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Preface

The genus Brassica L. of the family Brassicaceae has a vital role in agriculture and human
health. The genus comprises of several species, including major oilseed and vegetable crops
with promising agronomic traits. Brassica species are vital resources of vegetable oil, vegeta‐
bles and condiments. Brassica napus, B. rapa, B. juncea and B. carinata provide approximately
12% of the vegetable oil supply worldwide. The oil is utilized for human consumption or as
a biofuel or renewable resource in the petrochemical industry. Brassicaceae contains glucosi‐
nolates that are broken down to isothiocyanates and these are known to mitigate tumour
development and prevent a range of heart diseases and human cancers. The plants compris‐
ing high amounts of glucosinolate may be further utilized as a potential genetic source for
breeding. Brassica secondary products have antibacterial, antioxidant and antiviral effects.
Characterization of Brassica is important for providing information on domestication, propa‐
gation and breeding programs, as well as conservation of plant genetic resources.

This book highlights the current knowledge of the genus Brassica L. in order to understand
its biology, diversity, conservation and breeding, as well as to develop disease-resistant and
more productive crops. Breeding technologies and resistance to abiotic stresses in Brassica
species are also discussed. This book will be of interest to many readers, researchers and
scientists, who will find this information useful for the advancement of their research to‐
wards a better understanding of Brassica breeding programs.

The book includes ten chapters, which provide up-to-date knowledge on Brassica genetic re‐
sources. The titles of the ten chapters are as follows: (1) Characterization and Breeding ofBrassi‐
ca Germplasm, (2) Phytochemical Composition and Antioxidant Potential of Brassica, (3)
Spatial and Temporal Assessment of Brassica napus L. Maintaining Genetic Diversity and Gene
Flow Potential: An Empirical Evaluation, (4) Glucosinolates in Brassicas, (5) Vegetable Brassica
Breeding, (6) Pale-Green Kohlrabi, a Versatile Brassica Vegetable, (7) Agronomic Factors Influ‐
encing Brassica Productivity and Phytochemical Quality, (8) Genetic and Epigenetic Regulation
of Vernalization in Brassicaceae, (9) Benefits of Entomophile Pollination in Crops of Brassica
napus and Aspects of Plant Floral Biology, and (10) Economic Insect Pests of Brassica.

The book editor would like to thank Ms. Marijana Francetic, Publishing Process Manager,
for her wholehearted cooperation in the publication of this book.

Mohamed Ahmed El-Esawi, PhD
Botany Department

Faculty of Science
Tanta University, Egypt

Sainsbury Laboratory
University of Cambridge

Cambridge, United Kingdom
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Introductory Chapter: Characterization and Breeding 
of Brassica Germplasm
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Additional information is available at the end of the chapter

1. Introduction

The genus Brassica L. belonging to the family Brassicaceae has a vital role in agriculture 
and populations health [1]. It comprises several species, including major oilseed and veg-
etable crops of promising agronomic traits [2–5]. Brassica species are vital resources of 
vegetable oil, vegetables, and condiments [6]. Brassica napus, B. rapa, B. juncea, and  
B. carinata provide approximately 12% of the vegetable oil supply worldwide [3, 7]. The oil is  
utilized for human consumption or as a biofuel or renewable resource in the petrochemi-
cal industry. B. oleracea comprises a large storage capacity for nutrients and provides a 
large range of unique cole and cabbage crops used for human consumption [1, 3]. The 
seed of Brassica nigra is used as a condiment mustard. Furthermore, Brassica species are 
vital sources of potassium; dietary fiber; vitamins A, C, and E; phenolics; and other health-
enhancing factors [3, 6, 8]. Brassicaceae contains glucosinolates which are broken down to 
isothiocyanates known to mitigate tumor development and resist a range of heart diseases 
and human cancers [2, 3, 9]. The plants comprising high amount of glucosinolate may be 
further utilized as a potential genetic source for breeding [10]. Brassica vegetables inhibit 
major diseases such as Alzheimer’s, and some of the functional declines associated with 
aging [3, 9].

Brassica secondary products have antibacterial, antioxidant, and antiviral effects as well as 
inducing the immune system and regulating steroid metabolism [2, 3, 9]. Various fungal, 
bacterial, viral, and insect and pest pathogens, including Plasmodiophora brassicae (clubroot), 
Peronospora parasitica (downy mildew), Ophiosphaerella korrae (ring spot), Leptosphaeria maculans  
(blackleg), Fusarium oxysporum (yellows or fusarium wilt), Xanthomonas campestris (black rot), 

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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Brevicoryne brassicae (aphids), Prodenia spp. (cut worms), Pieris rapae (cabbage worms), and 
Delia radicum (cabbage root fly) infect Brassica and crucifers causing harmful diseases and 
damage [3, 11]. The utilization of pesticides to control these devastated diseases is harmful for 
human and environment. The issue has led to searching for alternative resources to control 
these diseases. To close this gap, disease-resistant Brassica varieties would be developed in 
future breeding programs in order to improve their conservation and agricultural production 
[3]. Hence, attention has been paid to wild Brassica genetic resources (repositories of resis-
tance genes) to identify the genes conferring resistance and good agronomic traits including 
oil content [2, 3, 12–14]. Due to the strong self-incompatibility system, most Brassica crops are 
outbreeders with a high degree of heterozygosity in natural populations and open-pollinated 
crops [3, 9]. Better methods for characterizing those germplasm collections have also been 
developed to improve strategies for their biodiversity conservation and utilization in varietal 
improvement.

2. Genetic characterization of Brassica germplasm

Genetic diversity is defined as the variation of individual genotypes within and among 
species and is the raw material permitting species to adjust to a changing world [2, 3]. 
Knowledge of the amount and distribution of genetic variability within a species is impor-
tant for establishing efficient conservation and breeding practices [3], whereas it provides 
plant breeders with options to develop, through selection and breeding, new and more 
productive crops that are resistant to diseases and pests and adapted to changing envi-
ronments. It also provides information for domestication and designing sampling proto-
cols [3]. Therefore, assessing genetic diversity is also essential for providing information 
for domestication, propagation, and breeding programs as well as conservation of plant 
genetic resources. Different techniques and markers have been successfully used for charac-
terizing Brassica genetic resources [3]. These techniques include morphological, cytological, 
biochemical, and molecular markers. Physiological, biochemical, and molecular genetic 
techniques have also successfully applied in different plant species [15–31]. This work 
highlights the current knowledge of the application of physiological and genetic markers 
in the genus Brassica L. in order to understand its biology, diversity, conservation, and 
breeding as a basis for further research to develop disease-resistant and more productive 
crops. Breeding technologies and resistance to abiotic stresses in Brassica species are also 
discussed.
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Abstract

The edible parts of Brassica plants are a rich source of phytochemical compounds which 
possess strong antioxidant potential. These plants contain a variety of phytochemical 
compound including phenolics, polyphenols, phenolic acids, flavonoids, carotenoids 
(zeaxanthin, lutein, β-carotene), alkaloids, phytosterols chlorophyll, glucosinolates, ter-
penoids, and glycosides. These plants possess strong antioxidant potential in terms of 
metal reducing, metal chelating, lipid reducing and free radical scavenging activities. 
These also have a positive effect on the activity of antioxidant enzymes such as gluta-
thione peroxidase, superoxide dismutase, catalase, and ascorbate peroxidase. Among 
various species of genus Brassica studied for their phytochemical composition and anti-
oxidant activity, Brassica oleracea leaves, florets and seeds have better phytochemical and 
antioxidant profile. Brassica juncea, Brassica napus, Brassica rapa and Brassica nigra are also 
the phytochemical and antioxidant rich species of genus Brassica. The phytochemical pro-
file and antioxidant potential of Brassica plants make them the preferable candidates for 
nutritional and pharmaceutical applications.

Keywords: antioxidant potential, antioxidant enzymes, Brassica plants, free radical 
scavenging capacity, bioactive phytochemicals, phytochemical composition

1. Introduction

Brassica is a genus of plants family Cruciferae also called Brassicaceae which consists of about 
350 genera and almost 3500 species. Brassica is the most important of all the genera of this 
family. Most of the species this genus have worldwide importance due to their economic, 
nutritional, medicinal, and pharmaceutical value. These species are cultivated as vegetables, 
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oilseed crops, animal forage and medicinal herbs throughout the world. Oilseed crops of 
Brassica produce 14% of the world’s vegetable oil, the third most important source of edible 
oil after soybean and palm.

The genus Brassica is classified as:

Kingdom Planta

Division Tracheophyta

Subdivision Spermatophyta

Class Angiospermae

Subclass Dicotyledonae

Order Papaverales

Family Cruciferae or Brassicaceae

Genus Brassica

Some commonly used Brassica species of nutritional and medicinal importance are enlisted 
below [1]:

Species Subspecies/var. Common name

Brassica oleracea Capitata F. alba White Cabbage

Capitata F. rubra Red or purple cabbage

Capitata L. Green cabbage

Italica Italian broccoli, Chinese broccoli

Gemmifera Brussels sprouts

Sabellica L. Curly kale

Acephala L. Kale

Alboglabra Chinese kale, kailan

Botrytis Cauliflower, Italian cauliflower

Sabauda Savoy cabbage

Gongylodes Kohlrabi, stem turnip, Knol khol

Costata Portuguese cole, Tronchuda cabbage

Brassica juncea Czern L. Mustard, Indian mustard, Leaf 
mustard,

Brassica juncea Coss L., Green mustard

Brassica juncea Integrifolia Korean leaf mustard, Multi-shoot 
mustard

Brassica rapa or.

Brassica campestris Rapifera L./Rapa L Sarson, Turnip rape, Field mustard, 
Bird

rape, canola, Turnip top.

Brassica Germplasm - Characterization, Breeding and Utilization8

B. oleracea is the most important species of genus Brassica due to its cultivation, consumption 
and nutritional and medicinal value. The members of this species are commonly called as cab-
bage, kale, broccoli, cauliflower and Brussels sprouts. These are equally used as vegetables for 
human and forage for animals. B. juncea, B. napus, B. nigra, B. napus, B. carinata and B. rapa are the 
other commonly used species of this genus which are used as vegetables and a source of vegeta-
ble oil. The parts of Brassica plants used as food and medicine include root, shoot, stem, leaves, 
leaf buds, flower buds, florets, landraces, sprouts, inflorescence, seeds, seed oil, and callus. The 
Brassica plants are very rich and economical source of a variety of nutritional (carbohydrates, 
lipids, protein, vitamins, and minerals) and phytochemical components of medicinal value.

Pekinensis L. Chinese cabbage

Parachinesis Chines cabbage, Choi sum, Sawi

Brassica napus Napobrassica Oilseed rape, rape, oilseed rape, 
Canola

Brassica carinata Ethiopian rapeseed

Brassica nigra Koch L. Black mustard

Viridis Collards

Brassica juncea Crispifolia Curled mustard

Rosularis Tatsoi

Brassica hirta Sinapis alba White or yellow mustard

Brassica elongata Elongated mustard

Brassica fruticulosa Mediterranean cabbage

Brassica hilarionis Hilarion’s Brassica, St. Hilarion 
Lahanas

Brassica kaber Wild mustard, Charlock, Field 
mustard

Brassica balearica Mallorca cabbage

Brassica fruticulosa Mediterranean cabbage.

Brassica hilarionis St Hilarion cabbage.

Brassica rupestris Brown mustard

Brassica tournefortii Asian mustard

Brassica narinosa Broad beaked mustard

Brassica geniculata Hoary mustard

Brassica elongate Elongated mustard

Brassica septiceps Seven top turnip

Brassica perviridis Tender green, mustard spinach
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Species/subspecies Phytochemical components and biological activity Reference

B. oleracea

Capitata F. alba

Leaves are rich source of phytochemicals including phenolics, phenolic acids, 
sophoroside-glucosides and vitamin C with good antioxidant activity in terms 
of PORS and ORAC.

[5, 34, 35]

B. oleracea

Capitata L.

Leaves and flower buds contain phenolic acids, phenols, polyphenols, 
tannins, saponins, carotenoids (zeaxanthin, lutein, β-carotene), alkaloids, 
phenols, phytosterols and chlorophyll, glucosinolates, terpenoids flavonoids, 
glycosides, steroids, anthocyanins and aliphatic and aromatic amines. It 
shows antioxidant activity in terms of FRAP, ICA, LARC, hydroxyl and DPPH 
radical scavenging activities. Leaves possess antioxidant enzymes including 
POD, SOD, and CAT, inhibit DNA methylation, and prevent DNA damage 
and threats of cancer and cardiovascular diseases.

[6, 21, 36–41]

B. oleracea

Capitata F. rubra

Leaves are rich in phytochemicals including phenolics, carotenoids 
(zeaxanthin, lutein, β-carotene) glucosinolates, anthocyanins and vitamin C 
with good antioxidant activity in terms of free radical scavenging capacity.

[15, 35, 40]

B. oleracea

Italica

Florets and stem contain phenolics, phenolic acids, polyphenols, sophoroside-
glucosides, flavonoids, alkaloids, steroids, phenols, tannins, saponins, 
glutathione, glucosinolates (glucoraphanin, glucobrassicin, neoglucobrassicin), 
terpenoids, coumarins, cumins, cardiac glycosides, xanthoproteins, glycosides, 
carotenoids (zeaxanthin, lutein, β-carotene), tocopherols, phytosterols, 
chlorophyll, free sugars and vitamin C, and possesses antioxidant activity. 
It possesses antioxidant enzymes including POD, SOD, and CAT. It inhibits 
DNA methylation and prevents DNA damage and threats of cancer and 
cardiovascular diseases. It also possesses Antiproliferative, neuroprotective, 
antidiabetic, and antigenotoxic activities.

[5, 21, 29, 42–50]

Seeds also possess antioxidant activity (ABTS, DPPH and SOA radical 
scavenging activity).

[51]

B. oleracea

Gemmifera

Leaves are rich in phytochemicals including phenolic acids, phenols, 
flavonoids, glucosinolates, thiocyanates, carotenoids (zeaxanthin, lutein, 
β-carotene), phytosterols and chlorophyll. It possesses antioxidant activity in 
terms of free radical scavenging capacity and antioxidant enzymes activity 
(POD, SOD, and CAT). It inhibits DNA methylation, prevent DNA damage 
and threats of cancer and cardiovascular diseases.

[35, 40]

B. oleracea

Sabellica L.

Leaves contain phenolics, polyphenols, glucosinolate, sugars, flavonoid, and 
flavonoids glycoside and show antioxidant activity in terms of FRAP, DPPH 
radical scavenging activity

[38, 52]

B. oleracea

Acephala L.

Leaves contain polyphenols, Vitamin C and carotenoids (β-carotene) and 
possess antioxidant activity (ABTS radical scavenging activity).

[53]

Alboglabra Leaves contain phenolics, Polyphenols, Glucosinolate, and Carotenoids 
(zeaxanthin, lutein, b-carotene),

[40]

B. oleracea

Botrytis

Florets and leaves contain phenolics, polyphenols, alkaloids, saponins, 
tannins, steroids, flavonoids, glucosinolates, volatiles, reducing sugars and 
vitamin C. The aqueous and ethanolic extracts of root and leaves show 
antioxidant activity in terms of Fe reducing, Cu reducing, and Fe2+ chelating 
activity, ORAC, and DPPH, ABTS, and SOA radical scavenging activity. 
Florets possess antioxidant enzymes including POD, SOD, and CAT. It 
inhibits DNA methylation, prevent DNA damage and threats of cancer and 
cardiovascular diseases. It also possesses thrombolytic and cytotoxic activities.

[10, 42, 47, 
54–57]
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Species/subspecies Phytochemical components and biological activity Reference

B. oleracea

Sabauda

Leaves are rich in phytochemicals including phenolics, chlorophyll, and 
glucosinolate (sinigrin) with good antioxidant and pro-oxidant activity in 
terms of ABTS and DPPH radical scavenging capacity.

[7, 30, 35]

B. oleracea

Gongylodes

The extracts of knobs in various solvents have been found to improve the 
antioxidant status of liver and kidneys of diabetic animals by increasing the 
SOD and CAT activities.

[21]

B. oleracea

Costata

Seeds, sprouts, and leaves possess the ability to reduces hypochlorous acid, 
inhibit hydroxyl, SO, and DPPH radicals. These also show a concentration-
dependent increase in the activity of antioxidant enzyme SOD.

[3, 4]

B. juncea L. Czern. Leaves contain flavonoids, terpenoids, tannins, reducing sugars vitamin C, 
benzenepropanoic acid, n-eicosane, n-pentacosane and n-tetratetracontane. 
It enhances the activity of antioxidant enzymes including GPx, CAT, and 
APx. Seeds contain sinigrin, quercetin, catechin, sophoroside-glucosides and 
vitamin E and seed oil possesses antioxidant activity in terms of FRAP, Fe 
chelating and DPPH and SOA radical scavenging activity. It also possesses 
cytotoxic activity.

[5, 12, 13, 15, 28, 
54, 58, 59]

B. juncea L. Coss It contains phenolic compounds with antioxidant activity in terms of FRAP 
and DPPH radical scavenging activity.

[58]

B. juncea 
integrifolia

Germplasm contain glucosinolates (sinigrin gluconasturtin and progoitrin). [16]

B. rapa L. Rapifera 
or B. campestris

Root, stem, leaves, and flowers contain phenolics including 
3-p-coumaroylquinic, caffeic, ferulic and sinapic acids, kaempferol 
sophoroside-glucosides and organic acids including aconitic, citric, 
ketoglutaric, malic, shikimic and fumaric acids. Roots possess antioxidant 
activity in terms of FRSC, RP, ILPO, and DPPH and SOA radical scavenging 
capacity. It also possesses cytotoxic activity.

[4, 54, 60–62]

B. rapa 
L. Pekinensis

Leaves possess antioxidant activity in terms of Fe reducing, oxygen radical 
absorbing capacity, and are also active against DPPH and ABTS radicals.

[63]

B. rapa 
L. Parachinesis

Leaves contain phenolics, flavonoids, and anthocyanins possessing 
antioxidant activity in terms of DPPH radical scavenging activity.

[9]

B. napus 
Napobrassica

Root and leaves possess antioxidant activity in terms of FRAP, inhibit lipid 
peroxidation and increase the SOD and GPx activity.

[32]

B. nigra L. Koch Leaves, Seeds and callus contain phenolics (gallic acid, catechin, epicatechin, 
myricetin, quercetin, and rutin), flavonoids, tannins, saponins, sinigrin, 
cyanogenic and cardiac glycosides, alkaloids, glutathione reducing sugar, 
phlobatannins and volatile oil and possess antioxidant and antiradical activity 
(ORAC, FRAP, and DPPH and ABTS radical scavenging capacity).

[11, 14, 22, 25, 
64–66]

ABTS: 2, 2-azinobis-(3-ethylbenzothiazoline-6-sulphonic acid), APx ascorbate peroxidase, CAT: catalase, DPPH: 2, 
2-diphenyl-1-picrylhydrazyl, FRAP: ferric reducing antioxidant power, FRSC: free radical scavenging capacity, GPx: 
glutathione peroxidase, ICA: iron chelating activity, ILPO: inhibition of lipid peroxidation, LARC: linoleic acid reduction 
capacity, ORAC: Oxygen radical absorbance capacity, POD: peroxidase, PORSC: peroxide radical scavenging capacity, 
RP: reducing power, SO: superoxide, SOA: superoxide anion, SOD: superoxide dismutase.

Table 1. Bioactive phytochemical components and biological activities of some commonly used Brassica species.

Phytochemical Composition and Antioxidant Potential of Brassica
http://dx.doi.org/10.5772/intechopen.76120

11



Species/subspecies Phytochemical components and biological activity Reference

B. oleracea

Capitata F. alba

Leaves are rich source of phytochemicals including phenolics, phenolic acids, 
sophoroside-glucosides and vitamin C with good antioxidant activity in terms 
of PORS and ORAC.

[5, 34, 35]

B. oleracea

Capitata L.

Leaves and flower buds contain phenolic acids, phenols, polyphenols, 
tannins, saponins, carotenoids (zeaxanthin, lutein, β-carotene), alkaloids, 
phenols, phytosterols and chlorophyll, glucosinolates, terpenoids flavonoids, 
glycosides, steroids, anthocyanins and aliphatic and aromatic amines. It 
shows antioxidant activity in terms of FRAP, ICA, LARC, hydroxyl and DPPH 
radical scavenging activities. Leaves possess antioxidant enzymes including 
POD, SOD, and CAT, inhibit DNA methylation, and prevent DNA damage 
and threats of cancer and cardiovascular diseases.

[6, 21, 36–41]

B. oleracea

Capitata F. rubra

Leaves are rich in phytochemicals including phenolics, carotenoids 
(zeaxanthin, lutein, β-carotene) glucosinolates, anthocyanins and vitamin C 
with good antioxidant activity in terms of free radical scavenging capacity.

[15, 35, 40]

B. oleracea

Italica

Florets and stem contain phenolics, phenolic acids, polyphenols, sophoroside-
glucosides, flavonoids, alkaloids, steroids, phenols, tannins, saponins, 
glutathione, glucosinolates (glucoraphanin, glucobrassicin, neoglucobrassicin), 
terpenoids, coumarins, cumins, cardiac glycosides, xanthoproteins, glycosides, 
carotenoids (zeaxanthin, lutein, β-carotene), tocopherols, phytosterols, 
chlorophyll, free sugars and vitamin C, and possesses antioxidant activity. 
It possesses antioxidant enzymes including POD, SOD, and CAT. It inhibits 
DNA methylation and prevents DNA damage and threats of cancer and 
cardiovascular diseases. It also possesses Antiproliferative, neuroprotective, 
antidiabetic, and antigenotoxic activities.

[5, 21, 29, 42–50]

Seeds also possess antioxidant activity (ABTS, DPPH and SOA radical 
scavenging activity).

[51]

B. oleracea

Gemmifera

Leaves are rich in phytochemicals including phenolic acids, phenols, 
flavonoids, glucosinolates, thiocyanates, carotenoids (zeaxanthin, lutein, 
β-carotene), phytosterols and chlorophyll. It possesses antioxidant activity in 
terms of free radical scavenging capacity and antioxidant enzymes activity 
(POD, SOD, and CAT). It inhibits DNA methylation, prevent DNA damage 
and threats of cancer and cardiovascular diseases.

[35, 40]

B. oleracea

Sabellica L.

Leaves contain phenolics, polyphenols, glucosinolate, sugars, flavonoid, and 
flavonoids glycoside and show antioxidant activity in terms of FRAP, DPPH 
radical scavenging activity

[38, 52]

B. oleracea

Acephala L.

Leaves contain polyphenols, Vitamin C and carotenoids (β-carotene) and 
possess antioxidant activity (ABTS radical scavenging activity).

[53]

Alboglabra Leaves contain phenolics, Polyphenols, Glucosinolate, and Carotenoids 
(zeaxanthin, lutein, b-carotene),

[40]

B. oleracea

Botrytis

Florets and leaves contain phenolics, polyphenols, alkaloids, saponins, 
tannins, steroids, flavonoids, glucosinolates, volatiles, reducing sugars and 
vitamin C. The aqueous and ethanolic extracts of root and leaves show 
antioxidant activity in terms of Fe reducing, Cu reducing, and Fe2+ chelating 
activity, ORAC, and DPPH, ABTS, and SOA radical scavenging activity. 
Florets possess antioxidant enzymes including POD, SOD, and CAT. It 
inhibits DNA methylation, prevent DNA damage and threats of cancer and 
cardiovascular diseases. It also possesses thrombolytic and cytotoxic activities.

[10, 42, 47, 
54–57]
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B. oleracea

Sabauda

Leaves are rich in phytochemicals including phenolics, chlorophyll, and 
glucosinolate (sinigrin) with good antioxidant and pro-oxidant activity in 
terms of ABTS and DPPH radical scavenging capacity.

[7, 30, 35]

B. oleracea

Gongylodes

The extracts of knobs in various solvents have been found to improve the 
antioxidant status of liver and kidneys of diabetic animals by increasing the 
SOD and CAT activities.

[21]

B. oleracea

Costata

Seeds, sprouts, and leaves possess the ability to reduces hypochlorous acid, 
inhibit hydroxyl, SO, and DPPH radicals. These also show a concentration-
dependent increase in the activity of antioxidant enzyme SOD.

[3, 4]

B. juncea L. Czern. Leaves contain flavonoids, terpenoids, tannins, reducing sugars vitamin C, 
benzenepropanoic acid, n-eicosane, n-pentacosane and n-tetratetracontane. 
It enhances the activity of antioxidant enzymes including GPx, CAT, and 
APx. Seeds contain sinigrin, quercetin, catechin, sophoroside-glucosides and 
vitamin E and seed oil possesses antioxidant activity in terms of FRAP, Fe 
chelating and DPPH and SOA radical scavenging activity. It also possesses 
cytotoxic activity.

[5, 12, 13, 15, 28, 
54, 58, 59]

B. juncea L. Coss It contains phenolic compounds with antioxidant activity in terms of FRAP 
and DPPH radical scavenging activity.

[58]

B. juncea 
integrifolia

Germplasm contain glucosinolates (sinigrin gluconasturtin and progoitrin). [16]

B. rapa L. Rapifera 
or B. campestris

Root, stem, leaves, and flowers contain phenolics including 
3-p-coumaroylquinic, caffeic, ferulic and sinapic acids, kaempferol 
sophoroside-glucosides and organic acids including aconitic, citric, 
ketoglutaric, malic, shikimic and fumaric acids. Roots possess antioxidant 
activity in terms of FRSC, RP, ILPO, and DPPH and SOA radical scavenging 
capacity. It also possesses cytotoxic activity.

[4, 54, 60–62]

B. rapa 
L. Pekinensis

Leaves possess antioxidant activity in terms of Fe reducing, oxygen radical 
absorbing capacity, and are also active against DPPH and ABTS radicals.

[63]

B. rapa 
L. Parachinesis

Leaves contain phenolics, flavonoids, and anthocyanins possessing 
antioxidant activity in terms of DPPH radical scavenging activity.

[9]

B. napus 
Napobrassica

Root and leaves possess antioxidant activity in terms of FRAP, inhibit lipid 
peroxidation and increase the SOD and GPx activity.

[32]

B. nigra L. Koch Leaves, Seeds and callus contain phenolics (gallic acid, catechin, epicatechin, 
myricetin, quercetin, and rutin), flavonoids, tannins, saponins, sinigrin, 
cyanogenic and cardiac glycosides, alkaloids, glutathione reducing sugar, 
phlobatannins and volatile oil and possess antioxidant and antiradical activity 
(ORAC, FRAP, and DPPH and ABTS radical scavenging capacity).

[11, 14, 22, 25, 
64–66]

ABTS: 2, 2-azinobis-(3-ethylbenzothiazoline-6-sulphonic acid), APx ascorbate peroxidase, CAT: catalase, DPPH: 2, 
2-diphenyl-1-picrylhydrazyl, FRAP: ferric reducing antioxidant power, FRSC: free radical scavenging capacity, GPx: 
glutathione peroxidase, ICA: iron chelating activity, ILPO: inhibition of lipid peroxidation, LARC: linoleic acid reduction 
capacity, ORAC: Oxygen radical absorbance capacity, POD: peroxidase, PORSC: peroxide radical scavenging capacity, 
RP: reducing power, SO: superoxide, SOA: superoxide anion, SOD: superoxide dismutase.

Table 1. Bioactive phytochemical components and biological activities of some commonly used Brassica species.
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2. Phytochemical composition

2.1. Phytochemical quality

Phytochemicals are non-nutritious chemicals that are derived from plants and provide 
defense against diseases in humans. They are oxidation preventive and sweep out free radi-
cals, the byproducts of biochemical processes. They provide safeguard against different 
neurological, cardiac and many other physiological ailments and protect important bio-
molecules from oxidative damage [2]. Brassica plants are the rich source of phytochemical 
compounds of medicinal importance. A large no of Brassica plants has been studied for 
their bioactive phytochemical components and antioxidant potential. The bioactive com-
pounds and antioxidant potential of commonly used species of Brassica plants are given 
in Table 1. The bioactive phytochemical compounds commonly found in most of the 
Brassica species include polyphenols, phenolic acids, flavonoids, carotenoids (zeaxanthin, 
lutein, β-carotene), alkaloids, tannins, saponins, anthocyanins, phytosterols chlorophyll, 
glucosinolates, phytosteroids, terpenoids, glycosides, vitamin C, Vitamin E and aliphatic 
and aromatic amines [3–16]. B. oleracea var. Capitata, B. oleracea var. Italica, B. oleracea var. 
Botrytis, B. juncea, B. rapa and B. nigra contain a treasure of phytochemical compounds 
of medicinal and pharmaceutical importance. Due to the presence of these compounds, 
Brassica plants show biological activities against various diseases and have been found to 
effective in treating various diseases in human. The edible parts of these plants show anti-
microbial, antibacterial, antidiabetic, antimalarial, antiaging, antiulcer, anti-hyperglycemic, 
anti-hyperlipidemic, anti-proliferative, neuroprotective, antidiabetic, anti-genotoxic and 
antioxidant activities [17–25].

2.2. Phytochemical content

The major phytochemical compounds quantitatively estimated in various species of Brassica 
include phenolics, flavonoids, ascorbic acid (Vit. C) glucosinolates, carotenoids, and tocoph-
erols. Tables 2 and 3 present the phytochemical content (total phenolic content: TPC, total 
flavonoid content: TFC, ascorbic acid content: AAC, total glucosinolate content: TGC, total 

Species/
subspecies

Parts used Extracting 
solvent

TPC (GAE) TFC AAC References

B. oleracea

Capitata 
F. Alba

Leaves Ethanol, 
methanol, 
acetone

14.78–18.7 mg/g 
extract

4.12–8.80 mg QE/g 
extract

[67]

70% methanol, 
phosphoric 
acid

20–29 mg/100 g 
fw

18–35 mg/100 g 
fw

[35]

Terminal 
leaf buds

Water 43.87 mg/g [68]

B. oleracea

Capitata 
F. Rubra

Leaves 70% methanol 134–171 mg/100 g 
fw

[24]
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Species/
subspecies

Parts used Extracting 
solvent

TPC (GAE) TFC AAC References

B. oleracea

Capitata L.

Leaves 80% methanol 3.64 μM/g dw [37]

Leaves Varying 
polarity 
solvents

34–520 mg/100 g 
dw

3.20–
8.30 g/100 g 
extract

[41]

Varying 
polarity 
solvents

402–556 mg/100 g 
fw

[6]

Flower buds 80% methanol, 
phosphoric 
acid

4.14 mM/g dw 62–72 mg/100 g 
fw

[37]

leaf buds Water 53.85 mg/g [68]

B. oleracea

Italica

Floret Ethanol, 
methanol, 
acetone

17.9–23.6 mg/g 
extract

12.5–
17.5 mg CE/100 g

[67]

Water 48.76 μg/ml 
extract

69.64 μg/ml extract 25.0–29.48 μg/
ml extract

[46]

Florets, 
Leaves

Methanol, 
phosphoric 
acid

533.6–
740 mg/100 g

317–
816 mg CE/100 g

298.6–
474.7 mg/100 g

[47]

Florets Methanol 43–75 mg/kg dw 2.1–4.0 mg/
kg dw

[29]

Inflore-
scence

Water 1.816 mg/g fw [48]

B. oleracea

Gemmifera

Sprouts Ethanol, 
methanol, 
acetone

18.12–20.4 mg/g 
extract

12.1–
15.4 mg CE/100 g

[67]

70% methanol, 
phosphoric 
acid

133–140 mg/100 g 
fw

129–
127 mg/100 g 
fw

[35]

B. oleracea

Alboglabra

Leaves Water 35.64 mg/ g dw 13.98 mg QE/g dw [52]

Edible 
portion

Ethanol 30.51–38.30 mg/ g 
extract

28.99–70.69 mg 
QE/g extract

[9]

B. oleracea

Acephala L.

Edible 
Leaves

Ethanol 574.9 mg/100 g 
fw, 
6.37 mM/100 g

62.27 mg/100 g 
fw

[53]

B. oleracea

Botrytis

Edible floret 80% ethanol 782.43 mg/100 g 
dw

267.21 mg CE/100 g 
dw

769.23 mg/100 g [69]

B. oleracea

Botrytis 
Cimosa

Edible 
portion

Ethanol 2.24 mM/ g

Inflore-
scence

Water 30.4 mg/g [68]
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2. Phytochemical composition

2.1. Phytochemical quality
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cals, the byproducts of biochemical processes. They provide safeguard against different 
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molecules from oxidative damage [2]. Brassica plants are the rich source of phytochemical 
compounds of medicinal importance. A large no of Brassica plants has been studied for 
their bioactive phytochemical components and antioxidant potential. The bioactive com-
pounds and antioxidant potential of commonly used species of Brassica plants are given 
in Table 1. The bioactive phytochemical compounds commonly found in most of the 
Brassica species include polyphenols, phenolic acids, flavonoids, carotenoids (zeaxanthin, 
lutein, β-carotene), alkaloids, tannins, saponins, anthocyanins, phytosterols chlorophyll, 
glucosinolates, phytosteroids, terpenoids, glycosides, vitamin C, Vitamin E and aliphatic 
and aromatic amines [3–16]. B. oleracea var. Capitata, B. oleracea var. Italica, B. oleracea var. 
Botrytis, B. juncea, B. rapa and B. nigra contain a treasure of phytochemical compounds 
of medicinal and pharmaceutical importance. Due to the presence of these compounds, 
Brassica plants show biological activities against various diseases and have been found to 
effective in treating various diseases in human. The edible parts of these plants show anti-
microbial, antibacterial, antidiabetic, antimalarial, antiaging, antiulcer, anti-hyperglycemic, 
anti-hyperlipidemic, anti-proliferative, neuroprotective, antidiabetic, anti-genotoxic and 
antioxidant activities [17–25].

2.2. Phytochemical content

The major phytochemical compounds quantitatively estimated in various species of Brassica 
include phenolics, flavonoids, ascorbic acid (Vit. C) glucosinolates, carotenoids, and tocoph-
erols. Tables 2 and 3 present the phytochemical content (total phenolic content: TPC, total 
flavonoid content: TFC, ascorbic acid content: AAC, total glucosinolate content: TGC, total 
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subspecies
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F. Alba

Leaves Ethanol, 
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acetone

14.78–18.7 mg/g 
extract

4.12–8.80 mg QE/g 
extract

[67]

70% methanol, 
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20–29 mg/100 g 
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18–35 mg/100 g 
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[35]

Terminal 
leaf buds
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F. Rubra
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[24]
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extract
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[6]
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816 mg CE/100 g

298.6–
474.7 mg/100 g

[47]
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extract

12.1–
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[67]

70% methanol, 
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fw

129–
127 mg/100 g 
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[35]
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Alboglabra

Leaves Water 35.64 mg/ g dw 13.98 mg QE/g dw [52]

Edible 
portion

Ethanol 30.51–38.30 mg/ g 
extract

28.99–70.69 mg 
QE/g extract

[9]
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Acephala L.

Edible 
Leaves

Ethanol 574.9 mg/100 g 
fw, 
6.37 mM/100 g

62.27 mg/100 g 
fw

[53]

B. oleracea

Botrytis

Edible floret 80% ethanol 782.43 mg/100 g 
dw

267.21 mg CE/100 g 
dw

769.23 mg/100 g [69]
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Edible 
portion
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scence
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carotenoid content: TCC, and total tocopherol content: TTC) of various extracts of some edible 
parts of commonly used Brassica species. The aqueous and organic extracts of the various 
parts of Brassica plants have been found to contain the considerable amounts of phenolics, fla-
vonoids, carotenoids, ascorbic acid, and tocopherols which advocate the suitability of Brassica 
plants for pharmaceutical applications. Among Brassica species, B. oleracea var. Capitata, 
B. oleracea var. Italica, and B. juncea, B. rapa are high in phenolics, flavonoids and carotenoids.

Species/
subspecies

Parts used Extracting 
solvent

TPC (GAE) TFC AAC References

Florets, 
leaves

Methanol 350–1345 μg/100 g 90–780 mg CE/100 g [47]

phosphoric 
acid

396–
649 mg/100 g

[47]

B. oleracea

Sabauda

Leaves 70% methanol, 
phosphoric 
acid

47–59 mg/100 g 
fw

49–51 mg/100 g 
fw

[35]

B. oleracea

Capitata

Leaves Methanol 102.71 mg/100 g 
fw

[60]

B. juncea 
L. Czern.

Leaves Water 0.1 mg/g fw [70]

Leaf, stem Hexane 
methanol water

3.01–
3.85 mg/100 g 
sample

[58]

B. juncea 
L. Coss 
Sareptana

Leaf, stem Hexane 
methanol water

14.12–
19.78 mg/100 g 
sample

[58]

B. rapa 
Rapifera L.

Root 70% ethanol 0.21–2.59 g/100 g 
dw

[61]

Water 5.640 mg/g [68]

Root, Shoot, 
Leaves

Methanol 30–78 mg/100 g 
fw

4.1–8.5 mg RE/g fw 0.13–0.25 mg/g [71]

B. rapa 
Pekinensis L.

Leaves 75% Methanol 150–347 mg/100 g 61.9–328.70 7.04–13.68 [63]

B. rapa 
Parachinesis

Leaves Ethanol 42.32–42.92 mg/g 
extract

49–133 mg QE/g 
extract

[9]

B. nigra L. Seeds oil 142.86 μg/ml 23.43 μg CE/ml [64]

AAC: Ascorbic acid content, CE: Catechin equivalent, dw: Dry weight, fw: Fresh weight, GAE: Gallic acid equivalent, 
QE: Quercetin equivalent, RE: Rutin equivalent, TFC: Total flavonoid content, TPC: Total phenolic content.

Table 2. Phenolic, flavonoids and ascorbic acid content of commonly used Brassica species.
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Species/subspecies Parts 
used

Extracting 
solvent

TGC TCC TTC

mg/100 g 
fw

References

B. oleracea

Capitata F. Alba

Leaves Hexane 4.35–10.07 mg/100 g 
fw

0.008–0.22 [35]

Terminal 
leaf buds

Water 4.33 mg/g [68]

B. oleracea

Capitata L.

Leaves, 
Flower 
buds

80% 
Methanol

0.28–12.51 μM/g dw [37]

B. oleracea

Capitata F. Rubra

Leaves Hexane 2.73–2.80 mg/100 g 
fw

0.61–0.11 [35]

Terminal 
leaf buds

Water 4.35 mg/g [68]

B. oleracea

Italica

Florets, 
Leaves

Methanol 2.12–9.66 μM/g dw [47]

B. oleracea

Gemmifera

Sprouts Hexane 2.31–2.6 mg/100 g 
fw

0.545–0.83 [35]

B. oleracea

Botrytis Cimosa

Edible 
portion

Acetone, 
petroleum 
ether

126.22 mg/100 g dw [69]

Inflore-
scence

Water 2.62 mg/g [68]

Florets, 
leaves

Methanol 1.97–8.80 μM/g dw [47]

B. oleracea

Sabauda

Leaves Hexane 5.55–6.25 mg/100 g 
fw

0.011–0.078 [35]

B. oleracea

Capitate var. 
aabuada

Leaves Methanol 195.22 μM/100 g 
fw

[7]

B. oleracea

Gongylodes

Stem 20.69 mg/g 0.79 mg/g [68]

B. rapa Rapifera L. Root Water 2.04 mg/g [68]

B. rapa Pekinensis L. Leaves 75% 
Methanol

3.93–18.87 [63]

TCC: Total carotenoid content, TGC: Total glucosinolate content, TTC: Total tocopherol content.

Table 3. Glucosinolate, total carotenoids and tocopherol content of commonly used Brassica species.
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carotenoid content: TCC, and total tocopherol content: TTC) of various extracts of some edible 
parts of commonly used Brassica species. The aqueous and organic extracts of the various 
parts of Brassica plants have been found to contain the considerable amounts of phenolics, fla-
vonoids, carotenoids, ascorbic acid, and tocopherols which advocate the suitability of Brassica 
plants for pharmaceutical applications. Among Brassica species, B. oleracea var. Capitata, 
B. oleracea var. Italica, and B. juncea, B. rapa are high in phenolics, flavonoids and carotenoids.

Species/
subspecies

Parts used Extracting 
solvent

TPC (GAE) TFC AAC References

Florets, 
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Methanol 350–1345 μg/100 g 90–780 mg CE/100 g [47]

phosphoric 
acid

396–
649 mg/100 g

[47]

B. oleracea

Sabauda

Leaves 70% methanol, 
phosphoric 
acid

47–59 mg/100 g 
fw

49–51 mg/100 g 
fw

[35]

B. oleracea

Capitata

Leaves Methanol 102.71 mg/100 g 
fw

[60]

B. juncea 
L. Czern.

Leaves Water 0.1 mg/g fw [70]

Leaf, stem Hexane 
methanol water

3.01–
3.85 mg/100 g 
sample

[58]

B. juncea 
L. Coss 
Sareptana

Leaf, stem Hexane 
methanol water

14.12–
19.78 mg/100 g 
sample

[58]

B. rapa 
Rapifera L.

Root 70% ethanol 0.21–2.59 g/100 g 
dw

[61]

Water 5.640 mg/g [68]

Root, Shoot, 
Leaves

Methanol 30–78 mg/100 g 
fw

4.1–8.5 mg RE/g fw 0.13–0.25 mg/g [71]

B. rapa 
Pekinensis L.

Leaves 75% Methanol 150–347 mg/100 g 61.9–328.70 7.04–13.68 [63]

B. rapa 
Parachinesis

Leaves Ethanol 42.32–42.92 mg/g 
extract

49–133 mg QE/g 
extract

[9]

B. nigra L. Seeds oil 142.86 μg/ml 23.43 μg CE/ml [64]

AAC: Ascorbic acid content, CE: Catechin equivalent, dw: Dry weight, fw: Fresh weight, GAE: Gallic acid equivalent, 
QE: Quercetin equivalent, RE: Rutin equivalent, TFC: Total flavonoid content, TPC: Total phenolic content.

Table 2. Phenolic, flavonoids and ascorbic acid content of commonly used Brassica species.
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Species/subspecies Parts 
used

Extracting 
solvent

TGC TCC TTC

mg/100 g 
fw

References

B. oleracea

Capitata F. Alba

Leaves Hexane 4.35–10.07 mg/100 g 
fw

0.008–0.22 [35]

Terminal 
leaf buds

Water 4.33 mg/g [68]

B. oleracea

Capitata L.

Leaves, 
Flower 
buds

80% 
Methanol

0.28–12.51 μM/g dw [37]

B. oleracea

Capitata F. Rubra

Leaves Hexane 2.73–2.80 mg/100 g 
fw

0.61–0.11 [35]

Terminal 
leaf buds

Water 4.35 mg/g [68]

B. oleracea

Italica

Florets, 
Leaves

Methanol 2.12–9.66 μM/g dw [47]

B. oleracea

Gemmifera

Sprouts Hexane 2.31–2.6 mg/100 g 
fw

0.545–0.83 [35]

B. oleracea

Botrytis Cimosa

Edible 
portion

Acetone, 
petroleum 
ether

126.22 mg/100 g dw [69]

Inflore-
scence

Water 2.62 mg/g [68]

Florets, 
leaves

Methanol 1.97–8.80 μM/g dw [47]

B. oleracea

Sabauda

Leaves Hexane 5.55–6.25 mg/100 g 
fw

0.011–0.078 [35]

B. oleracea

Capitate var. 
aabuada

Leaves Methanol 195.22 μM/100 g 
fw

[7]

B. oleracea

Gongylodes

Stem 20.69 mg/g 0.79 mg/g [68]

B. rapa Rapifera L. Root Water 2.04 mg/g [68]

B. rapa Pekinensis L. Leaves 75% 
Methanol

3.93–18.87 [63]

TCC: Total carotenoid content, TGC: Total glucosinolate content, TTC: Total tocopherol content.

Table 3. Glucosinolate, total carotenoids and tocopherol content of commonly used Brassica species.
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3. Antioxidant potential

Antioxidants are the compounds which prevent the oxidation of the biomolecules by reducing 
the oxidizing agents and being self-oxidized. These compounds have the ability to scavenge the 
free radicals produced during the redox reactions occurring in the living and nonliving systems 
and prevent the free radical chain reactions. In this way, the antioxidant compounds minimize 
the oxidative stress and prevent the oxidative damage to food materials and living organisms. 
Brassica plants are known to possess antioxidant properties due to the presence of antioxidant 
phytochemicals mainly the polyphenols, flavonoids and ascorbic acid. Most of these phyto-
chemical compounds act as antioxidants due to their hydrogen donating and reducing abilities. 
Polyphenols are the phytochemicals which act as metal ion chelators and interfere with oxida-
tion reactions including lipid peroxidation by donating the proton to free radicals. Phenoxy 
radicals are relatively stable to stop the oxidation chain reaction. Therefore, they stop the ini-
tiation of new oxidation chain reaction and terminate the propagation routs by capturing free 
radicals [26]. Polyphenols are used for the treatment of hypertension, vascular fragility, allergies 
and hypercholesterolemia due to their antimicrobials, antiulcer, antidiarrheal, and anti-inflam-
matory activities. Flavonoids possess metal ion chelating and free radical scavenging potential 
[27]. These phytochemicals comprise a vast antioxidant, antiproliferative and inhibitory action 
on inflammatory cells especially mast cells. Ascorbic acid is a water-soluble vitamin which pos-
sesses strong antioxidant potential and protects against oxidative damage.

The antioxidant activities of various extracts of some edible parts of commonly used Brassica 
species are presented in Tables 4 and 5. The Brassica plants have been found to possess metal 

Species/subspecies Parts used Extracting 
solvent

TAOA FRAP ICA References

B. oleracea Capitata L. Leaves 80% 
Methanol

18.3 μM TE/g dw [72]

Series of 
solvents

574 g GAE/100 g 
dw

[41]

Flower 
buds

80% 
methanol

15.37 μM TE/g 
dw

[37]

B. oleracea Italica Sprouts 74.48–93.2% 35–75 g Fe2+E/
kg dw

[29]

Inflore-
scence

Water 0.998 mM 
FeSO4/g fw

[48]

B. juncea L. Czern. Seed oil Ethanol, 
hexane

55.15% [13]

Leaf, stem Hexane 
methanol 
water

2.25–3.12 mM 
FeSO4/100 g 
sample

[58]

B. juncea L. Coss Leaf, stem Hexane 
methanol 
water

3.23–7.75 mM 
FeSO4/100 g 
sample

[58]

B. rapa Rapifera L. 1.68 mM/L [31]
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Species/subspecies Parts used Extracting 
solvent

TAOA FRAP ICA References

B. rapa Pekinensis L. 87–714.5 μM TE [63]

B. napus Napobrassica Leaves, 
root

0.91–2.31 Units [32]

B. nigra L. Seed oil 23.85% [64]

FRAP: Ferric reducing antioxidant power, GAE: Gallic acid equivalent, ICA: Iron chelating activity, TAOA: Total 
antioxidant activity, TE: Trolox equivalent.

Table 4. Total antioxidant activity, metal reducing and metal chelating ability of commonly used Brassica species.

Species/subspecies Parts used Extracting 
solvent

DPPH· SOA· ABTS· References

B. oleracea Capitata 
F. Alba

Ethanol, 
methanol, 
acetone

IC50: 
1.01–1.40 mg/ml

[67]

70% methanol 0.77–1.0 μM 
AAE/g fw

IC50: 
4.35–10.07 mg/ml

1.34–1.8 μM 
TE/g fw

[35]

B. oleracea Capitata 
F. Rubra

70% methanol 6.76–9.19 μM 
AAE/g fw

IC50: 2.73–2.80 mg/
ml

9.8–12.6 μM 
TE/g fw

[35]

B. oleracea Capitata 
L.

Leaves 80% methanol 14.94 μM TE/g 
dw

24.78 μM 
TE/g dw

[37]

Series of 
solvents

IC50: 
0.006–0.16 mg/ml

[41]

Series of 
solvents

59.18–75.65% IC50: 
4.2–8.7 μg/ml

[6]

Flower 
buds

80% Methanol 12.51 μM TE/g 
dw

25.16 μM 
TE/g dw

[37]

Leaves Ethanol 7.316 μM

AAE/g fw

[39]

water 15.14 M

AAE/g fw

[39]

B. oleracea Italica Floret Ethanol, 
methanol, 
acetone

IC50: 
0.71–1.35 mg/ml

[67]

Water 47.93–85.40% [46]

Florets 
leaves

Methanol IC50: 2.27 mg/ml [47]

Inflore-
scence

Water EC50: 0.25 mg/ml [48]

B. oleracea 
Gemmifera

Ethanol, 
methanol, 
acetone

IC50: 0.8–1.22 mg/
ml

[67]

70% methanol 3.90–5.98 μM 
AAE/g fw

IC50: 2.31–2.60 mg/
ml

5.85–7.04 μM 
TE/g fw

[35]
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species are presented in Tables 4 and 5. The Brassica plants have been found to possess metal 
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Flower 
buds

80% 
methanol

15.37 μM TE/g 
dw

[37]
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scence
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[48]

B. juncea L. Czern. Seed oil Ethanol, 
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55.15% [13]

Leaf, stem Hexane 
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water
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sample

[58]
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0.006–0.16 mg/ml
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4.2–8.7 μg/ml

[6]

Flower 
buds

80% Methanol 12.51 μM TE/g 
dw

25.16 μM 
TE/g dw

[37]

Leaves Ethanol 7.316 μM

AAE/g fw

[39]

water 15.14 M
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B. oleracea Italica Floret Ethanol, 
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acetone

IC50: 
0.71–1.35 mg/ml

[67]

Water 47.93–85.40% [46]

Florets 
leaves

Methanol IC50: 2.27 mg/ml [47]

Inflore-
scence

Water EC50: 0.25 mg/ml [48]

B. oleracea 
Gemmifera

Ethanol, 
methanol, 
acetone

IC50: 0.8–1.22 mg/
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70% methanol 3.90–5.98 μM 
AAE/g fw
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Species/subspecies Parts used Extracting 
solvent

DPPH· SOA· ABTS· References

B. oleracea 
Alboglabra

Leaves Water IC50: 18 μg/ml [52]

Ethanol 1.26–2.72% IC50: 
0.90–0.99 mg/ml

[9]

B. oleracea Botrytis Florets 80% ethanol 68.91% [69]

Seed DCM IC50: 
1.51–2.75 mg/ml

IC50: 0.17–0.26 mg/
ml

[54]

B. oleracea Botrytis 
Cimosa

Edible 
portion

Ethanol EC50: 6.51 mg/l [8]

B. oleracea Sabauda 70% methanol 1.38–1.68 μM 
AAE/g fw

IC50: 5.55–6.25 mg/
ml

2.89–3.74 μM 
TE/g fw

[35]

B. oleracea Acephala Edible 
leaves

Ethanol IC50: 1.53 mg/ml 33.22 μM 
TE/g fw

[8, 53]

B. juncea L. Czern Seed Hexane 40.2–70.2% [13]

DCM IC50: 
2.76–5.79 mg/ml

IC50: 
0.059–0.46 mg/ml

[54]

Hexane 
methanol 
water

4.23–6.41 mM 
TE/100 g sample

[58]

B. juncea L. Coss Hexane 
methanol 
water

6.86–8.18 mM 
TE/100 g sample

[58]

B. rapa Rapifera L. Root 70% ethanol IC50: 
0.23–2.00 mg/ml

[61]

Root 
Shoot 
Leaves

Methanol 13–26% [71]

Root 
aerial 
parts

70% ethanol 11.11–86.3% [62]

Seed DCM IC50: 
2.78–5.92 mg/ml

IC50: 
0.003–0.03 mg/ml

[54]

B. rapa Pekinensis 
L.

Leaves 75% methanol 92–239 μM TE 175–393 μM 
TE

[63]

B. rapa Parachinesis Leaves Ethanol 5.5–6.26% IC50: 
0.55–1.01 mg/ml

[9]

B. nigra L. Oilseed Ethanol 89.25% [64]

Leaves Ethanol 5.09–68.08% [22]

AAE: Ascorbic acid equivalent, ABTS·: DPPH: EC50: Effective concentration required for 50% inhibition, IC50: Inhibitory 
concentration required for 50% inhibition, SOA: Superoxide anion radical, TE: Trolox equivalent.

Table 5. Free radical scavenging potential of commonly used Brassica species.
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reducing, metal chelating, lipid reducing and free radical scavenging activities [24, 28–30]. 
These also possess antioxidant enzyme activities as these have been found to enhance the 
activities of some antioxidant enzymes including glutathione peroxidase, superoxide dis-
mutase, catalase, heme oxygenase and ascorbate peroxidase [21, 31–33] (Table 6). B. olera-
cea plants have been studied most for their antioxidant activities among the Brassica species 
and found to possess strong antioxidant potential in terms of reducing power and free radi-
cal scavenging capacity. The strong antioxidant potential of Brassica plants highlights their 
medicinal and therapeutic importance.

4. Factors affecting the antioxidant activity of Brassica plants

Antioxidant activity of Brassica plants has been studied to be effected by various factors includ-
ing solvent polarity, extraction time, temperature, cooking methods and nutritional and envi-
ronment stress (Table 7). The increase in the polarity of the extracting solvent, extraction time 
and salinity stress has resulted in an increase in the antioxidant activity of Brassica plants. 
However, an increase in the temperature results in a reduction in the antioxidant potential of 
these plants. The steam boiling and microwave cooking methods result in a time-dependent 
decrease in the phytochemical content and antioxidant activity while water boiling, water 
blanching, steam boiling, steam blanching, microwave heating and stir-frying result in the 
reduction of antioxidant potential of Brassica vegetables.

Species/subspecies GPx SOD CAT HO APx References

B. oleracea

Gongylodes

41.26–42.35 U/
mg protein 
(liver), 
34.43–39.38-U/
mg protein 
(kidney)

42.06–
43.70 U, 
(Liver)

5.50–
4.59 U

(kidney)

[21]

B. juncea L. Czern. 1.58x103 U/mg 
GSH utilized/ 
min/mg 
protein

3.75 μM 
H2O2 
disposed/ 
min/g 
protein

0.05–
0.32 μM 
biliverdin 
reduced/ 
min/mg 
protein)

0.52–0.61 mM APx 
oxidized/min/mg 
protein,

[33]

B. rapa Rapifera L. 6981 U/L 220 U/ml 95.23 μM/ml [31]

B. napus 
Napobrassica

4.18–19.92 U/
mg protein

66.80–202.30 U/
mg protein

[32]

APx: ascorbate peroxidase, CAT: Catalase, GPx: Glutathione peroxidase, GSH: Glutathione, HO: Heme oxygenase, SOD: 
Superoxide dismutase.

Table 6. Antioxidant enzyme activities of commonly used Brassica species.
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Species/subspecies Parts used Extracting 
solvent

DPPH· SOA· ABTS· References
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IC50: 0.17–0.26 mg/
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[54]
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Edible 
portion

Ethanol EC50: 6.51 mg/l [8]
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AAE/g fw

IC50: 5.55–6.25 mg/
ml

2.89–3.74 μM 
TE/g fw

[35]
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[58]
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Root 
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AAE: Ascorbic acid equivalent, ABTS·: DPPH: EC50: Effective concentration required for 50% inhibition, IC50: Inhibitory 
concentration required for 50% inhibition, SOA: Superoxide anion radical, TE: Trolox equivalent.
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reducing, metal chelating, lipid reducing and free radical scavenging activities [24, 28–30]. 
These also possess antioxidant enzyme activities as these have been found to enhance the 
activities of some antioxidant enzymes including glutathione peroxidase, superoxide dis-
mutase, catalase, heme oxygenase and ascorbate peroxidase [21, 31–33] (Table 6). B. olera-
cea plants have been studied most for their antioxidant activities among the Brassica species 
and found to possess strong antioxidant potential in terms of reducing power and free radi-
cal scavenging capacity. The strong antioxidant potential of Brassica plants highlights their 
medicinal and therapeutic importance.

4. Factors affecting the antioxidant activity of Brassica plants

Antioxidant activity of Brassica plants has been studied to be effected by various factors includ-
ing solvent polarity, extraction time, temperature, cooking methods and nutritional and envi-
ronment stress (Table 7). The increase in the polarity of the extracting solvent, extraction time 
and salinity stress has resulted in an increase in the antioxidant activity of Brassica plants. 
However, an increase in the temperature results in a reduction in the antioxidant potential of 
these plants. The steam boiling and microwave cooking methods result in a time-dependent 
decrease in the phytochemical content and antioxidant activity while water boiling, water 
blanching, steam boiling, steam blanching, microwave heating and stir-frying result in the 
reduction of antioxidant potential of Brassica vegetables.

Species/subspecies GPx SOD CAT HO APx References

B. oleracea

Gongylodes

41.26–42.35 U/
mg protein 
(liver), 
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(Liver)

5.50–
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[33]

B. rapa Rapifera L. 6981 U/L 220 U/ml 95.23 μM/ml [31]
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Napobrassica

4.18–19.92 U/
mg protein

66.80–202.30 U/
mg protein
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APx: ascorbate peroxidase, CAT: Catalase, GPx: Glutathione peroxidase, GSH: Glutathione, HO: Heme oxygenase, SOD: 
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Table 6. Antioxidant enzyme activities of commonly used Brassica species.
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5. Conclusion

The edible of Brassica plants have been found to be a rich source of phytochemical compounds 
which possess strong antioxidant potential. These plants possess strong antioxidant potential 
in terms of metal reducing, metal chelating, lipid reducing and free radical scavenging and 
antioxidant enzymes activities. Brassica oleracea has been found to possess better phytochemi-
cal and antioxidant profile among Brassica plants. Brassica juncea, Brassica napus, Brassica rapa 
and Brassica nigra are also phytochemical and antioxidant rich species of genus Brassica. The 
considerable amount of phytochemicals and antioxidant potential make the Brassica plants 
the preferable candidates for nutritional and pharmaceutical applications.
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Factors Effects References

Solvent polarity Antioxidant activity increases with increasing the polarity of extracting solvent. [61]

Extraction/

treatment Time

Increase in extraction time resulted in an increase in phytochemical content and 
antioxidant activity.

[41]

Temperature High temperature resulted in a rapid decrease in flavonoid content of B. oleracea 
var. Italica.

[73]

Cooking method Steam boiling and microwave cooking showed a time-dependent decrease in 
phytochemical content and antioxidant activity of green broccoli.

Water boiling, water blanching, steam boiling, steam blanching, microwave 
heating and stir-frying resulted in the reduction of antioxidant potential of 
cauliflower.

[46, 69]

Salinity stress Extracts of B. juncea L. under salinity stress have been found to be helpful 
in decreasing the oxidative stress by increasing the activity of activity of 
antioxidant enzymes.

[33]

Table 7. Factors affecting the phytochemical composition and antioxidant activity of some commonly used Brassica 
species.
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5. Conclusion

The edible of Brassica plants have been found to be a rich source of phytochemical compounds 
which possess strong antioxidant potential. These plants possess strong antioxidant potential 
in terms of metal reducing, metal chelating, lipid reducing and free radical scavenging and 
antioxidant enzymes activities. Brassica oleracea has been found to possess better phytochemi-
cal and antioxidant profile among Brassica plants. Brassica juncea, Brassica napus, Brassica rapa 
and Brassica nigra are also phytochemical and antioxidant rich species of genus Brassica. The 
considerable amount of phytochemicals and antioxidant potential make the Brassica plants 
the preferable candidates for nutritional and pharmaceutical applications.
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Factors Effects References

Solvent polarity Antioxidant activity increases with increasing the polarity of extracting solvent. [61]

Extraction/

treatment Time

Increase in extraction time resulted in an increase in phytochemical content and 
antioxidant activity.

[41]

Temperature High temperature resulted in a rapid decrease in flavonoid content of B. oleracea 
var. Italica.

[73]

Cooking method Steam boiling and microwave cooking showed a time-dependent decrease in 
phytochemical content and antioxidant activity of green broccoli.

Water boiling, water blanching, steam boiling, steam blanching, microwave 
heating and stir-frying resulted in the reduction of antioxidant potential of 
cauliflower.

[46, 69]

Salinity stress Extracts of B. juncea L. under salinity stress have been found to be helpful 
in decreasing the oxidative stress by increasing the activity of activity of 
antioxidant enzymes.

[33]

Table 7. Factors affecting the phytochemical composition and antioxidant activity of some commonly used Brassica 
species.
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1. Introduction

Pollination relations occur among all existing forms of Brassica napus L. from different habitats; 
crops (mainly oilseed rape varieties), volunteers (grown from seed losses in previous years 
inside cultivated areas), and feral populations (appearing outside cultivation areas, mainly 
along the transportation infrastructure) [1, 2]. In the case of coexistence of different cropping 
systems which includes genetically modified (GM) oilseed rape production, introduction of 
transgenes in B. napus or related species is possible [3–7]. In nature, spontaneous inter-specific 
hybridization of B. napus is possible with sexually compatible species (relatives that have high 
pollination affinity with B. napus) from the Brassicaceae family. Villaseñor and Spinosa-Garcia 
[8] reported 7.3% of alien flowering plants in Mexico including 45 species and 25 genera from 
Brassicaceae family compared with 5.1% of its alien floras of the world determined by Pysek 
[9]. The relatives of B. napus are cultivated as field crops, but can also appear as weeds or wild 
outside cultivated areas (e.g., field edges, shelterbelts, road verges, slag heaps, embankments) 
[4, 6, 10]. Unpredicted persistence of all existing forms of B. napus in the agro-ecosystem is the 
most common consequence of preservation and self-recruitment of seeds originating from soil 
seed bank [11–15]. Because of its physical characteristics, the seed is very mobile and there-
fore disposed to spillage. Uncontrolled seed loss represents the potential for the appearance of 
volunteer and feral populations of B. napus inside and outside production areas; B. napus seed 
remains viable in the soil for several years [16, 17]. The population dynamics of these plants is 
dependent on the soil seed bank potential and on the complex interactive characteristics of the 
genotype, soil, and agro-climatic factors [18–23]. Pollen transfer is a primary source of gene flow 
and has direct influence on the level of genetic exchange within and among plants, depending 
on the landscape context within which it occurs [24, 25]. Non-native B. napus invasions and 
migrations are possible by vehicles, which act as vectors of long-distance dispersal [26, 27]. 
The spread of biological propagules, both pollen and seeds, plays a pivotal role in a number of 
fundamental ecological and evolutionary processes [28]. Dispersal is a process of central impor-
tance for the ecological and evolutionary dynamics of populations and communities, because 
of its diverse consequences for gene flow and demography [29]. The presence of undefined pol-
lination in both natural and agricultural systems presents the potential for spontaneous intra- 
and inter-specific hybridization, reflected in the genetic structure and biodiversity of B. napus.

B. napus originated through spontaneous inter-specific hybridization (followed by polyploidi-
zation) between turnip rape (B. rapa L.; genome AA, 2n = 20) and cabbage (B. oleracea L.; 
genome CC, 2n = 18), resulting in an allotetraploid genome comprising the full chromosome 
complements of its two progenitors. Spontaneous hybridization between B. rapa and B. oleracea 
(from Europe and Asia) occurred due to contemporary cultivation of both species in a small 
geographic area in the Mediterranean region [30].

B. napus is a self-pollinated plant species with a variable out-crossing rate, influenced by geno-
type and environmental conditions. Due to the variable out-crossing rate, intra- and inter-
specific gene flow may occur in nature [30–32]. Inside cultivation areas, the common rate of 
out-crossing is from 20 to 30% [23]. The out-crossing rate between different varieties with full 
fertility is up to 0.1% on the field-to-field scale, while in varieties with incorporated male steril-
ity (bait plants; they produce no pollen on their own and represent the worst case scenario on 
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the out-crossing rate), it is higher than 1% [23, 33]. Out-crossing potential is most prominent on 
field margins and starts diminishing after 10 m; however, pollination at greater distances is not 
excluded. This is more frequent in cases where there are no other flowering plants in the sur-
roundings of the donor plant/cultivated crop. The out-crossing rate is significantly influenced 
by proportions between donor and recipient plants [23].

Different marker systems including short sequence repeat (SSR) markers are used for genetic 
characterization of agro-economically important plant species [10, 34–37]. To assess the 
molecular variation, genetic structure and gene flow potential among B. napus genome on a 
spatial and temporal scale, proved to be best suitable applying several molecular marker sys-
tems (RAPD, AFLP, SINE, ISSR, and SSR) [1, 6, 38–40]. There are also newly developed DNA 
marker types (e.g., SNP, KASP-SNP) and NGS (Next Generation Sequencing) based applica-
tions (e.g., GWS, GBS, RAD) [41–44] for genotyping and breeding purposes of B. napus.

Fragmented landscape and small-sized field structure reflect the heterogeneous growth con-
ditions in several parts of Europe and world. The presence of ecological barriers like landscape 
structural elements (small woods, hedges, overgrown paths, and hills) and the influence of 
different agro-climatic conditions manage pollen and seed distribution [45]. Consequently, 
the persistence of B. napus plants originating from seed in soil seed banks enables gene flow 
potential on a spatial and temporal scale, reflecting in the crop quality, seed purity, and long-
term biodiversity. Therefore, the aim of this study is to empirically estimate the out-crossing 
potential of B. napus gene transfer, under a fragmented landscape (10 statistical regions) in 
Slovenia and study the conservation of spontaneous gene flow into B. napus genome on a 
temporal level (4-year period). Through analysis of genetic diversity and calculation of popu-
lation genetics parameters, implemented by advanced bioinformatics procedures, this study 
represents the important agronomical, biological, and ecological baselines. The presented 
results are provided on a DNA level, which is the most reliable way to determine changes 
in the genetic composition of B. napus genome on a spatial and temporal scale. Our goals 
were (a) to identify the distribution pattern and population dynamics of volunteers and feral 
populations along statistical regions in Slovenia; (b) to assess the global diversity of naturally 
appearing gene pool structure of B. napus; (c) to evaluate the genetic differentiation between 
volunteers and feral populations; (d) to obtain the spatial and temporal distribution of spon-
taneous pollination potential and estimation of gene flow conservation; (e) to find the empiri-
cally assigned out-crossing rate of B. napus under a fragmented landscape structure during 
a 4-year period of monitoring; (f) to observe that due to genetic diversity and population 
genetics parameters, ecologically, evolutionary, and agronomically oriented studies could be 
conducted at the DNA level using highly informative SSR markers.

2. Materials and methods

2.1. Study area

For the purpose of the study, we have selected macro-locations on a regional level—regions 
along Slovenia with high crop production share of B. napus (as oilseed rape) [2]. Therefore, from 
all statistical regions (12) of Slovenia, 10 were included in our research (Osrednjeslovenska-OSR, 
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Gorenjska-GOR, Jugovzhodna Slovenia-JVS, Notranjsko-kraška-NTK, Obalno-kraška-OBK, 
Podravska-POD, Pomurska-POM, Savinjska-SAV, Spodnjeposavska-SPS, and Zasavska-
ZAS) (Figure 1). Inside those regions, we identified agrotopes (field edges, meadows, loess 
slopes, shelterbelts, field margins, field paths, etc.) and ruderal habitats (road verges, rail-
way embankments, slag heaps, construction sites, rest areas by the roads, uncultivated areas, 
mounds, roundabouts, etc.) as main orientation points for field survey. Meanwhile, volunteer 
populations were sampled inside field margins as weedy plants in other cultivated crops.

2.2. Field survey

Field survey was conducted in a 4-year period from 2007 to 2010 every year during the flower-
ing time of the biennial B. napus (third week of April and first week of May). We sampled five 
young leaves from each individual plant per population from each micro-location on an area 
of approx. 5m2 including a minimum of five plants of B. napus. Sampled leaves were frozen 
(−20°C) and stored for DNA analysis.

2.3. DNA extraction

The leaf apex of each sample from the five young plants was bulked for DNA extraction with 
BioSprint 15 DNA Plant Kit (Qiagen) on a KingFisher (Thermo) isolation robot following the 
optimized method according to manufacturer’s instructions.

Figure 1. Sampling locations of feral and volunteer populations of B. napus in 2007–2010 along Slovenian statistical 
regions.
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2.4. Genotyping procedure

A total of 45 nuclear SSR markers originating from different Brassicaceae family species, with 
various nucleotide repeat motives (listed in Table 1) were used. Thirty-seven SSR markers (with 
Na, Ol, Ni, Ra) were developed by Lowe et al. [46]; two SSR markers (with BRMS) were pub-
lished by Suwabe et al. [47]; two SSR markers (with MR) were by Uzanova and Ecke [48]; one SSR 
marker (named BN83B1) was developed by Szewc-McFadden et al. [49]; and two SSR markers 
(with RES) were published by Wang et al. [50]. PCR reactions were performed on a final volume 
of 11.5 μl, containing 30 ng of genomic DNA and the following reagents with initial concentra-
tions of: 10 x PCR buffer (Biotools), 10 mM of each dNTPs, 50 mM MgCl2 (Biotools), 10 μM of 
each primer, 10 μM 5′ fluorescently labeled universal primer (6-FAM, NED, HEX), and 0. 5 U of 
Taq DNA polymerase (Biotools). The forward primer of each SSR was appended with 18 bp tail 
sequence 5’-TGTAAAACGACGGCCAGT-3′ (M13(−21) as described by Schuelke [51]. PCR anal-
yses were performed on ATC 401 (Apollo Instrumentations) under the following “touch-down” 
conditions, dependent on each primer pair: 94°C for 4 min; 15 cycles at 94°C for 1 min; auto decre-
ment temperature from 60 (62)°C at 0.7°C per cycle for 30 s; 72°C for 1 min, followed by 23 cycles 
at 94°C for 30 s; 53°C for 30 s; 72°C for 1 min; and final extension for 5 min at 72°C. Fragment 
analysis was performed on a 3130XL genetic analyzer (ABI); the allele lengths were determined 
by comparison to a size standard GeneScan-350 ROX (ABI) using GeneMapper 4.0 (ABI).

2.5. Data analysis

Parameters of genetic diversity among loci including ranges of allele lengths (Ra), numbers 
of alleles (n), frequencies of null alleles (No), and probability of identity (PI) were calculated 
using Identity v.1.0 [52]. MsToolkit [53] was used to evaluate expected heterozygosities (He), 
observed heterozygosities (Ho), and polymorphic information content (PIC). Locus-specific 
fixation indices and deviations of volunteer and feral populations from the Hardy–Weinberg 
equilibrium (HWE) were calculated using the GenAlEx v.6.4. [54]. Detecting the loci under 
selection was performed using Arlequin v.3.5.1.2 software [55] with 20,000 simulations. FSTAT 
v.2.9.3.2 [56] was used to determine allelic richness (R) as a measure of the number of alleles 
independent of sample size after 2000 permutations. The calculations of population statistics 
parameters at the spatial and temporal level including numbers of different alleles (Na), num-
bers of private alleles (Np), numbers of effective alleles (Ne), number of locally common alleles, 
fixation indices (F), population-specific expected heterozygosities (He), Shannon’s informa-
tion index (I), and pairwise Nei’s genetic correlations were obtained using GenAlEx v.6.4 [54]. 
The out-crossing rate (t) was calculated from the fixation index using the equation t = (1 – F) 
/ (1 + F) described by He et al. [57]. Gene flow among volunteer and feral populations was 
estimated by calculating the effective number of migrants (m) using the private allele method 
of Slatkin [58], implemented by Genepop v.4.1 [59]; the corrected estimated value of Barton 
and Slatkin were reported [60]. Two common estimators of volunteer and feral population 
differentiation (Fst and Rst as standard parameters of genetic distance) are Fst, based on allele 
identity, and Rst, which incorporates the SSR-specific stepwise mutation model. Calculations 
of both estimations were performed using GenAlEx v.6.4 [54], where the estimation of RST 
was evaluated by AMOVA with 999 permutations. Pairwise genetic and geographic (log10 
[lat, long]) uniformity between genotypes in the 4-year period, was established by 999 per-
mutations with the Mantel test [61]. The mean within region pairwise values (r), according 
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Gorenjska-GOR, Jugovzhodna Slovenia-JVS, Notranjsko-kraška-NTK, Obalno-kraška-OBK, 
Podravska-POD, Pomurska-POM, Savinjska-SAV, Spodnjeposavska-SPS, and Zasavska-
ZAS) (Figure 1). Inside those regions, we identified agrotopes (field edges, meadows, loess 
slopes, shelterbelts, field margins, field paths, etc.) and ruderal habitats (road verges, rail-
way embankments, slag heaps, construction sites, rest areas by the roads, uncultivated areas, 
mounds, roundabouts, etc.) as main orientation points for field survey. Meanwhile, volunteer 
populations were sampled inside field margins as weedy plants in other cultivated crops.

2.2. Field survey

Field survey was conducted in a 4-year period from 2007 to 2010 every year during the flower-
ing time of the biennial B. napus (third week of April and first week of May). We sampled five 
young leaves from each individual plant per population from each micro-location on an area 
of approx. 5m2 including a minimum of five plants of B. napus. Sampled leaves were frozen 
(−20°C) and stored for DNA analysis.

2.3. DNA extraction

The leaf apex of each sample from the five young plants was bulked for DNA extraction with 
BioSprint 15 DNA Plant Kit (Qiagen) on a KingFisher (Thermo) isolation robot following the 
optimized method according to manufacturer’s instructions.

Figure 1. Sampling locations of feral and volunteer populations of B. napus in 2007–2010 along Slovenian statistical 
regions.

Brassica Germplasm - Characterization, Breeding and Utilization30

2.4. Genotyping procedure

A total of 45 nuclear SSR markers originating from different Brassicaceae family species, with 
various nucleotide repeat motives (listed in Table 1) were used. Thirty-seven SSR markers (with 
Na, Ol, Ni, Ra) were developed by Lowe et al. [46]; two SSR markers (with BRMS) were pub-
lished by Suwabe et al. [47]; two SSR markers (with MR) were by Uzanova and Ecke [48]; one SSR 
marker (named BN83B1) was developed by Szewc-McFadden et al. [49]; and two SSR markers 
(with RES) were published by Wang et al. [50]. PCR reactions were performed on a final volume 
of 11.5 μl, containing 30 ng of genomic DNA and the following reagents with initial concentra-
tions of: 10 x PCR buffer (Biotools), 10 mM of each dNTPs, 50 mM MgCl2 (Biotools), 10 μM of 
each primer, 10 μM 5′ fluorescently labeled universal primer (6-FAM, NED, HEX), and 0. 5 U of 
Taq DNA polymerase (Biotools). The forward primer of each SSR was appended with 18 bp tail 
sequence 5’-TGTAAAACGACGGCCAGT-3′ (M13(−21) as described by Schuelke [51]. PCR anal-
yses were performed on ATC 401 (Apollo Instrumentations) under the following “touch-down” 
conditions, dependent on each primer pair: 94°C for 4 min; 15 cycles at 94°C for 1 min; auto decre-
ment temperature from 60 (62)°C at 0.7°C per cycle for 30 s; 72°C for 1 min, followed by 23 cycles 
at 94°C for 30 s; 53°C for 30 s; 72°C for 1 min; and final extension for 5 min at 72°C. Fragment 
analysis was performed on a 3130XL genetic analyzer (ABI); the allele lengths were determined 
by comparison to a size standard GeneScan-350 ROX (ABI) using GeneMapper 4.0 (ABI).

2.5. Data analysis

Parameters of genetic diversity among loci including ranges of allele lengths (Ra), numbers 
of alleles (n), frequencies of null alleles (No), and probability of identity (PI) were calculated 
using Identity v.1.0 [52]. MsToolkit [53] was used to evaluate expected heterozygosities (He), 
observed heterozygosities (Ho), and polymorphic information content (PIC). Locus-specific 
fixation indices and deviations of volunteer and feral populations from the Hardy–Weinberg 
equilibrium (HWE) were calculated using the GenAlEx v.6.4. [54]. Detecting the loci under 
selection was performed using Arlequin v.3.5.1.2 software [55] with 20,000 simulations. FSTAT 
v.2.9.3.2 [56] was used to determine allelic richness (R) as a measure of the number of alleles 
independent of sample size after 2000 permutations. The calculations of population statistics 
parameters at the spatial and temporal level including numbers of different alleles (Na), num-
bers of private alleles (Np), numbers of effective alleles (Ne), number of locally common alleles, 
fixation indices (F), population-specific expected heterozygosities (He), Shannon’s informa-
tion index (I), and pairwise Nei’s genetic correlations were obtained using GenAlEx v.6.4 [54]. 
The out-crossing rate (t) was calculated from the fixation index using the equation t = (1 – F) 
/ (1 + F) described by He et al. [57]. Gene flow among volunteer and feral populations was 
estimated by calculating the effective number of migrants (m) using the private allele method 
of Slatkin [58], implemented by Genepop v.4.1 [59]; the corrected estimated value of Barton 
and Slatkin were reported [60]. Two common estimators of volunteer and feral population 
differentiation (Fst and Rst as standard parameters of genetic distance) are Fst, based on allele 
identity, and Rst, which incorporates the SSR-specific stepwise mutation model. Calculations 
of both estimations were performed using GenAlEx v.6.4 [54], where the estimation of RST 
was evaluated by AMOVA with 999 permutations. Pairwise genetic and geographic (log10 
[lat, long]) uniformity between genotypes in the 4-year period, was established by 999 per-
mutations with the Mantel test [61]. The mean within region pairwise values (r), according 
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Locus Repeat motif Ra[bp] n He Ho N0 PI PIC F

Na12-A07 (GT/CA)11 160–190 13 0.601 0.473 0.077 0.197 0.573 0.003

Na12-B05 (GA/CT)18 135–221 27 0.862 0.767 0.034 0.030 0.845 0.005

Na12-C08 (GA/CT)50 259–349 21 0.711 0.388 0.169 0.107 0.691 0.008

Na12-E05 (GT/CA)10 102–176 21 0.730 0.866 −0.078 0.099 0.704 0.003

Na12-G05 (GA/CT)50 144–254 22 0.876 0.749 0.069 0.027 0.858 0.005

Na14-E11 (GA/CT)29 108–184 16 0.722 0.871 −0.077 0.117 0.678 0.001

Na14-G02 (GA/CT)17 139–215 16 0.817 0.729 0.045 0.059 0.791 0.008

Ni3-G04b (GA/CT)18 99–171 20 0.690 0.747 −0.033 0.138 0.641 0.002

Ni4-D09 (GA/CT)25 162–246 22 0.911 0.932 −0.008 0.016 0.899 0.002

Ni4-E08 (GA/CT)47 105–195 11 0.422 0.436 −0.017 0.394 0.388 0.005

Na12-A08 (GA/CT)28 137–205 17 0.778 0.415 0.203 0.066 0.753 0.003

Na12-E06a (GA/CT)23, 162–252 12 0.816 0.730 0.052 0.055 0.790 0.006

Na12-C06 (GA/CT)37 153–285 19 0.895 0.702 0.095 0.213 0.880 0.002

Na10-A08 (GA/CT)21 107–217 21 0.700 0.723 −0.012 0.118 0.677 0.002

Na14-H11 (GT/CA)10 102–182 15 0.758 0.969 −0.120 0.091 0.725 0.005

BN83B1 (GA)11 (AAG)4 135–232 13 0.414 0.201 0.139 0.393 0.396 0.011

MR183 (TG)11 80–116 12 0.743 0.938 −0.106 0.108 0.699 0.001

Ni4-G04 (GA/CT)60 260–348 10 0.619 0.350 0.147 0.205 0.562 0.007

Ni4-H04 (GT/CA)14 132–134 16 0.872 0.253 0.334 0.026 0.848 0.029

Ol10-D03 (GA/CT)20 106–190 21 0.793 0.938 −0.089 0.067 0.767 0.003

Ol11-D12 (GA/CT)52 111–209 32 0.931 0.685 0.145 0.009 0.920 0.007

Ol11-G11 (GGC/CCG)5 99–197 15 0.831 0.959 −0.065 0.051 0.806 0.004

Ol11-H02 (AAT/AAG)18 128–218 12 0.802 0.713 0.047 0.070 0.772 0.003

Ol12-A04 (GA/CT)17 120–202 15 0.449 0.410 0.023 0.328 0.428 0.002

Ol12-B05 (GA/CT)36 122–244 20 0.516 0.405 0.069 0.256 0.493 0.004

Ol12-D05 (GA/CT)32 101–193 17 0.770 0.665 0.048 0.068 0.745 0.003

Ol12-D09 (GGC/CCG)4 103–193 11 0.703 0.875 −0.095 0.118 0.653 0.007

Ol12-E03 (GGC/CCG)9 94–257 13 0.854 0.921 −0.045 0.039 0.832 0.001

Ol12-F11 (GT/CA)14 124–254 17 0.707 0.660 0.023 0.130 0.678 0.016

Ol13-E08 (GA/CT)11 126–232 17 0.729 0.770 −0.043 0.118 0.684 0.002

Ra2-A01 (GA/CT)19 98–144 12 0.671 0.910 −0.149 0.171 0.611 0.001

Ra2-A10 (GT/CA)107 170–296 13 0.648 0.313 0.195 0.177 0.608 0.007

Ra2-E03 (GA/CT)18 187–319 19 0.589 0.334 0.165 0.226 0.555 0.010

Ra2-E04 (GA/CT)19 96–218 18 0.657 0.925 −0.155 0.174 0.593 0.002

Ra2-E12 (GA/CT)32 115–281 24 0.782 0.769 0.018 0.069 0.757 0.002
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to geographic and genetic distance, was calculated by 999 permutations and 1000 bootstraps 
using GenAlEx v.6.4 [54]. To assess the genetic structure of volunteer and feral populations, 
a Bayesian method was used. This analysis was performed using the model-based software 
Structure v.2.3.3 [62] that infers the number of genetic groups K present in a sample by com-
paring the posterior probability for different numbers of putative populations specified by the 
user and assigning individuals, giving a percentage of membership (Q value), for these clus-
ters. The admixture model with 100,000 MCMC (Markov chain Monte Carlo) repetitions and 
10,000 burn-in periods were used. Eleven independent runs were performed without prior 
information on groups assuming correlated allele frequencies. Temporal changes of genetic 
structure among volunteer and feral populations were estimated in PCoA (principal coor-
dinate analysis) via covariance matrix with data standardization using GenAlEx v.6.4. [54].

3. Results

3.1. The dataset

In the 4-year period, 261 samples were collected in total—66 samples of volunteer populations 
and 195 samples of feral populations within 10 statistical regions in Slovenia (Figure 1).

3.2. Evaluation of genetic diversity

Genotypic results for 45 analyzed loci are summarized in Table 1. All loci were 100% polymor-
phic in both volunteer and feral populations. The selected set of SSR markers is highly appli-
cable for genetic differentiation analysis within B. napus genome, suggesting high mean PIC 

Locus Repeat motif Ra[bp] n He Ho N0 PI PIC F

Ra2-F11 (GA/CT)34 151–307 29 0.797 0.929 −0.068 0.065 0.768 0.003

Ra2-G09 (GA/CT)19 168–266 21 0.740 0.461 0.159 0.096 0.717 0.007

Ra3-E05 (GT/CA)65 183–285 11 0.656 0.735 −0.038 0.165 0.607 0.003

Ra3-H10 (GA/CT)23 122–202 13 0.779 0.823 −0.025 0.072 0.760 0.006

BRMS-036 (CA)10(GA)4 100–178 15 0.813 0.976 −0.082 0.055 0.786 0.001

BRMS-050 (AAT)4(TC)19(TTC)3 143–215 14 0.361 0.292 0.047 0.473 0.345 0.013

MR187 (AG)23(AGG)5 101–189 18 0.600 0.450 0.103 0.175 0.579 0.001

RES1 (CCT)5 104–199 16 0.812 0.912 −0.058 0.064 0.782 0.002

RES6 (ATG)7 148–223 10 0.373 0.244 0.088 0.426 0.352 0.003

BN6A2 (GATT)4 93–133 9 0.596 0.415 0.116 0.191 0.556 0.003

Total 756 2.480×10−46

Mean 16.8 0.709 0.661 0.028 0.679 0.005

*Range of allele lengths (Ra), number of alleles (n), expected heterozygosity (He), observed heterozygosity (Ho), estimated 
frequency of null alleles (No), probability of identity (PI), polymorphic information content (PIC), and fixation index (F).

Table 1. Parameters of genetic diversity within volunteer and feral populations among loci*.
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Locus Repeat motif Ra[bp] n He Ho N0 PI PIC F

Na12-A07 (GT/CA)11 160–190 13 0.601 0.473 0.077 0.197 0.573 0.003

Na12-B05 (GA/CT)18 135–221 27 0.862 0.767 0.034 0.030 0.845 0.005

Na12-C08 (GA/CT)50 259–349 21 0.711 0.388 0.169 0.107 0.691 0.008

Na12-E05 (GT/CA)10 102–176 21 0.730 0.866 −0.078 0.099 0.704 0.003

Na12-G05 (GA/CT)50 144–254 22 0.876 0.749 0.069 0.027 0.858 0.005

Na14-E11 (GA/CT)29 108–184 16 0.722 0.871 −0.077 0.117 0.678 0.001

Na14-G02 (GA/CT)17 139–215 16 0.817 0.729 0.045 0.059 0.791 0.008

Ni3-G04b (GA/CT)18 99–171 20 0.690 0.747 −0.033 0.138 0.641 0.002

Ni4-D09 (GA/CT)25 162–246 22 0.911 0.932 −0.008 0.016 0.899 0.002

Ni4-E08 (GA/CT)47 105–195 11 0.422 0.436 −0.017 0.394 0.388 0.005

Na12-A08 (GA/CT)28 137–205 17 0.778 0.415 0.203 0.066 0.753 0.003

Na12-E06a (GA/CT)23, 162–252 12 0.816 0.730 0.052 0.055 0.790 0.006

Na12-C06 (GA/CT)37 153–285 19 0.895 0.702 0.095 0.213 0.880 0.002

Na10-A08 (GA/CT)21 107–217 21 0.700 0.723 −0.012 0.118 0.677 0.002

Na14-H11 (GT/CA)10 102–182 15 0.758 0.969 −0.120 0.091 0.725 0.005

BN83B1 (GA)11 (AAG)4 135–232 13 0.414 0.201 0.139 0.393 0.396 0.011

MR183 (TG)11 80–116 12 0.743 0.938 −0.106 0.108 0.699 0.001

Ni4-G04 (GA/CT)60 260–348 10 0.619 0.350 0.147 0.205 0.562 0.007

Ni4-H04 (GT/CA)14 132–134 16 0.872 0.253 0.334 0.026 0.848 0.029

Ol10-D03 (GA/CT)20 106–190 21 0.793 0.938 −0.089 0.067 0.767 0.003

Ol11-D12 (GA/CT)52 111–209 32 0.931 0.685 0.145 0.009 0.920 0.007

Ol11-G11 (GGC/CCG)5 99–197 15 0.831 0.959 −0.065 0.051 0.806 0.004

Ol11-H02 (AAT/AAG)18 128–218 12 0.802 0.713 0.047 0.070 0.772 0.003

Ol12-A04 (GA/CT)17 120–202 15 0.449 0.410 0.023 0.328 0.428 0.002

Ol12-B05 (GA/CT)36 122–244 20 0.516 0.405 0.069 0.256 0.493 0.004

Ol12-D05 (GA/CT)32 101–193 17 0.770 0.665 0.048 0.068 0.745 0.003

Ol12-D09 (GGC/CCG)4 103–193 11 0.703 0.875 −0.095 0.118 0.653 0.007

Ol12-E03 (GGC/CCG)9 94–257 13 0.854 0.921 −0.045 0.039 0.832 0.001

Ol12-F11 (GT/CA)14 124–254 17 0.707 0.660 0.023 0.130 0.678 0.016

Ol13-E08 (GA/CT)11 126–232 17 0.729 0.770 −0.043 0.118 0.684 0.002

Ra2-A01 (GA/CT)19 98–144 12 0.671 0.910 −0.149 0.171 0.611 0.001

Ra2-A10 (GT/CA)107 170–296 13 0.648 0.313 0.195 0.177 0.608 0.007

Ra2-E03 (GA/CT)18 187–319 19 0.589 0.334 0.165 0.226 0.555 0.010

Ra2-E04 (GA/CT)19 96–218 18 0.657 0.925 −0.155 0.174 0.593 0.002

Ra2-E12 (GA/CT)32 115–281 24 0.782 0.769 0.018 0.069 0.757 0.002

Brassica Germplasm - Characterization, Breeding and Utilization32

to geographic and genetic distance, was calculated by 999 permutations and 1000 bootstraps 
using GenAlEx v.6.4 [54]. To assess the genetic structure of volunteer and feral populations, 
a Bayesian method was used. This analysis was performed using the model-based software 
Structure v.2.3.3 [62] that infers the number of genetic groups K present in a sample by com-
paring the posterior probability for different numbers of putative populations specified by the 
user and assigning individuals, giving a percentage of membership (Q value), for these clus-
ters. The admixture model with 100,000 MCMC (Markov chain Monte Carlo) repetitions and 
10,000 burn-in periods were used. Eleven independent runs were performed without prior 
information on groups assuming correlated allele frequencies. Temporal changes of genetic 
structure among volunteer and feral populations were estimated in PCoA (principal coor-
dinate analysis) via covariance matrix with data standardization using GenAlEx v.6.4. [54].

3. Results

3.1. The dataset

In the 4-year period, 261 samples were collected in total—66 samples of volunteer populations 
and 195 samples of feral populations within 10 statistical regions in Slovenia (Figure 1).

3.2. Evaluation of genetic diversity

Genotypic results for 45 analyzed loci are summarized in Table 1. All loci were 100% polymor-
phic in both volunteer and feral populations. The selected set of SSR markers is highly appli-
cable for genetic differentiation analysis within B. napus genome, suggesting high mean PIC 

Locus Repeat motif Ra[bp] n He Ho N0 PI PIC F

Ra2-F11 (GA/CT)34 151–307 29 0.797 0.929 −0.068 0.065 0.768 0.003

Ra2-G09 (GA/CT)19 168–266 21 0.740 0.461 0.159 0.096 0.717 0.007

Ra3-E05 (GT/CA)65 183–285 11 0.656 0.735 −0.038 0.165 0.607 0.003

Ra3-H10 (GA/CT)23 122–202 13 0.779 0.823 −0.025 0.072 0.760 0.006

BRMS-036 (CA)10(GA)4 100–178 15 0.813 0.976 −0.082 0.055 0.786 0.001

BRMS-050 (AAT)4(TC)19(TTC)3 143–215 14 0.361 0.292 0.047 0.473 0.345 0.013

MR187 (AG)23(AGG)5 101–189 18 0.600 0.450 0.103 0.175 0.579 0.001

RES1 (CCT)5 104–199 16 0.812 0.912 −0.058 0.064 0.782 0.002

RES6 (ATG)7 148–223 10 0.373 0.244 0.088 0.426 0.352 0.003

BN6A2 (GATT)4 93–133 9 0.596 0.415 0.116 0.191 0.556 0.003

Total 756 2.480×10−46

Mean 16.8 0.709 0.661 0.028 0.679 0.005

*Range of allele lengths (Ra), number of alleles (n), expected heterozygosity (He), observed heterozygosity (Ho), estimated 
frequency of null alleles (No), probability of identity (PI), polymorphic information content (PIC), and fixation index (F).

Table 1. Parameters of genetic diversity within volunteer and feral populations among loci*.
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value (0.679) and low total PI value (2.480 × 10−46) (Table 1). The most informative locus with the 
highest PIC value was Ni4-D09, which originated from B. nigra genome (Table 1). Global genetic 
diversity (mean He value, Table 1) between all naturally present volunteer and feral populations 
in Slovenia is 0.709. Positive and low mean N0 value (Table 1) suggests that there was negligible 
mutation activity within the included SSR regions in B. napus genome, during the 4-year period.

According to the exact HWE test, both volunteer and feral populations do not meet HWE 
conditions (P < 0.05) for any of the 45 loci, which is confirmed by the mean positive value of 
F (0.005) (Table 1), indicating spontaneous random mating and inbreeding potential. These 
findings reflect the characteristics of natural populations during the 4-year monitoring of 
non-cultivated B. napus populations. Significant changes (P < 0.05) in genetic structure of all 
included genotypes at each locus were detected for loci Ra3-H10 and NA10-A08; it is assumed 
that the level of gene flow for those loci was influenced by microevolution and natural selec-
tion. The calculated values of different alleles (Na = 12.40), private alleles (Np = 1.13), and fixa-
tion index (F = 0.072) within volunteer populations were lower compared to feral populations, 
where Na was 15.67, Np reached 4.40, and F was 0.074. Naturally occurring out-crossing rate 
among feral populations during the 4-year period on the national level is 13.71%; the global 
out-crossing rate among volunteer populations is lower (13.47%). These comparisons indi-
cate the favorable introduction and conservation of new alleles via spontaneous gene flow in 
nature in self-recruited generations of feral populations.

The MCMC structure of 45 SSRs showed moderate genetic structure. When Evanno’s [63] ad 
hoc estimator of the real number of clusters was used, it indicated modes at K = 3 (Figure 2). 
The average genetic distances between genotypes in the first cluster is 0.794 (Fst = 0.062), fol-
lowing 0.627 (Fst = 0.169) in the second cluster and 0.646 (Fst = 0.092) in the third genetic cluster.

3.3. Regional-spatial assessment of gene flow in fragmented field landscapes

Genetic diversity and allelic structure of volunteer and feral populations along statistical 
regions are presented in Figure 3 and Table 2. According to the highest values of expected het-
erozygosity (He) and Shannon’s information index (I), the most genetically diverse genotypes 
are from JVS (He = 0.731; I = 1.779), SAV (He = 0.726; I = 1.729), OSR (He = 0.688; I = 1.627), and 
POM (He = 0.662; I = 1.482) regions (Figure 3). The highest number of private alleles, Np = 0.867, 
was detected among genotypes from OSR (Figure 3); the out-crossing rate inside this region 
reached 10.45%. The highest out-crossing rate was calculated within SAV (t = 18.75%) and 

Figure 2. Genetic structure of volunteer and feral populations, according to three genetic clusters.
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JVS (t = 18.31%) regions. The differences between the highest Np and low t values in the OSR 
region indicate the favorable potential of gene flow conservation in feral and volunteer popu-
lations; this is in contrast with the JVS and SAV regions, where the level of spontaneous gene 
flow was high, but conservation into naturally occurred populations, was low.

The estimation of RST (using stepwise mutation model) using AMOVA showed 4% molecular 
variability among statistical regions. High genetic relatedness between genotypes from  different 

Figure 3. Genetic patterns according to spatial distribution of volunteer and feral populations.

GOR JVS NTK OBK OSR POD POM SAV SPS ZAS

GOR * 0.032 0.020 0.076 0.006 0.010 0.010 0.017 0.012 0.070

JVS 0.857 * 0.034 0.096 0.026 0.027 0.030 0.015 0.038 0.066

NTK 0.919 0.850 * 0.093 0.019 0.019 0.022 0.020 0.022 0.072

OBK 0.820 0.724 0.761 * 0.073 0.079 0.077 0.085 0.088 0.122

OSR 0.977 0.874 0.921 0.826 * 0.009 0.009 0.012 0.013 0.067

POD 0.958 0.874 0.921 0.801 0.963 * 0.010 0.015 0.016 0.063

POM 0.963 0.865 0.911 0.813 0.963 0.955 * 0.014 0.017 0.067

SAV 0.929 0.923 0.915 0.772 0.941 0.934 0.940 * 0.021 0.061

SPS 0.957 0.842 0.913 0.788 0.951 0.937 0.936 0.919 * 0.068

ZAS 0.770 0.763 0.764 0.711 0.774 0.789 0.774 0.785 0.778 *

*Upper (U) and lower (L) confidence limits bound the 95% confidence interval about the null hypothesis of “No 
difference” across the regions as determined by permutation. The lowest mean r value was calculated across POD 
region (63.3%), where r was outside U and L limits reflecting the highest genetic and geographic difference of included 
genotypes along this region.

Table 2. Values of pairwise comparisons of feral and volunteer populations according to statistical regions, Nei’s genetic 
identity (under diagonal) and FST values (above diagonal).
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value (0.679) and low total PI value (2.480 × 10−46) (Table 1). The most informative locus with the 
highest PIC value was Ni4-D09, which originated from B. nigra genome (Table 1). Global genetic 
diversity (mean He value, Table 1) between all naturally present volunteer and feral populations 
in Slovenia is 0.709. Positive and low mean N0 value (Table 1) suggests that there was negligible 
mutation activity within the included SSR regions in B. napus genome, during the 4-year period.

According to the exact HWE test, both volunteer and feral populations do not meet HWE 
conditions (P < 0.05) for any of the 45 loci, which is confirmed by the mean positive value of 
F (0.005) (Table 1), indicating spontaneous random mating and inbreeding potential. These 
findings reflect the characteristics of natural populations during the 4-year monitoring of 
non-cultivated B. napus populations. Significant changes (P < 0.05) in genetic structure of all 
included genotypes at each locus were detected for loci Ra3-H10 and NA10-A08; it is assumed 
that the level of gene flow for those loci was influenced by microevolution and natural selec-
tion. The calculated values of different alleles (Na = 12.40), private alleles (Np = 1.13), and fixa-
tion index (F = 0.072) within volunteer populations were lower compared to feral populations, 
where Na was 15.67, Np reached 4.40, and F was 0.074. Naturally occurring out-crossing rate 
among feral populations during the 4-year period on the national level is 13.71%; the global 
out-crossing rate among volunteer populations is lower (13.47%). These comparisons indi-
cate the favorable introduction and conservation of new alleles via spontaneous gene flow in 
nature in self-recruited generations of feral populations.

The MCMC structure of 45 SSRs showed moderate genetic structure. When Evanno’s [63] ad 
hoc estimator of the real number of clusters was used, it indicated modes at K = 3 (Figure 2). 
The average genetic distances between genotypes in the first cluster is 0.794 (Fst = 0.062), fol-
lowing 0.627 (Fst = 0.169) in the second cluster and 0.646 (Fst = 0.092) in the third genetic cluster.

3.3. Regional-spatial assessment of gene flow in fragmented field landscapes

Genetic diversity and allelic structure of volunteer and feral populations along statistical 
regions are presented in Figure 3 and Table 2. According to the highest values of expected het-
erozygosity (He) and Shannon’s information index (I), the most genetically diverse genotypes 
are from JVS (He = 0.731; I = 1.779), SAV (He = 0.726; I = 1.729), OSR (He = 0.688; I = 1.627), and 
POM (He = 0.662; I = 1.482) regions (Figure 3). The highest number of private alleles, Np = 0.867, 
was detected among genotypes from OSR (Figure 3); the out-crossing rate inside this region 
reached 10.45%. The highest out-crossing rate was calculated within SAV (t = 18.75%) and 

Figure 2. Genetic structure of volunteer and feral populations, according to three genetic clusters.
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JVS (t = 18.31%) regions. The differences between the highest Np and low t values in the OSR 
region indicate the favorable potential of gene flow conservation in feral and volunteer popu-
lations; this is in contrast with the JVS and SAV regions, where the level of spontaneous gene 
flow was high, but conservation into naturally occurred populations, was low.

The estimation of RST (using stepwise mutation model) using AMOVA showed 4% molecular 
variability among statistical regions. High genetic relatedness between genotypes from  different 

Figure 3. Genetic patterns according to spatial distribution of volunteer and feral populations.

GOR JVS NTK OBK OSR POD POM SAV SPS ZAS

GOR * 0.032 0.020 0.076 0.006 0.010 0.010 0.017 0.012 0.070

JVS 0.857 * 0.034 0.096 0.026 0.027 0.030 0.015 0.038 0.066

NTK 0.919 0.850 * 0.093 0.019 0.019 0.022 0.020 0.022 0.072

OBK 0.820 0.724 0.761 * 0.073 0.079 0.077 0.085 0.088 0.122

OSR 0.977 0.874 0.921 0.826 * 0.009 0.009 0.012 0.013 0.067

POD 0.958 0.874 0.921 0.801 0.963 * 0.010 0.015 0.016 0.063

POM 0.963 0.865 0.911 0.813 0.963 0.955 * 0.014 0.017 0.067

SAV 0.929 0.923 0.915 0.772 0.941 0.934 0.940 * 0.021 0.061

SPS 0.957 0.842 0.913 0.788 0.951 0.937 0.936 0.919 * 0.068

ZAS 0.770 0.763 0.764 0.711 0.774 0.789 0.774 0.785 0.778 *

*Upper (U) and lower (L) confidence limits bound the 95% confidence interval about the null hypothesis of “No 
difference” across the regions as determined by permutation. The lowest mean r value was calculated across POD 
region (63.3%), where r was outside U and L limits reflecting the highest genetic and geographic difference of included 
genotypes along this region.

Table 2. Values of pairwise comparisons of feral and volunteer populations according to statistical regions, Nei’s genetic 
identity (under diagonal) and FST values (above diagonal).
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regions was also confirmed with pairwise comparisons between genotypes from different geo-
graphical areas, based on Nei’s genetic identity and FST values (Table 2). The highest pairwise 
genetic correlation was calculated between genotypes from the OSR and GOR regions (0.977), 
which corresponds to the lowest FST values, based on allele frequencies between these two geo-
graphic areas (FST = 0.006) (Table 2). These two regions are geographically neighboring areas 
(Figure 1).

According to the results from Table 2, the included genotypes are relatively homogenously 
dispersed along all geographic areas and no grouping of genetically similar genotypes within 
statistical regions was observed. This finding was confirmed by a global Mantel test, which 
compares the genetic and geographic distance matrix of all 261 genotypes. The Mantel cor-
relation coefficient of genetic and spatial relatedness between genotypes was low, but positive 
(rxy = 0.044, P = 0.01), due to minor spatial linkage on the basis of genetic structure. The sum-
mary of the mean within region pairwise values, based on genetic and geographic distance, 
is presented in Figure 4.

3.4. Temporal distribution of landscape gene flow and conservation of genetic 
variation

Temporal distribution of genetic variation, according to 100% polymorphic loci during the 
4-year monitoring is presented in Table 3. Increasing values of Np, m, and molecular variance 
for every successive year, signify the gene flow potential, distribution, and conservation of 
new alleles into B. napus genome in a relatively short period. However, for allelic richness, the 
highest contribution was determined in 2010 (see Table 3).

According to PCoA results, there is a decreasing pattern of genetic linkages between all geno-
types from 2007 to 2010 (Figure 5). This genetic differentiation reflects the spontaneous gene 
flow through the 4-year period in the surveyed agro-ecosystem.

4. Discussion

According to the 4-year field monitoring, volunteer/feral populations appeared within sta-
tistical regions, where B. napus have been widely cultivated as oilseed rape (OSR, 56; GOR, 

Figure 4. Mean within region pairwise values (r), according to geographic and genetic distance.
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45; POD, 36; JVS, 32; POM and SAV, 29). The actual regional cultivation of B. napus in 2009 
was reported by Pipan et al. [2], where the highest proportion of oilseed rape production was 
inscribed along POM and POD regions. There was no volunteer or feral population found 
inside Goriška and Koroška region. Distribution of volunteer and feral populations (Figure 1) 
represents the highly-developed B. napus persistence under the Slovenian fragmented land-
scape structure, according to soil seed bank potential as a consequence of seed movements. The 
regional pattern of B. napus presence indicates that volunteer or feral populations most com-
monly originate from seed losses. Zhu et al. [17] report that seed losses during harvest could 
be limited to 0.7–1.1% of total seed production under Chinese farming systems. Consequently, 
uncultivated forms of B. napus colonize mostly pioneer habitats, such as waste sites, cultivated 
grounds, rubble tips, arable fields, riverbanks, road sides, and tracks [6, 64].

In this study, spatial and temporal determination of genetic changes on 45 loci inside the B. 
napus genome was proven to be useful and informative—there was low probability of identity 
value (PI = 2.480 × 10−46) and high polymorphic content value (PIC = 0.679) (see Table 1) among 
single species. These values also reflect the equal distribution of alleles among volunteer and 
feral genotypes. SSR markers are suitable to identify varieties of B. napus (e.g., [6, 39, 65]).  
A high level of genetic differentiation within the same species was obtained in our study. The 
composed structure of some SSR repeat motives, which originated from Brassica sp. (BN83B1, 
PIC = 0.396; BRMS-050, PIC = 0.345), could have a negative effect on the information content 
(Table 1). We would like to emphasize the highly distinctive loci RES1 (PI = 0.782, Table 1) 
developed from the sexually compatible relative of B. napus, Raphanussativus [50]. This study 
confirmed the finding reported by Elling et al. [38], Hasan et al. [39], Suwabe et al. [47], and 
Bond et al. [66] that SSR markers originating from related Brassica species are highly appli-
cable in investigations of B. napus gene pool.

Variable out-crossing rate, being a biological characteristic of B. napus, is 5–47% [30]. 
Likewise, empirically determined out-crossing rate in Slovenia was 13.6% and rep-
resents the spontaneous gene flow potential of B. napus under a fragmented landscape 
structure during a 4-year period. Moreover, the ability for introgression and conserva-
tion of spontaneous gene flow into B. napus genome through (self-recruited) genera-
tions in nature is possible. According to the increasing pattern of Np and m values in 
each following year during the 4-year period (Table 3), proves that genetic changes 
within volunteer/feral populations are reflected temporally. This finding is confirmed by 
PCoA distribution, where genetic relatedness between genotypes decreased (Figure 5) 
and the proportion of molecular variance during the 4-year period increased (Table 3).  
Additionally, genetic diversity within feral populations was higher, compared to vol-
unteers due to uncontrolled pollination and introduction of new genes into feral popu-
lations. Pascher et al. [6] reported that feral populations shared less than 50% of the 
SSR alleles among 8 loci, compared to commercial varieties, which were cultivated 
in the previous year along the same region. Our results showed that alleles from both 
volunteer and feral populations were distributed in three genetic clusters (Figure 2)  
with relatively similar level of diversity. Considering this, we assume that high proportion 
of spatially and temporary distributed agro-biodiversity of B. napus gene pool was observed 
(global He = 0.709, F = 0.005; Table 1). Temporal determination among volunteers and feral 
populations was described by R, a measure of independent quantitative comparison of 
genetic diversity between all years. Overall, the most genetically diverse genotypes were 

Spatial and Temporal Assessment of Brassica napus L. Maintaining Genetic Diversity and Gene…
http://dx.doi.org/10.5772/intechopen.74570

37



regions was also confirmed with pairwise comparisons between genotypes from different geo-
graphical areas, based on Nei’s genetic identity and FST values (Table 2). The highest pairwise 
genetic correlation was calculated between genotypes from the OSR and GOR regions (0.977), 
which corresponds to the lowest FST values, based on allele frequencies between these two geo-
graphic areas (FST = 0.006) (Table 2). These two regions are geographically neighboring areas 
(Figure 1).

According to the results from Table 2, the included genotypes are relatively homogenously 
dispersed along all geographic areas and no grouping of genetically similar genotypes within 
statistical regions was observed. This finding was confirmed by a global Mantel test, which 
compares the genetic and geographic distance matrix of all 261 genotypes. The Mantel cor-
relation coefficient of genetic and spatial relatedness between genotypes was low, but positive 
(rxy = 0.044, P = 0.01), due to minor spatial linkage on the basis of genetic structure. The sum-
mary of the mean within region pairwise values, based on genetic and geographic distance, 
is presented in Figure 4.

3.4. Temporal distribution of landscape gene flow and conservation of genetic 
variation

Temporal distribution of genetic variation, according to 100% polymorphic loci during the 
4-year monitoring is presented in Table 3. Increasing values of Np, m, and molecular variance 
for every successive year, signify the gene flow potential, distribution, and conservation of 
new alleles into B. napus genome in a relatively short period. However, for allelic richness, the 
highest contribution was determined in 2010 (see Table 3).

According to PCoA results, there is a decreasing pattern of genetic linkages between all geno-
types from 2007 to 2010 (Figure 5). This genetic differentiation reflects the spontaneous gene 
flow through the 4-year period in the surveyed agro-ecosystem.

4. Discussion

According to the 4-year field monitoring, volunteer/feral populations appeared within sta-
tistical regions, where B. napus have been widely cultivated as oilseed rape (OSR, 56; GOR, 

Figure 4. Mean within region pairwise values (r), according to geographic and genetic distance.
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45; POD, 36; JVS, 32; POM and SAV, 29). The actual regional cultivation of B. napus in 2009 
was reported by Pipan et al. [2], where the highest proportion of oilseed rape production was 
inscribed along POM and POD regions. There was no volunteer or feral population found 
inside Goriška and Koroška region. Distribution of volunteer and feral populations (Figure 1) 
represents the highly-developed B. napus persistence under the Slovenian fragmented land-
scape structure, according to soil seed bank potential as a consequence of seed movements. The 
regional pattern of B. napus presence indicates that volunteer or feral populations most com-
monly originate from seed losses. Zhu et al. [17] report that seed losses during harvest could 
be limited to 0.7–1.1% of total seed production under Chinese farming systems. Consequently, 
uncultivated forms of B. napus colonize mostly pioneer habitats, such as waste sites, cultivated 
grounds, rubble tips, arable fields, riverbanks, road sides, and tracks [6, 64].

In this study, spatial and temporal determination of genetic changes on 45 loci inside the B. 
napus genome was proven to be useful and informative—there was low probability of identity 
value (PI = 2.480 × 10−46) and high polymorphic content value (PIC = 0.679) (see Table 1) among 
single species. These values also reflect the equal distribution of alleles among volunteer and 
feral genotypes. SSR markers are suitable to identify varieties of B. napus (e.g., [6, 39, 65]).  
A high level of genetic differentiation within the same species was obtained in our study. The 
composed structure of some SSR repeat motives, which originated from Brassica sp. (BN83B1, 
PIC = 0.396; BRMS-050, PIC = 0.345), could have a negative effect on the information content 
(Table 1). We would like to emphasize the highly distinctive loci RES1 (PI = 0.782, Table 1) 
developed from the sexually compatible relative of B. napus, Raphanussativus [50]. This study 
confirmed the finding reported by Elling et al. [38], Hasan et al. [39], Suwabe et al. [47], and 
Bond et al. [66] that SSR markers originating from related Brassica species are highly appli-
cable in investigations of B. napus gene pool.

Variable out-crossing rate, being a biological characteristic of B. napus, is 5–47% [30]. 
Likewise, empirically determined out-crossing rate in Slovenia was 13.6% and rep-
resents the spontaneous gene flow potential of B. napus under a fragmented landscape 
structure during a 4-year period. Moreover, the ability for introgression and conserva-
tion of spontaneous gene flow into B. napus genome through (self-recruited) genera-
tions in nature is possible. According to the increasing pattern of Np and m values in 
each following year during the 4-year period (Table 3), proves that genetic changes 
within volunteer/feral populations are reflected temporally. This finding is confirmed by 
PCoA distribution, where genetic relatedness between genotypes decreased (Figure 5) 
and the proportion of molecular variance during the 4-year period increased (Table 3).  
Additionally, genetic diversity within feral populations was higher, compared to vol-
unteers due to uncontrolled pollination and introduction of new genes into feral popu-
lations. Pascher et al. [6] reported that feral populations shared less than 50% of the 
SSR alleles among 8 loci, compared to commercial varieties, which were cultivated 
in the previous year along the same region. Our results showed that alleles from both 
volunteer and feral populations were distributed in three genetic clusters (Figure 2)  
with relatively similar level of diversity. Considering this, we assume that high proportion 
of spatially and temporary distributed agro-biodiversity of B. napus gene pool was observed 
(global He = 0.709, F = 0.005; Table 1). Temporal determination among volunteers and feral 
populations was described by R, a measure of independent quantitative comparison of 
genetic diversity between all years. Overall, the most genetically diverse genotypes were 
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Figure 5. PCoA temporal distribution of genotypes.

determined in 2010, additionally confirmed with the highest Ne value (Table 3), indicat-
ing the ability and introduction of new alleles through spontaneous pollination of B. napus  
in nature.

Our study suggests that there is no specific distribution of genetically similar genotypes pres-
ent within the same statistical region. Conversely, the proportion of shared molecular variabil-
ity of volunteers/feral populations between regions is high (96%). These large-scale genetic 
similarities could be caused by common ancestry from commercial varieties of B. napus  

Parameter of population 
diversity and genetics

Ecological interpretation 2007 2008 2009 2010

Ne Allelic diversity 4.01 3.80 3.64 4.17

Np Estimation of spontaneous gene flow conservation 
into naturally appearing populations

0.58 0.93 0.98 1.64

F Estimated level of spontaneous gene flow 0.03 0.01 0.07 0.05

t (%) Actual gene flow potential 5.74 2.81 13.27 12.52

Molecular variance (%) Conservation of naturally occurring spontaneous 
gene flow

1.64 1.78 2.77 6.1

m Level of gene flow 2.16 3.36 4.41 5.47

R Basic genetic diversity parameter; allelic richness 3.41 1.67 3.23 5.64

Table 3. Ecologically important parameters of population genetics for genetic diversity distribution in 4-year sampling 
period.
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(oilseed rape), which were cultivated in the observed statistical regions. Pasher et al. [6] 
observed that genetic similarities among feral populations could be caused by selection 
favoring or eliminating certain alleles of loci linked to the markers, or by pollination and 
hybridization with sexually compatible relatives. However, Mantel correlation coefficient 
between genetic and geographic distance matrix assigned a low level of spatially and geneti-
cally related distribution among genotypes. The highest spatially distributed genetic diver-
sity was observed in the JVS and SAV regions (He >0.700; Figure 3); the highest numbers of 
locally common alleles (< 50%) with a frequency > 5% (Figure 3) were detected along the JVS 
and OSR regions. Most likely, the highest potential for gene flow conservation into natural 
B. napus populations (highest Np values) was determined within the OSR region (Figure 3)  
due to favorable agro-climatic and geographic conditions. The most genetically heterogeneous 
genotypes, according to their spatial position, were formed along the POD region (Figure 3).

5. Conclusions

Distribution of volunteer and feral populations represents the highly developed B. napus 
persistence under the Slovenian fragmented landscape structure, according to soil seed 
bank potential as a consequence of seed movements. The regional pattern of B. napus pres-
ence indicates that volunteer/feral populations most commonly originate from seed losses. In 
this study, spatial and temporal determination of genetic changes on 45 loci within B. napus 
genome was proven to be useful and informative. Empirically determined out-crossing rate in 
Slovenia was 13.6% and represents the spontaneous gene flow potential of B. napus, under a 
fragmented landscape structure during a 4-year period. This calculation reflects that the actual 
large-scale situation is an important basis for ecological, agronomical, and ecological evalu-
ation of spontaneous pollination potential of B. napus in this agro-ecosystem. Moreover, the 
ability of introgression and conservation of spontaneous gene flow into the B. napus genome 
through (self-recruited) generations in nature is possible. Our study suggests that there is no 
specific distribution of genetically similar genotypes present within the same statistical region.

Our empirically obtained results show the existing potential of large-scale spontaneous pol-
lination and gene flow conservation into the B. napus gene pool in a short time period under 
a fragmented landscape structure. Genetic diversity of naturally present B. napus plants and 
spatially and temporally determined conservation of genetic variation, is proven to be suc-
cessfully assessed using SSR markers, due to biologically, agronomically, evolutionary, and 
ecologically important parameters.
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Figure 5. PCoA temporal distribution of genotypes.

determined in 2010, additionally confirmed with the highest Ne value (Table 3), indicat-
ing the ability and introduction of new alleles through spontaneous pollination of B. napus  
in nature.

Our study suggests that there is no specific distribution of genetically similar genotypes pres-
ent within the same statistical region. Conversely, the proportion of shared molecular variabil-
ity of volunteers/feral populations between regions is high (96%). These large-scale genetic 
similarities could be caused by common ancestry from commercial varieties of B. napus  

Parameter of population 
diversity and genetics

Ecological interpretation 2007 2008 2009 2010

Ne Allelic diversity 4.01 3.80 3.64 4.17

Np Estimation of spontaneous gene flow conservation 
into naturally appearing populations

0.58 0.93 0.98 1.64

F Estimated level of spontaneous gene flow 0.03 0.01 0.07 0.05

t (%) Actual gene flow potential 5.74 2.81 13.27 12.52

Molecular variance (%) Conservation of naturally occurring spontaneous 
gene flow

1.64 1.78 2.77 6.1

m Level of gene flow 2.16 3.36 4.41 5.47

R Basic genetic diversity parameter; allelic richness 3.41 1.67 3.23 5.64

Table 3. Ecologically important parameters of population genetics for genetic diversity distribution in 4-year sampling 
period.
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(oilseed rape), which were cultivated in the observed statistical regions. Pasher et al. [6] 
observed that genetic similarities among feral populations could be caused by selection 
favoring or eliminating certain alleles of loci linked to the markers, or by pollination and 
hybridization with sexually compatible relatives. However, Mantel correlation coefficient 
between genetic and geographic distance matrix assigned a low level of spatially and geneti-
cally related distribution among genotypes. The highest spatially distributed genetic diver-
sity was observed in the JVS and SAV regions (He >0.700; Figure 3); the highest numbers of 
locally common alleles (< 50%) with a frequency > 5% (Figure 3) were detected along the JVS 
and OSR regions. Most likely, the highest potential for gene flow conservation into natural 
B. napus populations (highest Np values) was determined within the OSR region (Figure 3)  
due to favorable agro-climatic and geographic conditions. The most genetically heterogeneous 
genotypes, according to their spatial position, were formed along the POD region (Figure 3).

5. Conclusions

Distribution of volunteer and feral populations represents the highly developed B. napus 
persistence under the Slovenian fragmented landscape structure, according to soil seed 
bank potential as a consequence of seed movements. The regional pattern of B. napus pres-
ence indicates that volunteer/feral populations most commonly originate from seed losses. In 
this study, spatial and temporal determination of genetic changes on 45 loci within B. napus 
genome was proven to be useful and informative. Empirically determined out-crossing rate in 
Slovenia was 13.6% and represents the spontaneous gene flow potential of B. napus, under a 
fragmented landscape structure during a 4-year period. This calculation reflects that the actual 
large-scale situation is an important basis for ecological, agronomical, and ecological evalu-
ation of spontaneous pollination potential of B. napus in this agro-ecosystem. Moreover, the 
ability of introgression and conservation of spontaneous gene flow into the B. napus genome 
through (self-recruited) generations in nature is possible. Our study suggests that there is no 
specific distribution of genetically similar genotypes present within the same statistical region.

Our empirically obtained results show the existing potential of large-scale spontaneous pol-
lination and gene flow conservation into the B. napus gene pool in a short time period under 
a fragmented landscape structure. Genetic diversity of naturally present B. napus plants and 
spatially and temporally determined conservation of genetic variation, is proven to be suc-
cessfully assessed using SSR markers, due to biologically, agronomically, evolutionary, and 
ecologically important parameters.
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Abstract

This chapter describes recent research studies about kohlrabi, a versatile vegetable with 
important health benefits (e.g. reduces risk of breast and prostate cancer, improves body 
metabolism, helps in weight loss diets, etc.). The investigations are focused on pale-green 
kohlrabi giving an accurate and precise description, from a qualitative point of view, of 
the bioactive compounds found in different parts of the pale-green kohlrabi: core, peel, 
leaves and equal combinations between these parts. All the active principles from pale-
green kohlrabi are extracted following a well-established method, in an aqueous medium 
at a constant temperature of 4°C for 24 h. The qualitative screening of phytochemicals 
gives details regarding the presence or absence of chemical compounds using different 
colour reactions.

Keywords: Brassica oleracea, kohlrabi, aqueous extracts, bioactive compounds, 
qualitative screening

1. Introduction

Brassica vegetables, also known as ‘cruciferous vegetables’, consist of a large group of herba-
ceous plants that include some of the world’s most cultivated vegetables, namely cabbage, 
broccoli and cauliflower. Besides their main use as food ingredients, Brassica vegetables are 
full of antioxidants that help lower the potential risk of different types of cancers and coro-
nary heart issues and are an important source of vitamin C, folic acid and numerous minerals 
such as iron, potassium and selenium [1].

Brassicas are also renowned for containing disease-fighting compounds, phytochemicals that 
occur naturally in plants and exhibit a variety of health benefits for the human body. One 

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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Abstract

This chapter describes recent research studies about kohlrabi, a versatile vegetable with 
important health benefits (e.g. reduces risk of breast and prostate cancer, improves body 
metabolism, helps in weight loss diets, etc.). The investigations are focused on pale-green 
kohlrabi giving an accurate and precise description, from a qualitative point of view, of 
the bioactive compounds found in different parts of the pale-green kohlrabi: core, peel, 
leaves and equal combinations between these parts. All the active principles from pale-
green kohlrabi are extracted following a well-established method, in an aqueous medium 
at a constant temperature of 4°C for 24 h. The qualitative screening of phytochemicals 
gives details regarding the presence or absence of chemical compounds using different 
colour reactions.

Keywords: Brassica oleracea, kohlrabi, aqueous extracts, bioactive compounds, 
qualitative screening

1. Introduction

Brassica vegetables, also known as ‘cruciferous vegetables’, consist of a large group of herba-
ceous plants that include some of the world’s most cultivated vegetables, namely cabbage, 
broccoli and cauliflower. Besides their main use as food ingredients, Brassica vegetables are 
full of antioxidants that help lower the potential risk of different types of cancers and coro-
nary heart issues and are an important source of vitamin C, folic acid and numerous minerals 
such as iron, potassium and selenium [1].

Brassicas are also renowned for containing disease-fighting compounds, phytochemicals that 
occur naturally in plants and exhibit a variety of health benefits for the human body. One 
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of those biologically active compounds is glucosinolates, sulphur-containing phytochemicals 
with strong anti-cancer properties [2–4]. Brassica vegetables contain significant amounts of 
carotenoids such as zeaxanthin and lutein, two important components of the macula lutea 
region of the retina, and, therefore, play an important role in the prevention of age-related 
macular degeneration [5].

Kohlrabi (Brassica oleracea of the Gongylodes group) is one of the top vitamin C plants (one 
cup of kohlrabi contains more than 100% of the daily dose recommended for human con-
sumption). It has European origins, being often called ‘German turnip’, with a sweet and 
delicate taste, rather a combination between radish and cabbage.

Kohlrabi is a bulbous vegetable available all year round and can be eaten either raw or cooked; 
both root and leaves are recommended in human consumption as they contain significant 
amounts of nutrients and are poor in calories [6, 7].

Several varieties of kohlrabi are commonly grown and commercially available, including 
White Vienna, Purple Vienna, Grand Duke, Gigante, Purple Danube and White Danube.

The main benefits in human health of kohlrabi are presented in Figure 1.

In the present chapter, different parts (e.g. core, peel and leaves) of pale-green kohlrabi are 
used to prepare five distinct aqueous extracts that are analysed by means of qualitative phy-
tochemical content [8–10].

Figure 1. Health benefits of pale green kohlrabi.
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2. Preparation of aqueous extracts from pale-green kohlrabi

Five distinct aqueous extracts are prepared from different parts of pale-green kohlrabi, as 
follows:

• three simple aqueous extracts from only one part, for example, core, peel and leaves; and

• two combined aqueous extracts from core and peel in equal parts, respectively core, peel 
and leaves in equal amounts.

The main steps involved in the preparation of aqueous extracts from pale-green kohlrabi are 
(Figure 2) acquiring pale-green kohlrabi from the local market, thoroughly washing it with 
tap water once and distilled water thrice, separating the component parts (core, peel, leaves), 
shade-drying it at room temperature, grinding the components into fine parts, extracting a 
determined quantity of the dried powder in an aqueous medium for 24 h and filtering the 
resulting extract until no debris are present in the aqueous extract.

All five distinct pale-green kohlrabi aqueous extracts are prepared according to the same 
method that was generally described above; the only difference is the amount of dried plant 
that resulted after the extraction and the volume of the resulting aqueous extract. In Table 1 
the amount of dried plant material before and after the extraction is presented, and Table 2 
contains the exact volume of different resulting aqueous extracts compared to the initial vol-
ume of distilled water.

The extractive value (yield percentage) of the kohlrabi (peel, core, leaves, equal amounts of 
peel and core, equal amounts of peel, core and leaves) samples was calculated before and after 

Figure 2. General method for preparation of aqueous extract from pale-green kohlrabi.
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Crt. No. Aqueous extract Distilled water (mL) Volume of aqueous extract (mL)

1 Pale-green kohlrabi core 250 202

2 Pale-green kohlrabi peel 250 170

3 Pale-green kohlrabi leaves 250 192

4 Pale-green kohlrabi core and peel 250 190

5 Pale-green kohlrabi core, peel and leaves 300 208

Table 2. Volume of resulted aqueous extracts from pale green kohlrabi.

the preparation of the aqueous extracts using the formula and the results are also presented 
in Table 1 [11]:

  Extract yield % =  [ W  1   /  W  2  ]  x 100.  

where W1 = net powder weight (grams) after extraction and W2 = total powder weight (grams) 
used for the preparation of aqueous extracts.

3. Qualitative screening of phytochemicals from pale-green kohlrabi 
aqueous extracts

Various standard qualitative phytochemical analyses are known that allow the determination 
of chemical groups or compounds in aqueous extracts from different plants. The majority of 
these qualitative tests is based on the change of colour or precipitation as a clear response to 
the presence of that specific chemical compound [12, 13]. It is important to mention that these 
colour reactions allow only to highlight the presence or absence of various chemical groups 
and not the amount in which they are present in different aqueous extracts.

Standard phytochemical methods are used to analyse from a qualitative point of view all the 
five aqueous extracts prepared as mentioned in the previous section [14, 15].

Crt. 
No.

Aqueous extract Weight before  
extraction (g)

Weight after 
extraction (g)

Yield (%)

1 Pale-green kohlrabi core 25 19.06 76.24

2 Pale-green kohlrabi peel 25 21.26 85.04

3 Pale-green kohlrabi leaves 25 20.64 82.56

4 Pale-green kohlrabi core and peel (equal 
amounts)

25 (12.5 g core + 12.5 g peel) 17.63 70.52

5 Pale-green kohlrabi core, peel and leaves 
(equal amounts)

30 (10 g core + 10 g peel + 10 g 
leaves)

22.85 76.17

Table 1. Quantities of solid vegetal material before and after the extraction.
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3.1. Qualitative screening of carbohydrates

Carbohydrates, the sugars and fibres that can be found in every fruit or vegetable, represent 
one the basic food groups of great importance for human health. Carbohydrates are among 
the top three macronutrients, along with protein and fats.

A large number of analytical techniques have been used to determine the concentration and 
different types of carbohydrates found in foods.

There are four different standard phytochemical methods used for the qualitative screening 
of carbohydrates found in aqueous extracts [16] (Table 3):

a. A 1 ml Molisch reagent (a solution of α-naphthol in ethylic alcohol) is added to 2 ml aque-
ous extract to which few drops of concentrated sulphuric acid are slowly dripped until a 
purple-reddish colour appears;

b. To 1 ml of aqueous extract, 5 ml of Benedict’s reagent (a complex solution of sodium 
carbonate, sodium citrate and copper sulphate pentahydrate) was added and boiled for 
5 min. The bluish-green colour indicates the presence of carbohydrates;

c. To 1 ml of aqueous extract, few drops of Fehling A reagent (aqueous solution of copper 
sulphate) are added, which gives green colouration;

d. To 1 ml of aqueous extract, few drops of Fehling B reagent (a solution of potassium so-
dium tartrate in sodium hydroxide) are added, and a brown colour appears.

It is clear from the colour reaction described above that, with the only exception of pale-green 
kohlrabi peel, carbohydrates can be found in all the other four aqueous extracts.

3.2. Qualitative screening of tannins and phlobatannins

Tannins are a group of phenol compounds usually found in plants, part of a group of chemi-
cals called ‘polyphenols’, and almost all of them are soluble in water. Phlobatannins are 
largely considered a novel class of ring-isomerized condensed tannins [17].

Phytochemical test Pale-green 
kohlrabi core

Pale-green 
kohlrabi peel

Pale-green 
kohlrabi 
leaves

Pale-green 
kohlrabi core 
and peel

Pale-green 
kohlrabi core, 
peel and leaves

Carbohydrates—Molisch Purple 
solution

Yellow-mustard 
solution

Purple 
solution

Purple solution Purple solution

Carbohydrates—Benedict Blue-green 
solution

Turquoise solution Blue-green 
solution

Blue-green 
solution

Blue-green 
solution

Carbohydrates—Fehling 
A

Green 
solution

Turquoise 
opalescent 
solution

Green 
solution

Green solution Green solution

Carbohydrates—Fehling 
B

Brown 
solution

Citron-yellow 
solution

Brown 
solution

Brown solution Brown solution

Table 3. Qualitative screening of carbohydrates.
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According to the literature [18], the test for tannins consists of the following steps: to 1 ml of aque-
ous extract 2 ml of 5% ferric chloride is added and a dark blue or greenish black colour appears.

Phlobatannins are tested as follows: To 1 ml of aqueous extract few drops of diluted HCl (1%) 
are added and a red precipitate appears (Table 4).

Tannins are absent from all the five pale-green kohlrabi aqueous extracts while small traces 
of phlobatannins can be found in three aqueous extracts: pale-green kohlrabi core, pale green 
kohlrabi leaves and in the aqueous extract prepared from equal amounts of core and peel.

3.3. Qualitative screening of saponins

The general method is 2 ml of aqueous extract and 2 ml of distilled water are shaken in a grad-
uated cylinder for 15 min. A 1 cm foam layer indicates the presence of saponins (see Table 5).

3.4. Qualitative screening of flavonoids and phenolic flavonoids

Flavonoids are a class of polyphenolic compounds with important functions in plants: attract 
pollinating insects, fight against different microbial infections and control cell growth [19].

Flavonoids are tested as follows: 2 ml of aqueous extract and 1 ml of 2 N sodium hydroxide 
are mixed. A yellow colour indicates the presence of flavonoids. The test for phenolic fla-
vonoids involves the reaction between 1 ml of aqueous extract and 2 ml of 10% lead acetate 
solution reacting to give a brown precipitate (see Table 6).

Flavonoids are present in two aqueous extracts (pale-green kohlrabi peel and pale-green 
kohlrabi leaves), while phenolic flavonoids occur in pale-green kohlrabi core and in the two 
complex aqueous extracts that contain it.

Phytochemical test Pale-green 
kohlrabi core

Pale-green 
kohlrabi peel

Pale-green 
kohlrabi leaves

Pale-green 
kohlrabi core 
and peel

Pale-green 
kohlrabi core, 
peel and leaves

Tannins Brown-yellow 
opalescent 
solution

Yellow-brown 
solution

Brown-yellow 
solution

Brown 
solution

Brown solution

Phlobatannins Red-brown 
opalescent 
solution

White opalescent 
solution

Red-brown 
opalescent 
solution

Red-brown 
solution

Yellow solution

Table 4. Qualitative screening of tannins and phlobatannins.

Phytochemical test Pale-green 
kohlrabi core

Pale-green 
kohlrabi peel

Pale-green 
kohlrabi leaves

Pale-green 
kohlrabi core and 
peel

Pale-green kohlrabi 
core, peel and leaves

Saponins 2 cm foam 
layer

3 cm foam 
layer

2.5 cm foam 
layer

3.5 cm foam layer 3 cm foam layer

Table 5. Qualitative screening of saponins.
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3.5. Qualitative screening of alkaloids

Alkaloids are naturally occurring compounds that contain basic nitrogen atoms. They have a 
large variety of pharmacological applications: antimalaria, antiasthma, anticancer, analgesic, 
and so on [20].

There are two different standard phytochemical methods:

a. To 1 ml of aqueous extract, 1 ml of Wagner’s reagent (iodine in potassium iodide solution) 
is added leading to the formation of a reddish brown precipitate.

b. To 1 ml of aqueous extract, 2 ml of concentrated hydrochloric acid and a few drops of 
Mayer reagent are added, resulting in a green colour or white precipitate (the results are 
presented in Table 7).

According to the results presented in Table 7, alkaloids are absent from all the aqueous 
extracts from pale-green kohlrabi, whatever method was used for the qualitative screening.

3.6. Qualitative screening of anthraquinones and anthocyanosides

The standard method used for the qualitative screening of anthraquinones involves the reac-
tion of 1 ml of aqueous extract with a few drops of 10% ammonia solution, leading to the forma-
tion of a pink precipitate. Anthocyanosides are observed when 1 ml of aqueous extract is mixed 
with 5 ml of dilute hydrochloric acid and a pink colour appears (see Table 8 for the results).

Phytochemical test Pale-green 
kohlrabi core

Pale-green 
kohlrabi peel

Pale-green 
kohlrabi leaves

Pale-green 
kohlrabi core 
and peel

Pale-green kohlrabi 
core, peel and leaves

Flavonoids Red-brown 
solution

Pale-yellow 
solution

Pale-yellow 
opalescent 
solution

Red-brown 
solution

Brown solution

Phenolic 
flavonoids

Brown 
precipitate

White 
precipitate

Pale-yellow 
precipitate

Pale-brown 
solution

Opalescent brown-
yellow solution

Table 6. Qualitative screening of flavonoids and phenolic flavonoids.

Phytochemical 
test

Pale-green 
kohlrabi core

Pale-green 
kohlrabi peel

Pale-green 
kohlrabi leaves

Pale-green 
kohlrabi core 
and peel

Pale-green kohlrabi 
core, peel and 
leaves

Alkaloids—
Wagner

Opalescent red-
brown solution

Opalescent 
brown solution

Opalescent 
yellow-brown 
solution

Clear 
red-brown 
solution

Opalescent red-
brown solution

Alkaloids—Mayer Opalescent 
orange-yellow 
solution

Opalescent beige 
solution

Brown-yellow 
opalescent 
solution

Red-brown 
solution

Opalescent beige 
solution

Table 7. Qualitative screening of alkaloids.
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According to the literature [18], the test for tannins consists of the following steps: to 1 ml of aque-
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3.5. Qualitative screening of alkaloids

Alkaloids are naturally occurring compounds that contain basic nitrogen atoms. They have a 
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and so on [20].
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is added leading to the formation of a reddish brown precipitate.

b. To 1 ml of aqueous extract, 2 ml of concentrated hydrochloric acid and a few drops of 
Mayer reagent are added, resulting in a green colour or white precipitate (the results are 
presented in Table 7).

According to the results presented in Table 7, alkaloids are absent from all the aqueous 
extracts from pale-green kohlrabi, whatever method was used for the qualitative screening.
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tion of 1 ml of aqueous extract with a few drops of 10% ammonia solution, leading to the forma-
tion of a pink precipitate. Anthocyanosides are observed when 1 ml of aqueous extract is mixed 
with 5 ml of dilute hydrochloric acid and a pink colour appears (see Table 8 for the results).

Phytochemical test Pale-green 
kohlrabi core

Pale-green 
kohlrabi peel

Pale-green 
kohlrabi leaves

Pale-green 
kohlrabi core 
and peel

Pale-green kohlrabi 
core, peel and leaves

Flavonoids Red-brown 
solution

Pale-yellow 
solution

Pale-yellow 
opalescent 
solution

Red-brown 
solution

Brown solution

Phenolic 
flavonoids

Brown 
precipitate

White 
precipitate

Pale-yellow 
precipitate

Pale-brown 
solution

Opalescent brown-
yellow solution

Table 6. Qualitative screening of flavonoids and phenolic flavonoids.

Phytochemical 
test

Pale-green 
kohlrabi core

Pale-green 
kohlrabi peel

Pale-green 
kohlrabi leaves

Pale-green 
kohlrabi core 
and peel

Pale-green kohlrabi 
core, peel and 
leaves

Alkaloids—
Wagner

Opalescent red-
brown solution

Opalescent 
brown solution

Opalescent 
yellow-brown 
solution

Clear 
red-brown 
solution

Opalescent red-
brown solution

Alkaloids—Mayer Opalescent 
orange-yellow 
solution

Opalescent beige 
solution

Brown-yellow 
opalescent 
solution

Red-brown 
solution

Opalescent beige 
solution

Table 7. Qualitative screening of alkaloids.
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3.7. Qualitative screening of proteins and aminoacids

There are two different standard methods used (see results in Table 9):

a. 1 ml of aqueous extract reacts with 5–6 drops of Millon’s reagent, and a white precipitate 
appears that changes its colour to red upon heating;

b. To 3 ml of aqueous extract, 3 ml of 4% sodium hydroxide solution and few drops of 1% 
copper sulphate are added to form a purple solution.

3.8. Qualitative screening of steroids and terpenoids

The general procedure to test the presence of steroids is To 1 ml of aqueous extract, add 10 ml 
of chloroform and slowly drip 10 ml of sulphuric acid. The upper layer turns red and the 
sulphuric acid layer turns yellow green. Similarly, terpenoids are analysed by reacting 1 ml of 
aqueous extract with 2 ml of chloroform and then slowly few drops of concentrated sulphuric 
acid. An interface with a reddish brown colouration appears (Table 10).

The qualitative screening of steroids revealed that these phytochemicals are absent from all 
the extracts while very small traces of terpenoids could be visually observed in three aqueous 
extracts: pale-green kohlrabi core and the other two extracts that contain this part.

Phytochemical test Pale-green 
kohlrabi core

Pale-green 
kohlrabi peel

Pale-green 
kohlrabi leaves

Pale-green 
kohlrabi core 
and peel

Pale-green 
kohlrabi core, 
peel and leaves

Anthraquinones Red-beige 
solution

Pale-yellow 
opalescent 
solution

Green-yellow 
precipitate

Opalescent red-
brown solution

Opalescent red-
beige solution

Anthocyanosides Red-yellow 
opalescent 
solution

Yellow 
opalescent 
solution

Pale-pink 
opalescent 
solution

Orange-red 
solution

Pale-beige 
solution

Table 8. Qualitative screening of anthraquinones and anthocyanosides.

Phytochemical test Pale-green 
kohlrabi core

Pale-green 
kohlrabi peel

Pale-green 
kohlrabi leaves

Pale-green 
kohlrabi core 
and peel

Pale-green kohlrabi 
core, peel and 
leaves

Proteins and 
aminoacids—Millon

Red-beige 
solution

Opalescent 
White solution, 
pale-yellow after 
heating

Opalescent beige 
solution, brown 
after heating

White brown 
solution, 
beige-red 
after heating

Opalescent beige 
solution, red-brown 
after heating

Proteins and 
aminoacids—Biuret 
test

Red-yellow 
opalescent 
solution

Opalescent blue 
solution

Green-yellow 
solution, blue 
precipitate

Dark-brown 
solution

Violet-green 
solution

Table 9. Qualitative screening of proteins and aminoacids.
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3.9. Qualitative screening of cardiac glycosides

There are two different standard phytochemical methods:

a. 1 ml of aqueous extract, 1 ml of FeCl3 reagent (1 ml of 5% FeCl3 solution mixed with 99 ml 
of glacial acetic acid) and few drops of concentrated H2SO4 gives a greenish-blue colour 
that appears in time;

b. 5 ml of aqueous extract, 2 ml of glacial acetic acid, a drop of FeCl3 solution and 1 ml of concen-
trated H2SO4 forms a brown ring and often a purple ring appears below (see results in Table 11).

Regardless of the method used in the screening, cardiac glycosides are absent from all the 
aqueous extracts prepared from pale-green kohlrabi.

4. Conclusions

This chapter describes the qualitative phytochemical screening of five distinct aqueous extracts 
prepared from different parts of pale-green kohlrabi, a versatile vegetable part of Brassica 

Phytochemical 
test

Pale-green 
kohlrabi core

Pale-green 
kohlrabi peel

Pale-green 
kohlrabi leaves

Pale-green 
kohlrabi core 
and peel

Pale-green 
kohlrabi core, peel 
and leaves

Steroids Colourless 
layer, brown 
ring, colourless 
layer

Colourless 
layer, beige ring, 
colourless layer

Colourless layer, 
light-brown ring, 
colourless layer, 
brown ring

Colourless 
layer, brown 
ring, colourless 
layer

Colourless layer, 
brown ring, 
colourless layer

Terpenoids Colourless 
layer, yellow-
brown ring

Colourless 
layer, white ring 
(precipitate)

Pale-yellow 
layer, beige ring

Yellow-brown 
layer, red-
brown ring

Colourless layer, 
brown-yellow 
opalescent ring

Table 10. Qualitative screening of steroids and terpenoids.

Phytochemical test Pale-green 
kohlrabi core

Pale-green 
kohlrabi peel

Pale-green 
kohlrabi leaves

Pale-green 
kohlrabi core 
and peel

Pale-green 
kohlrabi core, 
peel and leaves

Cardiac 
glycosides—FeCl3 
reagent

Colourless layer, 
thin brown 
ring, beige clear 
solution

Colourless clear 
layer, yellow 
suspension

Colourless layer, 
pink-beige 
suspension

Colourless layer, 
brown ring, 
opalescent beige 
layer

Colourless layer, 
opalescent yellow-
beige ring

Cardiac 
glycosides—Keller-
Killani test

Colourless layer, 
brown ring, beige 
opalescent layer, 
red opalescent 
layer

Colourless 
layer, red-beige 
opalescent 
solution

Colourless layer, 
yellow-brown 
layer, brown-red 
layer

Colourless layer, 
brown ring, 
red-brown layer, 
beige precipitate 
layer

Colourless layer, 
brown ring, red-
brown layer

Table 11. Qualitative screening of cardiac glycosides.
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extracts: pale-green kohlrabi core and the other two extracts that contain this part.
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solution
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heating

Opalescent beige 
solution, brown 
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Red-yellow 
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Dark-brown 
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3.9. Qualitative screening of cardiac glycosides

There are two different standard phytochemical methods:

a. 1 ml of aqueous extract, 1 ml of FeCl3 reagent (1 ml of 5% FeCl3 solution mixed with 99 ml 
of glacial acetic acid) and few drops of concentrated H2SO4 gives a greenish-blue colour 
that appears in time;

b. 5 ml of aqueous extract, 2 ml of glacial acetic acid, a drop of FeCl3 solution and 1 ml of concen-
trated H2SO4 forms a brown ring and often a purple ring appears below (see results in Table 11).

Regardless of the method used in the screening, cardiac glycosides are absent from all the 
aqueous extracts prepared from pale-green kohlrabi.

4. Conclusions

This chapter describes the qualitative phytochemical screening of five distinct aqueous extracts 
prepared from different parts of pale-green kohlrabi, a versatile vegetable part of Brassica 
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test

Pale-green 
kohlrabi core

Pale-green 
kohlrabi peel

Pale-green 
kohlrabi leaves

Pale-green 
kohlrabi core 
and peel

Pale-green 
kohlrabi core, peel 
and leaves

Steroids Colourless 
layer, brown 
ring, colourless 
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Colourless 
layer, beige ring, 
colourless layer

Colourless layer, 
light-brown ring, 
colourless layer, 
brown ring

Colourless 
layer, brown 
ring, colourless 
layer

Colourless layer, 
brown ring, 
colourless layer

Terpenoids Colourless 
layer, yellow-
brown ring

Colourless 
layer, white ring 
(precipitate)

Pale-yellow 
layer, beige ring

Yellow-brown 
layer, red-
brown ring

Colourless layer, 
brown-yellow 
opalescent ring

Table 10. Qualitative screening of steroids and terpenoids.
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Pale-green 
kohlrabi core 
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Pale-green 
kohlrabi core, 
peel and leaves

Cardiac 
glycosides—FeCl3 
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Colourless layer, 
thin brown 
ring, beige clear 
solution

Colourless clear 
layer, yellow 
suspension

Colourless layer, 
pink-beige 
suspension

Colourless layer, 
brown ring, 
opalescent beige 
layer

Colourless layer, 
opalescent yellow-
beige ring

Cardiac 
glycosides—Keller-
Killani test

Colourless layer, 
brown ring, beige 
opalescent layer, 
red opalescent 
layer

Colourless 
layer, red-beige 
opalescent 
solution

Colourless layer, 
yellow-brown 
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genus with numerous benefits for human health. The qualitative screening is achieved by 
standard methods that are able to determine whether a phytochemical is present or not in a 
specific aqueous extract.

The qualitative screening of carbohydrates revealed that, except for pale-green kohlrabi 
peel aqueous extract, in all the other extracts carbohydrates are present. It can be clearly 
stated that tannins are absent from all the five pale-green kohlrabi aqueous extracts. 
Phlobatannins can be found, in small traces, in three aqueous extracts: pale-green kohlrabi 
core, pale-green kohlrabi leaves and in the aqueous extract prepared from equal amounts 
of core and peel.

In smaller or larger quantities, saponins are present in all five aqueous extracts, according 
to the height of the resulting foam layer, while alkaloids, cardiac glycosides and steroids are 
clearly absent from all the extracts.
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genus with numerous benefits for human health. The qualitative screening is achieved by 
standard methods that are able to determine whether a phytochemical is present or not in a 
specific aqueous extract.

The qualitative screening of carbohydrates revealed that, except for pale-green kohlrabi 
peel aqueous extract, in all the other extracts carbohydrates are present. It can be clearly 
stated that tannins are absent from all the five pale-green kohlrabi aqueous extracts. 
Phlobatannins can be found, in small traces, in three aqueous extracts: pale-green kohlrabi 
core, pale-green kohlrabi leaves and in the aqueous extract prepared from equal amounts 
of core and peel.

In smaller or larger quantities, saponins are present in all five aqueous extracts, according 
to the height of the resulting foam layer, while alkaloids, cardiac glycosides and steroids are 
clearly absent from all the extracts.
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Abstract

Agronomic practices and climatic factors affect the content and profile of phytochemi-
cals. The effects of the environment, such as salinity, climate, and other abiotic factors, 
promote biochemical responses, inducing changes in the quantity and quality of poly-
phenol compounds, carotenoids, vitamins, glucosinolates, and polyamines, which are 
bioactive compounds. In plants, among the various functions, some phytochemicals can 
protect against biotic factors. Brassica vegetables are a source of several primary and sec-
ondary metabolism compounds, and they might be responsible for disease prevention. 
In addition, the increase of bioactive compounds in plant-based foods is important to the 
diet and consequently for the improvement of public health. In this chapter, we will point 
out the abiotic factors that affect the productive performance, quality, and chemical com-
position of different Brassica species and cultivars. We will also discuss its implications on 
plant protection and human health.

Keywords: environmental factors, cultivation conditions, polyphenol, carotenoids, 
glucosinolates

1. Introduction
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plants, as the mustard and also various species for consumption, in which the leaf, stem, 
roots, and tubercles are edible parts. The main genus, Brassica, is formed by 37 species, 
which can be annual and biannual, including even weeds, wild plants, and domestic 
crops. Brassica vegetables originate from regions between the Mediterranean and the 
Sahara, where the climate consists of mild winters followed by hot and dry summers. 
Besides that, there are species inside the genus that are well adapted to colder regions, 
and many species are now considered naturalized in the entire world and are commonly 
observed in Western Europe, in the Mediterranean, and in temperate regions of Asia. In 
addition, many species also grow in as invasive weeds in the Americas (North and South) 
and Australasia [1].

The species of the Brassica genus were widely modified and domesticated by human beings 
and are vegetables cultivated worldwide [2], especially the varieties belonging to the species 
Brassica oleracea, which includes cabbage, tronchuda cabbage (Brassica oleracea L. var. costata 
DC), mustard, rocket, and Brussels sprout (Brassica oleracea L. var. gemmifera), among others 
(Figure 1). Among these species, we also found broccoli, where the most consumed part is the 
inflorescence, the cauliflower, from which the floral peduncle is consumed and the tubercles, 
as the radish and the turnip.

Brassica vegetables have attracted great attention due to the presence of phytochemicals 
with recognized beneficial functions in the human organism, reducing the risk of diseases 
[3]. These vegetables are potential sources of anticarcinogenic and antioxidant compounds 
as the glucosinolates (GLS), vitamin C, phenolic acids, flavonols, anthocyanidins, carot-
enoids, and amino acids [4]. Most of the researches are focused on the content of secondary 
metabolites, mainly the glucosinolates. The benefits to human health from the ingestion 
of these vegetables, such as the reduced risk of degenerative diseases, are in great part 
attributed to the content of secondary metabolites substances of the plants [5]. Besides the 
human health aspects, these metabolites play a fundamental role in the plants’ defense 
against microorganisms, raising the interest in higher quantities of these secondary com-
pounds as a strategy of increasing the protection of the cultures and reducing the use of 
agrochemicals.

Variations in the agronomic conditions (e.g., vegetal species, cultivars, development stage, 
plants organs, fertilization, and soil pH) and climatic factors (e.g., light intensity and water 
availability) are known for significantly affecting the phytochemical content and profile. The 
understanding of the effects of climatic and agronomic factors is necessary for increasing 
the predictability of the desired compounds, increasing the benefits related to the human 
health and to the plants’ protection (plague control) [6]. Although there is little information 
on the real influence of cultivation on the contents of glucosinolates and other important 
phytochemicals in Brassicas, it appears that the use of ecological practices can induce a rise 
in the content of these molecules. In this chapter, we provide a general view about the roles 
of the glucosinolates and other phytochemicals present in Brassicaceae and their implica-
tions in the plants’ protection, productivity, and human health, as well as emphasize the 
factors that affect the contents of these compounds in Brassica vegetables.
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2. Agronomic factors and production

The photosynthetic activity is the base for the production of reserves in the plant, which will 
constitute the biomass, a factor that can determine the vegetal development limits. The pro-
duction depends on the interaction between the productive potential and the environmental 
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factors. The edaphoclimatic factors are directly related to productive responses that influ-
ence the flowering, hydric balance, respiration, and absorption of minerals. Latitude, altitude, 
rainfall, topography, and soil physics act indirectly on the production and other factors, such 
as solar radiation, temperature, water, and chemical elements of the soil act directly on the 
photosynthesis. The environmental factors, such as water, temperature, quality, and quantity 
of light hours, will determine the plants’ growth rate.

The temperature is a climatic factor that can limit the production of determined species in 
tropical and equatorial regions. Besides determining the growth and development, it estab-
lishes the end of the vegetative stage and the beginning of the productive stage in the biennial 
species, such as broccoli, cauliflower, Brussels sprout, among other species. The broccoli has 
a better productive development under average temperatures between 60 and 65°F, with a 
maximum of 75°F [7]. Prolonged periods of temperature above 77°C can retard the formation 
of inflorescence in plants that are in phase of vegetative growth, reducing the size and causing 
the development of leaves and bracts in the floral peduncles [8].

The temperature strongly influences the plants’ metabolic activity, and the stress caused 
by high and low temperatures can induce effects in the primary and secondary metabolism 
(Table 1). The heat or cold can affect the membrane fluidity, metabolism, and cytoskeleton 
rearrangement, consequently affecting the vegetative and reproductive tissues [9]. Abrupt 
increases of temperature can provoke excessively fast growth of the inflorescence and elon-
gating the peduncle in certain cultivars [10]. Cultivations in conditions of high tempera-
tures, where there are only few days with ideal temperatures for vernalization, the plants 
can continue to vegetate or to not produce commercial inflorescences, which means uneven 
bunches, the presence of bracts, and low compactness of the head and yellow coloration. 
Temperatures below the ideal level can prolong the cycle of provoke premature flowering 
in some species, as in the case of summer cauliflowers submitted to low temperatures [11]. 
Among the brassicas more tolerant to the cold, the minimum temperature for the germina-
tion and cultivation for species is 40°F and the maximum tolerated temperature can reach 
105°F for turnip and kohlrabi, which are the most tolerant species to temperature in the 
germination phase. However, in the cultivation phase, the maximum temperature is situ-
ated around 75°F. In Brazil, some regions with mild temperatures and with mensal aver-
ages varying from 66 to 88°F, there are reports of commercial cultivation of broccoli, kale, 
rocket, and watercress [12]. However, cauliflower, cabbage, and radish are also cultivated in 
tropical regions. These cultivations are favored by the utilization of thermotolerant cultivars 
obtained by genetic improvement.

The plants can be modified to some degree, tolerating light stresses from either low or high 
temperatures when slowly submitted to the stress, leading to acclimatization. By contrast, 
plants that survive the exposition to conditions above the ideal temperature can produce 
chaperones, molecules that are related to the antioxidant activity, and solutes accumula-
tion [9]. Low temperatures cause reduction in the enzymatic activity, rigidity of membranes, 
destabilization of protein complexes, compromise of photosynthesis, and rupture of the 
membranes. Cellular alterations associated to the tolerance to cold and/or freezing include 
the accumulation of sugar or compatible solutes, changes in the membrane composition, and 
synthesis of dehydrin-like proteins [9].
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The stress by temperature can cause changes in the plants’ chemical constitution. Broccoli 
sprouts present increased glucosinolate contents when cultivated under high (84.2 or 89.6°F) 
or low temperatures (51.8 or 60.8°F), comparing the cultivated sprouts under ideal tempera-
ture (70.7°F) [13]. Similar to the sprouts, the broccoli leaves showed the highest glucosinolate 
level when cultivated under 53.6 or 89.6°F. This effect was also observed in younger cabbage 
plants. Under low temperatures, there is an increase of the glucosinolate levels in broccoli 
and watercress (Table 1). The combination of temperature and precipitation influences the  

Stress factor Productive and/or biochemical response Citations

Temperature Heat Affects the glucosinolates content

Higher glucosinolates production

[59]

[13]

Cold Higher glucosinolates production

Higher glucosinolates production in broccoli under low 
temperatures

[13]

[60]

Thermal amplitude Higher glucosinolates production in broccoli plants 
under temperatures between 53.6 and 89.6°F, compared 
to plants under temperature 71.6F

[61]

Luminosity Competition 
(population density 
and consortium)

Reduced levels of trypsin inhibitors in Brassica napus 
seedlings

Reduced levels of glucosinolates in the leaves and roots 
in B. napus

[6]

Excess Photoinhibition, thermal stress, and stomatal closing, 
leading to a reduction of net photosynthesis in brassicas, 
included B. napus.

[62]

Protected cultivation 
(light diffusion and 
shading)

Mustard plants (B. juncea) cultivated under shading 
screens of 50% showed lower quantities of ascorbic acid, 
larger foliar area, chlorophyll, carotenoids, N, NO3, and 
a higher content of mineral nutrients in comparison to 
the complete solar luminosity

[63]

Photoperiod Affects the glucosinolates content

Spring broccoli growth in intermediate temperatures, 
high luminous intensity, longer days, and dry conditions 
have the highest total GLS content

Glucosinolates levels in kale are not influenced by the 
photoperiod

[59]

[6]

[61]

Water Hydric restriction Growth reduction, lower yield of cabbage heads, and an 
increase of dry mass

Kale: growth reduction, biomass reduction, increase of 
sorbitol, sucrose, verbascose and kestose levels, and a 
decrease of manitol

An increase in the sugar content in the phloem sap of 
broccoli submitted at hydric stress

Lower glucosinolate content in broccoli in hydric 
restriction

Biomass reduction, an increase of nitrogen in the leaf, 
and a darker green leaf in Chinese cabbage

[64]

[65]

[66]

[67]
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glucosinolate content in brassicas (white cabbage, red cabbage, savoy cabbage, Brussels 
sprouts, cauliflower, kale, kohlrabi, turnip, red radish, black radish, and white radish). High 
and low precipitations induce higher contents of glucosinolates, when compared to the same 
vegetables cultivated in a year with mild temperatures and higher precipitation [14].

The light is a factor that influences the brassicas’ performance. The increase in the luminous 
intensity corresponds to a rise in the photosynthetic activity (within certain limits), while 
the decrease promotes a higher cellular elongation, resulting in etiolated plants. However, 
this response depends on the species’ susceptibility and on the plants’ density, producing a 
competition for light or on excessive shading obtained by the use of screens. The amount of 
energy intercepted is dependent on the characteristics of the cultivation system, row spac-
ing, consortium, and even the architecture characteristics of each genotype, such as the leaf 
inclination. In the same plant it is possible to occur leaves exposed or not to the sun and with 
different quantic necessities, with different photosynthetic performance. In this context, there 
are species that show lower or higher stress when cultivated in a lower spacing or cultivated 
under consortium. In Ethiopian kale (B. carinata) and African nightshade (Solanum scabrum), 
cultivated in consortium and in ideal condition of irrigation and under hydric stress, there 
was an increase in the glucosinolates content in kale and the maintenance of the biomass  

Stress factor Productive and/or biochemical response Citations

Salinity Growth reduction, Na or Cl accumulation, and lower 
productivity

A decrease of fresh matter in the aerial part of broccoli

An increase in GLS content and phenolic compounds

A drastic decrease in the vitamin C content in old 
broccoli leaves

A significant decrease in the vitamin C content in young 
broccoli leaves;

Loss of flavonoids in old broccoli leaves;

Loss of turgor

Accumulation of glucosinolates in B. napus L.;

Reduction in the nitrate content

Increase or no effect in the nitrate content

[68]

[69]

[70]

[71]

[72]

Fertilization Nitrogen (N)

Sulfur (S)

Nitrogen fertilization influences the GLS metabolism in 
broccoli

High level of sulfur provided an increase of polyphenol 
contents (flavonoids and phenolic acids) in B. rapa ssp. 
sylvestris

An increase of the total glucosinolates with the increase 
of fertilization with sulfur

Higher quantities of sulfur and nitrogen combined did 
not provide higher contents of glucosinolates

[73]

[74]

[75]

[60]

Table 1. Effect of environmental factors in the production and biochemical compounds in brassicas.
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production and nutritional characteristics. In addition, low irrigation induced the carotene 
levels in African nightshade, both under hydric stress and stress provided by the consor-
tium. In opposition, hydric stress did not affect the glucosinolate content in B. carinata and the 
indole glucosinolates in B. rapa ssp. Rapifera [15]. These results suggest that the responses to 
drought and glucosinolates concentration can vary depending on the genotype.

3. Brassicas’ phytochemical composition

Brassica vegetables are important sources of fibers, vitamins, and minerals. In addition, these 
vegetables are potential sources of anti-carcinogenic and antioxidant compounds, such as the 
glucosinolates, vitamin C, phenolic acids, flavonols, anthocyanidins, carotenoids, and amino 
acids [4]. Most of the current researches are focused on the content of secondary metabolites, 
mainly of glucosinolates. Many epidemiologic studies indicate that a high ingestion of bras-
sicaceous vegetables is associated to a reduced risk of cancer [5, 16], cardiovascular diseases 
[17], gut diseases (e.g., colite) [18], [19], and diabetes [20].

Many epidemiologic studies do not differ among the types of cruciferous vegetables, but the 
most common studies in the entire world include the broccoli, cauliflower, cabbages, bok 
choy, kale, watercress, turnip, and rocket [21]. Besides human health aspects, these metabo-
lites play a fundamental role in the plants’ defense against microorganisms; thus, there is 
an increasing interest in raising the content of these secondary compounds as a strategy of 
increasing the protection to cultures and reducing the use of agrochemicals.

Even though there is little information on the real influence of the cultivation in the levels 
of glucosinolates and other important phytochemicals in brassicas, it seems that the use of 
ecological practices can induce a raise of these molecules. In addition, in most cases, it is fun-
damental to also study the impact of storage and cooking in these compounds, since brassicas 
are not consumed immediately after the harvest, in order to know the real benefits of these 
vegetables to the human health.

3.1. Glucosinolates

Brassica vegetables are the major source of glucosinolates that has been associated to its bio-
activity, and these compounds may be responsible for their observed protecting effects. The 
glucosinolates are found in 16 families of dicotyledonous plants and in at least 120 differ-
ent chemical structures that have been identified until now [21]. Depending on the chemical 
structure of the precursor amino acid, they are now classified into three groups: aliphatic, 
indole, and aromatic glucosinolates.

The glucosinolates profile and its modifications, together with specific products of hydro-
lyzation, are being discussed as a plant defense mechanism to deal with various abiotic 
and biotic stresses. Recent studies showed that glucosinolates, for example, breakdown 
products of 1-methoxy-indol-3-ylmethyl glucosinolate and 5-phenylpentyl isothiocyanate, 
exert mutagenic or genotoxic effects in mammalian and bacterial cell studies [22]. Studies 
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The light is a factor that influences the brassicas’ performance. The increase in the luminous 
intensity corresponds to a rise in the photosynthetic activity (within certain limits), while 
the decrease promotes a higher cellular elongation, resulting in etiolated plants. However, 
this response depends on the species’ susceptibility and on the plants’ density, producing a 
competition for light or on excessive shading obtained by the use of screens. The amount of 
energy intercepted is dependent on the characteristics of the cultivation system, row spac-
ing, consortium, and even the architecture characteristics of each genotype, such as the leaf 
inclination. In the same plant it is possible to occur leaves exposed or not to the sun and with 
different quantic necessities, with different photosynthetic performance. In this context, there 
are species that show lower or higher stress when cultivated in a lower spacing or cultivated 
under consortium. In Ethiopian kale (B. carinata) and African nightshade (Solanum scabrum), 
cultivated in consortium and in ideal condition of irrigation and under hydric stress, there 
was an increase in the glucosinolates content in kale and the maintenance of the biomass  

Stress factor Productive and/or biochemical response Citations

Salinity Growth reduction, Na or Cl accumulation, and lower 
productivity

A decrease of fresh matter in the aerial part of broccoli

An increase in GLS content and phenolic compounds

A drastic decrease in the vitamin C content in old 
broccoli leaves

A significant decrease in the vitamin C content in young 
broccoli leaves;

Loss of flavonoids in old broccoli leaves;

Loss of turgor

Accumulation of glucosinolates in B. napus L.;

Reduction in the nitrate content

Increase or no effect in the nitrate content

[68]

[69]

[70]

[71]

[72]

Fertilization Nitrogen (N)

Sulfur (S)

Nitrogen fertilization influences the GLS metabolism in 
broccoli

High level of sulfur provided an increase of polyphenol 
contents (flavonoids and phenolic acids) in B. rapa ssp. 
sylvestris

An increase of the total glucosinolates with the increase 
of fertilization with sulfur

Higher quantities of sulfur and nitrogen combined did 
not provide higher contents of glucosinolates

[73]

[74]

[75]

[60]

Table 1. Effect of environmental factors in the production and biochemical compounds in brassicas.
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production and nutritional characteristics. In addition, low irrigation induced the carotene 
levels in African nightshade, both under hydric stress and stress provided by the consor-
tium. In opposition, hydric stress did not affect the glucosinolate content in B. carinata and the 
indole glucosinolates in B. rapa ssp. Rapifera [15]. These results suggest that the responses to 
drought and glucosinolates concentration can vary depending on the genotype.

3. Brassicas’ phytochemical composition

Brassica vegetables are important sources of fibers, vitamins, and minerals. In addition, these 
vegetables are potential sources of anti-carcinogenic and antioxidant compounds, such as the 
glucosinolates, vitamin C, phenolic acids, flavonols, anthocyanidins, carotenoids, and amino 
acids [4]. Most of the current researches are focused on the content of secondary metabolites, 
mainly of glucosinolates. Many epidemiologic studies indicate that a high ingestion of bras-
sicaceous vegetables is associated to a reduced risk of cancer [5, 16], cardiovascular diseases 
[17], gut diseases (e.g., colite) [18], [19], and diabetes [20].

Many epidemiologic studies do not differ among the types of cruciferous vegetables, but the 
most common studies in the entire world include the broccoli, cauliflower, cabbages, bok 
choy, kale, watercress, turnip, and rocket [21]. Besides human health aspects, these metabo-
lites play a fundamental role in the plants’ defense against microorganisms; thus, there is 
an increasing interest in raising the content of these secondary compounds as a strategy of 
increasing the protection to cultures and reducing the use of agrochemicals.

Even though there is little information on the real influence of the cultivation in the levels 
of glucosinolates and other important phytochemicals in brassicas, it seems that the use of 
ecological practices can induce a raise of these molecules. In addition, in most cases, it is fun-
damental to also study the impact of storage and cooking in these compounds, since brassicas 
are not consumed immediately after the harvest, in order to know the real benefits of these 
vegetables to the human health.

3.1. Glucosinolates

Brassica vegetables are the major source of glucosinolates that has been associated to its bio-
activity, and these compounds may be responsible for their observed protecting effects. The 
glucosinolates are found in 16 families of dicotyledonous plants and in at least 120 differ-
ent chemical structures that have been identified until now [21]. Depending on the chemical 
structure of the precursor amino acid, they are now classified into three groups: aliphatic, 
indole, and aromatic glucosinolates.

The glucosinolates profile and its modifications, together with specific products of hydro-
lyzation, are being discussed as a plant defense mechanism to deal with various abiotic 
and biotic stresses. Recent studies showed that glucosinolates, for example, breakdown 
products of 1-methoxy-indol-3-ylmethyl glucosinolate and 5-phenylpentyl isothiocyanate, 
exert mutagenic or genotoxic effects in mammalian and bacterial cell studies [22]. Studies 
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indicate that broccoli sprouts are sources of GLS (varying from 679.01 to 554.90 mg/100 g 
FW), and the predominant GLS is the glucosinolate glucoraphanin (GRA) (33% of the total 
GLS) [23].

Glucosinolates and isothiocyanates (products of glucosinolate hydrolysis) are produced by 
some plants in response to biotic stress. They are important as protective agents of the plants, 
due to their toxic or repelling effects against potential plagues (herbivores, bacteria, and fungi) 
[24]. Even though these compounds can be used as protection agents in plants, with a great 
importance in agriculture and horticulture, they are significantly important to human nutri-
tion, due to the preventive effects on human health [24, 25]. These compounds are known for 
protecting against cancer in humans [26] and, in plants, these secondary metabolites and/or 
their breakdown products have different biological functions, like fungicidal, bactericidal, 
nematocidal, and allelopathic properties [27].

Thus, factors influencing phytochemical content and profile in the production of brassicaceous 
plants are worth considering for both plant and human health. There are studies showing 
that the consumption of brassica vegetables has a direct relationship with cancer incidence 
reduction [28]. Besides GLS, these vegetables contain myrosinase, a thioglucoside glycohy-
drolase (EC 3.2.3.1) which is released from intracellular compartments when the vegetable 
tissue is damaged by cutting or chewing and induces GLS hydrolysis into isothiocyanates 
and nitriles, as the most important products. Sulforaphane is one of the investigated isothio-
cyanates and is particularly abundant in broccoli var. italica in the form of its correspond-
ing glucosinolate glucoraphanin (GRA) (4-methylsulfinylbutyl glucosinolate) [29]. GRA can 
be converted into sulforaphane and glucobrassicin to indolyl-3-carbinol; both hydrolyzed 
derivatives are active against carcinogenesis as demonstrated by many in vitro experiments 
or in vivo studies [28, 30].

The quality and quantity of GLS differ among the plants species, among the different plant 
organs (tubercle or leaves), and in function of the ontogeny. The profile of these compounds is 
not only determined by the plant genetic constitution but also influenced by the environmen-
tal conditions [31]. Generally, high levels of GLS occur in response to temperature [32], expo-
sition to different wavelengths [33], nutrients availability [34], and signaling molecules as the 
salicylic acid (SA) [25], jasmonic acid (JA), and methyl jasmonate (MeJA) [31, 35]. Exogenous 
applications of SA and its analogous acids, damage by herbivory or treatment with JA, induce 
increases of indole GLS in B. napus [36], B. campestris [37], and B. juncea [35]. Microorganism 
infection and/or mechanical damages can promote the biosynthesis of indole GLS and aro-
matic 2-phenylethyl GLS in B. rapa through synthesizing molecules (e.g., methyl jasmonate 
or jasmonic acid) [31]. In addition, many compounds such as phenolics, terpenoids, and com-
pounds containing sulfur also regulate the biosynthesis [38].

Saline stress (150 mM NaCl) can reduce the total GLS levels, due to the decrease of both ali-
phatic GLP, as indole (GBS and MBGS), in broccoli sprouts [23]. This decrease is attributed to 
cell damages induced by Na accumulation [39]. However, studies with broccoli sprouts deter-
mined that the decrease in the GLS level in response to excessive contents of NaCl (44% in 
comparison to the control—0 mM NaCl) can be decreased by the application of MeJA, applied 
daily from the third day of growth of 10-day-old broccoli sprouts [23].
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Brassica foods (e.g., cabbage, cauliflower, broccoli, Brussels sprouts, turnips, and kale) are 
consumed raw, frozen, or after domestic thermal processing (cooking). Generally, the con-
ventional cooking methods, such as boiling, steaming, pressure cooking, and microwaving, 
reduce the content of glucosinolates to approximately 30–60%, depending on the method and 
analyzed compound [40]. Leaves (turning greens) and young-sprouting shoots (turning tops) 
of B. rapa cooked in steam showed maintenance of GLS content, compared to raw vegetable, 
by preventing leaching and solubilization of these metabolites. By contrast, conventional boil-
ing and high-pressure cooking methods induced losses of GLS levels (64%), and the degrada-
tion of different GLS classes (e.g., aliphatic or indolic) was similar in both cooking methods 
[40]. However, some compounds with important pharmacologic activities can be formed after 
the thermal processing by hydrolysis (e.g., 2-aminothiophene and dimeric 1,4-dithiane-2,5-di-
acetonitrile), increasing the bioactive potential in brassica vegetables [41].

The thermal treatment causes denaturation of enzymes that catalyze the degradation of 
nutrients and some metabolites. When brassica vegetables are chopped, ground, or chewed, 
there is a rupture of the tissues, and the GLSs enter in contact with the myrosinase, induc-
ing the conversion to isothiocyanates, nitriles, thiocyanates, epithionitriles, oxazolidine-
2-thiones, and epithioalkanes [42]. The hydrolysis products, mainly during the storage and 
processing, as well as the myrosinase activity of the gut microbiota, can affect the total 
content and bioavailability of these compounds [26]. In addition, the glucosinolates are 
water-soluble compounds and are generally lost by leaching, in methods that use water 
for cooking.

3.2. Polyphenols

The phenolic compounds are a group of secondary metabolites present in the vegetal king-
dom. The most disseminated and diversified groups of polyphenols are the flavonoids, which 
have C6-C3-C6 flavone skeleton. The flavonoids are important phenolic phytochemicals con-
taining a basic structure of two aromatic benzene rings separated by a heterocyclic-oxygen-
ated ring [43]. The flavonoids and the hydroxycinnamic acids are widely distributed in plants 
and are important bioactive compounds in the human diet. The dietetic flavonoids have anti-
viral, anti-inflammatory, antihistaminic, and antioxidant properties. Flavonoids and phenolic 
acids are the most characterized groups of phenolic compounds in brassicas and can protect 
the plants against UV radiation, microorganisms, and predator insects [44]. In cabbage, many 
(poly)phenolic compounds were identified, including myricetin, quercetin, kaempferol, lute-
olin, delphinidin, cyanidin, and pelargonidin [45].

Generally, the phenolic compounds are produced through the phenylpropanoid pathway. 
Biotic or abiotic stresses, such as elicitors, were reported for inducing alterations in the phe-
nolic compounds contents, as described in broccoli sprouts [23, 46]. In addition, the quality 
and quantity of the phenols differ among the plant species and among the plant organs. For 
example, broccoli sprouts have higher phenolic levels (1133.85 mg/100 g FW), when com-
pared with mature broccoli inflorescences (63.4 mg/100 g FW) [45]. Most of the phenolic com-
pounds present in broccoli sprouts are the hydroxycinnamic acids (sinapic acid derivatives), 
approximately 98% of the total phenolics found [23].
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applications of SA and its analogous acids, damage by herbivory or treatment with JA, induce 
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infection and/or mechanical damages can promote the biosynthesis of indole GLS and aro-
matic 2-phenylethyl GLS in B. rapa through synthesizing molecules (e.g., methyl jasmonate 
or jasmonic acid) [31]. In addition, many compounds such as phenolics, terpenoids, and com-
pounds containing sulfur also regulate the biosynthesis [38].

Saline stress (150 mM NaCl) can reduce the total GLS levels, due to the decrease of both ali-
phatic GLP, as indole (GBS and MBGS), in broccoli sprouts [23]. This decrease is attributed to 
cell damages induced by Na accumulation [39]. However, studies with broccoli sprouts deter-
mined that the decrease in the GLS level in response to excessive contents of NaCl (44% in 
comparison to the control—0 mM NaCl) can be decreased by the application of MeJA, applied 
daily from the third day of growth of 10-day-old broccoli sprouts [23].
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processing, as well as the myrosinase activity of the gut microbiota, can affect the total 
content and bioavailability of these compounds [26]. In addition, the glucosinolates are 
water-soluble compounds and are generally lost by leaching, in methods that use water 
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The phenolic compounds are a group of secondary metabolites present in the vegetal king-
dom. The most disseminated and diversified groups of polyphenols are the flavonoids, which 
have C6-C3-C6 flavone skeleton. The flavonoids are important phenolic phytochemicals con-
taining a basic structure of two aromatic benzene rings separated by a heterocyclic-oxygen-
ated ring [43]. The flavonoids and the hydroxycinnamic acids are widely distributed in plants 
and are important bioactive compounds in the human diet. The dietetic flavonoids have anti-
viral, anti-inflammatory, antihistaminic, and antioxidant properties. Flavonoids and phenolic 
acids are the most characterized groups of phenolic compounds in brassicas and can protect 
the plants against UV radiation, microorganisms, and predator insects [44]. In cabbage, many 
(poly)phenolic compounds were identified, including myricetin, quercetin, kaempferol, lute-
olin, delphinidin, cyanidin, and pelargonidin [45].

Generally, the phenolic compounds are produced through the phenylpropanoid pathway. 
Biotic or abiotic stresses, such as elicitors, were reported for inducing alterations in the phe-
nolic compounds contents, as described in broccoli sprouts [23, 46]. In addition, the quality 
and quantity of the phenols differ among the plant species and among the plant organs. For 
example, broccoli sprouts have higher phenolic levels (1133.85 mg/100 g FW), when com-
pared with mature broccoli inflorescences (63.4 mg/100 g FW) [45]. Most of the phenolic com-
pounds present in broccoli sprouts are the hydroxycinnamic acids (sinapic acid derivatives), 
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In saline-stress conditions, there is a possibility for a decrease to occur up to 30% in the pheno-
lic compounds’ content in brassicas (e.g., broccoli sprout). It is important to highlight that the 
increase or decrease of these compounds in this situation depends on the plant sensibility to 
salt and on the development stage when the plant was submitted to the stress [23]. The exog-
enous application of elicitors can also induce the phenolic compounds’ biosynthesis, affecting 
the contents of antioxidant and nutritional compounds in brassicas. This technique can be 
a viable tool to obtain vegetables with higher levels of these bioactive compounds. Studies 
with broccoli sprouts showed that the prolonged application of low concentrations of SA 
and MeJA during the sprouting significantly increased the content of phenolic compounds. 
Exogenous SA (50 μM) applied for 5 days or 100 μM SA for 7 days achieved flavonoids-
enriched broccoli sprouts by 24 and 33%, respectively. A 10 μM MeJA was a highly efficient 
treatment, promoting increases of 31 and 23% in the concentration of flavonoids and total 
phenolics, respectively [47].

The culinary process is a source of several alterations, both physical and biochemical, modi-
fying the phytochemical constituents present in the vegetables, resulting in changes in the 
nutritional values [48] of brassicas. During the cooking process, the phenolic compounds are 
highly reactive and can be significantly modified, including the release of conjugated com-
pounds (bound forms), oxidation, degradation, and polymerization [49]. Generally, the effect 
of boiling in brassica vegetables can lead to significant polyphenol losses. During the boiling, 
because the phenolic compounds are water-soluble, there might be losses by leaching, besides 
the breaking of these compounds during the thermal processing. The analysis of the water 
used in experiments with boiled brassica vegetables (e.g., in watercress) shows the presence of 
total phenols in the water (9.35 ± 0.12 mg GAE/g DW), confirming the loss by leaching (raw 
watercress – 14.86 ± 2.02 mg GAE/g DW). The quantity of phenols found in the water and in 
cooked material (residual phenols) is not different from the quantity present in raw water-
cress [50]. In opposition, in these studies, a minimum deleterious effect was demonstrated 
when microwaving and steaming were used in the content of phenolic compounds. This min-
imum effect occurs according to the quantity of water used and to the inactivation of oxidative 
enzymes, which prevent the rupture and the degradation of the phenolic biosynthesis [50].

3.3. Carotenoids

Carotenoids are a class of phytonutrients that are responsible for the colors red, orange, and 
light yellow in many vegetables and fruits. Most of the brassica vegetables contain carotenoids, 
such as β-carotene, lutein, zeaxanthin, neoxanthin, violaxanthin, and folate, which have 
important antioxidant, anticarcinogenic properties, and provitamin A [51]. Carotenoids have 
shown to have functions during the photosynthesis and show an important role in defense 
mechanisms apart from the essential nutrients. These compounds are involved in biotic and 
abiotic stresses response and development, acting as signaling molecules, and in addition, 
they are related to processes such as photomorphogenesis, nonphotochemical quenching and 
lipid peroxidation, and attracting pollinators [52].

Brassica vegetables are rich in carotenoids and, among the varieties of B. oleracea, kale has the 
highest levels of lutein and beta-carotene [51]. In Chinese cabbage (B. rapa ssp. pekinensis), 
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lutein and β-carotene are mainly distributed in the older leaves and in the flowers, while the 
zeaxanthin and violaxanthin levels are relatively low [53].

In order for the carotenoid absorption to occur by gut enterocytes, the mechanical and/or 
enzymatic disruption of the food matrix is necessary. In addition, due to the hydrophobic 
character of these chemical molecules, the formation of micelles before its absorption is also 
necessary [54]. Since the carotenoids in fruits and vegetables are present in the chromoplasts, 
their substructure and the cell wall are the main barriers to the bioavailability of these com-
pounds [55]. Thus, thermal processing as the boiling or the steaming can have positive effects 
in bioavailability, collaborating to the food matrix disruption, even though negative effects 
caused by the carotenoids degradation were also reported [56].

The processing methods used in brassica vegetables generally increase the carotenoid content 
[50]. The thermal processing can cause quantitative and qualitative changes by isomeriza-
tion processes. An increase in the carotenoid content in brassica vegetables, such as broccoli, 
Brussels sprouts, cabbage, cauliflower, and watercress, after boiling and steaming, were 
reported in many studies [33, 50]. The increase in the total carotenoid content after thermal 
treatments can also be explained by changes in the cell wall, due to the cellulose degradation, 
improving the extraction of these compounds, as a result of the denaturation of carotenoids/
protein complexes caused after the thermal processing [57]. However, high temperatures 
can lead to isomerization processes, decreasing the food nutritional values. β-carotene and 
lutein degradation for the formation of cis-isomer (4–40%) during the thermal processing was 
described in some studies with brassica vegetables (e.g., broccoli and kale) [58]. Thus, a higher 
retention of cis-isomers was registered in brassica vegetables thermally processed in compari-
son to trans-isomers, leading to losses in the vitamin A content in these foods.

4. Conclusion

Brassica vegetables have attracted increasing attention due to the presence of phytochemicals 
with beneficial recognized functions to the human organism, reducing the risk of diseases. 
Variations in the agronomic conditions (e.g., vegetal species, cultivars, development stages, 
plant organs, fertilization, soil, and pH) and climatic factors (e.g., luminous intensity and 
water availability) are known for affecting the content and the profile of compounds from the 
secondary metabolism.

Many studies show that stress can lead to the accumulation of bioactive compounds in 
plants, generating the production of foods with more benefits to the human health. In con-
trast, the growth and development are affected, because there is a reallocation of primary 
metabolites for the formation of secondary metabolites. This reflects in the biomass produc-
tion and, certainly, in the species production. However, these metabolites, such as GLS, phe-
nolic compounds, and carotenoids, play a fundamental role in the plants’ defense against 
microorganisms, possibly leading to a better adaptation of the plants to the environment and, 
consequently, to the reduction in the use of agrochemicals. The current knowledge of the 
climatic factors that affect the content and profile of these phytochemicals in Brassicaceae is of  
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important antioxidant, anticarcinogenic properties, and provitamin A [51]. Carotenoids have 
shown to have functions during the photosynthesis and show an important role in defense 
mechanisms apart from the essential nutrients. These compounds are involved in biotic and 
abiotic stresses response and development, acting as signaling molecules, and in addition, 
they are related to processes such as photomorphogenesis, nonphotochemical quenching and 
lipid peroxidation, and attracting pollinators [52].
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lutein and β-carotene are mainly distributed in the older leaves and in the flowers, while the 
zeaxanthin and violaxanthin levels are relatively low [53].

In order for the carotenoid absorption to occur by gut enterocytes, the mechanical and/or 
enzymatic disruption of the food matrix is necessary. In addition, due to the hydrophobic 
character of these chemical molecules, the formation of micelles before its absorption is also 
necessary [54]. Since the carotenoids in fruits and vegetables are present in the chromoplasts, 
their substructure and the cell wall are the main barriers to the bioavailability of these com-
pounds [55]. Thus, thermal processing as the boiling or the steaming can have positive effects 
in bioavailability, collaborating to the food matrix disruption, even though negative effects 
caused by the carotenoids degradation were also reported [56].

The processing methods used in brassica vegetables generally increase the carotenoid content 
[50]. The thermal processing can cause quantitative and qualitative changes by isomeriza-
tion processes. An increase in the carotenoid content in brassica vegetables, such as broccoli, 
Brussels sprouts, cabbage, cauliflower, and watercress, after boiling and steaming, were 
reported in many studies [33, 50]. The increase in the total carotenoid content after thermal 
treatments can also be explained by changes in the cell wall, due to the cellulose degradation, 
improving the extraction of these compounds, as a result of the denaturation of carotenoids/
protein complexes caused after the thermal processing [57]. However, high temperatures 
can lead to isomerization processes, decreasing the food nutritional values. β-carotene and 
lutein degradation for the formation of cis-isomer (4–40%) during the thermal processing was 
described in some studies with brassica vegetables (e.g., broccoli and kale) [58]. Thus, a higher 
retention of cis-isomers was registered in brassica vegetables thermally processed in compari-
son to trans-isomers, leading to losses in the vitamin A content in these foods.

4. Conclusion

Brassica vegetables have attracted increasing attention due to the presence of phytochemicals 
with beneficial recognized functions to the human organism, reducing the risk of diseases. 
Variations in the agronomic conditions (e.g., vegetal species, cultivars, development stages, 
plant organs, fertilization, soil, and pH) and climatic factors (e.g., luminous intensity and 
water availability) are known for affecting the content and the profile of compounds from the 
secondary metabolism.

Many studies show that stress can lead to the accumulation of bioactive compounds in 
plants, generating the production of foods with more benefits to the human health. In con-
trast, the growth and development are affected, because there is a reallocation of primary 
metabolites for the formation of secondary metabolites. This reflects in the biomass produc-
tion and, certainly, in the species production. However, these metabolites, such as GLS, phe-
nolic compounds, and carotenoids, play a fundamental role in the plants’ defense against 
microorganisms, possibly leading to a better adaptation of the plants to the environment and, 
consequently, to the reduction in the use of agrochemicals. The current knowledge of the 
climatic factors that affect the content and profile of these phytochemicals in Brassicaceae is of  
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scientific and economical interest and can be the base to elaborate strategies for producing 
plants more resistant to plagues and diseases, reducing the use of agrochemicals and increas-
ing the productivity with a higher nutraceutical potential.
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Abstract

A wide variation of morphological traits exists in Brassica rapa L. and Brassica oleracea L., 
and cultivated vegetable varieties of these species are consumed worldwide. Flowering 
time is an important agronomic trait in these species and varies among varieties or 
 cultivars. Especially, leafy vegetable species need a high bolting resistance. Isolation of 
FLOWERING LOCUS C (FLC), one of the key genes involved in vernalization, has now 
provided an insight into the molecular mechanism involved in the regulation of flowering 
time, including the role of histone modification. In the model plant Arabidopsis thaliana, 
FLC plays an important role in modulating flowering time. The response to vernaliza-
tion causes an increase in histone H3 lysine 27 tri-methylation (H3K27me3) that leads to 
reduced expression of the FLC gene. B. rapa and B. oleracea both contain several paralogs 
of FLC at syntenic regions identified as major flowering time and vernalization response 
quantitative trait loci (QTL). We introduce the recent research, not only in A. thaliana, but 
also in the genus Brassica from a genetic and epigenetic view point.

Keywords: vernalization, flowering time, FLOWERING LOCUS C, histone 
modification, high bolting resistance

1. Introduction

During the life cycle of plants, the change from vegetative to reproductive growth is a major 
developmental transition in angiosperms. Flowering is the process where a transformation 
of the vegetative stem primordia into floral primordia occurs due to biochemical changes. In 
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most plants, once the transition from vegetative to reproductive growth begins, it cannot be 
reversed. Thus, the proper timing of this transition is advantageous to ensure the successful 
propagation of offspring. Internal (endogenous cues) and external (environmental stimuli) 
factors both play important roles in flowering time. As plants are sessile organisms, plants 
are greatly affected by environmental conditions such as day length (photoperiodism) and 
temperature. Photoperiodism is controlled via the photoreceptor proteins phytochrome and/
or cryptochrome, responsible for sensing red/far-red and blue light, respectively [1]. We typi-
cally refer to photoperiod requirements as either long day (LD) or short day (SD) with respect 
to the length of time that a plant receives daylight. As this photoperiod signal is also tied to 
the annual cyclical seasonal changes, LD, coinciding with the spring and summer seasons, 
and SD, associated with the autumn and winter seasons, both play roles in the floral devel-
opment of several plant species [2]. The regulation of flowering to changes in temperature is 
known as vernalization. Vernalization is the process that accelerates flowering in response to 
the prolonged cold winter. Many plants have a vernalization requirement and will actively 
repress flowering until after an exposure to prolonged cold. This acts to synchronize seed 
production with the favorable environmental conditions of spring. The presence of certain 
photoperiods and ambient temperatures after vernalization are also important [3, 4].

Brassica is a genus in the family of Brassicaceae and includes 37 species of flowering plants. 
Many of these are important both economically and as agricultural crops, with members 
such as broccoli, brown mustard, brussels sprouts, cabbage, cauliflower, Chinese cabbage, 
kale, kohlrabi, rape, rutabaga, and turnip. The crops from this genus are sometimes known 
as cole crops. Three members of the genus Brassica: Brassica rapa, Brassica nigra, and Brassica 
oleracea are denoted as the A, B, and C genomes, respectively. These three species share 
a unique genomic relationship known as the “Triangle of U” [5]. Allotetraploids between 
these three species contain two complete diploid genomes derived from the two different 
parental species, one diploid genome from each parent. The agriculturally important allo-
tetraploid Brassica napus (canola or rapeseed) is derived from the interspecific hybridization 
of the A and C genomes of B. rapa and B. oleracea, respectively. With the advent of genomic 
sequencing, the genetic relationship between three diploid species such as B. rapa, B. nigra, 
and B. oleracea, in the Brassica genus has been elucidated further, revealing that they are 
descended from a common hexaploid ancestor that underwent a whole genome triplication 
event roughly 15.9 million years ago (MYA), with speciation divergence occurring approxi-
mately 4.6 MYA [6].

Different cultivated varieties of the diploid species of B. rapa exhibit extreme developmental 
and morphological diversity, and from the organs consumed they are generally divided into 
leafy, turnip, and oil types. B. rapa crops are normally grown in two seasons, autumn and 
spring, and their flowering habits are generally controlled by day length and/or temperature. 
B. rapa is a facultative LD plant. Although LD photoperiod conditions accelerate its flowering, 
it can also flower under SD photoperiod conditions [7]. B. rapa is a leafy vegetable, and flow-
ering time is an important developmental trait because bolting can occur before plants reach 
the harvest stage. Examples include Chinese cabbage and pak choi, where early bolting mark-
edly impairs the product value. Early bolting mostly occurs due to low temperatures at the 
beginning of cultivation and the longer day lengths during the growing period of the spring 
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season. Thus, the genetic dissection of flowering time control is central to the breeding of 
late bolting leafy B. rapa cultivars. B. oleracea (cabbage), a plant-vernalization-responsive spe-
cies, has become established as one of the most valuable vegetable crops in the Brassicaceae 
family and is widely consumed by both humans and livestock [8, 9]. Vernalization can be 
classified into two types: seed-vernalization-responsive and plant-vernalization-responsive, 
according to the age at which the plant vernalizes in response to low temperature [9]. In the 
plant-vernalization-responsive type, biennial plants grow vegetatively in the first year and 
flower in the following year after winter. The vernalization of cabbage normally requires low 
temperatures of approximately 6–8 weeks in duration that is initiated at the stage of seven to 
nine leaves, or when the stem diameter reaches 6 mm for the initiation of flowering [8, 9]. The 
differences in the mechanisms involved in vernalization and flowering between seed- and 
plant-vernalization-responsive types is of agronomic and scientific interest to understand. 
As such, attempts have been made to transfer the seed-vernalization character from Chinese 
cabbage (B. rapa) into cabbage (B. oleracea) [10], and the plant-vernalization character from 
cabbage into Chinese cabbage [11]. B. napus is an important oilseed crop in the temperate 
regions of the world. The production of seed in canola depends upon flowering time, thus the 
adaptation of flowering time is important for breeding. In B. napus, the natural variation in 
flowering time in response to vernalization was characterized into three groups: spring type, 
winter type, and semi-winter type [12].

Understanding the molecular mechanism(s) responsible for vernalization in the control of 
flowering is important for the breeding of high bolting resistance in B. rapa and B. oleracea leafy 
vegetables. Recent studies on vernalization using Arabidopsis thaliana, one of the model organ-
isms used for studying plant biology and the first plant to have its entire genome sequenced, 
provided key insight into the molecular mechanism of vernalization. The knowledge derived 
from A. thaliana research has been useful for understanding the molecular mechanism of ver-
nalization in the genus Brassica. In this chapter, we describe the latest research findings on 
vernalization in A. thaliana and the Brassica genus, especially leafy vegetables such as Chinese 
cabbage (B. rapa) and cabbage (B. oleracea) with a high bolting resistance.

2. Vernalization research in model plant Arabidopsis thaliana

A. thaliana is a small dicotyledonous species used as a model organism for studying plant 
biology belonging to the family Brassicaceae. In A. thaliana, over 180 genes are implicated in 
flowering time control and these genes are categorized into six major pathways that control 
flowering time, including the photoperiod/circadian clock pathway, vernalization pathway, 
ambient temperature pathway, age pathway, autonomous pathway, and gibberellin path-
way [13, 14]. It is a much-studied model for vernalization and the transition to the reproduc-
tive phase of A. thaliana occurs by two related events, the floral transition (initiation of the 
first flower) and the bolting transition (elongation of the first internode) [15]. Brassicaceae 
includes many perennial species such as Arabis alpina and Arabidopsis halleri, and the respec-
tive A.  thaliana orthologous gene is key regulator of flowering transition with seasonal gene 
expression [16, 17]. In this section, we introduce research on vernalization in A. thaliana.
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oleracea are denoted as the A, B, and C genomes, respectively. These three species share 
a unique genomic relationship known as the “Triangle of U” [5]. Allotetraploids between 
these three species contain two complete diploid genomes derived from the two different 
parental species, one diploid genome from each parent. The agriculturally important allo-
tetraploid Brassica napus (canola or rapeseed) is derived from the interspecific hybridization 
of the A and C genomes of B. rapa and B. oleracea, respectively. With the advent of genomic 
sequencing, the genetic relationship between three diploid species such as B. rapa, B. nigra, 
and B. oleracea, in the Brassica genus has been elucidated further, revealing that they are 
descended from a common hexaploid ancestor that underwent a whole genome triplication 
event roughly 15.9 million years ago (MYA), with speciation divergence occurring approxi-
mately 4.6 MYA [6].

Different cultivated varieties of the diploid species of B. rapa exhibit extreme developmental 
and morphological diversity, and from the organs consumed they are generally divided into 
leafy, turnip, and oil types. B. rapa crops are normally grown in two seasons, autumn and 
spring, and their flowering habits are generally controlled by day length and/or temperature. 
B. rapa is a facultative LD plant. Although LD photoperiod conditions accelerate its flowering, 
it can also flower under SD photoperiod conditions [7]. B. rapa is a leafy vegetable, and flow-
ering time is an important developmental trait because bolting can occur before plants reach 
the harvest stage. Examples include Chinese cabbage and pak choi, where early bolting mark-
edly impairs the product value. Early bolting mostly occurs due to low temperatures at the 
beginning of cultivation and the longer day lengths during the growing period of the spring 
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season. Thus, the genetic dissection of flowering time control is central to the breeding of 
late bolting leafy B. rapa cultivars. B. oleracea (cabbage), a plant-vernalization-responsive spe-
cies, has become established as one of the most valuable vegetable crops in the Brassicaceae 
family and is widely consumed by both humans and livestock [8, 9]. Vernalization can be 
classified into two types: seed-vernalization-responsive and plant-vernalization-responsive, 
according to the age at which the plant vernalizes in response to low temperature [9]. In the 
plant-vernalization-responsive type, biennial plants grow vegetatively in the first year and 
flower in the following year after winter. The vernalization of cabbage normally requires low 
temperatures of approximately 6–8 weeks in duration that is initiated at the stage of seven to 
nine leaves, or when the stem diameter reaches 6 mm for the initiation of flowering [8, 9]. The 
differences in the mechanisms involved in vernalization and flowering between seed- and 
plant-vernalization-responsive types is of agronomic and scientific interest to understand. 
As such, attempts have been made to transfer the seed-vernalization character from Chinese 
cabbage (B. rapa) into cabbage (B. oleracea) [10], and the plant-vernalization character from 
cabbage into Chinese cabbage [11]. B. napus is an important oilseed crop in the temperate 
regions of the world. The production of seed in canola depends upon flowering time, thus the 
adaptation of flowering time is important for breeding. In B. napus, the natural variation in 
flowering time in response to vernalization was characterized into three groups: spring type, 
winter type, and semi-winter type [12].

Understanding the molecular mechanism(s) responsible for vernalization in the control of 
flowering is important for the breeding of high bolting resistance in B. rapa and B. oleracea leafy 
vegetables. Recent studies on vernalization using Arabidopsis thaliana, one of the model organ-
isms used for studying plant biology and the first plant to have its entire genome sequenced, 
provided key insight into the molecular mechanism of vernalization. The knowledge derived 
from A. thaliana research has been useful for understanding the molecular mechanism of ver-
nalization in the genus Brassica. In this chapter, we describe the latest research findings on 
vernalization in A. thaliana and the Brassica genus, especially leafy vegetables such as Chinese 
cabbage (B. rapa) and cabbage (B. oleracea) with a high bolting resistance.

2. Vernalization research in model plant Arabidopsis thaliana

A. thaliana is a small dicotyledonous species used as a model organism for studying plant 
biology belonging to the family Brassicaceae. In A. thaliana, over 180 genes are implicated in 
flowering time control and these genes are categorized into six major pathways that control 
flowering time, including the photoperiod/circadian clock pathway, vernalization pathway, 
ambient temperature pathway, age pathway, autonomous pathway, and gibberellin path-
way [13, 14]. It is a much-studied model for vernalization and the transition to the reproduc-
tive phase of A. thaliana occurs by two related events, the floral transition (initiation of the 
first flower) and the bolting transition (elongation of the first internode) [15]. Brassicaceae 
includes many perennial species such as Arabis alpina and Arabidopsis halleri, and the respec-
tive A.  thaliana orthologous gene is key regulator of flowering transition with seasonal gene 
expression [16, 17]. In this section, we introduce research on vernalization in A. thaliana.
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2.1. Genes involved in vernalization

Two key genes, FRIGIDA (FRI) and FLOWERING LOCUS C (FLC), have been identified by 
map-based cloning of naturally occurring early flowering accessions of A. thaliana. Rapid 
cycling accessions have mutations in FRI, and loss-of-function mutations have originated 
independently [3, 18]. The functional FRI gene acts upstream of the FLC expression within the 
vernalization pathway. FRI acts as a scaffold protein interacting with FRIGIDA LIKE 1 (FRL1), 
FRIGIDA ESSENTIAL 1 (FES1), SUPPRESSOR OF FRIGIDA 4 (SUF4), and FLC EXPRESSOR 
(FLX). These proteins assemble to form a large protein complex, FRIGIDA-containing com-
plex (FRI-C), with SUF4 directly binding to the FLC promoter and FRI-C  activating FLC 
expression [19].

The FLC gene is a floral repressor that contains a MADS box transcriptional regulator pro-
tein domain, and maintains a plant’s vegetative growth until exposure to prolonged cold 
is experienced. Within the vegetative apical meristem, FLC interacts with several important 
genes during vegetative growth by inhibiting the activation of a set of genes required for the 
transition of the apical meristem to inflorescence, ultimately determining the plant’s repro-
ductive fate [20–22]. At the molecular level, FLC blocks flowering by binding to genes that 
promote flowering and repressing their transcription. Initially, three flowering time genes, 
FLOWERING LOCUS T (FT), SUPPRESSOR OF OVEREXPRESSSON OF CONSTANS 1 
(SOC1), and FLOWERING LOCUS D (FD) were reported to be targeted by FLC, with FLC 
binding to the promoters of SOC1 and FD and to the first intron of FT [23, 24]. Later, using 
antiserum raised against the FLC protein without the conserved MADS domain, more puta-
tive FLC targeted genes were identified at the whole genome level by chromatin immunopre-
cipitation sequencing (ChIP-seq). About 500 FLC binding sites, mostly located in the promoter 
region of genes containing one CArG box (the known target of MADS-box proteins) were 
identified [25]. Two genes (FT and SOC1) that function downstream of the flowering activator 
CONSTANS (CO) in the photoperiod pathway were identified as being negatively regulated 
by FLC [4, 14].

In addition to the previously mentioned FRI-dependent pathway, the autonomous pathway 
is also known to repress FLC expression. In the autonomous pathway, key genes such as FCA, 
FLD, FLOWERING LATE KH DOMAIN (FLK), FPA, FVE, FY, and LUMINIDEPENDENS (LD) 
were identified [4, 22, 26], and mutation in these genes results in the activation of FLC and a 
late flowering phenotype. Thus, FRI and the autonomous pathway are internal regulators of 
basal FLC expression via constitutive activation and repression, respectively.

Examination of the regulation of FLC by the vernalization pathway in various vernalization-
responsive accessions and flowering time mutants of A. thaliana showed that the levels of 
FLC mRNA and protein correlated well with flowering time in response to cold treatment 
[3, 4, 22]. To identify the genes involved in the vernalization pathway, mutants that do not 
respond to vernalization were characterized. Two mutants termed vernalization 1 (vrn1) and 
vrn2 were identified [3, 27, 28]. Cold treatment reduced the FLC expression levels in vrn1 fca-1 
or vrn2 fca-1 double mutants. However, when plants are returned to a warm environment, 
the suppression of FLC expression was not maintained. This suggests that VRN1 and VRN2 
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are involved in the maintenance of FLC repression by vernalization, but not in the initial 
 repression [27, 28]. VRN1 encodes a nuclear protein with B3 domains, a highly conserved 
plant-specific transcription factor that binds to DNA [28]. VRN2 encodes a nuclear-localized 
zinc-finger protein showing a similarity to Polycomb Group (PcG) proteins of plants and 
animals [27]. The expression levels of VRN1 and VRN2 are not changed by vernalization. 
However, a third gene involved in the repression of FLC by vernalization, VERNALIZATION 
INSENSITIVE 3 (VIN3), is activated by vernalization, and VIN3 encodes a plant homeodomain 
(PHD) finger containing protein [29].

2.2. Epigenetic regulation of FLC gene

Epigenetic regulation is defined as changes in gene activities that are inherited through cell 
divisions without alteration in the DNA sequence. Epigenetic regulation is crucial for the 
development and adaptation of plants to the changing environment [30, 31]. DNA methyla-
tion and histone modification are the best examples of epigenetic modifications. The fun-
damental subunit of chromatin is the nucleosome, and the nucleosome consists of 147 base 
pairs of DNA wrapped around an octamer of histone proteins comprised of two tetramers. 
Each of the two tetramers contains one of each of the core histone proteins H2A, H2B, H3, 
and H4. The alteration of chromatin structure, which causes changes in transcription, is reg-
ulated by various post-translational modifications such as methylation or acetylation of the 
N-terminal regions of the histone proteins [32]. Histone lysine residues can be mono-, di-, 
or tri-methylated, and each methylation state is associated with different functions [32]. In 
plants, histone deacetylation, H3K9me2, and H3K27me3 are associated with gene repres-
sion, and histone acetylation, H3K4me3, and H3K36me3 are associated with gene activation 
[22, 31, 33, 34].

The vernalization response is one example of epigenetic regulation, and FLC expression is 
regulated by chromatin modification [34, 35]. FLC is expressed before prolonged cold expo-
sure, and H3K4me3 or H3K36me3 is associated with activation of FLC expression [36]. 
FRI-C facilitates recruitment of chromatin-modifying factors to FLC, such as the chromatin 
remodeling SWR1 complex (delivering H2A.Z variant) or the histone methyltransferases 
EARLY FLOWERING IN SHORT DAYS (EFS) (a homolog of SET2 that catalyzes H3K36me3) 
[19], ARABIDOPSIS TRITHORAX LIKE 1 (ATX1) (which catalyzes H3K4me3) [37], and 
ARABIDOPSIS TRITHORAX-RELATED 7 (ATXR7) [38]. H3K4me3 activity is also mediated 
by the yeast RNA polymerase II (Pol II) Associated Factor 1 (PAF1) complex, histone H3K4 
methyltransferases such as ATX1, ATX2, and ATXR7, and the complex protein associated 
with Set 1 (COMPASS)-like complex that contains WDR5 HOMOLOG A (WDR5a), EFS, and 
ARABIDOPSIS Ash2 RELATIVE (ASH2R) [22, 39].

Prolonged cold exposure induces VIN3, a PHD-finger protein, which acts to establish the 
initial repression of FLC [29]. PHD-finger proteins VIN3, VRN5, VIN3/VRN5-like 1 (VEL1) 
interact with VRN2 protein and form POLYCOMB REPRESSIVE COMPLEX2 (PHD-PRC2) 
complex [29, 40, 41]. FLC repression by vernalization is associated with the enrichment of 
H3K27me3, which is mediated by the PHD-PRC2 mechanism [41]. During prolonged cold 
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exposure, H3K27me3 is enriched in chromatin at the FLC transcription/translation start sites 
[42]. After cold exposure, during growth at higher temperatures, the H3K27me3  modification 
extends across the FLC gene [42]. The initial transcriptional repression of FLC is PRC2-
independent, but the stable maintenance of repression requires PRC2 [27]. The maintenance 
of FLC silencing under warm conditions after cold exposure is therefore mediated by PHD-
PRC2 spreading H3K27me3 over the FLC locus. In addition, LIKE HETEROCHROMATIN 
PROTEIN 1 (LHP1), which is associated with H3K27me3, and VRN1 are required for the 
maintenance of stable FLC repression [28, 43, 44].

FLC is epigenetically silenced by vernalization, but FLC needs to be reactivated to restore the 
requirement for vernalization in each subsequent generation. FLC expression is repressed 
in gametogenesis, regardless of the parental state of vernalization, and its expression 
increases as the embryo develops [45, 46]. Some autonomous pathway genes, which upreg-
ulate FLC in vegetative tissues, are required for FLC expression in the early embryo [46]. 
In contrast, FRI and SUF4 are not required to reset the expression of FLC, however, they 
are required to maintain it after reactivation of FLC [46]. EARLY FLOWERING 6 (ELF6) 
is a jumonji domain H3K27me3 demethylase protein and is expressed at high levels in 
both flowers and embryos, but at low levels in seedlings [47]. Resetting of the vernalized 
state at the FLC locus in the next generation requires H3K27 demethylation by ELF6 [47]. 
However, FLC expression in some non-vernalized elf6 mutants was found to be lower than 
in non-vernalized wild type, but the expression level was fully restored in the next genera-
tion [48]. Thus, there may be another factor associated with the resetting of FLC expression. 
LEAFY COTYLEDON1 (LEC1) encodes a seed-specific NF-YB transcription factor that is a 
subunit of NF-Y that binds to NF-C and NF-A, and regulates embryogenesis. LEC1 NF-Y 
engages EFS, which is associated with H3K36me3, and the SWR1 complex, remodeling 
the chromatin state at the FLC locus to a transcriptionally active euchromatic state during 
embryogenesis [46, 48]. This activity suggests that LEC1 NF-Y binds to the FLC promoter, 
displacing Polycomb proteins and recruiting EFS, and that the maintenance of a euchro-
matic state at the FLC locus by LEC1 inhibits the transmission of repressive chromatin 
marks [48].

2.3. Long noncoding RNA induced by cold treatments in the FLC locus

Advanced technologies such as tiling arrays or RNA-sequencing (RNA-seq), use high-
throughput sequencing to enable the discovery of long noncoding transcripts. It has been 
shown that some long noncoding RNAs (lncRNAs) are involved in the regulation of gene 
expression through interactions with associated proteins. Several PRC2-associated lncRNAs 
have been identified in mammals, for example, XIST targets PRC2 to the X chromosome or 
HOTAIR targets PRC2 to the HOX gene, resulting in silencing of target genes [22]. Using 
a custom array covering the 50 kb region around FLC, with single-nucleotide resolution of 
both strands, lncRNAs termed cold-induced long antisense intragenic RNAs (COOLAIR) 
have been identified. COOLAIR encompasses most of the FLC locus, from the 5′ start to the 3′ 
polyadenylation sites, and COOLAIR is alternatively polyadenylated and spliced. The induc-
tion of COOLAIR occurs after 14 days of cold treatment in wild type and vin3–4 mutants, 
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which is earlier than VIN3 induction (20 days after transfer to cold), and the suppression 
of unspliced sense FLC transcription was observed before the maximum induction of VIN3 
[29, 49]. COOLAIR promoter-driven antisense transcription of a reporter gene could lead to 
transient cold-induced repression, suggesting that COOLAIR contributes to the early repres-
sion of sense FLC transcription transiently before the stable repression that is mediated by the 
PHD-PRC2 complex [49]. However, plants having T-DNA insertions in the region covering 
COOLAIR where COOLAIR expression or upregulation of COOLAIR is not observed dur-
ing cold treatment, showed normal repression of sense FLC by vernalization. This suggests 
that the production of COOLAIR transcripts is not an essential component of vernalization-
induced repression of FLC [50]. Because of this, while COOLAIR is considered to be involved 
in the autonomous pathway and the PRC2-mediated epigenetic silencing of FLC, its function 
in the cold-induced silencing of FLC is still controversial [50–52]. After the degradation of FLC 
mRNA via COOLAIR, COOLAIR transcription is then reduced by the formation of an RNA-
DNA hybrid within its promoter, R-loop [53].

Another lncRNA, COLD ASSISTED INTRONIC NONCODING RNA (COLDAIR), has been 
identified in the first intron of FLC in the sense direction. COLDAIR contains a 5′ cap struc-
ture but is not polyadenylated. COLDAIR is induced during cold exposure and reaches its 
maximum level of expression at around 20 days of cold exposure. The expression level then 
returns to the pre-vernalized level after more than 30 days of cold. The induction of COLDAIR 
occurs earlier than VIN3 induction, but later than the induction of COOLAIR. The transcrip-
tion start site of COLDAIR is located within the VERNALIZATION RESPONSE ELEMENT 
(VRE), a region important for the stable repression of FLC by vernalization [44]. COLDAIR 
interacts with FLC chromatin and one of the components of the PRC2 complex, CURLY LEAF 
(CLF), specifically during cold exposure. Reduced COLDAIR by RNA interference showed 
that FLC repression was not maintained when plants were returned to a warm growth condi-
tion after vernalization. COLDAIR mutants decrease the association of PRC2 and H3K27me3 
accumulation [54]. In addition, the repression of FLC expression by cold treatment was not 
maintained in the COLDAIR mutants once the plants were moved to normal growth condi-
tions [55]. Increased expression of CLF and enrichment of H3K27me3 by vernalization were 
not observed in knockdown lines of COLDAIR, indicating that COLDAIR plays a role in the 
establishment of the stable maintenance of FLC repression during vernalization by recruit-
ment of the PHD-PRC2 complex to FLC chromatin [54].

RNA immunoprecipitation (RIP) using the antibody against CLF followed by a tiled RT-PCR 
identified COLDWRAP (cold of winter-induced noncoding RNA from the promoter) over-
lapping the promoter region of FLC. COLDWRAP associated with PRC2 throughout cold 
exposure. COLDWRAP transcripts increased during cold exposure, and were maintained 
even after cold exposure. COLDWRAP has a 5′ cap structure but is not polyadenylated. 
COLDWRAP is 316 bp in length, and its transcription start site is 225 bp upstream from 
the FLC mRNA transcription start site. COLDWRAP mutants showed an absence of stable 
repression of FLC expression by cold exposure, with a low level of recruitment of PRC2 and 
H3K27me3 accumulation, suggesting that COLDWRAP is involved in PRC2-mediated FLC 
silencing by vernalization [56].

Genetic and Epigenetic Regulation of Vernalization in Brassicaceae
http://dx.doi.org/10.5772/intechopen.74573

81



exposure, H3K27me3 is enriched in chromatin at the FLC transcription/translation start sites 
[42]. After cold exposure, during growth at higher temperatures, the H3K27me3  modification 
extends across the FLC gene [42]. The initial transcriptional repression of FLC is PRC2-
independent, but the stable maintenance of repression requires PRC2 [27]. The maintenance 
of FLC silencing under warm conditions after cold exposure is therefore mediated by PHD-
PRC2 spreading H3K27me3 over the FLC locus. In addition, LIKE HETEROCHROMATIN 
PROTEIN 1 (LHP1), which is associated with H3K27me3, and VRN1 are required for the 
maintenance of stable FLC repression [28, 43, 44].

FLC is epigenetically silenced by vernalization, but FLC needs to be reactivated to restore the 
requirement for vernalization in each subsequent generation. FLC expression is repressed 
in gametogenesis, regardless of the parental state of vernalization, and its expression 
increases as the embryo develops [45, 46]. Some autonomous pathway genes, which upreg-
ulate FLC in vegetative tissues, are required for FLC expression in the early embryo [46]. 
In contrast, FRI and SUF4 are not required to reset the expression of FLC, however, they 
are required to maintain it after reactivation of FLC [46]. EARLY FLOWERING 6 (ELF6) 
is a jumonji domain H3K27me3 demethylase protein and is expressed at high levels in 
both flowers and embryos, but at low levels in seedlings [47]. Resetting of the vernalized 
state at the FLC locus in the next generation requires H3K27 demethylation by ELF6 [47]. 
However, FLC expression in some non-vernalized elf6 mutants was found to be lower than 
in non-vernalized wild type, but the expression level was fully restored in the next genera-
tion [48]. Thus, there may be another factor associated with the resetting of FLC expression. 
LEAFY COTYLEDON1 (LEC1) encodes a seed-specific NF-YB transcription factor that is a 
subunit of NF-Y that binds to NF-C and NF-A, and regulates embryogenesis. LEC1 NF-Y 
engages EFS, which is associated with H3K36me3, and the SWR1 complex, remodeling 
the chromatin state at the FLC locus to a transcriptionally active euchromatic state during 
embryogenesis [46, 48]. This activity suggests that LEC1 NF-Y binds to the FLC promoter, 
displacing Polycomb proteins and recruiting EFS, and that the maintenance of a euchro-
matic state at the FLC locus by LEC1 inhibits the transmission of repressive chromatin 
marks [48].

2.3. Long noncoding RNA induced by cold treatments in the FLC locus

Advanced technologies such as tiling arrays or RNA-sequencing (RNA-seq), use high-
throughput sequencing to enable the discovery of long noncoding transcripts. It has been 
shown that some long noncoding RNAs (lncRNAs) are involved in the regulation of gene 
expression through interactions with associated proteins. Several PRC2-associated lncRNAs 
have been identified in mammals, for example, XIST targets PRC2 to the X chromosome or 
HOTAIR targets PRC2 to the HOX gene, resulting in silencing of target genes [22]. Using 
a custom array covering the 50 kb region around FLC, with single-nucleotide resolution of 
both strands, lncRNAs termed cold-induced long antisense intragenic RNAs (COOLAIR) 
have been identified. COOLAIR encompasses most of the FLC locus, from the 5′ start to the 3′ 
polyadenylation sites, and COOLAIR is alternatively polyadenylated and spliced. The induc-
tion of COOLAIR occurs after 14 days of cold treatment in wild type and vin3–4 mutants, 
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which is earlier than VIN3 induction (20 days after transfer to cold), and the suppression 
of unspliced sense FLC transcription was observed before the maximum induction of VIN3 
[29, 49]. COOLAIR promoter-driven antisense transcription of a reporter gene could lead to 
transient cold-induced repression, suggesting that COOLAIR contributes to the early repres-
sion of sense FLC transcription transiently before the stable repression that is mediated by the 
PHD-PRC2 complex [49]. However, plants having T-DNA insertions in the region covering 
COOLAIR where COOLAIR expression or upregulation of COOLAIR is not observed dur-
ing cold treatment, showed normal repression of sense FLC by vernalization. This suggests 
that the production of COOLAIR transcripts is not an essential component of vernalization-
induced repression of FLC [50]. Because of this, while COOLAIR is considered to be involved 
in the autonomous pathway and the PRC2-mediated epigenetic silencing of FLC, its function 
in the cold-induced silencing of FLC is still controversial [50–52]. After the degradation of FLC 
mRNA via COOLAIR, COOLAIR transcription is then reduced by the formation of an RNA-
DNA hybrid within its promoter, R-loop [53].

Another lncRNA, COLD ASSISTED INTRONIC NONCODING RNA (COLDAIR), has been 
identified in the first intron of FLC in the sense direction. COLDAIR contains a 5′ cap struc-
ture but is not polyadenylated. COLDAIR is induced during cold exposure and reaches its 
maximum level of expression at around 20 days of cold exposure. The expression level then 
returns to the pre-vernalized level after more than 30 days of cold. The induction of COLDAIR 
occurs earlier than VIN3 induction, but later than the induction of COOLAIR. The transcrip-
tion start site of COLDAIR is located within the VERNALIZATION RESPONSE ELEMENT 
(VRE), a region important for the stable repression of FLC by vernalization [44]. COLDAIR 
interacts with FLC chromatin and one of the components of the PRC2 complex, CURLY LEAF 
(CLF), specifically during cold exposure. Reduced COLDAIR by RNA interference showed 
that FLC repression was not maintained when plants were returned to a warm growth condi-
tion after vernalization. COLDAIR mutants decrease the association of PRC2 and H3K27me3 
accumulation [54]. In addition, the repression of FLC expression by cold treatment was not 
maintained in the COLDAIR mutants once the plants were moved to normal growth condi-
tions [55]. Increased expression of CLF and enrichment of H3K27me3 by vernalization were 
not observed in knockdown lines of COLDAIR, indicating that COLDAIR plays a role in the 
establishment of the stable maintenance of FLC repression during vernalization by recruit-
ment of the PHD-PRC2 complex to FLC chromatin [54].

RNA immunoprecipitation (RIP) using the antibody against CLF followed by a tiled RT-PCR 
identified COLDWRAP (cold of winter-induced noncoding RNA from the promoter) over-
lapping the promoter region of FLC. COLDWRAP associated with PRC2 throughout cold 
exposure. COLDWRAP transcripts increased during cold exposure, and were maintained 
even after cold exposure. COLDWRAP has a 5′ cap structure but is not polyadenylated. 
COLDWRAP is 316 bp in length, and its transcription start site is 225 bp upstream from 
the FLC mRNA transcription start site. COLDWRAP mutants showed an absence of stable 
repression of FLC expression by cold exposure, with a low level of recruitment of PRC2 and 
H3K27me3 accumulation, suggesting that COLDWRAP is involved in PRC2-mediated FLC 
silencing by vernalization [56].
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3. Vernalization research in the genus Brassica

Flowering time is very important for the harvest of valuable agricultural products because the 
flowering that is induced by exposure to cold temperatures, known as bolting, can occur. This 
is especially the case in vernalization-sensitive leafy vegetables of the genus Brassica (B. rapa 
and B. oleracea). Because bolting causes the devaluation of agricultural products, a high bolt-
ing resistance is of economic significance for cultivar breeding. Additionally, the control of 
flowering time is also critical for the yield of seeds in canola (B. napus) because the appropriate 
timing of flowering maximizes both seed production and quality. The FLC gene maintains a 
plant’s vegetative growth phase until exposure to prolonged cold, and is highly conserved 
among members of the Brassicaceae family [57], suggesting that the FLC gene is an important 
factor for the breeding of highly bolting resistant cultivars in leafy vegetables. Indeed, previ-
ous studies have already supported this possibility. This section introduces the research of 
flowering in the genus Brassica, mainly focusing on the FLC gene.

3.1. Species in the genus Brassica has the paralogs of FLC genes

Recently, the whole genome sequences of the diploid species, B. rapa, B. nigra, and B.  oleracea, 
and the allotetraploid species, B. napus and B. juncea have been determined. From these 
genome sequences, it is already known that there are multiple FLC paralogs in the genus 
Brassica. Four FLC paralogs, Bra009055 (BrFLC1), Bra028599 (BrFLC2), Bra006051 (BrFLC3), 
and Bra022771 (BrFLC5) were found in the reference genome of B. rapa, Chiifu-401-42, but 
Bra022771 is possibly a pseudogene because of the two deleted exons. Two BoFLC (Bol008758, 
Bol043693) paralogs are found in the B. oleracea var. capitata homozygous line 02–12, while four 
BoFLC paralogs are found in TO1000DH3, a doubled haploid derived from a rapid cycling B. 
oleracea. In the reference genome of allotetraploid species of B. napus (AC genome), nine FLC 
paralogs were found in the European winter oilseed cultivar Darmor-bzh with four FLCs in 
the An subgenome and five within the Cn subgenome [58].

3.2. QTL controlling flowering time

In the genus Brassica, several quantitative trait loci (QTLs) affecting flowering time have been 
identified. To identify the genes involved in flowering time QTLs, populations derived from 
parents that show differences for flowering time were used.

In B. rapa, several QTLs for flowering time (VFR1, 2, and 3 in non-vernalized condition and 
FR1, 2, and 3 in vernalized condition) were identified using an F2 population derived from a 
cross between an annual and a biennial oil seed cultivars [59, 60]. Later, VFR2 and FR1 were 
located in the regions covering BrFLC1 and BrFLC2, respectively [61, 62]. Using a multi-pop-
ulation derived from several parental lines (rapid cycling, Chinese cabbage, yellow sarson, 
pak-choi, and a Japanese vegetable turnip variety) eight QTLs for flowering were detected, 
and one major QTL co-localized with BrFLC2 [63]. BrFLC1 and BrFLC2 were linked to QTLs 
that control bolting, budding, and flowering time using an F2 population derived from an 
early flowering oilseed rape line, yellow sarson, and a late flowering line of the Japanese 
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 commercial komatsuna variety, osome [64]. In yellow sarson, a decrease in BrFLC2 transcripts 
was observed and was considered to be due to a nucleotide substitution occurring upstream 
of the start codon [64]. QTL analyses using other parental combinations between pak-choi 
and yellow sarson also showed the co-localization of a major QTL with BrFLC2 [65, 66]. QTL 
analysis using a recombinant inbred line population produced from a cross between a caixin 
line (L58, ssp. parachinensis) and a yellow sarson line (R-o-18, ssp. tricolaris) detected two QTLs 
in both the spring and autumn seasons, and the BrFT2 gene is co-localized with a QTL. Later 
flowering is caused by a transposon insertion in the second intron of BrFT2. In another QTL, 
BrFLC2 was located, and the earlier flowering line has a 57-bp deletion covering the fourth 
exon and fifth intron [67]. QTL analyses by different groups over many years have shown that 
a major QTL of flowering time co-localized with BrFLC2. Because of the early flowering line, 
yellow sarson was used as a parent for making the populations for QTL analysis in all groups, 
it seems likely that all the groups detected the defects of BrFLC2 function in yellow sarson as 
a flowering time QTL. QTL analysis using an F2 population derived from a cross between an 
extremely late bolting line (Nou 6 gou, PL6) and early bolting line (A9709) of Chinese cab-
bage was performed in two different conditions, greenhouse and open field. Five QTLs were 
detected, but the QTLs did not map to the same position between the two conditions. Three 
of five QTLs were co-localized with BrFTa (greenhouse), BrFLC1 (open field), and BrFLC5 
(open field) [68]. In another parental combination in Chinese cabbage, an F2 population was 
developed from the cross of an early bolting parent of commercial F1 varieties, Early, and an 
extremely late bolting breeding line, Tsukena No. 2. In this analysis, the QTLs for bolting time 
after vernalization co-localized with the late bolting alleles of BrFLC2 and BrFLC3. These two 
genes carry large insertions in the first intron, suggesting that a weak repression of BrFLC2 
and BrFLC3 transcripts by vernalization causes the extremely late bolting of Tsukena No. 2 
[69]. Furthermore, this group succeeded in developing new F1 hybrids of Chinese cabbage by 
introducing these two FLC alleles from Tsukena No. 2 [70].

In B. oleracea, QTL analysis using a population derived from a DH line of broccoli, Green 
Comet (var. italica), and a DH line of cabbage, Reiho (var. capitata), identified a major QTL cov-
ering BoFLC2, while BoFLC1, BoFLC3, and BoFLC5 were not linked to the QTLs [71]. In addi-
tion, Green Comet (non-vernalization type) has a single base deletion in exon 4 leading to the 
frame-shift, suggesting that BoFLC2 contributes to the control of flowering time [71]. Another 
group performed QTL analysis using the population derived from a rapid cycling line of B. 
oleracea var. alboglabra (A12DHd) and the broccoli variety, Green Duke. Because these two 
lines contain non-functional copies of BoFLC2 (named BoFLC4 in this paper), there is a dele-
tion in the A12DHs, and a single base deletion in exon 4 in Green Duke, it was concluded that 
BoFLC2 is not responsible for the flowering time difference between the two lines [72]. Later, 
the association between flowering time (under both glasshouse and field conditions) and a 
QTL at BoFLC2 has been shown using the population derived from two purple sprouting 
broccoli lines, E5 and E9; E9 requires longer cold periods than E5 to head [73].

QTL analysis was also performed in B. napus, and QTLs for flowering time were co-localized 
with the genes involved in flowering time in A. thaliana. Using a population derived from a 
biennial rapeseed cultivar, Major, and the annual canola cultivar, Stellar, four QTLs (VFN1, 
2, 3 in non-vernalized condition and FN1 in vernalized condition) were detected. One major 
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3. Vernalization research in the genus Brassica

Flowering time is very important for the harvest of valuable agricultural products because the 
flowering that is induced by exposure to cold temperatures, known as bolting, can occur. This 
is especially the case in vernalization-sensitive leafy vegetables of the genus Brassica (B. rapa 
and B. oleracea). Because bolting causes the devaluation of agricultural products, a high bolt-
ing resistance is of economic significance for cultivar breeding. Additionally, the control of 
flowering time is also critical for the yield of seeds in canola (B. napus) because the appropriate 
timing of flowering maximizes both seed production and quality. The FLC gene maintains a 
plant’s vegetative growth phase until exposure to prolonged cold, and is highly conserved 
among members of the Brassicaceae family [57], suggesting that the FLC gene is an important 
factor for the breeding of highly bolting resistant cultivars in leafy vegetables. Indeed, previ-
ous studies have already supported this possibility. This section introduces the research of 
flowering in the genus Brassica, mainly focusing on the FLC gene.

3.1. Species in the genus Brassica has the paralogs of FLC genes

Recently, the whole genome sequences of the diploid species, B. rapa, B. nigra, and B.  oleracea, 
and the allotetraploid species, B. napus and B. juncea have been determined. From these 
genome sequences, it is already known that there are multiple FLC paralogs in the genus 
Brassica. Four FLC paralogs, Bra009055 (BrFLC1), Bra028599 (BrFLC2), Bra006051 (BrFLC3), 
and Bra022771 (BrFLC5) were found in the reference genome of B. rapa, Chiifu-401-42, but 
Bra022771 is possibly a pseudogene because of the two deleted exons. Two BoFLC (Bol008758, 
Bol043693) paralogs are found in the B. oleracea var. capitata homozygous line 02–12, while four 
BoFLC paralogs are found in TO1000DH3, a doubled haploid derived from a rapid cycling B. 
oleracea. In the reference genome of allotetraploid species of B. napus (AC genome), nine FLC 
paralogs were found in the European winter oilseed cultivar Darmor-bzh with four FLCs in 
the An subgenome and five within the Cn subgenome [58].

3.2. QTL controlling flowering time

In the genus Brassica, several quantitative trait loci (QTLs) affecting flowering time have been 
identified. To identify the genes involved in flowering time QTLs, populations derived from 
parents that show differences for flowering time were used.

In B. rapa, several QTLs for flowering time (VFR1, 2, and 3 in non-vernalized condition and 
FR1, 2, and 3 in vernalized condition) were identified using an F2 population derived from a 
cross between an annual and a biennial oil seed cultivars [59, 60]. Later, VFR2 and FR1 were 
located in the regions covering BrFLC1 and BrFLC2, respectively [61, 62]. Using a multi-pop-
ulation derived from several parental lines (rapid cycling, Chinese cabbage, yellow sarson, 
pak-choi, and a Japanese vegetable turnip variety) eight QTLs for flowering were detected, 
and one major QTL co-localized with BrFLC2 [63]. BrFLC1 and BrFLC2 were linked to QTLs 
that control bolting, budding, and flowering time using an F2 population derived from an 
early flowering oilseed rape line, yellow sarson, and a late flowering line of the Japanese 
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 commercial komatsuna variety, osome [64]. In yellow sarson, a decrease in BrFLC2 transcripts 
was observed and was considered to be due to a nucleotide substitution occurring upstream 
of the start codon [64]. QTL analyses using other parental combinations between pak-choi 
and yellow sarson also showed the co-localization of a major QTL with BrFLC2 [65, 66]. QTL 
analysis using a recombinant inbred line population produced from a cross between a caixin 
line (L58, ssp. parachinensis) and a yellow sarson line (R-o-18, ssp. tricolaris) detected two QTLs 
in both the spring and autumn seasons, and the BrFT2 gene is co-localized with a QTL. Later 
flowering is caused by a transposon insertion in the second intron of BrFT2. In another QTL, 
BrFLC2 was located, and the earlier flowering line has a 57-bp deletion covering the fourth 
exon and fifth intron [67]. QTL analyses by different groups over many years have shown that 
a major QTL of flowering time co-localized with BrFLC2. Because of the early flowering line, 
yellow sarson was used as a parent for making the populations for QTL analysis in all groups, 
it seems likely that all the groups detected the defects of BrFLC2 function in yellow sarson as 
a flowering time QTL. QTL analysis using an F2 population derived from a cross between an 
extremely late bolting line (Nou 6 gou, PL6) and early bolting line (A9709) of Chinese cab-
bage was performed in two different conditions, greenhouse and open field. Five QTLs were 
detected, but the QTLs did not map to the same position between the two conditions. Three 
of five QTLs were co-localized with BrFTa (greenhouse), BrFLC1 (open field), and BrFLC5 
(open field) [68]. In another parental combination in Chinese cabbage, an F2 population was 
developed from the cross of an early bolting parent of commercial F1 varieties, Early, and an 
extremely late bolting breeding line, Tsukena No. 2. In this analysis, the QTLs for bolting time 
after vernalization co-localized with the late bolting alleles of BrFLC2 and BrFLC3. These two 
genes carry large insertions in the first intron, suggesting that a weak repression of BrFLC2 
and BrFLC3 transcripts by vernalization causes the extremely late bolting of Tsukena No. 2 
[69]. Furthermore, this group succeeded in developing new F1 hybrids of Chinese cabbage by 
introducing these two FLC alleles from Tsukena No. 2 [70].

In B. oleracea, QTL analysis using a population derived from a DH line of broccoli, Green 
Comet (var. italica), and a DH line of cabbage, Reiho (var. capitata), identified a major QTL cov-
ering BoFLC2, while BoFLC1, BoFLC3, and BoFLC5 were not linked to the QTLs [71]. In addi-
tion, Green Comet (non-vernalization type) has a single base deletion in exon 4 leading to the 
frame-shift, suggesting that BoFLC2 contributes to the control of flowering time [71]. Another 
group performed QTL analysis using the population derived from a rapid cycling line of B. 
oleracea var. alboglabra (A12DHd) and the broccoli variety, Green Duke. Because these two 
lines contain non-functional copies of BoFLC2 (named BoFLC4 in this paper), there is a dele-
tion in the A12DHs, and a single base deletion in exon 4 in Green Duke, it was concluded that 
BoFLC2 is not responsible for the flowering time difference between the two lines [72]. Later, 
the association between flowering time (under both glasshouse and field conditions) and a 
QTL at BoFLC2 has been shown using the population derived from two purple sprouting 
broccoli lines, E5 and E9; E9 requires longer cold periods than E5 to head [73].

QTL analysis was also performed in B. napus, and QTLs for flowering time were co-localized 
with the genes involved in flowering time in A. thaliana. Using a population derived from a 
biennial rapeseed cultivar, Major, and the annual canola cultivar, Stellar, four QTLs (VFN1, 
2, 3 in non-vernalized condition and FN1 in vernalized condition) were detected. One major 
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QTL, VFN1, co-localized with the region collinear with the top of chromosome 4 in A. thaliana 
covering the FRI gene [60, 74]. Six FT paralogs have been mapped in the B. napus genome 
and three (BnA2.FT, BnC6.FT.a, and BnC6.FT.b) genes were co-localized with two major QTL 
clusters for flowering time using populations from the European winter cultivar, Tapidor, and 
the Chinese semi-winter cultivar, Ningyou 7 [75]. Using the same population, BnaA.FRI.a was 
co-localized to a major flowering time QTL in multiple environments [76]. QTL analyses were 
performed under field and greenhouse conditions using a population from two Australian 
B. napus cultivars, Skipton and Ag-Spectrum, and the number of QTL detected differed 
between the two growth conditions. Flowering time genes such as FLC were localized within 
marker intervals associated with flowering time [77, 78]. A total of 158 European winter type 
B. napus inbred lines were genotyped to investigate the association with flowering time, plant 
height, and seed yield by a genome-wide association study (GWAS). This study revealed that 
the flowering time regulators, Bna.FLC and Bna.CO, were absent from the candidate regions 
associated with flowering time [79]. Another GWAS study examined the flowering times and 
genome architectures of 188 accessions of B. napus collected from different geographic loca-
tions around the world, showing associations between flowering time and regions within 
20 kb of FT, FLC, and FRI [12].

3.3. Regulation of FLCs by vernalization in the genus Brassica

From QTL analyses, it has been demonstrated that multiple FRI or FLC paralogs are involved 
in the flowering times of B. rapa, B. oleracea, and B. napus. The transformation of BoFRIa com-
plemented the loss of FRI function in A. thaliana, indicating that BoFRI has the same func-
tion as AtFRI [80]. In the case of FLC paralogs, the early flowering line yellow sarson has a 
non-functional BrFLC2 [64, 67], and a naturally occurring splicing mutation in the BrFLC1 
gene is associated with flowering time variation [81]. In B. oleracea, an early flowering line of 
broccoli has a frame-shift mutation in exon 4 of BoFLC2 [71]. In addition, 40% of flowering 
time variation in cauliflower (var. botrytis) was explained by the same mutation in BoFLC2 
[82]. Furthermore, transgenic plants overexpressing BnFLC paralogs in A. thaliana showed a 
late flowering phenotype, indicating that all five BnFLCs have similar function to AtFLC [83], 
and three FLCs (BrFLC1, BrFLC 2, and BrFLC3) have been confirmed to be a floral repressor in 
B. rapa [84]. These results indicate that FLC paralogs function as a floral repressor, and play 
an important role in the vernalization requirement.

In B. rapa, it has been shown that there is a difference in the expression levels of the FLC para-
logs [85]. The coding sequences for the FLC paralogs are relatively conserved between Brassica 
species, but the alignment of the upstream sequences or introns are more divergent [57]. This 
suggests that these differences may account for the different steady state expression levels 
among BrFLC paralogs, or variation of the vernalization requirement.

In B. rapa grown under normal conditions, all four BrFLC paralogs were expressed in the 
leaves. The expression of BrFLC genes was reduced after vernalization, and the repression 
was stably maintained after returning to ambient temperatures. Before cold treatment, only 
BrFLC1 showed accumulation of both H3K4me3 and H3K36me3 modifications, while three of 
the BrFLC paralogs (BrFLC2, BrFLC3, and BrFLC5) had only H3K4me3. After 4 weeks of cold 
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treatment, the accumulation of H3K27me3 was observed in BrFLC1, BrFLC2, and BrFLC3, 
and H3K27me3 was maintained after returning to a warm temperature [85]. These results 
indicate that, like A. thaliana, the repression of BrFLC expression by prolonged cold treatment 
was associated with the states of histone modification. The first intron, the promoter region, 
and exon 1 are important for FLC repression in A. thaliana [86], and lncRNA COLDAIR is 
expressed from the mid-region of the first intron in A. thaliana [54, 87]. Although insertions 
in the first intron cause a weak repression of BrFLC2 and BrFLC3 transcripts by vernalization 
in B. rapa, sequence similarity to the VRE in the first intron or to the COLDAIR of A. thaliana 
were not detected in the first intron of any of the B. rapa paralogs [69]. At least, COLDAIR-like 
transcripts in B. rapa were not detected. By contrast, COOLAIR-like transcripts were detected 
only from BrFLC2, and these transcripts were induced by cold treatment. The plant growth 
cycle was shortened by the over-expression of FLC natural antisense transcripts (NATs) 
(COOLAIR-like) resulting in decreased flowering time and FLC expression, suggesting that 
the activity of the BrFLC2 gene was suppressed by BrFLC NATs during cold condition [88]. 
BoFLC2 was shown to be a major determinant of heading date variation and vernalization 
response through allelic variation, and sequence polymorphisms in BoFLC2 alter the sensitiv-
ity and silencing dynamics of its expression [73].

3.4. Perspective of vernalization research in the genus Brassica

In leafy vegetables such as Chinese cabbage or cabbage, a high bolting resistance is an 
important trait for cultivation, indicating that understanding the molecular mechanisms 
of the vernalization requirement is important for breeding. While research into vernaliza-
tion and flowering time has provided a wealth of information, a complete understanding 
of the molecular mechanism controlling the vernalization requirement has not yet been 
elucidated. In contrast to A. thaliana, where histone modifications such as active marks, 
H3K4me3 and H3K36me3, or repressive marks, H3K9me2 and H3K27me3, have been char-
acterized at the whole genome level by ChIP-seq, such analysis has yet to be conducted in 
the genus Brassica. Comparison of the histone modification states, especially H3K27me3, 
at the whole genome level between vernalized and non-vernalized plants will identify the 
genes other than FLCs involved in the regulation of vernalization. In addition, combining 
histone modification data with transcriptome data may facilitate the identification of genes 
involved in the regulation of vernalization. In A. thaliana, it has been revealed that lncRNAs 
such as COOLAIR, COLDAIR, and COLDWRAP are involved in vernalization [49, 54, 56]. 
Currently, COOLAIR-like transcripts were detected only from BrFLC2, and these tran-
scripts were involved in the suppression of BrFLC2 and maybe other BrFLCs [88]. However, 
in B. rapa, there is no report about the transcripts of COLDAIR or COLDWRAP, and regions 
sharing sequence similarity to the COLDAIR found in A. thaliana were not detected in the 
first intron of any of the B. rapa paralogs [69]. Therefore, there is a possibility that lncRNAs 
that do not show sequence similarity to COLDAIR or COLDWRAP may be involved in the 
regulation of repression of FLC in the genus Brassica. To examine this possibility, lncRNAs 
whose expression changes in response to vernalization will need to be assessed by RNA-
seq. Thus, there exists a need to identify the sequences important for vernalization, termed 
VREs, within the genus Brassica; and to examine any sequence polymorphisms that may 
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QTL, VFN1, co-localized with the region collinear with the top of chromosome 4 in A. thaliana 
covering the FRI gene [60, 74]. Six FT paralogs have been mapped in the B. napus genome 
and three (BnA2.FT, BnC6.FT.a, and BnC6.FT.b) genes were co-localized with two major QTL 
clusters for flowering time using populations from the European winter cultivar, Tapidor, and 
the Chinese semi-winter cultivar, Ningyou 7 [75]. Using the same population, BnaA.FRI.a was 
co-localized to a major flowering time QTL in multiple environments [76]. QTL analyses were 
performed under field and greenhouse conditions using a population from two Australian 
B. napus cultivars, Skipton and Ag-Spectrum, and the number of QTL detected differed 
between the two growth conditions. Flowering time genes such as FLC were localized within 
marker intervals associated with flowering time [77, 78]. A total of 158 European winter type 
B. napus inbred lines were genotyped to investigate the association with flowering time, plant 
height, and seed yield by a genome-wide association study (GWAS). This study revealed that 
the flowering time regulators, Bna.FLC and Bna.CO, were absent from the candidate regions 
associated with flowering time [79]. Another GWAS study examined the flowering times and 
genome architectures of 188 accessions of B. napus collected from different geographic loca-
tions around the world, showing associations between flowering time and regions within 
20 kb of FT, FLC, and FRI [12].

3.3. Regulation of FLCs by vernalization in the genus Brassica

From QTL analyses, it has been demonstrated that multiple FRI or FLC paralogs are involved 
in the flowering times of B. rapa, B. oleracea, and B. napus. The transformation of BoFRIa com-
plemented the loss of FRI function in A. thaliana, indicating that BoFRI has the same func-
tion as AtFRI [80]. In the case of FLC paralogs, the early flowering line yellow sarson has a 
non-functional BrFLC2 [64, 67], and a naturally occurring splicing mutation in the BrFLC1 
gene is associated with flowering time variation [81]. In B. oleracea, an early flowering line of 
broccoli has a frame-shift mutation in exon 4 of BoFLC2 [71]. In addition, 40% of flowering 
time variation in cauliflower (var. botrytis) was explained by the same mutation in BoFLC2 
[82]. Furthermore, transgenic plants overexpressing BnFLC paralogs in A. thaliana showed a 
late flowering phenotype, indicating that all five BnFLCs have similar function to AtFLC [83], 
and three FLCs (BrFLC1, BrFLC 2, and BrFLC3) have been confirmed to be a floral repressor in 
B. rapa [84]. These results indicate that FLC paralogs function as a floral repressor, and play 
an important role in the vernalization requirement.

In B. rapa, it has been shown that there is a difference in the expression levels of the FLC para-
logs [85]. The coding sequences for the FLC paralogs are relatively conserved between Brassica 
species, but the alignment of the upstream sequences or introns are more divergent [57]. This 
suggests that these differences may account for the different steady state expression levels 
among BrFLC paralogs, or variation of the vernalization requirement.

In B. rapa grown under normal conditions, all four BrFLC paralogs were expressed in the 
leaves. The expression of BrFLC genes was reduced after vernalization, and the repression 
was stably maintained after returning to ambient temperatures. Before cold treatment, only 
BrFLC1 showed accumulation of both H3K4me3 and H3K36me3 modifications, while three of 
the BrFLC paralogs (BrFLC2, BrFLC3, and BrFLC5) had only H3K4me3. After 4 weeks of cold 
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treatment, the accumulation of H3K27me3 was observed in BrFLC1, BrFLC2, and BrFLC3, 
and H3K27me3 was maintained after returning to a warm temperature [85]. These results 
indicate that, like A. thaliana, the repression of BrFLC expression by prolonged cold treatment 
was associated with the states of histone modification. The first intron, the promoter region, 
and exon 1 are important for FLC repression in A. thaliana [86], and lncRNA COLDAIR is 
expressed from the mid-region of the first intron in A. thaliana [54, 87]. Although insertions 
in the first intron cause a weak repression of BrFLC2 and BrFLC3 transcripts by vernalization 
in B. rapa, sequence similarity to the VRE in the first intron or to the COLDAIR of A. thaliana 
were not detected in the first intron of any of the B. rapa paralogs [69]. At least, COLDAIR-like 
transcripts in B. rapa were not detected. By contrast, COOLAIR-like transcripts were detected 
only from BrFLC2, and these transcripts were induced by cold treatment. The plant growth 
cycle was shortened by the over-expression of FLC natural antisense transcripts (NATs) 
(COOLAIR-like) resulting in decreased flowering time and FLC expression, suggesting that 
the activity of the BrFLC2 gene was suppressed by BrFLC NATs during cold condition [88]. 
BoFLC2 was shown to be a major determinant of heading date variation and vernalization 
response through allelic variation, and sequence polymorphisms in BoFLC2 alter the sensitiv-
ity and silencing dynamics of its expression [73].

3.4. Perspective of vernalization research in the genus Brassica

In leafy vegetables such as Chinese cabbage or cabbage, a high bolting resistance is an 
important trait for cultivation, indicating that understanding the molecular mechanisms 
of the vernalization requirement is important for breeding. While research into vernaliza-
tion and flowering time has provided a wealth of information, a complete understanding 
of the molecular mechanism controlling the vernalization requirement has not yet been 
elucidated. In contrast to A. thaliana, where histone modifications such as active marks, 
H3K4me3 and H3K36me3, or repressive marks, H3K9me2 and H3K27me3, have been char-
acterized at the whole genome level by ChIP-seq, such analysis has yet to be conducted in 
the genus Brassica. Comparison of the histone modification states, especially H3K27me3, 
at the whole genome level between vernalized and non-vernalized plants will identify the 
genes other than FLCs involved in the regulation of vernalization. In addition, combining 
histone modification data with transcriptome data may facilitate the identification of genes 
involved in the regulation of vernalization. In A. thaliana, it has been revealed that lncRNAs 
such as COOLAIR, COLDAIR, and COLDWRAP are involved in vernalization [49, 54, 56]. 
Currently, COOLAIR-like transcripts were detected only from BrFLC2, and these tran-
scripts were involved in the suppression of BrFLC2 and maybe other BrFLCs [88]. However, 
in B. rapa, there is no report about the transcripts of COLDAIR or COLDWRAP, and regions 
sharing sequence similarity to the COLDAIR found in A. thaliana were not detected in the 
first intron of any of the B. rapa paralogs [69]. Therefore, there is a possibility that lncRNAs 
that do not show sequence similarity to COLDAIR or COLDWRAP may be involved in the 
regulation of repression of FLC in the genus Brassica. To examine this possibility, lncRNAs 
whose expression changes in response to vernalization will need to be assessed by RNA-
seq. Thus, there exists a need to identify the sequences important for vernalization, termed 
VREs, within the genus Brassica; and to examine any sequence polymorphisms that may 
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exist with respect to the vernalization response. This will help to identify important regions 
and explicate their relationship to sensitivity of vernalization. If there are any correlations, 
they will be useful for marker-assisted selection, and serve as important tools for breeding 
in the genus Brassica.
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Abstract

Rapeseed (Brassica napus L. var. oleifera) is an oleaginous species of the Brassicaceae fam-
ily, being the third most produced oleaginous in the world. Rapeseed can produce fruits 
and seeds from both self-pollination and cross-pollination. However, cross-pollination 
rate is approximately 30% and may suffer variations due to the abundance and diversity 
of pollinator insects, cultivar and meteorological conditions. Different researchers have 
reported that pollination by insects, especially Apis mellifera honeybee, on rapeseed flow-
ers provides an increase in productivity, improving yield and contributing to the unifor-
mity and initial pod establishment. It is estimated that the economic value of A. mellifera 
honeybees for rapeseed cultivation in Brazil is US$ 8.2 million. The objective of this chap-
ter is gathering data for a compilation of information regarding rapeseed culture and the 
importance of A. mellifera in Brassica napus pollination.
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1. Introduction

1.1. History and botanical origin

Rapeseed is a plant of the Brassicaceae family, belonging to the Brassica genus. This plant 
was developed by conventional genetic breeding of rapeseed, which allowed the reduction  

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



[87] Tsai MC, Manor O, Wan Y, Mosammaparast N, Wang JK, Lan F, Shi Y, Segal E, Chang 
HY. Long noncoding RNA as modular scaffold of histone modification complexes. 
Science. 2010;329:689-693. DOI: 10.1126/science.1192002.Long

[88] Li X, Zhang S, Bai J, He Y. Tuning growth cycles of Brassica crops via natural anti-
sense transcripts of BrFLC. Plant Biotechnology Journal. 2016;14:905-914. DOI: 10.1111/
pbi.12443

Brassica Germplasm - Characterization, Breeding and Utilization94

Chapter 7

Benefits of Entomophile Pollination in Crops of Brassica
napus and Aspects of Plant Floral Biology

Emerson D. Chambó, Simone C. Camargo,
Regina C. Garcia, Carlos A.L. Carvalho,
Maria Claudia C. Ruvolo-Takasusuki,
Ludimilla Ronqui, Claudio Silva Júnior,
Pedro R. Santos and
Vagner de Alencar Arnaut de Toledo

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.74569

Provisional chapter

DOI: 10.5772/intechopen.74569

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons  
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,  
distribution, and reproduction in any medium, provided the original work is properly cited. 

Benefits of Entomophile Pollination in Crops of 
Brassica napus and Aspects of Plant Floral Biology

Emerson D. Chambó, Simone C. Camargo, 
Regina C. Garcia, Carlos A.L. Carvalho, 
Maria Claudia C. Ruvolo-Takasusuki, 
Ludimilla Ronqui, Claudio Silva Júnior,  
Pedro R. Santos and 
Vagner de Alencar Arnaut de Toledo

Additional information is available at the end of the chapter

Abstract

Rapeseed (Brassica napus L. var. oleifera) is an oleaginous species of the Brassicaceae fam-
ily, being the third most produced oleaginous in the world. Rapeseed can produce fruits 
and seeds from both self-pollination and cross-pollination. However, cross-pollination 
rate is approximately 30% and may suffer variations due to the abundance and diversity 
of pollinator insects, cultivar and meteorological conditions. Different researchers have 
reported that pollination by insects, especially Apis mellifera honeybee, on rapeseed flow-
ers provides an increase in productivity, improving yield and contributing to the unifor-
mity and initial pod establishment. It is estimated that the economic value of A. mellifera 
honeybees for rapeseed cultivation in Brazil is US$ 8.2 million. The objective of this chap-
ter is gathering data for a compilation of information regarding rapeseed culture and the 
importance of A. mellifera in Brassica napus pollination.

Keywords: canola, oil, pod, pollination, seed

1. Introduction

1.1. History and botanical origin

Rapeseed is a plant of the Brassicaceae family, belonging to the Brassica genus. This plant 
was developed by conventional genetic breeding of rapeseed, which allowed the reduction  

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



of erucic acid levels and glucosinolates that are toxic to humans. That is why the word 
canola, a derivation of an English term “CANadian Oil Low Acid” that refers to the generic 
cultivars of rape that meet the specific standards regarding the levels of these substances. 
Rapeseed was registered in Canada in 1970, and today its name is used to designate three 
species of Brassica: B. napus or Argentine variety, B. rapa, also known as Polish and B. juncea 
or mustard [1].

Taxonomic studies carried out in the 1930s showed that B. carinata, B. juncea and B. napus are 
alotetraploid species formed by hybridization events between diploid parent species B. nigra, 
B. rapa and B. oleracea. Hybridization between B. nigra and B. oleracea resulted in the formation 
of B. carinata; between B. nigra and B. rapa in B. juncea formation and between B. oleracea and 
B. rapa in B. napus [2].

Haploid genomes of B. rapa, B. nigra and B. oleracea are designated A, B and C, respectively. 
Thus, B. rapa diploids have two copies of the genome A on 20 chromosomes (AA, n = 10, 
2n = 20), and B. napus diploids have two copies of both genomes A and C on 38 chromosomes 
(AACC, n = 19, 2n = 38), see Figure 1.

Mitochondrial DNA and chloroplasts analysis suggested that B. montana (n = 9) might be 
closely related to the prototype that gave rise to both B. rapa and B. oleracea cytoplasms. 
Furthermore, results from phylogenetic analyses have shown that there are multiple ori-
gins of B. napus and that the most cultivated forms of this species derived from a crossing 
where a closely related ancestral species of B. rapa and B. oleracea was the maternal donor 
[3].

Figure 1. Nagaharu [2] triangle illustrating the genomic relations between Brassica species. The haploid genomes of the 
diploid species of B. rapa, B. nigra and B. oleracea are referred to as A, B and C, respectively.
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2. Floral biology aspects

B. napus flowers are bisexual, have four sepals, four petals, four long stamens and two short 
stamens on the same flower. The anthers present longitudinal dehiscence. The ovary is 
 superimposed, with parietal placentation, gamocarpelar and bicarpelar. There are nectaries 
located in the center of the flower, two between the ovary and the two short stamens, and two 
between the two long stamens and the petals [4].

Anthesis in rapeseed flowers can occur at any time of the day, but usually occurs early in the 
morning, around 9 am, when most of them are already open. The flowers remain open for up 
to 3 days, and at night they partially close and the opening occurs again the following morn-
ing. Winter rapeseed flowers remain open for one to 3 days, while spring rapeseed flowers 
remain open for 1–2 days. Flowering, which lasts from 22 to 45 days, depends on the weather 
conditions [5, 6]. For example, when the weather is cold and humid, flowers stay open longer 
for hotter and drier days [7].

In cultivars of the auto sterile Brassica genus, anthers of the long stamens release the pollen 
into the environment, and cross-pollination is essential. On the other hand, in some auto 
sterile cultivars, the release of the pollen begins even before the opening of the flower and 
continues until the end of the anthesis. In these cultivars, during the flowering period the 
stigma reaches the position of the long stamens, while the anthers initially release the pollen 
into the environment and then curl up for some pollen to be directed to the stigma of the same 
flower. In other cultivars, mainly those that produce yellow seeds, the pollen grains produced 
in the anthers are deposited on the stigma of the same flower, leading to self-pollination [5].

The stigmatic surface is receptive to the pollen for up to 3 days after anthesis. If the tempera-
ture is high, above 27°C, almost all pollen grains are released on the first day of anthesis, the 
time the flower becomes receptive to the pollen and the viability of the pollen is decreased. 
The most favorable temperature for rapeseed cultivation is around 20°C during the cycle. 
Fertilization occurs within 24 hours after pollination, and fertilization, the flower remains 
partially closed and the petals begin to peel (2 to 3 days after flower opening). The young pod 
becomes visible in the center of the flower 1 day after the fall of the petals [8].

Another important factor in rapeseed concerns the fertilization of the ovules, especially the 
percentage of ovules with complete embryo sacs in the opening of the flower. Even with 
a large deposition of pollen on the stigma, incomplete pollination may occur. In rapeseed, 
generally 30% of the eggs are sterile due to the absence of complete embryo sacs in the open-
ing of the flower. The lower proportion of ovules with complete embryo bags will result in a 
non-fertilization of all the ovules of the flower and, consequently, a smaller number of seeds 
per pod [9]. In the terminal raceme, the lower proportion of fertile ovules due to the sterility of 
the ovules and the lower number of ovules per ovary in apical flowers are some of the causes 
for the smaller number of seeds per pod in the apical region compared to the basal region [10].

The life cycle of the rapeseed plant is divided into seven main stages: germination (stage 
0), foliar development (stage 1), development of lateral branches (stage 2), stem elongation 
(stage 3), inflorescence emergence (stage 4), flowering (stage 5), seed development (stage 6) 
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and maturation (stage 7). Knowledge of the stages of development of the rapeseed plant is 
important for decision-making and crop management. However, the beginning of each stage 
of development is not dependent on the end of the previous step. From the beginning of 
flowering, each stage of growth is determined by analyzing the main flowering stem. The 
timing and occurrence of the different stages of growth will vary according to the conditions 
of growth, location and variety used in the crop [8].

3. Pollination requirements in rapeseed flowers

In many plant species, pollination is essential for sexual reproduction. Many floral character-
istics are adaptations to promote cross-pollination and have evolved to reduce the negative 
impact of inbreeding depression and increase the likelihood of male success [11].

The flowers pollinated by animals usually have attractive petals and offer floral reward 
such as nectar or pollen [5, 12]. However, visits by pollinators may sometimes not involve 
plant needs and seed production may be limited by the amount of pollen deposited on the 
stigma [13].

In plants with hermaphrodite and self-compatible flowers, such as B. napus, self-pollination 
can offer reproductive guarantee when there is a shortage of visits of pollinating agents. 
Mixed mating systems, which include self-pollination, are therefore adaptive [14], although 
there may be detrimental consequences due to inbreeding depression [15].

However, in rapeseed, pollinator insects, especially Apis mellifera honeybees, may play an 
important role in pollination and are believed to be involved in pollen transfer over long dis-
tances [16]. Honeybees combined with other bee species may result in better pollination than 
any single insect population [17].

Rapeseed has flowers capable of both self-pollination and cross-pollination, although under 
field conditions the fertilization of the ovules of their flowers usually results, for the most part, 
from self-pollination [1, 16]. The cross-pollination rate, which in canola is approximately 30%, 
may suffer variations due to the abundance and diversity of pollinator insects, cultivar and 
meteorological conditions [1, 18].

Despite higher self-pollination rate compared to cross-pollination in rapeseed, higher seed 
production has been reported when pollinated by bees [19–23]. Rapeseed flowers secrete 
large amounts of nectar and are very attractive to A. mellifera honeybees and other pollinating 
insects [5, 6].

In addition, in rapeseed, in spite of the autogamy, mechanisms for occurrence of allogamy 
were found from reproductive strategies used by this species, such as abundant pollen, nectar 
and odor. These mechanisms were important for the genetic breeding of the species, favoring 
the occurrence of more adaptive characteristics [4].

Although data are still conflicting and divergent among rapeseed varieties on the benefits of 
entomophile pollination, there is evidence that insects can qualitatively and quantitatively 
increase crop production. The interdependence of bees and the Brassica genus are manifested 
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in the fact that their pollen is very sticky and there is a need for pollen insects for their transfer. 
For Brassica spp. plants, bees are co-evolved in pollen transfer mechanisms [24].

Self-pollinating can promote seed production, but for this, viable pollen must contact stigma 
when it is receptive. The degree of self-polishing would be greatest when the stigma is pushed 
up through the anthers. However, if time, pollen availability or stigma receptivity is not syn-
chronized, seed production will not occur [25].

Entomophile pollination efficiency process depends mainly on the climatic conditions, as it 
also affects the crop as well as the pollinators [24]. High temperatures in the pre-anthesis may 
cause pollen sterility, and in the anthesis, delayed growth of the pollen tube [26], as well as 
high temperatures and low relative humidity may lead to a decrease in stigma receptivity [27] 
and degeneration of flower ovules [28]. Thus, understanding the role of pollinators and fac-
tors affecting insect–plant interactions may be of great importance for increasing grain yield 
in rapeseed.

In addition, it should be considered that most Brassica species are self-incompatible; therefore, 
insect visits are necessary for seed production [6, 29]. In Brassica species with auto incompati-
bility (AI), incompatible pollen grains barely germinate on stigma and, when germinated, their 
pollen tubes fail to grow on papillary cells on the stigmatic surface [30]. Self-incompatibility is 
a widespread mechanism in flowering plants that prevent self-fertilization. Self-pollen recog-
nition is located at the S locus. Pollen rejection occurs when the same S allele is expressed both 
by the pollen and the pistil tissues. This suggests that the S-locus encoding the male determi-
nant and another encoding the female component of the Self-incompatibility reaction [31].

In rapeseed, the stigma can accumulate pollen in the absence of pollinating insects from the 
pollen of its own anthers by spontaneous self-pollination by mechanical contact caused by 
flower collisions or anemophilic pollination, as well as by cross-pollination [32]. In lower pol-
linator densities, rapeseed seed production occurs through the spontaneous auto-pollination 
mechanism in the flower and the mechanical contact caused by collisions between flowers or 
anemophilous pollination.

On the other hand, in moderate bees densities, non-insect pollination modes and entomo-
phile pollination also contribute to seed production. Even at the highest levels of pollinator 
abundance found in crop fields, spontaneous self-pollination accounts for almost a third of 
production [32]. In this context, the dynamics of pollen transfer mediated by bees must be 
considered to be dependent on the amount of pollen available, as well as on pollen removal 
rates from anther and deposition on the stigma by specific pollinators [33].

Pollinators with high removal and low pollen deposition (HRLD) on flower stigmas will ben-
efit a plant species when there is no better pollinator available. Pollinators with high pollen 
removal and high deposition (HRHD) on stigmas may have a decrease in total pollen transfer 
as a result of visits by HRLD pollinators. HRLDs parasitize plants by diverting the grains that 
would be delivered by HRHDs. In situations where two visitors remove equal amounts of 
pollen, the one with the highest deposition rate will always be a more efficient pollinator; if it 
removes different amounts, which is better not only depend on deposition rates, but on other 
variables such as visitation frequency for deposition [33].
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4. Impact of pollination by honeybees on B. napus

Commercially grown rapeseed hybrids are predominantly auto-fertile, but the degree of cross-
pollination is still uncertain [34]. In cultures that are poorly dependent on pollinators, such 
as rapeseed, introduction of honeybee colonies is generally not recommended [35]. However, 
as long as the flowers of these hybrids are attractive to the pollinators, the introduction of 3–5 
colonies of A. mellifera or 5–8 colonies of A. cerana uniformly distributed per hectare may be 
ideal for increasing production and higher oil content of the seeds [33]. There is evidence that 
pollination by honeybees in rapeseed provides increased productivity, improving yield and 
contributing to the uniformity and initial pod establishment [24, 36].

In B. napus the number of pods per plant may decrease by 16% in plants located at a distance 
of 1.000 m from the apiary [20]. Manning and Wallis [37] found grain yield 20% or 400 kg.ha−1 
higher in plots located close to the apiary than those located at a distance of 200 m from the 
apiary. Pordel et al. [38] reported that pollinating insects, especially A. mellifera, more abun-
dant in rapeseed crops, could increase grain yield by 53%.

The influence of honeybee density on rapeseed production in nine agricultural fields with 
three honeybee densities: 0, 1.5 and 3.0 colonies/hectare was evaluated. The results of this 
experiment indicated an increase in the seed productivity of 46% in the presence of three 
colonies per hectare in relation to the absent area of pollinators [21].

Araneda-Durán et al. [22] evaluated B. napus cv. Artus production pollinated by A. mellifera 
from an experiment that consisted of three treatments: exclusion of pollinators from rapeseed 
plants, partial exclusion and free pollination with a density of 6.5 colonies/hectare. The results 
evidenced increase of seed productivity induced by the treatment with free pollination of 
50.34% on the total exclusion and 11.46% in relation to the partial exclusion.

One the one hand, in the Hyola 433 and 61 rapeseed cultivars it was observed that insect pol-
lination was higher for the variables number of pods per plant, number of seeds per pod and 
average pod weight, respectively, in the condition of autogamy [23]. In CTC-4 rapeseed cul-
tivar, visits of honeybees collecting nectar and pollen contributed to increase pod production 
per square meter and mass of each grain. However, no influence was recorded on the total 
number of seeds per pod normal and abnormal seeds per pod, germination and oil content 
in seeds [39].

Therefore, divergent results were obtained in an experiment carried out with the CTC-4 rape-
seed cultivar in Dourados, Brazil. In this experiment, there were no statistically significant dif-
ferences when the free-pollination and autogamy treatments were compared for the variables 
pod size, number of seeds per pod and weight of 10 pods [4].

It should be considered that the productivity of rapeseed seeds is a function of population 
density, number of pods per plant, number of seeds per pod and seed weight. Besides, the 
numbers of pods per plant being the most important variable for increase in grain yield, espe-
cially in crops with low plant densities and non-uniform populations [40].
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5. Situation and economic aspects

Rapeseed is a kind of cold climate; therefore, its commercial cultivation in the world is con-
centrated in temperate regions, mainly in latitudes higher than 35°C [41]. Air temperature 
and water availability are the most important environmental variables for its growth and 
development [42].

Most of the rapeseed produced in Europe is of the winter type, however, in Brazil there are 
only spring rapeseed and from Brassica napus L. species. This is because even in the coldest 
conditions in Brazil, as in State of Rio Grande do Sul, the number of hours required for winter 
cultivars is insufficient [43].

Its cultivation is mainly due to its seeds, which produce between 35% and 45% of oil. The 
main use of rapeseed is like cooking oil, but it is also commonly used in margarine. Rapeseed 
meal is produced as a by-product during the oil extraction from the seeds and used as a 
source of high protein content intended for animal feed [1]. In addition, rapeseed is an excel-
lent alternative for crop rotation with grasses and vegetables, as well as being appropriately 
inserted in the cultivation systems that predominate in the South of Brazil [44].

Currently, rapeseed accounts for 15% of vegetable oil production, behind soybeans (28.6%) 
and palm (33.2%), as well as being the third largest commodity in the world [45]. The main 
world producers in the 2011/2012 harvests were the European Union, Canada, China and 
India. World production of rapeseed seed in the 2011/2012 harvests was projected at 60.93 
million tons, at 33.76 million hectares of planted area [46].

In Brazil, rapeseed grains production in the 2011/2012 harvests was 52 thousand tons, in 
42.400 hectares of planted area; with State of Rio Grande do Sul being the largest producer, 
followed by the State of Paraná [47]. Producers have harvested, on average, 20.44 sacks per 
hectare or the equivalent of 1226.00 kg.ha−1, with production costs of R$ 1310.00 per hectare. 
The price of the 60 kg bag of rapeseed marketed in August 2012 was R$ 72.66 [48]. Therefore, 
the gross revenue of the crop can be estimated at approximately R$ 62.9 million, with net sales 
of R$ 7.4 million.

Bees are the most important and economically most valuable pollinators in the world. Many 
crops of economic interest, such as oilseeds, are dependent, at least in part, on pollination by 
these insects. The evidence for this is that in 2005, the world economic value of pollination 
services totaled € 153 billion, representing 9.5% of the economic value of world agricultural 
production used for human consumption [49]. In the United States alone, in 2000, the benefit 
of honeybee pollination services totaled US$ 14.6 billion [50].

The economic value of A. mellifera honeybees for rapeseed cultivation in Brazil can be simu-
lated in order to determine the contribution of the Africanized honeybees to the total economic 
value of the oilseed production. This estimation can be performed from the Vhb = V × D ×  
P Eq. [50, 51], where Vhb is the annual value of the crop attributed to A. mellifera honeybees; V 
is the value of the rapeseed production in grains in the 2011/2012 crop, published by [48]; D is 
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the culture dependence by pollinator animals of 0.25 [49]; P is the effective proportion of pol-
linating insects that are A. mellifera L., obtained by [50] of 0.90. Therefore, Vhb = 62.9 × 0.25 ×  
0.90 = R$ 14.2 million or about US $ 8 million.

Thus, the amount of R$ 14.2 million attributed to honeybees represents that the pollination 
services of rapeseed deserve further investigation due to the lack of knowledge about the pol-
lination requirements of the various hybrids commercialized in Brazil. In addition, the benefit 
generated by honeybees may change due to climatic conditions and the hybrid used, which 
indicates once again the importance of understanding the possible factors that may affect the 
pollination process performed by these insects.

In addition, the growing demand from the productive sectors increases the area cultivated 
with rapeseed in Brazil, despite the slight drop in production caused by unsatisfactory envi-
ronmental conditions. Currently, most of the Brazilian crops occur in States of Rio Grande do 
Sul and Paraná, with some crops in States of Mato Grosso do Sul and Santa Catarina. Brazilian 
producers are improving technical knowledge on cultivation and harvesting, improving the 
final results of the harvest [45].
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Abstract

Brassica is a genus of plants in the mustard family that includes cauliflower, sprouts,
broccoli and cabbage. Plants of the brassica family are rich sources of biologically active
substance. The beneficial effects of brassica vegetables on human health have been some-
what linked to phytochemicals. They prevent oxidative stress, induce detoxification
enzymes, stimulate immune system and decrease the risk of cancers. Crucifers are the
important winter crops grown widely in tropical and temperate regions of the world,
giving yield of 50.7 million tons. It is cultivated around the year over an area of 8263
hectares in Karnataka with production of 23.63 tons per hectare. Cauliflower and cabbage
are the most common crops throughout the world. Diamondback moth (DBM) caused
losses of about 16 million dollars by causing a 2.5% damage annually. There are many
insect pests that attacked these crops and most common are diamondback moth, tobacco
cutworm, aphid, jassid, cabbage worm and many others. The most important of these
insect pests is the diamondback moth Plutella xylostella also called cabbage moth that
belongs to Plutellidae. There are many controlled strategies including chemical control,
biological control, physical control and many other methods. This study contributes to the
literature offering understandings about the insect pests of brassica and their best manage-
ment techniques.

Keywords: brassica, insect pests, DBM, bionomic, distribution, management

1. Introduction

Cruciferous family crops are economically important, and especially cabbage (Brassica oleracea)
is one of the most important winter vegetables grown extensively in temperate and tropical
areas of the world with an output of 50.7 million tons, of which India contributes 38.62 lakh
metric tons, from an area of 2.18 lakh hectares [1]. The most important of cole crops, cabbage
and cauliflower, are grown on 0.438 million hectares producing 6.335 million tons per annum
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in India [1]. In China, cruciferous family plants are also cultivated on large areas. The most
damaging pest of cruciferous family plants is diamondback moth (DBM), Plutella xylostella (L.)
(Lepidoptera: Plutellidae) because of its greater dispersal ability, per-year larger number
of generation and development of resistance to most commonly used insecticides [2, 3].
P. xylostella is a serious pest of cauliflower, cabbage, lily, brussels, broccoli, sprouts and Chinese
cabbage [2].

2. Bionomic of diamondback moth

2.1. Biology and ecology

DBM is a tiny brownish color moth having triangular markings on their forewing. Eggs are
laid signally on the underside of leaves. The female of diamondback moth lays 300 eggs in her
reproductive period. The female of DBM lays eggs on the lower and upper side of the leaf
surface and the ratio is 3:2, and very little amount of eggs are laid on the stems of the leaf [4].
An egg hatching period is 2–4 days. As new tiny larvae emerge, they start feeding on the lower
side of leaves. Larval duration is 10–15 days but it largely depends on the temperature and
other environmental conditions. Color of young larvae is from whitish yellow to pale green.
The life of an adult is 10–15 days. Larvae cause large defoliation of leaves [5]. Diamondback
moth adult is a weak flier and the length of adult moth is about 5 mm and width is 2 mm [6].

After the emergence, the first instar makes mines in the spongy tissue and the second instar
starts feeding on the lower side of the leaf and consumes all the tissue expect the waxy layer.
When fourth instar feeding is complete, it converts into a cocoon-like structure that is called
the pupal stage, and at this stage feeding stops [7]. The duration of this stage depends upon the
temperature and mostly it is 4–10 days, but it can decrease in warm areas and increase in cold
areas; after adults emerge who feed on water or dew drops, their adult life is short [8].

2.2. Diapause

In subtropical and tropical regions, where the cabbage and cauliflower or any other crops
belonging to the Crucifers family are grown throughout the year, all the stages of diamond-
back moth are present at any time. In the temperate region, where the crucifers crop are not
grown throughout the year, and in winter season, both pupal and adult stages of diamond-
back moth hibernate in plant debris [9]. A study was done in the New York state for the
presence of diamondback moth during winter season using different pheromone traps and it
found that no diamondback moths were caught [10].

2.3. Migration

Diamondback moths have great abilities to disperse and migrate over long distances. Mass
migration of DBM occurs in Britain, and the adult of diamondback moth migrates from Baltic
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to Southern Finland and covers about 3000 km, and this study indicates that the adult of DBM
remains in flight continuously for several days [11].

3. Distribution of diamondback moth

Plutella xylostellawas for the first time recorded in Europe but later found throughout America,
Australia, Southeast Asia and New Zealand. For the first time, it was observed in North
America in 1854, in Illinois, and then spread to Florida and the Rocky Mountains in 1883 and
in 1905, diamondback moth was reported in British Columbia [2].

Diamondback moth has been recorded all over the world and the largest number of this
species was recorded in the USA. Seven species of this insect was recorded in South America
and Argentina, Chile and Colombia recorded nine species and only two species of Plutella have
been recorded in Europe. The world’s most important five species include P. annulatella (Curt.)
in Finland; P. armoraclae (Bus.) in Colorado, the USA; P. antiphona (Mey.) in New Zealand;
P. porrectella (L.) in Ontario, Canada; and P. xylostella (L.). All these species are limited in their
geographic distribution except P. xylostella. It is also suggested that this pest might have
originated in South Africa because the presence of rich and diverse fauna [12].

4. Damaging history of diamondback moth

Diamondback moth is a serious pest of cruciferous plants worldwide and about 1 billion
dollars of losses occur annually due to its larval damage [13]. It is reported that 90% of losses
occur due to this pest [14] and also reported that 60% loss occurs in production and 2 billion
dollars of losses occur when controlling this pest [15]. It is estimated that 16 million dollars of
losses occur on the basis of a 2.5% damage on protective crops per annum by this pest [1]. The
larvae of DBM caused damage to all cruciferous family crops especially cabbage in Southeast
Asia.

The failure of DBM occurred when this insect became the most destructive pest of the Lepi-
dopteran family. DBM damaged above-ground plant parts and reduced the yield except
during rainy weather [16]. When the attack of diamondback moth is very serious the losses
reach up to 80–90% [17].

4.1. Mode of damage

The larvae of diamondback moth Plutella xylostella feed on the foliage at their different larvae
stages and reduce the yield and also decrease the quality of vegetables [18]. Larvae of DBM
damage the cabbage and cauliflower leaves by making small holes on the surface of leaves,
often leaving the epidermis of leaves that is called Feeding Window; also, inside broccoli
florets and cauliflower curds, contamination occurs due to this insect.
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Asia.
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5. Chemical control of diamondback moth

There are many specific insecticides used for the control of DBM while certain chemicals are
more effective against other pests as compared to DBM, so it is important to select appropriate
chemicals according to insect pests. Some chemicals having longer residual action on later
growth stages like prothiophos, cartap and fenvalerate mixtures are suitable for management
of diamondback moth [19]. Organophosphates (OPs) have been considered as the most impor-
tant group of compounds for the control of DBM. In OP groups, enough variations in chemical
structures have contributed to the wide spectrum of efficacy and varied levels of resistance
observed in DBM [20].

5.1. Pyrethoids

Many synthetic pyrethoids (permethrin constituting 0.01%, decamethrin of 0.004%, fenvalerate
of 0.01% and cypermethrin of 0.005%) have no good results for controlling after 48 h of the
treatment on adult diamondback moth while quinalphos constituting 0.05%, phosalone of
0.05%, endosulfan of 0.05%, monocrotophos of 0.05% and dichlovos of 0.05% have greater
toxic effects on both adult and larval stages; after 6 h dichlovos and quinalphos recorded 100%
mortality, endosulfan 93% and monocrotophos 63% [21]. Spinosad and permethrins caused
100% mortalities to diamondback moth adults and larvae in leaf dip and residual bioassays
method after 72 h of treatment [22].

5.2. Organophosphates

Spinosad and fenvalerate provide good results for the control of diamondback moth larvae at
various development stages. Novalurin at 6–12 oz./acre is effective for the control of DBM as
compared to non-treated plants, and spinosad is superior to all other insecticides for control-
ling DBM [23]. Emamectin benzoate with trademark PROCLAIMR is extensively used in the
USA and has great degradation on leaf surface and provides good control of DBM larvae and
other pest species [24]. Benzoyl phenyl urea and chitin synthesis inhibitors also show good
results for controlling resistance-developed population of diamondback moth [25, 26].

5.3. Neem-based insecticides

Neem-based insecticides are most effectively used for the management of P. xylostella and other
insect pests of Crucifer crops [27, 28]. This type of insecticide, that is, AlignTM (3% formerly
agri dyne, Salt Lake City, axadirachtin, Utah), was applied on Lepidopterous pests, mainly
P. xylostella and other Crucifers crop pests in Texas by [27]. They get results that this insecticide
significantly decreases the attack of P. xylostella and other insect pests of cabbages and Crucifer
crops. Three plant extracts, Annona muricata seeds, Annona saquamosa seeds and Stemona
collinsae roots, are also used at 20 mg/ml concentration and showed high toxic effects, that is,
100% mortality of larvae [29]. The ethyl acetate extracted from Phytolacca americama root and
extract of Pseudolarix kaempferi, that is, petroleum, is used for the control of DBM larvae;
acetate shows stronger insecticidal effects on the second and third instar larvae of P. xylostella
having LC50 values of 225 and 335 ppm [30].
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6. Biological control of DBM

There are many biological control agents used for the control of diamondback moth including
parasitoids and bio-pesticides [31]. In 1998, the main focus was on introducing the two impor-
tant species of parasitoids, that is, Diadegma semiclausum (Ds) and Diadromus collaris (Dc),
which were introduced from Malaysia by programme for private sector development (PPSD)
with the help of FAO Regional Vegetable IPM and CAB International. The parasitoids are
successfully established in high-land areas in Vietnam. In particular areas, the lake of effective-
ness of parasite or predator control is due to the ability of diamondback moth to migrate and is
also established in new planted vegetable areas, and the second important reason for the
failure of biological control is the use of highly toxic pesticides in large amounts [32].

Mixture of some chemical and Bt products is very useful for the control of diamondback moth.
There is belief that such mixtures are also useful and have large potential for the control of
Crucifer insect pests. Similar results was reported as mention above by the use of mixture of
typically 20 chemicals formulations [33]. The mixture of Bt products and parasitoids Diadegma
semiclausum (Ds) and Diadromus collaris (Dc) provides effective control of Plutella xylostella and
other Crucifers crops; the control ranges from 50 to 85% [34]. These mixtures decrease the use
of insecticides by 80% in dry season and 55% during rainy season [33]. Mostly, farmers used Bt
when the attack of DBM larvae exceeded 10/m2 of crop; farmers used six or seven applications
during dry conditions and three or four applications during rainy conditions [35].

6.1. Egg parasitoids

Trichogrammatoidea bactrae is the egg parasitoid of diamondback present naturally in Thailand.
This parasite was reared and mass released in the field in mid-1880s and 1990s by the Depart-
ment of Agriculture, Thailand, and the range of parasitism in unsprayed experimental field is
16–45% of diamondback moth eggs; results show that this parasite controlled DBM but was
killed due to chemical spray [36].

6.2. Larval parasitoids

Cotesia plutellae is the larval parasitoid used for the control of diamondback moth (DBM). Plutella
xylostella L. releasedwithout applying insecticides in the glass house has a great effect on the larval
stage in Taiwan [37]. In tropical and subtropical areas, where the temperature is greater than 35�C
and cauliflower and cabbage are grown, the parasitism of C. Plutellawas less than 30% [38].

6.3. Pupal parasitoids

Diadromus collaris is the pupal parasite having 6–7 mm of size and only deposits their eggs in
the pupa cocoon, having a life cycle of 15 days. This species naturally occurs in Thailand in the
province of Chiang Mai and Petchaboon. The parasitism on the pupa of diamondback was
studied at the University of Maejo that is 9–30%. Many species like this was observed in
February and March in 1990 in Maejo University [36].
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7. Bacterial control of DBM

Bacillus thuringiensis as a biopesticide is very good practice to reduce the pest population
pressure to cultivate the cruciferous vegetables in cool seasons of many tropical regions [39,
40]. The advantage of Bt toxin is that it is extremely precise to its target host especially to DBM.
Dry flowable (DF) formulations of Dipel are most compatible with many other insecticides and
fungicides. This product is also harmless to the bio-control agents, which are available com-
mercially [41]. Development of resistance in insects is a serious problem against various
viruses and Bt biopesticide [42]. In many cases, resistance has been observed by DBM against
Bt toxins. Transgenic Crucifer plants can be used to improve the strategies of resistance
management which are applicable broadly to other crops and insects [42]. Three regions of
Florida used genetically improved strains of Bt and have obtained good results for controlling
diamondback moth [43].

8. Nematodial control of diamondback moth

Entomopathogenic nematodes in families Steinernematidae and Heterorhabditidae have great
effects for controlling the Lepidopteran pest and the best alternative control by insecticides [44].
It is reported that Steinernematidae, Steinernema carpocapsae, is used for the control of diamond-
back moth [45, 46]. Cell of X. nematophila that is present in S. carpocapsae is used for the control
of diamondback moth larvae [47, 48]. Cell-free solution that contains bacterial cell suspension
or nematodes toxins has the best ability for control of diamondback moth larvae [49].

9. Viral control of diamondback moth

Granulosis virus (PxGV), Autographa californica nuclear polyhedrosis virus (AcMNPV) and
nuclear polyhedrosis virus (GmMNPV) are used for the control of diamondback moth and other
cruciferous family crops inMalaysia [50]. Many baculoviruses have been reported for the control
of diamondback moth; Granulosis virus (GV) is used for the control of Plutella xylostella [51].

10. Resistance against different control strategies

One of the major reasons for the development of resistance to insecticides by DBM is the
increasing of number of sprays and thereby increasing cultivation costs. Eco-friendly and
less-toxic new chemicals are also available in the market but the farmers are still using broad-
spectrum pyrethroids, organophosphates, organochlorines and many other conventional
insecticides diamondback moth has developed resistance against these insecticides [52].
Thiodicarb, fipronil, lufenuron, spinosad, carbosulfan and indoxicarb are still performing well
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as compared to malathion [53]. In Malaysia, high uses of abamectin in Crucifer crops against
diamondback moth develop serious problems of resistance [14].

High rate of resistance developed in many insecticides such as cypermethrin, pyrethroids, fenva-
lerate, organophosphate, deltamethrin and quinalphos was found in DBM population, collected
from areas where farmer used mostly pyrethroids at heavy doses [54]. Diamondback moth has
developed resistance against fenvalerate, cypermethrin and deltamethrin in the Indian province of
Punjab [55]. A new chemical cartap hydrochloride is a successful insecticide for controlling
resistance population of DBM. A 170-fold resistance to quinalphos developed in DBM [55].

In some part of the world, DBM became most difficult insects to control because of develop-
ment of resistance due to the use of extensively toxic chemicals [56, 57]. The extensive use of
toxic commercial insecticides against DBM in India is the one of the major constrains in the
profitable cultivation of cole crops because these chemicals in heavy and toxic doses developed
resistance in DBM [58]. Both mechanisms of resistance and baseline susceptibility are neces-
sary for the effective management of location-specific resistance strategies [59, 60].

Resistances developed 144-fold against diamondback moth due to the use of cyperpethrin at
Panipat (Haryana) in India [54]. In DBM, resistance persisted longer in Taiwan against pyre-
throids [61]. It is reported that P. xylostella is the only pest that develops resistance in the field.
OP resistance is not fully investigated and appears probably additional to metabolic resistance
mechanisms [62, 63]. The insect growth regulator (IGR) resistance observed in Taiwan DBM
populations is significantly affected by piperonyl butoxide action. The synergistic ratios were
7.9:10.4 in three DBM populations for teflubenzuron [64].

The larvae of South Texas strain were less susceptible to indoxacarb than that of the Minnesota
strain, and mortality increased with the time of exposure [65]. It is reported that there is no
significant difference in the laboratory strain and field population when comparing the resis-
tance [66]. Outside Southeast Asia, it has been reported that there is great development of
resistance in this insect pest in several countries, for example, Japan, the USA, Honduras and
Australia [67]. In some regions it has been also detected that DBM developed resistance against
IGRs which are so-called benzoylphenyl urea (BPUs) [68].

It is documented that difference between two populations of DBM at LC50 was 2.9 fold and
high levels of resistance developed in DBM against lambda-cyhalothrin and lufenuron [69]. In
China, LC50 of 1.22, 0.61 and 0.004 ppm against emamectin benzoate from His-Hu strain and
Lu-Chu strain and susceptible strain [70].
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