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With climate change projections indicating an increase in the frequency of extreme heat events and 
irregular rainfall patterns globally, the threat to global food security looms large. Terminal heat stress, 
which occurs during the critical reproductive stage, significantly limits lentil productivity. Therefore, 
there is an urgent need to improve lentil’s resilience to heat stress to sustain production. However, 
studies identifying heat-tolerant sources in lentils are limited. To address these issues, we assessed 158 
lentil genotypes under normal and late-sown conditions over two consecutive seasons. We employed 
eleven heat stress indices to identify lines tolerant to heat stress. All genotypes exhibited a decrease 
in average grain yield when subjected to stress conditions as compared to non-stress conditions, 
indicating the impact of heat stress on crop yield. Correlation analysis showed significant positive 
correlation between yield in normal and late-sown conditions and the following heat stress indices: 
STI, MP, MRP, YI, GMP, and HM. In contrast, TOL, SSPI, and PYR showed negative associations with 
yield in late-sown conditions. Based on these indices, we identified the genotypes P13143, P13130, 
and P13135 as high-yielding in both stress and non-stress conditions. Cluster analysis and biplot 
display in PCA also confirmed that genotypes P13143, P13130, and P13135 exhibited suitability and 
high yield potential in both environments. These genotypes can be utilized as donors in future breeding 
programs to introduce genetic variations for improving heat stress tolerance in lentil.
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The frequency and intensity of heat waves have increased due to global climate change, significantly impacting 
plant species worldwide1,2. Rising temperatures and prolonged heat waves are altering growth patterns, reducing 
yields, and threatening the sustainability of various crops3–5. Pulses, known for their sensitivity to temperature 
fluctuations, are particularly vulnerable, with higher temperatures during reproductive stages causing substantial 
declines in yield and grain quality6–8. Lentils, like other pulses, are highly sensitive to rising temperatures9.

Lentil (Lens culinaris Medikus subsp. culinaris) stands as one of the most significant cool-season food legume 
crops, cultivated across more than 52 countries worldwide10. Originating from the Near East11, lentil holds the 
distinction of being one of the oldest crops, boasting a genome size of approximately 4 Gb12. Because of their 
nutritional richness, lentils are described as “poor man’s meat,” offering a protein content ranging from 20 to 
36%, alongside carbohydrates comprising 60–67%, dry ash at 2–3%, and fat content of less than 4%13. With a 
low glycaemic index, lentils present a healthy dietary option for individuals grappling with diabetes, obesity, and 
cardiovascular conditions14.

Due to its high nutrition value and easily adaptable cultivation practices, the global production of lentils has 
seen a remarkable surge of 107%, growing from 3.15 to 6.53 million metric tons (MT) over the past two decades15. 
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Key contributors to this expansion include major lentil-producing nations such as China, Ethiopia, Nepal, India, 
Turkey, Australia, and the United States16. World production for the year 2022 increased to 6.7 million tons, 
with Canada being the leading producer, producing 34% of the total17. India, according to the third advanced 
estimate from Ministry of Agriculture & Farmers Welfare, Government of India recorded an average production 
of 1.7  million tons of lentils between 2023 and 2024, cultivated across approximately 1.9  million hectares18. 
Despite an increase in lentil cultivation area in India over recent decades, the crop’s productivity is still relatively 
low, averaging only about 904 kg per hectare19. This low productivity can be partly attributed to the adverse 
effects of various environmental stresses. Lentils, like other pulses, are particularly susceptible to abiotic stressors 
such as soil salinity, extreme temperatures (both heat and cold), drought, and deficiencies in essential minerals 
and nutrients12,20–22. These abiotic stresses contributed to 28% of global yield loss23. Specifically, heat stress, 
cold, and frost led to an 8% yield drop in Sub-Saharan Africa and 13% in Central and West Asia and North 
Africa23. Among all these stresses, heat, drought and cold are recognized as the major ones affecting the lentil 
production24.

Optimal lentil growth occurs within a temperature range of 18 to 30 °C, with warmer conditions preferred 
during maturity and cooler temperatures essential during vegetative growth stages25. However, temperatures 
above 32/20°C during the reproductive stage result in notable declines in both grain quality and yield26,27. Study 
reported in South-eastern Australia revealed that prolonged heat waves, lasting up to six days with temperatures 
reaching 35 °C, trigger a drastic reduction (up to 70%) in lentil production28. Furthermore, lentil cultivation in 
South Asia typically occurs during the post-monsoon season, relying heavily on residual soil moisture29. This 
reliance renders the crop susceptible to issues arising from the premature cessation of rainfall.

In India, sowing of lentil is often delayed because of the delayed harvesting of preceding crops, primarily 
paddy in northern regions24. Consequently, during the critical seed-filling phase, lentil crops are exposed to 
elevated temperatures. This vulnerability is exacerbated by its susceptibility to terminal heat stress during grain 
filling, which can lead to premature maturity and reduce overall yield. Studies have reported that heat stress in 
lentils also results in severe oxidative damage, membrane deterioration, and a reduction in leaf sugar content30. 
Pollen fertility was also found to be adversely affected at temperatures above 32 °C31. This is because heat stress 
adversely affects the accumulation of starch and sucrose in pollen grains32. It also decreases seed growth rate, 
ranging from 30–44%33.

Heat tolerance indices have been suggested in many studies to help select stress-tolerant cultivars. These 
indices provide a quantitative measure of a plant’s ability to maintain yield or other important traits under 
heat stress. They integrate yield performance under both stress and non-stress conditions, allowing for a better 
understanding of how a genotype performs relative to its potential under optimal conditions. They indirectly 
reflect physiological and genetic traits linked to heat tolerance, such as efficient resource use, resilience to 
temperature-induced stress and stable productivity. One such index is the Tolerance Index (TOL), which 
measures the yield differences between optimal conditions and conditions of heat stress34. Another useful metric 
is Mean Productivity Index (MP). It is determined by the average yield of a genotype in both normal and heat 
stress conditions34. Harmonic Mean (HM), suggested by Farshadfar et al.35, is calculated as the ratio of twice the 
product of genotype yield and their total in both stress and non-stress conditions. Another measure of stress 
tolerance is the Mean Relative Performance (MRP) introduced by Ramirez and Kelly36. Furthermore, to evaluate 
stability and variations in traits in both stress and non-stress conditions, Moosavi et al.37 developed the Stress 
Susceptibility Percentage Index (SSPI). The Relative Stress Index (RSI) was suggested by Fisher and Wood38 to 
assess tolerance to heat stress.

Basavaraj et al.39 employed the Percent Yield Reduction (PYR) metric to evaluate low phosphorus stress in 
rice. Introduced by Fernandez40, the Stress Tolerance Index (STI) selects genotypes that are tolerant to heat stress, 
using the geometric mean production index as its basis. Bouslama and Schapaugh41 suggested Yield Stability 
Index (YSI) as the ratio of yield under stress conditions to yield under non-stress conditions. Additionally, 
Gavuzzi et al.42 introduced the Yield Index (YI), which assesses genotype performance by comparing its normal 
yield with average yield of all the genotypes under conditions of heat stress. These diverse measures provide 
valuable tools for assessing and selecting stress-tolerant cultivars across various environmental conditions. The 
selection of stable as well as tolerant genotypes can be done by identifying genotypes with high values of YI, STI, 
GMP, HM, YSI, and MP, and low values of TOL, SSPI, and PYR43.

Breeding for heat tolerance is of paramount importance in lentils for adaptation to heat stress conditions. But 
limited genetic diversity within cultivated lentil varieties, a consequence of domestication, presents a significant 
challenge in facilitating adaptation to shifting climates. Therefore, screening diverse genetic resources, selection, 
and introgression will be key to developing heat stress resilient lentil cultivars44. However, studies aimed at 
identifying sources of heat stress tolerance in lentil are still limited. To address these gaps, we evaluated 158 lentil 
genotypes in the field conditions for two consecutive seasons and employed heat stress indices for identifying 
lines showing tolerance to heat stress. We employed eleven heat stress indices: STI40, MRP36, GMP40, HM45, 
MP34, YSI41, YI42, RSI38, PYR46, SSPI37, TOL34. By analyzing these stress index values and conducting principal 
component analysis, correlation, and cluster analysis, several heat-tolerant genotypes were identified. These lines 
identified as heat tolerant in this study can be utilized in future breeding programs as donors to introduce genetic 
variations aimed at improving heat stress tolerance in lentil.

Materials and methods
Plant Material
A set of 158 lentil genotypes, comprising released cultivars, advanced breeding lines, and exotic germplasm lines 
were used in our study. Among these, 106 accessions were sourced from the ICARDA gene bank in Morocco 
and 52 were obtained from ICAR-IARI in India. All these materials were obtained in accordance with the rules 
and regulations set forth by the Government of India under the leadership of NBPGR (National Bureau of Plant 
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Genetic Resources). The experimental material used in this study does not involve any species that are at risk of 
extinction and is not listed under the Convention on International Trade in Endangered Species of Wild Fauna 
and Flora (CITES). The materials can be obtained from the corresponding authors in accordance with the rules 
and regulations set by the Government of India. Details of all the genotypes and their respective sources are 
provided in Table 1.

Experiment location
The field experiment took place in the research farm of the Division of Genetics, Indian Agricultural Research 
Institute, New Delhi. The farm is located at an average altitude of 228.61  m (750 feet) above sea level, with 
geographic coordinates of 28.080 N latitude and 77.120 E longitude. Authorization to conduct field experiments 
in the research fields of the Division of Genetics was granted by the Chairperson of the Advisory Committee.

All the genotypes were grown under both normal and late sown conditions. Normal sowing took place in 
November, while late sowing occurred in January, both within the Rabi season of 2022–23 and 2023-24 (Table 2). 
Then, eleven heat stress indices were used for the identification of heat-tolerant genotypes. The indices used and 
their mathematical formulas are presented in Table 3.

Experimental layout
The genotypes were planted in an augmented block design, where controls were replicated instead of entries. 
Five cultivated varieties of lentil (L4717, L4727, L4729, PDL-1, and PSL-9) served as controls. Among them, 
L4717, L4727, and L4729 are the ruling varieties with high breeder seed indent and early maturing in nature. 
Whereas, PDL-1 and PSL-9 are well known for their tolerance to drought and salinity stress.

Crop management
Under both normal and late-sown conditions, sowing was done in rows that were 5 m long, with a spacing 
of 25  cm between each row. Before sowing, seeds were treated with Carbendazim @ 2.5  g/kg of seeds. A 
recommended fertilizer dose of 20 kg Nitrogen, 40 kg Phosphorus and 20 kg Sulphur per hectare was applied 
as the basal dose. No further fertilization or micronutrient spraying was done. Two hand weeding were carried 
out at 25 DAS (days after sowing) and 50 DAS to control weeds. Two irrigations were given during the growing 
season, at the pre-flowering and pod-filling stages. The purpose was to ensure adequate soil moisture during 
these critical phenological phases. Emamectin benzoate 5 SG @ 0.2 g/litre of water and Imidacloprid 17.8 SL @ 
0.2 ml/litre of water were used for controlling pod borer and aphids, respectively. Harvesting was done manually 
when the leaves became yellow and 85–90% pods turned to brown in colour.

Environmental evaluation
We collected the weather parameters from the Division of Agricultural Physics, IARI, New Delhi, for two crop 
growing seasons 2022–23 and 2023–24 (Table S1, S2). During the reproductive stage, genotypes under standard 
sowing conditions experienced a maximum temperature of 29.2 °C and a maximum relative humidity of 93% 
in the 2022–2023 season. Whereas genotypes that were sown late experienced temperatures as high as 32.5 °C 
and maximum relative humidity of 90% (Fig. 1A). During the 2023–24 season, the maximum temperature was 
28.6 °C and the maximum relative humidity was around 97%. In contrast, plants that were sown late experienced 
temperatures as high as 33.1 °C with 87% relative humidity (Fig. 1B). So, at the reproductive stage, genotypes 
that were sown late had faced a heat stress of ~ 4–5 °C during both the seasons 2022–23 and 2023–24 that causes 
early maturity and yield loss.

Statistical analysis
The calculation of heat stress indices was done in Microsoft Excel 2016 MSO (Version 2411). They were calculated 
based on the mean yield data of two years of experiment as there were no significant differences in yield of 
genotypes between two studied seasons. Then Analysis of Variance was performed using the ‘augmentedRCBD’ 
package47 present in edition number 4.3.2 of the R software. For correlation analysis, package ‘corrplot’48 was 
used, while PCA was conducted using packages ‘factoextra’49 and ‘FactoMineR’50 of R software. Chord diagram 
was also created in R using the ‘circlize’ package51. For hierarchical cluster analysis (average linkage method), the 
R ‘stats’ package52 and iTOL version 6.953 were used.

Results
Analysis of variance and descriptive statistics
ANOVA revealed significant variation (P ≤ 0.01) for grain yield in stress and non-stress conditions and stress 
tolerance indices among the lentil genotypes (Table S3). These genotypes are also found to be significantly 
differing from controls for most of the studied heat stress indices. Conversely, the block effect and residuals do 
not appear to significantly contribute to the observed variation in these traits.

The descriptive statistics for heat stress indices and grain yields under both normal and late-sown conditions 
are presented in Table 4, while Fig. 2 illustrate their frequency distribution. Indices such as YI (CV = 9.46), YSI 
(CV = 12.15), STI (CV = 7.10), HM (CV = 8.00) and RSI (CV = 12.15) showed comparatively higher variability 
as compared to others. Conversely, MP (CV = 1.39) TOL (CV = 2.60), SSPI (CV = 2.60), PYR (CV = 2.82), MRP 
(CV = 4.61) and GMP (CV = 4.70) displayed low to moderate variability.

Heat tolerance indices
A variety of stress indices were computed in this study using mean yield data obtained under both stress and 
non-stress conditions, including MRP, TOL, RSI, PYR, YSI, MP, STI, HM, SSPI, GMP and YI (Table S4 and Fig. 
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Sl. no. Genotype Pedigree/ Key feature Origin

1 IC 560,181 Indian germplasm lines NBPGR, New Delhi, India

2 P13119 ICARDA Nursery selection ICARDA, Aleppo, Syria

3 L7920 Resistance to Fusarium IARI, New Delhi, India

4 DPL15 Resistance to rust disease IIPR, Kanpur India

5 IG69568 Advanced breeding lines ICARDA, Aleppo, Syria

6 KLS218 Resistance to rust disease CSAU, Kanpur

7 P14105 ICARDA Nursery selection ICARDA, Aleppo, Syria

8 P3235 ICARDA Nursery selection ICARDA, Aleppo, Syria

9 P3234 ICARDA Nursery selection ICARDA, Aleppo, Syria

10 P8112 ICARDA Nursery selection ICARDA, Aleppo, Syria

11 PL639 high yielder with more protein percentage GBPUAT, Pantnagar, India

12 NDL1 High Yielding variety India

13 LL1122 Elite breeding line (DPL15 × No. 303) India

14 L4649 Advanced breeding lines IARI, New Delhi, India

15 ILWL118 Advanced breeding lines IARI, New Delhi, India

16 ILL10832 Mediterranean landraces ICARDA, Aleppo, Syria

17 P117 Advanced breeding lines GBPUAT, Pantnagar, India

18 IC346092 High Zn content NBPGR, New Delhi, India

19 10-3-1-26 Advanced breeding lines IARI, New Delhi, India

20 P13133 Advanced breeding lines ICARDA, Aleppo, Syria

21 P13145 ICARDA Nursery selection ICARDA, Aleppo, Syria

22 P15111 ICARDA Nursery selection ICARDA, Aleppo, Syria

23 P14903 ICARDA Nursery selection ICARDA, Aleppo, Syria

24 P13122 ICARDA Nursery selection ICARDA, Aleppo, Syria

25 P16205 ICARDA Nursery selection ICARDA, Aleppo, Syria

26 P8103 ICARDA Nursery selection ICARDA, Aleppo, Syria

27 P13123 ICARDA Nursery selection ICARDA, Aleppo, Syria

28 P14109 ICARDA Nursery selection ICARDA, Aleppo, Syria

29 P13107 ICARDA Nursery selection ICARDA, Aleppo, Syria

30 P13108 ICARDA Nursery selection ICARDA, Aleppo, Syria

31 IPL321 Resistance to Wilt AICRP MULLaRP, IIPR, Kanpur India

32 MC6 Advanced breeding lines India

33 PL97 Advanced breeding lines GBPUAT, Pantnagar, India

34 LH7-26 Resistance to Wilt India

35 P13135 ICARDA Nursery selection ICARDA, Aleppo, Syria

36 P3236 ICARDA Nursery selection ICARDA, Aleppo, Syria

37 P15213 ICARDA Nursery selection ICARDA, Aleppo, Syria

38 P13138 ICARDA Nursery selection ICARDA, Aleppo, Syria

39 P13112 ICARDA Nursery selection ICARDA, Aleppo, Syria

40 P13143 ICARDA Nursery selection ICARDA, Aleppo, Syria

41 P15115 ICARDA Nursery selection ICARDA, Aleppo, Syria

42 P13142 ICARDA Nursery selection ICARDA, Aleppo, Syria

43 P13130 ICARDA Nursery selection ICARDA, Aleppo, Syria

44 P15104 ICARDA Nursery selection ICARDA, Aleppo, Syria

45 L11-223 Advanced breeding lines AICRP MULLaRP, IIPR, Kanpur India

46 P13115 ICARDA Nursery selection ICARDA, Aleppo, Syria

47 P15121 ICARDA Nursery selection ICARDA, Aleppo, Syria

48 P8110 ICARDA Nursery selection ICARDA, Aleppo, Syria

49 P13157 ICARDA Nursery selection ICARDA, Aleppo, Syria

50 EC223212-A Exotic germplasm ICARDA, Aleppo, Syria

51 EC223209-B Exotic germplasm ICARDA, Aleppo, Syria

52 EC223207 Exotic germplasm ICARDA, Aleppo, Syria

53 EC223205-B Exotic germplasm ICARDA, Aleppo, Syria

54 EC223201 Exotic germplasm ICARDA, Aleppo, Syria

55 P13109 ICARDA Nursery selection ICARDA, Aleppo, Syria

56 P13128 ICARDA Nursery selection ICARDA, Aleppo, Syria
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Sl. no. Genotype Pedigree/ Key feature Origin

57 L11-292 Advanced breeding lines AICRP MULLaRP, IIPR, Kanpur India

58 P15207 ICARDA Nursery selection ICARDA, Aleppo, Syria

59 P13131 ICARDA Nursery selection ICARDA, Aleppo, Syria

60 EC78414 Exotic germplasm ICARDA, Aleppo, Syria

61 EC78426 Exotic germplasm ICARDA, Aleppo, Syria

62 EC223199-B Exotic germplasm ICARDA, Aleppo, Syria

63 EC223197-A Exotic germplasm ICARDA, Aleppo, Syria

64 EC223197-B Exotic germplasm ICARDA, Aleppo, Syria

65 EC223191 Exotic germplasm ICARDA, Aleppo, Syria

66 EC223150 Exotic germplasm ICARDA, Aleppo, Syria

67 EC223221 Exotic germplasm ICARDA, Aleppo, Syria

68 EC223220 Exotic germplasm ICARDA, Aleppo, Syria

69 EC223215 Exotic germplasm ICARDA, Aleppo, Syria

70 EC78545 Exotic germplasm ICARDA, Aleppo, Syria

71 EC78543 Exotic germplasm ICARDA, Aleppo, Syria

72 EC78541-A Exotic germplasm ICARDA, Aleppo, Syria

73 EC78539 Exotic germplasm ICARDA, Aleppo, Syria

74 EC78532 Exotic germplasm ICARDA, Aleppo, Syria

75 EC78529 Exotic germplasm ICARDA, Aleppo, Syria

76 EC78528 Exotic germplasm ICARDA, Aleppo, Syria

77 EC267634 Exotic germplasm ICARDA, Aleppo, Syria

78 EC78395 Exotic germplasm ICARDA, Aleppo, Syria

79 EC78408 Exotic germplasm ICARDA, Aleppo, Syria

80 EC78453 Exotic germplasm ICARDA, Aleppo, Syria

81 EC78446 Exotic germplasm ICARDA, Aleppo, Syria

82 EC78441-B Exotic germplasm ICARDA, Aleppo, Syria

83 EC78438 Exotic germplasm ICARDA, Aleppo, Syria

84 EC78437 Exotic germplasm ICARDA, Aleppo, Syria

85 EC78434 Exotic germplasm ICARDA, Aleppo, Syria

86 EC139824-A Exotic germplasm ICARDA, Aleppo, Syria

87 EC78933 Exotic germplasm ICARDA, Aleppo, Syria

88 EC78554 Exotic germplasm ICARDA, Aleppo, Syria

89 EC329166 Exotic germplasm ICARDA, Aleppo, Syria

90 EC267709 Exotic germplasm ICARDA, Aleppo, Syria

91 EC267696 Exotic germplasm ICARDA, Aleppo, Syria

92 EC223230 Exotic germplasm ICARDA, Aleppo, Syria

93 EC223229-B Exotic germplasm ICARDA, Aleppo, Syria

94 EC223229-A Exotic germplasm ICARDA, Aleppo, Syria

95 EC223226 Exotic germplasm ICARDA, Aleppo, Syria

96 EC223223 Exotic germplasm ICARDA, Aleppo, Syria

97 EC223222 Exotic germplasm ICARDA, Aleppo, Syria

98 EC78459 Exotic germplasm ICARDA, Aleppo, Syria

99 EC267641 Exotic germplasm ICARDA, Aleppo, Syria

100 EC267638 Exotic germplasm ICARDA, Aleppo, Syria

101 EC267636 Exotic germplasm ICARDA, Aleppo, Syria

102 EC267628-A Exotic germplasm ICARDA, Aleppo, Syria

103 EC267625-C Exotic germplasm ICARDA, Aleppo, Syria

104 EC267609 Exotic germplasm ICARDA, Aleppo, Syria

105 EC267604 Exotic germplasm ICARDA, Aleppo, Syria

106 EC267605 Exotic germplasm ICARDA, Aleppo, Syria

107 EC267595-C Exotic germplasm ICARDA, Aleppo, Syria

108 EC267567 Exotic germplasm ICARDA, Aleppo, Syria

109 EC78498 Exotic germplasm ICARDA, Aleppo, Syria

110 EC267676 Exotic germplasm ICARDA, Aleppo, Syria

111 EC267544-A Exotic germplasm ICARDA, Aleppo, Syria

112 EC78511 Exotic germplasm ICARDA, Aleppo, Syria

Continued
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S1). IC560181 exhibited high values for the following stress indices: TOL, PYR, MP, and SSPI, indicating its 
susceptibility to heat stress. Conversely, genotype P13133 displayed low MP, SSPI, PYR, and TOL, suggesting 
its heat tolerance. However, its overall performance was relatively low in both stress and non-stress conditions. 
Therefore, genotype grain yield should also be considered when selecting for both high performance and heat 
tolerance. While heat tolerance indices assess genotype response and resilience to heat stress, grain yield reflects 
a genotype’s actual productivity. By combining these two criteria, identification of such genotypes is possible that 

Sl. no. Genotype Pedigree/ Key feature Origin

113 EC78513 Exotic germplasm ICARDA, Aleppo, Syria

114 EC78509 Exotic germplasm ICARDA, Aleppo, Syria

115 EC78506 Exotic germplasm ICARDA, Aleppo, Syria

116 EC78505 Exotic germplasm ICARDA, Aleppo, Syria

117 EC78499 Exotic germplasm ICARDA, Aleppo, Syria

118 EC255491 Exotic germplasm ICARDA, Aleppo, Syria

119 EC2675770 Exotic germplasm ICARDA, Aleppo, Syria

120 EC267573 Exotic germplasm ICARDA, Aleppo, Syria

121 EC2675471 Exotic germplasm ICARDA, Aleppo, Syria

122 EC267569-B Exotic germplasm ICARDA, Aleppo, Syria

123 EC267569-A Exotic germplasm ICARDA, Aleppo, Syria

124 EC267563 Exotic germplasm ICARDA, Aleppo, Syria

125 EC267557-D Exotic germplasm ICARDA, Aleppo, Syria

126 EC267554 Exotic germplasm ICARDA, Aleppo, Syria

127 EC267545-D Exotic germplasm ICARDA, Aleppo, Syria

128 EC225501 Exotic germplasm ICARDA, Aleppo, Syria

129 EC223242 Exotic germplasm ICARDA, Aleppo, Syria

130 EC223188 Exotic germplasm ICARDA, Aleppo, Syria

131 EC78551-A Exotic germplasm ICARDA, Aleppo, Syria

132 EC267540 Exotic germplasm ICARDA, Aleppo, Syria

133 EC223397 Exotic germplasm ICARDA, Aleppo, Syria

134 EC267539 Exotic germplasm ICARDA, Aleppo, Syria

135 EC267536 Exotic germplasm ICARDA, Aleppo, Syria

Sl.no. Germplasm Pedigree/Key feature Origin

136 EC267533 Exotic germplasm ICARDA, Aleppo, Syria

137 EC267529 Exotic germplasm ICARDA, Aleppo, Syria

138 EC78488 Exotic germplasm ICARDA, Aleppo, Syria

139 EC78474 Exotic germplasm ICARDA, Aleppo, Syria

140 EC78472 Exotic germplasm ICARDA, Aleppo, Syria

141 EC78542-A Exotic germplasm ICARDA, Aleppo, Syria

142 EC78477-A Exotic germplasm ICARDA, Aleppo, Syria

143 EC78476 Exotic germplasm ICARDA, Aleppo, Syria

144 EC78425 Exotic germplasm ICARDA, Aleppo, Syria

145 EC78423 Exotic germplasm ICARDA, Aleppo, Syria

146 EC78421 Exotic germplasm ICARDA, Aleppo, Syria

147 EC241476 Exotic germplasm ICARDA, Aleppo, Syria

148 EC78397 Exotic germplasm ICARDA, Aleppo, Syria

149 EC78524-A Exotic germplasm ICARDA, Aleppo, Syria

150 EC78520 Exotic germplasm ICARDA, Aleppo, Syria

151 EC78519 Exotic germplasm ICARDA, Aleppo, Syria

152 EC78518 Exotic germplasm ICARDA, Aleppo, Syria

153 EC78517 Exotic germplasm ICARDA, Aleppo, Syria

154 EC78515 Exotic germplasm ICARDA, Aleppo, Syria

155 EC78487 Exotic germplasm ICARDA, Aleppo, Syria

156 EC78495 Exotic germplasm ICARDA, Aleppo, Syria

157 EC78491 Exotic germplasm ICARDA, Aleppo, Syria

158 EC78490 Exotic germplasm ICARDA, Aleppo, Syria

Table 1.  Genotypes used in the study along with their sources and pedigree/key feature. Among these, 106 
genotypes were sourced from ICARDA and 52 were obtained from ICAR-IARI, India.
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are not only heat-tolerant but also high-yielding under both stress and non-stress conditions. Genotype P13143 
demonstrated the highest YI, HM, STI, MRP, GMP, and MP values, establishing it as the most productive and 
stable genotype in both stress and non-stress conditions. Conversely, genotype P117 exhibited the lowest HM, 
RSI, STI, GMP, YSI, and YI values, indicating its susceptibility to heat stress. Genotypes classified as heat-tolerant 
exhibited higher values of YI, YSI, STI, MP, HM, GMP, and MRP, while those classified as heat-susceptible 
had lower values. Genotype EC223209-B showed the lowest PYR, followed by EC78472, P13133, IG69568, and 
EC267529. These genotypes can be considered relatively stable in both stress and non-stress conditions. In terms 
of performance, genotype EC223209-B was low-yielding in normal sown conditions. However, in late-sown 
conditions, it performed better as compared to most of the genotypes. This superior performance under stress 
highlights its potential for cultivation in heat stress conditions where stable yields are critical.

Among the five control genotypes, control 5 was the best performing one in normal-sown conditions across 
both the seasons. However, under late-sown conditions, all the control genotypes showed significant reduction 
in yield. Control 3 had the lowest PYR followed by control 2, indicating superior performance as compared to 
other controls in late-sown conditions.

Correlation analysis
A correlation analysis was performed between Yp, Ys and stress tolerance indices to determine the most 
appropriate criteria for selecting heat-tolerant genotypes (Table 5; Fig. 3). Chord diagram was also constructed 
using the correlation matrix to visually represent the relationships (Fig. S2). PYR showed a strong negative 
association with Ys and a strong positive relationship with both TOL and SSPI. Conversely, under normal-
sown conditions, a positive correlation was found between grain yield and TOL, SSPI, and PYR. This suggests 
that selection on the basis of these indices can improve performance in normal-sown conditions. However, 
performance may be reduced in case of heat stress. Furthermore, RSI as well as YSI showed significant positive 
association with Ys and a negative association with Yp. These two indices are more effective for distinguishing 
heat-tolerant genotypes from susceptible ones. Another study on durum wheat also reported the effectiveness of 
YSI in discerning genotypes with varying levels of stability under stress54. The stress indices STI, MRP, MP, YI, 
GMP, and HM had highly significant positive relationship with both Yp and Ys, indicating their usefulness in 
identifying better-performing genotypes in both stress and non-stress conditions. Selection on the basis of the 
above indices identified genotype P13143 followed by P13130 and P13135 as high-yielding in both normal and 
stress conditions.

Principal component analysis
To identify genotypes tolerant to heat stress, PCA was conducted using grain yields in normal and late-sown 
conditions and stress tolerance indices. Among thirteen principal components, the first two had eigenvalues 
greater than 1, accounting for 97.8% of the observed variation (Table S5). Specifically, PC1 explained 58.3% 
of the overall variance, while PC2 accounted for 39.5% (Table 6; Fig. 4). Thus, by using the first two principal 

Stress Indices Method of Calculation References

The Tolerance Index (TOL) Yp - Ys Rosielle and Hamblin34

Stress Tolerance Index (STI) (Yp × Ys)/ Xp2 Fernandez40

Stress susceptibility percentage index (SSPI) (Yp − Ys)/ (2Xp ) × 100 Moosavi et al.37

Yield Index (YI) Ys/ Xs Gavuzzi et al.42

Yield Stability Index (YSI) Ys/ Yp Bouslama and Schapaugh41

Relative Stress Index (RSI) (Ys/ Yp) / (Xs/ Xp) Fischer and Wood38

Mean Productivity (MP) (Yp + Ys)/2 Rosielle and Hamblin34

Geometric Mean Productivity (GMP)
√

(Ys × Yp Fernandez40

Harmonic Mean (HM) 2(Yp × Ys)/ (Yp + Ys) Bidinger et al.45

Mean relative performance (MRP) (Ys/ Xs) + (Yp/ Xp) Ramirez and Kelly36

Percent yield Reduction (PYR) (Yp - Ys)/Yp ×100 Farshadfar and Javadinia46

Table 3.  The heat stress indices used in the study with their mathematical formulas. Yp yield under normal 
conditions, Ys yield under stress conditions, Xp average yield of all lentil genotypes under normal conditions, 
Xs average yield of all lentil genotypes under stress conditions.

 

Location Years Environments Date of sowing Date of harvesting

Research farm of Division of Genetics, IARI, New Delhi.

2022-23
Normal sown 22.11.2022 18.04.2023

Late sown 15.01.2023 10.05.2023

2023-24
Normal sown 23.11.2023 20.04.2024

Late sown 16.01.2024 11.05.2024

Table 2.  Details of the experiments conducted during 2022-23 and 2023–2024 seasons.
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components, the complexity of the data can be significantly reduced without substantial loss of information, 
making it easier to visualize, interpret, and analyze. As nearly all the variation in the dataset is captured by these 
two components, any model or analysis based on them is expected to be highly accurate. Furthermore, MRP, 
GMP, YI, STI, and HM displayed a strong positive association with PC1. Conversely, PC2 showed a strong 
positive relationship with SSPI, TOL, and PYR. Additionally, RSI and YSI were found to be positively associated 
with PC1 but negatively related to PC2.

The biplot was created using the first two principal components to compare different genotypes and 
investigate the relationships between studied stress indices (Fig. 5). Genotypes present in the positive PC1 region 
(first quadrant) exhibited better performance under heat stress conditions due to their association with indices 
favouring heat stress tolerance. Genotype P13143 and P13130, followed by P13135, demonstrated the highest 
values for PC1. These were determined to be the most heat-tolerant among the studied genotypes. Whereas 
genotypes 1, 12, 143, and 13 (IC 560181, NDL1, EC78476, and LL1122, respectively) were present in the positive 
PC2 region (second quadrant) and exhibited higher (positive) PC2 and lower (negative) PC1 values. They were 
marked as most susceptible to heat stress. Furthermore, genotypes 140 and 51 (EC78472 and EC223209-B, 
respectively) had higher PC1 but lower PC2 values (fourth quadrant). They were considered stable in both stress 
and non-stress conditions.

Fig. 1 .   Pooled weekly weather parameters [maximum and minimum temperature (°C), relative humidity 
at morning and evening (%), rainfall (mm) and bright sun shine hour (hr)] during the lentil growing season 
2022-23.  Pooled weekly weather parameters [maximum and minimum temperature (°C), relative humidity 
at morning and evening (%), rainfall (mm) and bright sun shine hour (hr)] during the lentil growing season 
2023-24.

 

Scientific Reports |         (2025) 15:3716 8| https://doi.org/10.1038/s41598-025-87326-8

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Cluster analysis
On the basis of eleven stress tolerance indices, all the studied lentil genotypes were grouped into eight clusters 
(Fig. 6; Table 7). Cluster VIII had the highest number of genotypes, with a total of 74. Whereas clusters I and 
II had the minimum number of genotypes, with one genotype in each. There were more similarities observed 
between genotypes within the same cluster, whereas those from different clusters exhibited greater variation 
in heat stress indices. Furthermore, genotype in cluster I exhibited the highest MRP, HM, MP, STI, and GMP 
values, followed by genotypes from clusters III. Conversely, the genotype in cluster VI showed the lowest values 
for these indices, followed by genotypes from cluster VIII. Therefore, the genotype P13143 in cluster I was 
considered the most heat-tolerant. On the other hand, P117 belonging to cluster VI was identified as most heat 
sensitive.

Discussion
In the present study, late sowing reduced the growing season duration from 148 to 116 days in the first season 
and from 150 to 115 days in the second season. Under normal-sown conditions, plants experienced a longer 
vegetative phase under declining day lengths, followed by flowering and pod setting as day lengths increased. This 
alignment with optimal photoperiod and temperature supported better canopy development, efficient resource 
partitioning, and biomass accumulation. In contrast, late-sown plants experienced shorter photoperiods during 
the vegetative phase, with an abrupt transition to reproductive growth as temperature and day length increased. 
This shift accelerated phenological development, reducing the vegetative growth period and potentially limiting 
biomass production. These observations are consistent with those reported by Kumar et al.55 and Summerfield et 
al.56 in lentils. However, temperature has a much greater impact on lentil development (days to flowering) than 
photoperiod56,57.

Previous studies have reported significant reduction in plant height in late sown conditions as compared to 
normal sown conditions58,59. This may be due to the favourable environmental conditions during the normal 
sowing of the lentil genotypes, which promote proper growth and development. Late sowing also affected the 
time period required for overall phenological development, resulting in a reduction in overall growing season 
duration. These observations are in agreement with those reported by Wright et al.60 and Maphosa et al.61 in 
lentil. Furthermore, reduction in the number of secondary branches and pods per plant was also reported61,62. All 
these factors resulted in significant reductions in yield in late-sown conditions. Mukherjee et al.58 also reported a 
similar reduction in yield due to the exposure of lentil genotypes to high temperatures in late-sown conditions.

Heat stress can significantly affect lentil crops, particularly during the flowering and pod-filling stages26. 
Under late-sown conditions, lentil genotypes were exposed to higher temperature of approximately 3–5  °C, 
leading to reduction in grain yield. This negative association between grain yield and heat stress is a considerable 
obstacle for plant breeders in their efforts to sustain high yields. Therefore, in the present study, stress indices 
were computed using mean grain yield to assess heat stress in different lentil genotypes and to identify high-
yielding heat-tolerant genotypes. Stress tolerance indices play a crucial role in identifying the genotypes capable 
of enduring adverse conditions. While it remains uncommon to employ these indices for selecting heat-tolerant 
lentil genotypes worldwide, they are established tools for screening drought-tolerant genotypes in durum and 
bread wheat under water-stress conditions63,64. Furthermore, GMP and MP indices have emerged as dependable 
markers for identifying genotypes with tolerance to terminal heat stress in case of spring wheat in Nepal65. 
Similar results were also documented by Sareen et al.66 demonstrating the effectiveness of these indices across 
various environments for screening terminal heat-tolerant genotypes. Lower values of TOL and SSPI are 
preferable for selecting tolerant genotypes, while higher values indicate greater susceptibility to stress. Therefore, 

Trait Count Mean Standard Error Standard Deviation Min Max Skewness Kurtosis

Yp 163 32.17 0.76 9.7 14.13 61.47 0.65** 2.89 ns

Ys 163 5.68 0.24 3.02 0.12 17.37 0.78** 3.65 ns

TOL 163 26.49 0.76 9.66 6.865 59.47 0.61** 3.09 ns

STI 163 0.19 0.01 0.14 0.004 0.94 1.95** 9.91**

SSPI 163 42.17 1.2 15.37 10.59 91.8 0.61** 3.09 ns

YI 163 1.02 0.04 0.54 0.0201 3.01 0.78** 3.65 ns

YSI 163 0.19 0.01 0.11 0.002 0.56 0.9** 4.06*

RSI 163 1.07 0.05 0.6 0.01 3.22 0.9** 4.06*

MP 163 18.93 0.42 5.31 9.61 37.28 0.69** 3.11 ns

GMP 163 12.95 0.35 4.52 2.14 31.42 0.66** 3.98*

HM 163 9.29 0.34 4.36 0.22 26.48 0.63** 3.67 ns

MRP 163 2.05 0.05 0.67 0.81 4.78 0.89** 4.13*

PYR 163 81.16 0.83 10.63 43.09 99.71 -0.89** 4.06*

Table 4.  Descriptive statistics of grain yield under normal and heat stress conditions and heat tolerance 
indices. Yp yield under normal conditions, Ys yield under stress conditions, TOL tolerance index, STI stress 
tolerance index, SSPI stress susceptibility percentage index, YI yield index, YSI yield stability index, RSI relative 
stress index, MP mean productivity, GMP geometric mean productivity, HM harmonic mean, MRP mean 
relative performance, PYR percent yield reduction. nsP > 0.05; * P ≤ 0.05; ** P ≤ 0.01.
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tolerance increases with a decrease in TOL and SSPI values. However, these two indices fail to differentiate 
between genotypes that are high-yielding under both conditions. In our study, genotype IC 560181 exhibited 
the highest values for both SSPI and TOL. Whereas, genotype P13133 followed by EC267529, EC223209-B and 
IG69568 had the lowest TOL and SSPI values, indicating their heat tolerance.

When selecting high-yielding genotypes, it’s crucial to consider both low TOL and grain yield. Genotype 
EC223209-B also showed the highest values for RSI and YSI. Higher YSI indicates that a plant is able to maintain 
its yield despite adverse conditions like heat stress. Whereas, by comparing performance under stress and non-
stress conditions, RSI highlights plants that are inherently better at tolerating stress. It indirectly reflects how 
well plants manage heat-induced disruptions, such as oxidative stress, protein denaturation or stomatal closure. 
Similar observations were made in rice, suggesting that RSI and YSI are valuable tools for identifying better-
performing genotypes in stress rather than non-stress conditions42. In studies on chickpea, STI was found to be a 
more suitable parameter for screening heat-tolerant genotypes67,68. Higher values for STI, MP, and GMP indicate 
superior performance, suggesting genotypes with enhanced heat tolerance and increased grain yield.

Selection on the basis of MP tends to prioritize higher yields over heat tolerance. In our study, genotype 
P13143 exhibited the highest HM, MP, STI, and GMP values. Conversely, genotype P117 displayed the lowest 
YI, GMP, STI, and HM values. Rosielle and Hamblin34, along with Fernanez40, have previously identified GMP 
as an effective method for distinguishing genotypes on the basis of their performance in stress and non-stress 
conditions. Therefore, compared to other genotypes, genotype P13143 demonstrated higher productivity under 
heat stress. Among the controls, control 5 had the highest values of MRP, GMP, and STI, indicating superior 
performance. In their research, Zaman et al.69 also suggested that high values for MRP, GMP, and STI could serve 
as criteria for selecting genotypes that are both highly productive and heat-tolerant. Studies by Singh et al.70 and 
Ashraf et al.71 concluded that lines with higher YI are more tolerant to heat stress compared to other lines. In our 
study, genotype P13143, followed by P13130 and EC78472, exhibited the highest values for YI.

Fig. 2 .   Frequency distribution of yield under normal and stress conditions and heat stress indices. Coloured 
lines represent the checks (Brown-Check 1, Dark Cyan-Check 2, Green-Check 3, Purple-Check 4, Pink-
Check 5). Yp yield under normal conditions, Ys yield under stress conditions, TOL tolerance index, STI stress 
tolerance index, YSI yield stability index, YI yield index, RSI relative stress index, MP mean productivity, HM 
harmonic mean, GMP geometric mean productivity, MRP mean relative performance, PYR percent yield 
reduction, SSPI stress susceptibility percentage index.
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For the selection of genotypes susceptible to or tolerant of heat stress, relying solely on various stress indices 
is deemed insufficient Therefore, we examined the correlation between Yp, Ys and stress indices to identify the 
most appropriate indices for assessing tolerance to heat stress. In present study, a positive correlation (0.178) was 
found between Yp and Ys. Zaman et al.69 also reported similar associations between grain yields in normal and 
heat stress conditions. In addition, RSI and YSI showed negative association with Yp but positive association 

Fig. 3.   Correlation matrix demonstrating the correlations among yields under normal and stress conditions 
and heat tolerance indices. Correlation coefficients are depicted as the colour and size of the circles. Yp yield 
under normal conditions, Ys yield under stress conditions, TOL tolerance index, STI stress tolerance index, 
SSPI stress susceptibility percentage index, YI yield index, YSI yield stability index, RSI relative stress index, MP 
mean productivity, GMP geometric mean productivity, HM harmonic mean, MRP mean relative performance, 
PYR percent yield reduction.

 

Yp Ys TOL STI SSPI YI YSI RSI MP GMP HM MRP PYR

Yp

Ys 0.178*

TOL 0.951*** -0.136 NS

STI 0.574*** 0.871*** 0.304***

SSPI 0.951*** -0.136 NS 1.000*** 0.304***

YI 0.178* 1.000*** -0.136 NS 0.871*** -0.136 NS

YSI -0.364*** 0.800*** -0.618*** 0.421*** -0.618*** 0.800***

RSI -0.364*** 0.800*** -0.618*** 0.421*** -0.618*** 0.800*** 1.000***

MP 0.960*** 0.446*** 0.826*** 0.770*** 0.826*** 0.446*** -0.103 NS -0.103 NS

GMP 0.555*** 0.895*** 0.277*** 0.971*** 0.277*** 0.895*** 0.480*** 0.480*** 0.759***

HM 0.276*** 0.988*** -0.034 NS 0.918*** -0.034 NS 0.988*** 0.717*** 0.717*** 0.532*** 0.946***

MRP 0.602*** 0.893*** 0.325*** 0.969*** 0.325*** 0.893*** 0.483*** 0.483*** 0.802*** 0.980*** 0.928***

PYR 0.364*** -0.800*** 0.618*** -0.421*** 0.618*** -0.800*** -1.000*** -1.000*** 0.103 NS -0.480*** -0.717*** -0.483***

Table 5.  Correlation coefficients between grain yield under normal and heat stress conditions and heat 
tolerance indices of Lentil genotypes. The stress indices STI, MRP, MP, YI, GMP, and HM showed significant 
positive correlation with both Yp and Ys, indicating their usefulness in identifying high-yielding genotypes. 
Yp yield under normal conditions, Ys yield under stress conditions, TOL tolerance index, STI stress tolerance 
index, SSPI stress susceptibility percentage index, YI yield index, YSI yield stability index, RSI relative stress 
index, MP mean productivity, GMP geometric mean productivity, HM harmonic mean, MRP mean relative 
performance, PYR percent yield reduction. NSP > 0.05; * P ≤ 0.05; ** P ≤ 0.01, ***p ≤ 0.001.
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with Ys. Similar findings were reported by Poudel et al.72, who concluded that lower SSPI and TOL and higher 
YSI should be given more importance when selecting heat-tolerant genotypes. We also found a highly significant 
positive correlation of yield with following heat tolerance indices such as HM, STI, GMP, YI, and MP. These 
observed correlations align with the findings reported by Zaman et al.69 and Ivi´c et al.73 in studies on lentil and 
wheat, respectively. Jha et al.74. proposed that these indices might be utilised to select genotypes that perform 
well in both stress and non-stress conditions. This idea is further supported by Puri et al.‘s75 research on spring 
wheat in Nepal.

In order to determine the percentage contributions of main components and heat tolerance indices to the 
overall variance, we conducted PCA based on yield and stress tolerance indices. PCA serves as a valuable tool 
for pattern identification in cluster analysis, often preferred by plant breeders76. While correlation coefficients 
help understand relationships between two variables, several authors have advocated for PCA as a more effective 
criterion for selection of superior genotypes in both normal and heat-prone conditions54,77. Moreover, PCA 
offers advantages over cluster analysis by simultaneously displaying associations between all traits and reducing 

Fig. 4.   Scree plot demonstrating the variance explained by the principal components. First principal 
component explained 58.4% of the observed variation followed by second principal component that accounted 
for 39.5% of the observed variation.

 

Components PC1 PC2

Eigen value 7.58 5.13

Variance % 58.3 39.5

Cumulative 58.3 97.8

Yp 0.28 0.95

TOL -0.02 0.99

STI 0.90 0.35

Ys 0.99 -0.10

SSPI -0.02 0.99

YI 0.99 -0.10

YSI 0.75 -0.63

RSI 0.75 -0.63

MP 0.54 0.83

GMP 0.93 0.31

HM 0.99 0.007

MRP 0.93 0.35

PYR -0.75 0.63

Table 6.  Results of principal component analysis based on yield under normal and heat stress conditions 
and heat tolerance indices. The first two principal components together accounted for 97.8% of the observed 
variation. PC1 first principal component, PC2 second principal component, Yp yield under normal conditions, 
Ys yield under stress conditions, TOL tolerance index, STI stress tolerance index, SSPI stress susceptibility 
percentage index, YI yield index, YSI yield stability index, RSI relative stress index, MP mean productivity, 
GMP geometric mean productivity, HM harmonic mean, MRP mean relative performance, PYR percent yield 
reduction.
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the number of contributing traits to total variations. In our study, the first two components with eigenvalues > 1 
were considered the major components. PC1 displayed positive correlations with the following heat tolerance 
indices: GMP, HM, YSI, MP, MRP, YI, and STI. These indices were clustered together in PC1 as they share a 
common focus on stable and high performance under both stress and non-stress conditions. Thus, PC1 could be 
regarded as “yield potential and heat tolerance component” in both stress and non-stress conditions. Conversely, 
PC2 was deemed as “stress susceptibility component,” significantly associated with TOL, SSPI, and PYR, making 
it useful for identifying genotypes sensitive to heat. Our observations revealed that genotypes exhibiting high 
performance under both stress and non-stress conditions had higher PC1 and lower PC2. In their study, Kaya et 
al.78 also supported the view that genotypes having higher PC1 and low PC2 values could be identified as stable, 
and vice versa.

All 158 lentil genotypes were classified into eight clusters based on eleven heat-tolerant indices. In this 
grouping, cluster I exhibited the highest MRP, HM, GMP, and STI values, followed by cluster III. Therefore, these 
clusters represent genotypes with superior heat tolerance and yield stability under stress conditions. Breeders can 
select genotypes from these clusters as potential parents for developing heat-tolerant and high-yielding varieties. 
Crosses between genotypes within these clusters may combine and enhance these favourable traits. Conversely, 
cluster VI showed the lowest values for these indices, trailed by cluster VIII. While genotypes belonging to 
these clusters may not directly contribute to improved yield, they can be used in pre-breeding programs or 
wide crosses to introduce genetic diversity and novel traits. Naghavi et al.79 utilized MP, GMP, and STI to cluster 
eight maize genotypes into three groups, finding that genotypes having highest values for these indices were 
tolerant to heat stress. Similarly, Thanaa et al.80 categorized genotypes into five clusters based on performance 
and stress indices, identifying the genotype with the highest values of STI, YSI, HM, MP, and GMP as tolerant. 
Hence, prioritizing high values of YSI, HM, MP, STI, and GMP during parent selection could aid in developing 
heat-tolerant varieties. Jha et al.81. , using morphological traits and stress tolerance indices, categorized chickpea 
genotypes into distinct clusters, recommending the inclusion of genotypes from diverse clusters in breeding 
programs for heat-tolerant chickpea varieties. Their research highlighted the utility of YI, MP, and GMP in 
breeding programs for identifying highly productive chickpea genotypes under conditions of heat stress.

In summary, our study identified MP, GMP, YI, YSI, HM, MRP, and STI as suitable criteria for selecting 
high-yielding genotypes in lentils under both stress and non-stress conditions. Conversely, TOL, SSPI, and PYR 
were found to be linked to heat susceptibility. Therefore, these heat stress indices can be routinely used in future 
breeding programs for the selection of heat-tolerant lines. Based on heat tolerance indices, principal component 

Fig. 5.   PCA biplot demonstrating the relationships among studied heat tolerance indices. The X-axis 
represents the first principal component (Dim1), and the Y-axis represents the second principal component 
(Dim2). PC1 first principal component, PC2 second principal component, Yp yield under normal conditions, 
Ys yield under stress conditions, TOL tolerance index, STI stress tolerance index, YSI yield stability index, 
YI yield index, RSI relative stress index, MP mean productivity, HM harmonic mean, GMP geometric 
mean productivity, MRP mean relative performance, PYR percent yield reduction, SSPI stress susceptibility 
percentage index.
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Clusters No of genotypes Cluster members

Cluster I 1 P13143

Cluster II 1 IC 560,181

Cluster III 21 PL97, P13142, P13109, EC2675471, EC267540, EC267533, P8112, MC6, LH7-26, P13157, EC223205-B, P13131, EC223191, EC2675770, 
P3234, ILL10832, P13107, P13135, P13112, P13130, EC78543

Cluster IV 2 EC78472, EC223209-B

Cluster V 22 IG69568, P13133, EC78408, EC78441-B, EC223229-B, EC267529, EC78395, EC78474, EC78477-A, EC78423, EC78520, IPL321, 
EC223221, EC223215, EC78532, EC267641, IC346092, P14903, EC267609, EC267676, EC225501, EC223242

Cluster VI 5 P13119, P117, P8103, P14109, P13108

Cluster VII 32
NDL1, LL1122, 10-3-1-26, EC78545, EC78539, EC267604, EC78488, EC78476, EC78487, EC78524-A, EC223212-A, EC223201, P15207, 
EC223199-B, EC223197-A, EC78541-A, EC78529, EC78528, EC78499, EC78542-A, EC78397, EC78518, KLS218, ILWL118, P13145, 
P15213, P13138, P13128, EC78414, EC78426, EC223150, EC267634

Cluster VIII 74

EC267709, EC241476, P13122, P16205, EC223207, EC78511, L4649, P15121, P3236, EC78498, EC267539, EC223226, EC78446, 
EC267636, EC267569-B, DPL-15, EC267638, EC78505, P14105, EC223220, EC267545-D, EC223191, EC78509, EC267595-C, 
EC267544-A, EC78513, EC78425, EC223188, EC78519, EC267569-A, P15104, EC78517, EC223397, P3235, EC267536, EC267628-A, 
EC267696, EC223222, P8110, EC267605, L11-292, EC267554, L7920, EC139824-A, EC329166, EC267567, EC78933, EC78554, EC78459, 
EC267573, EC267557-D, EC78437, P15111, EC78438, L11-223, EC267625-C, P13115, P13123, P15115, EC78453, EC78491, EC255491, 
EC78490, EC78506, EC78421, EC267563, EC78515, PL639, EC223223, EC78434, EC223220, EC223229-A, EC78551-A, EC78495

Table 7.  Clustering of lentil genotypes based on heat tolerance indices using average linkage method. 
Genotype in cluster I displayed the highest MRP, HM, MP, STI, and GMP values whereas genotype belonging 
to cluster VI showed the lowest values for these indices.

 

Fig. 6.   Dendrogram based on heat tolerance indices showing the clustering pattern of lentil genotypes into 
eight different groups.
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analysis, and cluster analysis, genotypes P13143, P13130, and P13135 were selected as the most heat-tolerant 
and high-yielding genotypes in both conditions. Whereas genotypes IC 560181, NDL1, EC78476, and LL1122 
were identified as the most heat-susceptible genotypes. Identified heat-tolerant genotypes should be evaluated 
in future in multi-location field trials to assess their performance across diverse agro-climatic zones. These 
genotypes can also be used as donors for combining favourable traits such as yield stability and heat tolerance. 
Additionally, the low-performing genotypes may be used in pre-breeding or wide crosses to broaden the genetic 
base for future breeding efforts. All these strategies will ultimately help develop lentil varieties that maintain high 
productivity in heat stress conditions.

Conclusion
The present study conducted an assessment of 158 lentil genotypes grown under both normal and late-sown 
conditions using various heat stress indices. Heat stress adversely affected the performance of all genotypes 
when planted late, resulting in reduced yields. Principal component analysis, correlation and biplot display 
indicated presence of significant positive correlation between Yp, Ys, and following heat tolerance indices: YI, 
MP, HM, GMP, MRP and STI. Therefore, these indices were identified as suitable criteria for selecting highly 
productive genotypes under both conditions. In contrast, TOL, SSPI, and PYR were found to be associated with 
heat susceptibility. Furthermore, cluster analysis based on these indices successfully classified 158 genotypes into 
heat-tolerant and heat-sensitive groups. Three genotypes, i.e., P13143, P13130, and P13135 were found to be the 
most heat-tolerant as well as high-yielding in both conditions, making them suitable for use in future breeding 
programs as a source of heat stress tolerance.

Data availability
All data generated or analyzed during this study are included in this published article [and its supplementary 
information files].The datasets used and/or analyzed during the current study are available from the correspond-
ing author on reasonable request.
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