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ABSTRACT

Linseed is a multipurpose crop and the crop needs further improvement to increase production and yield due to
its high value and demand. This study aimed to assess the extent and pattern of genetic variability of forty linseed
genotypes based on diverse agro-morphological and yield attributes. The field experiment was conducted follow-
ing a Randomized Complete Block Design with three replications. Linseed germplasm showed a wide range of
phenotypic expression, genetic variability and heritability for 30 studied traits. A low to high phenotypic coeffi-
cient of variation (PCV) and genotypic coefficient of variation (GCV) were observed. The lowest genotypic (ng)
and phenotypic variances (6°p) were found in capsule diameter (CD), length of calyx (LC), capsule length (CL),
seed length (SL), and seed breadth (SB). High broad-sense heritability (h*,) with high genetic advance as a per-
centage of mean (GAM) were observed in days to germination started (DGS), days to 80% emergence (DE), plant
height at 28 and 40 DAS, number of flowers (NFPP), filled capsules (NFCPP) and yield per plant (YPP) indicating
additive gene action exists for these characters. Hierarchical cluster analysis separated 40 genotypes into five clus-
ters, where Clusters I to V assembled with 13, 4, 4, 5 and 14 genotypes, respectively. Considering yield and yield
attributes, Cluster-IV (G3, G4, G6, G10 and G31) genotypes showed promising while, Cluster-II (G2, G16, G35,
G36) and Cluster-III (G1, G33, G39 and G40) genotypes were dominant on plant morphological traits. Based on
principal component analysis (PCA), few characters such as YPP, NFPP, NFCPP, days to first flowering and cap-
sule formation, early emergence, days to branch initiation and plant heights at different growth stages revealed
important and effective traits for consideration in the selection of linseed breeding programs.
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1 Introduction

Linseed (Linum usitatissimum L.) belongs to the family Linaceae, originated in the Indian sub-continent
and domesticated worldwide. It is a self-pollinated plant that is grown during the rabi (winter) season in
Bangladesh and is one of the oldest plant species cultivated for oil and fiber [1]. It is a multipurpose crop
that is cultivated for fiber, fuel, industrial, and possibly pharmaceutical purposes, as well as in animal
feed and poultry diets [2]. Linseed is an important agricultural crop since it contains 40% oil, 28% starch,
21% protein, 7.4% water, 3.4% different minerals and a lot of unsaturated fatty acids, especially linolenic
acid [3]. Linseed is unique among oilseeds, and its high content of omega-3, alpha-linolenic acid (36%—
57%), an essential polyunsaturated fatty acid, as well as omega-6, linoleic acid (18%-24%), has
reawakened interest in the emerging market of functional foods in recent years [4—6]. Linseed is an
important industrial crop for its unique drying and hardening properties, mostly used for industrial
purposes like making paints, varnishes, soaps, and printing inks [7,8], while its low linolenic acid content
is needed for human consumption.

Linseed is grown in 3.26 million hectares worldwide, with a yield of about 3.18 million tons and
productivity of 1011 kilograms per hectare [9]. Currently, Bangladesh produces only 4000 tons of seed
from 5,700 ha of land in 2017-2018. However, the country imports linseed waste by using a huge amount
of money, roughly 270.45 m BDT [10]. The economic yield, a very complex trait of crops, depends on
both the inheritance and climatic conditions of a particular region. Moreover, the crop faces several biotic
and abiotic stresses as well as a low response to inputs [11]. The introduction of new germplasm is needed
to broaden the genetic diversity and invigorate breeding stocks. As a result, increasing productivity is an
important task to reduce the current yield gap and produce high-yielding varieties.

The study of genetic variability allows for better selection and aids in the development of high-yielding
varieties. The magnitude of heritable variation in the traits studied is extremely important for selecting the
genotype for any breeding program. Specific genotypes in a population’s propensity to differ from one
another are measured by genetic variability. Genetic heterogeneity in a population is crucial for
biodiversity because, without it, a population’s ability to adapt to environmental changes is hampered and
thus makes it more prone to extinction. Genetic variation and the mode of inheritance of quantitative and
qualitative traits are crucial in the planning of a breeding program [12,13]. Genetic parameters such as the
genotypic coefficient of variation (GCV) and the phenotypic coefficient of variation (PCV) can be used to
detect the amount of heterogeneity in a germplasm sample [14,15]. The evaluation of the variability of
the yield and its related traits becomes essential before planning a suitable breeding strategy for genetic
improvement [14].

Plant breeders may use the diversity of plant genetic resources to create new and improved cultivars with
desirable traits, including farmer-preferred traits (high yield capacity, broad seed, etc.) as well as breeder-
preferred traits (pest and disease tolerance, photosensitivity, etc.) [16]. Understanding the genetic diversity
of linseed is vital for its continued improvement and production in the agricultural system, and
germplasm characterization is a vital link between the conservation and utilization of plant genetic
resources. Germplasm is the most important resource for developing superior varieties because it contains
all the required characteristics. Characterization engages estimating the amount of variation present in a
group of populations [17—19]. The use of standard descriptors to describe the characteristics of a crop
species is useful for better germplasm use and conservation [20,21]. The information regarding genetic
variability pattern presents in the existing population of a given crop, is therefore necessary for further
crop improvement. Moreover, understanding the degree of relationships among important agro-
morphological characters would aid in the formulation of an efficient scheme of multiple traits.
Multivariate analysis is a widely used technique for exploring the relationships among a wide range of
variables and for identifying genetic variations within complex data sets [22]. Principal component
analysis (PCA) is very useful to dissect the traits correlation and interaction and to evaluate the genotypic
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performance in crop plants. Therefore, in the current study, 40 linseed genotypes were characterized based on
morphological and yield traits at different developmental stages using multivariate analysis to identify
genetic variability among them and to select effective traits for consideration in future developmental
programs of linseed.

2 Materials and Methods

2.1 Plant Materials and Site

A total of 40 diverse linseed genotypes was used in this study for characterization. Among them,
26 genotypes were collected from Plant Genetic Resources Centre (PGRC), Bangladesh Agricultural
Research Institute (BARI), 11 genotypes from various agro-ecological areas in Bangladesh, and the
remaining three from abroad (China, Vietnam and Canada). The detailed information of these genotypes
is presented in Table 1. For documenting various morphological descriptors, all the genotypes were raised
at farmers’ field, Shoreartol, Alamnagar, Rangpur, Bangladesh from October to March in 2018-2019. The
area resembles the Tista Meander Floodplain (Agro-Ecological Zone-3) with heavy annual rainfall
(2498 mm) [23].

Table 1: List of 40 studied linseed genotypes with code and source

Codes Genotypes name Sources Codes Genotypes name Sources

Gl Bandarban Local G21 BD-7141 PGRC, BARI
G2 BARI Tishi-1 (Neela) ORC, BARI G22 BD-7142 PGRC, BARI
G3 Barishal Local G23 BD-7143 PGRC, BARI
G4 BD-10696 PGRC, BARI G24 BD-7144 PGRC, BARI
G5 BD-10697 PGRC, BARI G25 BD-7145 PGRC, BARI
G6 BD-10698 PGRC, BARI G26 BD-7146 PGRC, BARI
G7 BD-10699 PGRC, BARI G27 BD-7147 PGRC, BARI
G8 BD-10700 PGRC, BARI G28 BD-9944 PGRC, BARI
G9 BD-10701 PGRC, BARI G29 Chilmari (Black) Local

G10 BD-10702 PGRC, BARI G30 Chilmari (Light) Local

Gl11 BD-10703 PGRC, BARI G31 China China

Gl12 BD-10704 PGRC, BARI G32 Faridpur Local

GI13 BD-10705 PGRC, BARI G33 Hatibanda Local

Gl14 BD-10706 PGRC, BARI G34 Hobigonj Local

G15 BD-10707 PGRC, BARI G35 Lin 1903 Local

Gl6 BD-10708 PGRC, BARI G36 Sirajgonj Local

G17 BD-10709 PGRC, BARI G37 Tangail Local

G18 BD-10710 PGRC, BARI G38 Ulipur Local

G19 BD-10711 PGRC, BARI G39 Vietnam Vietnam

G20 BD-7140 PGRC, BARI G40 Canada Canada

Note: BARI: Bangladesh Agricultural Research Institute; ORC: Oilseed Research Centre; PGRC: Plant Genetic Resources Centre.
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2.2 Experimental Design and Crop Management

During the 2018-2019 cropping season, the 40 genotypes were planted in the field for evaluating the
morphological and plant architecture traits. The experiment was set following Randomized Complete
Block Design (RCBD) with three replications. Each replication consists of two rows of each genotype.
With continuous line sowing, the unit plot was 3.0 m x 0.6 m (two lines). The plant-to-plant spacing
within a row was maintained at 5—7 cm (DAS). To ensure adequate germination, pre-sowing irrigation
was used. Before sowing, the experimental plots were well prepared, and Farm Yard Manure (FYM) was
added. Linseed cultivation was carried out using the prescribed fertilizer and manure doses [24].
Irrigation was delivered as required, and the trial was weeded regularly. Other cultural practices were
done as and when necessary.

2.3 Determination of Agro-Morphological Traits

The agro—morphological traits, yield attributes and yield data were recorded on five randomly selected
plants from each plot. The following data were recorded.

Days to germination started (DGS), 80% emergence (DE) and branch initiation (DBI)

The number of days from sowing to seed germination, 80% emergence and branch initiation were
counted based on the sowing date.

Plant height

At 28, 40, 60 and 82 d after sowing (DAS), the height of each selected plant was measured in centimeters
from the surface of the soil to the top of the plant and average values were calculated.

Number of leaves and branches plant™

The number of leaves plant ' (NLPP) was counted at 30 DAS and the number of branches produced by
each plant was recorded at 40 DAS.

Base diameter (BD) and main branch diameter (MBD)

The base diameter was measured at 2 cm above the soil surface and main branch diameter was measured
at 6 cm above the soil surface at 42 DAS.

Days to top branch initiation (DTBI), first flowering (DFF) and height of main stem (HMS)

The number of days from sowing to top branch initiation and first flowering was counted based on the
sowing date. The height of the main stem was measured in centimeters in selected plants at 82 DAS.

Length of pedicel (LP), calyx (LC) and flower (LF)

The length of flower with its different whorls was measured in millimeters and average values were used
for statistical analysis.

Days to flower stops (DFS) and capsule formation (DCF)
The number of days to flower stops and capsule formation were counted on the basis of sowing date.
Number of flowers (NFPP), filled and unfilled capsules per plant (NFCPP and NUFCPP)

The counting of number of flowers, filled and unfilled capsules per selected plants were done at
115 DAS.

Capsule length (CL) and diameter (CD)

The length and diameter of capsules were measured in millimeter at 115 DAS.
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Seed characteristics

After harvesting, the selected plants were manually threshed in the threshing floor and cleaned properly.
Then the seed length (SL) and seed breadth (SB) of each seed were measured in millimeter. The number of
seeds of each capsule (NSPC) was counted and replication wise mixed in a lot. Then 1000 seeds were
randomly selected from each lot and weighed (TSW) in grams on sensitive electric balance in the
laboratory. Finally, seed yield plant' (YPP) was determined in grams.

2.4 Statistical Analysis

The results for different agro—morphological characteristics were analyzed using the Statistix
10 software package, and the means were separated using Duncan’s multiple range test (DMRT) at a 5%
level of significance. The genotypic variance (6°g) and phenotypic variance (o”p) were calculated as:

_ Genotype Mean Square (GMS) — Error Mean Square (EMS)
B Number of Replication (r)

o2g (1)

o”p = Genotypic variance(og) + Error variance(o’e) )

Variances below zero were adjusted to zero according to Robinson et al. [25]. Heritability in broad-sense
(hyp,) was computed according to Falconer [26].

2
hob =25 x 100 3)
o%p

Heritability was categorized as low (0—0.30), moderate (0.30—0.60) and high (>0.60) [27]. A covariance
analysis was performed to calculate coefficient of variations. The genotypic coefficient of variation (GCV)
and phenotypic coefficient of variation (PCV) expressed in per cent were estimated as described by Singh
et al. [28].

Vo?p

PCV =~—= x 100; “)
2
GCV :% % 100, (5)

where 6°g = genotypic variance, 6°p = phenotypic variance, X = grand mean.

Genetic advance (GA) and Genetic advance as a per cent of mean (GAM) were computed by the
following formula [29,30]:

GA =k x op x h?, (6)

where, k = selection differential at 5% selection intensity; op = phenotypic standard deviation; h*, = broad-
sense heritability.

GA
GAM (%) =~ x 100, 7

Genetic advance as a per cent of mean was categorized as low (<10%), moderate (10%—-20%) and high
(>20%) [31].

The multivariate analysis was performed using R (v4.0.5) and R Studio software [32]. Cluster analysis
was performed for grouping of genotypes based on the traits and principal component analysis (PCA) was
done to assume the extent of association among traits. The two—way hierarchical clustering heatmap was
constructed following Euclidean distance and Ward.D methods using ComplexHeatmap package of
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R software. The PCA-biplot was constructed using ggplot2, Factoextra and FactomineR packages of R. The
correlation matrix was made from corrplot package in R arranging /Aclust order. The cluster means and
standard deviations for all the traits were obtained from cluster analysis. The one-way ANOVA with
multiple comparisons (Tukey’s HSD test) was performed to test significance among different clusters.

3 Results

3.1 Genotypic Variations in Morphological Characters

The 30 measured traits showed significant variations among genotypes except for NB40, BD42,
MBD42, NB60, NUFCPP, CD, CL, SB and NSPC (Table Al). The mean values for all traits in the
examined 40 linseed genotypes are presented in Table 2. The DGS was observed to have a mean of
5.18 d, with a range of 4.33-7.67 d for genotypes G2 and G39, respectively. Most genotypes (34)
showed 6 d for 80% germination with an overall mean of 6.28 days. The DE and DBI values ranged
from 6-9 d (G9 and G39) and from 25-28 d (G9 and G1) with the grand means of 5.18 and 6.28,
respectively (Table 2). The plant height increased from vegetative stage towards maturity and the height
at 82 DAS (PH82) varied from 58.67 to 100.67 cm, with a grand mean of 72.55 cm (Table 2). The height
of main stem at 82 DAS (HMSS82) differentiated significantly among genotypes and the highest and
lowest values were recorded in G40 (54 cm) and G30 (27.4 cm), respectively while the mean
HMS72 was 37.8 cm (Table Al; Table 2). The branch formation (DTBI) was initiated at an earlier time
in G2 (30 d) and G35 (32.3 d) and prolonged to G9 (46 d) followed by G1 (45 d). The genotype G36
(100.36 cm) was the tallest, while G14 (58.67 cm) was the smallest followed by G13 (61.67 cm). The
genotypes significantly varied in DFF and the earliest flowering was observed in G2 (38.7 d) followed by
G17 (39 d) whereas, delayed flowering was recorded in G33 (58.3) followed by G28 (57.3 d) (Table Al;
Table 2). The similar trend was observed for DCF as DFF and the earlier flowering genotypes formed
earlier capsules accordingly (Table 2). A substantial variation in DFS was found among genotypes and
G2 stopped flowering at 78 DAS whereas, G29 stopped flowering after 108 DAS (Table A1; Table 2).

Table 2: Genotypic means, grand mean and standard error of measured traits in 40 linseed genotypes

Genotype DGS DE DBI PH28 NLPP NB40 PH40 BD42 MBD42 DFF PH60 NBPP60

Gl 60 83 280 123 963 5.6 237 3.7 2.79 543 473 124
G2 43 6.0 250 243 1393 52 493 5.7 4.26 383 723 8.2

G3 50 6.7 250 147 1123 5.5 288 5.6 4.75 48.7 587 8.1

G4 43 6.0 250 14.0 116.7 59 263 45 5.15 49.7 50.0 12.6
G5 43 6.0 250 137 960 7.1 264 521 3.66 503 443 124
G6 50 6.0 250 147 111.3 5.2 259 551 387 493 480 114
G7 43 6.0 250 157 129.7 69 280 5.7 3.55 49.0 503 128
G8 50 6.0 250 147 1363 6.9 271 5.7 3.58 48.7 537 118
G9 50 6.0 250 143 108.0 6.5 259 5.1 3.67 543 443 121
G10 6.7 60 247 140 109.7 63 273 49 3.40 477 52.0 10.7
Gl11 50 6.0 250 150 122.0 6.7 279 45 3.65 49.0 450 143
GI12 50 6.0 250 123 957 54 219 45 3.49 493 433 123
G13 50 6.0 250 140 937 5.7 268 45 3.81 43.0 51.0 83

G14 50 6.0 250 150 123.0 6.1 299 5.6 3.85 41.0 50.7 103
G15 50 6.0 250 140 103.0 53 265 4.6 3.44 483 483 13.0
G16 50 6.0 250 157 1003 5.6 31.7 6.2 4.32 403 550 6.7

(Continued)
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Table 2 (continued)

Genotype DGS DE DBI PH28 NLPP NB40 PH40 BD42 MBD42 DFF PH60 NBPP60

G17 50 6.0 250 17.0 1050 5.5 324 54 4.07 39.0 54.0 10.7
G18 50 6.0 250 137 860 53 271 44 3.53 50.7 49.0 11.3
G19 50 6.0 250 150 116.7 6.5 282 5.1 3.81 46.0 5277 8.7
G20 50 6.0 250 160 1013 5.7 284 52 3.74 450 527 87
G21 50 6.0 250 147 106.0 4.8 26.8 4.8 3.83 46.7 4777 10.7
G22 50 6.0 250 173 133.0 6.0 32.1 49 3.57 40.7 557 9.0
G23 50 6.0 263 153 803 53 252 44 3.49 43.0 487 9.0
G24 50 6.0 260 157 122.0 5.8 299 47 3.87 423 50.0 10.0
G25 50 6.0 250 150 923 6.0 294 47 3.62 40.7 533 10.0
G26 50 6.0 250 16.7 107.7 5.9 275 55 3.99 420 503 9.7
G27 50 6.0 250 153 997 62 28.0 49 3.62 417 457 10.6
G28 57 6.0 250 143 953 5.7 267 5.0 3.77 573 43.0 11.0
G29 50 6.7 260 13.0 111.7 5.6 23.8 4.7 3.63 483 39.7 11.7
G30 50 60 250 143 993 74 252 49 3.50 457 383 113
G31 50 6.0 263 147 840 49 23.44 49 3.97 50.3 50.0 93
G32 50 6.0 250 190 977 54 3744 4.7 3.67 39.7 543 93
G33 70 73 28.0 13.0 101.3 6.9 241 4.1 3.11 583 383 12.7
G34 50 6.0 260 163 1033 5.6 339 438 3.70 40.7 523 9.2
G35 50 6.0 250 197 1033 63 37.6 59 4.15 420 673 8.0
G36 47 6.0 250 227 1033 4.7 49.7 6.2 4.68 38.7 80.7 5.9
G37 50 6.0 260 16.7 1033 5.8 297 53 3.93 457 457 99
G38 50 6.0 270 150 91.00 6.5 240 4.6 3.74 50.0 44.7 128
G39 7.7 9.0 283 123 60.7 499 272 47 4.02 51.7 453 9.0
G40 70 9.0 287 143 713 53 28.1 4.7 3.31 563 53.7 8.8

Mean 518 6.28 255 153 1042 589 2876 498 3.78 46.7 504 104
SEM 042 045 060 134 94 0.37 3.1 031 0.24 3.07 424 1.05

Genotype DTBI LP LF LC PH82 DCF HMS82 DFS CD CL S SB

Gl 450 29 190 0.60 67.7 59.7 33.0 105.3 638 6.30 4.02 2.00
G2 303 33 190 0.50 893 437 399 78.0 638 584 459 228
G3 400 27 1.53 053 663 527 340 90.0 640 6.17 4.17 1.82
G4 417 29 137 053 663 520 377 1023 6.14 633 396 2.14
G5 433 32 140 043 657 523 345 96.7 644 635 416 220
G6 393 34 130 050 64.0 533 400 102.0 6.55 6.27 4.05 2.15
G7 417 33 140 050 71.7 533 377 103.3 637 599 395 2.00
G8 400 32 140 050 77.7 517 383 104.0 620 635 393 1095
G9 46.0 35 1.60 0.50 683 58.7 37.1 1050 6.78 6.21 3.99 2.02

(Continued)
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Table 2 (continued)

Genotype DTBI LP LF LC PH82 DCF HMS82 DFS CD CL SL SB

G10 417 3.6 213 050 693 530 374 101.7 647 6.28 421 190
Gl1 413 37 153 050 673 533 352 107.3 6.27 6.15 3.65 1.63
Gl12 420 35 140 050 67.7 540 324 100.7 643 6.60 398 2.00
G13 387 35 143 050 61.7 470 375 99.0 6.59 642 4.08 2.17
G14 36,7 33 140 0.53 587 453 359 9277 656 633 421 197
G15 387 34 127 050 713 527 382 107.0 6.02 642 3.81 2.03
Glé 357 38 147 057 740 450 41.7 96.0 651 626 4.15 231
G17 323 3.6 133 050 723 443 41.6 100.0 6.28 597 432 2.08
GI18 400 32 137 050 743 537 394 106.0 6.30 6.23 4.01 2.15
G19 413 33 130 053 703 487 4038 101.0 6.22 570 4.08 1.85
G20 397 37 143 050 753 49.0 402 103.0 640 6.14 4.05 2.09
G21 397 36 153 050 803 490 389 101.7 637 593 424 219
G22 350 3.6 157 050 7377 457 384 98.0 6.76 6.51 443 215
G23 377 35 140 043 723 473 36.6 1020 6.53 6.40 417 2.23
G24 393 37 147 050 690 46.0 36.2 103.7 6.46 6.16 438 2.15
G25 3.0 34 140 050 700 453 381 100.0 6.44 638 393 2.14
G26 363 36 153 050 653 463 389 98.7 642 639 4.00 2.06
G27 36.0 33 137 050 68.7 457 349 1003 590 5.69 4.18 221
G28 427 35 153 050 73.0 593 369 1053 6.57 642 413 2.09
G29 41.0 37 1.60 050 647 53.0 322 108.0 6.25 6.02 4.12 2.19
G30 393 3.6 153 050 663 497 274 1047 640 577 411 2.11
G31 410 34 147 050 660 557 402 104.0 629 641 385 2.07
G32 347 3.1 1.50 047 853 447 43.0 103.0 6.23 594 430 222
G33 410 3.0 143 047 687 640 30.6 107.7 636 6.10 3.50 2.01
G34 363 34 143 050 763 457 36.8 893 625 645 425 216
G35 323 39 160 053 913 477 381 103.7 6.54 6.73 477 240
G36 303 3.6 150 0.57 100.7 433 56.5 100.0 6.53 6.41 3.89 233
G37 383 36 153 050 823 51.0 399 101.3 6.08 599 4.09 220
G38 403 34 147 050 693 5277 34.6 1043 622 620 4.12 2.05
G39 390 34 147 050 73.0 56.0 34.0 102.7 6.64 6.25 4.18 235
G40 413 35 150 050 863 557 54.1 1043 638 5.89 4.18 2.05
Mean 389 343 149 0.51 724 507 37.8 101.1 638 6.22 4.11 2.11
SEM 2.0 0.15 0.09 002 462 286 2.73 330 0.10 0.14 0.13 0.09

Note: DGS Days to germination started; DE Days to 80% emergence; DBI Days to branch initiation; PH28 Plant height at 28 DAS (cm); NLPP Number
of leaves plant ' at 30 DAS; NB40 Number of branches at 40 DAS; PH40 Plant height at 40 DAS (cm); BD42 Base diameter at 42 DAS (mm);
MBD42 Main branch diameter at 42 DAS (mm); DFF Days to first flowering; PH60 Plant height at 60 DAS (cm); NBPP60 Number of branches
plant' at 60 DAS; DTBI Days to top branch initiation; LP Length of pedicel (mm); LF Length of flower (mm); LC Length of calyx (mm);
PHS82 Plant height at 82 DAS (cm); DCF Days to capsule formation; HMS82 Height of main stem at 82 DAS (cm); DFS Days to flowering stops;
CD Capsule diameter at 115 DAS (mm); CL Capsule length at 115 DAS (mm); SL Seed length (mm); SB Seed breadth (mm).
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3.2 Genotypic Variations in Yield Attributes

The genotypes varied significantly in relation to yield and yield attributing characters (Table A1, Fig. 1).
The average NFPP was 301, ranging from 188 for G40 to 409 for G34 (Fig. 1). The NFCPP varied from
150 for G40 to 344 for G34 with an average of 253. The genotype G35 (6.73 mm) had the longest
capsule (CL) followed by G12 (6.60 mm) and G22 (6.51 mm), while the minimum capsule length was
observed in G27 (5.69 mm) (Table 2). The NSPC was found maximum in G31 (9.89) followed by G14,
G10, and G6 (each with 9.78) and the grand mean of NSPC for all genotypes was 8.91. The TSW ranged
from 3.74 g for G40 to 5.29 g for G6 with an average of 4.41 g. The genotypes showed considerable
variation in seed yield per plant. The highest YPP was observed in G6 (15.3 g) followed by G31
(13.94 g) followed by G8 (12.6 g) and G3 (12.4 g) while, the lowest YPP was recorded in G40 (5.26 g)
followed by G29 (7.26 g) (Fig. 1).

@
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YPP (g)
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Genotypes
Figure 1: (a) Number of flowers plant' (NFPP); (b) Number of filled capsules plant™' (NFCPP); (c)

Number of unfilled capsules plant™ (NUFCPP); (d) Number of seeds capsule”' (NSPC); (¢) 1000-seed
weight (TSW, g) and (f) Yield plant™' (YPP, g) in 40 linseed genotypes. Vertical bars are SEM (n = 3)
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3.3 Genetic Variability, Heritability and Genetic Advance

In the present study, high magnitude of phenotypic variance (6°p) and genotypic variance (c°g) were
recorded in NFPP, NFCPP, NLPP and low magnitude in most of the traits like DGS, DE, DBI, BD42,
MBD42, LP, LF, LC, CD, CL, SL, SB, NSPC and TSW (Table 3). In a breeding program, higher
proportion of genotypic and phenotypic coefficient of variation is advisable. The coefficient of variation
studies indicated that the values of phenotypic coefficient of variation (PCV) were higher than those of
genotypic coefficient of variation (GCV) for all studied traits (Table 3) representing that all the traits were
influenced by the environment to some extent in linseed genotypes at different growth stages. The higher
PCV and GCV values were estimated in YPP (22.45% and 17.78%) followed by PH40 (20.80% and
17.16%), PH28 (17.40% and 13.78%), DGS (15.70% and 13.5%), PH60 (17.58% and 12.81%), NFCPP
(15.8% and 13.92%), NFPP (15.13% and 12.92%), DFF (12.99% and 10.51%), DE (13.5% and 11.6%)
whereas the lowest values were observed in CD (4.79% and 0.27%). Importantly, low difference of PCV
and GCV were observed for DE, DBI, DTBI, DFS, NFPP and NFCPP on the other hand high differences
were recorded in NUFCPP, MBD42 and NSPC.

Table 3: Genetic variability, heritability and genetic advance estimated for 30 traits in 40 linseed genotypes

Traits Grand mean o°g o’p GCV (%) PCV (%) h% (%) GA GAM CV%
DGS 5.18 0.49 0.66 135 15.70 74.8 123 2389 8.02
DE 6.28 0.53 072 116 13.5 74.0 126 206 6.88
DBI 25.5 0.89 151 3.69 4.82 58.7 149 583  3.09
PH28 15.33 4.46 712 1378 17.40 62.7 345 2247 10.63
NLPP 104.24 104.03  591.10 9.78 23.32 17.6 8.81 845 21.17
NB40 5.89 0.14 1.01 627 16.99 13.61 028 476 1579
PHA40 28.76 2434 3579 17.16 20.80 68.0 838 29.14 11.77
BDA42 4.98 0.09 0.70  6.09 16.83 13.1 023 455 15.68
MBD42  3.78 0.12 0.73  7.06 21.78 1251 021 562 23.12
DFF 46.65 2406 3675 1051 12.99 65.4 8.17 1753 17.63
PH60 50.43 4174  78.63 1281 17.58 53.08  9.69 19.23 12.04
NB60 10.42 1.03 8.02  9.73 27.18 1281 075 7.17  25.38
DTBI 38.88 9.46 7.9 7.9 10.71 54.5 468 12.02 79
LP 3.43 0.03 0.13 495 10.60 21.8 0.16 475 9.38
LF 1.49 0.02 0.04  9.63 13.6 50.12 0209 14.05 9.60
LC 0.5 0.001  0.001 4.43 7.42 3571 0.028 545 595
PHS2 72.36 51.2 89.8  9.89 13.09 57.03  11.13 1538 8.58
DCF 50.73 1932 3496 8.67 11.66 5528 673 1327 17.79
HMSS82  37.84 16.14 3485 10.62 15.6 4632 563 14.89 11.43
DFS 101.13 2538  46.64  4.98 6.75 5443 7.65 157  4.56
NFPP 303.6 1537.83 21083 12.92 15.13 72.9 6.89 2272 17.87
NFCPP  253.1 12417 15992 13.92 15.8 77.6 639 2527 747
NUFCPP  50.66 1.7 100.9  2.58 19.83 1.69 035 0.69 19.66
CD 6.38 0.001 009 027 4.79 0.32 0.001 0.031 4.78

(Continued)
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Table 3 (continued)

Traits Grand mean o°g o’p GCV (%) PCV (%) h% (%) GA GAM CV%
CL 6.21 0.02 0.08 3.1 7.78 13.07  0.13 209 828
SL 4.1 0.026  0.10 3.9 7.74 2535  0.17 4.03  6.69
SB 2.1 0.01 0.06  3.05 11.54 6.97 0.035 1.66 11.13
NSPC 8.9 0.053 078 26 9.9 6.8 012 14 959
TSW 4.39 0.053 026  5.29 11.64 2068 022 496 10.37
YPP 9.91 3.1 495  17.78 22.45 62.8 288  29.01 13.7

Note: DGS Days to germination started; DE Days to 80% emergence; DBI Days to branch initiation; PH28 Plant height at 28 DAS (cm); NLPP
Number of leaves plant’1 at 30 DAS; NB40 Number of branches at 40 DAS; PH40 Plant height at 40 DAS (cm); BD42 Base diameter at
42 DAS (mm); MBD42 Main branch diameter at 42 DAS (mm); DFF Days to first flowering; PH60 Plant height at 60 DAS (cm);
NBPP60 Number of branches plant™' at 60 DAS; DTBI Days to top branch initiation; LP Length of pedicel (mm); LF Length of flower (mm);
LC Length of calyx (mm); PH82 Plant height at 82 DAS (cm?; DCF Days to capsule formation; HMS82 Height of main stem at 82 DAS (cm);
DFS Days to flowering stops; NFPP Number of flowers plant'; NFCPP Number of filled capsules plant'; NUFCPP Number of unfilled capsules
plant’l; CD Capsule diameter at 115 DAS (mm); CL Capsule length at 115 DAS (mm); SL Seed length (mm); SB Seed breadth (mm); NSPC
Number of seeds capsule'; TSW 1000-seed weight (g); YPP Yield plant™' (g).

Heritability is a strong indicator of character transfer from parents to offspring. Estimation of heritability
of broad-sense (h%,) in the present study indicated that most of the studied traits were low (<30%) to
moderately (30%—-60%) heritable and a few traits were highly heritable (Table 3). The high heritability
(>60%) values were estimated for NFCPP (77.6%), DGS (74.8%), DE (74.0%), NFPP (72.9%), PH40
(68.0%), DFS (65.4%) and YPP (62.8%) presented in Table 3. Genetic advance (GA) is a useful indicator
of effective and efficient selection progress that can be expected as a result of exercising selection on a
base population. In the present study, moderate GA (10-20%) was revealed only for PHS82, while other
traits manifested low GA (<10%) (Table 3). Moderate heritability with low GA was revealed for DGS,
DE, DBI and PH82 (Table 3). The anticipated genetic advance as a percentage of mean (GAM) was
maximum in PH40 (29.14) followed by YPP (29.01), NFCPP (25.27), DGS (23.89), PH28 (22.47) and
DE (20.6) (Table 3). The DFF, PH60, DTBI, LF, PH82, DCF, and HMS82 demonstrated moderate GAM
(10%—20%), whereas other traits demonstrated a low GAM (<10%) (Table 3).

3.4 Cluster Analysis of Genotypes and Traits

The result of cluster analysis for yield and yield contributing morphological traits and their relative
contribution towards the total genetic divergence is shown in Fig. 2 and Table 4. The Euclidean distance
was estimated for 40 linseed genotypes using standardized morphological data, and a two-way (genotypes
and traits; row and column) hierarchical clustering heatmap is presented in Fig. 2. The optimum number
of clusters both for traits and genotypes were determined using gap statistic method prior to clustering.
The left (row) dendrogram of heatmap revealed that the 40 linseed genotypes were grouped into five
clusters based on the variations existed in traits (Fig. 2). The maximum number of closely related
genotypes (14) were observed in Cluster-V while, Cluster-1I and Cluster-III comprised four genotypes of
each. The Cluster-I and Custer-IV contained 13 and 5 genotypes, respectively (Fig. 2). In contrast, the
measured traits were grouped into three column clusters where, Cluster-1, Cluster-2 and Cluster-
3 comprised of 8, 10 and 12 traits, respectively. The highly related traits such as DGS, DBI, DE, DTBI,
DFF, DCF, NBPP60 and DFS were assembled in Cluster-1 while, the traits PH28, PH40, PH60, PHS2,
HMSS2, BD42, MBD42, LP, SL and SB were placed in Cluster-2. All the yield and yield attributing
characters such as NUFCPP, YPP, NFPP, NFCPP, LF, LC, CD, CL, NSPC and TSW were closely
associated and assembled in Cluster-3 (Fig. 2). The Cluster-IV with the genotypes G3, G4, G6, G10 and
G31 were grouped largely depending on the yield attributes of trait Cluster-3. Besides, the genotypes of
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Cluster-11 (G2, G15, G35, G36) and Cluster-III (G1, G33, G39, G40) were separated focusing on the plant
morphological traits in the Cluster-1 and Cluster-2, respectively (Fig. 2).
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Figure 2: Two-way (row and column) hierarchical clustering heatmap showing grouping of genotypes and
traits. The 40 linseed genotypes and 30 measured traits were grouped into six (row) and three (column)
clusters, respectively. The mean values of traits are normalized and used to construct heatmap (scaling
from —3 to +3). Traits description: DGS Days to germination started; DE Days to 80% emergence; DBI
Days to branch initiation; PH28 Plant height at 28 DAS (cm); NLPP Number of leaves plant™' at
30 DAS; NB40 Number of branches at 40 DAS; PH40 Plant height at 40 DAS (cm); BD42 Base
diameter at 42 DAS (mm); MBD42 Main branch diameter at 42 DAS (mm); DFF Days to first flowering;
PH60 Plant height at 60 DAS (cm); NBPP60 Number of branches plant ' at 60 DAS; DTBI Days to top
branch initiation; LP Length of pedicel (mm); LF Length of flower (mm); LC Length of calyx (mm);
PHS82 Plant height at 82 DAS (cm); DCF Days to capsule formation; HMS82 Height of main stem at
82 DAS (cm); DFS Days to flowering stops; NFPP Number of flowers plant '; NFCPP Number of filled
capsules plant'; NUFCPP Number of unfilled capsules plant '; CD Capsule diameter at 115 DAS (mm);
CL Capsule length at 115 DAS (mm); SL Seed length (mm); SB Seed breadth (mm); NSPC Number of
seeds capsule™'; TSW 1000-seed weight (g); YPP Yield plant ™ (g)
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Table 4: Cluster (genotypes) means of 30 measured traits in 40 linseed genotypes

Traits Cluster-1 Cluster-11 Cluster-I11 Cluster-IV Cluster-V
DGS 5.00b 4.75b 7.00a 5.20b 4.95b
DE 6.00b 6.00b 8.42a 6.13b 6.05b
DBI 25.26b 25.00b 28.25a 25.20b 25.29b
PH28 15.95b 20.00a 13.00c 14.40c 14.43¢
NLPP 105.00a 111.50a 82.42a 106.80a 106.79a
NB40 5.72b 5.55b 5.69b 5.58b 6.31a
PH40 29.84b 40.39a 25.78¢ 26.35¢ 26.15¢
BD42 4.93b 5.95a 4.27b 5.09ab 4.93b
MBD42 3.76a 4.29a 3.31a 4.23a 3.63a
DFF 41.95¢ 40.25¢ 55.17a 49.13b 49.55b
PH60 51.26b 66.25a 46.17bc 51.73b 45.88c
NB60 9.65bc 7.44c 10.72ab 10.42ab 11.90a
DTBI 36.79b 32.75¢ 41.58a 40.73a 41.14a
LP 3.49ab 3.65a 3.20b 3.21b 3.44ab
LF 1.45b 1.63a 1.58ab 1.56ab 1.45b
LC 0.49b 0.53a 0.52ab 0.51ab 0.50b
PHS&2 71.46b 87.00a 73.92b 66.40b 70.69b
DCF 46.26¢ 45.25¢ 58.83a 53.33b 53.19b
HMS82 38.23ab 42.83a 37.94ab 37.86ab 36.00b
DFS 99.33b 94.25¢ 105.00a 100.00ab 104.07a
NFPP 309.26b 272.00c 261.58¢ 333.20a 308.83b
NFCPP 255.69b 228.00c 219.58¢ 282.67a 257.00b
NUFCPP 52.41a 49.58a 43.00a 51.73a 51.14a
CD 6.40a 6.44a 6.44a 6.37a 6.34a
CL 6.21a 6.24a 6.14a 6.29a 6.20a
SL 4.20ab 4.35a 3.97c 4.05bc 4.01c
SB 2.14ab 2.33a 2.10ab 2.02b 2.03b
NSPC 8.98ab 9.02ab 9.16ab 9.46a 8.55b
TSW 4.25b 4.37b 431b 4.83a 4.38b
YPP 9.70b 8.93b 8.76b 12.90a 9.64b

Note: In a row, mean values with dissimilar letters are significantly different at 5% levels of probability. DGS Days to germination started; DE Days to
80% emergence; DBI Days to branch initiation; PH28 Plant height at 28 DAS (cm); NLPP Number of leaves plant™" at 30 DAS; NB40 Number of branches
at 40 DAS; PH40 Plant height at 40 DAS (cm); BD42 Base diameter at 42 DAS (mm) MBDA42 Main branch diameter at 42 DAS (mm); DFF Days to first
flowering; PH60 Plant height at 60 DAS (cm); NBPP60 Number of branches plant™ at 60 DAS; DTBI Days to top branch initiation; LP Length of pedlcel
(mm); LF Length of flower (mm); LC Length of calyx (mm); PH82 Plant height at 82 DAS (cm); DCF Days to capsule formation; HMSS2 Height of main

stem at 82 DAS (cm); DFS Days to flowering stops; NEPP Number of flowers plant ';

unfilled capsules plant™'; CD Capsule dlameter at 115 DAS (mm); CL Capsule length at 115 DAS (mm); SL Seed length (mm) SB Seed breadth

(mm); NSPC Number of seeds capsule

; TSW 1000-seed weight (g); YPP Yield plant ' (g).

; NFCPP Number of filled capsules plant ';

; NUFCPP Number of
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The mean values of measured traits for each cluster are summarized in Table 4. All the genotypic clusters
of 40 genotypes were varied significantly (Table 4). Cluster-III had significantly higher values for DGS, DE,
DBI, DFF, DTBI, DCF and DFS in comparison to other clusters. Cluster-II consisted of four genotypes (G2,
G16, G35 and G36) which exhibited significantly higher PH28, NLPP, PH40, BD42, MBD42, PH60, LP, LF,
LC, PH82, HMS82, NUFCPP, SL and SB (Table 4). The result revealed that genotypes included in Cluster-
III required a shorter time for germination, first flowering and capsule formation while, the plants of the
genotypes in Cluster-II were taller and thicker. A significantly higher NFPP (303.2), NFCPP (282.7),
NSPC (9.46), TSW (4.83 g) and YPP (12.9 g) compared to other clusters. No significant differences in
NLPP, MBD42, NUCPP, CD and CL among the clusters were recorded (Table 4).

3.5 Principal Component Analysis (PCA)

PCA is useful for the identification of determinants of quantitative trait variability when a large number
of accessions are to be accessed for several characters of morphological and agronomic importance. In the
present investigation, the nine principal components with Eigen values greater than one were used and
cumulatively they explained 70% of the total variability (Figs. 3, 4a, 4b). The first and second PCs
accounted 35% of total variability and PCA-biplot was constructed using the first two PCs (Fig. 3).
PC1 explained 22.6% of the total variation and contributed strongly to plant height at various stages,
DFF, DCF, DTBI, DFS, BD42 and DBI (Fig. 4c). The PC2 accounted for 12.4% of the total variation
and was mostly associated with yield attributes such as NFCPP, NFPP, YPP and NUFCPP (Fig. 4d). The
PC3 contributed 7% of the total variation with the contributing traits CD, CL, NSPC, SL, NUFCPP,
NLPP, TSW and HMS82 (Fig. 4¢). Three distinct sets of characteristics (higher contributing traits) were
found in our data set using the PCA biplot while simultaneously evaluating PC1, PC2 and PC2 (Fig. 4).
The plant height at various stages and DFF, DCF, DTBI, and DFS those grouped into traits Cluster 1 and
2 (Fig. 2) were strongly and positively contributed mainly to PC1 (Figs. 3 and 4a). In contrast, the major
yield and yield attributing characters such as NFPP, NFCPP, NUFCPP, TSW and YPP assembled in trait
Cluster-3 were mostly associated and contributed positively to PC2 and PC3 (Figs. 2, 3 and 4d, 4e).
Based on the yield attributing characters, the genotypes under Cluster-IV dominated strongly and
highlighted positively both in PC1 and PC2 (Fig. 3) whereas, the Cluster-II and Cluster-III were highly
expressed by the traits such as plant height at different stages, main stem height, quick emergence, early
flowering and capsule formation (Cluster-1 and Cluster-2 traits in Fig. 2).

3.6 Correlation of Traits

The correlation matrix of 30 measured traits was presented in Fig. 5 to understand the extent of
relationships among them. The traits DFS, DTBI, DFF and DCF were significantly and highly negatively
correlated with base diameter (BD42 and MBD42) and plant height at different stages (PH28, PH40,
PH60 and PHS82) of development (Fig. 5). The DBI and DE were negatively associated with NLPP,
NUFCPP, BD42 and PH40. The DBI, DGS, DE, DFS, DTBI, DFF and DCF closely associated and
maintained strong positive correlations among them. Association between different yield-related
components revealed that seed YPP showed a highly significant (P < 0.001) positive correlation with
NFPP, NFCPP, NSPC and TSW (Fig. 5). The NFPP positively and significantly correlated with NFCPP
and NUFCPP. The results revealed that the seed yield was directly correlated with the number of flowers
and filled capsules, number of seeds per capsule and thousand seed weight per plant (Fig. 5).
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Figure 3: Principal Component Analysis (PCA)-biplot illustrating the association between measured traits
and linseed genotypes. Different colors of the individuals (genotypes) represent five clusters of 40 linseed
genotypes. The length and color intensity of the arrows denote the extent of total contribution of the
variables to PC1 and PC2. PCI in x-axis explained 22.6% of total variability while, PC2 contributed 12%
of total variability in y-axis. Morphological traits: DGS Days to germination started; DE Days to 80%
emergence; DBI Days to branch initiation; PH28 Plant height at 28 DAS (cm); NLPP Number of leaves
plant™’ at 30 DAS; NB40 Number of branches at 40 DAS; PH40 Plant height at 40 DAS (cm);
BD42 Base diameter at 42 DAS (mm); MBD42 Main branch diameter at 42 DAS (mm); DFF Days to
first flowering; PH60 Plant height at 60 DAS (cm); NBPP60 Number of branches plant' at 60 DAS;
DTBI Days to top branch initiation; LP Length of pedicel (mm); LF Length of flower (mm); LC Length
of calyx (mm); PH82 Plant height at 82 DAS (cm); DCF Days to capsule formation; HMS82 Height of
main stem at 82 DAS (cm); DFS Days to flowering stops; NFPP Number of flowers plant '; NFCPP
Number of filled capsules plant '; NUFCPP Number of unfilled capsules plant '; CD Capsule diameter at
115 DAS (mm); CL Capsule length at 115 DAS (mm); SL Seed length (mm); SB Seed breadth (mm);
NSPC Number of seeds capsule '; TSW 1000-seed weight (g); YPP Yield plant™ (g)

4 Discussion

The breeding strategy is determined by the magnitude of genetic variation in agro—morphological traits
related to yield. Genetic diversity and multivariate analysis research are critical for successful evaluation of
genotypes. Genetic variability studies provide useful information that can be used as selection criteria in
breeding programs [33—34,15]. In the current study, 30 quantitative traits were assayed in 40 linseed
genotypes for selecting the superior genotypes and traits. ANOVA revealed significant differences in the
measured descriptors including yield attributes indicating the existence of high degree of genetic variation
among linseed genotypes that might be useful for future selection breeding program (Table Al; Table 2).
Previous studies also reported a wide range of genetic variability of economically relevant traits in linseed
that are in confirmation with the results of the present study [35-38]. A wide range of variations was
observed for most of the traits presented in Table 2. The traits such as DGS, PH28, NB40, PH40, BD42,
DFF, PH60, NBPP60, DTBI, PHS82, DCF, HMS82, DFS, DCF, NFPP, NFCPP, NUFCPP, NSPC and YPP
manifested very big range in mean performance and the results are supported by other previous studies
[36,39]. Yield is one of the most significant economic characteristics, and it is the result of the
multiplicative interactions of the features that contribute to it [40]. Seed yield and associated
characteristics exhibited considerable phenotypic heterogeneity. The mean performance in this study
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revealed a high degree of variability in yield and its related traits (Table 2; Fig. 1), implying that future
breeding programs will have a larger opportunity to utilize these characteristics [41]. In agreement with
the present study results, significant variability in yield and its related attributes of linseed were also
reported by other researchers including our previous study with 26 linseed accessions [35,36,42]. We
obtained that the phenotypic variance (c”p) had been always higher than the genotypic variance (c°g) for
all of the studied traits (Table 3), indicated that the environmental factors regulated the expression of
traits in linseed. The highest PCV and GCV recorded in YPP followed by PH40, PH28, DGS, PH60,
NFCPP, NFPP, DFF and DE suggesting the variation existed among these traits might allow selection to
improve these characters. On the other hand, the lowest values of PCV and GCV were measured in CD.
These results are in agreement with those recorded by previous researchers in linseed [36,43]. In this
study, closer PCV and GCV values were measured in DE, DBI, DTBI and DFS indicating less influenced
by environmental factors suggesting the reliability of selection based on these traits in future breeding
program. The results of closeness between PCV and GCV were also consistent with many related
researches [44—47].

Estimation of high heritability (h%,) along with high genetic advance is an efficient tool for predicting
gain under selection rather than heritability alone [28]. Similarly, the character showing high heritability will
also exhibit high genetic advance [31]. In the present study, most of the traits exhibited low to moderate
broad-sense heritability and a few traits were highly heritable (Table 3). Hence the traits DGS, DE, PH40,
DFF, NFPP, NFCPP and YPP had high heritability values (>60%), these traits might get priority during
selection for the improvement of linseed genotypes. In our study, most of traits showed low genetic
advance (GA) indicated that these characters were highly affected by the environmental factors and
mainly control by non-additive genes, and selection of such traits may not be effective for improving
yield. These environmental effects may be due to differences in soil fertility status and other unstable
factors [48]. It has been suggested that management practices rather than selection are needed to improve
the characteristics of such traits [49]. High heritability in integration with high GAM (>20%) was
recorded for the DGS, PH28, PH40, NFPP, NFCPP and YPP indicating a predominance of additive gene
action for these characters suggested that selection of traits might be effective for increasing yield. This
finding is in line with an investigation reported by Paul about linseed genotypes [50].

Genetic improvement was done via selection and hybridization based on the genetic diversity between
parents. Genetically diverse parents may result in the creation of desirable recombinants and transgressive
segregants, which may lead to the improvement of good performing varieties. Cluster analysis set a large
number of accessions into a small number of homogeneous clusters, facilitating the selection of diverse
accessions. The study used 40 genotypes that were classified into five clusters based on divergence
analysis, as shown in Fig. 2 and Table 4. The clustering of genotypes was not related to their
geographical origin, but rather to their morphological similarities among them. Clustering occurred
randomly and independently, with cluster V being the biggest of all clusters, followed by Cluster-I,
Cluster-1V, Cluster-II, and Cluster-III. The clustering of genotypes into five groups indicated that the
material under examination has a significant level of genetic diversity. The genotypes under Cluster-IV
possessed higher yield and yield attributes suggesting to use of these genotypes for cultivation in the
studied environmental conditions for better yield and productivity (Table 4). On the other hand, the
genotypes in Cluster-III were characterized by early emergence and germination, early flowering and
capsule formation with the lowest days to stop flower blooming (Fig. 2). The increased plant and main
stem heights and stem diameter was observed in Cluster-II genotypes. An earlier study analyzed
103 linseed accessions for genetic diversity using seven quantitative characteristics and classified them
into 12 clusters, with Cluster-I having the highest accessions at 23 [51]. Similarly, various researchers
have found distinct clustering patterns in linseed genotypes [50,52]. Thus, such a wide and diversified
clustering pattern indicates that the linseed germplasm has a large amount of diversity and variation.
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Figure 4: (a) Proportion of variance (%) of top 12 principal components (PCs), (b) Eigen values of top
12 PCs, (c) Contribution of variables to PC1 (%), (d) Contribution of variables to PC2 (%), and (e)
Contribution of variables to PC3 (%) derived from principal component analysis (PCA). Red dashed lines
across bar plots are the reference lines and the variable bars above the reference lines are considered as
important in contributing to the respected PCs



1738 Phyton, 2022, vol.91, no.8

Ped69383% 20 15%8_09 OB
282831t ua L oPsLs 228385553283
NLPP @OOEO0O&® 0000000000080 000®000 k
NUFCPP OO ®O0000000000&®@O000000O®0O00
BDR2 §OEOOOOE®E0OC000009e00eee@ 000 M .
MBD42 HOEEEOO000000000O00®OG@000
HMS82 @& & & 0000000 0000OHOO0
PHE2 9@ & D@00 0OO@O000®®SOO0 ML 6
PHE0 @ # OO OEO0000®00VRVRV/RVOOO
PH28 OGO O0O0O0000000R/NRVOO0O
PH40 O&EOOO00000SQOO0VVNRRVOOO [t o4
130/0/0/00000 000000000 e0e
SL@0000000000e8e 080
8 0000000000000 | + o2
110/0)00/0/0/000,0.00.00.00,¢)
1100000000000 00000
TSW @O0 000000000000 0
YPP & & OO0000000&OO
NFPP £ OO0 000000000
NFCPP OO 0@ 00000000 | 02
\:70 00000000 @)
NBPP60 OO O®@E®@&O00
DBIEOHEOSO0O0 mr 4
DGS @ WOE® OO0
DEOO®@&O00
DFs @@ O000 08
o1l & OO0
DFF # OO0
ocF OO0 08
NsPC OO
cD @

K

Figure 5: Correlation matrix and heatmap of the 30 measured traits of 40 linseed genotypes. Red and green
ellipses indicate negative and positive correlations, respectively. The higher color intensity reflects a higher
coefficient. The shape of the ellipses shows the degree of linearity in the relationships. *, ** and *** denote
5%, 1% and 0.1% levels of significance. Traits description: DGS Days to germination started; DE Days to
80% emergence; DBI Days to branch initiation; PH28 Plant height at 28 DAS (cm); NLPP Number of leaves
planf1 at 30 DAS; NB40 Number of branches at 40 DAS; PH40 Plant height at 40 DAS (cm); BD42 Base
diameter at 42 DAS (mm); MBD42 Main branch diameter at 42 DAS (mm); DFF Days to first flowering;
PH60 Plant height at 60 DAS (cm); NBPP60 Number of branches plant™' at 60 DAS; DTBI Days to top
branch initiation; LP Length of pedicel (mm); LF Length of flower (mm); LC Length of calyx (mm);
PHS82 Plant height at 82 DAS (cm); DCF Days to capsule formation; HMS82 Height of main stem at
82 DAS (cm); DFS Days to flowering stops; NFPP Number of flowers plant'; NFCPP Number of filled
capsules plant'; NUFCPP Number of unfilled capsules plant '; CD Capsule diameter at 115 DAS (mm);
CL Capsule length at 115 DAS (mm); SL Seed length (mm); SB Seed breadth (mm); NSPC Number of
seeds capsule™'; TSW 1000-seed weight (g); YPP Yield plant™ (g)

The variance and the relative contribution of the measured traits to overall variability were estimated
using principal component analysis (PCA) (Figs. 3 and 4). PCA-biplot is a type of multivariate analysis
which integrates traits and genotypes two dimensionally minimizing overlapping variations from complex
data set and facilitates the determination of main characters for selection. In this study, PC1 contributed
22.6% of total variability, while PC2, PC3, PC4, and PC5 contributed 12.4%, 7%, 6%, 5.4% and 5.1%,
respectively (Fig. 4a). PCA identifies the characteristics with the greatest variability. PCA-biplot revealed
that the morphological traits such as plant height at different DAS, days to first flowering, days to capsule
formation, days to first flowering and base diameter were contributed by PC1 while, PC2 was responsible
for yield and yield-related characteristics. Thus, PCA showed a clear differentiation among traits as well
as substantial variability among the five clusters of 40 linseed genotypes (Fig. 4). According to the results
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obtained, the traits DFF, DCF, DTBI, NFPP, NFCPP, YPP, plant height at different DAS, DGS, DE and DBI
were highly contributed to describe the variations across the genotypes and therefore, it will be possible for
genetic improvement of linseed genotypes by selection process using these obtained traits. According to
Singh et al. [53], the feature that contributes the most divergence should be given more emphasis when
selecting the type of cluster to use for further selection, and the pare to use for hybridization [53]. The
variability of traits established by PCA-biplot and cluster analysis was also supported by the correlation
matrix of the measured traits in Fig. 5. The traits assembled in Cluster-1 such as DBI, DE, DGS, DTBI,
DFF and DCF (Fig. 2) those were mostly contributed by PC1 and PC2 and maintained a strong negative
correlation with the traits in Cluster-2 (plant heights at different DAS, stem base diameter and main stem
height). In contrast, a strong positive correlation between YPP and NFPP, NFCPP, NUFCPP, NSPC and
TSW (Cluster-2 traits and mostly associated with PC2) were observed suggesting that selection for these
characteristics would result in increased seed production. Similar observations were also established by
some other studies [38,54,55]. The results of this study indicated that positive and important
characteristics associated with grain yield have the potential to improve seed production. These
characteristics were given consideration throughout the selection process since they showed a positive
and statistically significant relationship with grain yield. When single characteristic is selected, it will
have a direct impact on the other traits, as demonstrated by the strong and positive correlation of the
traits, therefore allowing successful selection for breeding programs.

5 Conclusions

The present study’s findings demonstrate the existence of sufficient genetic diversity within and among
genotypes, implying the possibility of future genetic improvement in linseed for economic characteristics.
Cluster analysis revealed a clear separation of 40 genotypes into five clusters showing a significant
genetic variability among them. The genotypes G3, G4, G6, G10 and G31 were shown to be promising
for early flower and capsule formation in association with yield and yield attributing characters. The
genotypes assembled in Cluster-II and III performed better in relation to morphological characters.
According to different genetic variability estimation, a significant genetic variation was detected for most
of the characteristics examined. The genetic variability study and multivariate analysis showed that the
traits such as days to first flowering and capsule formation, days to emergence and germination, plant
height at different DAS, number of flowers and filled capsules per plant and finally yield per plant were
found important and could be effectively used for selection criteria for the development of linseed
breeding. The genetic diversity of studied linseed genotypes detected in this study will aid useful
information for further trait-specific breeding programs.
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Appendix A

Table Al: Analysis of variance (ANOVA) with least significant difference (LSD) for agro-morphological
traits of 40 linseeds genotypes

Traits Mean squares LSD

Source Genotype Replication Error

df 39 2 78
DGS 1.640%** 0.258 0.173 1.38
DE 1.776%** 0.075 0.186 1.43
DBI 3.296%** 3.233 0.627 2.62
PH28 16.05%** 23.63 2.659 5.39
NLPP 799.2* 20227.6 487.1 72.9
NB40 1.28™ 0.56 0.865 -
PH40 84.47%** 27.22 11.45 11.18
BD42 0.887" 6.07 0.61 -
MBD42 0.509™ 3.229 0.764 -
DFF 84.88*** 30.50 12.688 11.77
PH60 162.10%** 210.9 36.89 20.07
NB60 10.074™ 6.273 6.99 -
DTBI 36.266%** 14.058 7.896 9.28
LP 0.190* 0.394 0.103 1.06
LF 0.082%** 0.114 0.021 0.473
LC 0.003 % 0.001 0.001 0.099
PHS2 192.16%** 471.36 38.57 20.5
DCF 73.605%** 45.025 15.632 13.06
HMSS82 67.14%** 450.02 18.71 14.288
DFS 97.415%** 96.308 21.257 15.231
NFPP 4210.1%* 4117.0 2223.9 155.44
NFPCP 3312.9%* 4299.1 1650.7 134.21
NUFCPP 104.32™ 2228.16 99.21 -
CD 0.0941™ 0.6415 0.093 -
CL 0.1729™ 1.869 0.264 -
SL 0.153%* 0.0677 0.0753 0.906
SB 0.0671™ 0.1755 0.0547 -
NSPC 0.8908"™ 2.155 0.698 -
TSW 0.368* 0.596 0.206 1.50
YPP 11.16%%* 7.418 1.842 4.484

Note: ns = Non significant; *, ** *** Significant at 5%, 1% and 0.1% levels of probability, respectively.
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