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Article Info ABSTRACT

Article type: 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.

Article history: Method: The experiment was a factorial arrangement based on a completely randomized
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Received: 23 December 2025 design (CRD) with three replications, conducted at the Crop Physiology Laboratory of
iﬁgg;ﬁg; ilM G;crtrlz %26 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
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Cluster analysis
Drought stress Results: Analysis of variance (ANOVA) revealed that genotype, drought, and their

and seed vigor.

Ge_rm_ination ) interaction significantly affected all germination and early seedling growth traits. The
Principal component analysis 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
e 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 (EI-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 | (tolerant) comprised genotypes 3, 8, 11, and 24.
Group Il (semi-tolerant) included genotypes 1, 2, 9, 12, 14, and 17. Group Il (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 2. Mean squares derived from the analysis of variance for germination traits in 24 Nigella sativa
genotypes under drought stress

% Gyl weys (Gl gl bwgte Gialer Cepe azails Job
S.0.V Slyti g o1 Germination  Mean germination  Germination Shoot
df percentage time rate length
Genotype S5 23 382.59" 0.54" 77.60" 110.83™
Drought stress S i 4 56243.01" 11.28™ 77.60" 4671917
Genotype x X eded) . - - .
92 99.85 0.078 8.22 33.83
Drought stress SaS il
Error Uas 240 1680 6.25 87.37 125.31
101 EPTRUP- SN WS
Coefficient of e 3.71 1.55 4.25 5.02
variation (%) ol ps
4,0 J}b e e - = L.
: 7 azals Job  azelS 55 azels Sis (h -
&= - A>dio . ; . P
SOV s sl =) Seedling Seedling Seedlingdry ¢ 4 ioor
T df Radicle length  fresh weight weight g
length
Genotype RIS 23 252.3" 630.27" 0.00016™ 0.000047" 470.28"
Drought stress S s 4 14341.927 35285.47  0.0063 0.0007™ 49457.01"
X X %‘f"s 3 Kk Kk *% *k Kk
Genotype T 9 412 12511™  0.000034 0.00003 131.47
Drought stress S5 a5
Error Uas- 240 261.47 286.66 0.00006 0.000035 410.31
] (U= IR o
Coefficient of - 2+, 4.75 2.99 5.09 12.1 4.23
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.

T
(iermination percentage

) Pl ol e
Mean germination time (day)

(iag 52 ) il oo

Germination rate (seed/day

)

i) sl 02 03 04 06 crdils asls 02 03 04 06 R asls 02 02 04 -06 cnfils
Genotype  Control MPa MPa MPa MPa Mean Control MPa  MPa  MPa MPa Mean Control MPa  MPa MPa MPa Mean
1 98.7 973 720 507 373 71207 26.5 05 124 17 45 10.51°F 9.7 102 106 108 113 14.33%
2 98.7 B3 o640 400 253 61.87" 163 1.7 BE 50 28 1087 107 10.7 109 109 1.2 8.94%
3 1000 987 853 603 440 79.47" 288 228 157 108 62 10.37% 9.7 0.1 104 107 110 16.86"
4 96.7 893 613 453 347 65.47™ 19.0 133 101 73 47 1081 104 10.8 10.7 108 1.3 1087
5 980 967 827 387 227 6773 241 200 137 61 30 10475 100 100 107 106 110 13.41%
[ 96.0 920 707 427 293 66134 179 146 1.7 7.1 41 1066 104 10.5 10.7 107 1.0 1.o?
7 96.0 893 7735 573 2010 68.00™ 192 175 123 B0 23 10.73™ 106 10.2 108 111 109 11.94"
& 98.7 96.7 893 640 493 79.60° 28.1 237 207 108 84 10.17* 9.6 99 100 104 108 18.35*
9 98.7 933 7735 533 6.7 69.87% 232 20 16.5 9.8 44 10.36% 10.0 10.1 102 107 10.8 14.96%
10 98.7 967 653 427 347 67.60% 09 161 122 67 47 10.53°% 10.1 105 103 106 111 12,13
3 100.0 967 933 667 507 8147 284 34 19.0 1.2 79 10.34% 1.1 10.0 102 105 10.8 17.98*
12 98.0 973 653 413 267 65T 282 219 147 74 42 10.24%= 9.6 100 100 106 111 15.28¢
13 973 960 B3 440 253 68808 252 28 141 6.0 iR 10.324 9.7 10.0 102 108 1.0 14.19%
14 98.0 893 733 373 27 64137 3 174 1.7 6.1 33 10.55%0 10.0 103 108 10.6 1.1 12.16'
15 100.0 960 7RT 613 453 T6.27° 19.7 186 127 9.5 6.5 10,62 1.1 103 108 108 1.1 13.42%
6 100.0 953 713 653 373 7507 2.3 201 153 9.7 50 10.43%% 1.1 10.2 102 107 1.0 14.37%
17 97.3 96.7 747 507 373 7133 27 20 140 75 55 10434 9.8 0.0 104 108 110 14.34%
18 96.7 96.7  B6T 573 373 74.93¢ 258 231 150 108 54 10329 9.6 99 105 10.6 109 16.01°
19 98.0 953 733 573 280 70.40% 211 187 139 B9 47 10.44% 10.1 103 103 108 107 13.48"
20 98.0 960 773 613 307 T2.67% 270 26 16.3 10.7 55 1020 9.7 10.0 101 105 10.7 16.22¢
21 98.7 953 B27 653 307 74.53 257 219 170 100 49 10334 9.8 102 103 107 107 15.93¢
2 98.7 973 773 573 6.7 7147 29 19.1 143 9.4 42 10.40™ 10.0 10.2 103 10.6 1.0 1397
23 98.7 953 BI3 667 227 72.93% 2432 227 129 9% kX 10.25™ 9.6 99 i0d 107 109 14.62°
24 98.0 953 BT 587 293 7280 26.6 230 13.8 12.5 52 10.23" 9.7 10.0 10.4 102 10.9 16.23°
Mean 98.22 945 771 539 322 - 235 198 14.1 87 48 - 9.9 12.1 10.4 10.6 10.9 -
LsD
=0.05 425 - 026 - 097 -
(Ralee) dxrdils Jsbo (Faghe) azats, sk (Fagglea) azal.S sl
Shoot length (mm) Radicle length (mm}) Seedling length (mm)
e wls 02 03 04 06 efila wls 02 03 04 06 el wls 02 03 04 06 il
G T Control MPa  MPa  MPa  MPa Mean Control MPa  MPa  MPa  MPa Mean Control MPa  MPa MPa MPa Mean
1 208 181 140 109 58 13.947 396 294 199 142 103 2269 6.4 479 336 251 158 3657
2 234 251 187 13.1 5G9 1783 387 354 26.4 143 109 25.15° 62.0 603 451 271 199 42.88°
3 438 232 147 1.1 6.4 19.82* 532 330 244 6.1 10.6 27.26 96.1 555 391 269 16.7 46.83%
4 329 205 102 70 41 14944 468 298 139 91 6.4 2017 §0.0 502 241 161 105 36.18"
5 346 298 121 19 44 17.77° 423 33 185 8.6 6.1 2137 775 615 306 16.5 10.6 39358
[ 35 192 139 9.0 40 15.51° 418 301 199 145 7.6 2.7 RER 490 338 235 1.6 38.28%
7 30 189 130 80 39 14.95° 400 258 165 97 15 19.89% 709 447 192 177 114 3478
g 18.6 156 113 1.3 53 12.44% 449 301 248 16.0 9.5 25.05° 639 460 358 273 149 37.58%
9 213 160 133 1.0 33 12,998 372 262 203 139 58 2068 572 422 340 251 B8 3345%
10 0.2 155 108 68 47 11.61' 257 200 139 95 6.6 15.14* 459 355 247 160 113 26.68°
1 212 168 141 10.9 716 1413 513 76 245 142 10.4 27.50" 729 540  379% 250 18.0 41.56"
12 373 245 180 139 49 19.73* 438 347 220 17.8 8.0 2525¢ 807 590 400 317 12.6 44814
13 219 189 140 90 kN 13.37¢ 56.7 229 186 97 6.7 2293 734 448 339 187 98 3613
14 254 220 145 13.6 ig 15.85° 532 291 20.8 16.0 9.9 25 80° 782 510 346 292 13.7 41.35°
15 216 14.0 99 57 33 1089 430 20 154 B9 58 1884 64.5 354 253 143 9.4 29.79*
16 217 154 107 86 45 12,184 27 169 148 108 65 14.31' 437 323 251 187 110 26.14°
17 246 213 el 123 49 15.82° 530 387 250 150 10.7 28.49* 859 541 456 270 15.6 45.64°
I8 205 145 163 9.4 33 12.80% 517 196 162 9.6 59 20.60% RER 34 325 19.4 89 3373t
19 301 163 129 91 48 14.64% 470 230 156 134 80 21.41° 6.7 393 285 226 129 35.98'
20 229 141 120 B9 50 12.60M 344 ] 16.4 1.0 6.6 1808 580 359 186 199 1.6 30.81%
i | 178 166 113 19 6.7 1207 356 242 19.4 136 6.4 19.83% 531 411 367 215 13.0 33.09%
22 17.0 165 86 56 49 10.52" 26.6 182 146 83 43 1441 436 347 232 139 92 24 93F
3 222 125 104 75 28 11.09" 539 265 1.7 9.7 30 20.99° 758 387 121 16.7 59 3183
24 312 275 131 1.0 75 1807 623 295 233 14.8 9.8 27.93* 91.7 592 469 261 16.9 4817
Mean 258 188 131 9.6 49 - 415 272 190 124 76 - 69.1 461 329 219 125 -
LSD
«=0.05 1.16 - 1.68 - 1.76 -
(53 Se) amald 5 e (T s ) dzmal T St e e
Seedling fresh weight (pg) Seedling dry weight (ug) Seed vigor
il asls 02 03 04 A6 CnSila asl 02 03 04 <06 Sies asls 02 03 04 -06 Cndilea
Genotype  Control MPa MPa MPa MPa Mean Control MPa  MPa MPa MPa Mean Control MPa  MPa  MPa MPa Mean
1 297 121 47 27 L& 10.1% 59 24 0.9 05 03 202 604 473 242 1237 59 30118
2 14.1 10.8 72 15 1.3 720 28 23 14 05 03 1.45= 62.0 49.1 289 109 50 IR EL
3 417 23 123 B0 16 17.4* B3 45 24 1.0 05 333 96.1 547 334 18.6 73 42.02*
4 13.2 95 10 37 L& .04 27 L9 1.1 0.8 0.3 1370 £0.0 49 148 13 36 30128
5 237 10.7 45 1.8 1.1 83 4.6 24 0.9 0.4 02 Lo 775 598 253 6.4 24 34297
[ 142 99 63 18 07 6.6 28 20 13 04 LA 130™ 738 451 237 100 34 31208
7 14.0 79 28 1.8 07 54 28 16 0.6 03 0.1 110 709 399 226 102 13 2918
8 113 189 131 28 0.6 137 6.1 13 27 0.6 0.1 265 639 454 320 175 74 33220
9 KRN 169 118 6.6 20 137 6.2 34 24 1.2 04 a7 572 394 263 134 24 2772
10 249 9.6 4.0 1.8 1.z 834 52 16 0.8 03 0.1 1.50%= 459 B0 162 6.8 39 2157
3 323 16.5 6.8 26 14 1.9 6.4 32 14 05 0.1 233 79 533 354 167 9.1 37.46°
12 231 87 5l 28 1.8 834 48 L7 98 05 04 3447 0.7 575 262 13.1 34 36.16°
13 2712 131 77 25 09 103% 142 25 L7 06 02 382* 734 436 276 82 25 307"
14 16.1 1.1 6.4 43 1.9 80 32 23 1.6 14 07 1.83% 782 456 254 109 ER| 3264
15 357 196 112 53 21 14.8° 16.5 s 218 1.7 0.7 6.51% 64.5 40 199 8% 43 26.29'
6 16.7 120 19 15 1.3 ER ER] 20 14 1.2 03 1684 437 34 194 122 4.1 2216
17 20.5 141 83 11 L5 9.5% 124 27 1.1 08 02 344 859 534 M0 137 58 3857
18 273 13 15 28 L& 10.1% 115 24 1.6 1.2 0.1 3368 738 332 281 11.1 i3 29924
19 250 133 43 21 1.1 9.2% 148 29 1.3 1.1 0.1 403" 767 382 209 129 i6 30472
20 235 138 6.5 23 09 9.4 136 i3 89 1.2 0.1 743 580 3o 221 122 i6 26.18"
b 17.1 B4 4.6 1.7 0.6 6.5% 126 18 1.7 1.0 0.1 342% 531 406 304 141 4.0 28 41*
22 17.1 106 6.6 23 0.9 7.5* 124 32 1.6 1.2 0.1 3607 436 338 180 80 24 21.16"
23 36 158 109 45 L& 13.3¢ 19.0 12 20 07 0.1 6.60° 758 3T 180 112 [} 28.78
24 357 226 147 &84 L7 16.6" 25 14 8.6 L& 01 537 91.7 S84 388 153 50 41.8¢°
Mean 246 133 15 33 1.36 - 8.12 375 250 086 0.24 - 69.1 440 255 118 4.1 -
LSD
=0.05 08 - 0.6 - 21 -
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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

ol g Job Job Job 5ok SES )9
Sialez deyo Sials> Sl ey il ot s axals aals
Germination Mean Germination Sh ¢ R ?d' «I) S "dlj Seedling  Seedling
percentage  germination rate IenO(t)h I:nut:he Ieeen ;ﬂg fresh dry
time g 9 g weight weight
T HPE SRV
Germination 1
percentage
Sy plej bawgie -
Mean germination -0.58 1
time
) Wz e 0.84™ -88"” 1
Germination rate
szl Jb 031" 0.14™ 0.11™ 1
Shoot length
Tk s -0.062™ 0.11™ 022" 069" 1
Radicle length
sl Jsb 0078  -0.03™ 011" 087" 095" 1
Seedling length
WL:E JJ ujs Kk * Kk *
Seedling fresh 0.63 -0.49 0.60 0.072™ 0.38 0.29™ 1
weight
LT S g 0.37" 057" 042"  027™ -005° -012" 051" 1
Seedling dry weight
o 0.16™ -0.20"™ 0.33™ 078"  0.94™ 096 045  0.002"
Seed vigor

* 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 Slao | e e e
Componentl Component2 Component3
Germination percentage (GP) PETUPERRWIR 0.27 0.43 -0.23
Germination rate (GR) Sy8lez ey 0.32 0.46 -0.19
l(\'/\l/(leér]r?ermmatlon time Sl e basgie -0.24 -0.30 0.95
Shoot length (ShL) azadle Job 0.38 -0.38 0.03
Radicle Length (RL) azaiy, Job 0.41 -0.34 0.05
Seedling length (SL) azalS Jsb 0.41 -0.36 0.03
Seedling fresh weight (SFW) azelS 5 09 0.23 0.19 0.62
Seedling dry weight (Sdw) azalS Sas ) 0.10 0.29 0.66
Seed vigor (V1) JRups 0.47 0.04 -0.16
Eigen value oy polie 4.08 2.43 141
Relative variance (%) by wo s 45.30 26.97 15.65
Cumulative variance (%) UEPE R P 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)

Cluster Dendrogram

Height

Seid i blys o Giaile b b e Slae (bl p dilaabos Cuigis YE (59, p Ward g, 4 sladgs 4 jos ¥ S
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

laog,§ ;5 Sl eSils

Sl po o Sleo K PYSUSE <{ PN
Slao u‘ﬁ fﬂx i " "Afﬁx i Mean of traits in group
Traits Mg; e Mﬁgs \ﬁ” ) og)5 YoF VoS
(B) (W) Groupl Group2 Group3
5 ‘ *k
VT )2 336.72 41.14 542 37.44 42.43"
Germination percentage
3 ’| = *k
SIVT = 15.07 1.25 9.13° 5.69° 6.53°
Germination rate
51 Yley Jawex *k
SIVIT O gt 0.07 0.01 10.66° 10.9° 10.83°
Mean germlnatlon time
Azl Jsb 22.99™ 0.79 8.88° 8.88° 6.07"
Shoot length
azas sk 48.18" 1.67 12.66° 12.24° 8.36"
Radicle length
ww Jsb 134.98™ 3.94 21.47° 20.96° 14.37°
Seedling length
ww 205 0.000004" 0.000001 0.004 0.003° 0.002°
Seedling fresh weight
“"“’“ S 039 0.00000001 0 0.00055% 0.0006°  0.00052
Seedling dry weight
s 48.28™ 1.67 12.11° 8.36" 6.58°
Seed vigor

70 57N Jlil mla 5o o dre cuip a5

35l (gl e M ()Ll Ll 5l aiies ol B9 slls (s, a0 a8 ol Sile
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

O8] soliT a0 o)lel e =
Test df Statistic Value
Pillai’s trace 2 1.62 6.67"
Wilks’s lamda 2 0.03 7.207
Hotelling-Lawley trace 2 11.54 7.70"
Roy’s largest root 2 8.94 13917

: significant at 1% probability level
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