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ABSTRACT

RESUMO

Broccoli (Brassica oleracea var. italica) is one of the most
important vegetables in the world and also shows important
functional properties. The present study aimed to characterize 19
broccoli genotypes using biochemical traits (content of total phenolic
compounds, total flavonoids and antioxidant activity) and AFLP
(Amplified Fragment Length Polymorphism) molecular markers.
The experiment was carried out in a greenhouse using a complete
randomized block design with three replicates. The phenotypic data
were subjected to analysis of variance (p≤0.05), Scott-Knott average
clustering method (p≤0.05) and principal component analysis (PCA).
Using molecular data, Ward’s hierarchical clustering, Bayesian
clustering and principal coordinate analysis (PCoA) were performed.
Molecular data showed genetic diversity among the genotypes (three
groups), also a wide variability in the total phenolic compounds,
total flavonoids content and antioxidant activity using FRAP
method. HT3010, Hanabi and Bonanza genotypes showed desirable
biochemical traits for the demanding functional food consumers,
in addition to being promising genotypes to be exploited in plant
breeding programs.

Variabilidade genética entre genótipos de brócolis baseada
em características bioquímicas e moleculares
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Brócolis (Brassica oleracea var. italica) é umas das principais
hortaliças do mundo e apresenta importantes propriedades funcionais.
O presente estudo teve como objetivo caracterizar 19 genótipos de
brócolis por meio de caracteres bioquímicos (teor de compostos
fenólicos totais, flavonoides totais e atividade antioxidante) e
marcadores moleculares do tipo AFLP (Amplified Fragment Length
Polymorphism). O experimento foi realizado em casa de vegetação
usando delineamento em blocos completos ao acaso com três
repetições. Os dados fenotípicos foram submetidos à análise de
variância (p≤0,05), agrupamento de média de Scott-Knott (p≤0,05)
e análise de componentes principais (PCA). A partir dos dados
moleculares, foram realizados os agrupamentos hierárquicos de
Ward, agrupamento Bayesiano e análise de coordenadas principais
(PCoA). Os dados moleculares indicaram diversidade genética
entre os genótipos (três grupos), além de ampla variabilidade para
o teor de compostos fenólicos totais, flavonoides totais e atividade
antioxidante pelo método FRAP. Os genótipos HT3010, Hanabi
e Bonanza apresentam características bioquímicas desejáveis aos
consumidores exigentes em alimentos funcionais, além de serem
genótipos promissores para serem explorados em programas de
melhoramento da cultura.
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roccoli (Brassica oleracea var.
italica) is one of the most produced
and consumed vegetables worldwide
(Owis, 2015). This species is the result
of the selection and accumulation of
mutations during the domestication
process of B. sylvestris. Its center of
origin is the Mediterranean region
(Stansell & Björkman, 2020). Broccoli
germplasm is divided into two
main commercial groups: ramoso,
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which presents several small lateral
inflorescences, and single-head broccoli,
showing inflorescences concentrated at
the shoot tip, also known as Japanese
broccoli (Ordiales et al., 2017).
Broccoli consumption has been
increasing in Brazil in the latest years,
not only due to its reasonable price,
making it affordable for different social
classes, but also for its high nutritional
value (Thomas et al., 2017). It is an

important source of calcium, magnesium
and essential amino acids (Melo,
2015; Chen et al., 2018). In addition,
this vegetable presents antioxidants,
mainly phenolic compounds, which
contribute to the prevention of
premature aging and various types of
cancer and neurodegenerative diseases
(Liu et al., 2018). Moreover, the
phenolic compounds are part of several
biochemical plant defense mechanisms
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related to biotic and abiotic stresses
(Melo et al., 2017).
Phenotypic characterization is of
great importance in order to indentify
agronomic and/or superior nutritional
traits (Swarup et al., 2021). In addition,
molecular markers have been widely
used to characterize genotypes, mainly
to provide information on DNA genetic
variability, as also avoiding influences
concerning environment and/or plant
development stage (Ahmad & Anjum,
2018). Considering the molecular
markers, the AFLP (Amplified Fragment
Length Polymorphism) shows important
characteristics, such as a large genome
coverage, good reproducibility, low
cost and high efficiency (Adhikari et
al., 2017). Given the above, the aim
of this study is to characterize broccoli
genotypes using biochemical and
molecular traits using AFLP markers.

MATERIAL AND METHODS
We evaluated 19 genotypes of
broccoli, being 12 single-head broccoli
genotypes and 7 ramoso broccoli
genotypes (Table 1). The genotypes
were sown on plastic trays with 128
cells and transplanted into 5-liter pots
containing soil, organic compound
and sand (3:1:1). The seedlings were
transplanted 30 days after sowing, which
means, when the plants reached 10-cm
in length and at least five definitive
leaves. The experiment was carried out
in a greenhouse in the experimental
area of Universidade Estadual de
Londrina (UEL), Londrina, Paraná,
Brazil (23°19’31”S, 51°11’60”W)
during the winter harvest, 2019.
The experiment was carried out in a
completely randomized design, with
three replicates, consisting the plots of
four plants.
Molecular characterization was
carried out using AFLP technique,
following the protocol proposed by Vos
et al. (1995). DNA was extracted from
a bulk of leaves of each cultivar using
CTAB method (cetyltrimethylammonium
bromide, Sigma-Aldrich, MissouriUSA). Approximately 500 ng of this
DNA was double digested with 1 U
MseI and 5 U EcoRI (Thermo Scientific,

Califórnia, USA) and linked to EcoRI
(0.5 µM) and MseI (5 µM) adapters in
a reaction containing: T4 DNA ligase
(2U); 1X T4 DNA ligase buffer; NaCl
(0.05M); BSA (50 μg μL-1); DTT (0.25
mM) to a final volume of 10 µL. The
established program for the digestionbinding step consisted of: 37°C for 4 h,
22°C for 1 h and 70°C for 10 min. The
digestion/binding pattern was visualized
on a 1% agarose gel. After confirmation
of digestion, the amplified product was
diluted 1:4 with ultrapure water. Preselective amplification was performed
using 3.5 μL of the GoTaq® Green
Master Mix (Promega, WinchesterUSA), 0.58 μL of the pre-selective
primers EcoRI + A and MseI + C
(4.75 μM), 3.0 μL of the dilution of
the restriction-binding reaction and
ultrapure water to complete the 10 μL
volume. The pre-selective amplification
program consisted of 1 cycle of 72ºC for
2 min, 20 cycles of 94ºC for 1 s, 56ºC
for 30 s, 72ºC for 2 min and a final cycle
of 60ºC for 30 min. Pre-selective PCR
confirmation was confirmed on a 2%
agarose gel and the amplified product
was diluted 1:8 in ultrapure water.
Four primer combinations were
selected for the selective amplification
assay: a) EcoRI (FAM)/-ATC/MseICTCG, b) EcoRI (NED) – AGC/
MseI-CAA, c) EcoRI (VIC) – ACT/
MseI-GAG and d) EcoRI (PET) – AGC/
MseI -CAC. The selective reactions
were performed in a 10 μL volume
containing: 3.5 μL of PCR master mix
(GoTaq® Green Master Mix, Promega,
Winchester-USA), 0.54 μL of each MseI
primer (5 μM) and EcoRI (1μM), 2.5
μL of diluted pre-amplification reaction
and 2.92 μL of ultrapure water. The
amplification program consisted of 1
cycle of 94°C for 2 min, 65°C for 30 s
and 72°C for 2 min; 8 cycles of 94°C
for 1 s, 64°C for 30 s and 72°C for 2
min; 23 cycles of 94°C for 1 s, 56°C
for 30 s and 72°C for 2 min and 1 final
cycle of 60°C for 30 min. Fragment
resolution was performed by capillary
electrophoresis using the automatic
DNA analyzer model 3500xL (Applied
Biosystems, California-USA) and the
fragment electrophoresis results were
combined in a binary matrix by the
GeneMapper® v.4.1 software (Applied
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Biosystems, California, USA).
The characterization of bioactive
compounds was performed by
quantifying the total phenolic content
(TPC), total flavonoid content (TFC)
and antioxidant activity using the FRAP
(ferric reducing antioxidant power)
assay (Benzie & Strain, 1999). The
samples consisted of harvesting the
broccoli inflorescences, which were
immediately frozen in liquid nitrogen
and then lyophilized. After drying, the
samples were ground in a WSG30 mill
(Waring, USA), sieved in 80 mesh and
stored in polyethylene pots protected
from light and heat. For the extraction of
TPC, TFC and FRAP, a suspension was
prepared from 1.00 g of the lyophilized
sample in 10.0 mL of 70% ethanol
(v/v) with five replicates, according to
the protocol adapted by Vázquez et al.
(2008).
TPC quantification was performed
according to Swain & Hillis (1959)
using gallic acid as analytical standard,
ranging from 10 to 100 mg L-1 (r=
0.9960), expressed as milligrams of
gallic acid equivalent per 100 grams
(mg GAE 100 g-1). TFC quantification
was based on Gurnani et al. (2016) using
quercetin as analytical standard, ranging
from 50 to 500 mg L -1 (r=0.9942),
expressed as equivalent milligrams of
quercetin 100 g-1 (mg QE 100g-1). FRAP
was quantified based on Benzie & Strain
(1999) using trolox (6-hydroxy-2,5,7,8tetramethylchroman-2-carboxylic acid)
as analytical standard, ranging from
0.20 to 1.00 mmol L -1 (r= 0.9992),
expressing as μmol of antioxidant
capacity equivalent to trolox per 100 g
(μmol TEAC 100 g-1).
After being verified the normality
and homogeneity of variances, the
biochemical characterization data
were submitted to analysis of variance
(ANOVA) and when significant
(p≤0.05), the averages were clustered
using Scott-Knott test (p≤0.05).
Principal Component Analysis (PCA)
was performed using the standardized
average Euclidean distance. These
analyses were performed using R
software (https://www.r-project.org/)
version 3.6.0 using ‘Expdes.pt’ and
‘FactoMiner’ packages.
Using the AFLP markers, population
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genetics structure was verified by
Bayesian clustering using Structure
software version 2.3.4 (Pritchard
et al., 2000), based on the method
described by Evanno et al. (2005).
We used 500,000 MCMC iterations
(Monte Carlo Markov chain), a burnin period of 100,000 iterations, with
admixture model and correlated allelic
frequencies. Subgroups values (∆K)
from 1 to 19 were tested, with ten
independent interactions for each
value of K. The ideal number of K was
determined using Structure Harvester
software version 0.6.92 (Earl, 2012).
The analysis of principal coordinates
(PCoA) was performed using the R
software version 3.6.0 through the ‘ape’
and ‘plot3D’ packages. Additionally,
the Jaccard distance between cultivars
was calculated and Ward’s hierarchical
grouping was performed using the
‘philentropy’, ‘factoextra’ and ‘ggplot2’
packages.

RESULTS AND DISCUSSION
The authors verified that AFLP
markers are efficient to detect the
genetic variability among the broccoli
genotypes evaluated in this study. The
four primer combinations resulted in
409 amplified bands, all of which are
polymorphic. These results are superior
to the ones observed by Lin et al.
(2013), studying the genetic diversity
among broccoli accessions based on
nine primer combinations AFLP; these
authors observed a total of 334 amplified
bands, being 208 (62.3%) polymorphic.
AFLP methodology associated with
automated capillary electrophoresis
system has been considered an important
tool for exploring the genetic divergence
in several vegetable species (Cardoso
et al., 2018; Constantino et al., 2020;
Massucato et al., 2020).
Ward’s hierarchical grouping,
Bayesian clustering and the analysis
of principal coordinates (PCoA) of the
19 broccoli genotypes are observed in
Figure 1. The average similarity (d’)
among these evaluated genotypes was
0.560, being the cultivars Maraton and
Domador genetically closest (d’ = 0,289),
whereas the genotypes Seminis002 and
290

Hanabi are the most distant (d’ = 0,774).
Considering the simulations performed
using ΔK value method (Evano et al.,
2005), we observed an optimal number
of K= 3, indicating the formation of
three distinct groups.
Group 1 (green) was formed by
nine genotypes (Crioulo 2, Seminis002,
Avenger, AF1125, Domador, Maraton,
Seminis001, HT9631F1 and HT3010).
Groups 2 (red) and 3 (blue) consisted
of four genotypes (Bonanza, HT1607,
Calabres and AF1957) and six genotypes
[Piracicaba Precoce (Horticeres),
Piracicaba Precoce (Sakata), Hanapon,
Santana, Akemi ande Hanabi],
respectively. The genotypes Crioulo
2, AF1125, Bonanza and AF1957 were
classified as admixture, since none
of them showed ancestry coefficient
greater than 0.6 for no group.
The first three main coordinates
(PCoA1, PCoA2 and PCoA3) explained
45.09% of the total variation among
the evaluated genotypes. Using
PCoA, it is possible to observe that
the genotype clustering was similar
to the one observed through Bayesian
clustering and Ward’s hierarchical
grouping, showing consistency among

these three clustering approaches with
molecular data. The results of molecular
characterization are consistent with traits
related to the types of inflorescences
of the studied genotypes, since the
genotypes in group 2 (red) are singleheaded inflorescence genotypes,
whereas genotypes in group 3 (blue)
are ramoso inflorescence genotypes.
The genotypes in group 1 (green) are
all single-headed, except Crioulo 2.
However, this accession was considered
mixed by Bayesian clustering, indicating
that it shares alleles from groups 1 and 3.
The averages of the evaluated
biochemical traits are shown in Table
2. The antioxidant activity determined
by FRAP assay ranged between 16.80
(Seminis001) and 56.24 μmol TEAC
100 g-1 (HT3010), whereas the contents
of phenolic compounds ranged between
22.97 (Seminis001 and AF1957) and
68.91 mg GAE 100 g-1 (HT3010). The
total flavonoid contents ranged between
41.06 (Hanapon) and 61.67 mg QE 100
g-1 (HT3010). In general, the contents
of total phenolic compounds and the
antioxidant activity determined by
FRAP assay were higher in singleheaded inflorescence genotypes when

Table 1. Traits of 19 broccoli genotypes evaluated in this study. Londrina, UEL. 2019.

Genotype
Marathon
Hanapon
Hanabi
AF1125
Avenger
AF1957
Piracicaba Precoce
HT3010
HT9631F1
HT1607
Calabres
Akemi
Piracicaba Precoce
Domador
Seminis001
Seminis002
Bonanza
Santana
Crioulo 2

Company
Sakata
Sakata
Sakata
Sakata
Sakata
Sakata
Sakata
Bioseeds
Bioseeds
Biosseds
Feltrin
Horticeres
Hoticeres
Horticeres
Seminis
Seminis
Isla
Isla
–

Inflorescence
Single head
Ramoso
Ramoso
Single head
Single head
Single head
Ramoso
Single head
Single head
Single head
Single head
Ramoso
Ramoso
Single head
Single head
Single head
Single head
Ramoso
Ramoso

Type
Cultivar
Cultivar
Cultivar
Inbred line
Cultivar
Inbred line
Cultivar
Inbred line
Inbred line
Inbred line
Cultivar
Cultivar
Cultivar
Cultivar
Inbred line
Inbred line
Cultivar
Cultivar
Landrace
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compared to the ramoso-type genotypes.
None of the commercial groups showed
a greater differentiation in terms of
flavonoid contents.
Studying the bioactive compounds
in Brassica oleracea L. var. acephala,
Rigueira et al. (2016) observed high
contents of phenolic compounds (173
and 244 mg GAE 100 g-1 g in leaves
and 86 and 180 mg GAE 100 g-1 in
stems) and the average antioxidant
activity was 62.5 and 34.5% in leaves

and stalks, respectively. We concluded
that, in addition to the genetic variability
existing among genotypes, the
cultivation system also influences the
concentration of bioactive compounds.
Moreover, other factors such as part
of the plant, phenological stage and
crop management can also influence
the concentration of these bioactive
compounds (Rigueira et al., 2016;
Batista et al., 2017; Nasser et al., 2020;
Zanzini et al., 2020).

The two first main components (PC1
and PC2) showed a total of 70.7 and
21.8% of total variation, respectively
(Figure 2). Using PCA, we could
observe that cultivars Hanabi and
AF1125 showed interesting accessions
for studies related to flavonoids, since
they showed high averages for this trait
(Figure 2, Table 2). Cultivars Akemi
and Bonanza were associated with
the antioxidant activity trait vector
determined by FRAP method, presenting

Figure 1. Ward's hierarchical grouping (a), Bayesian clustering considering K=3 (b) and the analysis of principal coordinates (c) of 19
broccoli cultivars. Londrina, UEL, 2019.

Figure 2. Principal Component Analysis (ACP) of 19 broccoli genotypes evaluated for antioxidant activity (FRAP), content of total phenolic
compounds (TPC) and total flavonoids (TFC). Londrina, UEL, 2019.
Horticultura Brasileira 39 (3) July - September, 2021
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Table 2. Averages and standard deviation of antioxidant activity (FRAP), content of total
phenolic compounds (TPC) and total flavonoids (TFC) of 19 broccoli genotypes. Londrina,
UEL. 2019.

Genotypes
Maraton
Hanapon
Hanabi
AF1125
Avenger
AF1957
P, Precoce
(Sakata)
HT3010
HT9631F1
HT1607
Calabres
Akemi
P,Precoce
(Hoticeres)
Domador
Seminis001
Seminis002
Bonanza
Santana
Crioulo 2
CV (%)

FRAP
29.77 ± 2.52 c
37.33 ± 3.03 c
40.03 ± 3.66 b
34.09 ± 0.97 c
21.12 ± 3.33 e
23.28 ± 2.43 d

TPC
42.86 ± 2.41 d
31.93 ± 1.39 f
53.78 ± 5.45 b
55.18 ± 2.10 b
31.93 ± 5.55 f
22.97 ± 2.62 g

TFC
45.00 ± 4.08 c
41.06 ± 3.37 c
59.55 ± 2.81 a
61.06 ± 2.48 a
46.21 ± 0.94 c
45.30 ± 0.94 c

51.92 ± 1.75 a

34.17 ± 3.28 f

47.73 ± 4.08 c

56.24 ± 4.45 a
26.53 ± 1.46 d
42.73 ± 0.84 b
25.99 ± 0.49 d
52.46 ± 4.31 a

68.91 ± 2.92 a
31.93 ± 3.67 f
34.45 ± 1.05 f
32.21 ± 4.10 f
57.42 ± 1.39 b

61.67 ± 4.29 a
51.97 ± 2.48 b
53.48 ± 2.48 b
47.42 ± 2.48 c
52.58 ± 2.48 b

30.31 ± 2.22 c

38.66 ± 2.92 e

51.67 ± 2.81 b

47.60 ± 2.70 b
16.80 ± 1.75 e
52.46 ± 2.70 a
54.08 ± 3.66 a
17.34 ± 2.95 e
34.09 ± 4.20 c
8.21

44.26 ± 3.19 d
22.97 ± 3.96 g
49.02 ± 1.82 c
63.87 ± 1.82 a
36.69 ± 3.67 e
47.90 ± 1.05 c
6.61

46.21 ± 3.37 c
46.82 ± 2.48 c
45.00 ± 3.37 c
52.27 ± 0.94 b
44.70 ± 4.29 c
41.67 ± 3.37 c
6.35

Averages followed by the same letter in the lines do not statistically differ from each other
by the Scott-Knott test at 5% significance.

high averages for these traits. Among the
evaluated genotypes, HT3010 was the
genotype which presented the highest
averages for the antioxidant activity
using FRAP assay, content of total
phenolic compounds and content of
total flavonoids. No difference between
ramoso or single-headed inflorescence
genotypes was observed through PCA.
The genetic variability shown
in the studied broccoli genotypes
observed using AFLP markers and
biochemical traits can be explored in
broccoli breeding programs. Among
the evaluated genotypes, the genotypes
HT3010, Hanabi, Bonanza, Akemi and
AF1125 stood out as they presented the
highest contents of antioxidant activity
using FRAP assay, total phenolic
compounds and total flavonoids. These
genotypes can be used as parents in
breeding programs aiming to develop
broccoli cultivars with high contents of
292

active compounds.
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