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Principal Component Analysis (PCA) and Ward's hierarchical clustering were applied to the General
Combining Ability (GCA) matrix of 10 linseed (Linum usitatissimum L.) parents (4 lines x 6 testers)
across 15 agronomic and oil-quality traits (rabi 2024—25). Three principal components explained 81.86%
of total variance: PC1 (47.60%) represented a yield—agronomic axis, PC2 (21.55%) captured a fatty-acid

ABSTRACT

axis reflecting A-15 desaturase antagonism and PC3 (12.71%) separated palmitic acid from seeds per
capsule. SHA-7 exhibited the highest yield-GCA (PC1 score +4.93), while Varsa Alsi showed unique

high-w-3 GCA (PC2 score —4.19). Four parent clusters and four trait clusters were identified. The
MGIDI ranked Varsa Alsi first (1.295) and SHA-7 second (4.633), confirming SHA-7 x Varsa Alsi as
the optimal cross for simultaneous yield and -3 improvement.
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Introduction

Linseed (Linum usitatissimum L.) is valued
simultaneously as an industrial fibre source, edible oil
and nutraceutical, owing to its high alpha-linolenic
acid (ALA, ®-3) content of total 40-55% oil (Goyal et
al., 2014). Breeding strategies maximising seed yield
may not simultaneously maximise »-3 content, making
the identification of parents with complementary
genetic background a critical priority (Bhateria et al.,
2006).

Line x tester design (Kempthorne, 1957) remains
a standard framework for estimating general
combining ability (GCA). GCA effects, attributable to
additive gene action, are essential for identifying
superior recurrent parents. However, when GCA is
estimated across many traits simultaneously, univariate
interpretation provides limited insight into parental
genetic relationships or trait co-inheritance structure
(Sharma et al., 2023).

Principal Component Analysis (PCA) reduces
dimensionality of complex datasets while retaining
maximum variance (Pearson, 1901; Greenacre et al.,
2022). When applied to GCA matrices, PCA reveals
parental clusters with similar additive constitutions,
identifies orthogonal genetic dimensions corresponding
to distinct trait complexes and visualises parent-trait
relationships through biplots (Gabriel, 1971). Such
approaches have been applied in cotton (Ullah et al.,
2022), field pea (Sharma et al., 2023) and Cucurbita
pepo (Chikh-Rouhou et al., 2024), but not to a linseed
line x tester GCA matrix along with a agronomic and
fatty-acid quality traits simultaneously. Hierarchical
clustering using Ward's minimum variance method
(Ward, 1963) complements PCA through dendrogram-
based classification.

The present study applies PCA and Ward's
hierarchical clustering to the GCA matrix from a 4-line
x B6-tester programme in linseed evaluated for 15 traits,
with the objectives of: (i) identifying principal genetic
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dimensions (ii) classifying parents (iii) characterising
trait co-inheritance and (iv) identifying complementary
parental combinations for hybrid breeding.

Materials and Methods

Experimental material comprised of different 4
lines (SHA-4, SHA-5, SHA-6, SHA-7) used as females
and 6 different testers (Azad Alsi-1, Varsa Alsi, Kota
barani Alsi-3, Kota barani Alsi-4, JLS-66, T-397) used
as males. A line x tester crossing programme was
conducted at the Botanical Garden, Department of
Genetics and Plant Breeding, SDAU, during rabi
2023-24. The resulting 24 F; hybrids, all parental sets
and check variety JLS-95 were evaluated in a
randomised complete block design with three
replications at the Centre for Vegetable Research,
Chimanbhai Patel College of Agriculture, SDAU,
during rabi 2024-25. Data were recorded for 15
different traits, which includes, days to 50% flowering
(DF), days to maturity (DM), plant height (PH),
primary branches per plant (PB), capsules per plant
(NCP), capsule size (CS), seeds per capsule (NSC),
seed yield per plant (SYP), 1000-seed weight (TSW),
oil content (OC), palmitic acid (PA), stearic acid (SA),
oleic acid (OA), linoleic acid (LA) and linolenic acid
(LNA).

GCA effects were estimated using the line x tester
method (Kempthorne, 1957; Panse and Sukhatme,
1978). The 10 x 15 GCA matrix was standardised
column-wise  (z-score) to ensure equal trait
contribution. PCA was performed via singular value
decomposition; components were retained by the
Kaiser criterion (Kaiser, 1960; eigenvalue > mean;

>6.67% individual variance for a 15-trait matrix).
Biplots for PC1 x PC2 and PCl x PC3 were
constructed with trait-loading vectors scaled by 3.3
(Gabriel, 1971). Double-clustered heatmaps were
produced by Ward's minimum variance clustering
(Ward, 1963) using Euclidean distance. The MGIDI
(Olivoto and Lucio, 2020; Olivoto, 2022) was applied
to rank parents by proximity to a simultaneous multi-
trait ideotype. All analyses were performed in Python 3
using scikit-learn (Pedregosa et al., 2011), SciPy
(Virtanen et al., 2020) and Matplotlib.

Results and Discussion

Combining ability ANOVA and GCA effects

The analysis of variance for combining ability
(Table 1) revealed significant mean squares due to
lines for days to flowering, days to maturity, plant
height, number of primary branches per plant, capsule
size, number of seeds per capsule, seed yield per plant,
1000-seed weight, oil content, palmitic acid, stearic
acid, oleic acid and linoleic acid. Mean squares due to
testers were significant for plant height, number of
seeds per capsule, seed yield per plant, oleic acid,
linoleic acid and linolenic acid. The lines x testers
interaction was significant for all traits except 1000-
seed weight and oil content, indicating the involvement
of both additive and non-additive gene action. The
o’gca/o’sca ratio exceeded unity for days to flowering,
plant height, capsule size, 1000-seed weight and stearic
acid, confirming additive gene action for these traits.
For the remaining traits the ratio was less than unity,
indicating predominance of non-additive gene action
(Table 1).

Table 1 : Analysis of variance (mean squares) and variance components for combining ability across 15 traits in

linseed.

Source 0.ff DF DM PH PB NCP | CS | NSC | SYP [Tsw| OC PA | SA| OA LA LNA
Replications |2| 4.13 1.09 7.53 0.02 0.98 (0.01| 0.03 0.46* |0.48(30.93**| 0.01 |0.34* 0.18 0.17 0.06
Lines 3 166.46*% 23.38* 714.45*4 4.05** | 342.34 [.43*% 3.49** |14.60**p.01*4 9.96* | 0.56* B.49*%31.75**| 2.52** | 16.09
Testers 5(13.61 | 11.96 [95.13*} 0.63 55.44 [0.15]| 1.04** | 0.54** [0.68| 3.97 0.30 |1.23(71.89**| 3.28** |76.97**
Lines x Testerdl5| 6.35* | 6.48* (27.17**| 0.71** 287.35**D.32*4 1.31** | 1.68** [0.70| 5.52 | 0.15** D.45*%412.31**| 1.14** |13.70**
Error 46| 2.93 2.86 7.73 0.14 5.26 [0.01| 0.08 0.10 |0.42| 3.13 0.04 |0.08| 0.22 0.14 0.39
o’gca 5.58**| 0.75 |28.51** 0.10 - D.13* 0.06* | 0.39 (0.14| 0.11 0.02* D.13*1 2.63** | 0.12** | 2.19**
o’sca 1.14* | 1.20* |6.48** | 0.19** |94.04**D.10*4 0.41** | 0.52** |0.09| 0.71 | 0.04** D.12*{ 4.03** | 0.33** | 4.44**
o’gca/csca 4,90 0.62 4.40 0.53 - 1.30| 0.15 0.75 |156| 0.15 0.50 |1.08| 0.65 0.36 0.49
Gene action Add. Non-add.| Add. [Non-add.Non-add./Add. [Non-add.[Non-add.| Add. [Non-add.Non-add.| Add. [Non-add.Non-add.Non-add.

DF = days to 50% flowering, DM = days to maturity, PH = plant height, PB = primary branches/plant, NCP = capsules/plant, CS = capsule size,
NSC = seeds/capsule, SYP = seed yield/plant, TSW = 1000-seed weight, OC = oil content, PA = palmitic acid, SA = stearic acid, OA = oleic acid,
LA = linoleic acid, LNA = linolenic acid. * and ** significant at 5% and 1%, respectively. — indicates negative estimate. Add. = additive; Non-add.

= non-additive.

GCA effects of 10 parents across all 15 traits are
presented in Table 2. Among the lines, SHA-7 showed
significant positive GCA for seed yield per plant (SYP
= +1.23**), capsules per plant (NCP = +3.27**), 1000-
seed weight (TSW = +0.76**), capsule size (CS =
+0.71**), seeds per capsule (NSC = +0.28**) and
primary branches per plant (PB = +0.58**), identifying

it as the best general combiner for yield. Among
testers, Varsa Alsi exhibited the highest positive GCA
for linolenic acid (LNA = +4.76**) and negative GCA
for oleic acid (OA —4.51%%), reflecting A-15
desaturase pathway antagonism. These raw GCA
values formed the 10 x 15 input matrix subjected to
PCA and MGIDI.
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Table 2 : General combining ability (GCA) effects of 10 linseed parents (4 lines and 6 testers) for 15 traits.
DF [ DM [ PH | PB [ NCP | CS [ NSC [ SYP [TSW] OC [ PA | SA | OA [ LA [ LNA
SHA-4 | -2.88%*[ —0.71* |=5.13**[-0.36%*|—1.89**[-0.41**|-0.23**[-0.64**[ 029 | 0.64 | 0.07 |-0.19**[ 1.36** | 0.25** [-1.36**
SHA-5  |-2.38%*[ 1.18** |-5.57**[-0.42%*|-5.26**[-0.26**|-0.50**[0.71**[-0.40* 0.13 | 0.06 [-0.43**[ 0.80** |-0.51**[ 0.14
SHA-6 | 2.46** [-1.21**| 3.82** | 0.20** | 3.88** [-0.04**| 0.45** | 0.12 [—0.07 [-1.07*¥|-0.26**[ 0.02 |-0.58**| —0.03 | 0.80**
SHA-7 [ 2.79**| 0.74* | 6.88** [ 0.58** | 3.27** [ 0.71** | 0.28** [ 1.23** [0.76**] 0.30 | 0.13** [ 0.60** |[-1.57**| 0.30** | 0.42**
SE: (lines) | 0.4031 [ 0.3988 | 0.6552 | 0.0880 | 0.5406 | 0.0135 | 0.0671 | 0.0759 [0.1534] 0.4171 | 0.0487 | 0.0678 | 0.1126 | 0.0891 | 0.1477
Azad Alsi-1[ —0.74 [ 0.79 [-3.55*%] —0.02 | 1.74* | 0.01 [0.23**| 0.07 [ 0.10 | =0.16 |-0.14* | 0.11 |[1.92** [-0.44**|-137**
VarsaAlsi | 0.85 | 046 [7.15%*[ 0.09 |1.91**[-0.12**| 0.35** [ 0.35** [ 0.43* | 0.99 |-0.21**[-0.55**|-4.51**| 0.90** [ 4.76**
Kb Alsi-3 [-1.57**| 0.13 | =1.32 [0.39** [ =0.19 [-0.11**| —0.17* [ —0.18 |-0.24 | —0.15 | 0.06 [ 0.39** | 2.14** [ —0.45* [-2.25%*
Kb Alsi-4 | 0.76 |-0.96* |-3.84**| —0.02 | =038 [ 0.17** | —0.12 [ —0.05 [-0.07| 0.06 | —0.03 | —0.14 |—0.62* | —0.17 [ 0.79**
JLS-66 | —0.40 [-1.46**[ 0.66 | 0.22* [-3.94**[ 0.08** [-0.44**[ -0.23*[—0.07| 0.05 [0.23**| 0.19* | 0.08 | —0.15 |-0.83**
T-397 1.10 [ 1.04* [ 0.89 [-0.23*] 0.91 [ -0.02 | 0.15 | 0.03 [-0.15] —0.79 | 0.09 | 0.01 |0.98**| 0.31* |-1.09**
SE: (testers)| 0.494 [ 0.489 | 0.803 | 0.108 | 0.662 | 0.017 | 0.082 | 0.093 [0.188 | 0.511 | 0.060 | 0.083 | 0.138 | 0.109 | 0.181

DF = days to 50% flowering, DM = days to maturity, PH = plant height (cm), PB = primary branches/plant, NCP = capsules/plant, CS = capsule
size (mm), NSC = seeds/capsule, SYP = seed yield/plant (g), TSW = 1000-seed weight (g), OC = oil content (%), PA = palmitic acid (%), SA =
stearic acid (%), OA = oleic acid (%), LA = linoleic acid (%), LNA = linolenic acid (%). * and ** significant at 5% and 1%, respectively.

Variance decomposition

The first three principal components explained
81.86% of total variance in the standardised GCA
matrix (Table 3; Fig.1), PC1 47.60%, PC2 21.55% and
PC3 12.71%. All three exceeded the Kaiser threshold

(6.67%) and satisfied the 80% cumulative variance
criterion (Greenacre et al., 2022). A clear scree elbow
between PC3 and PC4 confirmed the three-component
solution.

Table 3 : Eigenvalue decomposition summary for PCA of the GCA effect matrix of 10 linseed parents across 15
traits. Bold rows indicate PCs retained per the Kaiser criterion.

PC Eigenvalue Va(l;l/zx)nce Cunz(l)J/(I);;tlve Kaiser criterion

1 7.14 47.60 47.60 Retained (>6.67%)

2 3.23 21.55 69.15 Retained (>6.67%)

3 1.91 12.71 81.86 Retained (>6.67%0)

4 1.17 7.81 89.67 Excluded by scree criterion
5 0.62 4.12 93.79 Not retained

Scree Plot — PCA of Standardised GCA Matrix
(10 Parents x 15 Traits)

—8— Cumulative variance (%)
80% threshold
Kaiser criterion (10.00%)
B Individual variance (%)

Variance Explained (%)

1 2 3 4 5 6 7 8 9 10
Principal Component

Fig. 1 : Scree plot of variance explained by each principal
component from PCA of the standardised GCA matrix (10
parents x 15 traits). Blue bars = individual variance (%); red
line with markers = cumulative variance (%); red dashed line
marks the 80% threshold; orange dotted line marks the
Kaiser criterion (6.67%). Three PCs cumulatively explain
81.86% of total variance.

PC loadings and biological interpretation

PC1 loaded strongly and positively on the
agronomic-yield complex: SYP (+0.352), PH (+0.342),
TSW (+0.340), DF (+0.331), NCP (+0.309), NSC
(+0.308) and CS (+0.263) (Table 4; Fig.2), indicating
that alleles favouring yield, stature and seed number
are co-inherited. Oleic (—0.274) and palmitic (—0.135)
acids loaded negatively, revealing an inverse
relationship between yield alleles and oleic-acid GCA.

PC2 represented an independent fatty-acid quality
axis: stearic (+0.519), oleic (+0.322) and palmitic
(+0.263) loaded positively, while linolenic (—0.414),
linoleic (—0.301) and oil content (—0.293) loaded
negatively. The opposing SA/OA vs LNA/LA loadings
directly reflect A-15 desaturase pathway antagonism:
flux towards linolenic acid via FAD3 reduces the oleic
pool (Hall et al., 2006). PC3 contrasted palmitic acid
(+0.479) with NSC (—0.316) and DM (+0.360),
revealing a third orthogonal dimension linking
saturated-fat accumulation and phenology.
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Table 4 : PCA loadings (eigenvectors) of 15 linseed traits on PC1, PC2 and PC3. Values > |0.35] are in bold. Trait
direction arrows: 1 higher GCA desirable; | lower GCA desirable.

Trait Full name PC1 (47.6%) PC2 (21.55%) PC3 (12.71%) Trait cluster
DF Days to 50% flowering 1 0.331 0.095 0.039 Yield
DM Days to maturity | 0.029 —0.037 0.360 Phenology
PH Plant height 1 0.342 —0.031 —0.299 Yield
PB Primary branches/plant 1 0.255 0.289 —-0.161 Yield
NCP | Capsules/plant 1 0.309 0.066 —0.115 Yield
CS Capsule size 1 0.263 0.296 0.128 Yield
NSC | Seeds/capsule 1 0.308 —0.038 —-0.316 Yield
SYP | Seed yield/plant 1 0.352 0.144 —0.219 Yield
TSW | 1000-seed weight 1 0.340 0.016 —0.127 Yield
oC Oil content 1 0.015 —0.293 —0.163 Oil
PA Palmitic acid | —0.135 0.263 0.479 Saturated FA
SA Stearic acid | 0.104 0.519 —0.184 Saturated FA
OA Oleic acid 1 —0.274 0.322 —0.264 MUFA
LA Linoleic acid ®-6 1 0.233 —0.301 0.362 PUFA
LNA | Linolenic acid ©-3 1 0.222 -0.414 —0.100 PUFA
GCA Matrin 30 Paremtt ¥ 15 Tesite origin than any other parent (Table 5), confirming its

DM — Days to maturity
PH — Plant height
PB — Primary branches 0.4

NCP — Capsules/ plant

0.2

0.20
2 128
°
SYP — Seed yield/ plant 0104 0.094 0144 0.021 0.0
TSW — 1000-seed weight 0.016 0224 o143 o085
o015 0526 0.085 o31a -02
0013
1 0143

-0.4

Loading value

I 0176 0179 0106
0233 0301 0133 0.005 0275
° °

0222 0.062 0.107
o

PC1 PC4, ingPE strong) O = ingl < moderat
= S osaiogl§8 25 ton) 0020 % ocing < 035 (mederate

Fig. 2 : PCA loadings heatmap of 15 traits on the first three PCs.
Red = strong positive loading; blue = strong negative loading;
white = near zero. Filled circle (®) indicates [loading] > 0.35
(strong); open circle (o) indicates 0.20 < |[loading] < 0.35
(moderate). PC1 is dominated by the yield complex; PC2 contrasts
-3 fatty acids against saturated/monounsaturated fatty acids; PC3
reveals a palmitic acid—phenology axis.

PC2 PC3
(21.5%)  (12.7%)

PC1 x PC2 biplot: parental classification

The PC1 x PC2 biplot (Fig.3) captures 69.15% of
variance. SHA-7 occupied the most extreme positive
PC1 position (+4.93), over two-fold further from the

exceptional yield GCA: SYP (+1.23**), NCP
(+3.27**), TSW (+0.76**), CS (+0.71**), NSC
(+0.28**) and PB (+0.58**) (Table 5). SHA-6 showed
a moderate positive PC1 score (+2.04). SHA-4 (-3.14)
and SHA-5 (=3.97) clustered tightly in the negative
PC1 region with overlapping convex hulls, indicating
functional genetic redundancy both carry -early-
flowering alleles but limited yield-improving
resources. Similar redundancy diagnostics have been
reported in field pea (Sharma et al., 2023) and cotton
(Ullah et al., 2022).

On PC2, Varsa Alsi occupied the extreme
negative position (—4.19), reflecting the highest
linolenic-acid GCA in the tester group (+4.76**)
combined with strongly negative oleic GCA (—4.51%%*),
the pattern predicted by A-15 desaturation antagonism
(Hall et al., 2006). The large angular separation
between SHA-7 (+4.93, +2.18) and Varsa Alsi (+3.63,
—4.19) provides multivariate confirmation of their
49.50% standard heterosis for SYP (Panse and
Sukhatme, 1978), consistent with the principle that
heterosis increases with parental genetic divergence
(Sprague and Tatum, 1942).

Table 5 : PC scores (biplot coordinates) for 10 linseed parents and concise breeding interpretation.

Parent Type PC1 PC2 PC3 Breeding interpretation
SHA-4 L -3.14 -1.25 0.48 Early-flowering alleles; limited yield GCA
SHA-5 L -3.97 -1.29 0.54 Genetic redundancy with SHA-4
SHA-6 L 2.04 0.18 -2.96 Favourable low-palmitic GCA
SHA-7 L 4.93 2.18 1.86 Best general combiner for yield
Azad Alsi-1 T -0.40 0.90 -1.32 Moderate oleic GCA, versatile partner
Varsa Alsi T 3.63 —4.19 0.60 Unique high-w-3/high-oil parent
Kb Alsi-3 T —-1.51 2.07 —0.04 Elevated stearic GCA
Kb Alsi-4 T —0.27 —0.26 0.01 Balanced moderate GCA
JLS-66 T -1.27 1.16 1.80 Early maturity contribution
T-397 T —0.04 0.50 -0.97 Balanced oleic/stearic GCA
L = line; T = tester.
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PCA Biplot (PC1 x PC2) of GCA Effects
10 Linseed Parents x 15 Traits

P

o \ Umatmte
SHAS P ]

PC2 (21.55% variance)

Varss Al

-4 -2 0 2 4
PCI (47.60% variance)
Fig. 3 : PCA biplot (PC1 x PC2) of GCA effects for 10 linseed parents across 15 traits.
Lines = filled circles (e, blue); testers = filled squares (m, green). Trait-loading vectors:
blue = agronomic traits; red = fatty-acid quality traits. Convex hulls delineate line and
tester genetic spaces. PC1 (47.60%) = yield—agronomic axis; PC2 (21.55%) = fatty-acid
quality axis.

PC1 x PC3 biplot palmitic-acid GCA a nutritionally desirable profile.
The PCL x PC3 biplot (Fig. 4) captures 60.31% of I-5-66 (+1.80) and SHA-7 (+1.86) showed the most

variance and reveals structure invisible in the primary ~POSitive PC3 scores, adding discrimination among
biplot. SHA-6 occupied the most extreme negative parents clustering near the origin in the primary biplot.

PC3 score (—2.96), driven by strongly negative

PCA Biplot (PC1 x PC3) of GCA Effects
10 Linseed Parents x 15 Traits

SHR?

PC3 (12.71% vanance)

-4 2 0 2 4
PC1 (47.60% variance)
Fig. 4 : PCA biplot (PC1 x PC3) of GCA effects. PC3 (12.71%) primarily contrasts
palmitic acid (+0.479) against seeds per capsule (—0.316) and oleic acid (—0.264), adding
orthogonal discrimination. Combined with the PC1 x PC2 biplot, three-dimensional
interpretation accounts for 81.86% of total GCA variation.
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Hierarchically clustered heatmap

The double-clustered heatmap (Fig.5) identified
four parent and four trait clusters. Parent clusters: (i)
SHA-4 and SHA-5 showed strongly negative vyield
GCA with positive early-flowering GCA (ii) SHA-6
and SHA-7 reflects positive yield GCA but opposing
fatty-acid profiles (iii) Varsa Alsi alone distinctly
separated by its unique positive-LNA/negative-OA
profile (iv) remaining testers forming a heterogeneous

moderate GCA group. Trait clusters involves, (i) yield—
agronomic complex (SYP, TSW, NCP, PH) (ii)) ®-3
PUFA cluster (LNA, LA) (iii) saturated-
monounsaturated FA cluster (SA, OA) (iv)
phenological cluster (DF, DM). These confirm that
multi-trait GCA improvement requires targeting four
independent genetic dimensions via appropriate
parental combinations

Double-Clustered Heatmap of Standardised GCA Effects
10 Linseed Parents x 15 Traits (Ward's Linkage, Euclidean Distance)
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Fig. 5 : Double-clustered heatmap of standardised GCA effects (z-scores) for 10 parents (rows) x
15 traits (columns) using Ward's minimum-variance hierarchical clustering with Euclidean
distance. Red = positive GCA; blue = negative GCA. Row-label colours: blue = lines; green =
testers. Four parent and four trait clusters with distinct biological identities are visible.

Multi-trait Genotype—ldeotype Distance Index

(MGIDI)

The MGIDI (Olivoto and Lucio, 2020; Olivoto,
2022) was applied to the standardised GCA matrix to
rank parents by proximity to a simultaneous multi-trait
ideotype. A lower MGIDI score indicates a superior
multi-trait combiner.

Two factors were retained by the Kaiser criterion:
F1 (52.88% variance; yield—agronomic complex) and
F2 (19.43%; fatty-acid quality axis), jointly explaining
72.31% of GCA variation. The ideotype was set at
maximum observed scores: F1 = 4.910 (SHA-7) and

F2 = 3.472 (Varsa Alsi). The two-factor solution for
MGIDI, compared with the three-component
standalone PCA (81.86%), reflects sign-reorientation
applied in the MGIDI algorithm to ensure all factor
scores are directionally aligned with the ideotype
(Olivoto, 2022).

Varsa Alsi ranked first (MGIDI = 1.295), owing
to its maximum F2 score (3.472) and strong F1
(3.615). SHA-7 ranked second (MGIDI = 4.633)
having its high F1 is offset by a negative F2, reflecting
limited ®-3 GCA. SHA-5 ranked last (MGIDI =
8.702), confirming its redundancy with SHA-4 (Table
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6; Figs.6a—6d). Factor contributions demonstrate that
Varsa Alsi's gap from the ideotype is entirely on the F1
(yield) axis, while SHA-7's deficit is entirely on F2 (o-
3 quality), which confirming that the SHA-7 x Varsa
Alsi cross simultaneously captures both axes.

Table 6 : MGIDI scores, factor scores and parent
rankings for 10 linseed parents. F1 and F2 = factor
scores from PCA of the sign-oriented, standardised
GCA matrix. Lower MGIDI = closer to multi-trait

ideotype.
Parent Type (52.';;% ) (19.'22% ) MGIDI | Rank
Varsa Alsi T 3.615 3.472 1.295 1
SHA-7 L 4.910 —1.160 | 4.633 2
SHA-6 L 1.348 -1.394 | 6.030 3
Kb Alsi-4 T —0.131 —0.032 | 6.140 4
T-397 T —0.185 —0.702 | 6.586 5
JLS-66 T —0.695 —0.248 | 6.727 6
Azad Alsi-1 | T —0.893 -1.200 | 7.450 7
SHA-4 L —2.941 1.595 8.073 8
Kb Alsi-3 T -1.556 | —1.465 | 8.136 9
SHA-5 L —3.472 1.136 8.702 10
Ideotype — 4.910 3.472 0.000 | —

L =line; T = tester. Ideotype: F1 =4.910, F2 = 3.472. Lower MGIDI =
closer to multi-trait ideotype.
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Fig.6a : MGIDI bar chart ranking 10 linseed parents by multi-
trait genotype—ideotype distance. Lower MGIDI = superior
multi-trait combining ability. Blue bars = lines; green bars =
testers. Red dashed line = mean MGIDI. Varsa Alsi (MGIDI =
1.295) ranks first, followed by SHA-7 (4.633).
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Fig.6b : Stacked bar chart of factor contributions (%) to MGIDI
score for the five best-ranked parents. F1 (52.88%) = yield—
agronomic axis; F2 (19.43%) = fatty-acid quality axis. Varsa
Alsi's MGIDI distance is almost entirely F1-driven; SHA-7's
deficit is entirely F2-driven.
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Fig.6¢c : Spider (radar) chart of normalised MGIDI factor
scores for the top four parents and the ideotype (dashed
black line). F1 = yield axis; F2 = fatty-acid quality axis. No
single parent matches the ideotype on both axes; the
complementarity between Varsa Alsi (dominant F2) and
SHA-7 (dominant F1) is graphically evident.
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Fig.6d : MGIDI factor loadings heatmap for two retained
factors (F1: 52.88%; F2: 19.43%) across 15 traits using the
sign-oriented GCA matrix. Red = strong positive loading; blue
= strong negative loading. e indicates |loading| > 0.35 (strong);
o indicates 0.20 < |loading| < 0.35 (moderate). F1 encompasses
the yield—agronomic complex; F2 represents the fatty-acid
quality axis.
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using principal component analysis and hierarchical clustering

Discussion

The three-component PCA solution (81.86%
variance) provides a sound multivariate framework for
interpreting combining-ability structure in linseed. The
three axes-yield-agronomic (PC1), fatty-acid quality
(PC2) and palmitic-phenology (PC3) map directly onto
three independent breeding objectives, confirming
PCA's utility for disentangling multi-dimensional GCA
in oilseeds (Sharma et al., 2023; Ullah et al., 2022).

PC1 dominance (47.60%) demonstrates that
additive variation for yield components is the primary
source of combining-ability variation in this
population, with SHA-7 driving most of this variation.
The orthogonality of PC2 to PCL1 is the key practical
finding: yield improvement and ®-3 improvement are
independent genetic objectives. A parent optimised for
PC1 (SHA-7) is not optimal for PC2, and vice versa
(Varsa Alsi). This supports a targeted strategy where
SHA-7 x Varsa Alsi simultaneously captures positive
PC1 (yield, from SHA-7) and negative PC2 (high LNA
and oil content, from Varsa Alsi) — a complementarity
no other pairing in this population achieves.

The tight biplot clustering of SHA-4 and SHA-5
reveals practical parental redundancy. Deploying both
provides negligible additional genetic diversity; future
panels should replace one with a genotype occupying a
different biplot position, particularly one with positive
PC2 scores. Similar redundancy diagnostics have been
reported in field pea (Sharma et al., 2023) and cotton
(Ullah et al., 2022).

Ward's clustering independently confirmed the
biplot classifications, Varsa Alsi's singleton status and
the SHA-4/SHA-5 grouping. The four trait clusters
provide a genetic pathway map for multi-trait
improvement: traits within a cluster can be improved
through a single parent, while traits across clusters
require pairing parents from different biplot quadrants.

This study is among the first to apply PCA
directly to a GCA matrix, rather than phenotypic
means, in linseed, yielding more precise parental
classification. The findings support a three-
dimensional parent-selection framework: maximise
PC1 divergence for yield heterosis (SHA-7 as line);
exploit PC2 complementarity for ®-3 improvement
(Varsa Alsi as tester); and consider PC3 for palmitic-
acid reduction (SHA-6). The framework is
recommended for routine use in multi-trait oilseed
breeding programmes.

MGIDI formalised the PCA complementarity
finding into a single index: Varsa Alsi ranked first
(MGIDI = 1.295) by virtue of its maximum F2 score,

while SHA-7’s F1 dominance places it second. No
single parent reaches the ideotype on both axes,
reinforcing SHA-7 x Varsa Alsi as the optimal cross
for simultaneous yield and ®-3 improvement (Olivoto
and Ldcio, 2020).
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