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Abstract

Cauliflower landraces (Brassica oleracea var. botrytis) safeguard allelic diversity for adapta-
tion, yet their phenotypic breadth under winter field conditions remains under-documented.
We evaluated 69 Spanish landraces and two commercial checks from the COMAV-UPV
genebank using 15 quantitative and 21 qualitative descriptors. Seed viability ranged from
0 to 92%, and mature plants showed wide ranges in stem length (coefficient of varia-
tion ~ 72%), leaf size, and head weight (100-723 g). Six curd-colour classes—including
uncommon purple and Romanesco green—were recorded. Most accessions (>88%) required
more than 120 days from sowing to harvest, but a distinct subset (12%) matured within
60-120 days. Plant stature tended to be positively associated with head mass, whereas
highly branched inflorescences matured earlier. Variation was dominated by curd size and
plant architecture. Multivariate analyses—principal component analysis for quantitative
traits, multiple correspondence analysis for qualitative traits, factor analysis of mixed data,
and clustering of FAMD scores by k-means—resolved three phenotypic clusters spanning
a gradient of curd size/architecture and plant stature. The collection includes accessions
with compact curds, earliness, or distinctive pigmentation that are immediately useful
for breeding and for prioritizing regeneration. These results provide a phenotypic base-
line for future genomic association studies and the development of cultivars adapted to
winter production.

Keywords: landraces; phenotypic diversity; seed viability; earliness; curd architecture;
multivariate analysis; genebank conservation; breeding targets

1. Introduction

Brassica oleracea embraces a remarkable array of vegetables—cauliflower, broccoli,
cabbage, and kale—whose domestication history spans from the Eastern Mediterranean
through classical Greece and Rome to most vegetable-growing regions worldwide [1].
Today Asia supplies ~ 81% of global broccoli-plus-cauliflower output, whereas the Mediter-
ranean basin accounts for 8%, with Spain, Italy, France and the United Kingdom as leading
producers [2]. Despite broccoli dominating Spanish acreage, cauliflower (B. oleracea var.
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botrytis) retains strong agricultural and cultural importance in long-standing production
areas [3].

In Mediterranean environments, characterized by recurrent drought and episodes of
high temperature, cauliflower remains a key crop in local food systems. Advances in culti-
vation practices and breeding have improved yields and resilience in many locations [4-7],
yet continued adaptation to site-specific agroclimates is needed to sustain production under
ongoing climatic change.

In long-established production regions, local practices fostered the emergence of lan-
draces adapted to farmers’ needs and to prevailing climates. Cauliflower landraces are
agronomically valuable due to their evolved tolerance to biotic and abiotic stresses [8,9], and
their conservation is intertwined with culinary traditions and regional identity [10-13]. Har-
nessing this diversity requires systematic characterization—morpho-agronomic, biochem-
ical, and increasingly genomic. Broad surveys across crops have shown that combining
qualitative and quantitative descriptors efficiently reveals useful variation in yield compo-
nents, earliness, and quality traits [14-20]. Phenotypic diversity has been documented in
Brassica carinata [21], B. juncea [22], and B. napus [23] and other Brassica collections [24-27].
However, Spanish cauliflower landraces remain under-characterized. Moreover, genebanks
established to stem genetic erosion often retain only passport data and rudimentary de-
scriptors [28,29], which hinders the triage of accessions for regeneration when seed viability
declines and limits their immediate use in breeding. Deep phenotyping is therefore a
prerequisite for exploiting accessions in breeding or for genome-wide association stud-
ies [30-32].

The Institute for the Conservation and Improvement of Valencian Agro-diversity
(COMAV) at the Universitat Politecnica de Valencia curates the largest Spanish working
set of cauliflower germplasm—>52 of the 72 national accessions deposited in the Cen-
tro Nacional de Recursos Fitogenéticos [33]. This specialization positions the COMAV
genebank as a valuable resource for research and breeding programmes aimed at improv-
ing adaptability, yield, and quality. Yet its collection has never been comprehensively
surveyed under field conditions typical of Mediterranean winter cropping. Here, we as-
sess the morpho-agronomic diversity of 69 cauliflower landraces (plus two commercial
cultivars) from the COMAV genebank grown under Mediterranean open-field conditions.
We recorded 15 quantitative and 21 qualitative traits, applied multivariate and clustering
analyses, and explored the relationship between plant architecture and curd development.
Specifically, we (i) establish a detailed phenotypic baseline for this Spanish collection,
(ii) identify landraces with compact curds, earliness, or distinctive pigmentation that are
immediately useful for breeding and for prioritizing regeneration, and (iii) provide trait
data to underpin forthcoming genomic association work and the development of resilient,
high-value cultivars.

2. Results
2.1. Seed Viability and Adaptation to the Cultivation Conditions

Eight days after sowing, germination of the 99 COMAV accessions ranged from 0
to 92.4% (mean £ SD = 34.9 + 23.9%; SE = 2.4%; Figure 1). A total of 13 accessions
exhibited very low viability (<10%), 51 fell in the low class (10-50%), 17 reached moderate
levels (51-70%) and only 11 surpassed the >70% threshold generally considered acceptable
for field trials, with 7 of those attaining 80-92% germination. A total of 7 accessions
failed to emerge entirely and were discarded. Of the 92 lots that did germinate, just
69 landraces developed commercial heads under the trial conditions; together with the two
F; reference cultivars ‘Benidorm’ and “‘Amistad’, these entries constitute the phenotypic
dataset analyzed in subsequent sections. The 23 accessions that germinated but never
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reached head maturity further reduced representation from several provinces (La Rioja,
Cédiz, Girona, Barcelona, Tarragona, Castellén, Valencia, Alicante, Murcia, Zaragoza,
Huesca and Céceres).

Germination Rate Categories of Accessior
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Figure 1. Histogram showing the distribution of germination rates (%) among the 99 accessions; bars
indicate the number of accessions per viability class.

2.2. Phenotypic Diversity in the COMAV Genebank Collection
2.2.1. Quantitative Descriptors

Fifteen quantitative traits were measured in the 69 landraces that reached commercial
maturity (Table 1). Relative dispersion was greatest for stem length below the floral head
(CV = 72%), followed by petiole length (~49%), leaf width (~33%) and petiole width
(~=33%). Stem length varied ten-fold, from 1.43 to 14.25 cm (mean =+ SE = 4.11 &+ 0.35 cm),
whereas petiole length ranged from 1.00 to 3.20 cm (1.23 £ 0.07 cm) and leaf width from
10.50 to 49.20 cm (22.36 £ 0.87 cm). Head weight showed the widest absolute range
(100-723 g) and a coefficient of variation of ~37% (359 £ 15.5 g).

Table 1. Mean =+ standard error (SE), coefficient of variation (CV%), and range of 15 quantitative
traits recorded in the COMAV cauliflower collection (n = 69 accessions).

Descriptor Average SE CV (%) Minimum Value Maximum Value

Stem length below the floral head (cm) 4.11 0.35 72.04 1.43 14.25
Stem diameter (cm) 2.14 0.07 26.95 1.06 3.62
Plant height (cm) 54.23 1.22 19.13 32.00 77.60

Plant width (cm) 81.78 1.99 20.66 40.00 121.20

Head length (cm) 8.20 0.24 24.85 4.20 13.33

Head diameter (cm) 10.91 0.31 24.26 5.10 17.30

Head weight (g) 359.24 15.50 36.61 100.00 723.00

Leaf length (cm) 51.68 1.42 23.26 26.30 82.10

Leaf width (cm) 22.36 0.87 33.02 10.50 49.20

Number of leaves and /or scars 20.01 0.38 16.12 14 26

Petiole length (cm) 1.23 0.07 49.45 1.00 3.20
Petiole width (mm) 2.76 0.11 33.44 0.94 4.80
Petiole thickness (mm) 8.10 0.26 27.68 3.21 13.70
Head stem length (cm) 5.87 0.17 24.79 1.20 8.40

Head stem diameter (cm) 3.24 0.09 24.00 1.20 5.20
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By contrast, variables describing overall plant stature were comparatively uniform (CV
< 25%). Plant height spanned 32.0-77.6 cm (54.23 & 1.22 cm; CV &~ 19%), and plant width
40.0-121.2 cm (81.78 £ 1.99 cm; CV = 21%). Head length (4.20-13.33 cm, 8.20 & 0.24 cm)
and head diameter (5.10-17.30 cm, 10.91 & 0.31 cm) displayed moderate dispersion (both
CV & 25%). The number of leaves and/or scars was the most homogeneous trait (14-26,
mean = 20.01 = 0.38; CV =~ 16%).

2.2.2. Qualitative Descriptors

Most landraces showed an erect plant habit (68%, 47/69), with the remainder semi-
erect (Table 2). Leaf blades were predominantly elliptic (55%), and sinuate (55%) or lyrate
(30%) lobing was common; lanceolate (16%), spathulate (12%) and obovate (10%) outlines
occurred at lower frequencies. Leaf apices were chiefly intermediate (64%) or broadly
rounded (25%), while blistering was low in three-quarters of the accessions and absent
or intermediate in the rest. Foliage colour ranged from light-to-dark-green in 95% of the
material, with purple-green blades recorded only sporadically (4%; Figure 2). Leaf lobing
was absent in 81% of accessions. Note that LEAFLOB is a binary score for deep lobing;
many accessions scored ‘sinuate” or ‘lyrate” on LDIV without meeting the threshold for deep
lobing, hence high “absent” in LEAFLOB can co-occur with sinuate/lyrate LDIV. Petioles
were mainly semi-round (57%) and light-green (84%).

Table 2. Frequency distribution of qualitative descriptors in the COMAYV cauliflower collection
(n=69).

Descriptor Category State Relative Frequency
1 Erect 68%
Plant structure 2 Semi-erect 32%
3 Oblique 0%
1 Yellow-green 0%
2 Light-green 4%
3 Green 65%
Leaf colour 4 Dark-green 26%
5 Purple-green 4%
6 Purple 0%
7 Other 0%
. 1 Absent 81%
Leaf lobing 9 Present 19%
0 None 9%
. . 3 Low 74%
Leaf blistering 5 Intermediate 12%
7 High 6%
1 Orbicular 0%
2 Elliptic 55%
3 Obovate 10%
Leaf shape 4 Spathulate 12%
5 Ovate 3%
6 Lanceolate 16%
7 Oblong 4%
1 Entire 14%
L 2 Sinuate 55%
Leaf division 3 Lyrate 30%
4 Lacerate 0%
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Table 2. Cont.

Descriptor Category State Relative Frequency
0 Absent 2%
3 Scarce 84%
Leaf contour 5 Intermediate 14%
7 High 0%
2 Acute 9%
Leaf apex shape 4 Intermediate 64%
6 Rounded 2%
8 Broadly rounded 25%
3 Round 23%
Petiole section 5 Semi-round 57%
7 Flat 20%
1 White 0%
2 Light-green 84%
. 3 Green 9%
Petiole colour 4 Purple 79
5 Red 0%
6 Other 0%
1 Concave 55%
Shape of head 3 Flat 32%
longitudinal section 5 Spheric 14%
7 Elliptic 0%
0 Nonheading 0%
Head formation habit 5 Semi-heading 2%
7 Heading 98%
3 Exposed 57%
Head cover by outer 5 Interlr:)nediate 41%
leaves 7 Covered 2%
1 White 55%
2 Cream 11%
3 Yellow 2%
4 Yellow-green 26%
5 Green 2%
Head surface colour 6 Pink 0%
7 Green-red 0%
8 Purple 4%
9 Red 0%
10 Orange 0%
11 Other 0%
3 Low 3%
Head solidity 5 Intermediate 51%
7 High 47%
Time between sowing ! <60 days 0%
and harvesting 2 Between 60 days and 120 days 12%
3 >120 days 88%
1 Big 15%
Head size 2 Medium 62%
3 Small 23%
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Table 2. Cont.

Descriptor Category State Relative Frequency
1 Single flower raceme 0%
2 Enlarged stem with terminally branched raceme 0%
Inflorescence branching 3 Loosely branched terminal heads 18%
pattern 4 Terminal head with smaller heads on auxiliary shoots 62%
5 Compact head of regularly packed subheads 18%
6 Single compact head of irregularly packed subheads 2%
3 Small 29%
Ratio head /plant 5 Intermediate 67%
7 Large 4%
3 Short 40%
Head stem estimation 5 Intermediate 51%
7 Long 9%
3 Low 32%
Head splitting tendency 5 Intermediate 68%
6 High 0%

Figure 2. Representative examples of morphological diversity in the COMAV cauliflower collection.
The six photographs illustrate variation in plant architecture, leaf colour, lobing, blistering, leaf
contour, petiole pigmentation, and curd colour/structure (white, green-Romanesco, yellow-green
and purple). All pictures were taken in the field with a smartphone mounted on a tripod 1.5 m above
the plant; scale bar = 10 cm.
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For curd traits, 98% of accessions formed well-defined heads. Heads were typically
exposed (57%) or partly covered (41%) by outer leaves (Figure 3). Longitudinal profiles
were concave (55%) or flat (32%), seldom spherical (14%). Stem estimates were short to
intermediate in more than 90% of entries. Solidity was intermediate (51%) or high (47%),
and splitting tendency was low to intermediate in every case. The prevailing branching
pattern combined a terminal head with smaller auxiliary shoots (62%); compact and loosely
branched types each accounted for 18%. Medium head size predominated (62%), and the
head-to-plant ratio was small in 29% of landraces.

Figure 3. Head exposure by outer leaves (HCOV). Representative examples of the three categories
scored at commercial maturity. From left to right: exposed, intermediate, and covered. All photos
taken in the field; scale bar = 10 cm.

Six curd-colour classes were recorded (Figure 4). White heads were most frequent
(55%), followed by yellow-green (26%) and cream (11%); yellow, green, and purple heads
each occurred in 2-4% of accessions. The purple-headed landraces BGV(001728, BGV001744
and BGV001747, and the Romanesco green BGV004798, illustrate the extremes of colour
diversity (Figure 4e). In terms of earliness, 88% of accessions required >120 days from
sowing to harvest under Mediterranean winter conditions, whereas eight entries (12%)
matured within 60-120 days—seven from Catalonia and one from the Valencian Region.

(d) (e) #

Figure 4. Close-up images illustrate the main colour classes recorded were white (a) and different

shades of cream (b,c), with lower frequencies of yellow (d), green (e), and purple (f). The images also
highlight differences in head solidity, where more compact heads appear denser, while looser heads
display a more open structure.
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2.3. Associations Among Morpho-Agronomic Traits

We analyzed associations separately for quantitative and qualitative variables to
avoid mixing scales. For quantitative traits, several moderate-to-strong Spearman correla-
tions (1 p | > 0.50; p-values adjusted using the Benjamini-Hochberg false discovery rate,
FDR < 0.05) involved curd size and plant architecture (Figure 5A). Head weight correlated
with head diameter (p ~ 0.66) and head length (p ~ 0.50), and also with plant width
(p ~ 0.50). Head diameter and head length were tightly linked (p ~ 0.63). Plant height was
positively related to plant width (p ~ 0.47) and leaf length (p ~ 0.62), reflecting overall
vegetative vigour. Leaf length covaried with leaf width and petiole width (both p ~ 0.51),
and petiole thickness correlated with petiole width (p ~ 0.42) and head weight (p ~ 0.44).

A
—
0.5
SLENGHT _num -
047
A\ PETTHICK_nur
0.51
\
LSCARS _num
PETSEC

B 032
HBRAN
[ owv ]
0.7
HARVTIME PLANTSTR 0.57

HLONSEC LEAFLOB
LEAFBLIST
PETCOL
039 HeoL
LEAFCOL -
HHAB
0.58
HSOL 039
/ LAPEX RATHPLAN
STEMHEST
0.38 S 047 041
SPLITTEN ;
0.32
. LSHAPE
LCONTOUR 4
HCOV

Figure 5. Trait association networks. (A) Quantitative traits: Spearman’s rank correlation among
15 quantitative descriptors; edges are shown for | p| > 0.40 after Benjamini-Hochberg false discovery
rate adjustment (FDR < 0.05). Line width scales with |p|l; solid lines indicate positive associa-
tions and dashed lines indicate negative associations. (B) Qualitative traits: Cramér’s V among
21 qualitative descriptors; edges are shown for V > 0.30 with FDR < 0.05; line width scales with
V. Node labels follow the descriptor acronyms defined in the Materials and MethodsNo mixed
(quantitative—qualitative) correlations are reported.
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For qualitative traits, Cramér’s V revealed moderate-to-strong associations (V > 0.30;
FDR < 0.05) (Figure 5B). The branching pattern of the inflorescence was strongly asso-
ciated with time to harvest (V ~ 0.70): highly branched curds tended to mature earlier
than compact-headed types. Leaf lobing was associated with the degree of leaf division
(V =~ 0.57) and with head-colour class (V =~ 0.65). Consistent colour cues emerged across
organs: petiole/midrib colour was associated with head colour (V ~ 0.59). Additional
associations of moderate magnitude involved leaf blistering with leaf lobing (V ~ 0.56), the
head-to-plant size ratio with head colour (V ~ 0.48), and leaf apex with leaf blade shape
(V = 0.47).

Taken together, these patterns indicate that curd size covaries with plant stature and
leaf dimensions, whereas categorical traits group into colour-morphology syndromes and
an earliness-branching axis.

2.4. Principal-Component and Multiple Correspondence Analyses

To explore the two data blocks independently, a PCA was run on the 15 quantitative
descriptors and an MCA on the 21 qualitative descriptors. Both scree plots showed a
gradual decay of eigenvalues without a single dominant axis (Figure 6A,B). In the PCA,
the first components were driven by curd size (head diameter, head length, head weight)
together with plant architecture (plant width and leaf dimensions). In the MCA, the leading
dimensions were mostly shaped by leaf lobing/division, head and petiole colour, and head
solidity. These block-wise patterns are consistent with the association networks in Figure 5.

A PCA (quantitative traits): Scree plot B MCA (qualitative traits): Scree plot
30% -

g}’[?u 2::

s s

H -

s &

£ 10% 3

w w

12 0 10 2 30 40

0
Principal components Dimensions

Figure 6. Scree plots for block-wise ordinations. (A) PCA scree plot for the 15 quantitative traits; the
curve shows the percentage of variance explained by each principal component. (B) MCA scree plot
for the 21 qualitative traits; the curve shows the percentage of variance explained by each dimension.
Both panels display a gradual eigenvalue decay with no single dominant axis.

2.5. Multidimensional Analysis

A factorial analysis of mixed data was performed on the full descriptor set (21 qual-
itative + 15 quantitative traits). The scree plot (Figure 7) shows that Dim-1 and Dim-2
explain 16.3% and 10.7% of the total variance, respectively. The first five dimensions jointly
captured 47.3%, while the first ten dimensions together accounted for 67.5% of the inertia.
Because no single dimension dominated—and the eigenvalue curve displayed a clear elbow
after Dim-10—subsequent variable-importance calculations and clustering procedures were
based on the ten-dimension solution.
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Scree plot: Explained Variance by Dimensions
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Figure 7. Scree plot of the percentage of variance explained by the first ten FAMD dimensions.

2.5.1. Variable Contribution

Weighted, normalized contributions across the first ten FAMD dimensions (Table 3)
were led by colour and shape descriptors: head surface colour (HCOL, 4.15%), leaf shape
(LSHAPE, 4.02%), and the longitudinal profile of the curd (HLONSEC, 3.05%). Additional
influential traits included leaf blistering (LEAFBLIST, 2.66%), leaf colour (LEAFCOL, 2.56%),
leaf apex shape (LAPEX, 2.28%), petiole/midrib colour (PETCOL, 2.15%), the head / plant
size ratio (RATHPLAN, 2.08%), head stem estimation (STEMHEST, 1.97%), and leaf division
(LDILV, 1.91%). Overall, colour/shape descriptors and plant stature-related features make
the largest contributions to the multivariate structure of the collection.

Table 3. Top 10 traits ranked by contribution to total variance (%).

Trait Name (Acronym) Contribution to Total Variance (%)
Head surface colour (HCOL) 4.15
Leaf Shape (LSHAPE) 4.02
Shape of Head Longitudinal Section 3.05

(HLONSEC) ’

Leaf Blistering (LEAFBLIST) 2.66
Leaf colour (LEAFCOL) 2.56
Leaf apex shape (LAPEX) 2.28
Petiole Colour (PETCOL) 2.15
Head/plant size ratio (RATHPLAN) 2.08
Head stem estimation (STEMHEST) 1.97
Leaf division (LDIV) 1.91

Table note: Percentages are normalized weighted contributions across the first ten FAMD dimensions; axis weights
are proportional to the variance explained by each dimension and rescaled to sum to 1.

2.5.2. Cluster Analysis

The k-means partition of the FAMD scores (first ten dimensions) yielded three groups
(k = 3; average silhouette ~ 0.17), indicating modest separation with partial overlap in the
Dim-1/Dim-2 projection (Figure 8). The three clusters mainly split the collection along
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curd size/architecture and earliness/colour axes, consistent with the association networks
and block-wise ordinations. Although the partition was obtained with ten axes, the two-
dimensional scatterplot already shows partial separation with overlap among the three
groups, consistent with the k-means solution from the full multidimensional space.

As an exploratory cross-check, a Gower-UPGMA dendrogram shows consistent
affinities (cophenetic r = 0.751); see Appendix A Figure Al.

K-means clustering
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Figure 8. Structure of the collection in the FAMD space. Scatter of individuals on Dim-1 vs. Dim-
2 coloured by k-means clusters (k = 3) computed from the first ten FAMD dimensions (average
silhouette =~ 0.17). Dim-1 = 16.3%, Dim-2 = 10.7%.

3. Discussion

Our results document substantial heterogeneity in seed viability and broad morpholog-
ical diversity within the COMAV cauliflower collection grown under Mediterranean winter
conditions. Most accessions showed low-to-moderate germination, only a subset reached
market maturity, and phenotypic structure was chiefly driven by curd size/architecture
and plant stature, with colour and leaf form providing secondary axes. Treating the two
data blocks separately (PCA for quantitative traits; MCA for qualitative traits) and jointly
(FAMD) delivered a consistent picture and supported a three-group partition with modest
but non-random separation.

3.1. Germination and Growth Performance

Seed viability across the 69 cauliflower accessions averaged 35% (range 4-88%), and
only 11 accessions retained >80% germination. Such heterogeneity mirrors the marked
viability decline reported for long-stored cereal and maize collections and emphasizes the
need for stringent seed-quality monitoring in ex situ programmes [34-36].

A probable cause for this is that most lots were harvested 3040 years ago and have
never been regenerated. Seed aging is driven by progressive oxidative stress that disrupts
membranes and macromolecules, ultimately curbing germination [37,38]. Without periodic
regeneration, genetic erosion becomes inevitable as non-viable samples drop from the
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collection. Also, Brassica seeds are not exceptionally long-lived under genebank conditions.
Comparative studies show appreciable viability loss after 20-30 years even at —18 °C [38,39].
Empirical work on Brassica and allied taxa recommends regeneration every 10-20 years to
keep viability above 70% [40-43]. Our data confirm that most accessions have now reached
or exceeded that window, making regeneration an urgent priority.

Germination tests identify which accessions are most at risk; those below 50% viability
should be scheduled for regeneration in the next planting season, while lots of accessions
between 50 and 75% warrant close monitoring. Stratifying regeneration effort in this way
minimizes further viability loss and safeguards unique alleles [44].

The failure of accessions to reach commercial maturity from diverse regions suggests
that both environmental and genetic factors influence plant growth and development. The
presence of failed accessions from various provinces indicates that localized environmental
conditions, including soil type, temperature fluctuations, and water availability, may
significantly impact seedling survival and establishment. Studies have shown that seedling
development and establishment are influenced by additional environmental stressors,
including temperature extremes, light availability, water potential, and nutrient levels.
Insufficient water or suboptimal nutrient availability during early seedling growth can
lead to stunted development, reduced vigour, and ultimately poor crop establishment,
limiting the chances of accessions reaching commercial maturity. Furthermore, the physical
properties of soil, such as texture and structure, directly impact root penetration and
seedling anchorage, further affecting plant development [45-47].

These findings underscore the necessity of accounting for regional environmental
conditions when cultivating and evaluating germplasm collections, as environmental
mismatches can significantly hinder plant establishment. For instance, local environmental
conditions and grazing pressure have been shown to influence species performance and
affect spatial patterns of genetic diversity in contrasting ways. Developing adaptive
cultivation strategies that consider these local environmental factors can help mitigate
challenges and improve the overall performance of accessions in field trials [48-50].

Because we used an augmented randomized design with unequal plants per accession
and no plot replication for test entries, all inferences are descriptive at the accession level.
Commercial checks replicated by blocks were used to monitor field heterogeneity, and
association tests were controlled for multiple comparisons (Benjamini—-Hochberg FDR).
These design choices, together with separate PCA/MCA and joint FAMD analyses, aim to
maximize transparency while avoiding over-interpretation.

3.2. Phenotypic Diversity and Multidimensional Analysis

Analyzing the two data blocks independently supported these same axes of variation.
In the PCA, the leading components were dominated by curd size (head diameter and
length, head weight) plus plant width and leaf dimensions; in the MCA, the first dimensions
were shaped by leaf lobing/division, head and petiole colour, and head solidity. Both
scree plots displayed gradual eigenvalue decay with no single dominant axis, matching the
association networks and the joint FAMD structure.

The COMAV collection exhibited a breadth of vegetative and curd variation that rivals
the ranges reported for global cauliflower panels. Quantitative traits spanned one (number
of leaves) to ten-fold (stem length below the head) differences among accessions, while
qualitative characters such as leaf division, blistering, and head colour filled virtually every
class listed in the Descriptors for Brassica and Raphanus [51]. Such dispersion attests to
long-term farmer selection under contrasting Mediterranean micro-climates rather than
recent, uniform breeding criteria.



Plants 2025, 14,2919

13 of 24

The UPGMA dendrogram, generated using Gower’s distance, provides meaningful in-
sights into this diversity. Accessions grouped together share similarities in key traits such as
head size, head colour, and secondary morphological features, indicating genetic or pheno-
typic proximity. For instance, a cluster including accessions such as BGV001657, BGV001741,
and BGV(001742 comprises genotypes with small to medium head sizes (200-400 g) and
uniformity in leaf traits, with moderate leaf lobation and blistering. Conversely, another
cluster containing accessions like Benidorm, BGV004798, and BGV001750 includes geno-
types with larger heads (>500 g) and broader plant architecture. Consistent with this,
the FAMD + k-means partition retrieved similar affinities along curd size/architecture
and leaf form, so we interpret UPGMA as a complementary visualization rather than a
primary classifier.

Head colour contributed to some sub-groupings—greenish heads predominated in
the former domain—yet plant stature and curd mass were the stronger discriminants. A
comparable dominance of size-related descriptors over pigmentation was observed in a
92-genotype Indian panel where clustering aligned with curd weight, plant architecture,
and leaf length rather than with geographic provenance [52]. Similarly, ref. [53] demon-
strated that genetic diversity in cauliflower inbred lines was associated with phenotypic
traits, with major differentiation occurring in head size and leaf morphology rather than
solely through molecular markers. Likewise, in broccoli, the major split between lan-
draces and modern hybrids hinged on head diameter and compactness, not on secondary
traits [54].

Recent genomic studies lend mechanistic support to these morphological patterns. A
chromosome-scale survey of 971 cauliflower genomes showed that stepwise domestication
from leafy progenitors to compact curd formation was driven by structural variants at
MADS-box loci (BoCAL, BoFUL, BoAP1) and by a zinc-finger regulator of stem height [55].
The clear separation between compact-headed and highly branched accessions in our den-
drogram is therefore likely to mirror allele segregation at those loci within Spanish landraces.
In line with this, we identified several accessions that consistently produced compact curds,
confirming one of our main objectives and underscoring their breeding relevance.

Leaf architecture emerged as an almost equally powerful axis of diversity: leaf shape
ranked second in FAMD importance (4.1% of explained variance). Variation in the promoter
of the BoLMI1a gene, recently mapped in ornamental kale, underlies lobed versus entire leaf
margins and has been linked to heat dissipation and high-density planting potential [56].
The coexistence of elliptic, lobed, and lanceolate blades in our panel suggests that such
regulatory polymorphisms are also segregating in traditional cauliflower. Head longitudi-
nal profile (concave—flat) was the third most influential descriptor. Concave or flat curds
satisfy wholesale standards for compactness, whereas looser profiles may enhance aeration
and reduce fungal incidence under the humid Mediterranean winters; the near-even split
(55% concave, 32% flat) indicates parallel selection for both market channels. Similar duality
was recorded in multi-environment trials, where compactness correlated positively with
yield but inversely with tolerance to autumn rainfall events [54].

The three-group partition derived from the first ten FAMD axes (Figure 7) is statisti-
cally admissible but biologically nuanced. A mean silhouette width of 0.17 indicates modest
cohesion and separation—typical when clustering landraces that have been subjected to
overlapping farmer-selection criteria—yet values above zero still reflect structure beyond
random allocation [57]. Cluster 1 (17 accessions, green symbols) occupies the positive sector
of both Dim1 (16.3%) and Dim?2 (10.7%), dimensions dominated by head size, compact
longitudinal profile and elliptic leaves. Members of this group, including BGV001742,
BGV001741, and BGV001747, show the heaviest curds (>500 g) and the highest solid-
ity scores, suggesting convergent selection for marketable yield and transport resilience.
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Cluster 3 (15 accessions, purple) is confined to the negative tail of Dim1 and contains
lines such as BGV004234 and BGV001738 that combine small heads, slender stems, and
reduced plant spread, a phenotype historically preferred for low-input or closely spaced
cultivation systems. The bulk of the collection (cluster 2, 38 accessions, orange) forms
a broad centroid around the origin, representing intermediate morphotypes that bridge
the two extremes. This continuum agrees with earlier multivariate surveys in cauliflower
where head-weight classes, rather than strict geographic origin, produced the primary
stratification of diversity [58-60].

Taken together, head architecture, plant stature, and leaf morphology are the main
factors explaining the principal structure of phenotypic diversity in the COMAV cauliflower
collection, concordant with previous morphological surveys and with current genomic
dissection of curd biogenesis. The simultaneous presence of early and late, compact and
branched, and chromatically diverse phenotypes within a single regional pool underscores
the breeding value of Spanish landraces for yield improvement, climate resilience, and
market differentiation.

3.3. Correlation Amongst Descriptors

We analyzed correlations within data type—Spearman’s rank correlations (p) for the
15 quantitative traits and Cramér’s V for the 21 qualitative traits—while mixed (quantitative—
qualitative) relations were examined in the multivariate analyses. p-values were adjusted
with the Benjamini-Hochberg false discovery rate (FDR < 0.05).

For quantitative traits, several strong Spearman correlations (1 p| > 0.40; FDR < 0.05)
defined coherent modules of curd size and vegetative architecture (Figure 5A). The
strongest links were head weight with head diameter (HWEIGHT_num-HDIAM_num,
p ~ 0.66), head diameter with head length (HDIAM_num-HLENGHT_num, p ~ 0.63),
and leaf length with plant height (LLENGHT_num-PHEIGHT _num, p ~ 0.62). Head
weight also scaled with head length (HWEIGHT _num-HLENGHT _num, p =~ 0.50)
and plant width (HWEIGHT_num-PDIAM_num, p ~ 0.50). Plant size covaried in-
ternally (PHEIGHT _num-PDIAM_num, p ~ 0.47). Leaf length formed a vegetative
dimension with leaf width (LLENGHT_num-LWIDTH_num, p ~ 0.52) and petiole
width (LLENGHT_num-PETWIDTH_num, p ~ 0.51). Petiole thickness associated with
petiole width (PETTHICK _num-PETWIDTH_num, p ~ 0.42) and with head weight
(PETTHICK _num-HWEIGHT _num, p =~ 0.44). These patterns agree with previous re-
ports that larger plants tend to develop broader foliage and heavier curds [61-68].

For qualitative traits, Cramér’s V highlighted interpretable associations (Figure 5B).
Inflorescence branching was strongly associated with earliness class (HBRAN-HARVTIME,
V = 0.70); contingency counts showed highly branched entries over-represented among ear-
lier harvest classes. Leaf lobing connected with the degree of leaf division (LEAFLOB-LDILV,
V & 0.57) and with head-colour class (LEAFLOB-HCOL, V = 0.65). Consistent colour cues
emerged across organs: petiole/midrib colour tracked head colour (PETCOL-HCOL, V
~ 0.59). Additional moderate links included leaf blistering with leaf lobing (LEAFBLIST-
LEAFLOB, V = 0.56), the head/plant size ratio with head colour (RATHPLAN-HCOL,
V &~ 0.48), and leaf apex with leaf shape (LAPEX-LSHAPE, V ~ 0.47). (Cramér’s V
measures strength but not direction; direction was inferred from contingency tables).
These patterns are consistent with developmental genetics: LMI1-like regulators control
leaf lobing in B. oleracea, MYB anthocyanin activators drive coordinated pigmentation
across organs (explaining the PETCOL-HCOL link), and changes in inflorescence iden-
tity /timing that produce Romanesco-type branching illustrate how architecture can couple
with maturity—providing a mechanistic basis for the strong HBRAN-HARVTIME associa-
tion [69-71].
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From a breeding perspective, these results point to a curd-size/plant-stature axis
in the quantitative block and colour-morphology and earliness-branching axes in the
qualitative block, consistent with the block-wise PCA/MCA and the joint FAMD structure.
The earliness—branching relation echoes findings in B. oleracea crops where inflorescence
architecture affects developmental timing and uniformity [54,72,73].

Spanish cauliflower landraces conserved at COMAYV harbour immediately usable
variation for breeding and conservation triage. For yield and market quality, accessions
combining compact curds and high solidity coincide with larger plant stature and leaf size;
for calendar management, highly branched curds tend to mature earlier; and for product
differentiation, purple and Romanesco green heads provide rare pigmentation. Impor-
tantly, the compact-head accessions identified in this study represent particularly valuable
materials for breeding programmes aimed at improving head solidity and fresh-market
quality. Given the current distribution of seed viability, regeneration should prioritize
low-viability but phenotypically distinctive entries to avoid losing unique combinations of
curd architecture, earliness, and colour.

4. Materials and Methods
4.1. Plant Material

Initially, ~250 seeds per accession from a total of 99 accessions of B. oleracea were
obtained from the COMAYV genebank. These materials included 98 Spanish cauliflower
landraces and 1 Romanesco-type landrace, originating from sixteen provinces (see map
in Figure 9). Collection sites were defined from passport data registered at the COMAV
genebank. In total, the accessions originally represented sixteen Spanish provinces at alti-
tudes ranging from 6 m to 950 m above sea level. Additionally, two commercial cauliflower
cultivars, ‘Benidorm” and ‘Amistad’, were characterized as checks because they are widely
grown and high-yielding under Mediterranean greenhouse and open-field conditions; they
provide practical references for productivity, head quality, and earliness.

Number of Accessions per Province

Source: Accessions passports at germplasm bank

Figure 9. Geographic origin of the landrace accessions stored in the COMAYV genebank and later
sown; numbers indicate accessions per province. Commercial checks (‘Benidorm’, ‘Amistad”) are not
included in province counts.

Because germination and emergence varied among accessions, only 75 accessions
produced at least one vigorous plant and 69 reached commercial head stage. All analyses
in this study are performed at the accession level: quantitative traits were averaged across
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plants within an accession, and qualitative traits were summarized as the modal category
while recording any within-accession polymorphism.

4.2. Location and Conditions of Cultivation

The field trial was placed in Cheste, Valencia (39°29'38.8" N 0°41'32.6" W), during the
2022-2023 season. The electrical conductivity of the soil ranged from 0.82 to 1.21 dS/m
throughout the cultivation cycle. The average daily temperatures varied between 3 and
20 °C, thus the plants accumulated about 600 chill hours, according to meteorological
station reports [74]. Climate records from the IVIA-Cheste Agrometeorological Station
(http:/ /riegos.ivia.es/, accessed on 31 May 2025) indicate a mean annual rainfall of 430 mm,
concentrated in autumn and spring. Drip irrigation was scheduled to maintain the soil at
70% of field capacity, delivering 250 mm of water during the cycle. Fertigation supplied a
total of 180-60-240 kg ha~! of N-P,05-K,0 (split in eight weekly applications) following
regional cauliflower guidelines [75].

Seeds were germinated on the first week of August 2022 by direct sown on seedling
trays using commercially available substrate, at the professional nursery Planters Peris
(Alginet, Valencia). The germination rate was noted 8 days after sowing. Following
germination, seedlings were selected and transplanted to the field trial, ensuring the
inclusion of healthy and vigorous plants. Transplanting was conducted at the 4th leaf stage,
except for accessions that failed to germinate.

Since germination and emergence were highly variable; consequently, only 75 acces-
sions produced at least one vigorous plant, and 69 reached commercial head stage. All
subsequent analyses are based on the plants that completed the cycle. Across the 69 acces-
sions that produced a marketable head, the number of evaluable plants per entry ranged
from 3 to 15.

The trial followed Federer’s augmented randomized design [76] to accommodate
uneven plant numbers per accession. Each accession constituted a single, non-replicated
plot of 1-15 plants, whereas the commercial checks were replicated in every block and used
to monitor field heterogeneity. Given the lack of plot replication for accessions, we did
not attempt variance partitioning into genetic and environmental components; results are
therefore descriptive/exploratory at the accession level.

4.3. Morphological Variables

Morphological characterization followed the “Descriptors for Brassica and Raphanus” [51],
with minor adaptations. A set of 36 descriptors was evaluated—15 quantitative and 21 quali-
tative (Table 4)—spanning plant (5), leaf (15), and head (16) traits. The final list prioritized
(i) traits showing wide phenotypic variation in preliminary scouting and (ii) attributes valued
by growers and the fresh market (e.g., head colour, solidity, earliness, leaf attitude).

Vegetative measurements were taken when >50% of plants within an accession had
reached the flowering stage, whereas head-related traits were scored at commercial maturity
(>10 cm head diameter, compact surface, and typical colour for the accession without visible
rice-like texture). For quantitative plant-level descriptors (e.g., stem length, plant width),
all available plants were measured, and accession means were computed. Qualitative
variables were scored on all plants and summarized as the modal category; within-accession
polymorphism was recorded. For each quantitative descriptor we report the accession
mean = standard error (SE) to indicate precision under unequal replication.
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Table 4. Descriptors and their ID’s and scales used in the phenotyping trial of cauliflower and

Romanesco accessions.

Descriptor Acronym IPGRI Descriptor ID Unit/Scores
Number of leaves LSCARS_num 4.2.10 Counted number of leaves and scars
and/or scars
Leaf length LLENGTH. num 4212 Measured (in cm) largest leave including
the petiole
Leaf blade width LWIDTH_num 4213 Measured (in cm) the largest point of
largest leave
Leaf shape LSHAPE 4.2.16 Leaf blade shape in outline, including lobes
Leaf division LDIV 4.2.18 1. Entire 2. Sinuate 3. Lyrate 4. Lacerate
2. Acute 4. Intermediate 6. Rounded
Leaf apex shape LAPEX 42.19 8. Broadly rounded
Leaf blistering LEAFBLIST 4221 0. None 3. Low 5. Intermediate 7. High
1. Yellow-green 2. Light-green 3. Green
Leaf colour LEAFCOL 4224 4. Dark-green 5. Purple-green 6. Purple
7. Other
Petiole length PETLENGTH._ num 4228 Measured (in cm) where blade intercepts
with petiole
Measured (in mm) in the widest point of the
Petiole width PETWIDTH_num 4.2.29 widest leaf, measured in midrib when plant
extends to the plant axis
Plant height PHEIGTH. num 423 Measured length (in cm) to the extremity of
the plant
Petiole thickness ~ PETTHICK_num 4231 Measured (in mm) in the thickest point of
petiole or midrib of largest leaf
Petiole section PETSEC 4.2.32 3. Round 5. Semi-round 7. Flat
Petiole and /or midvein colour 1. White
Petiole colour PETCOL 4233 2. Light-green 3. Green 4. Purple 5. Red
6. Other
Head formation habit HHAB 4.2.34 Observed ?t har\{est 0. Nonheadmg
5. Semi-heading 7. Heading
Head cover by outer HCOV 4.2.37 3. Exposed 5. Intermediate 7. Covered
leaves
Ratio head /plant RATHPLAN 4.2.39 3. Small 5. Intermediate 7. Large
Plant width PDIAM_num 424 Measured (in cm) width of the plant
Head length HLENGTH_num 4241 Measured (in cm) median transverse section
Head diameter HDIAM_num 4.2.42 Measured (in cm) at widest point
Head stem length STEMHLEN_num 4.2.44 Measured (in cm) stem length in head
Head stem diameter = STEMHDIAM_num 4.2.45 Measured (in cm) stem diameter at
head base
Head stem estimation STEMHEST 4.2.47 Stem length in head estimate
Head splitting SPLITTEN 4.2.49 3. Low 5. Intermediate 7. High

tendency
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Table 4. Cont.

Descriptor Acronym IPGRI Descriptor ID Unit/Scores
Measured (in cm) from cotyledon to the
Stem length below the SLENGTH_num 4.2.54 highest point on vegetative or
floral head .
pre-flowering apex
Stem diameter SDIAM num 4255 Measured diameter (in cm) of widest point
on stem
Head weight HWEIGTH_num 4.2.6 Weight (in g) of harvested organ
1. Single flower raceme 2. Enlarged stem
with terminally branched raceme 3. Loosely
branched terminal heads 4. Terminal head
Inflorescence

HBRAN 4273 with smaller heads on auxiliary shoots
5. Compact head of regularly packed
subheads 6. Single compact head of
irregularly packed subheads

branching pattern

Shape of head

loneitudi . HLONSEC 4.2.75 1. Concave 3. Flat 5. Spheric 7. Elliptic
ongitudinal section

Flowering head solidity 3. Low (loose)

Head solidity HSOL 4.2.77 5. Intermediate 7. High (solid)
Flowering head colour surface 1. White
Head surface colour HCOL 4278 2. Cream 3. Yellow 4. Yellow-green 5. Green

6. Pink 7. Green-red 8. Purple 9. Red
10. Orange 11. Other

1. <60 days 2. Between 60 and 120 days

Time between sowing

and harvesting HARVIIME NA 3.>120 days
Head size HSIZE NA G. Big M. Medium P. Small
Leaf blade contour 0. Absent 3. Scarce
Leaf contour LCONTOUR NA 5. Intermediate 7. High
Leaf lobing LEAFLOB NA 1. Absent 9. Present
Plant structure PLANTSTR NA Foliage habit: 1. Erect 2. Semi-erect

3. Oblique

4.4. Data Analysis

A database including both quantitative and qualitative variables was assembled
at the accession level (means for quantitative traits; modal categories for qualitative
traits). For quantitative descriptors, we computed summary statistics (mean, coefficient
of variation, minimum, and maximum). For qualitative descriptors, we summarized
category frequencies.

4.4.1. Association Among Traits

Associations between quantitative traits were assessed with Spearman’s rank correla-
tion (p). Associations between qualitative traits were evaluated with Cramér’s V (x?-based).
We did not compute simple correlations mixing categorical with numerical variables;
instead, relationships between variables of different types were explored within the multi-
variate analyses described below. To account for multiple testing, p-values were adjusted
using the Benjamini-Hochberg false discovery rate (FDR) procedure, and associations were
considered significant at FDR < 0.05.
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4.4.2. Multivariate Analyses by Data Type

(i) PCA was applied to the quantitative traits after centering and scaling to unit variance
(z-scores). We computed the proportion of variance explained and the trait loadings
on the leading components.

(i) MCA was applied to the qualitative traits treated as factors (ordinal scales kept as
ordered factors without numeric recoding). We computed the contributions of each
category to the leading dimensions.

(iii) FAMD was used as an integrative analysis of the mixed dataset (quantitative + quali-
tative) to visualize joint structure. No numeric recoding was required because FAMD
natively handles mixed tables. Global trait contributions were computed as variance-
weighted averages over the first ten dimensions and then normalized to sum to 100%
across variables.

4.4.3. Clustering

Individual coordinates from the FAMD (first ten dimensions) were partitioned with
k-means. We explored k = 2-6 and used the average silhouette width to guide the choice of
k, complemented by interpretability of the partitions. The final solution retained k = 3. We
ran k-means with multiple random starts to ensure stability (nstart = 500).

4.4.4. Sensitivity Analysis

As a robustness check, we computed Gower’s distance and generated a UPGMA
dendrogram, assessing cophenetic correlation to appraise tree faithfulness [77,78]. For this
alternative distance-based analysis, ordinal qualitative traits were temporarily coded as
consecutive integers, following common practice [77-80]. These results are provided in
Appendix A.

All analyses were conducted in R version 4.3.1 [81]. PCA/MCA /FAMD and clustering
were implemented with standard R packages.

5. Conclusions

Seed viability across the COMAV cauliflower collection is highly heterogeneous. Only
one-tenth of the accessions retained >80% germination, and almost one quarter failed to
produce commercial heads under Mediterranean winter conditions. These figures confirm
that a substantial proportion of Spanish landraces now require urgent regeneration if their
genetic integrity is to be preserved.

Despite the viability bottleneck, the 69 landraces that reached maturity encompassed
striking morphological breadth. Quantitative descriptors ranged from ten-fold (stem
length) to three-fold (head diameter) variation, while qualitative traits captured the full
spectrum of leaf architecture, curd colour, and solidity recognized for the crop. Multivariate
and clustering analyses converged on a simple organizing principle: curd-size attributes,
together with overall plant stature and leaf shape, explain most of the phenotypic structure,
whereas geographic origin plays a secondary role. Three FAMD-based clusters illustrate
a continuum from small, slender plants with loose curds to large, wide-rosetted types
bearing dense heads, with numerous intermediates bridging both extremes.

Trait correlations revealed predictable but useful linkages—larger plants invariably
bore heavier heads—alongside a trade-off between earliness and curd compactness medi-
ated by branching intensity. These relationships provide breeders with clear targets: early,
highly branched forms for staggered production cycles, or compact, large-curd genotypes
for fresh-market yield. Importantly, several accessions were identified that consistently pro-
duced compact curds, confirming one of the main objectives of this study. These genotypes
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represent valuable candidates for breeding programmes seeking to improve head solidity
and marketable quality under Mediterranean conditions.

In sum, the COMAV collection retains ample morphological and agronomic diversity
even after decades of ex situ storage. Prioritized seed regeneration, coupled with trait-
informed selection, will allow this diversity to underpin breeding programs aimed at yield
improvement, climate resilience, and niche-market differentiation.
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The following abbreviations are used in this manuscript:

COMAV Instituto Universitario de Conservacién y Mejora de la Agro-diversidad Valenciana

CcVv Coefficient of Variation

F First filial-generation hybrid

FAMD Factorial Analysis of Mixed Data

GVA Generalitat Valenciana

IPGRI International Plant Genetic Resources Institute
IVIA Instituto Valenciano de Investigaciones Agrarias
MCA Multiple Correspondence Analysis

PCA Principal Component Analysis

R R Statistical Computing Environment

SD Standard Deviation

SE Standard Error

UPGMA  Unweighted Pair Group Method with Arithmetic Mean
urv Universitat Politécnica de Valéncia

Appendix A

Exploratory Dendrogram

For completeness, we also computed a UPGMA dendrogram from Gower distances
using all 36 descriptors. The topology broadly agrees with the FAMD-based clustering
(e.g., neighbouring provinces tend to group together), and the cophenetic correlation is
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r = 0.751, indicating that ~75% of pairwise dissimilarities are preserved (Figure A1). All
in-text interpretations are based on the FAMD + clustering results.

UPGMA Dendrogram
T S
$° EEE§H§§% PR Td T a4 SHE FNRIZeCRERRTE L B FECERRnscbog2 UR3NE
oo
Figure A1l. UPGMA dendrogram from Gower distances. Relationships among 69 cauliflower
accessions computed from the full set of 36 descriptors (21 qualitative + 15 quantitative). The
dendrogram preserves ~75% of the original pairwise dissimilarities (cophenetic r = 0.751) and
recovers regional affinities, consistent with the FAMD-based clustering in the main text.
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