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5.1. Materials and Methods 

 In the present work, Quantitative Trait Loci (QTLs) were mapped in F2, incorporating 

phenotypes of F3 progeny. Phenotypic studies were performed in green house of Herbal 

Garden, Acharya Nagarjuna University, Guntur, Andhra Pradesh (16.37o66’N and 

80.52o75’E, altitude- 30 m above sea level) and in Plant Biotechnology Lab, Department of 

Biotechnology, K L E F, Andhra Pradesh. Genotypic studies were carried out in Molecular 

Biology Lab, Department of Biotechnology, K L E F, Guntur, AP.  

 

5.1.1. Plant Material 

 For genotypic and phenotypic studies, the mapping population was developed from 

the cross between two parents KCa-1 and KCa-2 differing in tolerance towards drought. 

Among the two genotypes, KCa-1 was drought tolerant while KCa-2 was susceptible.   

 

5.1.2. Construction of Linkage Map 

5.1.2.1. Genetic Material 

 The genetic material evaluated in the present work constituted one hundred 

segregating population (F2), one generation earlier than the generation that was evaluated for 

phenotypic traits, derived from single F1 plant obtained from the cross between KCa-1 and 

KCa-19.  

 

5.1.2.2. Screening of Genetic Markers 

 A total of 119 SSR markers (Table 5.1), 40 CaAQP gene specific markers (Tables 

4.1, 5.2) and 30 CaPRR gene specific markers (Table 5.3) were utilised to check the parents 

of mapping population namely KCa-1 and KCa- 19 for polymorphism. From the parents, 

DNA was isolated using CTAB extraction method. Fresh young leaf samples (45 Days after 

Sowing (DAS)) were collected aseptically to extract genomic DNA. With the help of Liquid 

Nitrogen, leaves were homogenized in mortar, pestle and the suspension is poured into 1.5 

ml micro centrifugation tube. To this tube, 500µl of preheated (at 65oC for 30 min) extraction 

buffer (1.5 M NaCl, 100 mM Tris- HCl (pH-8), CTAB (2% w/v), 20 mM EDTA) was added  
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and incubated at 65oC for 30 min. Contents were mixed intermittently to make uniform 

suspension. 

Samples were allowed to cool to room temperature and for each sample 500µl of 24:1 

chloroform-isoamyl alcohol was added and mixed slowly for a period of 15 min by inverting 

the centrifugation tubes. Contents were centrifuged (10,000 rpm) for a period of 10 min in a 

microcentrifuge (Eppendorf Minispin Plus Microcentrifuge). The top aqueous layer was 

transferred into another 2 ml micro centrifugation tube, to which 2/3rd volume of ice cold Iso-

propanol was added and mixed thoroughly.  Micro centrifugation tubes containing the 

contents were incubated for 60 min at -20°C. Post incubation, tubes were centrifuged at 

12000 rpm (10 min). Supernatant was decanted and the pellet was air dried at room 

temperature for a period of 30 min. Pellet was re-suspended in TE buffer (200 µl ) (10 mM 

Tris EDTA (pH-8)) and reserved for future use at 4o C. 

The quality, integrity of isolated DNA had checked by loading samples in 0.8% 

Agarose having 5 µl/100 ml Ethidium bromide (10 mg/ml). Quantity and purity of extracted 

DNA was further identified by determining OD at 280 and 260 nm by means of UV-Visible 

Spectrophotometer (Eppendorf BioSpectrometer, Epperndorf AG, Germany). The DNA was 

then normalised for uniformity to 5 ng/µl concentration. Post quality and quantity checks, 

DNA from both KCa-1 and KCa-19 genotypes were amplified using marker primers to 

screen polymorphism. PCR reactions containing reaction mixture of each 10 µl volume were 

performed in thermocycler (Epperdorf Mastercycler vapo protect, Eppendorf AG, Germany).  

Each reaction mixture (final concentration) is made up of 10 ng (2 µl) template 

genomic DNA, dNTP mix (1 µl) containing 0.1 mM each dNTP, 10 pM/µl each forward (0.5 

µl) and reverse (0.5 µl) primer, 1U of Taq DNA Polymerase (1 µl) (TaKaRa Bio) and 1X 

PCR buffer (1.5 µl) containing 15mM MgCl2 (TaKaRa Bio) and the final volume is made to 

10 µl with the addition of 3.5 µl of DEPC treated water. For SSR primers PCR profile started 

with initial denaturation at 94o C for 4 min, followed by 40 cycles of denaturation at 94oC for 

50 sec, primer annealing at 56o C for 50 sec and extension for 1 min at 72o C. Post 40 cycles, 

final extension at 72o C for 10 min was carried out. For gene specific primers, thermal profile 

started with intial denaturation for 4 min at 94o C, followed by 40 cycles of denaturation at 

94o C for 50 sec, primer annealing at 62o C for 50 sec, extension at 72o C for 2 min. The final  
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extension at 72o C for 10 min was performed. After the completion of amplification, PCR 

products were stored at -20o C for further use. An aliquot (10 µl) of each amplified product 

was loaded in agarose gel (2%) containing 5 µl/100 ml Ethidium bromide for gel 

electrophoresis to observe the presence of polymorphism between the parents. Banding 

pattern was recorded using gel documentation system (UVi Tech Cambridge, model- Fire 

reader-xs-D55). 
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Table- 5.1 List of SSR Markers used to detect Polymorphism between between Parents 

S.No. Marker Name Forward Primer Reverse Primer 
Amplicon 
Size 

Reference 

1 Hpms 1-1 tcaacccaatattaaggtcacttcc ccaggcggggattgtagatg 283 Lee et al., [292] 
2 Hpms1-5 ccaaacgaaccgatgaacactc gacaatgttgaaaaaggtggaagac 311 Lee et al., [292] 
3 Hpms 1-172 gggtttgcatgatctaagcatttt cgctggaatgcattgtcaaaga 344 Lee et al., [292] 
4 Hpms 1-173 tgctgggaaagatctcaaaagg atcaaggaagcaaaccaatgc 163 Lee et al., [292] 
5 Hpms 1-274 tcccagacccctcgtgatag tcctgctccttccacaactg 174 Lee et al., [292] 
6 Hpms 2-2 gcaaggatgcttgttgggtgtc tcccaaaattaccttgcagcac 146 Lee et al., [292] 
7 Hpms 2-21 tttttcaattgatgcatgaccgata catgtcattttgtcattgatttgg 295 Lee et al., [292] 
8 Hpms 2-24 tcgtattggcttgtgatttaccg ttgaatcgaatacccgcaggag 205 Lee et al., [292] 
9 Hpms-CaSIG19 catgaatttcgtcttgaaggtccc aagggtgtatcgtacgcagcctta 218 Lee et al., [292] 
10 CAN130829 gctaattacttgctccgttttg aatgggggagtttgttttgg 184 Lee et al., [292] 
11 AF208834 tgcaccaaggtccagtaaggttg ccaaccaccatggttcatacaag 201 Lee et al., [292] 
12 CM0011 tctgctttaaaacacatacat cattctaactgaaattgcatg 116 Lee et al., [292] 
13 HPMS 1-148 ggcggagaagaactagacgattagc tcacccaatccacatagacg 197 Lee et al., [292] 
14 HPMS 1–62 catgaggtctcgcatgatttcac ggagaaggaccatgtactgcagag 186 Lee et al., [292] 
15 HPMS 1–117 acccaaatttgccttgttgat aatccataaccttatcccataaa 189 Lee et al., [292] 
16 HPMS 1–168 gccccgatcaatgaatttcaac tgatttttgggtggagagaaaacc 208 Lee et al., [292] 
17 HPMS 2-9 cccgtatgtgattctaggatgg cgttagcaggtactgaggataagg 189 Lee et al., [292] 
18 HPMS 2–26 gggatgtaggaacaaccctaacc tgcatcttttcttcatcccctttc 217 Lee et al., [292] 
19 HPMSAT2–14 tttagggtttccaactcttcttcc ctaaccccaccaagcaaaacac 174 Lee et al., [292] 
20 Hpms1-6 tccataacttcacccatgagtatga gcaacacccacattcccttctc 197 Lee et al., [292] 
21 Hpms1-143 aatgctgagctggcaaggaaag tgaaggcagtaggtggggagtg 221 Lee et al., [292] 
22 Hpms1-145 agcttgtgtcataatcttgaaaaactc tgaaaagacgattttgtctaatgcg 150 Lee et al., [292] 
23 EPMS418 atcttcttctcatttctcccttc tgctcagcattaacgacgtc 178-210 Nagy et al., [293] 
24 GPMS 113 gcacaagtcaatccaaacga caaaaagatgatgatggatgaga 91-172 Nagy et al., [293] 
25 GPMS 161 cgaaatccaataaacgagtgaag cctgtgtgaacaagttttcagg 184-299 Nagy et al., [293] 
26 GPMS8 tgatgataaggccatgataaaatg ccagattctttagcaaggttta20cc 159-229 Nagy et al., [293] 
27 GPMS112 tccctcagcagcaacaattt gtcgggctctttgattgtgt 203-280 Nagy et al., [293] 



 

130 
 

28 GPMS117 gatgttaggtccgtgcttcg aagccccatggaagttatcc 111-177 Nagy et al., [293] 
29 GPMS178 gatttttgacatgtcacattcatg aacgttgaaaaataaagtaagcaag 230-261 Nagy et al., [293] 
30 GPMS197 gcagagaaaataaaattctcgg caatggaaatttcatcgacg 272-344 Nagy et al., [293] 
31 EPMS303 aaaactccaaactacccctgg ttaagcgtagcgcttgtgtg 291-330 Nagy et al., [293] 
32 EPMS331 aacccaatccccttatccac gcattagcagaagccatttg 92-107 Nagy et al., [293] 
33 EPMS335 atgcagagattgtcgaagcc gcagagaagactcaccagtcc 236-330 Nagy et al., [293] 
34 EPMS376 acccaccttcatcaacaacc atttgtggcttttcgaaacg 235-259 Nagy et al., [293] 
35 EPMS417 cgcatatacatacataaattctttc tcaacatctcaccgaagctg 110-126 Nagy et al., [293] 
36 EPMS441 gcacgaggaaagagagagacatag tcaacggattcagtcttccc 116-124 Nagy et al., [293] 
37 EPMS542 atccacttccccattatccc tggatgatcgagttgactgg 168-228 Nagy et al., [293] 
38 CAMS 647 cggattcggttgagtcgata gtgctttggttcggtctttc 221 Minamiyama et al., [294] 
39 CAMS 194 tcatggaaaattaacaacgcata gggggttggagaagaaagtt 245 Minamiyama et al., [294] 
40 CAMS 163 tccatatagcccgtgtgtga gcgtgggaatacaatgctaga 250 Minamiyama et al., [294] 
41 CAMS-117 ttgtggaggaaacaagcaaa cctcagcccaggagacataa 223 Minamiyama et al., [294] 
42 CAMS-142 gagcgcttaagtggtcatagg ctacaacgccccaaaacaat 241 Minamiyama et al., [294] 
43 CAMS-156 ccctatgctttcacaactcct gacgtggttatgacgataggc 181 Minamiyama et al., [294] 
44 CAMS-234 tatagcccatgggtgccttt aaaacccaatattaaccatatgcaa 157 Minamiyama et al., [294] 
45 CAMS-236 ttgtagtttgcgtaccatttga atgaatccagggttccacaa 191 Minamiyama et al., [294] 
46 CAMS-606 gactagtccccgttcaacca tttgcgagaagatgcttcag 208 Minamiyama et al., [294] 
47 CAMS-806 tgtcacaagtgtcaaggtaggag ccccaaaaattttccctcat 227 Minamiyama et al., [294] 
48 CAMS-864 ctgttgtggaagaagaggaca gcttctttttcaacctcctcct 222 Minamiyama et al., [294] 
49 CAMS-405 ttcttgggtcccacactttc aggttgaaaggagggcaata 241 Minamiyama et al., [294] 
50 CAMS-424 tccacagcccacagtgtcta gcttgtggttccgtgatttt 167 Minamiyama et al., [294] 
51 CAMS-885 aacgaaaaacaaacccaatca ttgaaattgctgaaactctgaa 248 Minamiyama et al., [294] 
52 CAMS-373 ggttgatggtccatgttcaa cctcctaccctatccccaag 230 Minamiyama et al., [294] 
53 CAMS-454 gagcctcttaatgtatctgaaaaca aattttggtgaatcgcacct 242 Minamiyama et al., [294] 
54 CAMS-811 gaagaaacgaaggatgaacaaaa cctgtttcctcttcctcagc 260 Minamiyama et al., [294] 
55 CAMS-015 tcatgttgattatgcttttgttca ccatgtattgtatgatacctgagaaa 112 Minamiyama et al., [294] 
56 CAMS-020 cagcagtaacagaggcaggtc cacaagtgagtttattcatatcacca 171 Minamiyama et al., [294] 
57 CAMS-024 tgttgaggcttgggaaaaac caagataatgggtagaaaggcaac 219 Minamiyama et al., [294] 
58 CAMS-040 tatagcctgtgggtgccttc tggggtgaacaatagcatgt 248 Minamiyama et al., [294] 
59 CAMS-051 acccagttccctttcttggt gaaggttagcggaatgaacg 151 Minamiyama et al., [294] 
60 CAMS-056 cattgtccaggctgatgttt aactcaggtacacgggataaaa 247 Minamiyama et al., [294] 
61 CAMS-065 ccagtctcatccagcagaca catatgctgctcctgcattc 213 Minamiyama et al., [294] 
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62 CAMS-070 ccctgaacttgtcctccaaa gggtatggggtgtaggtgtg 248 Minamiyama et al., [294] 
63 CAMS-072 cccgcgaaatcaaggtaat aaagctattgctactgggttcg 153 Minamiyama et al., [294] 
64 CAMS-227 tttgtcctttaattcaccttttga gcatcaaaataaggataaagttatgg 296 Minamiyama et al., [294] 
65 CAMS-237 ccttcccttgaaattgatattttac tcccctatcactcacatctgc 221 Minamiyama et al., [294] 
66 CAMS-301 ctgtccatgcttgtgatgct tgatttgtgcctcgtttgag 180 Minamiyama et al., [294] 
67 CAMS-309 gaaaatcgacccgttttgaa tcaattcggacaaaattagcaa 235 Minamiyama et al., [294] 
68 CAMS-311 ggtgcgctagagatggagag tttgagtgttcgggactggt 234 Minamiyama et al., [294] 
69 CAMS-313 cagcctgcttggctagaact tcgtcatgcatggctaatct 223 Minamiyama et al., [294] 
70 CAMS-321 ctgcaggtggttctctccat tggcactcgaaccagtatga 235 Minamiyama et al., [294] 
71 CAMS-324 aacttgatccaacggctgag tcgaaggagagaaacggttg 172 Minamiyama et al., [294] 
72 CAMS-327 gcatctaagtctacgcccttg aaagcctttggcaatgaaca 243 Minamiyama et al., [294] 
73 CAMS-330 ggctaccgccttctgactta ttcgtatctggggtgtcaaa 208 Minamiyama et al., [294] 
74 CAMS-336 ggtggaaacttgcttggaga cccagaaccatccacctact 157 Minamiyama et al., [294] 
75 CAMS-340 tttatgcccattcacaaaataa ggacgaattcaccgagtgc 250 Minamiyama et al., [294] 
76 CAMS-348 ctgaagtcggctagatgccta tcaaagctatggaggaaaagga 218 Minamiyama et al., [294] 
77 CAMS-351 cgcatgaagcaaatgtacca acctgcagtttgttgttgga 206 Minamiyama et al., [294] 
78 CAMS-358 gacccttctcccctttttctt cacatggacggatccttttt 218 Minamiyama et al., [294] 
79 CAMS-360 acggtcgattcctgtattgc gcatgctaaacccaattttctc 209 Minamiyama et al., [294] 
80 CAMS-361 ttggtgtggttaggggagag ggcgttcgaacttgtgaaat 207 Minamiyama et al., [294] 
81 CAMS-478 gagtgccatgctgattaagga cacgactgtcttgcctgaac 248 Minamiyama et al., [294] 
82 CAMS-489 taagtttgtgtcgggcatgt atggagcttgaactgggatg 240 Minamiyama et al., [294] 
88 CAMS-492 gttcaaacacttccccctca tgtcatcgttggtcgttacc 250 Minamiyama et al., [294] 
84 CAMS-494 ggtaggtgaggacccacaga aactatacccccgctgctct 247 Minamiyama et al., [294] 
85 CAMS-610 ttgggacatgacaattctgc aaacgtacattaggtagatccggta 207 Minamiyama et al., [294] 
86 CAMS-619 tcctgctctcctcagaaagtaaa gaaacaggaggaagaggaagaa 154 Minamiyama et al., [294] 
87 CAMS-635 gagattggtcggatggaaat aaaatgtcaaagtcgatcaaaca 154 Minamiyama et al., [294] 
88 CAMS-644 cgcatgaagcaaatgtacca acctgcagtttgttgttgga 206 Minamiyama et al., [294] 
89 CAMS-826 cttgatctcaagaaccagctacaa tgtacattgaagacacggaagaa 244 Minamiyama et al., [294] 
90 CAMS-838 ccaggatggtgttaagggttt gtcgcatcaatgagcatagg 229 Minamiyama et al., [294] 
91 CAMS-842 tggaaaagtagcagcagcag cgcctcctcgttcatctg 210 Minamiyama et al., [294] 
92 CAMS-844 gcaaagaaaaagaaaagcctga ctgcaactgctgcttcattc 223 Minamiyama et al., [294] 
93 CAMS-846 tctttttcctcgccatcttc cactgttatggcaaaagaggaa 189 Minamiyama et al., [294] 
94 CAMS-855 aagtgtcaaggaaggggaca cctaaccacccccaaaagtt 243 Minamiyama et al., [294] 
95 CAMS-861 gcatgcaagcttagccaac tgagattgaagctagaattttgga 183 Minamiyama et al., [294] 
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96 CAMS-865 agaaatcgtggttgggtgag cactttggcacattttgctg 179 Minamiyama et al., [294] 
97 CAMS-876 tgtgtctgaagcggaacaaa aagcagtgagcgacgaaga 243 Minamiyama et al., [294] 
98 CAMS-880 gagccaagaaaaaggtggaa caactcatcgttcaacaacaca 237 Minamiyama et al., [294] 
99 CAMS-888 cctcggagtggtttgttgat gcttgttcacgccaccttat 211 Minamiyama et al., [294] 
100 CAMS-891 ctccgagaaggatgtcagga actgagcgactgatgcctct 204 Minamiyama et al., [294] 
101 CAMS-094 tgtagctcacatcgtctccact gcattgcatttcacttgcat 190/188 Mirmura et al., [295] 
102 CAMS-228 gagggctaagcaaagcagaa tgcatgtttcccttagtttcc 241/239 Mirmura et al., [295] 
103 CAMS-406 taaaaatcgcggaaagttgc gtcgttctatgcggcatttt 184/182 Mirmura et al., [295] 
104 CAeMS068 atcaaatctcaacacatggtggct gtttactgtatctccggccctgtca 169/166 Mirmura et al., [295] 
105 CAMS-071 aatgggatctgcatgagaca ttccctaaaagatggtgattcc 172/166 Mirmura et al., [295] 
106 CAMS-823 tcctcctccttctcgtgttc aaagaagcagcaggtgaaga 226/228 Mirmura et al., [295] 
107 CAeMS-035 aggtctatcggaaacagcctttct gtttgatcacatcccagtcgaatccta 183/181 Mirmura et al., [295] 
108 CAeMS-060 atcaagacaacaacatcatgggga gtttcgcctatcaacaatggcaaataca 286/292 Mirmura et al., [295] 
109 CAeMS-138 acacacacaatttccctcactcac gtttctctcaaatccctccgttgttc 250/244 Mirmura et al., [295] 
110 CAMS-396 gtcggccgtcattcactatt agcttgatgcacctggtctt 240/244 Mirmura et al., [295] 
111 CAMS-032 tgccacataggttggctttc caaagccaatgcacataatca 233/245 Mirmura et al., [295] 
112 CAMS-066 aaaaacatgcaccagtcctt caaccgcctgaattttctct 157/153 Mirmura et al., [295] 
113 CAMS-493 tcgatgacgaaaaagtgtgaa agggcaaaagacccattctt 225/223 Mirmura et al., [295] 
114 CAMS-212 ttccctttcccaacatggta acacccgaagatgggttaga 154/150 Mirmura et al., [295] 
115 CAMS-368 gagtggataagcaaggacgttt tttgcttccctttttgcttc 206/180 Mirmura et al., [295] 
116 CAMS-091 tgctaaacttggttccctatcc cgaagatggattagcgggta 180/172 Mirmura et al., [295] 
117 CAMS-179 catgtcatgaagttgataagacaatg tgttccagtgaaaggcttctt 228/224 Mirmura et al., [295] 
118 CAMS-452 gaagtctgggacctcttttgg ttcattttgatcttcacgaacg 161/163 Mirmura et al., [295] 
119 CAMS-476 ttttccctttccagttgttca atgggtgaagtgtgaaaagaa 156/164 Mirmura et al., [295] 
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Table 5.2 List of Gene Specific Makers used to detect Polymorphism between Parents 

S.No CaAQP Forward Primer Reverse Primer Reference 
1 CaRLK1 gctgagtctggcaggtataatc gttgtggaggaatttcgttgtg Srideepthi et al., [296] 
2 CaRLK2 cgaagaccaaccagtgaacta ccaggctctgtctcgtataaag Srideepthi et al., [296] 
3 CaRLK3 gaatatggctcggagggaatag ctcttcatctgttggccttct Srideepthi et al., [296] 
4 CaRLK4 ccaagggctgtctctacattac cagcttattaccgtgcagacta Srideepthi et al., [296] 
5 CaRLK5 cgagattcagcgagcaacaa gccactacactaccaccagata Srideepthi et al., [296] 
6 CaRLK6 gtggcatgtgctttggaatatc ccatatcctcatccagcaagac Srideepthi et al., [296] 
7 CaRLK7 ctcagcgactttggcatttc aacccatcttgcccatactc Srideepthi et al., [296] 
8 CaRLK8 ccaccatcgagtcactgtattag gtcactaatgtcgagggaaaca Srideepthi et al., [296] 
9 CaRLK9 gcccaatgggacacttgata gaacagccattgtggagataga Srideepthi et al., [296] 

10 CaRLK10 ttcctccacaccttggaaac ccaactctccaggcaaatct Srideepthi et al., [296] 
11 CaRLK11 gtgggagtgggtatgctattt atttgcttgacctgcattcttc Srideepthi et al., [296] 
12 CaRLK12 gcaaacttcacaggccaatc cactcccaaagggacatacaa Srideepthi et al., [296] 
13 CaRLK13 catggacctgagtggaaatagg tcttaccggaactcttcctagag Srideepthi et al., [296] 
14 CaRLK14 cggttcgattccaaggagtatag ctcattagggatcacaccaaca Srideepthi et al., [296] 
15 CaRLK15 cacactcctcacttccctttc tctcctctgcatagcacaataac Srideepthi et al., [296] 
16 CaRLK16 gagtaagcgtggtgaaggtatg ccgccttgtcccaacttatta Srideepthi et al., [296] 
17 CaRLK17 cagggaccatcctgtgaataag gaccaaacaagagtgccattg Srideepthi et al., [296] 
18 CaRLK18 cctgtctgagtgactgttcttg cctcctcctccttctttgtcta Srideepthi et al., [296] 
19 CaRLK19 ccatccagtgaagaagaggaag catctccgccagaagagaatataa Srideepthi et al., [296] 
20 CaRLK20 ggcgagatggtcagaatctaag gcgacacccttcgtgtaaata Srideepthi et al., [296] 
21 CaRLK21 tgagaggaacgagaggttatct tcgcctccctgatacaatttc Srideepthi et al., [296] 
22 CaRLK22 aataggacagggtggctttg cttctccgtcaccattagtttct Srideepthi et al., [296] 
23 CaRLK23 agctgtgaaggtcctgaatg ccacaaggctcacgatgtta Srideepthi et al., [296] 
24 CaRLK24 ttcagctagacgatgacctaaag gatgcaccacagacctactaat Srideepthi et al., [296] 
25 CaRLK25 gttcaggcaaagggaagaaatg ctcaggttgtgcggaaaga Srideepthi et al., [296] 
26 CaRLK26 ggcgtaggattggtgatgataa ttgttgagaggaagcgagatg Srideepthi et al., [296] 
27 A0A1U8GJW9 caggagtgcaagtcagtagtc ccaccatctctggagcataaa Nallamothu et al., [297] 
28 A0A1U8EYS7 ctctgaaagtggtgtccctaaa ctcccaaatcaccagtcaca Nallamothu et al., [297] 
29 A0A1U8H869 gcaagcaccaagccaaa tgctacaatgtccaccagtaaa Nallamothu et al., [297] 
30 A0A1U8FC85 cagatcgtgtaagatggtcagg ggtatccacaaatcggcatcta Nallamothu et al., [297] 
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5.1.2.3. Genotyping of Population 

 Polymorphic markers between KCa-1 and KCa-19 were genotyped on 100 F2 intra-

specific mapping population along with parents by isolating DNA from the population and 

performing PCR amplification followed by gel electrophoresis as aforementioned. Banding 

pattern was documented using gel documentation system. Based on the alleles of parents, 

data was scored for polymorphic markers in population. Lines having the allele from female 

parent (KCa-1) were scored ‘A’ regardless of amplicon size, while the genotypes carrying 

male counterpart’s (KCa-19) allele were scored ‘B’ and lines bearing both alleles 

(heterozygous) were assigned ‘H’ and missing data (failed amplification) was designated ‘-’. 

 

5.1.2.4. Linkage Map Construction 

 Genotyping data retrieved from mapping population was used for linkage map 

analysis using MapMaker 3.0 v [208], LOD of 3.0 and maximum recombination fraction of 

0.372, were chosen as significance criteria. Kosambi mapping function was harnessed to 

estimate map distances by converting recombination frequencies into centiMorgan (cM) map 

distance [299]. Segregated markers were classified into linkage groups. 

 

5.1.3. QTL Interval Mapping 

5.1.3.1. Phenotyping of Physiological Traits 

The mapping population comprising 100 F2:3 lines were developed at Green House, K 

L Garden, and were segregated for drought tolerance traits. Phenotypic data was collected 

from 100 F2:3 lines and parent lines under drought conditions. Phenotyping was carried out 

for two consecutive seasons (Kharif- 2018 and Rabi- 2018) in the year 2018-19 with three 

replications in each season. 

Seeds of F2:3 were sown in black trays for 45 days. After 45 DAS, seedlings were 

transferred to pots (30 x 30 cms) and allowed for adaptation. After ten days of 

acclimatization, severe drought stress (40% FC) was given to plants using gravimetric 

approach and was maintained for one week at 40% FC. At the end of drought period, eleven 

morpho-physiological and biochemical traits viz., Photosynthetic Rate (Pn), sub-stomatal CO2  
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concentration (Ci), Stomatal Conductance (Gs), Water Use Efficiency (WUE), 

Transpiration(E), Relative Water Content (RWC), Total Chlorophyll Content (TCC), Proline 

Content (PC), Ion Leakge (IL), Root Length (RL), and Root Dry Weight (RDW). 

 Leaf gas exchange parameters were measured using portable CO2 /H2O infra-red gas 

analyzer at green house of Herbal Garden, Acharya Nagarjuna University. Relative Water 

Content was evaluated according to Shivakrishnan et al., [160]. Proline Content was 

estimated as per the method described by Sankar et al., [156]. Ion Leakage was evaluated to 

estimate cell membrane integrity. In this method, conductivity of leaves immersed in distilled 

water before and after autoclaving the solutions was measured and calculated according to Su 

et al., [161]. Total Chlorophyll Content in leaves was measured using Acetone and Dimethyl 

Sulphoxide (DMSO) in 1:1 proportion according to method described in Shivakrishnan et al., 

[160]. By rinsing the roots in running water, soil particles from the roots were removed. The 

roots were straightened and length of the tap root was measured. The Root Dry Weight 

(RDW) was documented after drying the root at 80o C in a hot air oven for 72 h. 

 

5.1.3.2. Phenotypic Data Analysis 

 Phenotype data collected from 100 F2:3 lines and their parents from the two 

consecutive seasons were analysed for the determination of mean, range, skewness, kurtosis, 

coefficient of variance (CV), frequency distributions and correlation coefficient (r) between 

studied traits, using column statistics analysis of GraphPad Prism version 8.4.3 (Windows). 

Further, the data analysed using ANOVA and phenotypic variance (𝑉𝑉𝑝𝑝), genotypic variance 

(𝑉𝑉𝑔𝑔), environmental variance (𝑉𝑉𝑒𝑒), genotypic coefficient of variance (GCV %), environmental 

coefficient of variance (ECV %) and phenotypic coefficient of variance (PCV %) and were 

calculated by using the following formulae [300]. 

 

Genotypic Variance (Vg) =  
Genotype Mean Square −  Error Mean Square 

Numberof Replications (r)  

 

Environmental  Variance (Ve) =  Error Mean Square 



 

136 
 

OBJECTIVE-3 

 

Phenotypic Variance �Vp� = Vg + (Ve
r)�  

𝐺𝐺𝐺𝐺𝑉𝑉 % =  �
𝑉𝑉𝑔𝑔
�̅�𝑥

 × 100 

PCV % = �Vp

x�
 × 100 

ECV % =  �
Ve

x�
 × 100 

 

Heritability was determined as ratio of genetic variance to phenotypic variance [301] 

and was represented as % 

h2   =
Vg

Vp
 × 100 

5.1.3.3. QTL Interval Mapping 

 Composite Interval Mapping (CIM) was employed to identify the association between 

phenotype and markers, using Windows QTL Cartographer v2.5 [302]. The waking speed 

across all QTLs was 1.0cM. By performing 1000 permutations with type I error rate of 0.05, 

threshold value to proclaim significant QTL was determined [303] along all chromosomes 

and a LOD score of ˃ 2.5 was considered for declaring the presence of QTL. Analysis was 

performed for individual trait using data from individual season and the collective data from 

two seasons was averaged by simple means. Identified QTLs were labelled according to 

nomenclature given by McCouch et al., [304].  
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5.2. Results 

5.2.1. Linkage Map 

 In the current investigation, a whole of 189 markers got employed to detect the 

polymorphism between parents. Twenty (16.80%) of 119 SSRs and eight (20%) of 40 

CaAQP markers showed clear polymorphism between parent lines. Hence among 189 

markers, 28 markers (14.81%) were polymorphic and available to form linkage groups 

(LGs). Genotyping data was availed to construct intra-specific genetic map.  

Developed intra-specific genetic map embodied four linkage groups (LG1- LG2) 

with 26 marker loci spanning a total of 644.4 cM genetic distance (Figure 5.1). Markers 

were distributed unevenly, with four markers on LG1, nine on LG2, seven on LG3 and 

eight markers on LG4. The LG2 of intra-specific map spanned the heighest genetic map 

distance (302.9 cM), followed by LG4 (163 cM) and LG3 (130.1 cM). The LG1 with 48.4 

cM distance, covered least map distance.  

 

Figure 5.1 Intra-specific genetic map derived from Mapping Population developed from 

KCa-1 and KCa-19 
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5.2.2. Phenotypic Variation between Parents 

 The morpho-physiological traits viz., Pn, Gs, E, Ci, WUE, TCC, PC, IL, RWC, RL 

and RDW were analysed and estimated in parent lines under control (100% FC) and 

stress (40% FC) conditions. Mean values of all 11 traits were compared between parent 

lines under both water regimes (Figure 5.2 and 5.3). 

 

 

 

Figure 5.2 Phenotypic variation between parents for traits Pn, Gs, E, Ci, and WUE. **** 

represents significant difference at P <0.0001 between parents at given FC. 
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Figure 5.3 Phenotypic variation between parents for traits TCC, PC, IL, RWC, RL and 

RDW. **** represents significant difference at P <0.0001, ** represents significant 

difference at P < 0.01 and ns represents non-significant difference between parents at a 

given FC. 
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Significant differences between parent lines under both water regimes were 

observed. Under control conditions, all the studied traits revealed significant differences 

between parents except TCC, PC and IL which displayed no significant differences. 

When plants were grown under control conditions, traits like Pn, Gs, WUE, TCC, RWC 

and RDW demonstrated higher values and traits like IL, PC, RL revealed lower values. 

Exposure of plants to drought conditions resulted in drastic decrease and increase of   Pn, 

Gs, WUE, TCC, RWC, RDW and  

IL, PC, RL respectively.  

 Under drought conditions, KCa-1 maintained higher photosynthetic rate (7.75 mol 

CO2/m2/s) than KCa-19 (1.96 mol CO2/m2/s). Although, both the genotypes have reduced 

their stomatal conductance owing to their partial closure of stomata under drought 

conditions, KCa-1 maintained higher stomatal conductance (0.12 mol CO2/m2/s) in 

comparison to KCa-19 (0.03 mol CO2/m2/s). Droughted KCa-1 accumulated significantly 

higher amounts of proline (187.71 µg/gm) than KCa-19 (174.67 µg/gm). Although, there 

was drastic decrease in RWC under drought conditions, KCa-1 retained 54.13% RWC 

while KCa-19 retained only 41.66% RWC. With increase in IL, the reduction in cell 

membrane integrity was evident in both genotypes but it was much higher in KCa-19 

(299.87%) than in KCa-1 (199.18%). 

 

Despite the fact that, there was adverse effect of drought on both parent lines, 

KCa-1 revealed higher stomatal conductance, relative water content, photosynthetic rate, 

stomatal conductance, proline content and chlorophyll content which made it drought 

tolerant while KCa-19 which was unable to retain higher relative water content and 

photosynthetic rate became drought susceptible. Hence, selection of KCa-1 and KCa-19 

for the development of mapping population to map these traits was effectual.  

 

5.2.3 Phenotypic Analysis of Drought Tolerance among F2:3 lines 

 To identify QTLs for drought tolerance traits, all 11 traits were measured for two 

consecutive seasons (Kharif-2018 and Rabi- 2018) in the year 2018-19, with three 

replications each. Generated phenotypic data in both seasons was assessed through 

ANOVA. Pooled variance displayed significant differences among environments and 

genotypes (Table 5.3). 
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The mean square (MS) values obtained due to genotype were highly significant (P 

<0.0001) from one another for morpho-physiological characters (Table 5.3) indicating the 

presence of genetic variation which further emphasised the possibility of mapping QTLs 

for the traits under study. While, profound significant differences (P <0.0001) in mean 

square values due to environment, were found in Pn, WUE, PC, RWC and RDW, traits Ci, 

TCC and IL showed non-significant differences (Table 5.3). The genotype x environment 

interaction showed the presence of significant differences in all traits except TCC (Table 

5.3), implicating the effect of environment on genotypes.  
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Table 5.3 Analysis of Variance (ANOVA) for Drought Tolerance Traits in Hot Pepper 

  Mean Square Values 

Source of 
Variation 

df Pn Gs E Ci WUE TCC PC IL RWC RL RDW 

Environment 
(Kharif & 

Rabi) 
1 

133.4**** 
 

0.1210*** 
 

1.968** 

 
0.1473ns 

 
20.76**** 

 
0.08284ns 

 
145.0**** 

 
54.49ns 

 
35505**** 

 
39.20* 

 
0.0002745**** 

 

Replication 4 
0.07039* 

 
0.001307ns 

 
0.02749ns 

 
112.2* 

 
0.02075ns 

 
0.4127ns 

 
0.5991**** 

 
10.51ns 

 
0.6442*** 

 
4.538**** 

 
4.861e-007ns 

 

Genotypes 
(F2:3 

Population) 
99 

267.7**** 
 

0.02595**** 
 

7.753**** 

 
6531**** 

 
6.953**** 

 
84.38**** 

 
46547**** 

 
53102**** 

 
2347**** 

 
25.23**** 

 
0.0007539**** 

 

Environment 
X Genotype 

99 
0.1503**** 

 
0.003731**** 

 
0.6907**** 

 
81.09**** 

 
0.8473**** 

 
0.04482ns 

 
0.5956**** 

 
76.26**** 

 
662.3**** 

 
1.618**** 

 
8.525e-005**** 

 

Residual 396 
0.02233 

 
0.0006173 

 
0.1088 

 
37.05 

 
0.2092 

 
0.3024 

 
0.08620 

 
18.26 

 
0.1103 

 
0.1252 

 
3.535e-007 

 

Analysis of Variance (ANOVA) was calculated using GraphPad Prism 8.4.3 for eleven traits namely Photosynthetic Rate (Pn), Stomatal Conductance (Gs), Transpiration 
(E), Substomatal CO2 Concentration (Ci), Water Use Efficiency (WUE), Total Chlorophyll Content (TCC), Proline Content (PC), Ion Leakage (IL), Relative Water 
Content (RWC), Root Length (RL) and Root Dry Weight (RDW). The significance was displayed using asterisks. * <0.05, **<0.01, *** <0.001, **** <0.0001, ns 
represents non- significant.
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In the present study, phenotypic data revealed significant variation was among F2:3 

lines for studied traits. Among 11 traits, four traits namely Ci, PC, RWC and IL revealed 

high variations ranging from 219.57-326.54, 14.92-295.98, 17.17-95.48 and 21.01-325.96 

respectively (Table 5.4). Traits Gs (0.03-0.28), WUE (1.07-5.57), E (1.39-5.99), RDW 

(0.24-8.60), RL (3.63-12.20), TCC (2.84-14.87), Pn (1.94-23.23) exhibited less variation 

in F2:3 lines with average values of 0.16 mol CO2/m2/s, 3.50, 3.24 mmol H2O m2/s, 1.09 

cms, 6.45 cms, 8.70 mg/g and 12.10 mol CO2/m2/s respectively (Table 5.4). 

Phenotypic, genotypic and environmental variances along with their coefficient of 

variances, heritability of all traits were presented in Table 5.6. Highest genotypic 

(8855.89) and phenotypic (8826.279) variance were observed in IL trait followed by PC 

(Vg- 7759.14, Vp- 7759.20) and Ci (Vg - 1899.21, Vp - 1101.87). Lowest Vg and Vp were 

found in RDW followed by Gs, WUE and Transpiration traits (Table 5.5). Genotype 

coefficient of variance was revealed to be highest in proline content (57.99%), followed 

by ion leakage (56.13%), photosynthetic rate (55.28%), TCC (42.85%) and stomatal 

conductance (41.35%), while the lowest was found in RDW (1.08%), followed by Ci 

(12.21%). Present research found the similar tendency in phenotypic coefficient of 

variance among traits. Trait proline content showed highest phenotypic coefficient of 

variance (57.99%) and Ci trait showed lowest (12.28%). Present results (Table 5.5) 

revealed close association between genotypic and phenotypic coefficient of variances. For 

all traits, heritability ranged from 90-100% (Table 5.5) indicating high heritability in 

traits. According to Robinson et al., [305], trait would show high heritability if h2 > 60%. 

The correlation between the traits was evaluated and the results demonstrated 

significant association between the traits (Table 5.6). Present work revealed significant 

positive and negative correlations between traits. Significant positive correlation (P<0.05) 

was observed between proline content and photosynthetic rate, total chlorophyll content 

and photosynthetic rate whereas a significant negative correlation (P<0.05) was seen in 

between photosynthetic rate and sub-stomatal CO2 concentration (Table 5.6). Among the 

traits, IL showed a negative correlation with all studied traits except RL. Out of which, 

highest negative correlation was observed between IL and Pn, IL and Proline (Table 5.6). 

While root length and root dry weight revealed non significant positive and negative 

correlations with other traits, root length and root dry weight shared significant positive 

correlation (P<0.05)  (Table 5.6).  
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Table 5.4 Mean Statistical Parameters estimated from F2:3 Population for Eleven Morpho-Physiological Traits under Drought Stress 

Traits Mean Range SD Variance Skewness Kurtosis CV (%) 

Photosynthetic Rate 12.10 1.94-23.23 6.67 44.60 0.11 -1.32 55.28 
Stomatal Conductance 0.16 0.03-0.28 0.07 0.005 0.005 -1.09 42.62 

Transpiration 3.24 1.39-5.99 1.18 1.40 0.28 -0.80 36.47 
Substomatal CO2 Concentration 270.20 219.57-326.54 33.19 1101.87 0.17 -1.29 12.28 

Water Use Efficiency 3.50 1.07-5.57 1.13 1.32 -0.39 -0.58 32.08 
Total Chlorophyll Content 8.70 2.84-14.87 3.76 14.15 0.11 -1.33 42.93 

Proline Content 151.88 14.92-295.98 88.08 7759.20 0.10 -1.331 80.68 
Ion Leakage 167.63 21.01-325.96 94.14 8862.27 0.10 -1.31 56.15 

Relative Water Content 60.55 17.17-95.48 22.01 501.56 -0.33 -0.73 37.85 
Root Length 6.45 3.63-12.20 1.37 2.35 0.71 2.11 21.63 

Root Dry Weight 1.09 0.24-8.60 1.18 1.40 4.63 25.95 107.58 
SD- Standard Deviation, CV- Coefficient of Variation
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Table 5.5 Heritability of Eleven Morpho-Physiological Traits 

Traits Vg  Vp  Vg  GCV (%) PCV (%) ECV (%) Heritability (%) Classification 
Photosynthetic Rate 44.597 44.609 0.028 55.282 55.289 1.374 99.974 very high 

Stomatal Conductance 0.005 0.005 0.001 41.353 42.626 16.355 94.002 very high 
Transpiration 1.324 1.404 0.160 35.348 36.475 9.698 93.488 very high 

Substomatal CO2 Concentration 1089.212 1101.874 37.872 12.211 12.283 1.730 98.815 very high 
Water Use Efficiency 1.168 1.321 0.307 30.449 32.085 12.281 91.269 very high 

Total Chlorophyll Content 14.00 14.05 0.15 42.85 42.93 3.56 99.64 very high 
Proline Content 7759.149 7759.209 0.126 57.995 57.995 0.219 99.999 very high 

Ion Leakage 8855.896 8862.279 18.570 56.139 56.159 2.217 99.928 very high 
Relative Water Content 501.490 501.560 0.153 37.849 37.852 0.619 99.981 very high 

Root Length 4.356 4.429 0.190 32.336 32.611 6.693 98.325 very high 
Root Dry Weight 0.00 0.00 0.00 1.08 1.08 0.06 99.87 very high 

Vg- Genotypic Variance, Vp- Phenotypic Variance, Ve- Environmental Variance, GCV- Genotypic Coefficient of Variance, PCV- Phenotypic Coefficient of Variance, 

ECV- Environmental Coefficient of Variance.  
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Table 5.6 Correlation among different Morpho-Physiological Traits 

Variables Pn Gs E Ci WUE TCC Proline IL RWC RL RDW 

Pn 1 0.702 0.841 -0.917 0.797 0.996 0.998 -0.993 0.595 -0.105 0.049 

Gs 0.702 1 0.657 0.646 0.478 0.695 0.696 -0.693 0.344 -0.225 0.097 

E 0.841 0.657 1 0.795 0.392 0.836 0.843 0.827 0.536 -0.095 0.000 

Ci -0.917 0.646 0.795 1 0.732 0.916 0.919 -0.908 0.518 -0.119 -0.042 

WUE 0.797 0.478 0.392 0.732 1 0.797 0.795 -0.801 0.379 -0.068 0.101 

TCC 0.996 0.695 0.836 0.916 0.797 1 0.998 -0.992 0.601 -0.099 0.048 

Proline 0.998 0.696 0.843 0.919 0.795 0.998 1 -0.994 0.597 -0.100 0.050 

IL -0.993 -0.693 -0.827 -0.098 -0.801 -0.992 -0.994 1 -0.590 0.121 -0.050 

RWC 0.595 0.344 0.536 0.518 0.379 0.601 0.597 -0.590 1 0.050 0.093 
RL -0.105 -0.225 -0.095 -0.119 -0.068 -0.099 -0.100 0.121 0.050 1 0.251 

RDW 0.049 0.097 0.000 -0.042 0.101 0.048 0.050 -0.050 0.093 0.251 1 
Values is bold are significant at P=0.05 
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Frequency distribution of 100 F2:3 lines along with parents (KCa-1 and KCa-19) 

for eleven morpho-physiological characters were illustrated for kharif season (Figure 5.4) 

and rabi season (Figure 5.5). Variation among parental lines for each trait were illustrated 

as P1 (drought tolerant -KCa1) and P2 (drought susceptible - KCa-19). With positive 

skewness values and negative values of kurtosis, traits viz., Pn, Gs, E, Ci, TCC, PC, IL and 

RL showed a positively skewed platykurtic distribution. RDW trait revealed a positively 

skewed leptokurtic distribution with positive skewness and kurtosis values. Both RWC 

and WUE displayed negatively skewed platykurtic distribution.  

 

5.2.4. QTL Mapping 

In the present work, 189 markers were deployed for the detection of parental 

polymorphism. A total of 28 markers, out of 189 were found to be polymorphic between 

parents, which were further used to genotype F2 population. Using composite interval 

mapping (CIM), QTL analysis between genotypic and phenotypic data identified six 

QTLs in season-1 (kharif- 2018) and six QTLs in season-2 (Rabi- 2018) (Table 5.7). 

However, only three QTLs one each for traits Pn, Proline and RWC were consistently 

observed in both seasons (Table 5.7). 
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Figure 5.4 Frequency distribution curves of eleven morpho-physiological traits generated from F2:3 lines in Kharif-2018
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Figure 5.5 Frequency distribution curves of eleven morpho-physiological traits generated from F2:3 lines in Rabi-2018 
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Table 5.7 QTLs detected by Linkage Analysis using Composite Interval Mapping. 

Trait Season QTL Detected Chromosome Position LM RM LOD R2 Additive Effect 

Photosynthetic Rate 

Kharif qPR4.1 4 36.71 EPMS303 Hpms1-168 8.30 0.33 1.45 
Rabi qPR4.1 4 39.71 EPMS303 Hpms1-168 8.07 0.35 1.54 

Pooled qPR4.1 4 38.21 EPMS303 Hpms1-168 8.18 0.34 1.49 

Stomatal Conductance 

Kharif qSC1.1 1 12.01 EPMS-417 CAMS-236 2.84 0.10 -0.04 
Rabi qSC4.1 4 30.81 CAMS-117 GPMS-113 7.07 0.35 -1.84 

Pooled - - - - - - - - 

Sub-stomatal CO2 
Kharif 

qSCC1.1 1 11.01 EPMS-417 CAMS-236 2.78 0.10 -22.06 
qSCC3.1 3 0.01 CaPIP2-4 CaTIP2-1 2.80 0.10 21.64 

Rabi - - - - - - - - 
Pooled 

        

Proline 
Kharif qPRO1.1 1 17.71 CAMS-606 CAMS-424 3.06 0.11 1.14 
Rabi qPRO1.1 1 13.71 CAMS-606 CAMS-424 3.22 0.10 1.13 

Pooled qPRO1.1 1 15.71 CAMS-606 CAMS-424 3.14 0.10 1.13 

Water Use Efficiency 
Kharif - - - - - - - - 
Rabi qWUE4.1 4 38.71 EPMS303 Hpms1-168 4.19 0.19 2.28 

Pooled - - - - - - - - 

Root Dry Weight 
Kharif - - - - - - - - 
Rabi qRDW3.1 3 29.41 CaTIP5-1 CaPIP2-5 8.96 0.39 -5.98 

Pooled - - - - - - - - 

Relative Water Content 
Kharif qRWC4.1 4 46.71 GPMS-113 EPMS-303 6.05 0.34 1.62 
Rabi qRWC4.1 4 45.71 GPMS-113 EPMS-303 6.49 0.35 1.62 

Pooled qRWC4.1 4 46.21 GPMS-113 EPMS-303 6.27 0.34 1.62 
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The QTL for photosynthetic rate (qPR4.1) was detected on 4th chromosome and was 

observed constantly in both Kharif-2018 and Rabi-2018 seasons. Current research identified 

QTL for Pn with LOD value of 8.18 at 38.21 cM position within the marker interval of 

EPMS-303 and Hpms1-168 (Table 5.7). Phenotypic coefficient of variation was observed to 

be 55.28% (Table 5.5). One QTL for stomatal conductance (qSC1.1) at 12.01 cM position 

within the marker interval of EPMS-417 and CMAS-236, having LOD value of 2.84 (Table 

5.7) was detected on chromosome 1 in Kharif season. But, in Rabi season, QTL for stomatal 

conductance (qSC4.1) was identified on chromosome 4 with LOD value of 7.04 at 30.81 cM 

within the marker interval of CAMS-117 and GPMS-113 (Table 5.7).  

 

Two QTLs qSCC1.1 and qSCC3.1 were detected on chromosome 1 and 3 respectively 

for sub-stomatal CO2 in Kharif experimental season. QTL qSCC1.1 having LOD value of 2.78 

at 11.01 cM position within the marker interval of EPMS-417 and CAMS-236 was detected. 

QTL qSCC3.1 having LOD value of 2.8 was detected at 0.01 cM within the marker interval of 

CaPIP2-4 and CaTIP2-1. No QTLs were identified in experimental season Rabi. The 

identified QTL, qPRO1.1, controlling Proline trait was situated on 1st chromosome and was 

found to be consistent in both experimental seasons. Pooled data revealed the presence of 

qPRO1.1 at 15.71 cM within the marker interval of CAMS-606 and CAMS-424 with 3.14 

LOD value (Table 5.7).  

 

QTL qRWC4.1 controlling RWC character was detected on chromosome 4 in both 

experimental seasons. Pooled data revealed the presence of qRWC4.1 at 46.21 cM within the 

marker interval GPMS-113 and EPMS-303 with LOD value of 6.27 (Table 5.7). One QTL 

(qWUE4.1) controlling WUE character and one QTL (qRDW3.1) controlling root dry weight 

were detected on chromosome 4 and 3 respectively in one experimental season (Kharif). No 

QTLs were detected in Rabi season for the same traits. QTL qWUE4.1 was detected at 38.71 

cM within the marker interval of EPMS-303 and Hpms1-168 having LOD value of 4.19. 

QTL qRDW3.1 was observed at 29.41 cM within the marker interval of CaTIP5-1 and 

CaPIP2-5 with LOD value of 8.9 on chromosome 3 (Table- 5.7).  
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5.3. Discussion 

5.3.1. Drought Stress  

Worldwide, because of biotic and abiotic stresses, agricultural crops face major yield losses 

[306]. Drought is a prominent abiotic stress which cause enormous and maximum yield loss 

and pose threat to global food security [307]. World population is envisioned to arrive at nine 

billion by the year 2020 and this makes essential to increase the production of food by 50% 

[308]. According to recent studies, the pace at which productivity is being increased in crops 

will not be adequate to meet the needs of growing population [309]. Productivity is further 

being hampered due to drastic climate changes with unforeseeable rainfalls, extended periods 

of drought. Also, research in recent years indicated that there is intensification in frequency 

and severity of drought which is one of the major concerns.  

In India, occurrence of drought reveals distinguishing frequency and trend in various 

regions. From the time of 2015, India has been facing drought conditions. According to 

Mahto and Mishra [15], 80% of flash droughts manifested during monsoon region in the 

country. A recently developed and intensified event is flash drought. Conventional drought 

intensifies slowly but contrary to conventional drought, flash drought intensifies rapidly 

resulting in high evapotranspiration, high temperatures accompanied with high solar 

emission [310]. As a consequence, during flash drought, soil moisture content is rapidly 

decreased affecting the crop. Increasing frequency of flash droughts in India is one of the 

significant concerns as it directly hampers agricultural productivity.  

To counterattack, adverse conditions, plants also evolved several strategies. A series 

of changes at cellular, morphological, physiological and molecular level takes place in pants 

which enable plants to survive under challenging environmental conditions. These adaptive 

mechanisms enhance survival of the plant under low moisture content. Drought tolerance is a 

multifaceted phenomenon which involves several mechanisms at different levels involving 

multiple traits. Even drought tolerance traits are complex as they are often controlled by 

multiple genes.  
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Because of their multigenic nature, it becomes challenge to understand genetic 

control of drought tolerance traits [311, 312]. In addition, unpredictable environmental 

conditions led to defective heritability measurements, which is one of the hindrances in 

understanding and comprehending drought tolerance traits at genetic level [313]. Developing 

drought tolerant crops that not survive under water deficit conditions but also minimise the 

yield gap caused during drought are desirable. Although, conventional breeding is being used 

to develop drought tolerant plants, the process is often very slow and is highly limited by 

availability of suitable genotypes and sexually compatible species. With the advent of DNA 

markers, identifying QTLs underlying drought tolerance traits would be highly beneficial and 

can be used in molecular breeding methods which are more precise and time saving. 

Capsicum annuum is a commercial crop grown worldwide. Young chilli plantlets cannot 

endure water deficit conditions [23]. Also, less moisture levels results in early flowering 

leading to yield loss [25]. Taking into consideration the importance of developing drought 

tolerant genotypes in chilli, present research aimed at identifying QTLs for drought tolerance 

traits.  

 

5.3.2. Simple Sequence Repeats and Gene Specific markers in Capsicum auumm 

Recent decade has witnessed huge progress in DNA marker expertise which has 

enabled researchers to discover and study QTLs and impact on phenotypic variance [314, 

315]. Further, markers are also useful in selection of desirable genotypes (Marker Assisted 

Selection) which has reduced time and cost of breeding process. Identification of QTLs 

allowed to introgress QTLs into new genotypes advancing conventional breeding to Marker-

Assisted Breeding.  

Among different types of molecular markers, microsatellites or SSR (simple sequence 

repeat) markers are highly advantageous as they are plenty, highly polymorphic and can be 

analysed in simple coft effective methods without delay in time. They provide high genome 

coverage and are suitable for automation [316, 295]. Hence the present work deployed SSRs 

markers to detect QTLs for drought tolerance characters. Several SSRs were characterised in 

Capsicum annuum cultivars [292- 295, 316, 317]. From these, reports, SSRs with high PIC 

values were chosen in such a way that, all 12 chromosomes were covered. In totality, 119  
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SSR markers were utilized to detect polymorphism between two parents differing in drought 

tolerance.Usage of SSRs in plant breeding has become common because of their time and 

cost effectiveness [318]. Out of 119 SSR markers, only 20 markers (16.80%) showed 

polymorphism between parents indicating low polymorphism. Degree of polymorphism 

specifies the magnitude of genetic variation among genotypes [319]. Low polymorphism 

found in the present work suggests genetic homogeneity and less genetic diversity among the 

genotypes. 

Although several genes are familiar with their involvement in conferring tolerance 

towards drought, genetic association studies between genetic variations in these genes and 

phenotypes are meagrely reported. With the availability of Capsicum annuum genome 

sequence, recognition of candidate genes which involve in drought tolerance has become 

relatively easier. Aquaporins (AQPs) sustain cell viability by transporting water in and out of 

plants. Water transport across cell membrane is mediated and controlled by opening and 

closing of AQP gates. Their role often determines plant water balance and plant water use 

[320-322]. Abiotic stresses viz., drought, salinity, low temperature have ability to reduce the 

rate of water transport in plants [97, 323, 324]. Preserving and maintaining water balance 

under these stressful conditions is prerequisite for plant’s survival and is great challenge 

[325]. AQPs play vital role in sustaining water homeostasis [326-328]. Changes in 

expression and abundance of AQPs can proficiently regulate water movement across 

transmembrane. Identification of plant traits associated with AQPs would be useful to 

understand physiological roles of AQPs. Owing to the significance of AQPs and their role in 

drought stress, the present research availed the presence of Capsicum annuum genome 

sequence. Aquaporin candidate genes were extracted from the available pepper genome 

database, identified and characterised. Using gene specific markers, candidate genes were 

further used to determine allelic variation between the two parents. Out of 40 CaAQPs, only 

eight (20%) genes showed allelic variation between the parents. These polymorphic markers 

were further used in construction of linkage map and QTL analysis.  
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5.3.3. QTL Mapping 

Despite of the fact that marker technology has witnessed growth, the pace of mapping 

QTLs in chilli is relatively slow in comparison to other Solanaceae members like tomato and 

potato. This may be ascribed to large genome size of chilli and presence of less 

polymorphism between chilli cultivars. 

Although, QTL mapping is slow in chilli, many QTLs were identified in intra-specific 

and inter-specific crosses. QTLs for flowering time and number of flowers per node were 

discovered in inter-specific cross between C. chinenese and C. annuum. Fruit length related 

QTLs were identified in an inter-specific cross (C. annuum and C. galapagoene). For 

capsainthin content, QTL was identified in an intra-specific cross of C. annuum. QTLs for 

first flower node, which is a significant trait for determining fruit earliness in pepper were 

identified in an intra-specific cross. QTLs for plant height, and yield related traits viz., 

number of fruits per plant, pericarp thickness, total fruit weight, fruit length, and fruit width 

were identified in an intra-specific cross. QTL associated with oleroresin content was 

identified in an intra-specific cross. Apart from QTLs associated with fruit and yield related 

traits, QTLs associated for disease resistance were also identified in Capsicum annuum. 

QTLs for phytophthora fruit rot resistance; QTLs for anthracnose resistance were identified. 

Yet, QTLs related to drought tolerance and drought tolerance traits were not reported in 

chilli.  

Hence, present investigation aimed at identifying QTLs for drought tolerance 

characters. In the present investigation, quantitative trait loci for traits related to drought 

tolerance were mapped in F2 lines incorporating phenotypes of F3 progeny. A total of 189 

markers were employed to detect polymorphism between KCa-1 and KCa-19. An intra-

specific mapping population (100) was produced and genotyping was carried out using 28 

polymorphic markers. Phenotypic data was collected for drought tolerance traits viz., sub-

stomatal CO2 concentration, water use efficiency, photosynthetic rate, transpiration, total 

chlorophyll content, stomatal conductance, proline content, ion leakage, relative water 

content, root length and root dry weight in F2:3 lines under drought conditions. Detection of 

QTLs under drought conditions would be useful to draw meaningful conclusions especially 

when traits alter under drought conditions. An F2:3 design, wherein F2 lines are genotyped  
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and F2:3 lines are phenotyped, increases the precision in the detection of QTL [329]. Many 

QTLs related to drought tolerance were identified using F2:3 population [330-332]. QTL 

analysis under drought conditions was performed for two consecutive seasons viz., Kharif 

and Rabi in the year 2018-19. A total of twelve QTLs, six in Kharif and six in Rabi seasons 

were identified. Yet, only three QTLs (for Pn, WEU and RWC) were consistent in both 

seasons. The QTL for photosynthetic rate (qPR4.1) was detected on chromosome 4 and was 

observed consistently in both seasons.  Current research identified QTL for Pn with LOD 8.18 

at 38.21 CM, within marker interval of EPMS-303 and Hpms1-168. 

Availability of water is one of the most limiting factors affecting plant growth and 

yield in arid and semi-arid regions [333]. Photosynthesis is a key process which is altered and 

affected by drought due to decreased CO2 to the chloroplast. Photosynthesis has a chief role 

in performance of plants under drought conditions [334, 335]. Water deficit conditions 

damages organisation of photosynthetic apparatus thus inhibiting carbon assimilation thereby 

negatively affecting plant growth [336, 337]. Although there is a negative effect of drought 

on photosynthetic rate, cultivars which can maintain relatively higher photosynthetic rate in 

comparison to other cultivars under drought conditions are considered as drought tolerant. 

Hence identifying QTLs associated with photosynthetic rate would be useful in MAB for 

drought tolerance. QTLs for photosynthetic rate under drought were identified in malting 

barley [338], rice [339, 340], sunflower [341], Wheat [342]. QTL qRWC4.1 controlling RWC 

character was detected on chromosome 4 in both experimental seasons. Pooled data revealed 

the presence of qRWC4.1 at 46.21 cM within the marker interval GPMS-113 and EPMS-303 

with LOD value of 6.27. Water deficit conditions drastically effects plant water status and 

relative water content is an important indicator of plant water status. Genotypes which can 

retain relatively higher relative water content aid cells to maintain turgor and helps in 

retaining intact cell membrane thereby reduce cell membrane disintegration. QTLs for RWC 

under drought conditions were identified in Oryza sativa [343, 344] in Hordeum vulgare 

[345], wheat [346]. The identified QTL, qPRO1.1, controlling Proline trait was situated on 1st 

chromosome and was found to be consistent in both experimental seasons. Pooled data 

revealed the presence of qPRO1.1 at 15.71 cM within the marker interval of CAMS-606 and 

CAMS-424 with 3.14 LOD value. Many studies reported osmo-protective role of proline 
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 [347, 348] Proline accumulation is regarded as significant strategy deployed in plants to 

tolerate drought stress. Increase in the amount of proline is found to be associated with 

augmented tolerance to not only drought stress but also various abiotic stresses [349]. 

Further, by functioning as molecular chaperon, proline stabilises structure of proteins. 

Studies identified QTLs for proline in Triticum aestivum under salinity stress [350], in 

juvenile barley under drought stress [351], under both drought and salinity stress in barley 

[352].  

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 




