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Abstract

This study was conducted during the Rabi season of 2020-21, aimed to assess the heat susceptibility and genetic diversity of 25 wheat
genotypes under four distinct environmental conditions: timely sown conditions in LPU, Jalandhar, Punjab (E1) and ICAR-IIWBR, Karnal,
Haryana (E2), as well as late sown conditions at both experimental sites i.e. E3 and E4 respectively. These genotypes, sourced from
ICAR-IIWBR, Karnal, Haryana, were cultivated following an Alpha Lattice Design with two replications. The evaluation of heat susceptibility
using heat susceptibility index (HSI) categorized the genotypes into two groups: tolerant and susceptible. Heat stress responses varied among
genotypes and locations. At Jalandhar (L-1), DBW187, HD3298, HI1612, DBW303, PBW644, NIAW3170, HD3086, HD3118 and DBW88 showed
tolerance, whereas DBW222, WB-2, DBW173, DBW90, PBW771, HD3043, HI1605 and HD3249 were susceptible. In contrast, DBW222, HD3086,
DBW173, WB-2, DBW90, HI1605, DBW88, PBW771, HD3043, NIAW3170 and HD3249 were tolerant at Karnal (L-2), whereas DBW303, DBW187,
HD3298, PBW644, HD3118 and HI1612 were susceptible. Across both locations, HD2967, WH1142, HD3171 and WH1270 consistently exhibited
heat tolerance, while DBW71, K1317, WH1105 and HI1628 remained susceptible. Furthermore, an analysis of genetic diversity employing STS
and SSR markers revealed a similarity range from 0.61 to 0.94, with an average similarity coefficient of 0.77. Remarkably, genotype pairs such
as DBW187 and WH1270, HD3086 and WH1142, DBW173 and HD3298, as well as DBW90 and WH1105, exhibited the highest similarity index of
0.94. The construction of a dendrogram using NTSYSpc software delineated four major clusters, each of which was further subdivided. This
research underscores the significance of genetic diversity in plant breeding, as it provides breeders with a rich pool of genetic resources to
develop improved varieties endowed with various stress-resistant traits.
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Introduction yield will decrease by 4.1-64 % (4). Heat stress is the most
detrimental abiotic stress for the growth and development of crops,
affecting their yield and the quality of produce. Multi-location trials
conducted for wheat may encounter some heat stress, especially
when sown under two dates of sowing, i.e. timely sown and late
sown. Environmental stress adversely affects the survival of plants,
plant growth and reproductive performance. Nowadays, new
parameters of heat tolerance, such as the Heat Susceptibility Index
(HSI), have been developed to identify genotypes with heat
tolerance. This can help in increasing the efficiency of the breeding

programme and helping plant breeders to produce new

Wheat (TriticumaestivumL.) is one of the foremost food crops in
terms of acreage, production and nutritive value globally. It is one of
the major cereals consumed by nearly 40 % of the population and
grown on approximately one-sixth of the total cultivable land
worldwide (1). In India, during the 2024-25 crop year, wheat was
grown on ~32.76 million ha with an estimated production of
117.51 mt and average productivity of ~3587 kg/ha (2). Anincreasing
population and climate change pose threats to food security. Due to
the global changes in climate, the effects and severity of
environmental stress on crops are predicted to increase in the near

future (3). According to climate predictions, the average temperature
will rise by 14 °C by the end of the twenty-first century and wheat

heat-tolerant genotypes.

Genetic diversity is an important component in plant
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breeding as diverse plant genetic resources provide an opportunity
for plant breeders to produce better varieties coupled with various
stress-resistant characters. Analysis of genetic diversity using
molecular markers has proved to be a cornerstone for determining
the diversification and conservation of genetic variation in
developing approaches for plant propagation. Genetic diversity is
important for the survival and adaptability of wheat genotypes
against biotic and abiotic stress. Simple sequence repeats (SSR) and
sequence tagged site (STS) markers have been confirmed as an
effective tool for estimating genetic diversity in wheat (5). The ability
to select a superior variety increases with genetic diversity present
among the population. Hence, the discovery of such a trait becomes
asignificant tool in the amelioration of plant breeding programme.

Materials and Methods

The experiment was carried out under timely (E1 and E2) and late
(E3 and E4) sown conditions at both agricultural experimental fields
of the Genetics and Plant Breeding Department, School of

Table 1. List of genotypes used in the study

Agriculture, Lovely Professional University, Jalandhar, Punjab and
ICAR-IWBR, Karnal, Haryana. The experimental design comprised 25
different genotypes of wheat grown in an Alpha Lattice Design with
two replications during Rabi 2020-21. Standard agronomic practices,
including stage-wise irrigation (Crown root initiation, tillering,
jointing, flowering and grain filling) and fertilizer application
(Nitrogen Phosphorous Potassium (NPK) at 120:60:40 kg/ha)
and manual pest and weed management, were followed uniformly
across all environments. For timely sowing, seeds were sown in
rows, spaced 20 cm apart, whereas for late sowing, the row spacing
was reduced to 18 cm. Each plot consisted of three rows of 3 m
length, resulting in a plot size of 1.8 m? The list of genotypes is given
inTable1.

HSI evaluates the performance of a genotype under a
stressful environment compared to its maximum potential under a
normal environment. HSI was calculated using the formula (6):-

H=(1-YD/YP)/ D

Sr.No Name of genotypes Parentage/ Pedigree Origin Condition
WBLL1*2/BRAMBLING/4/BABAX/LR42//BABAX*2/3/SHAMA*2/5/ ICAR-IIWBR,
L DBW 303 PBW343*2/KUKU NA*2//FRTL/PIFED Karnal ES, HF, NWPZ
DBW 187 X X ICAR-IWBR,  ES, HF, NWPZ &TS,
2. (KARAN VANDANA)  NAC/THAC//3*PUN/3/MIRLO/BUC/4/2* PASTOR/S/KACHU/6/KACHU A R Ny e
SHAT7//PRL/VEE#6/3/FASAN/4/HAAS8446/2* FASAN/5/CBRD/KAUZ/6/ .
3. WH 1270 MILAN/AMSE L/7/FRET2*2/KUKUNA/8/2*WHEAR/SOKOLL CCSHAU, Hisar S, HF, NWPZ
KACHU/SAUAL/8/ATTILA*2/PBW65/6/PVN//CAR422/ANA/5/BOW/  ICAR-IIWBR,
4. DBW 222 CROW//BUC/PVN/3/ YR/4/ TRAP#1/7/ ATTILA/ 2*PASTOR Karnal TS, IR, NWPZ
HD 3086 ICARJIARI, TS, IR, NWPZ, NEPZ
5. (PUSA GAUTAM) DBW14/HD2733//HUW468 Now Dot
6. HD2967 ALD/COC//URESH/HD2160M/HD2278 Lf:vsgzﬁi’i TS, IR, NWPZ/NEPZ
7. DBW 173 KAUZ/AA//KAUZ/PBW602 'CAKR;'r‘]’;’FR’ LS,IR, NWPZ
ICAR-IARI,
8. HD 3298 CL1449/PBW343//CL882/HD2009 . VLS, IR, NWPZ
New Delhi
9 WB T.DICOCCONCI9309/AE.SQUARROSA (409)/3/MILAN/S87230// ICAR-IWBR, TS, IR, NWPZ and
: BAV92/4/2*MILAN/S87320//BAV92 Karnal Bihar
10. DBW 88 KAUZ//ALTAR84/AOS/3/MILAN/KAUZ/4/HUITES 'CAK*E'r'rY;’FR’ TS, IR, NWPZ
1. DBW 90 HUWA468/WH730 'CAKF:'r'rYgFR’ LS, IR, NWPZ
ICAR-IIWBR,
12. DBW 71 PRINIA/UP2425 iy LS, IR, NWPZ
13. WH 1105 MILAN/S87230//BABAX CCSHAU, Hisar TS, IR, NWPZ
14. PBW 771 BW 9246/2*DBW17 PAU, Ludhiana LS, IR, NWPZ
15. HD 3171 PBW 343/HD 2879 ICAR-IARI, RF, TS, NEPZ
New Delhi
6 HI 1628 FRET2*2/4/SNI/TRAP#1/3/KAUZ*2/TRAP//KAUZ/5/PFAU/WEAVER//  ICAR-IARI, TS, RIR NWPZ
’ (Pusa Wheat 1628) BRAMBLING RS Indore P
17. PBW 644 PBW175/HD2643 PAU, Ludhiana RF NWPZ
18. WH 1142 CHEN/AEGILOPS SQUARROSA(TAUS)//FCT/3/2*WEAVER CCSHAU, Hisar RF NEPZ
19. K 1317 K0307/K9162 CSAUART, Kanpur RF NEPZ
20. NIAW 3170 SKOLL/ROLFO7 MPKV, Niphad RIR NWPZ
21 HD 3118 ATTILA*2/PBW65//WBLL1*2/TUKURU ICAR-1ARI, IRLS, NEPZ
New Delhi
(HI 1612) ICAR-IARI
2. Pusa Wheat 1612 KAUZ//ALTAR84/AOS/3/MILAN/KAUZ/4/HUITES Re o TS,RI NEPZ
HI 1605 BOW;/VEE/5/ND/VG9144//KAL/BB/3/YACO/4/CHIL/6/CASKOR/3/ ICARJARI
23, : CROC. 1/AE.SQUARROSA(224)//OPATA/7/PASTOR/MILAN/KAUZ/3/ ’ TS,RIRPZ
(Pusa Ujala) BAV92 RS Indore
. ICAR-IARI,
24, HD3043 PJN/BOW//OPATA*2/3/CROC_1/Ae.squarrosa(224)//OPATA Now Dolh TS, RIR NWPZ
HD3249 (Pusa Wheat . . ICAR-IARI,
25. 3229) (PBW343*2/KUKUNA//SRTU/3/PBW343*2KHV/AKI) Now Dot IR NEPZ

ES: Early Sown, TS: Timely Sown, LS: Late Sown, VLS: Very Late Sown, HF: High Fertility, IR: Irrigated, RF: Rainfed, RIR: Restricted Irrigation,
NWPZ: North Western Plains Zone, NEPZ: North Eastern Plain Zone, PZ: Peninsular Zone.
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Where, YD =Mean of the genotypes in the stress environment
YP =Mean of the genotypes in a normal environment
D=1-(MeanYD of all genotypes/ mean YP of all genotypes)

In the present study, HSI value for grain yield was calculated
for 25 genotypes sown in both locations under timely and late sown
conditions.

Genotypes were classified into 4 different categories as follows: -
1. HSI <0.50: highly heat-tolerant
2. HSI 0.51-0.75: heat-tolerant
3. HSI 0.76-1.00: moderately heat tolerant
4. HSI >1.00: heat susceptible

All 25 wheat genotypes were subjected to STS and SSR
assays to analyze the genetic diversity. 1 STS and 15 SSR markers
were used for genetic diversity analysis. The present experiment was
conducted by following the standard protocol of DNA extraction and
Polymerase chain reaction amplification in the laboratory of
ICAR-IIWBR, Karnal, Haryana. The details of the markers/primers
used inthe study are shown in Table 2.

DNA isolation

Genomic DNA was extracted from young leaves using the CTAB
(Cetyl Trimethyl Ammonium Bromide) protocol described by
previous researchers (7).

Table 2. STS & SSR primer used in present investigation

STS and SSR genotyping

PCR was performed in a 10 pL reaction using a Life ECO thermal
cycler (Bioer Technology), utilizing both STS and SSR markers. To
ensure consistent results across the 25 genotypes, a bulk master mix
was prepared containing 0.5 uL each of forward and reverse primers
and 3.5 L of nuclease-free water. Each reaction tube received 9 uL
of this mixand 1 pL of genomic DNA. The optimized thermal profile
included an initial denaturation at 94 °C (5 min), followed by
35 cycles of denaturation (94 °C), primer-specific annealing (51-61 °C)
and extension (72 °C), with a final extension of 10 min. STS and SSR
sequence information for these primers is also available in Grain
Genes, a database for Triticeae and Avena (USDA). STS and SSR
amplicons were resolved on a 1.5 % agarose gel prepared in 1XTBE
buffer and stained with Ethidium bromide. Electrophoresis was
carried out at a constant voltage and band sizes were estimated
using a 100bp DNA ladder. The gels were visualized in a gel
documentation system and the bands were scored visually for their
presence [1] and absence [0]. The scored data were analysed in
NTSYSpc software to generate a dendrogram illustrating the genetic
relationships among the genotypes (8).

Results
Heat Susceptibility Index (HSI)

HSI for grain yield per plot was estimated under timely and late sown
conditions at two locations, LPU, Jalandhar, Punjab (L-1) and
ICAR-IIWBR, Karnal, Haryana (L-2) (Table 3). The HSI values revealed

Sr. No. STS & SSR Primer Sequence of primers Annealing temperature References
A ST e S .
S o0 .
o ow L Comcreccrsoncs .
‘. o33 5 CACTGCACACCTARCTALCTGC 60
5 WiCoss R SACAGTTGGCCCAGLTAGTAY 51
2 wc2ss R SAGGTANTCTCCOAGTOCACTTCAT st
L e e :
2 WhCs03 R SATCAACTACCTCCAGATCCCGTS 2
° whCas R STOTTGLTAGGOACCLOTAGTO0Y 2
10 w112  STOARGGAGGCACATATCGTTCH 2
i G583 R: 5 TCTAGGCAGACACATGCLTE 3 60
PRGNS o o
oo, o
R AL G 2 w
i Co s Rataa 5 w
16. BARC5 F:5'GCGCCTGGACCGGTTTTCTATTTT3' 52 (10)

R:5' GCGTTGGGAATTCCTGAACATTTT3'
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Table 3. Heat susceptibility index for grain yield per plot in Jalandhar, Karnal and both locations

Location

HsI
(L-1)

Genotypes common in both

(L-2) L-1&L-2

Highly Heat tolerant (<0.50) DBW187, HD3298, HI1612

Heat tolerant (0.50-0.75)

Moderately heat tolerant (0.76-
1.00)

DBW303, PBW644, NIAW3170
HD3086, HD3118, DBW88
DBW222, WB-2, DBW173, DBW90

PBW771, HD3043, HI1605,
HD3249

Heat susceptible (>1.00)

DBW222, HD3086, DBW173, WB-2,
DBW90, HI1605, DBW88, PBWT771

> DBW303, DBW187, HD3298, PBW644,

HD2967
HD3043

NIAW3170, HD3249 WH1142, HD3171, WH1270

HD3118, HI1612 DBWT71, K1317, WH1105, HI1628

substantial variation among genotypes across environments,
indicating differential responses to terminal heat stress.

The present study revealed that the genotypes at Jalandhar,
DBW187, HD3298, HI1612, DBW303, PBW644, NIAW3170, HD3086,
HD3118 and DBW88 exhibited lower HSI values and were
categorized as relatively heat-tolerant. In contrast, DBW222, WB-2,
DBW173, DBW90, PBWT771, HD3043, HI1605 and HD3249 showed
higher HSl values and were classified as heat susceptible.

At Karnal, genotypes DBW222, HD3086, DBW173, WB-2,
DBW90, HI1605, DBW8S, PBW771, HD3043, NIAW3170 and HD3249
were identified as heat tolerant, whereas DBW303, DBW187, HD3298,
PBW644, HD3118 and HI1612 showed susceptibility to heat stress.
Notably, HD2967 displayed consistent heat tolerance across both
locations, indicating stable performance under terminal heat stress.

Genetic diversity analysis

Genetic diversity among 25 wheat genotypes was assessed using
1 STS marker and 15 SSR markers. The SSR markers generated clear
and reproducible polymorphic bands, confirming their suitability for
diversity analysis in wheat. Gel results are shownin Fig. 1.

Similarity coefficients ranged from 0.61 to 0.94, with an
average similarity of 0.774, indicating moderate to high genetic
diversity among the genotypes. NTSYSpc UPGMA cluster analysis
grouped the genotypes into four major clusters. Cluster 1 comprised 7
genotypes, Cluster 2 was the largest with 9 genotypes, Cluster 3
included 6 genotypes and Cluster 4 consisted of 3 genotypes. Further
sub-clustering was observed within major clusters, reflecting close
genetic relationships among certain genotypes (Table 4).

The highest similarity indices (0.94) were observed between
the genotype pairs DBW187 and WH1270, HD3086 and WH1142,
DBW173 and HD3298 and DBW90 and WH1105. In contrast, DBW303,
HD3043, DBW71 and HI1605 remained isolated from the main
clusters, indicating their genetic divergence with respect to other
genotypes. A dendrogram has been created using NTSYSpc software,
depicting the diversity graphically in Fig. 2.

Discussions
Heat Susceptibility Index and genotypic response

The significant variation in HSI across genotypes and locations
highlights the strong influence of genotype x environment interaction
on heat stress response in wheat. Genotypes showing lower HSI values
maintained relatively higher yields under stress conditions, confirming
the effectiveness of HSI as a selection criterion for identifying
heat-tolerant genotypes. The differential classification of certain
genotypes between Jalandhar and Karnal reflects the role of local

climatic conditions and sowing environments in modulating heat
tolerance expression. The stable heat tolerance of HD2967 across both
locations suggests the presence of robust adaptive mechanisms,
making it a valuable genetic resource for breeding programs targeting
terminal heat stress.

Asimilar experiment with categorization of wheat genotypes
into 4 groups of HSI, highly heat tolerant, heat tolerant, moderately
tolerant and heat susceptible was reported earlier (14). An
experiment on HSI in Rajasthan showed DBW 88 as susceptible for
grain yield per plant, which contrasts with the current experiment.
Although the genotype was heat-tolerant to other yield contributing
traits, it was not studied in previous studies (15). HD2967 genotype
showed heat tolerance in both locations, which is similar to the
results obtained earlier (16). An analogous study conducted by
previous researchers concluded that wheat genotypes show a
significant amount of variation for yield according to their
susceptibility and resistance to heat stress (17-21).

Genetic diversity and marker-based clustering

The moderate to high level of genetic diversity observed among the
wheat genotypes demonstrates the effectiveness of SSR markers
due to their co-dominant inheritance, high polymorphism and
uniform genome coverage (22). The similarity coefficient range
obtained in this study is comparable with earlier reports using SSR
markers in wheat diversity analysis.

The formation of 4 distinct clusters suggests the presence of
broad genetic variability, which can be strategically exploited in
breeding programs. Genotype pairs showing high similarity may
share common ancestry, whereas genetically divergent genotypes
such as DBW303, HD3043, DBW71and HI1605 represent valuable
parental lines for hybridization to broaden the genetic base. Former
researchers evaluated genetic diversity among 20 wheat genotypes
using 18 SSR markers and reported the similarity coefficient from
0.69t0 0.89 (23). Asimilar range of coefficients of similarity (0.14-0.71)
has been reported for 10 wheat genotypes using 15 SSR markers
and comparable studies employing varying numbers of SSR
markers have reported different ranges of similarity coefficients
(24-28). The dendrogram generated in this study provides a clear
visualization of genetic relationships, facilitating informed parent
selection for wheatimprovement under heat stress conditions.

Conclusion

HSI revealed DBW187, HD3298, HI1612, DBW303, PBW644,
NIAW3170, HD3086, HD3118 and DBWS88 to be heattolerant
genotypes in Jalandhar. DBW222, HD3086, DBW173, WB-2, DBW90,
HI1605, DBW88, PBW771, HD3043, NIAW3170 and HD3249 were

https://plantsciencetoday.online
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M 1234 567889 1011121314151617

100 bp —
M 18192021222324 25

— 100 bp N - .
csLV34 (Gl- G25)

Plate 1. PCR amplification in 25 wheat genotypes using csLV34;
M:100bp ladder; G1-G25: wheat genotypes.

P 1 2 3 A4 S £ 7 828 9 101112313 31415 1617 18 19

OB —

202122232425 M 1 2 3 4 S & 7 BE 9 10111213

Ll L

14 15 16 17 18192021 2223 2425M 1 2 3 45 6

- - i
_— — —

= 10 1112 13 14 15 16 17 18 19 20 L

23 24 25 M

—
100 bp

WRAC 9, WNMNIC 254, WMNC 212 (G1-G2S)

Plate 3. PCR amplification in 25 wheat genotypes using WMC698,
WMC 254, WMC 313; M:100bp ladder; G1-G25: wheat genotypes.

1y 24 35 M

" T s — 1060 bp
BARC 180, BARC 127, BARC 5 (Gl- G25)

Plate 5. PCR amplification in 25 wheat genotypes using BARC180,
BARC127, BARC5; M:100bp ladder; G1-G25: wheat genotypes.

Fig. 1. SSR marker banding pattern in 25 wheat genotypes.

Table 4. Clustering of wheat genotypes

S. No. Cluster Sub cluster
Sub cluster 1
Sub cluster 2

Divergent genotype
Sub cluster 1
Sub cluster 2

Divergent genotype
Sub cluster 1
Sub cluster 2

Divergent genotype
Sub cluster 1

Divergent genotype

Cluster 1

Cluster 2

Cluster 3

Cluster 4

M 1 2 34 S 6 7 8 9 10111213 14151617 1819

14 15 1617 18 192021 2223 2425M 1 2 3 4 S

7 88 9 210 11 12 13 14 15 16 17 18 19 20 M

WMC SO3, WMC 44, WMC 112 (G1- G25S)

Plate 2. PCR amplification in 25 wheat genotypes using WMC503,
WMC44, WMC112; M:100bp ladder; G1-G25: wheat genotypes.

Plate 4. PCR amplification in 25 wheat genotypes using GWM 583,
GWM 325, GWM131; M:100bp ladder; G1-G25: wheat

M 12345678910111213141516171819202122232425 M1234 5678 9

—ia & &

enotypes.

100bp

10 111213141516171819202122232425M 1 2 3 4 5 6 7 8 910 111213141516171819202122232425
o ace @ .a . - & ‘ 4

& .8 asa = S

|

GWM 99, GWM 146, GWM 33 (G1- G25)

Plate 6. PCR amplification in 25 wheat genotypes using GWM99,
GWM146, GWM33; M:100bp ladder; G1-G25: wheat genotypes.

Genotypes
DBW187, WH1270, DBW222, HD2967
HD3086, WH1142

DBW303

DBW173, HD3298, WB-2

DBW 90, WH1105, PBW771, HD3171, HI1628
DBW71
DBW88, K1317

HD3118, HI1612, HD3249

HI11605
PBW644, NIAW3170

HD3043
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Fig. 2. Dendrogram showing genetic relationships among 25 genotypes based on the similarity index obtained using SSR markers.

highly heat tolerant genotypes in Karnal location. HD2967, WH1142,
HD3171 and WH1270 were found to be heat-tolerant in both
locations. However, HD2967 was highly tolerant at both locations.
Hence, HSI helps in the efficient selection of tolerant genotypes
under stress conditions. Genetic diversity study revealed a similarity
coefficient that ranged from 0.61 to 0.94 with an average of 0.77.
Genotype DBW187 and WH1270, HD3086 and WH1142, DBW173
and HD3298, DBW90 and WH1105 showed the highest similarity
index 0.94.

Disclaimers

Theviews and conclusions expressed in this article are solely those of
the authors and do not necessarily represent the views of their
affiliated institutions. The authors are responsible for the accuracy
and completeness of the information provided, but do not accept
any liability for any direct or indirect losses resulting from the use of
this content.

Authors' contributions

RJN prepared the original draft of the manuscript. MKP contributed
to the conceptualization of the study. RK was involved in manuscript
formatting and reviewing. CNM, RA and UM contributed to
conceptualization and critical review of the manuscript. All authors
read and approved the final manuscript.

Compliance with ethical standards

Conflict of interest: Authors do not have any conflict of interest

to declare.

Ethical issues: None

References

1

Faisal IM, Parveen S. Food security in the face of climate change,
population growth and resource constraints: implications for
Bangladesh. Environ Manag.  2004;34(4):487-98.  https://
doi.org/10.1007/s00267-003-3066-7

ICAR-Indian Institute of Wheat and Barley Research. Director Desk -
IIWBR. India; 2025.

Stella P, Kortner M, Ammann C, Foken T, Meixner FX, Trebs I.
Measurements of nitrogen oxides and ozone fluxes by eddy
covariance at a meadow: evidence for an internal leaf resistance to
NO,. Biogeosciences. 2013;10(9):5997-6017. https://doi.org/10.5194/
bg-10-5997-2013

Driedonks N, Rieu |, Vriezen WH. Breeding for plant heat tolerance at
vegetative and reproductive stages. Plant Reprod. 2016;29(1):67-79.
https://doi.org/10.1007/s00497-016-0275-9

Landjeva S, Korzun V, Ganeva G. Evaluation of genetic diversity
among Bulgarian winter wheat (Triticum aestivum L.) varieties
during the period 1925-2003 using microsatellites. Genet Resour
Crop Evol. 2006;53(8):1605-14. https://doi.org/10.1007/s10722-005-
8718-4

Fischer RA, Maurer R. Drought resistance in spring wheat cultivars. I:
grain yield responses. Aust J Agric Res. 1978;29(5):897-912.

Saghai-Maroof MA, Soliman KM, Jorgensen RA, Allard RW.
Ribosomal DNA spacer-length polymorphisms in barley: Mendelian
inheritance, chromosomal location and population dynamics. Proc
Natl Acad Sci U SA. 1984;81(24):8014-8.

Rohlf FJ. NTSYS-pc: numerical taxonomy and multivariate analysis
system. New York: Exeter Software; 1993.

https://plantsciencetoday.online


https://plantsciencetoday.online
https://doi.org/10.1007/s00267-003-3066-7
https://doi.org/10.1007/s00267-003-3066-7
https://doi.org/10.5194/bg-10-5997-2013
https://doi.org/10.5194/bg-10-5997-2013
https://doi.org/10.1007/s00497-016-0275-9
https://doi.org/10.1007/s10722-005-8718-4
https://doi.org/10.1007/s10722-005-8718-4

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Lagudah ES, McFadden H, Singh RP, Huerta-Espino J, Bariana HS,
Spielmeyer W. Molecular genetic characterization of the Lr34/Yr18
slow rusting resistance gene region in wheat. Theor Appl Genet.
2006;114(1):21-30. https://doi.org/10.1007/500122-006-0406-z

Somers DJ, Isaac P, Edwards K. A high-density microsatellite
consensus map for bread wheat (Triticum aestivum L.). Theor Appl
Genet. 2004;109(6):1105-14. https://doi.org/10.1007/500122-004-
1740-7

Roder MS, Korzun V, Wendehake K, Plaschke J, Tixier MH, Leroy P, et
al. A microsatellite map of wheat. Genetics. 1998;149(4):2007-23.
https://doi.org/10.1093/genetics/149.4.2007

Roder MS, Plaschke J, Konig SU, Borner A, Sorrells ME, Tanksley SD,
et al. Abundance, variability and chromosomal location of
microsatellites in wheat. Mol Gen Genet. 1995;246(3):327-33.
https://doi.org/10.1007/BF00288605

Lowe I, Cantu D, Dubcovsky J. Durable resistance to the wheat
rusts: integrating systems biology and traditional phenotype-based
research methods to guide the deployment of resistance genes.
Euphytica. 2011;179(1):69-79. https://doi.org/10.1007/s10681-010-
0311-z

Bhardwaj R, Sharma A, Singh H, Sharma BK. Determination of heat
susceptibility indices for some quantitative traits in bread wheat
(Triticum aestivum L. em. Thell.). Int J Pure Appl Biosci. 2017;5
(2):230-9. https://doi.org/10.18782/2320-7051.2853

Kumar M, Kumar M, Sharma RK, Kumar P, Singh GP, Sharma JB, et
al. Evaluation of bread wheat (Triticum aestivum L.) genotypes for
terminal heat tolerance under different environments. Indian J
Genet Plant Breed. 2013;73(4):446-9. https://doi.org/10.5958/j.0975
-6906.73.4.068

Thakur P, Prasad LC, Prasad R, Chandra K. Estimation of genetic
variability, heat susceptibility index and tolerance efficiency of
wheat (Triticum aestivum L.) for timely and late sown environments.
Electron J Plant Breed. 2020;11(3):769-75.

Ubale SP, Rasal PN, Jakku P, Warpe ST. Use of heat susceptibility
index as a measure of heat tolerance in wheat. Int J Curr Microbiol
Appl Sci. 2020;9:3546-53. https://doi.org/10.20546/
ijcmas.2020.911.424

Suresh S, Bishnoi OP, Behl RK. Use of heat susceptibility index and
heat response index as a measure of heat tolerance in wheat and
triticale. Ekin J Crop Breed Genet. 2018;4(2):39-44.

Sood N, Mavi GS, Malhotra A, Jhinjer RK, Singh B, Kaur B, et al.
Evaluating the performance of bread wheat (Triticum aestivum L.)
genotypes for terminal heat tolerance. Int J Agric Environ
Biotechnol.  2017;10(3):295-302.  https://doi.org/10.5958/2230-
732X.2017.00037.7

Munjal R. Genetic diversity in bread wheat for heat tolerance. Ekin J
Crop Breed Genet. 2017;3(2):60-78.

Khan AA, Kabir MR. Evaluation of spring wheat genotypes (Triticum
aestivum L.) for heat stress tolerance using different stress tolerance

indices.  Cercet Agron  Mold. https://

doi.org/10.1515/cerce-2015-0004

22. Parker GD, Fox PN, Langridge P, Chalmers K, Whan B, Ganter PF.
Genetic diversity within Australian wheat breeding programs based
on molecular and pedigree data. Euphytica. 2002;124(3):293-306.
https://doi.org/10.1023/A:1015725522441

23. Singh M, Shali V, Kumar L. Diversity analysis of wheat genotypes
using SSR molecular markers. Int J Curr Microbiol Appl Sci. 2020;9
(10):1413-23. https://doi.org/10.20546/ijcmas.2020.910.168

24. Rathi M, Kumar M, Pooja VK, Chaudhary L. Use of microsatellite
markers for assessing genetic variability in wheat genotypes for
yellow rust resistance. Int J Curr Microbiol Appl Sci. 2018;7:1907-14.
https://doi.org/10.20546/ijcmas.2018.712.221

25. Zala HA, Bosamia TE, Kulkarni KA, Shukla YO. Assessment of
molecular diversity in wheat (Triticum aestivum L. and Triticum
durum L.) genotypes cultivated in a semi-arid region of Gujarat.
Bioscan. 2014;9(2):731-7.

26. Bafghi RM, Baghizadeh A, Mohammadi-Nejad G, Nakhoda B.
Assessment of genetic diversity in Iranian wheat (Triticum aestivum
L.) cultivars and lines using microsatellite markers. J Plant Mol
Breed. 2014;2(1):74-89.

2014;160:49-63.

27. Salem KF, Roder MS, Borner A. Assessing genetic diversity of
Egyptian hexaploid wheat (Triticum aestivum L) using
microsatellite markers. Genet Resour Crop Evol. 2015;62(3):377-85.
https://doi.org/10.1007/s10722-014-0159-5

28. §panic’ V, Buerstmayr H, Drezner G. Assessment of genetic diversity
of wheat genotypes using microsatellite markers. Period Biol.
2012;114(1):37-42.

Additional information

Peer review: Publisher thanks Sectional Editor and the other anonymous
reviewers for their contribution to the peer review of this work.

Reprints & permissions information s available at https://
horizonepublishing.com/journals/index.php/PST/open_access_policy

Publisher’s Note: Horizon e-Publishing Group remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Indexing: Plant Science Today, published by Horizon e-Publishing Group, is
covered by Scopus, Web of Science, BIOSIS Previews, Clarivate Analytics,
NAAS, UGC Care, etc

See https://horizonepublishing.com/journals/index.php/PST/
indexing_abstracting

Copyright: © The Author(s). This is an open-access article distributed under
the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution and reproduction in any medium, provided the
original author and source are credited (https://creativecommons.org/
licenses/by/4.0/)

Publisher information: Plant Science Today is published by HORIZON e-

Publishing Group with support from Empirion Publishers Private Limited,
Thiruvananthapuram, India.

Plant Science Today, ISSN 2348-1900 (online)


https://doi.org/10.1007/s00122-006-0406-z
https://doi.org/10.1007/s00122-004-1740-7
https://doi.org/10.1007/s00122-004-1740-7
https://doi.org/10.1093/genetics/149.4.2007
https://doi.org/10.1007/BF00288605
https://doi.org/10.1007/s10681-010-0311-z
https://doi.org/10.1007/s10681-010-0311-z
https://doi.org/10.18782/2320-7051.2853
https://doi.org/10.5958/j.0975-6906.73.4.068
https://doi.org/10.5958/j.0975-6906.73.4.068
https://doi.org/10.20546/ijcmas.2020.911.424
https://doi.org/10.20546/ijcmas.2020.911.424
https://doi.org/10.5958/2230-732X.2017.00037.7
https://doi.org/10.5958/2230-732X.2017.00037.7
https://doi.org/10.1515/cerce-2015-0004
https://doi.org/10.1515/cerce-2015-0004
https://doi.org/10.1023/A:1015725522441
https://doi.org/10.20546/ijcmas.2020.910.168
https://doi.org/10.20546/ijcmas.2018.712.221
https://doi.org/10.1007/s10722-014-0159-5
https://horizonepublishing.com/journals/index.php/PST/open_access_policy
https://horizonepublishing.com/journals/index.php/PST/open_access_policy
https://horizonepublishing.com/journals/index.php/PST/indexing_abstracting
https://horizonepublishing.com/journals/index.php/PST/indexing_abstracting
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

