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The exploration of nutritional properties in landrace products, coupled with a thorough understanding of their
cultivation environments, is paramount for developing effective and sustainable on-farm strategies for landrace
conservation. Brassica oleracea L. comprises economically significant crops rich in bioactive compounds,
including glucosinolates (GLSs), polyphenols, anthocyanins, and vitamins, contributing to their nutritional and
health-promoting properties. This study, conducted within the BRESOV project (H2020), evaluated some land-
races of the “Ciurietto” Culton in comparison with Marathon F1 of broccoli and the cultivar Snowball of cauli-
flower under organic cultivation in the southeastern of Sicily. Morpho-biometric traits and chemical composition
were assessed, including GLSs (analyzed by HPLC), total phenolic content (TPC), determined using the
Folin-Ciocalteu method), total soluble solids (TSS), and soluble solids (°Brix). Significant correlations were
observed between morphological and biochemical traits. SPAD index were negatively correlated with harvest
time (r = —0.90, p < 0.001), indicating a decline in chlorophyll content increasing the temperature for the late
cultivars and landraces. Similarly, TPC was negatively correlated with plant height (r = —0.82, p < 0.001),
showing the reduction of the phenolic by the increasing of the plant vegetative phase. Among the GLSs detected,
neoglucobrassicin and 4-methoxyglucobrassicin exhibited a strong positive correlation between them (r = 0.65,
p = 0.0014), while the total GLSs content was negatively correlated with 4-methoxyglucobrassicin (r = —0.58, p
= 0.0058). The variation in GLSs content across accessions highlights differential metabolic regulation influ-
enced by genetic and environmental factors. Notably, BN and BF accessions displayed high GLS levels,
emphasizing their potential for health-oriented and agronomic applications. Ciurietto landraces exhibited high
TSS levels, underscoring their value as genetic resources for broccoli breeding, particularly in organic and sus-
tainable farming systems.

1. Introduction

The Brassica oleracea species encompasses a diverse group of
economically and nutritionally significant crops, including cauliflower
(B. oleracea var. botrytis) and broccoli (B. oleracea var. italica). These
vegetables are widely cultivated for their edible inflorescences, rich in
essential nutrients and bioactive compounds such as glucosinolates,
polyphenols, and flavonoids [1]. These compounds are known for their
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antioxidants, anti-inflammatory, and potential anticancer properties,
making them highly desirable in the growing market for functional foods
[1,2]. Among these bioactive compounds, glucosinolates are
sulfur-containing secondary metabolites that, upon hydrolysis, produce
bioactive derivatives such as isothiocyanates and indoles, which have
been extensively studied for their health-promoting effects [3,4]. Simi-
larly, polyphenols, including flavonoids and phenolic acids, contribute
to the antioxidant capacity of these vegetables and play a key role in
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reducing oxidative stress and inflammation [5]. As consumer demand
for health-promoting foods continues to rise, there is an increasing need
to identify cultivars with superior agronomic performance and
enhanced nutritional profiles [6,7].

The relationship between cauliflower and broccoli has been exten-
sively studied through bio-morphological [8,9], biochemical [10], and
molecular analyses [11-13]. Cauliflower and broccoli are distinguished
from other cultivars by the unique morphological transformation of
their reproductive structures, which constitute the harvested produce
[14]. Cauliflower is recognized for having a more diverse genetic
background than broccoli, as indicated by its reproductive characteris-
tics [15]. Genetic studies based on DNA polymorphism suggest that
cauliflower likely originated from broccoli, with further genetic con-
tributions from wild Brassica species via introgression [16]. This hy-
pothesis is reinforced by morphological similarities between broccoli
and various wild Brassica species, which are notably more pronounced
than those observed between broccoli and cauliflower [17]. Both crops
exhibit hypertrophic development of floral branches, though at different
stages of growth. In cauliflower, this hypertrophy initiates early in
development, prior to the elongation of flower stems, resulting in pri-
mordial reproductive buds becoming sterile [18]. These floral branches
serve as primary sink organs for assimilates, leading to atypical prolif-
eration and influencing the curvature of the curd. The transformation of
floral meristems into inflorescence structures is regulated by a homeotic
gene in a homozygous state, which disrupts normal reproductive
development [19]. In contrast, broccoli undergoes hypertrophy at a
more advanced floral development stage, allowing for the harvest of
well-formed, fertile floral buds and enabling the plant to achieve a more
advanced reproductive maturity [20].

Landraces are genetic resources that have been traditionally selected
by farmers over generations, resulting in crops highly adapted to the
specific environmental conditions where they have been cultivated for
centuries. In southern Italy, the local varieties remain widespread and
exhibit significant diversity [21]. The Sicilian landrace ‘Ciurietto’ ex-
emplifies the rich genetic diversity within Brassica oleracea, under-
scoring the importance of landraces in this field of research. ‘Ciurietto’
(Brassica oleracea var. Botrytis x italica) has garnered attention for its
unique combination of traits likely derived from its hybrid origins be-
tween broccoli and cauliflower. Traditionally cultivated in southeastern
Sicily, ‘Ciurietto’ holds a significant place in local culinary culture,
celebrated for its distinctive flavor and texture. Its hybrid nature allows
‘Ciurietto’ to exhibit desirable attributes from both parent varieties of
B. oleracea, making it a compelling subject for evaluating agronomic
performance and nutraceutical potential [22]. Exploring the nutritional
properties of landrace products is crucial for developing effective and
sustainable on-farm conservation strategies. A thorough understanding
of the cultivation environments of these traditional varieties not only
highlights their unique nutritional benefits but also emphasizes their
vital role in enhancing dietary diversity and food security.

Despite the importance of landraces, there is a limited understanding
of the agronomic performance and bioactive compound profiles of the
‘Ciurietto’ in comparison to more commonly cultivated varieties. Pre-
vious studies have explored the general agronomic traits of Brassica
crops but have often overlooked the specific contributions of regional
landraces [23,24]. This gap in knowledge highlights an opportunity to
investigate the unique attributes of these traditional varieties, especially
as consumer interest in health-promoting foods continues to rise.

Given this context, the cultivation of Brassica oleracea varieties,
particularly traditional landraces like ‘Ciurietto,” presents significant
agronomic potential. These landraces will be compared with the hybrid
F1 broccoli ‘Marathon’ and the cauliflower cultivar ‘Snowball.” With
their unique genetic diversity and biochemical profiles, these traditional
varieties can be leveraged to improve crop resilience and enhance
nutritional quality. This study aims to provide a comparative analysis of
the agronomic performance and bioactive compound profiles of the
Sicilian landrace ‘Ciurietto’ in relation to these commonly cultivated
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Brassica varieties. By focusing on key agronomic traits, including growth
parameters yield, and plant morphology, alongside an in-depth analysis
of bioactive compounds, this research seeks to contribute valuable in-
sights into the integration of traditional landraces into modern agri-
cultural systems, promoting both sustainability and public health.

2. Materials and methods
2.1. Plant material and experimental design

This study evaluated seven accessions of Brassica oleracea and its
related complex species (n = 9) as outlined in Table 1.

The plant material of Ciurietti originates from seeds selections car-
ried out by seed guardian in the province of Ragusa, (Sicily, South Italy),
where the crop is widely cultivated and highly valued by local com-
munities. The cvs Marathon and Snowball are F1 hybrids with stable
agronomic and biochemical traits, making them suitable for compara-
tive analysis of agronomic and technological responses to local agro-
ecosystems, and used as Control in the study.

The seeds for each accession were sown in cellular trays filled with
Brill soil (Geotec, Italy) and subsequently placed in a cold greenhouse
located in Catania, Italy (37°31'01.00'N, 15°04'18.00"E), where they
were exposed to natural light conditions. The temperature within the
greenhouse was maintained at an average of 15.4 + 5.8 °C throughout
the growing period, providing optimal conditions for seed germination
and early plant development (Fig. 1). Standard irrigation practices were
applied consistently throughout the study, ensuring optimal moisture
levels for plant growth.

At the four-leaf growth stage (October 2022), the plantlets were
carefully transplanted into a certified organic greenhouse located in
Santa Croce Camerina, Ragusa, Italy (36°51'13.300"N, 14°29'32.000"E).
The plants were arranged in single rows, with a row spacing of 1.0 m and
a plant spacing of 0.5 m along the rows, resulting in a crop density of 2
plants per square meter. The experimental design involved ten plants,
replicated three times for each cultivar.

During the growth period, we implemented a fertilization regimen
tailored to the needs of each cultivar. Regular observations of plant
growth were conducted, noting key parameters such as height and leaf
number at weekly intervals.

Harvest times varied for each accession based on the ripeness of the
curds, and these were recorded meticulously. The common names of the
plants were associated with the month of harvest. After harvesting,
samples were collected, cleaned, frozen at —80 °C, and lyophilized at
—50 °C for 72 h. The samples were then ground into a powder using a
grinder for further analysis.

2.2. Morphometric trait

Morphological descriptors from the International Board for Plant
Genetic Resources (IBPGR) and the International Union for the Protec-
tion of New Varieties of Plants (UPOV) were utilized to characterize the
plants and their curds. The morphometric parameters assessed included
plant height (cm), fresh and dry weight (g), stem diameter (cm), number
of leaves (n), fresh biomass of leaves (g), and percentage of dry matter.
These parameters provide a comprehensive evaluation of the plant’s
growth characteristics and overall productivity.

2.3. SPAD

The nutritional status of the plants was assessed using the Single
Photon Avalanche Diode (SPAD) index. Chlorophyll measurements were
taken from three fully developed leaves of each replicate weekly to
ensure comprehensive monitoring throughout the growth period. Mea-
surements were conducted using a portable chlorophyll meter (SPAD-
502, Minolta Camera Co., Osaka, Japan) in the morning to minimize
variability caused by environmental factors.
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Table 1
List of Brassica oleracea accessions used in the study.
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UNICT Code Working Name Common Harvest Harvest Time
Code Name Period (Julian Days)
UNICT 5082 B<superscript></superscript> BN B. oleracea var. Botrytis ~ Natalino December 356 + 12
R<superscript></superscript> 361 x italica
—]
s N
UNICT 5085 B<superscript></superscript> BI B. oleracea var. Botrytis ~ lannarino January 23+6
R<superscript></superscript> 363 X italica Y,
UNICT 5083 BR362 BF B. oleracea var. Botrytis  Friarolo February 52 +18
X italica
UNICT 5080 B<superscript></superscript> BM B. oleracea var. Botrytis Mazzarolo March 96 + 14
R<superscript></superscript> 359 X italica
UNICT 5088 BR365 BA B. oleracea var. Botrytis ~ Maiolino May 143 £ 25
X italica
[\
UNICT 4322 BR165 MA Brassica oleracea var. Marathon F1 January 25+ 4
Italica
UNICT 4937 CV213 SN Brassica oleracea var. Snowball February 60 +5
Botrytis F1

2.4. Common quality parameters

The dry matter (DM) content was quantified as a percentage based on
the weight loss observed after lyophilization of a specified amount of
fresh plant material. To measure the soluble solid residue (SSR), an
aqueous extract was prepared by adding 2 g of lyophilized curd powder
to 20 mL of distilled water. This procedure was performed in accordance
with the method outlined by Lo Scalzo et al. [25]. The SSR was
expressed in degrees Brix (°Brix) relative to the fresh weight (FW) of the
plant material.

2.5. TPC quantification

The total phenolic content (TPC) was quantified using the
Folin—Ciocalteu colorimetric method. In this procedure, an aliquot of the
sample was combined with Folin—Ciocalteu reagent to initiate the re-
action. Following this, sodium carbonate solution was added to the
mixture, which was then allowed to incubate for a specified duration to
ensure complete reaction. The absorbance of the reaction mixture was
measured in triplicate at a wavelength of 760 nm wusing a

spectrophotometer to enhance the accuracy of the results.

Results were expressed as milligrams of gallic acid equivalent per
gram of dry extract (mg GAE/g DE). A calibration curve was generated
using gallic acid standards in the concentration range of 10-200 mg/mL,
with a correlation coefficient (R%) ranging from 0.989 to 0.998,
demonstrating a strong linear relationship and confirming the reliability
of the method.

2.6. Glucosinolates extraction and analysis

Extraction of GLS and enzymatic desulfation of GLS: the extraction
method was based on the International Standard Method ISO 9167-1
(ISO 9167-1, 1992) [26] and European Commission (European Com-
ission, 1990), with some modifications (Aires and Carvalho, 2017) [27].

Determination of GLS by HPLC: the extracts with desulphoglucosi-
nolates were injected in an HPLC-DADUV/Vis equipped by a C18 (250
x 4.60 mm, 5 pm) column with a mobile phase of ultrapure water
(solvent A) and 20 mL™' acetonitrile: water (v/v) (solvent B), with a
flow rate of 1.5 mL min ! and an injection volume of 10 pL, with binary
gradients according to Aires and Carvalho (2017). The GSs peak
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Greenhouse temperatures recorded during the tests (°C)
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Fig. 1. Greenhouse temperature recorded during the experiment.

identification and quantitative estimations were made using pure stan-
dard GSs as internal standard (IS) (benzyl GL at 1 mg mL™bD. The
chromatograms were recorded at 229 nm and used to identify GSs by
retention time (RT) and UV spectra in comparison with commercial
standards. All reagents used in analytical determinations were HPLC
grade.

GLS Quantification. The quantification of GLS was based on the in-
ternal standard method, according to the fundamentals of HPLC and the
guidelines of the International Conference on Harmonization (ICH)
(IHC, 2005). Each GL content was quantified as ymoles-100 g~ dry
weight (dw):

CGLS sample = (Cis x HPLC area GLS sample X Rf X Df)/ (HPLC areq is ¥
dw) x 100

Where CGLS sample is the concentration of each GL in the sample. Cis is
the concentration in ymoles-mL ! of internal standards added to sample
and injected in the HPLC, Rf is the response factor of each GLS, and Df is
the dilution factor.

The Rf factors, for each GLS, detected at 229 nm, published in ISO
9617-1 standards were considered (ISO 9167-1, 1992).

2.7. Statistical analysis

The statistical analysis was performed using R software (version
4.4.2) (R Core Team, 2025). Data were initially checked for normality
and homogeneity of variances using the Shapiro-Wilk test and Levene’s
test, respectively. Analysis of variance (ANOVA) was used to assess the
differences between accessions for each trait, and Tukey’s Honest Sig-
nificant Difference (HSD) test was applied for multiple comparisons to
identify which means were significantly different.

Principal Component Analysis (PCA) was conducted to explore the
patterns of variation in the data and to examine the relationships be-
tween different accessions and traits. PCA was performed using the
prcomp function from the stats package, and variable loadings were
analyzed to evaluate each variable’s contribution to the principal
components Pearson’s correlation analysis was performed to determine
the relationships between various traits using the cor function in R. A
correlation matrix was visualized using a heatmap generated with the
ggplot2 package. Correlation coefficients were considered significant at
p < 0.05.

For hierarchical clustering analysis, a distance matrix was first
computed using the Euclidean method, followed by clustering using the

hclust function in R. The dendrogram was plotted using the ggplot2 and
ggdendro packages to visualize the hierarchical relationships between
the samples.

Boxplots were created to compare the distribution of bioactive
compounds, including total phenolic content (TPC), total glucosinolates
(GLS), and other relevant traits, with the ggplot2 package. Outliers were
identified using the standard method based on the interquartile range

(IQR).
3. Results
3.1. Agronomic parameters analysis

3.1.1. Growth parameters

Table 2 presents the range of agronomic traits observed across the
different accessions, revealing considerable variability in key growth
and productivity parameters. Total weight exhibited a striking differ-
ence, ranging from 595.5 g in MA to 2976.74 g in SN, highlighting the
substantial disparity in biomass accumulation. Total plant height varied
between 19 cm in SNand 125 cm in BF, reflecting marked differences in
plant stature and growth patterns. Similarly, stem weight varied from
20 g in U to 68 g in BM, and stem diameter ranged from 13.67 mm in BF
to 46.71 mm in SN, illustrating the diversity in stem development across
the accessions.

The number of leaves and leaf weight also displayed notable vari-
ability, with leaf count ranging from 12 leaves in MA to 35 leaves in SN,
and leaf weight ranging from 397.3 g in BM to 1350.4 g in BI. These data

Table 2
Summary of minimum and maximum values for agronomic traits, with corre-
sponding F-values and P-values from ANOVA analysis.

Variable (Units) Min Max F_value P_value
Total_weight (g) 595.50 2976.74 21.13 2.89e-06***
Total_height (cm) 19.00 125.00 42.7 d
Stem_weight (g) 20.00 68.00 18.26

Min_diameter (cm) 13.67 46.71 32.51

Max_diameter (cm) 21.00 56.87 4.642 8.46e-03**
Nbr_leaves (leaves) 12.00 35.00 10 2.17e-04***
Leaves_weight (g) 397.30 1350.40 3.523 2.45e-02*
Stem_weight2 (g) 78.00 368.10 11.26 1.14e-04%***
Root_weight (g) 28.10 193.40 3.385 2.82e-02*
Fruit_weight (g) 215.19 718.80 20.41 3.57e-06***
Weight_dry_fruit (g) 17.82 34.76 6.672 1.69e-03**




M.C. Di Bella et al.

suggest significant differences in leaf production and growth potential,
which are essential factors in overall plant performance. Regarding fruit
traits, fruit weight ranged from 215.19 g in BU to 718.8 g in BA, and dry
fruit weight showed a similar range, from 17.82 g in BN to 34.76 g in SN,
indicating variability in reproductive output across the cultivars.

Statistical analysis using ANOVA revealed significant differences for
all agronomic traits, with F-values ranging from 3.38 for leaf number to
42.7 for total height. The corresponding p-values (all p < 0.05) strongly
support the presence of meaningful differences among the accessions,
underscoring the diverse performance of these cultivars. These findings
provide valuable insights into the agronomic variability of the acces-
sions, suggesting the potential for selective breeding and cultivation
strategies aimed at enhancing desirable traits for specific agronomic
goals.

3.1.2. Chlorophyll content analysis by SPAD

The analysis of SPAD values reveals significant variation in chloro-
phyll content across the different accessions (Fig. 2). BN (mean = 66.82,
SE = 1.87) and BA (mean = 69.45, SE = 0.98) exhibit the highest SPAD
values, suggesting superior chlorophyll content and potentially greater
overall plant health compared to other accessions. Conversely, BF
(mean = 45.05, SE = 1.83), BM (mean = 46.40, SE = 1.27), and SN
(mean = 62.10, SE = 1.47) demonstrate lower SPAD values, indicating
reduced chlorophyll content and potentially compromised plant health.
The significant differences observed among the accessions emphasize
the potential role of these traits in selecting plants with optimal chlo-
rophyll content, which may contribute to improved photosynthetic ef-
ficiency and overall plant performance in various environmental
conditions.

3.1.3. Soluble solids analysis % SS

The results reveal significant differences in the percentage of soluble
solids (%SS) across plant parts, with roots and leaves showing the most
pronounced variations (Table 3; Fig. 3). The roots have the highest %SS
(mean = 40.71 %, p = 4.34e-06), likely due to their role in nutrient
storage, while leaves also exhibit high %SS (mean = 22.98 %, p = 4.85e-
06), reflecting their involvement in photosynthesis and nutrient trans-
port. The steam and fruit show lower %SS (means = 17.89 % and 18.79
%, respectively), with statistically significant differences (p < 0.01) but
smaller effect sizes. These findings highlight the strong link between
plant part function and soluble solid content, emphasizing the impor-
tance of part-specific analysis in plant physiology studies.

Journal of Agriculture and Food Research 25 (2026) 102555

Table 3
Variation in Soluble Solids Content Across Different Plant Organs in the studied
cultivars.

Parameter Min Max Mean F Value P Value
%SS Fruit 0.00 26.87 18.79 6.559 0.00183***
%SS Steam 6.198 27.671 17.89 8.296 0.000578%**
%SS Leaves 16.77 29.75 22.98 19.4 4.85e-06***
%SS Roots 25.89 53.45 40.71 19.76 4.34e-06%**

3.2. Biochemical analysis

3.2.1. Total phenolic analysis

The total phenolic content (TPC) of different accessions was deter-
mined and presented in Fig. 4. A significant variation in TPC was
observed among the accessions (p < 0.05). The highest TPC was
observed in the cauliflower SN (7.5 mg GAE/100 g DW), which was
significantly different from all other accessions. This was followed by
MA, which exhibited a mean TPC of 6.0 mg GAE/100 g DW. These two
accessions displayed considerably higher phenolic contents, indicating
their potential as rich sources of bioactive compounds.

In contrast, the lowest TPC was recorded in accession BA (2.0 mg
GAE/100 g DW), significantly lower than all other accessions. The in-
termediate accessions (BN, BI, BF, and BM) exhibited moderate TPC
values ranging between 3.0 and 4.5 mg GAE/100 g DW and suggesting
no statistically significant differences among some of them.

3.2.2. Glucosinolates analysis

The analysis of glucosinolate content among various accessions
demonstrates substantial variability in both mean levels and consistency
as presented in Fig. 5. The BI accession exhibits a low mean glucosino-
late content of 98.42 pmol/100g DW, accompanied by minimal vari-
ability (SD = 0.29), suggesting a high degree of consistency across
replicates. In contrast, BF displays a significantly higher mean glucosi-
nolate content of 471.47 pmol/100g DW, but with considerable vari-
ability (SD = 95.56), indicating pronounced differences among its
replicates. The BM accession shows a moderate mean of 298.32 pmol/
100g DW and a standard deviation of 22.13, reflecting some variability
in glucosinolate levels. Conversely, BA has the lowest mean glucosino-
late content at 50.42 pmol/100g DW and a standard deviation of 3.08,
signifying relative consistency. Meanwhile, BN stands out with the
highest mean glucosinolate content of 863.62 pmol/100g DW, alongside
a standard deviation of 34.03, revealing some variability within its

SPAD Values Across Accessions

ab

SPAD Value i

BN Bl BF

a
—_—y
b
_
b
Cc
BM BA MA SN
Accessions

Fig. 2. Boxplot representing the variation in SPAD values across different accessions.
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Fig. 3. Boxplot showing the variation in BRIX levels across different accessions, the letters above the boxes indicate statistical groups, with accessions labeled the same being

statistically similar.

Total Phenolic Content Across Accessions

o ©

Total Phenolic Content (mg GAE/100g DW)
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Fig. 4. Boxplot comparing the total phenolic content (TPC) (mg GAE/g DW) across different accessions, the letters above the boxes indicate statistical groups, with

accessions labeled the same being statistically similar.

replicates. The MA accession presents a mean of 429.19 pmol/100g DW
with a low standard deviation of 0.33, indicating stable glucosinolate
levels. Lastly, Snowball SN exhibits a mean glucosinolate content of
289.64 pmol/100g DW and a standard deviation of 25.74, denoting
moderate variability.

The glucosinolate profile among the studied accessions reveals
considerable variability in both composition and total content. Among
the aliphatic glucosinolates, glucoraphanin is the predominant com-
pound, particularly in the BF and BN accessions, where it accounts for
69.55 % and 43.89 % of the total glucosinolate content, respectively.
Similarly, progoitrin is notably abundant in the BI and BF accessions,
whereas glucoiberin is present in significant amounts only in the BN
(28.97 %) and MA (40.95 %) accessions. In contrast, the indolic gluco-
sinolates—including glucobrassicin, 4-methoxyglucobrassicin, and
neoglucobrassicin—exhibit a more balanced distribution across acces-
sions. However, BM (64.97 %) and SN (62.98 %) accessions show

markedly higher total indolic glucosinolate levels. These variations
highlight the distinct glucosinolate composition among accessions, as
illustrated in Fig. 6.

3.2.3. Pearson s correlation between the studied traits

Significant correlations were observed between various morpholog-
ical and biochemical traits, reflecting intricate relationships that shape
plant development (Fig. 7). For example, SPAD readings exhibited a
strong negative correlation with harvest time (r = —0.90, p < 0.001),
suggesting that longer harvest times are associated with decreased
chlorophyll content. Additionally, a negative correlation between stem
weight and total weight (r = —0.70, p < 0.001) indicates that as stem
weight increases, the overall plant weight decreases, possibly due to
resource allocation favoring stem growth at the expense of other parts.
The total height of the plant was negatively correlated with both root
weight (r = —0.59, p < 0.005) and fruit weight (r = —0.77, p < 0.001),
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Total Glucosinolates Content Across Accessions
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Fig. 5. Comparison of total glucosinolate content (pmol/100g DW) across different studied accessions reflecting genetic differences. The letters above the boxes
indicate statistical groups, with accessions labeled the same being statistically similar.

Percentage Distribution of Individual Glucosinolates Across Accessions
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Fig. 6. Percentage distribution of individual glucosinolates in Brassica oleracea accessions. The chart illustrates the proportion of each glucosinolate in the total

glucosinolate profile, expressed as a percentage.

implying that taller plants tend to have reduced root and fruit biomass.
Furthermore, total phenolic content (TPC) showed a significant negative
correlation with plant height (r = —0.82, p < 0.001), underscoring the
complex interplay between growth parameters and biochemical
composition. Other notable correlations included a positive relationship
between fruit weight and dry weight of stems (r = 0.78, p < 0.001),
indicating that larger fruit weight is associated with increased stem
biomass.

In terms of glucosinolate compounds, several significant correlations
were also identified. A moderate positive correlation (r = 0.4725, p =
0.0305) between progoitrin and 4-methoxyglucobrassicin suggests that
higher progoitrin levels correspond to increased concentrations of 4-
methoxyglucobrassicin. A strong positive correlation (r = 0.6513, p =
0.0014) was found between neogluco-brassicin and 4-methoxygluco-
brassicin, indicating that elevated neogluco-brassicin levels are linked
with higher 4-methoxyglucobrassicin concentrations. Conversely, a

moderate negative correlation (r = —0.5808, p = 0.0058) between total
glucosinolate content and 4-methoxyglucobrassicin suggests that as the
total glucosinolate content increases, the concentration of 4-methoxy-
glucobrassicin decreases. These correlations emphasize the inter-
connected nature of glucosinolate compounds, with potential
implications for the overall glucosinolate profile in the plants.

3.2.4. Principle component analysis PCA

This Principal Component Analysis (PCA) biplot illustrates the re-
lationships between accessions and various phenotypic and biochemical
traits. The two principal components, Dim1 (34.8 %) and Dim2 (22 %),
together explain 56.8 % of the total variation (Fig. 8).

The cultivar MA is the most distinct accession, strongly associated
with root weight, minimum diameter, %SS fruit, TPC, and glucoiberin,
while SN also shows differentiation, aligning with root-related traits. In
contrast, BM and BN cluster near the center, indicating phenotypic
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similarity and moderate contributions from traits like dry weight of intermediate traits associated with SPAD, dry weight leaves, and total
stem, fruit weight, and 4-Methoxyglucobrassicin. BI and BF, positioned glucosinolate content. Traits such as stem weight and weight tray are
negatively along Dim1 and Dim2, share characteristics related to glu- positively correlated, while glucoraphanin and total height show an
coraphanin, %SS steam, and total height, whereas BA exhibits inverse relationship with root weight and %SS fruit. The longer vectors,



M.C. Di Bella et al.

particularly for root weight, %SS fruit, and total glucosinolate, indicate
their strong influence in distinguishing accessions. This analysis high-
lights significant phenotypic and biochemical differences, particularly in
MA and SN, while suggesting overall homogeneity among BN, BM, BI,
and BF, which can be crucial for breeding strategies, conservation, or
further study.

3.3. Hierarchical clustering of accessions based on Principal Component
Analysis

The hierarchical clustering dendrogram presents the relationships
among accessions based on dissimilarity distances, revealing two
distinct clusters (Fig. 9). The first cluster groups SN, BA, and MA, with
BA and MA being more closely related, while SN remains somewhat
distinct yet still within the same grouping. The second cluster includes
BN, BM, BI, and BF, where BN and BM form a subcluster, indicating
strong similarity, and BI and BF form another closely related subcluster.
The separation between the two major clusters, with a high dissimilarity
value of approximately 9, suggests significant differentiation, poten-
tially reflecting genetic, phenotypic variations among the accessions.

The significant separation of SN and MA from the rest implies that
these accessions possess distinct morphological or genetic traits, which
may be influenced by genetic divergence, environmental adaptation, or
selective breeding. Meanwhile, the clustering of BN, BM, BI, and BF
indicates high phenotypic uniformity, suggesting they either share a
common genetic background or have been subjected to similar envi-
ronmental pressures.

4. Discussion

The observed variability in agronomic traits across accessions high-
lights significant genetic diversity in Brassica oleracea, with implications
for selective breeding and adaptation to different environments.

The evaluation of agronomic performance in Brassica oleracea ac-
cessions revealed substantial variability in key traits, reflecting differ-
ences in growth and productivity potential. These findings align with
those of Rakshita et al. [28] in India, which also documented significant
variation in cauliflower cultivars under distinct agro-climatic condi-
tions. In our Sicilian trial, total plant weight exhibited a significant
range, from 595.5 g to 2976.74 g, highlighting notable differences in

Journal of Agriculture and Food Research 25 (2026) 102555

biomass accumulation. Similarly, plant height varied between 19 cm
and 125 cm, illustrating differences in vegetative growth patterns. These
results further support the observations of Branca et al. [29], who
identified considerable variation in plant height and biomass among
different landraces of Brassica oleracea. In contrast, Rakshita et al. [28]
reported total plant weights ranging from 475.0 g to 2883.3 g, with
maximum plant heights reaching 16.1 cm. These discrepancies suggest
that environmental factors such as temperature, photoperiod, and soil
conditions play a crucial role in influencing genetic potential for plant
height and biomass accumulation. Leaf traits, which are significant
contributors to overall plant productivity, also exhibited notable dif-
ferences. In our study, the number of leaves per plant ranged from 12 to
35, with corresponding leaf weights between 397.3 g and 1350.4 g.
Notably, these values were higher compared to those observed in the
cultivar grown under Indian conditions. This suggests that Sicilian ac-
cessions may have a higher leaf biomass allocation, potentially influ-
enced by genetic factors or the effects of the Mediterranean climate on
leaf expansion and retention [30]. The ANOVA conducted on the
morphological traits revealed statistically significant differences among
the studied accessions. This considerable variation highlights the sig-
nificance of these traits in differentiating and further characterizing
Brassica oleracea accessions, offering valuable insights into their
phenotypic diversity and genetic variability, as previously demonstrated
by El-Esawi et al. [31]. The observed differences in the percentage of
soluble solids (%SS) across plant parts underscore the distinct physio-
logical roles that each organ plays in plant development. The roots,
exhibiting the highest %8S, serve a crucial function in nutrient storage,
which is essential for supporting plant health and growth [32]. This
elevated soluble solid content in roots not only indicates their role as
energy reservoirs but also highlights their importance in ensuring plant
resilience [33]. Leaves also showed a high %SS, with a mean of 22.98 %
(p = 4.85e-06), reflecting their significant involvement in photosyn-
thesis and nutrient transport. The high soluble solids content in leaves
suggests a robust metabolic activity, as these organs are crucial for
synthesizing and distributing carbohydrates produced during photo-
synthesis. This relationship between %SS and metabolic function re-
inforces the idea that leaves are not just passive structures but active
participants in the plant’s physiological processes. In contrast, the lower
%SS in stems and fruits points to their different functional priorities.
Stems primarily provide structural support and facilitate the transport of
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nutrients and water, which may limit their capacity for storing soluble
solids. Similarly, the lower content in fruits indicates a focus on repro-
ductive success rather than energy storage. This suggests a trade-off in
energy allocation, where resources are directed more towards repro-
duction than accumulating reserves [34]. These findings highlight the
significance of conducting part-specific analyses in plant physiological
research, as the functions of different organs greatly influence their
biochemical profiles. Understanding the interplay between %SS and
organ function not only enhances our knowledge of plant biology but
also has practical implications for agriculture.

The observed variation in glucosinolate content across different ac-
cessions reflects distinct metabolic regulation, likely influenced by ge-
netic diversity and environmental factors [35,36]. This differentiation is
particularly significant for breeding and agricultural applications, as
glucosinolates play essential roles in plant defense mechanisms, bioac-
tivity, and nutritional value. Glucobrassicin was the predominant glu-
cosinolate in most accessions, particularly in BM, SN, and BI, where it
accounted for more than 50 % of the total glucosinolate content. Glu-
coraphanin was also highly represented, especially in BF, BI, and BN,
indicating a potential role in stress response mechanisms. Notably, MA
and BN exhibited a markedly high proportion of glucoiberin, dis-
tinguishing them from the other accessions. Progoitrin was present in
moderate amounts in BF, BI, and BN but was nearly absent in other
accessions. Minor glucosinolates, including methoxyglucobrassicin and
neoglucobrassicin, were consistently detected in all accessions, albeit at
lower levels. The observed variations suggest genetic differences in
glucosinolate biosynthesis pathways, which may influence both the
adaptive potential of these accessions and their nutritional or phyto-
chemical value. These findings highlight the importance of
accession-specific glucosinolate profiling for future breeding programs
and functional studies on plant defense mechanisms. In contrast, the
significantly higher total glucosinolate content in BN and BF indicates
their strong potential for health-related and agronomic uses. Overall,
understanding these metabolic differences provides critical insights for
optimizing glucosinolate profiles in breeding efforts, aiming for cultivars
that enhance agricultural resilience and improve human health [37].
Future research should focus on developing targeted strategies to
maximize the health benefits and agronomic potential of these diverse
accessions. The significant correlations observed between various
agronomic and biochemical traits further highlight the complex inter-
play between plant growth and biochemical composition. The strong
negative correlation between SPAD values and harvest time suggests
that accessions with longer growth periods tend to exhibit lower chlo-
rophyll content, potentially indicating a trade-off between growth
duration and photosynthetic efficiency. Additionally, the negative cor-
relation between stem weight and total weight suggests that resource
allocation may favor stem growth at the expense of other plant parts,
such as leaves or fruit. The correlation between total phenolic content
(TPC) and plant height further underscores the interconnectedness of
morphological and biochemical traits, with taller plants tending to have
lower phenolic content. These correlations suggest that plant growth
strategies may influence the accumulation of bioactive compounds,
which could have implications for the nutritional and medicinal value of
the accessions.

The PCA performed on the studied accessions revealed key differ-
ences in the agronomic and biochemical traits that underlie their
phenotypic diversity. By reducing the complex multivariate data into
two principal components (Dim1 and Dim2), the PCA biplot helped
identify the most significant trait variations and grouped accessions
based on these trait profiles. MA and SN were positioned as the most
distinct accessions compared to the rest of the studied accessions, both
showing unique trait combinations. MA exhibited characteristics
strongly associated with root weight, glucosinolate composition, and
phenolic content (TPC). These traits suggest that MA might have evolved
under specific environmental pressures, possibly favoring root devel-
opment and secondary metabolite accumulation. Similarly, SN also
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showed significant differentiation, aligning with traits related to root
development and biomass allocation, but with less emphasis on gluco-
sinolate content. This separation in the PCA plot highlights the potential
for MA and SN to be used in breeding programs focused on traits like
root size or specific biochemical profiles, which could be important for
agricultural systems emphasizing root-based productivity or specific
chemical compositions for nutrition or medicinal purposes.

BN, BM, and BF clustered closely together, suggesting that these
cultivars share a higher degree of phenotypic and biochemical similar-
ity. This could indicate that they either share a common genetic origin or
have adapted similarly to local growing conditions. These accessions
displayed moderate levels of traits like glucosinolate concentration,
soluble solid content in fruit, and total height. Such clustering suggests
genetic uniformity or environmental convergence, which can be bene-
ficial for breeding strategies focused on creating cultivars with consis-
tent performance across various growing conditions [38].

The hierarchical clustering analysis provided deeper insights into the
relationships among the accessions, revealing two major clusters that
reflect both genetic and phenotypic differentiation. SN and MA, with
their unique traits, should be considered in breeding programs targeting
specialized traits, such as high glucosinolate levels, root size, or specific
phenolic compounds. These cultivars can serve as sources of novel ge-
netic material, enhancing the genetic diversity of breeding populations.
For example, the introduction of these traits could lead to the develop-
ment of crops with enhanced nutritional or medicinal properties, which
are increasingly valued in contemporary agriculture. On the other hand,
the closely clustered accessions (BN, BM, BI, and BF) should be priori-
tized in breeding efforts focused on consistency and reliability, espe-
cially for commercial cultivation. Their phenotypic uniformity makes
them prime candidates for mass production, where predictable yield,
uniform growth, and resistance to environmental stresses are essential.

Multivariate statistical analyses, particularly hierarchical clustering
and Principal Component Analysis (PCA), serve as essential tools for
uncovering cultivar-specific traits and the biochemical mechanisms
influencing nutritional quality in Brassica oleracea [39]. These tech-
niques, similar to those employed in the research by Granato et al. [40]
and Sharma et al. [41], significantly enhance our understanding of both
the biochemical diversity and the genetic relationships inherent among
cultivars, including the Sicilian landrace ‘Ciurietto’. By systematically
categorizing and analyzing these traits, we can identify cultivars that not
only demonstrate superior agronomic performance but also offer
enhanced health benefits. This insight is crucial for developing informed
selection strategies aimed at enriching the nutritional profiles of tradi-
tional landraces, ultimately supporting sustainable agricultural prac-
tices and promoting public health. While this study provides valuable
insights into the agronomic and biochemical diversity of Brassica oler-
acea, several factors warrant further investigation. Environmental
variability across growing seasons may influence trait expression [42,
43,1, necessitating multi-year trials to assess trait stability under diverse
conditions. Additionally, while biochemical assays offer useful in-
dicators of antioxidant capacity, integrating metabolomic and tran-
scriptomic approaches could provide a more comprehensive
understanding of metabolic pathways governing trait variation [44].
Future research should also focus on elucidating the molecular mecha-
nisms underlying observed trait correlations, thereby refining breeding
strategies for improved crop performance and bioactive compound
enrichment.

5. Conclusions

This study presents a comprehensive comparative analysis of agro-
nomic and biochemical traits among diverse Brassica oleracea acces-
sions, with the overarching goal of identifying superior candidates for
cultivation and targeted breeding programs. Substantial variability was
detected across key agronomic parameters,including plant height,
biomass accumulation, and fruit weight—underscoring the considerable
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genetic diversity within the evaluated germplasm. Among the analyzed
accessions, SN, the hybrid exhibited the highest total biomass, while BF
attained the greatest plant height, identifying this population as prom-
ising genotypes for distinct agronomic objectives. Marked differences in
SPAD values and soluble solids content further highlighted the pro-
nounced physiological and biochemical heterogeneity across accessions.
In particular, the elevated SPAD readings observed in BN and BA indi-
cate enhanced chlorophyll content, potentially associated with greater
photosynthetic efficiency and overall plant vigor. Similarly, the
observed variation in soluble solids content among plant organs reflects
the functional specialization of tissues in nutrient accumulation and
translocation. Biochemical profiling revealed substantial differences in
total phenolic content and glucosinolate composition, with the pop-
ulations BF and BN showing significantly elevated levels of bioactive
compounds. These findings point to their potential as valuable genetic
resources for the development of B. oleracea varieties enriched in health-
promoting phytochemicals. Correlation analysis elucidated key re-
lationships between agronomic and biochemical traits, suggesting po-
tential trade-offs between growth performance and secondary
metabolite biosynthesis. Such insights provide a critical framework for
integrating yield optimization with nutritional enhancement in future
breeding strategies.

Overall, the results establish a robust foundation for breeding pro-
grams aimed at producing high-yielding, nutrient-dense B. oleracea
cultivars adapted to a wide range of agro-environmental conditions.
Further validation through multi-environment field trials will be
essential to confirm the stability and heritability of these traits and to
refine selection criteria for large-scale cultivation and commercial
deployment.
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