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Abstract In wheat, 25 Rht genes for dwarfness are known,
which include both, GA-insensitive and GA-responsive
genes. The GA-insensitive Rht genes have been widely
used, although, their suitability under abiotic stress condi-
tions has been questioned. This necessitated a search for
alternative GA-responsive, spontaneous and induced
dwarfing genes. We earlier reported an induced dwarf
mutant (‘dwarf mutant-3’; 44 ¢cm), and the mutant allele
was named Rht4c allele (2BL). This dwarf mutant was not
suitable for cultivation due to its extra dwarf nature.
Therefore, we searched for naturally occurring QTLs,
which would modify the phenotype of ‘dwarf-mutant-3’
using ‘mutant-assisted gene identification and characteri-
zation’ (MAGIC) approach. For this purpose, the ‘dwarf
mutant-3’ was crossed with a tall wheat cv. NP114 and
homozygous mutant F, plants (~ 25% of the progeny)
were selected, which were phenotyped for plant height and
genotyped using SSR markers. The data were utilized for
QTL analysis and plant height. Six modifier QTLs were
identified on chromosomes 2A, 2B and 4A. Two QTLs
each on 2A and 2B were responsible for increase in plant
height (described as ‘enhancer modifiers’), whereas the
remaining two QTLs located on 4A were responsible for
reducing the plant height (described as ‘suppressor modi-
fiers’). It was hypothesized that the enhancer QTLs could
be exploited for the development of semi-dwarf high
yielding genotypes containing Rht4c allele. This is the first
study of its kind in wheat demontsrating that the MAGIC
approach could be used for identification of modifiers of
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Introduction

In wheat, 25 major dwarfing genes called Rht genes (Rht1-
Rht25) are known (Mclntosh et al. 2017; Mo et al. 2018).
Majority of these Rht genes occur in natural populations;
some were also obtained using physical/chemical muta-
gens. The Rht genes are known to be responsible for
reduced plant height, lodging resistance, increased tillers,
higher harvest index and higher yield (Hedden 2003; Ellis
et al. 2005; see Jobson et al. 2019 for references). The most
important of these Rht genes, are the two GA-insensitive
dwarfing genes, namely RhAtl (RhtB1b) located on chro-
mosome arm 4BS and Rht2 (RhtDI1b), located on 4DS.
These two genes have similar and additive effect on plant
height (see Jobson et al. 2019 for references), and are
described as ‘green revolution genes’ due to their wide
exploitation in breeding bread wheat cultivars around the
world. Using molecular markers, the distribution of these
genes has been examined in popular wheat cultivars in
India and elsewhere (Elllis et al. 2002; Sheoran et al.
2013). Some of the popular semi-dwarf wheat cultivars
containing the above two genes include the following: Jaz,
Inia66, Cranbrook, Avocet, Ciano67, Westonia, HD1941,
HD1981, HD2428, MACS2496, UP368 etc.

Atpresent, almost entire land area under wheat cultivation
is occupied by semi-dwarf varieties (https://croplife.org/
news/semi-dwarf-wheat-the-game-changer/). A majority of
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these semi-dwarf durum and bread wheat cultivars contain
either of the above two ‘green revolution genes’, although
following other Rht genes have also been exploited: RAzS,
Rht9, Rhtl4, Rhtl5, Rhtl6, Rht18 and Rht19 (Konzak
1988; Maluszynski et al. 2001). Due to lack of response to
endogenous GA (gibberellins), the plants containing GA-
insensitive genes have shorter coleoptile length, seedling
roots and smaller seedling leaf area, making them
unsuitable for deep sowing under condition of water stress
(Rebetzke et al. 2001; Mathews et al. 2006; Bai et al.
2013; Amram et al. 2015; for references see Grover et al.
2018). There are also GA-sensitive Rht genes, which
include the following: Rht4, Rht5, Rht8, Rhtl12, Rhtl3,
Rhti4, Rht18, Rht24 and Rht25 (Ellis et al. 2004; Wur-
schum et al. 2017; Mo et al. 2018; Grover et al. 2018).
Among these GA-sensitive genes, Rht8 is known to carry
no adverse effect on coleoptile length, and has therefore,
been exploited in the development of wheat varieties in
Europe and China (Rebetzke and Richards 2000; Boro-
jevic and Borojevic 2005; Casperini et al. 2012). Other
GA-sensitive genes, that have been recommended for
deployment include the following: Rht4, Rht5, Rht7, Rht9,
Rht12, Rht13 and Rhtl18. These genes do not reduce the
coleoptile length and have a positive effect on grain
number and harvest index (for references see Dan et al.
2020). In order to exploit the known additive and epistatic
interactions between known Rht loci, following combi-
nations have also been recommended for use in wheat
breeding: Rht8 + Rhtl3, Rht4 + Rht8, Rht13 + Rht-D1b
(Rebetzke et al. 2011; Wang et al. 2014; Du et al. 2018;
Sannemann et al. 2018).

Novel GA-sensitive dwarfing genes/alleles could also be
produced through mutagenesis to increase the number of
available dwarfing genes (Parry et al. 2009). In order to
achieve this objective, we earlier conducted a study
involving induced mutagenesis in wheat cv. PBW550 using
chemical mutagen ethyl nitrosourea (ENU), and identified
a variety of mutations including some dwarf mutants
(Agarwal et al. 2013). One of these mutants called ‘dwarf
mutant-3’ was later mapped on chromosome arm 2BL,
close to the SSR markers Xwmc361 and Xmc317, the latter
associated with Rht4, a GA-responsive dwarfing gene
(Agarwal et al. 2015). We assumed that the phenotype of
‘dwarf mutant-3’ may be due to an induced novel allele of
the gene Rht4, and therefore named it Rht4c.

The ‘dwarf mutant-3’, was further characterized using
the approach called “mutant-assisted gene identification
and characterization” (MAGIC), which was developed for
the identification of modifiers of the mutant phenotypes in
maize (Johal et al. 2008; Chintamanani et al. 2010). This
approach makes use of readily scorable phenotype of a
mutant gene affecting the trait of interest as a ‘reporter’.
The strategy involves crossing of the recessive mutant with
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one or more wild type genotypes to obtain F, population,
which is screened for transgressive segregants (both
reduced and increased) (Johal et al. 2008; Chintamanani
et al. 2010; Chaikam et al 2011). However, only 25%
homozygous mutant type F, plants are used for the iden-
tification of QTLs, which have a modifying effect on the
mutant phenotype. MAGIC approach has been successfully
utilized in maize, where the following three maize mutants
proved useful: shrunken2 (sh2), opaque2 (02) and les23;
sh2 was used for the development of commercially
important ‘super-sweet’ corn, o2 was used for ‘high-quality
protein’ maize (Tracy 1997; Prasanna et al. 2001) and
les23 allowed identification of four minor QTLs, suggest-
ing the utility of MAGIC approach for the identification of
the modifier QTLs. Several QTLs which modify the
hypersensitive response (HR) of the partially dominant and
auto-active maize disease resistance gene Rpl-D21 were
also identified using MAGIC approach (Chaikam et al.
2011).

The ‘dwarf mutant-3’ has a mean plant height of only
44 cm, thus making it unsuitable for commercial cultiva-
tion, since there is a positive correlation between plant
height and grain yield (Qaseem et al. 2018; Baye et al.
2020). This prompted us to identify modifier QTLs, which
may then be used for alteration of the phenotype of ‘dwarf
mutant -3’ and make it suitable for use in breeding pro-
grammes. The present study helped us to identify QTLs,
which we would like to describe as ‘enhancer’ and ‘sup-
pressor’ modifiers of the induced mutant allele Rht4c. The
results of this study are summarized in this communication.

Material and methods
Plant material and recording of data

The ‘dwarf mutant-3’ carrying allele Rht-4c (44 cm plant
height) was crossed with a tall wheat cv. NP-114 (131 cm
plant height) in the crop season 2010-11. The F; derived
from the above cross was raised and selfed during the off-
season summer nursery in 2011 and F, seed was harvested.
During the next crop season (2011-12), a population of 162
F, plants was raised and data recorded on plant height. The
F; seed harvested from individual F, plants was used to
raise the F; progenies along with the parental genotypes in
1.5 m plots during the crop season 2012-13; 37 F3 pro-
genies (shorter than the tall parent cv. NP-114) that did not
segregate for plant height were identified, so that their
parent F, plants were selected as homozygous for Rhtdc
allele. The data on plant height of these 37 F, plants and
their genotyping data were used for mapping of modifiers
following QTL analysis (for details see below).
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Marker analysis of the selected F, plants

For QTL analysis, we used the selected 37 F, plants
(producing non-segregating F3 progenies) and the parents.
Genomic DNA was extracted from the leaves of 1 month-
old plants using a modified CTAB method (Saghai-Maroof
et al. 1984). The quality and quantity of DNA were
checked on agarose gel through a comparison with known
quantities of lambda DNA marker. A polymorphism survey
was conducted for 537 simple sequence repeats (SSRs),
distributed on all 42 arms of 21 wheat chromosomes
(Somers et al. 2004). For this polymorphism survey, two
parental genotypes, namely ‘dwarf mutant-3’ and the tall
cv. ‘NP-114" were used; as many as 164 SSRs were found
to be polymorphic.

For genotyping, DNA amplification was carried out in
25 pl reaction mixtures, each carrying 50 ng template
DNA, 0.2 pM SSR primers, 200 pM dNTPs, 1.5 mM
MgCl,, 1 x PCR buffer and 0.5 U Taqg DNA polymerase
(iNtRON Biotechnology Inc., Korea); double distilled
water was used to make 25 pl volume in an Eppendorf
Mastercycler (Hamburg, Germany). PCR profile included
initial denaturation at 95 °C for 5 min followed by
40 cycles of 94 °C for 1 min (denaturation), 50/55/58/
60 °C for 1 min (annealing) and 72 °C for 2 min (exten-
sion) with a final extension for 10 min. The PCR products
were resolved on 10% polyacrylamide denaturing gels
(PAGE) in Mega Gel Dual High-Throughput Vertical
System, CDASG-400-50 (CBS Scientific Company, CA,
USA) followed by silver staining (Tegelstrom 1992).
Segregation data for the marker alleles for all SSRs were
recorded manually.

Construction of molecular map

Using the genotypic data from the above 37 F, plants for
the above 164 polymorphic SSRs, a framework linkage
map containing SSR loci was constructed following Lin-
coln et al. (1993) using ‘MAPMAKER/EXP version 3.0/
(Lander et al.1987).

Composite interval mapping

QTLs for plant height along with their positions and effects
were determined using composite interval mapping (CIM)
using the software QTL Cartographer V2.5 (Wang et al.
2012). For this purpose, the CIM Zmapqtl module model 6
with a window size of 10 cM and the 5 markers for the
background control were used (Wang et al. 2012). QTLs
were identified using LOD score of > 3 as the threshold
(probability of 1000-1) (Kocherina et al. 2011). The pro-
portion of observed phenotypic variation explained (PVE)
due to a particular QTL was estimated by the coefficient of

determination (R?) using maximum likelihood approach
(Basten et al. 1994).

Results and discussion

The present study is an extension of our earlier study on
ENU-induced ‘dwarf mutant-3’ (Agarwal et al
2013, 2015), which was subjected to further analysis for
identification of modifiers using MAGIC approach that was
earlier proposed and successfully utilized in maize for
identification of enhancer modifiers of two maize mutants
(Johal et al. 2008). In the present study, this approach
has largely been successful in identification of enhancer
and suppressor types of modifier QTLs for plant height
using dwarf phenotype due to Rht4c as a ‘reporter’. The
present study, thus also reaffirms that a dwarf mutant allele
(Rht4c in the present study), when transferred into the
unrelated genetic backgrounds, may produce a range of
phenotypes due to interactions with differences in genetic
background, as also earlier discussed in a review article by
Chandler et al. (2013).

It is also known that the cryptic modifying QTLs
responsible for modification of the phenotype due to
mutant allele may be distributed throughout the genome
and that the alleles at these loci are dispersed in the natural
germplasm and their effect is not easy to analyse. MAGIC
approach has been developed to detect and characterise
such QTLs that occur in the germplasm and modify the
mutant phenotype caused due to mutant allele. For detec-
tion of these QTLs, ideally the mutants should be crossed
with a large number of genotypes, followed by the analysis
of an equal number of segregating populations for the
identification of modifier QTLs. However, in MAGIC
approach, a solitary F, population or a few segregating F,
populations may also allow identification of modifier
QTLs. One of the advantages of MAGIC approach is that
in F, population, only 25% homozygous plants, which
visually resemble the mutant type plants are phenotyped
and genotyped, saving time and resources (Johal et al
2008). Another characteristic useful feature of MAGIC is
that it begins with a clearly defined mutation followed by
identification of QTLs that contribute to the variation in the
trait controlled by the mutant allele. Because of the dis-
tinguishable known effects of the initial mutation, the
relationship between the starting mutant allele and the
interacting QTLs can be more clearly defined. In a typical
QTL interval mapping, a priori information of genes
involved in a trait is missing, and an understanding of the
QTLs and their interactions emerge subsequent to initial
analysis.

In the present study, the plant height of the ‘dwarf
mutant-3' was 44 cm, suggesting 60% reduction in plant
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Fig. 1 Frequency distribution of plant height of 37 F, dwarf plants
containing Rht4c allele used for QTL analyses through CIM. The
asterisk indicates mean plant height of ‘dwarf mutant-3’ parent

height compared to the parent cv. PBW550 (110 cm). On
the basis of our results, we expected the presence of
enhancer and suppressor modifiers that modify the
expression of Rhtdc. In order to identify these modifiers,
we generated F,/F; populations from the cross ‘dwarf
mutant-3'x NP-114 (wild type tall wheat). Thirty seven
(37) homozygous dwarf F, individuals (validated as
homozygous dwarf type on the basis of lack of segregation
for plant height in F3) were available and exhibited con-
siderable variability (range 30-110 cm; mean = 62.8 cm;
CV =30%) accompanied with normal distribution for
plant height (Fig. 1). These were therefore used for QTL
mapping. As obvious, the plant height of the F, plants
transgressed the mean plant height of the ‘dwarf mutant-3’,
suggesting the occurrence of suppressor and enhancer

modifier QTL alleles of plant height, which were carried by
the tall parent cv. NP114.

Six QTLs for plant height were detected, with the
LOD (Logarithm of the odds) score ranging from 3.00 to
4.48. These QTLs were located on chromosomes 2A (two
QTLs), 2B (two QTLs) and 4A (two QTLs) (Table 1 and
Figs. 2 and 3). A flanking marker (Xwmc361) associated
with two QTLs on 2B (QPh.ccsu-2B.1 and QPh.ccsu-2B.2)
was also linked with Rh#4c mutant locus, that controls plant
height of ‘dwarf mutant-3’. QTLs/genes for plant height on
chromosome 2A, 2B and 4A of wheat were also previously
reported in several studies (Goud and Sridevi 1988; Borner
et al. 2002; Huang et al. 2003; Marza et al. 2006; Jia et al.
2013; Liu et al. 2014, 2019; Lozada et al. 2017). The
precise positions of the QTLs reported during the present
study and those reported in the previous studies, however,
could not be compared due to lack of shared markers
between the linkage maps used in these different studies.
Meta-QTLs for plant height have also been reported on 2A
and 2B (Griffiths et al. 2012). The closest marker locus
Xgwm311 for each of the two QTLs on 2A (QPh.ccsu-2A.1
and QPh.ccsu-2A.2) was only 3 cM away from the marker
locus Xgwm382 (Sommers et al. 2004) associated with a
meta-QTL. This suggested that the genomic region of
chromosome 2A defined by the markers reported during
our study and that of Griffiths et al. (2012) is an important
region controlling plant height in wheat. Two of the above
six QTLs (Ph.ccsu-4A.1 and Ph.ccsu-4A.2) each also
explained ~ 57% phenotypic variance (PVE) in plant
height and were thus considered to be major QTLs, the
remaining four QTLs being minor QTL (PVE ranging from
2.91 to 9.8%). An analysis of the additive effect of each of
the six QTLs suggested that the alleles of these four QTLs
(QPh.ccsu-2A.1, QPh.ccsu-2A.2, QPh.ccsu-2B.1 and
QPh.ccsu-2B.2) carried by NP-114 had an additive effect
on the dwarf plant height due to Rht4c, whereas the alleles
at the remaining two QTLs on chromosome 4A (QPh.ccsu-

Table 1 Results of QTL analysis by CIM for plant height in bread wheat conducted using homozygous dwarf F, plants for Rht4c allele derived

from the cross of ‘dwarf mutant-3’ x cv. NP114

Modifier alleles contributed by wild type parent cv.

NP114
QTL Chromosome Flanking markers Position LOD Score A R*(%) Enhancer allele Suppresser allele
(cM)

QPh.ccsu-2A.1 2A Xwmc407-Xgwm311 12 4.30 —29.04 9.80 + -
QPh.ccsu-2A.2  2A Xwmc407-Xgwm311 18 4.48 — 2886 9.50 + -
QPh.ccsu-2B.1 2B Xbarc55-Xwme361  291.7 3.08 — 3421 291 + -
QPh.ccsu-2B.2 2B Xwmc361-Xwmce317 305 3.93 — 3437 557 + -
QPh.ccsu-4A.1  4A Xwmc232-Xwme313 18 3.00 12.63 57.23 - +
QPh.ccsu-4A.2  4A Xwmc313-Xgwm929 33.4 4.18 12.36 57.93 - +
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Fig. 3 Representative QTL Cartographer plot for the two modifier QTL for plant height identified on chromosome 4A of bread wheat

4A.1 and QPh.ccsu-4A.2) had an inhibitory effect on the
plant height of the ‘dwarf mutant-3’ due to Rhtdc.

The QTLs having a modifying effect on plant height,
identified during the present study, also explain a wide
range of variation (30—-110 cm) observed in plant height of
the Rht4c homozygous dwarf F, plants. These results
suggested a random distribution of alleles in the germplasm
(like cv. NP114 used during the present study), which may
be used to modify the phenotypic expression of the induced

dwarf mutants in the breeding programmes in a directed
manner. We suggest that the ‘dwarf mutant-3’ and similar
other mutants may be crossed with other wild type tall
genotypes to discover more such modifiers, which together
or individually may be used in developing genotypes with
suitable plant height containing the dwarfing alleles like
Rhtdc. The improved genotypes thus developed may be
tested for their suitability even under abiotic stress envi-
ronments such as water/drought stress.
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