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Objective: This study evaluated the effects of polyethylene glycol (PEG)-induced drought
stress on germination traits, seedling growth, and seed vigor across 24 Nigella sativa
genotypes to identify drought-tolerant and -sensitive genotypes.

Method: The experiment was a factorial arrangement based on a completely randomized
design (CRD) with three replications, conducted at the Crop Physiology Laboratory of
Shahrekord University. The factors comprised 24 N. sativa genotypes and five drought
levels induced by PEG at osmotic potentials of 0 (distilled water, control), -0.2, -0.3, -0.4,
and -0.6 MPa. Measured traits included germination percentage and rate, mean
germination time, root and shoot length, seedling length, seedling fresh and dry weight,
and seed vigor.

Results: Analysis of variance (ANOVA) revealed that genotype, drought, and their
interaction significantly affected all germination and early seedling growth traits. The
strongest positive correlations were observed between seed vigor and seedling length,
seedling length and root length, and seed vigor and root length. Principal component
analysis (PCA) of the nine traits identified three components with eigenvalues >1,
accounting for 87.91% of the total variance. Based on the PCA biplot and Ward's
hierarchical cluster analysis, the genotypes were classified into three groups: tolerant
(genotypes 3, 8, 11, 24), semi-tolerant (genotypes 1, 2, 9, 12, 14, 17), and sensitive (the
remaining 14). Multivariate tests (Pillai's trace, Wilks' lambda, Hotelling-Lawley trace, and
Roy's largest root) confirmed highly significant differences among the three groups (p <
0.01), validating the classification robustness.

Conclusions: The findings reveal significant genetic diversity among N. sativa genotypes
under drought stress. Genotypes 3, 8, 11, and 24, which showed superior germination
performance, are recommended for future breeding programs. Furthermore, clustering
enables the selection of parental lines with greater genetic distance (e.g., tolerant genotype
3 and sensitive genotype 5) for hybridization, facilitating the genetic analysis of drought

tolerance mechanisms and supporting trait improvement efforts.
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Highlights:

e Rapid, cost-effective PEG screening replaces field selection
e Root length as a reliable indicator of seed vigor
o Identifying 4 superior Nigella genotypes for drought tolerance

Introduction

Drought stress is one of the most critical abiotic stresses limiting plant growth,
development, and agricultural productivity worldwide. In recent years, climate change has
intensified drought conditions, particularly in arid and semi-arid regions such as Iran, thereby
threatening food security and crop production (Kapoor et al., 2020; Vicente-Serrano et al.,
2024). Seed germination is the stage most sensitive to water deficit, and drought stress during
this phase can severely reduce germination percentage, rate, seedling growth, and ultimately
crop establishment (El-Badri et al., 2021; Yu et al., 2018). Therefore, identifying drought-
tolerant genotypes at the early growth stage is a critical and efficient strategy (Xie et al.,
2013). However, comprehensive screening of various black cumin genotypes for drought
tolerance during germination using multivariate statistical methods (PCA, cluster analysis,
and multivariate tests) has not been fully addressed. This knowledge gap highlights the need
for efficient laboratory-based screening methods as cost-effective alternatives to time-
consuming field trials. The objective of this study was to evaluate the effects of different
PEG-induced drought stress levels on germination components, seedling growth, and seed
vigor of 24 black cumin genotypes to identify drought-tolerant and sensitive genotypes. The
target audience for this research includes plant breeders, agronomists, and researchers
working on medicinal plants under abiotic stress conditions.

Method

This study was conducted in March 2022 at the Crop Physiology Laboratory of Shahrekord
University. A factorial experiment based on a completely randomized design (CRD) with
three replications was used. The experimental factors included 24 black cumin genotypes
(Nigella sativa L.) and five drought stress levels: 0 (control), -0.2, -0.3, -0.4, and -0.6 MPa,
induced by PEG 6000 (Michel & Kaufmann, 1973). Seeds were sterilized with 3% sodium
hypochlorite for 30 seconds and rinsed with distilled water (Khorramdel et al., 2012).
Twenty-five seeds were placed in each 9-cm Petri dish on sterilized Whatman filter paper, and
10 mL of PEG solution was added. The dishes were sealed with Parafilm and transferred to a
germinator at 20 + 2°C for 14 days (Kayacetin, 2022). Germination percentage (GP),
germination rate (GR), mean germination time (MGT), and seed vigor index (VI) were
calculated. Root length, shoot length, seedling fresh weight, and seedling dry weight (dried at
70°C for 24 h) were measured from 10 randomly selected seedlings per dish. Analysis of
variance (ANOVA) was performed using SAS 9.2. Correlation analysis, principal component
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analysis (PCA), and cluster analysis (Ward's method) were conducted using R 4.4.2 based on
mean values obtained under severe stress (-0.4 and -0.6 MPa).

Results

Analysis of variance showed that genotype, drought stress, and their interaction had
significant effects (P < 0.001) on all germination-related traits, indicating substantial genetic
variation among the 24 black cumin genotypes and their differential responses to stress levels.
Drought stress significantly reduced germination percentage, germination rate, radicle length,
shoot length, seedling length, seedling fresh weight, seedling dry weight, and seed vigor,
while mean germination time increased progressively with increasing stress intensity. The
highest germination percentage was observed in genotype 11 (81.46%) and the lowest in
genotype 2 (61.87%). Genotype 8 exhibited the fastest germination rate (18.35 seed/day),
whereas genotype 2 showed the slowest (8.94 seed/day). For shoot length, genotype 3 was
superior (19.82 mm), while genotypes 17 (28.49 mm) and 24 (27.93 mm) produced the
greatest radicle length. The highest seed vigor was recorded in genotype 3 (42.02).

Correlation analysis revealed that the strongest positive and significant correlations were
found between seed vigor and seedling length, seed vigor and radicle length, and between
seedling length and radicle length. Germination percentage and rate were positively correlated
with each other but negatively correlated with mean germination time. Principal component
analysis indicated that the first three components, with eigenvalues exceeding one,
collectively explained 87.91% of the total variation. The first component (45.30%) was
primarily associated with seedling growth and vigor, the second component (26.97%) with
germination speed and percentage, and the third component (15.65%) with seedling biomass.

Based on the biplot of the first two principal components, genotypes 3, 8, 11, and 24 were
identified as drought-tolerant. Genotypes 1, 2, 12, 14, and 17 performed well for seedling
length traits but were weak in germination percentage and rate, while genotype 15 performed
well only for germination speed and percentage. Conversely, genotypes 5, 7, 10, and 13 were
classified as drought-sensitive. Cluster analysis using Ward's method categorized the 24
genotypes into three distinct groups. Group I (tolerant) comprised genotypes 3, 8, 11, and 24.
Group II (semi-tolerant) included genotypes 1, 2, 9, 12, 14, and 17. Group III (sensitive)
consisted of the remaining 14 genotypes. Significant differences among groups were
confirmed for all traits except seedling dry weight. Multivariate tests (Pillai's trace, Wilks'
lambda, Hotelling-Lawley trace, and Roy's largest root) revealed highly significant
differences among groups (P < 0.01), thereby validating the robustness of the classification.
No association was found between geographical origin and genetic diversity. The cluster
analysis results were largely consistent with the PCA findings, confirming the reliability of
the genotype groupings.

Conclusions

Drought stress is a major environmental constraint limiting crop production, especially in
arid regions such as Iran. Our findings demonstrated that drought stress significantly reduced
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germination percentage, germination rate, seedling growth, and seed vigor while increasing
mean germination time. From a practical perspective, the tolerant genotypes identified—
specifically genotypes 3, 8, 11, and 24—are promising candidates for breeding programs
aimed at developing drought-tolerant black cumin varieties. The strong correlations observed
between seed vigor and seedling length, as well as between seed vigor and radicle length,
suggest that these traits can serve as reliable and rapid selection criteria for screening large
germplasm collections. Multivariate analyses (PCA and cluster analysis) effectively classified
genotypes into distinct tolerance groups, with high consistency between the methods,
confirming the robustness of the classification. The lack of association between geographical
origin and genetic diversity indicates that direct screening is necessary regardless of origin,
highlighting the importance of empirical evaluation rather than relying on geographic
provenance. Overall, this study provides valuable genetic resources and practical tools for
breeding programs aiming to improve drought tolerance in black cumin under water-limited
environments.
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Table 1. Names and origins of the studied Nigella Sativa L. genotypes

Genj:ypic G 83 Pl M Gen:;ypic w93 P M
code enotype name Origin code Genotype name Origin
Gl Freidun 1 Iran G13 Nige55 Lebanon
G2 Chaharmahal Iran G14 Nige61 Tunisia
G3 Semirom Iran G15 Nige64 Algeria
G4 Mashhad Iran Gle Nige68 Uzbekistan
G5 Qazvin Iran G17 Nige72 Syria
G6 Kerman Iran G18 Nige73 Uzbekistan
G7 Dehaqan Iran G19 Nige75 Georgia
G8 Freidun 2 Iran G20 Nige76 Kyrgyzstan
G9 Isfahan Iran G21 Nige78 Yemen
G10 Nige45 Ethiopia G22 Nige81 Unknown
Gl11 Nige53 Tajikistan G23 23750 Iran
G12 Nige59 Syria G24 23768 Iran
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Table 2. Mean squares derived from the analysis of variance for germination traits in 24 Nigella sativa
genotypes under drought stress

TR Gl ase Gl oy bugte (Sialsr Cepe azdile Job
S.0.V Oyt e «ol;1 Germination  Mean germination  Germination Shoot
df percentage time rate length
Genotype i) 23 382.59" 0.54" 77.60" 110.83"
Drought stress i S 4 56243.017 11.28" 77.60" 4671.91"
G t X x ‘ﬁ"'f.‘j 3 *k ok ek Kk
enoype T 92 99.85 0.078 8.22 33.83
Drought stress P E A
Error oz 240 1680 6.25 87.37 125.31
o1 [ETR-RR V=R
Coefficient of =22 =) 3.71 1.55 425 5.02
variation (%) & i
Jsb _ _ R
e T el Jsb ezl S emlS e
S.0.V s solsl P Seedling Seedling Seedling dry See d 1 'or
T df Radicle length fresh weight weight Vig
length
Genotype 95 23 252.3" 630.27" 0.00016"" 0.000047"" 470.28"
Drought stress i a5 4 1434192 35285477 0.0063" 0.0007" 49457.01"
t X X w 3 3k *% sk Kk ok
Genotype ) 64.12 125.11 0.000034 0.00003 131.47
Drought stress ~  Sas s
Error o 240 261.47 286.66 0.00006 0.000035 41031
: [ETR-RE VRN
Cocfficient of 2= 2, 475 2.99 5.0 12.1 423

variation (%) Ol s

**: significant at 1% probability level
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Table 3. Mean comparison of seed germination traits among black cumin genotypes under drought stress.

Sl a0 Gaad Fpdler ploj L gy 5% ) G5lyr s
Giermination | 2 Mean germination time (day) Genmination rate (seed/day)
eiEg el 02 03 04 06 eSile asls 02 03 04 06 oeila aals 02 03 04 06 oefils
Genotype  Comrol  MPa MPa  MPa  MPa  \jean Comrol  MPa  MPa  MPa  MPa  pgean Control MPa  MPa  MPa  MPa Mean
1 98.7 973 720 507 373 71207 05 124 17 45 10.51°% 9.7 102 106 108 113 1433%
2 98.7 813 640 400 253 61.87" 1.7 BE 50 28 10.87* 107 107 109 109 112 804°
3 {CIAT] 987 853 693 440 947" 28 157 108 62 1037 9.7 0.1 104 107 110 16.86"
4 96.7 893 613 453 347 6547 133 101 13 47 10.81" 104 108 107 108 113 1087
5 98.0 967 827 &7 127 67.734 201 137 6.1 0 10.47% 10.0 0.1 107 106 110 1341
6 96.0 920 707 427 293 66,134 146 117 71 4.1 10.66 104 105 107 107 110 1.o7
7 96.0 893 773 573 200 68.00M 175 123 B0 27 10.73™ 10.6 102 108 111 109 11.94"
8 98.7 96.7 895 640 493 79.60™ 237 207 108 84 10.17* 9.6 99 00 104 108 18.35°
9 98.7 933 773 533 267 69.87% 210 165 9.8 44 10.36% 10.0 0.1 102 107 108 14.96%
10 G987 967 653 427 347 &7 60 16.1 122 67 47 10.53% 101 ws w3 106 1.1 1213
1 LW 0 967 933 667 507 R1.47% 234 190 112 79 10,344 101 wo w2 105 108 17.98*
12 98.0 973 853 413 267 65734 219 147 74 42 1024 9.6 100 100 106 1.1 15.28¢
13 973 960 813 440 253 688084 218 141 6.0 iR 10.324m 9.7 100 102 108 1.0 14.19%
14 98.0 893 733 373 27 64.13" 174 1.7 6.1 i3 10.55%¢ 10.0 103 108 106 1.1 12.16"
15 L0 960 787 613 453 7627 186 127 95 6.5 10.62 10.1 103 108 108 1.1 13.42%
16 L0 953 773 653 373 7507 20.1 153 9.7 5.0 10.43% 10.1 102 w2 107 1.0 14.37%
17 973 967 747 507 373 7133 220 14.0 15 55 10434 9.8 10.1 104 108 1.0 14.34%
18 96.7 967 867 573 373 74.93° 231 150 108 54 10324 9.6 99 w05 106 10.9 16.01°
19 98.0 953 733 573 280 T0.40% 187 139 89 47 10.44% 10.1 103 103 108 10.7 13.48*
20 98.0 960 773 613 307 T2.67% 216 16.3 10.7 55 10.20== 9.7 100 101 105 10.7 16.22¢
21 98.7 953 827 653 307 74.53 219 170 101 49 10.33% 9.8 102 103 107 10.7 15.93¢
2 98.7 973 773 573 267 147 19.1 143 9.4 42 10.40M 10.0 102 103 106 1.0 1397
3 98.7 953 813 66.7 227 72.93% 227 129 9.8 s 10.25™ 9.6 99 101 107 10.9 14.62°
24 98.0 953 827 587 293 7280 230 138 125 52 1023 9.7 100 104 102 10.9 16.23¢
Mean 9822 945 771 539 322 - 198 14.1 87 48 - 9.9 12.1 04 106 10.9 -
LSD
=005 425 - 026 - 097 -
(Fagla) arails Job Crnglend azrasyy Jsb (raglea) azal® Jobo
Shoot length (mm) Radicle length (mm) Seedling length (mm)
N awls 02 03 04 06 Sl w02 03 04 06 Sl wls 02 03 04 06 0 Sl
Genotype Control  MPa MPa  MPa  MPa Mean Contral MPa  MPa  MPa MPa Mean Control MPa  MPa MPa MPa Mean
1 208 181 140 109 58 13.947 396 2594 199 142 103 22697 60.4 478 336 251 158 3657
234 251 187 131 89 17.83" 387 354 64 143 109 25.15° 62.0 603 451 271 19.9 42.88°
3 438 232 147 111 6.4 19.82* 522 3300 244 161 106 27.26" 96.1 555 391 269 16.7 46.83°
4 329 05 102 70 41 14944 468 98 139 9.1 6.4 2017 £0.0 502 241 161 105 3618
5 346 M8 121 79 44 1777 423 313 18.5 86 6.1 2137 715 615 306 165 10.6 39358
6 3Ls 192 139 9.0 40 1551° 418 301 199 145 7.6 277 REER] 490 336 235 1.6 3828"
7 Lo 189 130 0 39 1495 400 258 16.5 9.7 75 19.89% 709 #4712 177 1.4 3478
8 18.6 156 113 113 53 12.44% 449 301 248 16.0 9.5 25.05° 63.9 460 358 273 14.9 37.58"
9 213 160 133 1.0 33 12.99¢ 372 262 203 139 58 20,687 572 422 30 251 88 33.45*
10 202 155 108 6.8 47 11.61' 257 200 139 95 6.6 15.14* 459 355 247 160 1.3 26.68°
1 212 168 141 109 7.6 1413 513 176 245 142 104 27.5¢° 729 540 379 250 12.0 41.56"
12 373 245 180 139 49 19.73* 4318 247 220 178 8.0 2525° 0.7 500 400 317 126 44814
13 219 189 140 9.0 ER | 13378 56.7 29 186 97 6.7 22 93¢ Ti4 4R 339 187 98 3613
14 254 220 145 136 38 15.85° 532 291 208 160 99 25.80° 782 510 346 292 137 41.35°
15 216 140 99 57 33 10.89™ 430 210 154 B9 58 1884 64.5 354 253 143 9.4 29.79*
6 217 154 107 &6 45 12,184 227 169 148 108 6.5 14.31" 437 323 151 187 1.0 26.14°
17 246 213 161 123 49 15.82¢ 530 387 250 150 107 28.49* 859 541 456 270 15.6 45.64°
18 205 145 163 94 33 12.80" 51.7 196 16.2 9.6 59 20.60% RER] 31 325 194 89 337t
19 3001 163 129 91 48 14.64* 470 230 156 134 B0 2141° 76.7 393 15 126 129 3508
20 29 14.1 120 89 50 12.60™ 344 219 16.4 1.0 6.6 18.08 580 359 286 199 1.6 30.81%
21 178 166 113 79 6.7 12om™ 356 242 194 136 6.4 19.83" 531 411 367 215 13.0 33.09*
2 17.0 16.5 86 56 49 10.52" 26.6 182 14.6 83 43 1441 436 347 232 139 92 2493°
23 222 125 104 75 28 109" 539 265 1.7 9.7 30 2099 758 3|37 221 167 59 3183
24 3Lz 275 131 11.0 7.5 18.07" 62.3 295 213 148 9.8 2793 917 592 469 261 16.9 4817
Mean 255 188 131 96 49 - 435 272 19.0 124 7.6 - 69.1 46.1 329 219 12.5 -
LSD
=005 L6 - 1.68 - 1.76 -
(a7 Se) amald e (o T s 5] amal¥ i e el
Seedling fresh weight (pg) Seedling dry weight (ug) Seed vigor
i asls 02 03 04 D6 Sl wli 02 03 04 06 Sl wls 02 03 04 06 Sk
Genotype  Contral MPa MPa MPa MPa Mean Control MPa MPa MPa MPa Mean Control MPa MPa MPa MPa Mean
1 297 121 47 23 1.6 10.1% 59 24 09 05 03 202 604 473 242 127 59 30117
14.1 10.8 72 25 13 74 28 23 1.4 05 03 1.45"= 62.0 491 289 109 50 31188
3 417 223 123 8.0 26 174 83 435 24 1.0 05 333 96.1 547 334 186 713 4202
4 132 9.5 7.0 17 1.6 oM 27 19 1.1 08 03 1370 800 449 148 7.3 36 30.12%
5 237 10.7 45 1.8 11 83 4.6 24 09 04 0z /i 775 598 253 6.4 24 34.29°
[ 142 9.9 6.3 1.8 07 6.6% 28 20 13 04 0.1 130™ 738 451 237 100 34 31200
7 140 79 28 1.8 07 540 28 16 0.6 03 0.1 [Nl 709 399 226 102 23 29.18%
3 333 189 131 28 0.6 137 6.1 R 27 0.6 0.l 265* 63.9 454 320 175 74 332°
9 310 169 118 6.6 20 137 6.2 34 24 12 04 27 572 394 263 134 24 7.7
10 249 9.6 40 1.8 12 839 52 16 0g 03 0.1 159" 459 350 162 6.8 39 21.57
1 323 165 68 26 14 11.9° 6.4 iz 14 0.5 0.1 233 729 533 354 187 9.1 37.46°
12 231 87 51 28 18 839 48 17 9.8 0.5 0.4 3.44% 807 575 262 131 34 36.16*
13 272 131 17 15 09 10.3% 142 25 L7 0.6 0z 3Ig* 734 436 276 82 25 3107t
14 16.1 1.1 6.4 43 19 80 32 23 L6 14 0.7 183 782 456 254 109 31 32.64"
15 357 196 112 53 21 14.8° 16.5 109 28 .7 0.7 6.51° 64.5 340 199 B8 43 26.29"
16 167 120 79 25 13 ERY 35 20 14 1.2 03 168" 437 314 194 122 4.1 2216
17 205 141 83 LR 1.5 95" 124 27 L1 0& 0z 344% 859 534 340 137 58 3857°
18 273 13 75 28 1.6 10.1% 1135 24 16 12 (8] 3368 Ti8 332 21 111 33 29928
19 250 133 43 21 11 9.2* 148 29 13 L1 0.1 403" 76.7 382 209 129 36 30472
20 235 138 65 23 09 9.4* 136 33 89 12 (8] 743 580 350 221 122 36 26.18"
1 17.1 &4 46 1.7 0.6 6.5 126 18 1.7 Lo 0.1 3.42% 531 406 304 141 40 2841%
2 17.1 10.6 6.6 23 09 T8¢ 124 32 L6 12 0.1 3607 436 338 180 20 24 21.16*
23 336 158 109 45 1.6 13.3° 19.0 12 20 07 0.1 6.60% 758 377 180 112 L3 28780
24 353 226 147 84 1.7 16.6 25 14 86 L6 0.1 537 917 584 388 153 5.0 4184
Mean 246 133 7.5 33 1.36 - 8.12 375 250 086 024 - 69.1 440 255 118 4.1 -
LsD
a=0.05 08 - 06 - 21 -

el 10 Jlzol o ;3 (5)ls (re Dglis pas saims (las S e B S Bl anslis o 0
In each column, at least one same letter indicates no significant difference at the 5% probability level
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Table 5. Pearson’s simple correlation coefficients among germination traits in 24 black cumin genotypes under

drought stress conditions

ole; bawgie Jsb Jsb sk Fow o S0
iy 2o el iz e ax>a8le Axdiy axals ol zalS
Germination Mean Germination Sh Radi l) Seedli Seedling  Seedling
percentage  germination rate lenO(t)}tl lanl(t:he lee en gllg fresh dry
time g ene 5 weight weight
Slsr vy
Germination 1
percentage
Sz oloy bawgte .
Mean germination -0.58
time
5 oz Sop 0.84” _88" 1
Germination rate
sy sle b 031™ 0.14™ 0.11™ 1
Shoot length
4;4_.,) I -0.062™ 0.11™ 0.22"™ 0.69" 1
Radicle length
LS sk *k
el ok 0078 -0.03" 0.11" 087" 095 1
Seedling length
WL: )-' u)j ok * ok 3 * Q
Seedling fresh 0.63 -0.49 0.60 0.072"™  0.38 0.29" 1
weight
LS Sz oy * Hx * ; wx
e o 0.37 -0.57 0.42 -0.27"  -0.05™ -0.12™  0.51 1
Seedling dry weight
S 0.16™ -0.20™ 0.33™ 078" 094" 096" 045  0.002"
Seed vigor

L

S gre jfinsd 5 7Y Jloisl zalaw (o s S oS A
* and ** significant at 5 and 1% probability levels, respectively and ™ is not significant.
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Table 6. Principal component analysis (PCA) results for traits associated with germination in 24 black
cumin genotypes under drought conditions

Traits olas Vel ¥ sl Tl
Component] Component2 Component3
Germination percentage (GP) S THPESR W 0.27 0.43 -0.23
Germination rate (GR) iwle> e 0.32 0.46 -0.19
?ﬁér})germlnatlon time sy e bgie 024 2030 025
Shoot length (ShL) axals Jsb 0.38 -0.38 0.03
Radicle Length (RL) azady, Job 0.41 -0.34 0.05
Seedling length (SL) azalS Jsb 0.41 -0.36 0.03
Seedling fresh weight (SFW) azalS 5 59 0.23 0.19 0.62
Seedling dry weight (Sdw) azals Sis 5 0.10 0.29 0.66
Seed vigor (VI) BRYEeY 0.47 0.04 -0.16
Eigen value o3y polie 4.08 2.43 1.41
Relative variance (%) osibylg as e 45.30 26.97 15.65
Cumulative variance (%) JPESC S PR IRV 45.30 72.27 87.91
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Figure 1. Biplot of PC1 vs. PC2 from principal component analysis (PCA) of 24 Nigella sativa genotypes for
germination-related traits under drought stress
GP (Germination percentage); GR (Germination rate time); MGT (Mean germination time); ShL (Shoot length);
SL (Seedling length); RL (Radicle length); SFW (Seedling fresh weight); SDW (Seedling dry weight); VI
(Seed vigor)
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Figure 2. Dendrogram from Ward's hierarchical clustering of 24 Nigella sativa genotypes based on germination-
related traits under drought stress condition.
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Table 7. Analysis of variance (ANOVA) and mean values of germination-related traits in groups derived from

cluster analysis

oy 5 0 las .Sl

Sl o o Sleo Slas o o Sleo
olas Lm‘)ﬁ f&, i W ‘)A/wi‘ ’ Mean of traits in group
Traits 2555 Ome 2955 09° Vog,5 Y og,5 ¥ 05,5
MS (B) MS (W)
Groupl Group2 Group3
3y ‘ sk
@I 252 336.72 41.14 54° 37.44° 42.43
Germination percentage
SIReT = 15.07 1.25 9.13° 5.69° 6.53"
Germination rate
@IV O By 0.07 0.01 10.66 10.9° 10.83°
Mean germination time
”LAAJ ok
Az le Jsb 22.99 0.79 8.88° 8.88° 6.07
Shoot length
Tt Jsb 48.18" 1.67 12.66 12.24* 8.36"
Radicle length
ww Job 134.98™ 3.94 21.47% 20.96 14.37°
Seedling length
“”’“ s 0.000004" 0.000001 0.004° 0.003° 0.002°
Seedling fresh weight
Lj Sis
R ©) 0.00000001 0 0.00055" 0.0006°  0.00052°
Seedling dry weight
IR AR 48.28” 1.67 12.11° 8.36" 6.58°
Seed vigor

78 57\ Jloiol mhans 40 ls dxe oo 5 4 67"

35,105 (6l sime WS (5Ll blod 5l aiwn olie By, slyls sy 2 0 a5 Sl Sl

MS (B) and MS (W): between and within mean square, respectively

* and ** significant at 5 and 1% probability level, respectively

In each row, means with common letters are in the same statistical group at 5% probability level (LSD test)
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Table 8. Multivariate tests for comparison among clusters derived from cluster analysis for 24 Nigella sativa
genotypes based on germination-related traits under drought stress condition
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0905 soliTax o o le] Jlaie F
Test df Statistic Value
Pillai’s trace 2 1.62 6.67"
Wilks’s lamda 2 0.03 720"
Hotelling-Lawley trace 2 11.54 770"
Roy’s largest root 2 8.94 13.917

: significant at 1% probability level
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