngene.

Testcross with Ne2 carrier genotypes to know the
efficiency of marker assisted selection

To determine the effectiveness of marker-assisted selection,
plants homozygous for recessive (nelnel) and dominant
(NelNe1) alleles (in BC,F, generation) were crossed with
wheat cultivar Sonalika (Ne2Ne2), and test cross F.s were
produced. These test cross F;s were raised to observe the
development of necrosis in them.

HD2932

DP (nelnel)

HD2967 (or) HD2733 X

RP (NeiNei)

F, X HD2967 (or) HD2733
(Nelnei) l RP (NelNel)

BC,F,
(Nelnel)
Marker assisted FS
BC,F, X HD2967 (or) HD2733
(Nelnel) RP (NelNel)

Marker assisted
F5 & BS

BC,F,
(Nelnel)

Marker assisted
FS &BS

BC,F,
(nelnel)

Marker assisted
FS & BS

BC,F; Progeny rows
NILs (HD2967 (nel) and HD2733 (nel))

Fig. 1. Schematic diagram of development of non-necrotic near
isogenic lines of HD2967 and HD2733 using marker-assisted backcross
breeding

Results

Validation of markers for necrosis genes Nel and Ne2 and
identification of necrosis genes present in wheat varieties
HD2967 and HD2733 are done using the linked markers and
the validated marker of NeT was used in its marker-assisted
elimation.

Validation of markers for the Nel gene

The markers reported to be linked with necrosis genes
Nel and Ne2 (Table 1) were used for amplification in test
genotypes using positive and negative checks for marker
validation. Marker Xbarc74, linked with Nel, produced three
different bands of size 153, 165 and 179 bp. Wheat varieties,
HD2967 and HD2733 and Nel positive check C306 produced
band of 165 bp (Fig 2) indicating presence of Nel in HD2967
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and HD2733. Wheat varieties, HD2932 (non-carrier for
necrosis, i.e., neTnelne2ne2) and Sonalika (carrier of Ne2i.e.,
nelnelNe2Ne2), produced a band of size 153 bp compa{red
to positive check C306 (NelNel ne2 ne2)which produced
165 bp band. Negative checks, Agra Local and NI5439 also
produced a band of 153 bp size (Fig. 2). Wheat genotypes
HD3059, and Parula produced a band of 179 bp, indicating
the absence of NeT allele in both the genotypes.

Validation of marker for Ne2 gene

Indel markersLeg54_LrLC10 and Leq22_LrLC10 linked to
necrosis gene Ne2 were used in marker validation using
the same set of genotypes as it was done in the case of the
Nel gene.Both the markers Leq54_LrLC10and Leq22_LrLC10
produced similar banding patterns in Sonalika (positive
check for Ne2) and test genotype Parula, indicating the
presence of Ne2 in Parula. All other genotypes (Agra Local,
NI15439, C306, HD2967, HD2733, HD2932 and HD3059)
produced different banding patterns compared to Sonalika
and Parula indicated the absence of Ne2 in all of them (Fig.
3). The presence/absence of necrosis genes Nel and Ne2 in
each genotype is presented in Table 2.

Marker assisted elimination of Nel gene in wheat
varieties HD2967 and HD2733

Screening of wheat genotypes HD2967 and HD2733 with
marker Xbarc74, linked with NeT, produced a band of 165 bp.

HD3059

2

- —— T -

—

T 1
153bp 153bp 165bp 165bp 165bp 153bp 179bp 153bp 179bp

100 bp ladder Xbarc74 for Nel

Fig. 2. Validation of molecular marker, Xbarc74 linked to necrosis
gene NeT using a set of genotypes

Table 2. Presence/absence of necrosis genes Nel and Ne2 in test
genotypes based on validated markers

S.No. Genotype/Wheat Nel (+ve/-ve) Ne2 (+ve/-ve)
variety

1. Agra Local -ve -ve
2. NI15439 -ve -ve
3. C306 +ve -ve
4. HD2967 +ve -ve
5. HD2733 +ve -ve
6. HD2932 -ve -ve
7. HD3059 -ve -ve
8. Sonalika -ve +ve
9. Parula -ve +ve
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Fig. 3. Validation of molecular marker, Leqg54 LrLC10andLeq22_LrLC10
linked to necrosis gene Ne2 using a set of genotypes

Wheat variety C306, a known carrier of Nel, also produced
a similar band of 165 bp, indicating the presence of the
NeT allele in HD2967 and HD2733. Wheat variety HD2932
(nelnelne2ne2), which was used as a donor parent, amplified
a band of different sizes for both the markers of Ne7 and Ne2,
indicating the absence of both in HD2932.

A parental polymorphism survey between the donor
genotype for the nel allele, HD2932, and recurrent parents
HD2967 and HD2733 identified 48 and 45polymorphic
markers, respectively, out of 642 markers used. The
percentage of polymorphic markers was 7.47 and 7.00%
in HD2967 and HD2733, respectively. These polymorphic
markers were used in the background selection of plants
carrying recessive allele neT in each backcross generation.

BC,F, generation derived from the cross HD2967/
HD2932 was screened with linked marker Xbarc74. Of,
200 BC/F, plants, 92 plants showed the presence of nel
in a heterozygous state (Nelnel) (Table 3). These plants
were subjected to phenotypic selection. Ten plants with
maximum phenotypic similarity with recurrent parents
were selfed to produce BC F, generation. Foreground
selection of 43 BC/F, plants identified 11 plants with ne7 in
the homozygous state (nefnel) and 17 plants with neT in
the heterozygous state (Nelnel) (Table 3). Phenotypic and
background selection in BC,F, generation identified single
heterozygous plants (Nelnel) with a maximum of 85.10%
of RPG. This plant was backcrossed with recurrent parent
HD2967 to produce BC,F, generation. Foreground selection
of 90 BC,F, plants identified 51 plants with the neT allele
in a heterozygous state (Table 3). Background selection
of 10 phenotypically selected BC,F, plants (with NelneT)
identified a plant with 95.75% RPG (Table 3). The plant with
maximum RPG was selfed to produce BCF, generation.
A total of 40 BCF, plants were produced. In the BCF,
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generation foreground selection with co-dominant marker
Xbarc74 identified 9 plants as homozygous and 23 plants
as heterozygous for nel allele. Background selection in
homozygous plants identified plants with a maximum RPG
of 96.80%. BCF, plants homozygous for nel were selfed to
produce BC,F, families.

Like HD2967, backcross generations of HD2733 were
selected using foreground and background markers for
identifying homozygous NILs with maximum RPG of
HD2733. Foreground selection of 150 BC,F, plants from
the cross HD2733/HD2932 identified 73 plants with nel
in a heterozygous state (Nelnel) (Table 3). These plants
were subjected to phenotypic selection. Ten plants with
maximum phenotypic similarity with recurrent parent were
selfed to produce BC,F, generation. Foreground selection
in BC.F, generation identified 21 homozygous (nelnefl) and
22 heterozygous (Nelnel) plants out of 68 plants screened
(Table 3). Phenotypic and background selection in BC,F,
generation identified single heterozygous plants (NelneT)
with a maximum of 84.78% of RPG and backcrossed to
HD2733 to produce BC,F, generation. Foreground selection
of 302 BC,F, plants identified 124 plants with nel in
heterozygous state (NelneT) (Table 3). Background selection
of 10 phenotypically selected BC,F, plants identified a
plant with 93.47% of RPG (Table 3). This plant was selfed
to produce BC,F, generation. Foreground selection of 90
BC,F, plantsidentified 15 plants homozygous and 53 plants

BC,F, Plants

Fig. 4. Foreground selection in BCF, generation of cross HD2733/
HD2932 using marker Xbarc74. Here P1, HD2733; P2, HD2932 and

heterozygous for nel allele. A representative gel picture of
foreground selection for ne, with marker Xbarc74 in BCF,
generation is presented in Fig. 4. Background selection in
homozygous plants identified plants with maximum RPG
of 95.55%. BC,F, plants homozygous for nel were selfed to
produce BC,F, families.

Result of test crosses with Ne2 carriers

The testcross F,s generated from BC,F, plants identified as
homozygous for nel and Nel were raised and the seedlings
were observed for development of necrosis. The F s
produced from the crosses, HD2733 (nel) x Sonalika (Ne2)
and HD2967 (nel) x Sonalika (Ne2) showed normal seedlings
withoutany necrosis while the F,s produced from the crosses
HD2733 (Nel) x Sonalika (Ne2) and HD2967 (Nel) x Sonalika
(Ne2) produced complete necrosis in all the seedlings.

Discussion

Bread wheat varieties HD2967 and HD2733 have been the
dominant varieties cultivated in different wheat-growing
zones of India. During the hybridization program under
different wheat improvement projects, it was observed that
these varieties were producing hybrid necrosis in several
crosses. When crossed with Parula (a donor of APR genes
Lr34,Lr46,and Lr68), these wheat varieties produced hybrid
necrosis. Since many of the donor genotypes involved
in crossing carried the Ne2 gene for necrosis, it became
difficult to utilize these high-yielding varieties in the crossing
programme. Therefore, the present study was initiated to
substitute the dominant allele Ne? in HD2967 and HD2733
with the recessive allele nel so that they can be crossable
with any genotype without producing hybrid necrosis.
Though markers for both Nel and Ne2 are available, only one
report was available where a marker of Ne2 was used in the
screening of wheat cultivars. Apart from this, there are no
such reports available where markers of necrosis genes were
used either for screening or for marker-assisted selection.

Table 3. No. of plants identified of carrying neT allele in each backcross generation using markers Xbarc74 and their percent recurrent

parent genome recovery

Breeding cross  Generation  No. of plants Number of plants carrying ne1 allele Maximum recurrent parent
screened In homozygous condition In heterozygous condition genome (RPG)%
BCF, 200 92 -
HD2967/ BC,F, 43 1 17 85.10
HD2932 BCF, 90 51 95.75
BC,F, 40 9 23 96.80
BC,F, 150 73 -
HD2733/ BC,F, 68 21 22 84.78
HD2932 BCF, 302 124 93.47
BC,F, 90 15 53 95.55
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The necrosis genes, NeT and Ne2, are well characterized,
and markers linked to both genes are available (Chu et al.
2006; Li et al. 2021). The co-dominant marker Xbarc74, linked
with Nel, was validated on a set of bread wheat genotypes.
It produced a band of size 165 bp in wheat varieties HD2967,
HD2733, and C306 (positive check for the dominant allele
NeT), while wheat genotypes Agra Local, NI5439, HD2932,
and Sonalika produced a band of 153 bp and HD3059 and
Parula produced 179 bp bands, indicating presence of
Net in HD2967 and HD2733 only and its absence in other
genotypes. Also, the 165 bp band amplified by Xbarc74 is
corresponding to the Nel allele. Amplification of bands
of different sizes with one marker may correspond to the
presence of multiple alleles at a single locus. Galaiev (2016)
studied the distribution of different alleles of necrosis gene
Ne2 in different wheat cultivars of Ukrainian and Russian
selections using marker Xbarc55-2B. It produced 142 bp for
ne2, 136 bp for Ne2*'™, 132 bp for Ne2™ and 126 bp for Ne2.

Indel markers Leq54_LrLC10 and Leg22_LrLC10 linked to
necrosis gene Ne2 were used in the present study for initial
validation. Both the markers produced unique bands in
positive checks Sonalika and Parula, which carried NeZ'The
other genotypes AL, NI5439, C306, HD2967, HD2733,HD2932
and HD3059 produced bands of different sizes. Wheat
genotypes C306, HD2967, and HD2733 carry dominant Nel
while AL, N15439, HD2932, and HD3059 are non-carriers for
necrosis and carry both the genes in recessive homozygous
condition. i.e., neTnelne2ne2. Thus, the SSR marker Xbarc74
and the two indel markers Leq54 _LrLC10 and Leq22_LrLC10
were validated to identify alleles for NeT and Ne2 genes. Vikas
etal.(2013) also identified the presence of NelNelnelnelgene
in HD2733, nelnelNe2Ne2 gene in Sonalika and both genes
in recessive condition (nelnelne2ne2) in N15439 by crossing
these lines with C306 and HD2329, known carriers of necrosis
genes NelNelne2ne2 and nelnelNe2Ne2, respectively.

The validated markers were used in the marker-assisted
breeding programme in the present study to develop Near
Isogenic Lines (NILs) of HD2967 and HD2733, which carried
the recessive allele nel instead of the dominant allele Nel.
Different backcross generations (BC|F,, BC|F,, BC,F, BCF,
and BCF,) were raised and foreground and background
selections were conducted as per the standard procedure.
The wheat variety HD2932 was used as a donor variety for
the nel allele. HD2932 has been extensively used in our
breeding programme without producing necrosis (Mallick
etal. 2015, 2022, and 2024) and found to carry two necrosis
genes in homozygous recessive condition i.e,neTnelne2ne2.
The markers used for necrosis genes Nel and Ne2 in
the present study also confirmed this. Marker-assisted
background selections coupled with phenotypic selection
in every backcross generation helped to recover 96.80%
of RPG in HD2967 and 95.55% of RPG in HD2733 in their
BC,F, generations. Marker-assisted background selectionin
phenotypically selected plants in each backcross generation

has always helped to recover more than 90% of RPG in just
two backcrosses and one generation of selfing (Mallick et
al. 2015, 2022a, b and 2024). Also, as both the donor and
recurrent parents used here are cultivated wheat varieties,
recovery of RPG was quite easy due to identification of
lesser number of polymorphic markers between them.
To validate the results of marker-assisted elimination of
Nel gene in HD2967 and HD2733, the BC,F, plants with
homozygous recessive (nel) and dominant (NeT) alleles were
crossed with Ne2 carrier Sonalika. As expected, Fs from
HD2967 (Nel)/ Sonalika (Ne2) and HD2733 (NeT)/Sonalika
(Ne2) cross produced necrosis and all the seedlings died.
On the other hand, F.s of Sonalika (Ne2) with NILs of HD2967
and HD2733 carrying recessive allele nel, grew normally
without producing necrosis. Thus the test crosses of newly
developed lines of HD2967 and HD2733 carrying nefl allele
validated the results of marker-assisted selection. NILs of
HD2967 and HD2733 carrying the nef allele in homozygous
state are useful genetic resources that can be freely used in
crossing programmes as these lines are now non-carriers
for necrosis genes.

Authors’ contribution

Conceptualization of research (NM, V); Designing of the
experiments (SKJ, NM, MSS); Contribution of experimental
materials (V, NM); Execution of field/lab experiments
and data collection (BSV, SB, MKC); Analysis of data and
interpretation (AKC, PA, RK); Preparation of the manuscript
(NM, V, SKJ, NMS).

Acknowledgements

The firstauthor is grateful to Post Graduate School, IARI, New
Delhi for financial assistance during her M.Sc programme.
The corresponding author expresses her gratitude to the
Indian Council of Agricultural Research (ICAR) for funding
this research under the project “CRP on Hybrid Technology”
(Project Code: 12-142-B).

References

Alcazar R., Garcia A. V., Kronholm 1., Meaux J. de., Koornneef
M., Parker J. E. and Reymond M. 2010. Natural variation at

Strubbelig Receptor Kinase 3 drives immune-triggered
incompatibilities between Arabidopsis thaliana accessions.
Nat. Genet., 42(12): 1135-1139. https://doi.org/10.1038/ng.704

Bomblies K., Lempe J., Epple P., Warthmann N., Lanz C., Dangl J. L.
and Weigel D. 2007. Autoimmune response as a mechanism
for a Dobzhansky-Muller-type incompatibility syndrome
in plants. PLoS biology, 5(9): 236. https://doi.org/10.1371/
journal.pbio.0050236

Caldwell R. M. and Compton L. E. 1943. Complementary lethal
genes in wheat: causing a progressive lethal necrosis of
seedlings. J. Hered., 34(3): 67-70. https://doi.org/10.1093/
oxfordjournals.jhered.a105248



66 S.V.Baby et al.

[Vol. 85, No. 1

Chen C,, Chen H,, Lin Y. S., Shen J. B, Shan J. X., Qi P, Shi M., Zhu
M. Z., Huang X. H., Feng Q., Han B., Jiang L., Gao J. P. and
Lin H. X. 2014. A two-locus interaction causes interspecific
hybrid weakness in rice. Nat. Commun., 5(1): 1-1. https://doi.
org/10.1038/ncomms4357

Chu C. G,, Faris J. D., Friesen T. L. and Xu. S. S. 2006. Molecular
mapping of hybrid necrosis genes NeT and Ne2 in hexaploid
wheat using microsatellite markers. Theor. Appl. Genet.,
112(7): 1374-1381. DOI: 10.1007/s00122-006-0239-9

Galaiev O.2016. Identification and distribution of alleles of hybrid
necrosis gene Ne2 in soft wheat cultivars (Triticum aestivum
L.). Agricultural Science and Practice, 3(3): 22-27. https://doi.
org/10.15407/agrisp3.03.022

Hermsen J. 1963. The genetic basis of hybrid necrosis in wheat.
Genetica, 33(1): 245-287. https://doi.org/10.1007/BF01725765

Hermsen J. 1966. Hybrid necrosis and red hybrid chlorosis. In: Proc
2nd Int Wheat Genet Symp, Hereditas Suppl., 2: 439-452.

Ichitani K., Namigoshi K., Sato M., Taura S., Aoki M., Matsumoto Y.,
Saitou T., MarubashiW.and Kuboyama T. 2007. Fine mapping
and allelic dosage effect of Hwc1, a complementary hybrid
weakness geneinrice. Theor. Appl. Genet., 114(8): 1407-1415.
doi: 10.1007/s00122-007-0526-0.

Kruger J., Thomas C. M., Golstein C., Dixon M. S., Smoker M., Tang
S., Mulder L., Jones J.D. 2002. A tomato cysteine protease
required for Cf-2-dependent disease resistance and
suppression of auto necrosis. Science, 296(5568): 744-747.
DOI: 10.1126/science.1069288

Kuboyama T., Saito T., Matsumoto T., Wu J., Kanamori H., Taura S.,
Sato M., Marubashi W. and Ichitani K. 2009. Fine mapping
of HWC2, a complementary hybrid weakness gene, and
haplotype analysis around the locus inrice. Rice, 2(2): 93-103.
https://doi.org/10.1007/512284-009-9026-y

Li N., Tan Q., Ding J,, Pan X. and Ma Z. 2021. Fine mapping of Nel,
the hybrid necrosis gene complementary to Ne2 in common
wheat (Triticum aestivum L.). Theor. Appl. Genet., 134(9):
2813-2821. DOI: 10.1007/500122-021-03860-9

Liu H. and Marubashi W. 2014. Species origin of genomic factors
in Nicotiana nudicaulis Watson controlling hybrid lethality in
interspecific hybrids between N. nudicaulis Watson and N.
tabacum L. Plos one, 9(5): p.e97004. https://doi.org/10.1371/
journal.pone.0097004

Mallick N., Jha S.K., Agarwal P., Kumar S., Mall A., Choudhary
M.K.,Chandra A K., Bansal S., Saharan M.S., Sharma J.B. and
Vinod. 2022a. Marker-assisted transfer of leaf and stripe rust
resistance fromTriticum turgidum var. durum cv. Trinakria to
wheat varietyHD2932. Front Genet., 13: 941287. https:// doi.
org/ 10. 3389/ fgene.2022. 941287

Mallick N., Jha S.K., Agarwal P.,, Mall A., Kumar S., Choudhary
M.K.,Bansal S., Saharan M.S., Sharma J.B. and Vinod. 2022b.

Marker-assistedimprovement of bread wheat variety HD2967
for leafand stripe rust resistance. Plants., 11(9): 1152. https:/
doi. org/ 10.3390/ plant s1109 1152

Mallick N., Vinod., Jha S.K., Raghunandan K., Choudhary M.K,,
Agarwal P, Singh M., Kumari P, Niranjana M. and Sivasamy M.
2024. Marker-assisted development of triple rust resistance
wheat variety HD3407. Cereal Res. Commun., 52(4): 1779-
1788. https://doi.org/10.1007/542976-024-00501-x

Mallick N., Vinod., Sharma J.B., Tomar R.S., Sivasamy M. and Prabhu
K.V. 2015. Marker-assisted backcross breeding to combine
multiple rustresistance in wheat. Plant Breed., 134: 172-177.
https:// doi. org/ 10.1111/ pbr. 12242

Muralidharan S., Box M. S., Sedivy E. L., Wigge P. A., Weigel D. and
Rowan B. A. 2014. Different mechanisms for Arabidopsis
thaliana hybrid necrosis cases inferred from temperature
responses. Plant Biol., 16(6): 1033-1041.doi: 10.1111/plb.12164.

Murray M. G. and Thompson W. F. 1980. Rapid isolation of high
molecular weight plant DNA. Nucleic Acids Res., 8(19):4321-5.
doi: 10.1093/nar/8.19.4321.

Nishikawa K. 1967. Identification and distribution of necrosis and
chlorosis genes in tetraploid wheat. Seiken-Ziho, 19: 37-42.

Nishikawa K., Mori T., Takami N. and Furuta Y. 1974. Mapping of
progressive necrosis genes, Nel and Ne2 of common wheat
by the telocentric method. Jpn. J. Breed., 24(6): 277-281.
https://doi.org/10.1270/jsbbs1951.24.277

Saito T., Ichitani K., Suzuki T., Marubashi W.and Kuboyama T. 2007.
Developmental observation and high temperature rescue
from hybrid weakness in a cross between Japanese rice
cultivars and Peruvian rice cultivar Jamaica’. Breed. Sci., 57(4):
281-288.https://api.semanticscholar.org/CorpuslD:85164136

SiY., ZhengS., NiuJ,, Tian S, Gu M., Lu Q.,He Y., Zhang J., Shi X., Li
Y.and Ling H.Q.2021. Ne2, a typical CC-NBS-LRR-type geneis
responsible for hybrid necrosis in wheat. New Phytol., 232(1):
279-289. https://doi.org/10.1111/nph.17575

Smith L. M., Bomblies K.and Weigel D. 2011. Complex evolutionary
events at a tandem cluster of Arabidopsis thaliana genes
resulting in a single-locus genetic incompatibility. PLoS
Genet., 7(7): p.e1002164.DOI: 10.1371/journal.pgen.1002164

Song L., Guo W,, and Zhang T. 2009. Interaction of novel
Dobzhansky—-Muller type genes for the induction of hybrid
lethality between Gossypium hirsutum and G. barbadense
cv. Coastland R4-4. Theor. Appl. Genet., 119(1): 33-41. DOI:
10.1007/s00122-009-1014-5

Swiadek M., Proost S., Sieh D., Yu J., Todesco M., Jorzig C., Rodriguez
Cubillos A.E., Plotner B., Nikoloski Z., Chae E., and Giavalisco
P.2017.Novel allelic variants in ACD6 cause hybrid necrosisin
local collection of Arabidopsis thaliana. New Phytol., 213(2):
900-915. doi: 10.1111/nph.14155.

Tezuka T. 2012. Hybrid lethality in the genus Nicotiana. Botany.


https://doi.org/10.1007/s00122-006-0239-9
http://dx.doi.org/10.1126/science.1069288

February, 2025]

Marker-assisted elimination of necrosis gene (NeT) present in wheat 67

InTech, JanezaTrdine, 9(51000): 191-210. DOI: 10.5772/33544
Tezuka T. and Marubashi W. 2006. Hybrid lethality in interspecific
hybrids between Nicotiana tabacum and N. suaveolens:
evidence that the Q chromosome causes hybrid lethality

based on Q-chromosome-specific DNA markers. Theor. Appl.
Genet., 112(6): 1172-1178. DOI: 10.1007/s00122-006-0219-0

Tomar S. M. S., Kochumadhavan M., Nambisan P.N. and Joshi B. C.
1988. Hybrid necrosis and chlorosis in wild emmer, Triticum
dicoccoides Korn. 7™ Int. Wheat Genetics Symp. Cambridge,
1: 165-168.

Tomar S. M. S., Vinod and Singh B. 2007. Genetic analysis of apical
lethality in Triticum aestivum L. Euphytica, 156: 425-431.
https://doi.org/10.1007/510681-007-9392-8

Tsunewaki K. 1961. Monosomic and conventional analyses
in common wheat. The Japanese J. Genet., 36: 55-62.
DOI:10.1266/JJG.36.55Corpus ID: 85138900

Vikas V. K., Tomar S. M. S., Sivasamy M., Kumar J., Jayaprakash P.,
Kumar A., Peter J., Nisha R. and Punniakotti E. 2013. Hybrid

necrosis in wheat: evolutionary significance or potential
barrier for gene flow? Euphytica, 194(2): 261-275. https://api.
semanticscholar.org/Corpus|D:85138900

Wiebe G. A. 1934. Complementary factors in barley giving a lethal
progeny. J. Hered., 25(7): 273-274. https://doi.org/10.1093/
oxfordjournals.jhered.a103943

Zeven A. C. 1972. Determination of the chromosome and its arm
carrying the Nel-locus of Triticum aestivum L., Chinese Spring
and the Nel-expressivity. Wheat Inform. Serv., 33: 4-6.

Zeven A. C. 1976. Seventh supplementary list of wheat varieties
classified according to their genotype for hybrid necrosis
and geographical distribution of Ne-genes. Euphytica, 25(1):
255-276. https://doi.org/10.1007/BF00041556

Zhang M., Lv S., Wang Y., Wang S., Chen C., Wang C., Wang Y.,
Zhang H. and Ji W. 2022. Fine mapping and distribution

analysis of hybrid necrosis genes Ne? and Ne2 in wheat in
China. Theor. Appl. Genet., 135(4):1177-1189. DOI: 10.1007/
s00122-021-04023-6


https://link.springer.com/article/10.1007/s10681-007-9392-8
https://link.springer.com/article/10.1007/s10681-007-9392-8

	_Hlk151750511
	_Hlk159262865
	_Hlk159435773

