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Abstract

Leaf rust caused by Puccinia recondita and stem rust by Puccinia graminis triticii are among the most destructive diseases
of wheat worldwide. The selection of genotypes carrying two or more genes using traditional host-parasite interaction is
very time consuming and often not possible due to lack of isolates with specific virulence and difficulty of identifying one
seedling resistance gene in the presence of another gene. Identification of molecular markers for resistance genes can facilitate
selection of gene positive plants at early stage to complete the study in short time and cost effective manner. In current inves-
tigation assessment of 51 diverse genotypes of wheat (Triticum aestivum L.) was carried out using 16 morpho-physiological
yield attributing traits. Biological yield was found highly correlated and positively significant with grain yield (r=0.410) and
spike length (r=0.601) at 1% significant level. It was significantly correlated with number of grains per spike (r=0.333) and
canopy temperature (r=0.325) at 5% significant level. Validation of genes Lr24, Sr31 and Sr2 in these genotypes was done
using gene specific Sequence Characterized Amplified Region (SCAR) and Simple Sequence Repeats (SSR) markers. The
SSR marker Xgwm533 showed highest genetic diversity (0.6290) and PIC value (0.5542), whereas the SCAR primer SCS30.2
and SCSS26.1 revealed lowest gene diversity (0.1769) and PIC value (0.1612). The major allele frequency for Xgwm533 was
observed (0.4706) which is lowest; while primer SCS30.2 and SCSS26.1 showed highest major gene frequency (0.9020).
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Introduction

Wheat (Triticum aestivum L.) is the world’s most staple food
crop as well as most consumed cereal after rice. It is known
as “king of cereals” as its cultivation is easier, ecologically
suitable and contain high amount of nutrients (Mathur et al.
2019). In India, it is the staple diet in the northern and cen-
tral regions. It is cultivated on 15.4% of the arable land in
the world in almost all countries, except the humid and high-
temperature areas in the tropics and high-latitude environ-
ments. Accounting for a fifth of humanity’s food, wheat
is the second only to rice which provides 21% of the food
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calories and 20% of the protein for more than 4.5 billion
people in 94 developing countries (Braun et al. 2010). Major
countries growing wheat crop are China, India, United States
of America (USA), Russia, Canada, and Mexico. Presently,
the world acreage under wheat crop is 217 million hectares
with a production of 731 million tons (USDA 2019). India
stands second both in area and production next to China in
the world. Presently, India’s share in global wheat produc-
tion is 13.1 percent. Wheat is a major contributor in food
security system of India, occupying nearly 29.55 million
hectares with production 101.20 mt and productivity of
34.24 mth™!. In Madhya Pradesh, it is being cultivated in
5.52 million hectares with the production of 17.35 million
tones and 31.43 mth™! of productivity (Anonymous 2019).
Increasing wheat production can be achieved by develop-
ing and adopting high yielding varieties and application of
improved agronomic techniques.

Major emphasis, in breeding program, is put on the devel-
opment of improved varieties with superior qualitative traits
and resilience to different biotic and abiotic stresses. Among
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several pathogens damaging wheat crop, rust pathogens are
the most prevalent and cause severe damage to the wheat
production worldwide (Roelfs et al. 1992). There are three
types of rust majorly affect wheat production in India leaf
rust (Lr) caused by Puccinia recondita, stem rust (Sr) by
Puccinia graminis triticii and stripe rust (Yr) by Puccinia
striformis. The reported numbers of officially designated
resistance genes are 83 for Yr and 77 for Lr and about 60
designated resistance genes against Sr (Kandiah et al. 2019;
Kumar et al. 2020; Mclntosh et al. 2017). Three recently
identified Yr genes i.e., Yr81, Yr82 and Yr83 have been
added to the rust-resistant gene library (Gesse et al. 2019;
Li et al. 2020; Pakeerthan et al. 2019). Resistance to multi-
ple rusts can be broadly categorized as all stage or seedling
resistance (ASR) and adult-plant resistance (APR). Some
APR genes possess durable pleiotropic resistance against
multiple wheat rusts and powdery mildew, when used in
combinations i.e., Lr34/Yr18/Sr57/Pm38 (on chromo-
some 7DS), Lr46/Yr29/Sr58/Pm39 (on chromosome 1BL),
and Lr67/Yr46/Sr55/Pm46 (on chromosome 4DL.). In India,
about 145 races of all the three rusts have been reported
(Bhardwaj 2011). Most virulent races of stem rust are 40A
(62G29), 40-1 (62G29-1), 117-6 (37G19); leaf rust races
are 77-5 (121R63-1), 12—1 (1R5), 104-2 (21R55) and yel-
low rust races are 46S119, 78S84.

Management against all three major rusts continues to
be a major challenge to the wheat breeders and pathologists
in India. Although, chemical control of rusts is possible, it
has a limited role due to large volume of fungicide required,
high cost, environmental sustainability and health hazards
arise after consumption. Thus, to ensure sustainable wheat
production, emphasis is given to develop varieties that have
durable resistance to rusts and greater tolerance to environ-
mental stress. Cultivation of resistant varieties is the only
method to combat diseases (Tiwari et al. 2017a, b; Tomar
et al. 2006). The promising approach is to develop geno-
types carrying combination of several effective genes. The
selection of genotypes carrying two or more genes using
traditional host-parasite interaction is very time consuming
and often not possible due to lack of isolates with specific
virulence and difficulty of identifying one seedling resist-
ance gene in the presence of another gene. Identification of
molecular markers for resistance genes can facilitate gene
pyramiding into one cultivar in less time and make it more
cost effective (Tanksley et al. 1989).

Rust resistant variety can be developed by using conven-
tional, transgenic or molecular breeding approaches. Marker
assisted breeding as compared to conventional method is
cost effective, reliable, environmental free and takes less
time to develop variety. There are several classes of markers
available, which can be used for marker assisted selection
(Gupta et al. 1999). In wheat rust resistance breeding sev-
eral gene-based markers has been reported i.e., SSR, SCAR,

RAPD, SSR, STS (Kadkhodaei et al. 2012). Marker-assisted
selection (MAS) can be used at early stages of cultiva-
tion (Pramanik et al. 2019; Mishra et al. 2020, 2021). It also
enables genotype-based selection of plants, which is prefer-
able to the laborious and time-consuming phenotype-based
assessment. It considerably reduces the duration and costs
of cultivation (Adlak et al. 2019). This approach has been
widely applied for rust resistance gene tagging and pyra-
miding (Dhakate et al. 2008; Sivasamy et al. 2009; Tiwari
et al. 2009, 2014). Gene based markers has been reported for
many rust resistance genes including Sr2, Sr31, Lr24, Lr19
etc. (Das et al. 2006; Gupta et al. 2006; Hayden et al. 2004;
Mago et al. 2005, 2011). The identification of donor parent
(s) for important characters through assessment of genetic
variation in the available germplasm and the information
regarding character association are required to device a suc-
cessful breeding programme. Molecular marker especially
gene-based markers are used in screening of rust resistant
parents and development of mapping populations in short
span of time with higher accuracy (Gupta et al. 1999; Tomar
et al. 2016). In present study leaf rust resistant genes Lr24
and stem rust resistant gene Sr2 and Sr31 were selected for
screening using SCAR and SSR markers. Gene Lr24, carry-
ing linked genes Lr24/ Sr24 and does not impose yield pen-
alty as many cultivars carrying Lr24 have been released for
cultivation in India (Singh et al. 2007). The stem rust resist-
ance gene Sr2 has provided durable broad-spectrum, adult-
plant resistance to the fungal pathogen Puccinia graminis
Pers. f. sp. triticii throughout wheat-growing regions of
the world for more than 50 years. Gene Sr31, derived from
“Petkus” rye, is located on 1BL/1RS contain segment Sr31/
Lr26/Yr9/Pm8 genes and is distributed in wheat cultivars
worldwide. Tagging of wheat cultivars for Sr2, Sr31 and
Lr24 is one of the prime needs to get superior cultivars hav-
ing higher yield and rust resistance. Present study consisted
morpho-physiological characterization of wheat genotypes
for yield attributing traits and validation of rust resistant
genes Lr24, Sr2 and Sr31.

Materials and methods
Experimental material

The experimental material consisted of high yielding 51
diverse genotypes of bread wheat (Triticum aestivum L.)
included two local checks Sonalika and GW2013-491
(Table S1). Fifty-one genotypes of wheat were sown in nor-
mal condition in a randomized block design with two repli-
cations. During the investigation, minimum temperature was
ranging from 3.5 °C to 16 °C and maximum temperature from
40.9 °C to 18.5 °C. The total rainfall received was 94.2 mm
from November 2018 to April 2019. The dibbling method was
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followed for sowing of seeds in the rows with spacing of 20 cm
apart and 4-6 cm within row length 2.5 m during Rabi 2019.
Experimental plot size was 1.2Xx2.5 m. The recommended
agronomical practices and plant protection measures were fol-
lowed for the successful raising of the crop. For evaluation of
yield and yield contributing traits, middle five random com-
petitive plants were selected from each line in every replication
and their mean values were used for the statistical analysis.

Morphological characterization

Assessment for yield attributing traits was carried out using
16 morpho-physiological traits including days to 50% heading,
days to 50% flowering, reproductive tillers/plant (spikes/plant),
grain filling period (days), spike length (cm), peduncle length
(cm), plant height (cm), flag leaves areas (sq cm), spike weight
(g), biological yield per plant (g), grain yield/plant (g), number
of grains per main spike, grain weight per main spike (g) and
1000 seed weight (g). Canopy temperature and harvest Index
were recorded as follows.

Canopy temperature (°C)

It is the temperature of the flag leaves recorded by the infrared
thermometer (Model RC003). The reading was taken between
11 AMand 2 PM.

Harvest index (%): It was calculated in percentage by using
formula:

Grain yield

Harvest index% = 100

Biological yield

Screening of genotypes for rust diseases of wheat
Screening based on leaf and yellow rust inoculums

Screening of all the 40 genotypes of wheat was conducted
at IARI Regional Station, Indore on the 0—100 scale based
on Modified Cobb Scale (Paterson et al. 1948). For leaf rust
mix of inoculums i.e., 77-5, 77-9, 12-5, 104-2, 1662 and
for stem rust mix of inoculums i.e., 40A, 40-3, 42B. 117-6,
15—1 were used. The inoculums were applied through turbo-air
sprayer as fine mist, 2—3 times after the sun set as described
by Roelfs et al. 1992.

Molecular screening and validation of gene-based markers
for Lr24, Sr31 and Sr2 genes

Leaf samples were collected from one-month old seedling
of wheat genotypes from experimental field. Usually fresh
and younger leaves were used for DNA extraction and fur-
ther molecular marker analysis. The collected samples were
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placed in cooling pads to transfer and then stored at —80°C
deep freezer. Genomic DNA isolation of wheat genotypes
was conducted by modified CTAB methods (Murray and
Thompson 1980; Tiwari et al. 2017a,b). A set of 6 primers
specific for rust resistance gene Sr31, Sr2 and Lr24 were
selected for validation of wheat germplasm (Das et al. 2006;
Gupta et al. 2006; Hayden et al. 2004; Mago et al. 2005,
2011).

Analysis of morphological and molecular data

Taxonomic distance measured by means genetic distance
and yield were analyzed using Jaccard’s similarity index,
calculated by NTSYSpc v2.1 software (Rohlf 1998). Dun-
can’s Multiple Range Test (DMRT) (P=0.05) was used to
evaluate differences among clusters for significance by using
SPSS ver. 19.0 software. The genetic profile of 51 wheat
genotypes was scored on the basis of difference in allele size
using SCAR and SSR markers. The major allele frequency,
polymorphism information content (PIC) and genetic dis-
tance-based clustering was performed with Unweighted Pair
Group Method for Arithmetic average (UPGMA) tree using
Power Marker v3.25 software and the dendrogram was con-
structed using MEGA 4.0 software (Tamura et al. 2007).
SSR data was again subjected to cluster analysis followed by
bootstrap analysis with 1000 permutations for all the geno-
types using MEGA 4.0 software.

Results and discussions

Correlation-coefficient
among morpho-physiological observations

Correlation coefficient between all the morpho-physiological
observations represented level of positive and negative sig-
nificance at p value 0.01 and 0.05 level (Table 1). Biological
yield was found highly correlated and positively significant
with grain yield (r=0.410) and spike length (r=0.601) at 1%
significant level. It was significantly correlated with num-
ber of grains per spike (r=0.333) and canopy temperature
(r=0.325) at 5% significant level. Similarly, spike weight
was highly correlated and positive significance with spike
length (r=0.519) at 1% significance level and was negatively
correlated with spikes per plant (r=—0.452). Positive and
significant correlation between these traits were reported in
the previous studies also (Ehdaie et al. 2006) index was also
negatively correlated with peduncle length (r=—0.386) at
1% significant level.
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Phylogenetic cluster analysis for morphological
traits

The cluster formation using morphological traits obser-
vation is a multivariate technique, which establishes the
similar genotypes in the same group or cluster and highly
dissimilar genotypes at distinct location. These analyses
are for useful in breeding programme. Such multivariate
analyses are used to ascertain genetic diversity among
various genotypes (Ahmadizadeh et al. 2011). Two clus-
ters formed; one major cluster CI included PBW723.
Cluster further subdivided into two sub-clusters CIA, and
CIB (Fig. 1). Sub cluster C1A- FLW 22 and MP3382 can
be divided into C1A-A: KBRL 79-2, SONALIKA, FLW
10, and C 1A-B GW 2013-491, DWAP 1531, PHSL 11
PHSL 10. C I A-A included genotypes DBW 93, DBWSS,
DBW39, DBW17, DBW168, DBW107, DBW150, HI1609,
K1315, GW2014-547, DWAP 1541, AKAW4899 (Fig. 2).
Clustering of these genotypes was also done in form of 2D
plot, to observe relationship between canopy temperature
and grain yields. These clustering represented the wheat
genotypes in 4 groups (Fig. 3). Group 1 represented high-
est wheat genotypes while group II was having lowest
number of wheat genotypes.

Molecular analysis
Marker analysis for Sr31, Sr2 and Lr24 genes

Sequence characterized Amplified Region (SCAR) is
dominant marker, so it will be either present or absent
in screened wheat genotypes. In present investigation
gene-based SCAR marker has been used for validation
and screening of wheat genotypes for Lr24 and Sr31
gene (Table 2). The marker SCS1302 was used for the
Lr24 screening in wheat genotypes (Fig. 4a). It ampli-
fies 607 bp fragment and was absent in the 4 genotypes
including LOK 1, PBW 719, FLW 22, GW 2013-491,
GW 2014-547 and was present in all other wheat geno-
types used in the study. Markers SCS30.25,4 (amplifies a
576-bp fragment) and lag95 (amplifies a 1, 100-bp frag-
ment) linked to Sr31 (Fig. 4b, ¢). They showed absence
of gene in 5 genoptype i.e., HS 547, PBW 719, FLW22,
DWAP 1531, DBW 168. It shows the presence in the rest
of the genotypes. As SCAR is dominat marker, it will
give presence in heterozygonditions also. The adult plant
resistant gene Sr2, is difficult to screen under field con-
ditions (Hayden et al. 2004). However, the Sr2-closely
linked microsatellite marker Xgwm533 amplifies a 120-bp
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Fig. 1 Phylogenetic tree of Morphological traits of wheat genotypes using NTSYS V19 software
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Fig.4 a Screening of Lr24 gene in 48 wheat genotypes using SCAR markers SCS 1302; b screening of Sr31 gene in 48 wheat genotypes using
SCAR markers SCS 30.2; ¢ screening of Sr31 gene in 48 wheat genotypes using SCAR markers SCS 26.1

Major allele frequency, allele number, gene diversity and
PIC value of all the markers including SCAR and two SSR
Tag95 and Xgwm533 was calculated using Power Marker
software (Liu and Muse 2004). The gene diversity and PIC
value ranges between 0.17-0.62 and 0.16-0.55 respectively.
The SSR marker Xgwm533 shown highest genetic diversity
(0.6290) and PIC value (0.5542), where as the SCAR primer
SCS 30.2 and SCSS 26.1 reveals lowest gene diversity
(0.1769) and PIC value (0.1612). The major allele frequency
for Xgwm533 was observed (0.4706) which is lowest; while
primer SCS 30.2 and SCSS 26.1 evident highest major gene
frequency (0.9020) (Table 3).

Combined phylogenetic analysis of SCAR and SSR markers

The genetic relationships among wheat genotypes are pre-
sented in molecular based UPGMA tree (Fig. 5). Total
7 different clusters are formed included different sets of
wheat genotypes.

Cluster 1 KBRL 82-2, KBRL 79-2, PHSL 10, K1008, WB 5,
MP3382, K1315, HS599, MP3338, K0607, DWAP 1541,
LOK1, GW 2013491 (13)

Cluster 2 DBW 172, DBW 129, NIAW 2844, HI1610, HI1609,
DWAP 1530, AKAW4899, PHSL 11, NIAW 3553, KRL
3704, NIAW 3584, DBW 166, KRL 350, FLW 10, DBW
17, HD 2967, DBW 187, SONALIKA (18)
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both the stem and leaf rust of wheat on the 0-100 scale
based on Modified Cobb Scale (Paterson et al. 1948).
According to the tabular data susceptible variety for stem
rust K1315, PHSL 11, AKAW 4899, DWAP 1530, GW
2013-491, HI 1610, NIAW 2844, DBW 129, DBW 172,
HD 2967, KRL 350, KRL 3704, DBW 166 and leaf rust
AKAW 4899, DWAP1531, DWAP 1541, KRL 350 while
some genotypes shows the moderate susceptible to rusts are
KO0607, PBW681, WH147, SONALIKA, WBS5, DWAP1531,
DWAP1541, HI1609, DBW187, NIAW3584 to stem rust
while some shows to leaf rust KO607, LOK1 (Table 4).
Genotypes showing moderate resistance to rusts are LOK1,
PBW 723, FLW22, KBRL 82-2, GW 2014-547, NIAW
3553. Some genotypes represented susceptinility at field
condition, although there was rust resistance genes as with
time of evaluation effect of resistance can be lossed.

Gene Lr24, derived from Agropyron elongatum, located
on chromosome 3DL of wheat and the alien segment carry-
ing linked genes Lr24/ Sr24 does not impose yield penalty
as several cultivars carrying Lr24 have been released for
cultivation in India (Singh et al. 2007). Lr24 was tagged
with random amplified polymorphic DNA (RAPD) mark-
ers which co-segregated with the gene identify molecular
markers more tightly linked to Lr24 by focusing the search
for polymorphism to the alien genomic region by employing
a pair of near-isogenic lines (NILs) differing only in respect
to the Lr24 locus (Prabhu et al. 2004; Gupta et al. 2006).

They have reported SCAR marker SCS1302 which amplify
607 bp product sizes if Lr24 alien segment is present in the
genotype. In present study it was absent in the 4 genotypes
including LOK 1, PBW 719, FLW 22, GW 2013-491, GW
2014-547 and was present in all other wheat genotypes.

Gene Sr2, originated from Triticum dicoccum Schronk,
was transferred into North American and International
Maize and Wheat Improvement Center (CIMMYT) wheat
breeding programs in 1925, and since then it has been exten-
sively used in many regions worldwide (Borlaug 1968). The
stem rust resistance gene Sr2 has provided durable broad-
spectrum, adult-plant resistance to the fungal pathogen Puc-
cinia graminis Pers. f. sp. triticii throughout wheat-growing
regions of the world for more than 50 years. The adult plant
resistant gene Sr2, is difficult to screen under field condi-
tions (Hayden et al. 2004). However, the Sr2-closely linked
microsatellite marker Xgwm533 amplifies a 120-bp fragment
from wheat lines known to carry Sr2 (Hayden et al. 2004).
Xu et al. (2017) analyzed resistance genes Sr2, Sr24, Sr25,
Sr26, Sr31, and Sr38 using molecular markers closely linked
to them, and 63 of the 136 wheat cultivars carried at least
one of these genes.

Gene Sr31, derived from “Petkus” rye, is located on
IBL/1RS. It is distributed in wheat cultivars worldwide, but
was transferred into Chinese wheat backgrounds from the
Soviet Union and Romania in the 1960s (Jiang et al. 2007).
Markers Iag95 and SCSS30.25,,, which were used to screen

Table 4 Disease score of wheat

genotypes for rust diseases Sl no Stem rust Leaf rust Sl no Stem rust Leaf rust

K0607 30MS SMS PHSL 11 40S 0
K1006 20MSS SMR AKAW 4899 60S 408
LOK1 20MR SMS DWAP 1530 60S 0
MP3336 40MSS 0 DWAP1531 20MS 408
MP3382 20MSS DWAP 1541 40MS 208
PBW681 20MS 0 GW 2013-491 40S 0
PBW 723 40MR 0 GW 2014-547 20MR 0
WH147 20MS 0 HI 1609 40MS 0
HS 597 40MSS 20MSS HI 1610 40S 0
HS 599 40MSS 0 NIAW 2844 40S 0
K1315 40S 0 DBW 129 208 0
PBW719 SR 0 DBW 172 60S 0
WB5S 10MS 0 HD 2967 60S 0
DBW150 40MSS 0 DBW187 20MS 0
FLW10 SR 0 KRL 350 208 408
SONALIKA 10MS 10MSS KRL 3704 40S 0
FLW22 20MR 0 NIAW 3553 10MR 0
KBRL79-2 SR 20MSS NIAW3584 10MS 0
KBRL 82-2 SMR 0 DBW 166 408 0
PHSL 10 10MR-40S 5S-80S RAJ 4486 10R 0
20A(control) 100S 100S 40A(control) 100S 100S

MS moderate susceptible, MR moderate resistance, S susceptible, R resistance
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the gene Sr31 by Xu et al. (2017), revealed that 25 wheat
cultivars contained Sr31, and pedigree information and low
ITs supported these results. Thus, Sr31 should be used in
breeding programs in China in combination with other genes
resistant to Ug99 to ensure that Chinese wheat cultivars are
resistant to Chinese Pgt races and to Ug99.

Sivasamy et al. (2009) used gene based SCAR and SSR
markers to ensure the correct identity of target genes. The
BC3 -F5 lines (2-9) were tested with molecular markers
SCS265, SCS253 and Gb linked to leaf rust resistance
gene Lr19 and SSR STM773 for stem rust resistance gene
Sr36. Tiwari et al. (2014) have also applied SCAR mark-
ers SCS1302¢, for Lr24 and SCS4215,, for Lr28 and SSR
marker Xgwm273 for Yr15 gene to select gene positive
plants. Ali et al. (2018) screened a total of fifty seven wheat
advanced lines to detect the existence of leaf rust resistant
genes (Lr9, Lr13, Lr19, Lr24, Lr26, Lr28, Lr32, Lr34, Lr35,
Lr36, Lr37, Lr39 and Lr46) using thirteen SSR markers.
SCAR markers SCS1302, SCS30.2, SCS 26.1 can effectively
be used for screening of Lr24 and Sr31 gene for selecting
rust resistant plant of wheat. Recently Lin et al. (2021) have
evaluated the presence of 6 Sr genes (Sr2, Sr24, Sr25, Sr26,
Sr31, and Sr38) using linked molecular markers. Molecular
markers linked to resistance genes are an alternative to gene
tagging, screening and pyramiding and may allow breed-
ers to identify resistance genes in less time and accurately
(Adlak et al. 2019; Tiwari et al. 2014). Combining molecu-
lar markers with morphological characterization can greatly
increase the success of crop improvement programme. Due
to the rapid development of molecular markers closely
linked to rust resistance genes, it is possible to screen large
number of genotypes in less time.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s43538-021-00049-y.
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