
Brassica 
Recent Advances

Edited by Sarwan Kumar

Edited by Sarwan Kumar

Brassica crops, including broccoli, cauliflower, cabbage, and mustard, are among 
the most important crops worldwide with oilseed Brassica among the largest traded 

agricultural commodities. They play a vital role in agriculture, horticulture, and 
human nutrition. The health-promoting and disease-preventing properties of Brassica 
vegetables are well documented, and their nutritional value makes them an essential 
part of a balanced diet. Brassica - Recent Advances provides a comprehensive overview 
of the recent research on Brassica crops. The book covers such topics as the breeding 

of Brassica crops, agronomic practices, pest management, and plant secondary 
metabolites. It is an essential resource for researchers, students, and professionals 

interested in Brassica crops and their applications. 

Published in London, UK 

©  2023 IntechOpen 
©  stux / pixabay

ISBN 978-1-83962-501-5

Brassica - Recent A
dvances





Brassica - Recent Advances
Edited by Sarwan Kumar

Published in London, United Kingdom



Brassica - Recent Advances
http://dx.doi.org/10.5772/intechopen.100888
Edited by Sarwan Kumar

Contributors
Sufian Rasheed, Shan Arif, Amir Ullah, Wajid Rehman, Magda H. Abdellatif, Sarwan Kumar, Neha 
Panwar, Sathya Thirumurugan, Soo-Seong Lee, Jongkee Kim, Jin Hoe Huh, Hyun Hee Kim, Jonggi Kim, 
Philip Waisen, Koon-Hui Wang, Rishan Singh, Sujaya Dewanjee, Aditya Pratap Singh, Ponaganti Shiva 
Kishore, Santanu Kar

© The Editor(s) and the Author(s) 2023

The rights of the editor(s) and the author(s) have been asserted in accordance with the Copyright, 
Designs and Patents Act 1988. All rights to the book as a whole are reserved by INTECHOPEN LIMITED. 
The book as a whole (compilation) cannot be reproduced, distributed or used for commercial or 
non-commercial purposes without INTECHOPEN LIMITED’s written permission. Enquiries concerning 
the use of the book should be directed to INTECHOPEN LIMITED rights and permissions department 
(permissions@intechopen.com).

Violations are liable to prosecution under the governing Copyright Law.

Individual chapters of this publication are distributed under the terms of the Creative Commons 
Attribution 3.0 Unported License which permits commercial use, distribution and reproduction of 
the individual chapters, provided the original author(s) and source publication are appropriately 
acknowledged. If so indicated, certain images may not be included under the Creative Commons 
license. In such cases users will need to obtain permission from the license holder to reproduce 
the material. More details and guidelines concerning content reuse and adaptation can be found at 
http://www.intechopen.com/copyright-policy.html.

Notice

Statements and opinions expressed in the chapters are these of the individual contributors and not 
necessarily those of the editors or publisher. No responsibility is accepted for the accuracy of 
information contained in the published chapters. The publisher assumes no responsibility for any 
damage or injury to persons or property arising out of the use of any materials, instructions, methods 
or ideas contained in the book.

First published in London, United Kingdom, 2023 by IntechOpen
IntechOpen is the global imprint of INTECHOPEN LIMITED, registered in England and Wales, 
registration number: 11086078, 5 Princes Gate Court, London, SW7 2QJ, United Kingdom

British Library Cataloguing-in-Publication Data
A catalogue record for this book is available from the British Library

Additional hard and PDF copies can be obtained from orders@intechopen.com

Brassica - Recent Advances
Edited by Sarwan Kumar
p. cm.
Print ISBN 978-1-83962-501-5
Online ISBN 978-1-83962-502-2
eBook (PDF) ISBN 978-1-83962-635-7



Selection of our books indexed in the Book Citation Index 
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us? 
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected. 
For more information visit www.intechopen.com

6,500+ 
Open access books available

156
Countries delivered to

12.2%
Contributors from top 500 universities

Our authors are among the

Top 1%
most cited scientists

176,000+
International  authors and editors

190M+ 
Downloads

We are IntechOpen,
the world’s leading publisher of 

Open Access books
Built by scientists, for scientists

BOOK
CITATION

INDEX

 

CL
AR

IVATE ANALYTICS

IN D E X E D





Meet the editor

Dr. Sarwan Kumar is a senior entomologist at Punjab Agri-
cultural University (PAU), India, where he has been work-
ing for the past 16 years. He has extensive experience in host 
plant resistance in Brassica crops and has published numerous 
research papers in this area. Dr. Sarwan has a Ph.D. in Ento-
mology from Chaudhary Charan Singh Haryana Agricultural 
University, India,  and an MSc in Entomology from PAU. He has 

worked on various research projects related to insect pest management in Bras-
sica crops. He has also served as a reviewer for several scientific journals and has 
presented his research at numerous national and international conferences. Dr. 
Kumar is a member of several professional societies including the Entomological 
Society of Iran and Society of Chemical Industry, UK. He has received awards for 
his outstanding contributions to the field of entomology, including the Australian 
Government’s Prestigious Endeavour Research Fellowship. He is also a fellow of the 
Indian Society of Oilseeds Research. 





XI

1

29

45

61

75

103

Contents

Preface 

Chapter 1 
Perspective Chapter: Knowledge and Different Perceptions on Some  
Aspects in the Genus, Brassica
by Rishan Singh

Chapter 2 
Perspective Chapter: Creation and Evolution of Intergeneric Hybrids  
between Brassica rapa and Raphanus sativus
by Soo-Seong Lee, Jiha Kim,  Jin Hoe Huh, Hyun Hee Kim  
and Jongkee Kim

Chapter 3 
Perspective Chapter: Brassica Species Mediated Green Synthesis 
of Nanoparticles and Its Potential Biological Applications
by Sufian Rasheed, Shan Arif, Amir Ullah, Wajid Rehman  
and Magda H. Abdellatif

Chapter 4 
Secondary Metabolites of Brassica juncea (L.) Czern and Coss: 
Occurence, Variations and Importance
by Aditya Pratap Singh, Ponaganti Shiva Kishore, Santanu Kar  
and Sujaya Dewanjee

Chapter 5 
Host Plant Resistance in Brassicaceae against Aphids
by Neha Panwar, Sathya Thirumurugan and Sarwan Kumar

Chapter 6 
Perspective Chapter: Capitalizing on the Host Suitability of Brassica  
Biofumigant Crops to Root-Knot Nematodes (Meloidogyne spp.) in  
Agroecosystems – A Review on the Factors Affecting Biofumigation 
by Philip Waisen and Koon-Hui Wang



Preface

Brassica species are of great importance in agriculture, horticulture, and human
nutrition. The Brassica genus includes a wide range of economically important crops
such as broccoli, cauliflower, cabbage, rapeseed, mustard, radish, and many oth-
ers. These crops are not only a source of food (including oil) for human beings but
also play a vital role in animal feed and industrial uses. The health-promoting and 
disease-preventing properties of Brassica vegetables are well documented, and their
nutritional value makes them an indispensable part of a balanced diet.

This book provides a comprehensive overview of the recent advances in the research
on Brassica crops. It covers a broad range of topics, from the plant breeding of Brassica
crops to their agronomic practices, their role in human health and pest management, 
and host plant resistance. The book is a useful resource for researchers, students, and 
professionals who are interested in Brassica crops and their applications.

The book begins with a chapter presenting important information about the green
synthesis of nanoparticles mediated by Brassica species and their applications. The
subsequent chapters cover topics such as breeding and genetics, Brassica in human
health and pest management, and plant secondary metabolites of Brassica. 

I would like to acknowledge the contributing authors for their valuable insights and 
their efforts in bringing this book to fruition.

Sarwan Kumar
Department of Plant Breeding and Genetics,

Punjab Agricultural University,
Ludhiana, India
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Chapter 1

Perspective Chapter: Knowledge 
and Different Perceptions on Some 
Aspects in the Genus, Brassica
Rishan Singh

Abstract

Many years ago, the first Brassica species were propagated. There are several 
methods that can be used to grow Brassica plants, such as intergeneric hybridiza-
tion, microscope cultivation, anther cultivation, CRISPR/Cas4 Technology and the 
phylogenetic analysis of Brassica genomes. The plants that have evolved from Brassica 
species are many, and these include Savoy cabbage, broccoli, mustard greens, Japanese 
mustard, horseradish, as well as kale. Although the main supplier of Brassica vegeta-
bles is China, these species have diverged and emerged to several other countries like 
Cyprus, Europe, Levant, Greece and the British Isles. Ogura cytoplasm introgression 
is a technique that has highlighted the differences in floral traits in species of Brassica 
plants. In cauliflower plants, pre-floral meristem division is a factor that’s often inves-
tigated, as divisions of this plant part demonstrates plant growth and mobility. This 
perspective chapter will address all aspects pertaining to the genus  Brassica, and it will 
provide an account of key characteristics and functions ascribed to Brassica plants.

Keywords: China, Japanese radish, curd, embryogenesis, chlorosis, chloroplasts 
compatibility, Triticum aestivum, Oryza sativa, B. napus, floral genes, health, B. nigra, 
genotoxic carcinogen, biotransformation, flower development

1. Introduction

It’s been many years since the first Brassica plants have been propagated. In suc-
cessful attempts to grow these plants, it’s now apparent that there are many methods 
that can be used to grow them. This further implies that the Brassica genus of plants 
have become widespread, and this obvious statement is provided by fact that the 
plants of Brassica species are consumed everywhere, throughout the world [1]. In 
general, China is the main supplier of Brassica vegetables throughout the world, with 
approximately half of the produce being exported to other countries [2]. The genus, 
Brassica is made up of 37 different species, and of this, 6 are interrelated species, viz. 
Brassica nigra, B. oleracea and Brassica rapa, which are diploid, and 3 amphidiploids, 
viz. Brassica carinata, B. juncea and Brassica napus [3]. In terms of the common 
household vegetables, i.e. cabbage, cauliflower and broccoli, it has been reported by 
the Food and Agricultural Organisation in 2014, that the world’s total production of 
these vegetables is 105.7 million tons (cabbage), and 33.5 million tons (cauliflower 
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and broccoli), respectively [2, 3]. The spicy flavour and pungent smell emitted from 
Brassica plants is ascribed due to the sulphur-containing compounds [4]. These 
compounds have many health benefits [2, 4].

2. Diversity and evolution

If one has to delve, or divulge, into the diversification and evolution of various 
Brassica species, it would be interesting to find that most of the world’s ‘cole’ veg-
etables - e.g. kale, cabbage, Brussel sprouts, kohlrabi, broccoli, collards, savoy cab-
bage and chinese kale, are derivates of the ancestral species, B. oleracea [5]. Therefore, 
the dispersion of Brassica plants over a period of time is said to be visualised through 
evolved characteristics, such as buds, inflorescence, leaves, roots and seeds [6]. 
The wild cabbage, or B. oleracea, is home to coastal cliffs of western Europe and the 
northern Meditteranean, and they have found a suitable habitat in the British Isles 
from Greece [5, 6]. Prior to the 15th century, i.e. in the early Middle Ages, not much 
was known about cauliflower plants, however, until recently, it has been documented 
that cauliflower plants probably were introduced into Europe from Cyprus or Levant 
[7]. In today’s world where a lot of molecular studies are being performed in plants, 
it has also been well emphasised that broccoli, an edible crop that’s widely sold, is the 
closest cultivated relative of cauliflower. This deduction is made with possiblities that 
the phenotype of cauliflower is more likely caused by a defective CAL gene, as tested 
and confirmed in a study performed on Arabidopsis [6, 8]. Therefore, the abnormal 
flowering, or flowers, of cauliflower are likely to have arisen from the floral stem 
primordia of cauliflower, and as a result of this mutant CAL gene [8], the flowers of 
cauliflower have lost their identity [5]. However, apart from this dissimilarity, cauli-
flowers and brocolli have a shared phenotype, since their qualities are much similar, 
for example, they both are short with reduced auxillary shoorts on multibranced 
flowering stems [5, 6]. The only difference is that the flowering stems of broccoli 
are much shorter, and that the buds that are produced are packaged densely [5, 6]. 
Furthermore, in cauliflower, although the primordia at the apex of each elongating 
shoot, the meristem, grow and develop into leaves, the later primordia fails to produce 
flower buds. It is, therefore, the meristem of the stem that continuously replicates 
itself in a spiral fashion, and the continuation of this up to the 10th order of branch-
ing, or more, causes the phenotype of cauliflower to be made of undifferentiated 
inflorescence meristems that are closely packed and clustered geometrically [5, 6, 8]. 
This texture of plants found in the family Brassicaceae is novel, and it’s absent in 
wildtype plants [9, 10].

3. Hybridization and embryo development

3.1 Techniques

Although, thus far, some species of plants from the genus Brassica have been 
reported, there are several other plants that belong to this diverse genus. Other 
Brassica plants include, among others, radish, arugula, watercress, horseradish, 
wasabi, daikon, gai-lohn, mustard greens, Japanese mustard and chinese broccoli 
[11–13]. We have now seen the manner in which the ancestral species of Brassicacaea 
spread to different regions of the world, and lead to so many methods of propagating 
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these plants. Across the world, many attempts have been made to cultivate hybrids 
of Brassica oleracea var. botrytis, or the cauliflower. A particular reason for wanting to 
conserve this plant species is because of its health promoting properties [3, 12–14]. 
These properties are due to several chemicals present within them, such as antho-
cyanins, vitamins A, C, E and K, folic acid, phenolics, carotenoids, glucosinolates 
(as mentioned previously) [15] and selenium [16]. Currently, there are two main 
techiques used to generate introgression into Brassica crops [14]. In the first method, 
an inbred line that is double haploid is produced, since it is reported that homozygos-
ity using both methods is pivotal. This statement is backed by findings that there 
are several problems associated with being able to identify and maintain S-allele 
homozygosity in cole plants, for example, in some instances, although an S-allele 
homozygote may be present, it may be weak, while in other cases, no zygote may be 
available, thereby questioning the reliability of these methods [15, 16]. However, 
nonetheless successes are reported with these methods, and successes are dependent 
on seed/microspore recalcitrance and bud size. B. oleracea var botrytis and B. napus 
are the most recalcitrant among the Brassica crops, and this seed behaviour is known 
to have a huge impact on embryogenic responses to culture conditions, such as 
media conditions and culture incubation conditions [17]. It has also been observed, 
in some situations, that although bud size has a considerable impact on microspore 
production in B. oleracea var botrytis, the nucleation of microspores has a considerable 
effect on the ability of the plants to complete embryogenesis. This means that seed/
microspore viability is dependent on bud size, as reported in 2015 by Bhatia et al 
[18]. These authors have suggested that in order to obtain microspore of the highest 
viability, the buds produced need to be 4–4.5 mm in size [19]. However, this was 
deduced for plants that were in early and mid-maturation. In addition, they sug-
gested that for cauliflower plants in the late maturation phase, the bud size should be 
between 4.5 and 5 mm for the microspore to have a high viability [14, 19]. However, 
although viability is required for embryogenesis, it is worthwhile to report that since 
microspores are totipotent, the ones that are binucleate may be antagonistic for 
embryogenesis in comparison to those that are uninucleate or in the early binucleate 
stages of development [20]. In cauliflowers with small flower bud size genotypes, it 
was found that a higher percentage of microspores developed, particularly when the 
microspores were in the mid to late uninucleated stage of development [20, 21]. This 
means that efficient seed embryogensis was ideal for microspores that were at the late 
uninucleate to early binucleate phases of growth. Using this method, about 50% of 
the plants produced were double haploids, and this was attributed to many exogenous 
and endogenous factors like culture and microspore density [17, 21, 22]. When the 
bud size was optimum for embryogenesis, about 60–65% of the microspore produced 
were reported as being viable. When the microspore density was >8 x 104 per mL of 
culture, it was found that less embryos were produced. This could be due to nutrient 
depletion in the culture media, or competition for nutrients among the embryos [23]. 
Furthermore, toxic compounds present in the media may have had a drastic effect on 
some embryos, leading to death [24–26].

3.2 Sugar concentration vs. androgenic responses

Sugar concentration also has a huge impact on callus formation, and therefore 
embryonic development and androgenic responses. Just like with embryogenesis 
using seeds and/or microspores, in anther culture, media conditions also have a tre-
mendous impact on embryo development, and thus, in this case, androgenic response 
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(or androgenic capacity) [27, 28]. Roy et al. [27], reported that medium containing BS 
Salt with 100 mg / lt sucrose, 1 mg /lt 2, 4-D and 1 mg/lt NAA with 1 mg/lt BAP was 
sufficient to obtain successful androgenic callus development in tropical cauliflower. 
However, in general, it is recommended that a sucrose concentration of 140 g/l is 
sufficient to induce androgenic callus, with maltose and glucose being less effective 
in inducing callus formation. Yang et al. [17] highlighted that the genotype of a plant, 
as well as petal length, anther length and bud size has an influence on embryogenesis. 
Additionally, seasonally, the androgenic response among genotypes vary [28]. It was 
found that androgenic response to embryogenic growth was found to occur between 
1 and 1.3 P/A lengths [14, 27, 28]. Further, Yang [29] also found that when the tem-
perature was too high (25°C) or too low (e.g. below 10°C), the number of non-viable 
androgenic callus was high. This highlights the implications and necessity for having 
anther culture being performed during winter and spring seasons, rather than during 
autumn and summer season, because the latter seasons discourage the development 
of inbred lines, like in cauliflower and other crops [30].

3.3 Hybridisation and the case of the Japanese radish

Hybrid production in cauliflower is possible through a process called intergeneric 
hybridisation, or Ogura cytoplasm introgression [14]. This process involves a male, 
female and restorer line [1], with the restorer gene not necessarily required for hybrid 
seed production [31]. Inspite of this, this process is found effective to main homozyo-
sity of the embryo, because submating has been found to disturb the uniformity of 
all 3 lines after 2 or 3 generations, and as a result a lower qualify hybrid is produced in 
comparison to the SI lineage zygote/curd [32]. However, during introgression, only 
the male floral traits appear to be reduced. Among others, these floral traits are flower 
size, length of style, and length of stamens. In contrast, the female traits remain 
intact, and include: petal colour, style shape, ovary type, and the presence of nectar-
ies [1]. Since the curd, also referred to as the pre-floral meristem, is the edible part of 
the cauliflower, there is not a need to restore fertility, since the seeds are only used in 
propagatory practices [28]. Hence, the need for male sterility using genes from other 
crops belonging to the genus, Brassica. This procedure is necessary in order to prevent 
the formation of functional pollen grains, and in the process of doing so, keeping the 
female line functional and maintaining the female traits [33]. In R. sativa, or radish 
of Japanese origin, Ogura hybrid cytoplasm can be located [34]. This cytoplasm has 
been shown to be effective during intergenetic hybridization, particularly in plants 
that contain the Rf gene. An example of a radish cultiva possessing the rf gene is the 
European radish, in which Ogura introgression F1 hybrid breeding has been found to 
occur unlimited [35]. This unlimited hybridisation, due to the rf gene, has been found 
to produce rapid plant vigour, larger sized crops and nicely formed radishes. Similarly, 
in B. oleracea, cytoplasm male sterility is a method to prevent self-pollination so that 
the crops produced, like cauliflower, do not have reduced plant vigour, a small curd 
size, or deformed curd, as a result of suppressed inbreeding. However, despite the 
many advantages of male sterility cytoplasm, there are side-effects using this tech-
nique. This includes delayed chlorophyll development in the male sterile parts of B. 
oleracea var. botrytis, since introgression caused discoloration of the tissues, or chloro-
sis, since the Ogura hybrid cytoplasm from Japanese radish had chloroplast that was 
incompatible with the of B. oleraceae [36, 37]. In addition, there were also deformities 
found in the flowers, particularly as they were small in size, and it has been suggested 
that backcrossing may solve the problem. In order to solve the choroplast problem, it 
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is suggested that interbreeding with protoplast between sterile male cytoplasm and an 
ordinary breeding line, may enable chloroplast compatibility. Moreover, there are also 
other problems associated with cytoplasm introgression, viz. unopened and partially 
opened flowers, rudimentary ovaries, low female fertility, poorly developed nectaries, 
and yellowing at temperatures below 15°C [38].

4. Genomes and leafing

The data from genetic studies and studies dealing with the phylogeny of B. oleracea 
are evidence enough that there is a relationship among cultivas and wildtype relatives 
belonging to the family, Brassicaceae. A study performed by Mabry et al. [39], suggests 
that Brassica incana shares its lineage with Brassica cretica and Brassica montana, and 
that these 3 species fall broadly under the B. oleracea species. The characteristics found 
in cauliflower plants, for example, are not entirely that of wildtype plant species, and, 
as previously described, much of the findings in B. oleracea are based on those found in 
cabbage crop varieties [40]. Therefore, given that the qualities exhibited in cauliflower 
plants are novel, and that experiments with Arabidopsis thaliana and B. oleracea 
show that there are similarities in both genomes [41], highlight that feral samples 
exist, and that these type of plants are not defined through cytoplasm introgression, 
hybridisation or culturing of the microspore or anthers of B. oleracea varieties. This 
also means that, in nature, one may encounter many domesticated crops that belong 
to Brassicacea, implying that species that belong to the genus, Brassica, may be that 
of a divergent population, another wild species, a wild conspecific, or even another 
domesticated species. Along the wildC genome, a newly identified wildC genome has 
been found [42], and this sequence is said to correlate to one cultivar and mixed wild 
ancestor of Tronchuda Kale [43] (when the wildC genome is compared to that of B. 
oleracea). However, in comparison to sample of B. incana, B. cretica, B. montana and 
B. oleracea, the wildC-2 gene wasn’t expressed. Instead, this gene was found to cluster 
in 6 other B. oleracea crop types, namely Brassica bourgeaui, Brassica hilarionis, Brassica 
insularis, Brassica macrocarpa, Brassica rapestris, Brassica villosa, and B. oleracea. In 
Chinese white kale, Bussel sprouts and curly kale, distinct clades that correspond to 
the growth habitat of these plants have been found. Since the clades are distinct, par-
ticularly because RNA collection is performed early in the development of these plants 
(i.e. approximately the 7th leaf stage), each one of them can be distinguished on the 
basis of their phylogeny [40, 44]. For example, Brussel sprouts are identified based on 
their oblong to circular leaves, while curly kale have leaf margins that are undulate or 
frill-like during early development [40]. Another factor to be considered is that season 
growth plays and important role in distinguishing characteristics among crops that 
belong to Brassicaceae. For instance, Chinese white kale is found to have lanceolate 
leaves, while those in curly kale are curly-like, as well as, the period for growth, i.e. 
Chinese white kale is an annual, instead of a biennial season plant [40, 45]. However, 
further genetic analysis of clustering, and distinct clades, among the 10 Brassica 
crop types have a substantial overlap in genes (17–98.3%) in both, B. oleracea and 
A. thaliana, and this means that some biological processes are overexpressed in B. 
oleracea, whereas others are reserved. For instance, the glaucous leaves of B.oleracea is 
because of modules of genes responsible for wax formation [46]. Some other processes 
are those producing herbivory defence compounds, via. Secondary metabolite biosyn-
thetic processes, phenylpropanoid biosynthetic processes and metabolic processes, in 
addition to suberin biosynthetic processes (wound formation) [47].
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5. Brassica origins: Feral or not

There has been much debate on the origin of Brassica plant species, particularly, 
because there is a bit of confusion about whether B. oleracea is a progenitor species or 
not [6]. Archaeological and environmental data suggest that B. cretica and B. hilarionis 
are sister species, that these two species are a likely progenitor species of B. oleracea [40]. 
This deduction is made with the knowledge that B. hilarionis is homozygous, and it is 
this trait that makes it ideal for domestication purposes through either gene editing or 
inbreeding practices [10, 48]. Although B. incana is found to be a wildtype crop, admix-
ture inference data has suggested that some populations may be feral [49]. Similarly, 
B. cretica has also been found to be feral, however, some populations have been located 
as being domesticated. Using B. oleracea as a model for introgression, it is concluded 
that the genetic composition of particular cropts are a result of introgression from wild 
to feral populations. To add to problems associated with postdomestication of Brassica 
plants, it must be said that due to frequent introgression and difficulties in identify-
ing seeds of individual crop types that it’s an extremely tedious task to obtain purely 
domesticated species of Brassica crops [48, 49]. It is, therefore, because of this gene flow 
between wild and cultivated populations that the evolutionary history of B. oleracea has 
become complicated. Just like B. incana and B. cretica, B. montana has also been identi-
fied as being partially feral in origin, however, there has been a dilemma regarding the 
relationship B. montana shares with B. oleracea [50]. Lanner et al. [50] has found, using 
chloroplast data, that B. montana and B. oleracea cluster together, whereas Panda et al. 
[51] went against this, and has suggested that B. montana is a subspecies of B. oleracea.

Although cabbage has its origins in the Meditteranean civilisations, B. cretica also 
has the same origins. This is said to have occurred due to germplasm transfer between 
wild and domesticated cultivats of Brassica crops [9]. However, today, B. cretica also 
occurs in Lebanon and it has been found to resemble B. cretica subsp. nivea, and it is 
this migration from Ionia, in the Western coast of present day Turkey ca. 2,102,050 BP, 
that suggests widespread trade of this crop by the early Mediterannean inhabitants [9]. 
However, it is because of he presence of Austrian archaeological evidence that we know 
that B. oleracea did not diversify itself from England [52]. Instead, because B. nigra 
and B. rapa are the major crops in Austria, and since there is evidence that B. oleracea 
existed in Greece during this period, we know that B. oleracea was absent in the Eastern 
Mediterannean, Europe, Britain and Czech Republic, due to the lack of data from 
these regions during this time [53]. Furthermore, there is no archaeological records on 
the cultivation of cabbages prior to the Late Iron Age (2350–2000) in Europe and the 
Roman periods (1950 1650 BP), however, there is documentation for the appearance of 
other Brassica species [54]. It is only around ca. 1850 BP that B. oleracea spread through 
seed dispersal to the Roman Empire [54]. Thereafter, many populations belonging to 
the Brassiciaceae family emerged in the British Isles [55], the Atlantic coast of Western 
Europe [56], South West England [57], and the Atlantic Coast of France [53]. However, 
in spite of this widespread dispersion of B. oleracea crops, these plants do not havehigh 
levels of genetic diversity, and some of them are isolated from other populations. 
Therefore, although they are wildtype plants, they are greatly feral in origin.

6. Genetic variation and introgression of the B. rapa genome

B. napus, B. juncea and B. carinata are associated with polyploidy, owing to the fact 
that resynthesis of diploid species hybridization, as well as, chromosome doubling 



7

Perspective Chapter: Knowledge and Different Perceptions on Some Aspects in the Genus, Brassica
DOI: http://dx.doi.org/10.5772/intechopen.110064

influences the ability of the DNA to remain intact [58, 59]. As mentioned, it is due 
to the homozygous polyploid lines that make species in the genus, Brassica, ideal for 
scientific evaluation, specifically since self-pollination promotes the synthesis of 
DNA restriction fragments that vary, as well as phenotypes that differ among crops 
in Brassicacea [60]. Furthermore, inter-fertility is common among vegetables like 
cabbage, cauliflower, brocolli, brussel sprouts, and kohlrabi [61]. In a genetic study 
involving the genome of A. thaliana and Brassica species, it was a definite observation 
that some genes in Arabidopsis are related to Brassica quantitative trait loci (QTLs) 
[62]. In the Arabidopsis genome, chromosome 5 was found to be similar to a region 
in the chromosome of B. rapa, and this sequence is said to be a flowering-time gene, 
which was present as flc in Arabidopsis upon backcrossing. This finding, together with 
other sequences, viz. tfl1, flc, tfc2, co, fy, art1, emf1, efs, fha, gi, hy2, and vrn1, are all 
flower-associated gene, which participate in the genetic control of complete traits in 
the genus, Brassica. CAULI-FLOWER and APETALA1, are responsible for the curd-like 
inflorescence in Arabidopsis, however, the architecture of the curd produced, is far 
more complex, and, thus, it is under much complex genetic control mechanisms [8]. 
Therefore, the genome of Brassica is able to provide further clarity and insight about 
the size and shape of plants. In order to add to the concept of genetic variation, in 
2022, Zhang et al. [63, 64], a study on introgression of the B. rapa genome into Brassica 
juncea was conducted. In this study, the researchers attempted to track segments of the 
B. rapa genome in the B. juncea germplasm. Currently, a lot of effort is being placed 
on conserving plant germplasm, particularly so that plants that are about to become 
extinct, or are at the verge of extinction, are able to be preserved and regrown, when 
the need arises. In Brassica, this is required because the seeds of all the crops belong-
ing to this genus are unable to be separated based on morphological descriptions [8]. 
Therefore, by introgressing the B. rapa genome, it was observed that 59.2% of the A 
genome of B. juncea was covered by the donor segments. By using 132 single-nucle-
otide polymorphisms markers, it was suggested, that due to wide genetic diversity, 
that the recipient genotypes had a strong selection for the donor genetic sequence. 
The parental resequencing data in relation to the marker genotyping results show that 
there were morphological differences among the formation of leaf blades among the 
3 categories of B. juncea parent plants [8]. In one case, the leafy head was maintained 
in the introgression lines, while in the remaining cases, the head was seen being more 
compact (due to the leaving heading around the shoot apexes and then folding upward 
and inward) and eventually, even, changing shape completely. This could have been 
due to the large gaps (>20 cm) in the 132 SNP marker, including gaps located on both 
ends of A01, A9 and A10 [8]. However, nevertheless, the expected results and that 
of which was obtained varied significantly in that the progeny retained the B. rapa 
genome in the process of distant hybridisation of the both studied species, i.e. B. juncea 
and B. rapa [8]. Therefore, the progeny existed in the heterozygous form, which is 
not ideal for selective breeding or gene transfer. Furthermore, the progeny inherited 
57.31%, 59.57%, and 60.34% of the A genotype, and these percentages are that of 
heading, semi-heading and semi-heading II of the leaves of the progenies [63–65]. In 
terms of the lead regiments, the B. rapa and B. juncea parental lines showed no differ-
ence in retainment upon retrogression. This could have been due to certain regions in 
the B. juncea genome being not readily replaced by that of B. rapa segments.

Phylogenetic analysis of Brassica genomes with that of B. juncea introgression lines 
and representatives of B. juncea and B. rapa accessions, have revealed that the genetic 
diversity of B. juncea var multiceps (potherb mustard) and B. juncea var. megarrhize 
(root mustard) were much narrower that in comparison with heading mustard (which 



Brassica – Recent Advances

8

showed no diversification) [66, 67]. Furthermore, the dendrogram of 1642 SNPs 
of 154 investigated lines showed that the B. juncea introgression lines exhibited rich 
genetic diversity, and that the heading B. juncea accessions were measured indepen-
dently of this genetic diversity. Studies found that the genetic distance of the heading 
B. juncea was increased to 0.33 from 0.03, and this relates to definite phenotypical 
variations among the introgression lines [63, 64]. Zhang et al. further, states that this 
introgression strategy could be extended to allotetraploid species of Brassica.

7. Biotransformation

7.1 The use of germplasm conservation and preservation

Aside from introgression, another technique used in the breeding of B. napus has 
to do with CRISP/Cas9 technology. This technology has been used in the creation of 
germplasm resources, as well as the genetic improvement of rapeseed [68]. In addi-
tion, many molecular mechanisms regarding this oil-bearing crop has been under-
stood using this technology. Some of the methods involved with using this technology 
are the gene gun method, protoplast transformation method, pollen channel method, 
and, electric stimulation [69]. However, mutation detection methods have been found 
less effective than if it had to be applied to T. aestivum and O. sativa. Furthermore, 
gene knockout studies in B. napus are only possible if a specific promoter is able to 
be designed for CRISP/Cas9 system in B. napus [68]. This is probable, especially 
since both Arabidopsis and B. napus are related through their genomes, and since 
they belong to the same family - Cruciferae. With CRISP/Cas9 technology, B. napus 
genomes can now be targetted such that multiple DNA sequences can be edited, single 
clades (i.e. gene linkages can be avoided) obtained, and multiple mutations created 
through gene penetration [68]. This means that gene editing is advantageous in B. 
napus, since both the qualitative and quantitative traits can be analysed. In Gao et al. 
[70], the knocking out of BnaFAD2 and BnaFAE1, which controls the metabolism of 
oleic acid, was found to generate mutant materials with exogenous genes. If such can 
happen in B. napus using this technology, then, further products would be possible 
for this Brassica plant. In terms of progeny screening, by analysing gene editing 
materials, one is able to improve editing efficiency. This improvement can occur once 
mutations are detected in progenies and parent plants, and in which organ or propa-
gule (type) the mutation has occurred in, because sometimes not all genetic muta-
tions are transferred between generation. For example, in some cases, mutations may 
occur in the leaves and absent in the progenies of seeds, and vice versa [71]. Given 
that there are vast differences in the editing efficiencies between somatics and germ 
cells, it implies that the same technique/approach can be used in the transformation of 
B. napus, and that mutations can be eliminated by backcrossing and self-pollination 
of the B. napus species [68].

It has been found that the most important yield components of B. napus are: 
pods per plant, seeds per pod, seed weight, plant height and top branch angel [72]. 
Currently, CRISP/Cas9 technology is successful with removing gene resistance and 
creating multichamber pods. It is believed that this technology can help improve oil 
productivity in B. napus, but due to the complexity of this process, one may only be 
able to match pod length in relation to the shattering gene resistance, as indepen-
dent factors [72]. In addition, studying BnaCLV3, CLV1, CLV2 and the signalling 
pathway (CLV pathway) responsible for producing different phenotypes, one could 
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approximate - through experimentation - the type of chambered pods that B. napus 
could produce, i.e. dual chamber, multi-chambers, or single chambers. Furthermore, 
the seed weight of single B. napus plants of mutants could be deduced, as well as, 
the leaf numbers in relation to yield potential in B. napus [73]. BnaMAX1 genes are 
present in B. napus, which accounts for yield and petal character, while it is reported 
that apetalous plants are better suited to investigate photosynthetic capacity and 
disease resistance in B. napus [74]. Yang et al. (2018) described that the flowering 
times by regulating the growth genes, BnaSDG and BnaRGA, were more than 40 days 
sooner than in ordinary plants, and this was due to editing of their genes. These genes 
also participate in growth and chlorophyll synthesis of B. napus, and with editing of 
the BnaHemd gene, the photosynthetic rate, as well as the growth of B. napus may be 
studied [75]. In addition to this function, when BnaWRKKY11 and BnaWRKKY70 
genes were expressed in Sclerotinia sclerotiorum (Lib.) de Bary, it was found that 
edited BnaWRKKT11 had no effect on different S. sclerotiorum in comparison to the 
wild type, whereas BnaWRKKY70 mutant exhibited as higher resistance to S. sclero-
tiorum, which Sun et al. [76] described as a negative regulatory factor in S. sclerotio-
rum. To add to this, it is known that the content of unsaturated fatty acids from B. 
napus can be increased by gene editing, however, the composition of fatty acids can 
also be changed with the editing genes [76]. Editing of the TT8 gene by CRISP/Cas9 
technology, on the A09 and C09 chromosomes, produce a yellow seed phenotype. 
Futhermore, it was noted that the oil and protein contents of the mutant seeds were 
increased. This highlights that the seed coat-related genes in B. napus are responsible 
for oil content, seed coat thickness, and protein content, and that unlike black seeds, 
in yellow seed rape, the quality of the oil and protein produced are much better [72].

7.2 The use of structural variants vs. morphotype growth

The two B. oleracea morphotypes, namely cabbage and cauliflower, have been 
genetically studied using high-quality chromosome-scale genome assemblies. 
According to studies that use large structural variants, or SVs, the different morpho-
types are a result of the different relations between the plants found in the genus, 
Brassica [77]. Furthermore, the intraspecific divergence, found to be exhibited 
by various variants of B. oleracea, are to be accounted for by the SVs. When 271 B. 
oleracea accessions were tested with these structural variants, it was found that 
various functions in cabbage and cauliflower were enhanced [78]. These functions 
are associated with plant responses to various cascades, as a result of stress fac-
tors, or stimuli. Also, flower development as well as development at the level of the 
premordia (as mentioned) - or meristem - were observed. As there is a lot of research 
performed on the development of curd in cauliflower, it is noted that this process can 
be mediated by many structural variants [78]. Studies have reinterated that there is 
a profound difference in vegetative and generative growth, and that both these pro-
cesses are regulated by these structural variants. The switch from vegetative growth 
to generative growth is what drives inflorescence meristem proliferation, and this, in 
turn, results in curd development [79]. Therefore, the initiation, maintenance and 
enlargement of curd, is a result of SVs that have a considerable impact on develop-
ment of curd, and it is those genes and SVs that form part of the regulatory network 
for curd development. The orange curd in cauliflower, for example, occurs as a result 
of a 4.7 kb insertion in the third exon of the Or gene, whereas, in rapeseed cultivars, 
an insertion of the 621 bp sequence in the promotor region of BnaFCCA10 is respon-
sible for the adaptation of rapeseed plantations to winter climates [79]. With regard 
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to comparative genomics, a study performed using full-length long terminal repeat 
retrotransposons (LTR-RTs)from Korso, Ox-heart and B. rapa revealed that centro-
meres were able to be identified on the genomes of cauliflower Korso and cabbage 
Ox-heart [77]. This as ascertained using fluorescent in situ hybridization analysis, 
and it was declared that there was genome and sub-genome divergence occuring 
in Brassica species, and this was achieved when synteny analysis was performed 
on Korso, Ox-heart, B. rapa and A. thaliana genomes and sub-genomes. Another 
remarkable finding was that some duplicated genes were retained during diploidisa-
tion, and this represented a biased retention pattern [80–82].

7.3 Genome sequencing and curd formation

The main purpose, or underlying basis, of performing genome resequencing is 
to be able to understand and investigate the dynamics of SVs (e.g. from Korso and 
Ox-heart) so that it’s possible to obtain morphologically different, or divergent, B. 
oleracea accessions. In Korso and Ox-heart, it is found that various biological pro-
cesses are affected by at least one structural variant in the promoter region of genes 
[78]. These biological processes are: flower and meristem development, gene expres-
sion and epigenetic regulation, embryo development, cellular component organisa-
tion, response to stress and stimulus, signal transduction and cell differentiation [78]. 
In B. oleracea, the two indels, namely BoFLC3 and BoFRIu play two very differentiated 
roles. The first one helps broccoli to adapt to subtropical climates, while the second 
gene is involved in seasonal adaptation of cauliflower and cabbage - particularly the 
winter annual or biennial habit of these two Brassica species [83]. In addition to the 
above, B. oleracea contains homologues that assist in plants undergoing transition 
from the vegetative to the generative stages. For instance, BoFES1.1 and BoSUF4.2 
have SVs in cauliflowers, and only when they are down-regulated that cauliflower 
plants adapt to the mentioned transitions. These homologues are, however, not found 
in cabbage [78, 83].

Although there are homologues that aid in the transition from vegetative to gen-
erative growth, there are others, such as PRC1 and PRC2, which assists in epigenetic 
modification, and thus assists in regulating the process of flowering. This means that 
it is because of the FLC-related autonomous and vernalisation pathways that a genera-
tive stage is reached at different timing intervals in cabbage and cauliflower. Introns 
and exons are particularly important during inflorescence meristem proliferation. An 
example where this is evident is in cabbage, where it has been found that Korso alleles 
are rare, whereas in cauliflower and broccoli, homozygous alleles for both structural 
variants are present [78]. This indicates exon deletions and intron insertion events 
in the Korso genotypes of all 3 crops, namely cabbage, broccoli and cauliflower. It is 
also worth noting that an upregulation of the BoWUS2 genes in all 3 crops result in 
both structural variants playing a vital role in curd formation [78]. In contrast, floral 
arrest and curd maintenance are processes that are essential for meristem develop-
ment/arrest. In cabbage, it has been found that about 79.2% of accessions contained 
the OX-heart allele, while at the same locus point in broccoli and cabbage, the selec-
tion was for BoCAL Korso allele, and this suggested the role of this process in curd 
formation.

Some other genes that participate in the vegetative, transition and curd stages are 
the BoAP 1.2, BoFUL 1, BoFUL 3 and BoSEP 3, which are affected by structural vari-
ants [78]. There has been evidence that BoSVP 1 has an inverse relationship with curd 
development and flowering in that, in Arabidopsis, it was found that when this variant 
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was upregulated for curd formation that its role in flower bud development suppres-
sion was more prominent, thereby highlighting its repressor role in the latter process. 
In addition, BoCCE participate in flower arrest, and it is found covering the entire 
genotype of Korso [84]. Through genotype experiments it has been found that it 
occurs in 97.1% pf cauliflower accessions, and that it is absent in cabbage and broccoli 
accession. This genetically emphasises that this gene arrests buds in the latter stages of 
development in broccoli, and much earlier in cauliflower buds [78].

There are several genes that participate in different phases of curd development. 
The below paragraph will mention a few, as well as their roles in this complex process. 
The first is the BoARL 2 gene that occurs to promote cauliflower curd size. The second 
is the BODRNL 1, which has a potential role in determining curd architecture, and 
which has deletions in its promoter region and determine curd development in cauli-
flower and broccoli. The helical growth is as a result of the BoTUA 2 and four BoTUA 
3 genes found in Arabidopsis species [78]. During the initiation of curd, the transition 
from vegetative to generative growth is a result of the flowering-time regulation (FLC 
and FRI), while floral meristem arrest is a result of several matching floral genes, viz. 
CAL, API, SEP3 for organ size control, CYP78A5 and ARL are involved, which during 
curd spiral organisation, DRNL and TUA, are the genes that play and active role [78].

7.4 The TOC1 gene

In a study that attempted to unleash the genome of B. rapa, a study on finding 
duplicated orthologues in B.rapa was conducted [31]. This was done by analysing the 
TOC 1 genes found in the circadian rhythms pathways of A. thaliana. When this was 
conducted in order to assess non-coding conserved sequences, it was found that B. 
rapa retained copies of TOC 1 [85]. The authors questioned the relevance of this in 
the functionality of the genome of B. rapa, particularly, because they were concerns 
on the effect of this gene in circadian rhythmicity [85]. Their concerns had to deal 
with the cis-acting elements, as well as the promoter sequence participating in this 
process. This is because over a period of time, which fractionation, duplication was 
not possible, however, in B. rapa, the duplicate gene should not have existed since 
the gene families in B. rapa are not resistant to fractionation, and therefore it should 
not have been able to provide a signal to detect syntenic regions [86]. In addition, 
diploidization would have degraded the collinear signal. This degradation would have 
caused genes and genomic region transportation, chromosomal inversion, chromo-
somal fission and fusion, and, polyploidy events. This should have happened since 
Brassica is characterised by its paleohexaploidicity [86]. It is due to this that authors 
questioned whether there was something special about the truncation of intron 1 in 
Bra012964, and whether the interplay between this gene and TOC 1, are interrupting/
stimulating the circadian pathway via sub- /neo-fractionisation of the homeologous 
genes involved in genome divergence in the family, Brassicaceae [31].

Thus far, you may have gathered that accessions relate to the utilisation of germ-
plasm. However, much more needs to be done in order to make accessions more 
feasible. In the past, the 1950s, there were a variety of studies performed on cabbage 
germplasm. The studies performed are on ascorbic acid, dry matter, sugars, fibre, 
mineral elements, carotene, and proteins [87]. Furthermore, the accumulation and 
consumption of nutrients were also studied. Moreover, vitamins, pigments, and 
mustard oils in cabbage, turnips, and rutabaga and radishes were studied [87, 88]. 
Later on, by the 1970s, efforts were made to deepen studies on the diversity and bio-
chemical composition of plants belonging to Brassica collections. And, in recent years, 



Brassica – Recent Advances

12

biologically active substances and biochemical components were being attempted to 
be studied for their health benefits. It is well known that in B. rapa, B. oleracea and R. 
sativus that accessions have been studied using SIRs, particularly since these plants 
have strong morphology and agronomy traits [89]. These traits are approximated 
to qualify and productivity, as well as biochemical traits, viz. dry matter content, 
proteins, sugars, ascorbic acid, chlorophyll and carotenoids [90]. The sections below 
would now focus on the health properties of plants of Brassica origin.

8. Biological effects on human health

Brassica plants have been found to possess many minerals and vitamins, and 
therefore, the crops from Brassicaceae have many benefits to human health. It has 
been found that the high folate content of the crops belonging to this species are able 
to reduce cancer, neural tube defects, as well as, vascular diseases [3]. The malignant 
and degenerative diseases, in contrast, are treated efficiently by the vitamin C, 
vitamin E and carotenoids found in these crops. In kale plants, for instance, a very 
high concentration of elements, namely: P, S, Cl, Ca, Fe, Sr. and K have been found 
[91–93]. While cabbage accumulates a considerable amount of copper, zinc and other 
trace elements, in broccoli, selenium is the main element that promotes health prop-
erties. Since Brassica can be grown hydroponically, independent of the other propaga-
tion methods, Cr, Fe, Mn, Se and Zn are elements that can, possibly, also, be extracted 
[15]. In contrast to cabbage, where trace elements can be found, in Radish, heavy 
metals are present, because this is a cruciferous species. Since the plants of Brassica are 
leafy, a fairly large amount of potassium are also found in them [11].

In addition to the above, Brassica also contains elements that account for pig-
mentation. For example, the anthocyanins are responsible for the red colour in red 
cabbage and broccoli species [15]. In terms of phenol compounds, the most common 
polyphenols occurring in Brassica species are flavonoids and hydroxcinnamic acid 
[15]. In Brussels cabbage, cabbage and broccoli, a fairly high concentration – say 
1.500–2.000 ug/g – of glucosinolates are present. These compounds (β-thioglycoside-
N-hydroxysulfates) are also prominent in horseradish, mustard, and the root and seed 
regions of Brassica vegetables [12]. In vegetable plants, approximately 75,000 μg/g of 
the fresh weight is what comprises the body of the mentioned plants. Although gluco-
sinolates are hydrolysed in the human intestinal tract, in plant tissues they are biologi-
cally inactive [12]. Therefore, they are able to be utilised in cooked vegetables, more 
so, because the hydrolysed products are biologically active, whereas on the chemical 
and thermal front, they are stable. The glucosinolates have an essential role to plant 
in the treatment of cancers, particularly because the hydrolysis of these compounds 
in plant tissues are said to produce particularly useful products. During hydrolysis, in 
plant tissues, the enzyme β-thioglucosidase catalyse the breakage of the thioglucosidic 
bond, and this reaction causes the products; glucose and thiohydrosimate-o-sulpho-
nate (or unstable aglycone) to be released [94]. Since glucosinolate produces products 
that are dependent on pH and the structure of glucsinolate ar the time of hydrolysis, 
there are a variety of products that are produced. Indoyl, ozazolidin-2-thiones, epi-
thiitriles, thiocyanates, sulphides, isothiocyanates and nitrile are among the products 
produced. However, the compounds, glucosinolates, glucoraphanin, gluconasturtin 
and glucobrassicin, are anticarcinogenic, while, indol-3-carbinol have been found 
to inhibit breast and ovarian cancer. In addition to the anticarcinogenic compounds, 
isothiocyanates are phytochemicals present in some Brassica plants. Since they are a 



13

Perspective Chapter: Knowledge and Different Perceptions on Some Aspects in the Genus, Brassica
DOI: http://dx.doi.org/10.5772/intechopen.110064

result of glucosinolate metabolism, it is expected that they have widespread functions 
[3, 95]. Some roles include their ability to reduce oxidate stress, alter cytokine activ-
ity (inflammatory response), induce apoptosis, inhibit angiogenesis, and inhibit cell 
cycle progession [96]. In addition, the isothiocyanates also possess anti-bacterial and 
anti-fungal properties, and this is related to its chemopreventative effect. There are 2 
mechanisms involved in the chemopreventative properties of this phytochemical. The 
first one is that isothiocyanates inhibit cell cycle progression, initiating cell death, 
while the second involves the inactivation of phase I enzymes, and the activation 
of phase II enzymes [97]. The latter mechanism is responsible for stimulating the 
production of this phytochemical in Brassica vegetables.

The most natural phytochemical found in Brassica vegetables is called sulphora-
phane. Another name of this substance is 1-isothiocyanate-(4R)-(methylsulfinyl) 
butane. This phytochemical is the most promising among the 4 chemopreventative 
agents found in Brassica crops. Just like isothiocyanate, sulphoraphane also inhibits 
tumour development by inducing cell-protective phase II enzymes [3]. Since veg-
etables of Brassica are consumed by humans, and mature broccoli is said to contain 10 
times more sulphoraphane than juvenile broccoli cultivars, consumption of sulpho-
raphane is possible by humans [3]. It has been found that 10 mg of purified sulphora-
phane can be tolerated by humans per day, while 100 mg of glucoaphanin is tolerable 
by humans per day. In order to prevent cancer development, it is recommended that 
humans consume 3–5 servings of cauliflower or broccoli per week [98].

9. Enzymes and biotransformation

It is because of the components found in Brassica crops that the enzymes involved 
in cancer prevention undergo biotransformation. These enzymes regulate the toxic, 
mutagenic and neoplastic effects of chemical messengers [99]. There are 2 type of 
enzymes, and these are the Phase I enzymes, and Phase II enzymes, which participate 
in DNA damage. The Phase I enzymes are the activators (cytochrome P-450, and 
Flavin-dependent monooxygenase), while the Phase II enzymes are the detoxifiers 
(GSTs, UDP-glucuronosyltransferase, sulfotransferase and N-acetyltransferase). 
These enzymes assist each other in the detoxification process. Phase I enzymes 
catalyse oxidation, reduction and hydrolytic reactions, and these reactions make 
compounds hydrophilic and accessible for detoxification. In contrast, the Phase II 
enzymes readily remove stable metabolites by catalysing conjugation, as well as other 
metabolic pathways that protect cell systems from electophiles and oxidants. Since the 
biotransformation of enzyme expression alters steroid hormone exposure, it is found 
that the progression of malignant and premalignant tissues are indirectly affected, 
and hence, carcinogenesis is affected [4, 12, 99].

There are many type of cancers that are affected by the substances present in 
Brassica plants. The paragraphs that follow would demonstrate this widely researched 
area.

In Brassica nigra seeds, sinigrin, a major product of glucosinolate hydrolysis, has 
been found to participate in liver tumour cell progression. It is said to achieve this 
through p53-dependent apoptosis. However, in rocket plant species, in a controlled 
experiment, apoptosis and necrosis was not induced by a p53-independent mode of 
cell death when glucoerucin was hydrolysed to 4-methylthiobutyl isothicyanate [100]. 
Instead, this compound was found to be selectively toxic to tumour-initiating cells. 
In another study it was found that cabbage and kale extracts caused DNA damage to 
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be inhibited in rats, and this was said to be a result of the hepatocarcinogenic proper-
ties exhibited by cabbage extracts. This heptaoprotective effect is also present, and 
applicable, by the antioxidant properties of the volatile fatty acids found in cabbage 
plants [101, 102].

Unlike 4–methylthiobutyl isothiocyanate, 1-methoxy-3-indolylmethyl alcohol, 
another hydrolysis product of glucosinolate, forms DNA adjuncts in the liver, and this 
metabolite of neoglucobrassin, is a genotoxic carcinogen [94]. According to the World 
Cancer Research Fund, and the American Institute for Cancer Research, the risk 
of humans acquiring gastric cancer is inversely proportional to the high amount of 
Brassica crop intake. Since the level of 2-amino-1-methyl-6-phenylimidazole pyridine, 
and other dietary-related heterocyclic amine carcinogens, are increasingly eliminated 
through the consumption of Brassica vegetables, the risk of colorectal cancer appears 
to be reduced. This was found to be true when broccoli and Brussel sprouts consumed 
in the presence of well-cooked meat. This is a good finding, because, in the USA for 
example, colon cancer-related deaths are the third most common [103]. This state-
ment if confirmed by 5 out of 8 controlled studies showing a reduction in cancer risk 
with high Brassica vegetable intake, with 3 studies showing a negative relationship. It 
is due to the reporting of negative relationship with Brassica vegetable consumption 
that it’s impossible for one to conclude that the consumption of Brassica crops are 
related to the risk of colorectal cancer development or inhibition [104].

Even through the affect of Brassica vegetable consumption on the risk of lung 
cancer is well-known, it’s impact is not as great as if one was to leave smoking. Lung 
cancer, in general, is caused by genetic lesions caused by exposure to smoking or 
ROS (reactive oxygen species), oestrogens, bacterial and viral infections [105]. 
Unlike colon cancer, lung cancer is the leading cause of death globally. When 1 μM 
of glucosinolate was isolated with cut rat liver slices for 24 hours, it was found that 
the glucosinolates were able to modulate the cytochrome P450 and Phase II enzymes, 
and this lead to the belief that glucosinolates have a profound effect on pulmonary 
carcinogen metabolism, and therefore, Brassica vegetables have the ability to exhibit 
chemopreventative activity in the lung of rats [106]. To date, no relationships between 
isothiocyanate urine levels and lung cancer risk in non-smokers have been reported. 
Also, the p53 status of lung cancer cells (A549; lung adenocarcinoma, H1299; larger 
lung carcinoma) have been reported as being affected in a dose-dependent manner 
upon isothiocyanate adenocarcinoma, and this was found through its cytotoxic effect. 
There is also evidence that the antioxidant effect of Brassica crops also play a role in 
protecting the cellular integrity and homeostasis of the benzo (a) pyrene [B (a) P]. 
This was found when 9 μmol/day of sulphoraphane were orally administered approxi-
mately 6 mice, and results on the basis of oxidative damage were noted. Unlike with 
lung cancer and smoking, breast cancer is age dependent, but not entirely [105]. In a 
study that consisted of 2832 women, aged between 50 and 74 years, when the deaths 
of 2650 women were compared, it was found that approximately 20–40% of the 
risk of breast cancer was induced [107]. This result was retrieved from women who 
consumed between 1 and 2 portions of Brassica vegetables. This result also assumed 
that the eating of these vegetables also altered the oestrogen metabolism pathway of 
these women. Furthermore, there was no relationship between cancer risk and the 
total vegetable and fruit consumption in the studied women. However, in a study 
that evaluated the effect of eating cauliflower on breast cancer, it was found that the 
substances contained in cauliflower had an inhibitory effect on breast cancer cells, in 
both oestrogen receptor-positive and oestrogen receptor-negative individuals [107]. 
In Chinese women, consuming Brassica crops reduced breast cancer when urinary 
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isothiocyanate biomarkers were studied. In Caucasian women, on the other hand, the 
eating of broccoli was found to be negatively associated with breast cancer risk in pre-
menopausal women, and this suggests that Brassica vegetables may be a curative agent 
in treating breast cancer in premenopausal women [108]. In men, on the other hand, 
prostate cancer is found to occur due to many reasons, but of those, the main issues 
arise due to nutritional status, particularly the consumption of fat and high fat foods 
[3]. The glutathionine S-transferase (GST)-∏ gene is said to play a role in the progres-
sion of prostate cancer, and this gene is said to disappear in prostate cancer, prostate 
cancer precursor lesions and prostate intra epithelial neoplasm. In a study where 
animals were fed with broccoli, it was found that the upregulation of this gene altered 
biotransformation enzyme levels in the peripheral tissues, thereby protecting against 
prostate cancer growth. In patients under 65, Brassica vegetables have been found to 
reduce the risk of prostate cancer, however, with the consumption of high amount of 
these vegetables, advanced and metastatic prostate cancer can also be managed [109].

Pancreatic cancer is also an illness that requires treatment using plants, particu-
larly since in the USA it is the fourth cause of cancer-related deaths, whereas in Japan, 
it is the fifth. Cabbage has been shown to be most effective in treating pancreatic 
cancer among patients who consume 1 or more portions per week [110]. This obser-
vation was made with comparisons of subgroups of crops and fruits. Also, benzyl 
isothiocyanate, a member of the isothiocyanate family, was found to be an effec-
tive supplement alternative to X-ray therapy for pancreatic cancer. Bladder cancer, 
alternatively, occurs from the bladder epithelium, and is it this isothiocyanate present 
in Brassica vegetables that protect the epithelium cells from cancer. This was found in 
mice that were fed on broccoli sprouts. There, it was found that GST and quinone oxi-
doreductase in the bladder tissues and cells were induced, thereby preventing bladder 
carcinogensis [16]. Studies have reported that broccoli and cabbage, as well as other 
vegetables of the family, Brassicaceae, reduce the risk of bladder cancer. However, 
other type of vegetables and fruits may not necessarily be beneficial to reduce bladder 
cancer development. In a biological study, involving rats being fed on freeze-dried 
broccoli extracts, an alteration was found on the bladder, and bladder cancer was 
inhibited in a dose-dependent manner [111].

As already mentioned, many plants from the family, Brassicaceae, are involved in 
neurological diseases, and it had been noted that his has been due to oxidative stress. 
Furthermore, isothocyanates play an essential role in chronic diseases like cancer and 
neurodegenerative diseases [3]. This degradation product reduces the activation of 
cell death, and thereby also modulates inflammatory pathways, such as apoptosis. It 
does this by activating proinflammatory cytokine production, as well as, the produc-
tion of oxidative species and the initiation of neuronal apoptosis death pathways, 
through NF-kβ translocation [112]. In a study where the Nrf2-ARE signalling path-
ways were activated, through mitochondrion function modulation, HSP70 gene 
transcription and expression, it was found that broccoli sprouts juice has a protective 
effect against β-amyloid peptide-induced cytotoxicity and apoptosis [113, 114]. In 
addition, due to Nrf2 activation, the broccoli juice was said to have also increased 
the activity of antioxidant enzymes, like HO-1, thioredoxin, thioredoxin reductase, 
NQ01, mRNA levels, as well as, intracellular glutathionine [112]. As a result of these 
roles of broccoli juice, it is said that plants of Brassica are effective to treat Alzheimer 
diseases [112].

There are various diabetic complications associated with diabetes. These compli-
cations include cardiomyopathy, nephropathy, neuropathy and retinopathy through 
Nrf2 activation [115–117]. Since Brassica crops form a part of functional foods, and 
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sulphoraphane is an essential element of Brassica, type 2 diabetes mellitus can be 
controlled, instead of it reaching long-term complications. Since red cabbage has been 
found to decrease the catalase activity in diabetic kidney, it can be deduced that the 
functional foods belonging to this group are potential sources to treat diabetes [3]. 
Cholesterol is another factor which can be controlled by eating foods composed of 
Brassica vegetables. For example, broccoli sprouts has been found, over a course of a 
week eating 100 g fresh broccoli, to have decreased total, LDL and HDL cholesterol 
levels. Furthermore, this eating strategy has been found to improve cholesterol 
metabolism, and reduce oxidation stress markers [118]. In hepatoma-carry rats, on 
the other hand, cabbage extracts were found to decrease serum cholesterol levels. In 
addition, bile excretion and 7-alpha hydrolase activity in the faeces of these rats were 
increased. This suggested that cabbage determines cholesterol levels by increasing 
its metabolism in hepatoma developing rats. Also, in hypercholesterolemia patients, 
red cabbage and Brussels polyphenols affected the concentration of cholesterol in 
red blood cells membranes, and this is directly associated with the concentration 
of anthocyanins [119]. Thus far, it has been highlighted that the role of broccoli, 
and cauliflower, have profound effects on controlling neuro-degenerative diseases. 
However, in addition to the diseases mentioned, broccoli sprouts are also effective 
in the treatment of gastrointestinal diseases, via. Stomach adenocarcinoma, gastric 
ulcer, duodenal ulcer, chronic superficial gastritis, non-Hodgkins lymphoma, and 
gastric infection. Since Heliobacter pylori causes oxidative stress, a daily intake of 
70 g/d glucoraphanin-rich broccoli sprouts for 2 months, they provide a protective 
role by presenting gastritis in humans and animals. Alternatively, sulphoraphane 
plays a cytoprotective role in the gastric mucosa by not inhibiting the severity of 
infections by Helicobacter pylori [120, 121].

The detoxification properties of Brassica vegetables contribute toward their anti-
inflammatory properties by clearing free radicals and inducing immune functions. 
And, apart from the gastrointestinal disorders which Brassica vegetable can suppress, 
the compounds found in these plants can also be used to treat small incisions, wounds 
and mastitis. As it is known, glutathionine S-transferase (GST), plays a remarkable 
detoxification role in detoxifying carcinogens, environmental toxins and oxidative 
stress products. In addition, the vitamin c properties of Brassica plants have been 
found to be an effective antioxidant, which protects against various degenerative 
diseases [3, 104]. In a study that assayed the ascorbic acid content in B. oleracea, Singh  
[122] found that the cabbage (10 g) contained more ascorbic acid compared to cooked 
cabbage. This was ascertained using a large amount of 2,dichlorophenol indicator 
with raw cabbage, during the titration. It was concluded that there was a direct pro-
portionality in the amount of 2,6-dichlorophenol used to obtain a pink colour [122]. 
The results showed that approximately 40–55 mg of ascorbate could be found in raw 
cabbage, and that this was in keeping with the recommended daily allowance (60 mg) 
that a person is ought to eat. The 15–29 mg ascorbate found in cooked cabbage high-
lights that the raw cabbage is a better source of antioxidants. Since cabbage contains 
ascorbate, it is recommended as a functional group, as it maintains healthy gums, 
teeth and bones, as well as participates in immunoprotection, like scurvy and rickets 
[122]. Brassica vegetables also promote an increase in the secretion of THS and thyroid 
cells as thiocyanate (metabolised from thioglycosides) inhibits iodine transport and 
the incorporation of iodine into thytoglobulin. The thiocyanate ions and oxazolidin-
2-thiones are goitrogenic, because they contain a β-hydroxyl group. The goitrogenic 
activity can be counteracted by increasing the amount of iodine consumed in the diet. 
In a group of 293 Malaysian women, it was found that a high consumption of Brassica 
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vegetables and mild iodine deficiency was enough to explain the high incidence of 
thyroid cancer against them. Therefore, a positive relation was established between 
cancer of the thyroid and the consumption of Brassica functional foods [3, 123].

10. Conclusion

The family, Brassicaceae encompasses many plant species that have many impor-
tant biological properties, such as antioxidant, antibacterial and anticancer proper-
ties, among others. In this paper, various studies about the growth and propagation 
of Brassica plants have been discussed, particularly with reference to anther culture, 
microspore culture, and male sterility cytoplasm introgression. This paper also 
looked into the many features of Brassica plants, and perceptions, upon introgres-
sion of cytoplasm from on Brassica plant species to another. This was discussed 
quite intricately in relation to Brassica divergence, and the various traits such as the 
pattern of leaf growth in cauliflower and the origin of Brassica plants in general. It 
was reinterated, in this paper, that cauliflower and broccoli have many nutraceutical 
properties as functional foods, and that this stemmed from an original ancestor, the 
cabbage. In addition to the pattern of development in the inflorescence of cauliflower, 
introgression was also found to have an effect on the colouring of plants, and in cases 
it was occuringly prominent that chlorosis occurs during introgression. With regard 
to microspore culturing, an essential requirement was to maintain seed viability; so 
embryogenesis was possible. It was also undesirable to have self-pollination occur, 
as it is known to produce small curd size in cauliflower. A. thaliana was the ideal 
model for experiments with Brassica genomes. With Chinese white kale, for example, 
distinct clades were found as a result of biennial growth was favoured in this plant, 
over annualism. It was also established that more effort was required in germplasm 
experiments, and that germplasm was present for hybridization experiments, as 
well as experiments involving curd development. Furthermore, genome phylogenic 
analysis between heading mustard, B. rapa and B. juncea showed a narrow genetic 
diversity among each other. Also, CRISP/Cas9 technology may be successful in future 
to optimise oil production from B. napus. Furthermore, like with all plants, even in 
Brassica plants – like B. napus – the type of chambered pots produced are regulated by 
signal pathways, and gene coding may inhibit, or stimulate, the production of unsatu-
rated fatty acids from B. napus. Structural variation have also been used to study 
meristem and flower development in cauliflower. In addition, in rapeseed cultivars, 
CVs are used to assess acclimatisation patterns to winter climates. Also, we have learnt 
about the different minerals and vitamins occurring in Brassica. A key component of 
glucosinolate hydrolysis, namely the sulphurphanes, is a key substance that inhibits 
turnover growth, and, as a result, it is a chemopreventative agent. This paper also 
detailed the various cancers which Brassica phytochemicals are able to treat, and in 
all cases these were either via the mitochondria, oe p-53-independent cell death. In 
addition, neurological defects, as well as, assaying of the vitamin C content of raw 
and cooked cabbage has also been discussed. In conclusion, this paper reports on the 
knowledge and different perceptions on some aspects in the genus, Brassica.
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Chapter 2

Perspective Chapter: Creation 
and Evolution of Intergeneric 
Hybrids between Brassica rapa 
and Raphanus sativus
Soo-Seong Lee,  Jiha Kim,  Jin Hoe Huh, Hyun Hee Kim  
and Jongkee Kim

Abstract

Although research has been conducted on intergeneric hybridization between Brassica 
and Raphanus, much of it remains unpublished. We have acquired numerous Brassica 
rapa ssp. pekinensis (kimchi cabbage) and R. sativus var. major (“big root radish”) hybrids, 
originally classified as intergeneric hybrids and named “baechumu” in 1995. A cultivar 
was identified BB#12, (renamed BB#1 for registration) in baemoochae following stabi-
lization via a microspore mutation in 2006. Numerous hybrids were created for various 
purposes; some were sterile when self-pollinated but fertile in crosses with other cultivars. 
Microspore mutation also produced, BB#12x is a novel intergeneric hybrid. A new stable 
plant variety, BB#5, was selected from numerous inbred lines and produced via micro-
spore culture; it has a very late bolting time and is cultivated in spring. The cultivar purple 
BB#10 was developed by adding radish chromosomes to turnip, including one providing 
the purple color, and double-crossing with BB#12, CMS BB#12, and normal BB#12. 
Now that the hybrid between ssp. pekinensis and radish has produced mature seeds as a 
 dominant property, intergeneric hybrid cultivars can be bred in the future.

Keywords: intergeneric hybrids, Brassica rapa, Raphanus sativus, self-sterile, cross-fertile, 
mature seeds

1. Introduction

There are two main kinds of intergeneric hybrids involving Raphanus: Raphanus 
and Brassica, and Brassica and Raphanus. Hybrids between Raphanus (radish) and 
Brassica oleracea var. (cabbage) were bred by Sageret [1] (cited from Prakash et al. [2]), 
Karpechenko [3], and McNaughton [4] and stabilized by Chen and Wu [5].

Our laboratory began conducting studies on intergeneric hybridization between 
kimchi (Chinese) cabbage (B. rapa ssp. pekinensis) and radish (R. sativus var. major) 
in 1986 [6], and research has been ongoing ever since (i.e., for 36 years). Originally, 
this was classified as an intergeneric hybrid and was named “baechumu” after a 
successful microspore culture in 1995 [7]. In 1997, the crossbreed was renamed again 



Brassica – Recent Advances

30

as “baemoochae” (where “bae” is from “baechu”, [kimchi cabbage], “moo” is from 
the Korean for radish [i.e., “mu”], and chae is from “chaeso” [vegetable in Korean]) 
[8]. Baemoochae was stabilized in 2006 [9]. In total, 25 papers on baemoochae have 
been published or accepted, 17 of which are either from our laboratory or list me as an 
author (four of these are in Korean). However, these papers do not represent all of the 
work that we have done, and some are available only in Korean.

Terasawa [10] was the first to report intergeneric hybridization between Brassica 
and Raphanus, followed by Takeshita et al. [11], Dolstra [12], Lange et al. [13], Lee 
et al. (1986–2022), and members of the laboratories of Professor Hyo Guen Park 
[14, 15], Professor Jongkee Kim [16–18], Professor Il-Sup Noh [19], Professor Jun 
Gu Lee [20], Professor Hyun Hee Kim [21, 22], and Professor Jin Hue Huh [23, 24]. 
Tonosaki et al. [25] in Japan, and Lou et al. [26], Zhang et al. [27], and Jin et al. [28] in 
China, have published papers on hybridization between Brassica and Raphanus. These 
studies written in English are briefly introduced and the Korean papers are discussed 
in detail; previously unpublished photographs and tables are also provided.

2. Development and application of an ovule culture system

To obtain a hybrid between Brassica and Raphanus, Brassica should be the maternal 
parent [14, 29]. The first successful Brassica-Raphanus hybrid seeds were acquired 
by Terasawa [10]. However, the hybrid seeds were between B. rapa ssp. chinensis and 
R. sativus, not ssp. pekinensis. Dolstra collected a wide range of varieties and used B. 
rapa, ssp. rapifera (turnip), ssp. oleifera (turnip-rape), ssp. chinensis (Chinese mus-
tard), and ssp. pekinensis (Chinese cabbage) as female parents [12]. However, he could 
not obtain seeds from ssp. Pekinensis, but did obtain them from the other three sub-
species. B. rapa ssp. pekinensis seemed to have a characteristic preventing the develop-
ment of mature seeds. Lange et al. published a paper on Brassica-Raphanus hybrids in 
1989. Most of Dolstra’s research focused on the creation of Brassica-Raphanus hybrids, 
with little discussion of future directions.

Takeshita et al. [11] attempted to germinate a hybrid seed between ssp. pekinensis 
and R. sativus using a culture of young ovules, but was not successful. Successful ger-
mination was reported by Been and Park [14], but the mature plant did not produce 
any seeds. Subsequently, a student of Professor Hyo G. Park studied an ovule culture 
to increase the number of germinating ovules [15]. Several sprouts were observed 
from one ovule, and the addition of 0.1 mg each of benzyl adenine (BA) and naphtha-
lene acetic acid (NAA) to 1 L B5 medium increased the number of plants (Table 1).

On the basis of these results, the Horticultural Experiment Station (HES) cultured 
ovules of intergeneric hybrids between ssp. pekinensis and Raphanus on the modified B5 

Amount (mg/L) of NAA and 
BA add to 1 L B5 medium

Cultured 
ovules

Calluses Shoots Roots and 
shoots

Plantlets 
established

0.1 93 5 24 4 27

0.5 92 0 2 0 0

1.0 98 5 0 0 0

Table 1. 
Effects of NAA and BA on excised intergeneric ovules in hybridization between Kenshin (Brassica) and Jinju 
daepyung (Raphanus) performed in 1985.
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medium in 1986 and 1987 [30]. All three cultivars of kimchi cabbage and radish produced 
intergeneric hybrids, and BA, NAA, and 2, 4-dichlorophenoxy acetic acid (24-D) com-
bined with 8- or 24-h dark treatment per day did not greatly influence the ovule culture. 
Of the 676 ovules cultured, 102 (15.1%) produced plants, including 22 multi-shoot 
embryos. Of the successfully germinated plants, 22 were harvested and 439 seeds were 
collected. This study was the first to harvest F2 seeds from Brassica-Raphnus hybrids [6].

Two F1 cultivars, Jeonsueng (Brassica) and Taeback (Raphanus), which were 
included in the above-described study, were used for subsequent experiments con-
ducted in 1987–1990 [8]. In total, 1893 ovules were cultured: 1250 for 2n × 2n and 643 
for combinations of 2n × 4n, 4n × 2n and 4n × 4n (Table 2). Once the seeds had been 
harvested, 4–5 seeds were sown according to their ploidy level. They were germinated 
evenly with 3–5 plants; 2n × 2n resulted in plants with a normal appearance, while 
2n × 4n, 4n × 2n and 4n × 4n plants were mostly albino, for reasons that remain 
unclear. Notably, subsequent intergeneric hybrids of Brassica and Raphanus were all 
obtained by ovule culture.

3. General characteristics of intergeneric hybrids

The morphology of the hybrid plants is intermediate between the two parents. 
The seed pod has a narrow septum at the center dividing the top and bottom parts 
(Figure 1). The lower part that attaches to the stem (bottom) is entirely kimchi cab-
bage, and the upper part (top) is entirely radish. This also applies inside the pod [8]. 
However, the seed appearance is indistinguishable between the kimchi cabbage and 
radish portions [13, 31]. The siliqua morphology seems to be a distinctive character-
istic of the intergeneric hybrid between Brassica and Raphanus.

Crop Cultured 
ovules

Germinated 
ovules

Plants (including 
multi-shoot ovules

Pollenating 
plants

seeded

Kimchi 
cabbage

1.893 391 (20.7%) Total 591 (31.1%)
Tested 466 (24.6%)

98 (5.2%) 65 
(3.4%)

Medium: B5 + NAA 0.1 ppm + 24-D or BA 0.1 ppm.
(125.6%) ovules or plants died.

Table 2. 
Data from the experiments of the HES conducted in 1987–1990.

Figure 1. 
Leaf and pod morphology of an intergeneric hybrid (shown between its parents).
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Seeds were harvested from plants cultivated in the fall. The general characteristics of 
baemoochae plants are as follows ([31], Table 3). The leaves resemble those of a radish 
and have many lobules and a robust appearance. Baemoochae plants have only a few 
leaves (~30), with very large petioles (~10 cm in circumference). The petiole is white 
and round, differing from the parent cultivar; kimchi cabbage has a broad white peti-
ole, and radish has a thin, green, circular petiole. The heading ability is very low. The 
roots are small, but the midportion bulges (similar to radish) before stabilization [31].

The flower of intergeneric hybrids is typical of Cruciferous plants, i.e., it is gener-
ally white [31]. The plants with yellow flowers presented in the cultivation of BB#6 
(a novel unstable line). The yellow stock has not been registered.

Progeny (F2) of the ssp. pekinensis and R. sativus hybrids were attained first. The 
average number of seeds produced was less than one per pod, similar to the results of 
Dolstra [12]. However, every pod reached maturity despite the empty husk [31]. The 
seed size differed even within the same year. The random weight of 1000 seeds of 
kimchi cabbage is approximately 3.5 g, compared with 7.0 g for the intergeneric hybrid 
and 14.0 g for radish. The number of seeds per milliliter is ~200 for kimchi cabbage, 
~120 for the intergeneric hybrid, and ~50 for radish; seed vigor also differs [31].

The total number of ovules produced by the hybrid is 10–12, which is less than the 
average of 25 produced by kimchi cabbage and more than the 5–7 produced by radish. 
Of the seeds produced, 7–8 form the bottom kimchi cabbage part; the remaining 3–4 
form the top radish part [31].

4. Development of a dihaploid production system

Eleven plants were randomly chosen to produce pollen, including OV115C, which 
was obtained by ovule culture and colchicine treatment; it was exposed to anther 
culture in 1986 and embryos appeared in six plants [6]. Eighty-four embryos from 
20 anthers germinated. Fifty anther-derived plants flowered and 14 produced self-
fertilized seeds. The number of chromosomes in the pollen of the mother cells of 
these 50 individuals indicated that there were 5, 30, 15 allodiploid, (n = 2x = 19), 
allotetraploid, (2n = 4x = 38), and allooctaploid (4n = 8x = 76) plants, respectively.

When individuals with different ploidy levels were cultured, more embryos 
appeared in allooctaploid (38II, 2n = 8x = 76) than allotetraploid (2n = 4x = 38) [pp. 
56–67 of a 1998 report from the HES [32] (Table 4)]. These results can serve as a 
useful reference for future anther or microspore cultures.

Microspores were cultured from the OA-20 line, which originated from the 
OV115C anther culture [7]. Of the 114 embryos, only 14 plants germinated, although 
a lot of calluses were present on these plants. The microspore culture successfully 
produced an intergeneric hybrid between kimchi cabbage and radish. A washing 

Line 
code Z

Head 
(g)

Plant 
weight 

(kg)

Leaf 
length 
(cm)

No. of 
leaves 
(each)

No. of 
lobules 
(each)

Petiole 
circum-

ference (cm)

Root 
length 
(cm)

Root 
width 
(cm)

Root 
(g)

BB#1 900 
loose

4.7 45 30 22 10.0 18.0 3.5 210

1Direct sowing on August 14, observed on November 7.

Table 3. 
Characteristics of baemoochae grown in the fall.1
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solution composed of B5 and NLN medium was more effective than a reduced half-
concentration mixture, as was a density of 100,000 microspores over 72 hours than 
50,000 over 24 hours or 200,000 over 120 hours (at 32.5°C).

To determine the correlation between ploidy and germination, the chromosomes 
at the root tip of plants and chloroplasts within the guard cell were counted. Haploid 
plants have about 10 chloroplasts, while diploids have about 14, tetraploids about 
22, and octoploids about 36. Diploids were the most commonly germinated embryo, 
accounting for nine of the 14 plants.

Results from unpublished work showed that adding a liter of NLN medium con-
taining 0.1 mg of BA to the microspore culture reduced the incidence of callus forma-
tion and increased embryo yields by an average of 6.8 per Petri dish. To acclimate the 
derived hybrid, B5M2-II medium, which comprises 400 mg/L of KCl and 600 mg/L 
of CaCl22H2O, was added to the B5 basal medium, resulting in an increase in the 
plant survival rate from 24% in the MS2 medium to 75% (Table 5). Comparing the 
stable and unstable lines, the BB#12-stabilized line generated many more embryos, 
demonstrating that stabilization is an important factor in the production of embryos 
in microspore cultures (Table 6). In another unpublished experiment, acclimation 
using a microponic system was performed repeatedly, and a plant survival rate of 
almost 100% was obtained when plants were acclimated for 20–30 days. This repre-
sents an important finding with respect to the microspore culture process (Figure 2). 
These improved microspore culture techniques have been providing excellent results 
for the baemoochae experiments conducted in our laboratory.

Line code Ploidy No. of anthers No. of embryos

Code Inoculation Germination

OA 15 19 I 300 0 0

OA 20 19 II 300 2 4

OA 31 19 IV 300 14 131
1OV: ovule culture after hybridization. C: colchicine treatment. OA: anther culture.

Table 4. 
Numbers of embryos formed from anther cultures derived from OV115C with different ploidy levels.1

Medium Numbers of embryos Regenerated plants

Transplanted Died Abnormal Transplantable

MS2 102 40 (40%) 38 (37%) 24 (24%)

MS4N 90 53 (59%) 21 (23%) 16 (18%)

MS4K1 93 37 (40%) 12 (13%) 45 (48%)

B5M2-II 186 4 (2%) 43 (23%) 140 (75%)
1Cultivar: BB#12 (stabilized).
MS2: 2% sucrose in MS medium, as recommended by Keller and Armstrong (1979).
MS4N: NH4NO3 was reduced to 550 mg/L from 1900 mg/L in the MS medium, with 2% sucrose.
MS4K1: BA (0.1 mg/L) and NAA (0.2 mg/L) were added to the NH4NO3-free MS medium, with 2% sucrose.
B5M2-II: 400 mg/L of KCl and 600 mg/L of CaCl22H2O were added to the B5 basal medium, with 2% sucrose.

Table 5. 
Effects of plant medium on the regeneration of microspore-derived embryos of baemoochae (xBrassicoraphanus 
koranhort).1
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5. Taste and nutrition of baemoochae

The nutritional composition of baemoochae derived from microspore culture was 
analyzed at the Dietary Life Improvement Research Institute, Rural Development 
Administration, by request of Mr. Moo Kyoung Yoon based on standards for kimchi 
cabbage and radish (1996, Table 7). Baemoochae showed high nutritional value in both 
the fresh top-part and underground roots. In total, 14 of 20 elements were overrepre-
sented in the fresh parts and roots [energy, moisture, protein, fat, sugar, fiber (cellu-
lose), phosphorus, natrium (sodium), kalium (potassium), zinc, magnesium, vitamin 
B1, vitamin B2, and vitamin C]; the remaining six components (ash, calcium, iron, 
vitamin A and its precursors, β-carotene, and niacin) were genetically dominant [31].

Baemoochae has a pleasant texture (crisp and juicy) and a unique flavor similar 
to wasabi. The component responsible for the spicy and sweet taste is sulforaphene, 
which has a very similar chemical structure to sulforaphane; however, sulforaphene 
has an additional double bond. Jongkee Kim [34] found that sulforaphene had the 
same anticancer effects as sulforaphane. Additionally, baemoochae juice had the same 
ability to eradicate Staphylococcus aureus as sulforaphene. These results have encour-
aged other scientists to investigate the baemoochae glucosinolate to sulforaphene via 
saliva.

Analysis of contents by part showed that baemoochae BB#6 had 294 μg sulfora-
phene per g of fresh root when harvested in November ([31], Table 8).

The location and cause of the high sulforaphene content in baemoochae were 
investigated. A small amount was found in the kimchi cabbage portion, but the 

Line code Genetical status Embryos/Petri dish

Average of 30 Maximum of 10

BB#4 Unstable 0.8 2.6

BB#12 Stable 27.0 56.8
1Each culture was conducted three times in April, in 10 Falcon Petri dishes each time.
Medium: NLN13 (13% sucrose in NLN medium) and BA (0.1 mg/L).

Table 6. 
Genotype specificity for embryo induction in microspore culture for unstable and stable baemoochae lines 
(xBrassicoraphanus koranhort).1

Figure 2. 
Baemoochae nurseries acclimated in a microponic system (Dr. Yoon presented). The box of the microponic system 
was 60 cm long, 37.6 cm wide, and 18.2 cm high, and the top was covered with cellophane with 12 small holes. 
Thin tubes were connected to a machine to create air bubbles in the bottom of the medium.
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majority was in the Taebaek radish portion (the male parent of baemoochae cross) 
[17]. The dry weight (DW) of baemoochae is about 55 μmol/g, which is less than that 
of Taebaek radish (75 μmol/g DW) but more than that of kimchi cabbage (28 μmol/g 
DW) [16, 18]. In another experiment that examined nine different crops (cauliflower, 
cabbage, broccoli, radish, baemuchae, pakchoi, Chinese cabbage, leaf mustard, and 
kale), the glucosinolate concentrations were lowest in radish tissues and differed 
widely among varieties [20].

In addition to the high concentrations of anticancer and antibacterial glucosino-
late, baemoochae also has a high content of flavonoids, which have antiviral, antihis-
tamine, and antioxidant effects [27].

6. Stabilization and evolution of baemoochae

When broccoli microspores were cultured with 0.01 μmole of n-nitroso n-methyl 
urethane (NMU), the embryo yield fell to 53%. However, the treatment increased 
the proportion of pollen-producing individuals to 73% (129 plants) and induced 
sterility in male plants [35]. Thus, whether NMU treatment increased the number of 
pollen-producing and sterile male intergeneric hybrid plants was investigated. In an 
experiment in which the microspore culture was treated with 0.01 μmole NMU, only 
nine plants produced pollen, with a seed yield of less than 0.5 seeds per pollination 
in 2005. When every strain was sown again for seed production, all seeds from the 
pods of four strains of nine lines matured into a greenish color, with the exception of 
one or two degenerates and the BB#1, BB#4, and OV115C cultivars, which turned 
brown; only one or two seeds matured in 2006. Unfortunately, after root harvest in 
the fall of 2007, the tap roots did not have swollen parts like a radish and had rotted 
inside (Figure 3). Seeds were produced again in 2008 and cultivated in autumn, like 

Outer leaf Middle leaf Inner leaf Root

Midrib Fresh Midrib Fresh Midrib Fresh

30.8 36.0 191.4 150.3 137.3 268.2 294.3
1Mean of three replicates.

Table 8. 
Content of sulforaphene in various parts of baemoochae BB#4 grown for 80 days in the fall (μg/g FW).1

Figure 3. 
The appearance of Mi2-generation plants from stabilized seeds of baemoochae in 2007.
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the previous year. The tap root was retained, but the root was not rigid and the inside 
did not rot, as it had the previous year. All lines were the same as before. The root rot-
ting was probably a physiological disorder in the earlier generation of the mutation, 
although the cause was not clear.

Seeds were obtained by hybridization of a reciprocal cross between BB#12 and a 
new intergeneric hybrid that had not produced any self-seeds, i.e., Jombaechu × Jeku 
Gaetmoo (04-33-81 × 04-80-8, 9) [36]. Among them, BB#12 was used as a mother 
line and applied for microspore mutation. One plant was selected and stabilized as a 
new late-bolting variety, i.e., BB#5 ([21]: [37]).

According to international regulations, the genus name should be xBrassicorapha-
nus, irrespective of the female and male parents, to commemorate Saqeret, who was 
the first to announce successful hybridization between Raphanus and Brassica. Species 
can be named according to future needs [38]. For example, the species name for 
baemoochae BB#5 was announced as koranhort [37], since this crop originated at the 
HES in Korea in 1986 and was developed as a stable cultivar at Chung-Ang University 
in Anseong in 2006. The scientific name of baemoochae is xBrassicoraphanus koran-
hort Saqeret & Lee (Soo-Seong).

To develop a new baemoochae line having a swollen root like a radish, the cultivar 
nidomi turnip (07-80-166. Brassica) was first hybridized with coastal south Gaetmoo 
radish (05-80-45. Raphanus) and subsequently crossed with baemoochae BB#12 
to create this hybrid (166 × 45). Although the coastal south Gaetmoo radish had a 
purple vein, it was ignored since the leaf was green, and it was not clear whether the 
purple vein would become a purple leaf after several generations. Two plants used 
for multiplying seeds of turnip × radish were crossed to achieve cytoplasmic male 
sterility (CMS) of BB#12, i.e., to breed a CMS hybrid. This resulted in a CMS turnip 
× radish combination hybridized to a normal BB#12 to induce another CMS line 
of BB#12. Two plants crossed with normal BB#12 of CMSBB#12-11 × (166 × 45) 
produced only one or two seeds. The other two plants, crossed with BB#12 of 
CMSBB#12-7 × (166 × 45), produced seeds in amounts of 21.7% (81 seeds) and 
20.0% (72 seeds) relative to that produced by the standard BB#12. Some purple 
plants (16 of 22 cultured) were produced from the 81 seeds mentioned above [39].

Since the seed production of BB#12 × {CMSBB#12-11 × (166x 45)} was unusual, 
a “marker test” was performed by Seoul National University, along with chromo-
some detection by Sahmyook University, which showed that the two lines were not 
genetically crossed. Radish chromosomes were intact before hybridization with the 
turnip, even though the radish chromosomes had “sandwiched” turnip chromosomes 
after hybridization. Turnip chromosomes are already intercalated with B genome 
chromosomes. Therefore, it was inferred that the turnip was intercalated with the 
radish chromosomes, including those responsible for the purple color. Therefore, the 
resulting purple cultivar was produced by chance [39].

7. Lack of a commercial F1 hybrid in baemoochae

As the F1 hybrid cannot be copied by other companies and plant breeders, grow-
ers must purchase these excellent seed varieties every year. To guarantee profit, the 
company sells a finite amount of seeds per year. Before the baemoochae was stable, 
the F1 hybrid was developed for breeding. A male sterile line of mustard (Ogura) 
was received from Professor Il-Seop Noh of Sunchon National University and used 
(2004); an attempt was made to induce a baemoochae CMS line. An F1 plant of 
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baemoochae hybridized with “CMS mustard.” Seven out of 43 BC1F1 hybrids were 
fertile and produced pollen during the next year (Table 9). In total, 38 of 46 plants 
were fertile, with pollen at BC2F1. It was thought that the CMS of mustard would be 
recovered in baemoochae. Therefore, two generations advanced more, it was stopped 
(unpublished data). We then attempted to breed a line of baemoochae from a kim-
chi cabbage with CMS, in a further attempt to induce CMS. However, some plants 
remained fertile, similar to B. juncea.

Among crucifers, Brassica napus, B. juncea, and B. carinata are self-compatible 
amphidiploids. The above pollination results show that this is also the case for 
baemoochae. Professor Il-Seop Noh, an expert in molecular biology specializing in 
self-incompatibility, investigated the reason for the self-compatibility of baemoochae. 
The self-incompatibility factors of both kimchi cabbage (BrRsSRK-1) and radish 
(BrRsSRK-2) pistils, as well as the pollen from kimchi cabbage (BrRsSP11-1), were 
functioning in baemoochae. However, radish pollen (BrRsSP11-2) did not function in 
baemoochae [19]. Therefore, the self-compatibility in baemoochae is due to the pollen 
from the radish portion of the hybrid. Since CMS is recovered and self-incompatibil-
ity does not function in baemoochae, there is no way to produce the F1 hybrid seed.

8. Chromosome configuration of baemoochae

Investigations of the correlation between low seed yields and multivalent chromo-
somes in the original intergeneric hybrid from 1986 were conducted; OV115C plants 
produced abundant pollen and pods via self-pollination, but seed yields remained 
very low (< 1.0 per pollinated pod). Observations of chromosomes in the pachytene 
stage from the OV115C plant showed that four units formed a diamond shape, and 
five chromosome pieces were stacked with the three chromosomes in the cells. Thus, 
the meiosis itself was abnormal, resulting in lower seed productivity.

A report was published on the breeding of an unstable heading rapeseed, called 
“Hakuran,” at the Japanese Vegetable and Tea Industry Station in 1968. Our labora-
tory requested seeds and received a line in 1972. When pollinated for multiplication, 
the seed yield was low. The low fertility of this interspecific hybrid could be due to 
multivalent chromosomes, although McNaughton [40] and Dolstra [12] theorized 
that the low seed yield is due to a “genic imbalance” and “breeding barrier” between 
radish and cabbage, and Chinese cabbage and radish, respectively.

Generation Numbers of

Plants investigated Male sterile plants Fertile male plants

BC1F1 43 7 36

BC2F1 46 38 8

BC3F1 30 18 12

BC4F1 40 22 18

Total 159 85 74

Table 9. 
Results of backcrossing experiments with Brassica juncea to induce CMS in xBrassicoraphanus koranhort.
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In 1999, Seon-Jung Lim used genomic in situ hybridization (GISH) to observe 
homologous chromosomes in baemoochae and seek a crossover. Since the homologous 
chromosomes were tetravalent (composed of two genera), crossovers in chromosomes 
were anticipated, but not discovered. However, it was demonstrated that baemoochae 
is a true hybrid of kimchi cabbage and radish in terms of chromosome constitution. 
GISH revealed 20 kimchi cabbage and 18 radish chromosomes. The results of this 
master’s thesis, including the first photograph of baemoochae, were presented at the 
first Chromosomal Conference, which was held in Shanghai, China, in 2000, and had 
attendees from Korea, Japan, and China. The paper was subsequently published in a 
journal [41].

Crossovers occur more frequently in tetraploids (4n = 2n = 38) than diploids 
(2n = n = 19) of xBrassicoraphanus, but less frequently than in stabilized lines such 
as BB#12. It is possible that the chromosomal dissimilarity of B. rapa and R. sativus 
prevents nonhomologous interactions between the parental chromosomes in allotet-
raploid xBrassicoraphanus, allowing normal diploid-like meiosis when homologous 
pairing partners are present [24].

Professor Hyun Hee Kim, a cytologist at Sahmyook University, was asked to 
analyze the chromosome composition of a stable BB#5 in meiosis. Miss Hadassah 
Roa Belandres, working in Professor Dr. Kim’s laboratory, performed fluorescence  
in situ hybridization (FISH) using 5S and 45S rDNA, along with GISH using a  
B. rapa genomic DNA probe [21]. According to the somatic chromosome comple-
ment revealed by FISH, baemoochae has 2n = 38, consisting of 17 metacentric and 
2 submetacentric chromosome pairs. According to the GISH analysis, 19 bivalents 
were present in 42% of 100 meiotic cells, while a commination of 1 tetravalent and 
17 bivalents was present in 28%, a commination of two tetravalents and 15 biva-
lents in 24%, and a commination of three tetravalents and 13 bivalents in 6%. She 
concluded that the 19 bivalents present in 42% of the meiotic cells were the main 
cause of the stability.

Professor Kim extended the study to investigate abnormal meiosis of pollen within 
a mother cell from the unstable line BB#4. In total, 500 pollen mother cells of the 
unstable line BB#4 and stable lines BB#12 and BB#5 were assessed in all five stages 
of meiosis, from diakinesis to anaphase. In the unstable line BB#4, 57.4% (n = 287) 
of the dividing cells were abnormal, compared with only 10–12% (n = 50–60) of the 
dividing cells of two stable hybrids, BB#12 and BB#5 (Table 10).

Line code Diakinesis Metaphase Anaphase Total (%) (500 
cells)I II I II

Sticky Rod and 
ring

Laggard Laggard Bridge and 
laggard

BB#4 
(unstable)

35 18 22 154 8 49 1 287 (57.4%)

BB#12 (stable) 4 8 12 15 6 5 0 50 (10%)

BB#5 (stable) 6 0 5 17 5 27 0 60 (12%)

Table 10. 
Numbers of abnormal meiotic cells in various baemoochae strains.



Brassica – Recent Advances

40

9. Properties of self-sterile but cross-fertile intergeneric hybrids

Five different hybrids of the intergeneric cross between kimchi cabbage 
(Brassica) and radish (Raphanus), Jombaechu × Jeju Gaetmoo (04-80-8 or 9), 
CR291M-64 × Shogoin, Taiwan Baiyu × Shogoin, Taiwan Baiyu × 40 days, and 
Chibu × Woenkyo#39, were developed for various purposes and none produced 
self-seeds. However, cross-seeds were produced in four combinations with existing 
baemoochae or mooyangchae lines. Combinations with Taiwan Baiyu × 40 days, 
which has no hair on its leaves, are expected; all other existing cultivars have hair on 
their leaves [36]. Pollen samples from a selection of 30 plants that did not produce 
self-seeds were stained and observed. Pollen from one plant did not stain at all, while 
<10% of the pollen of 18 plants stained; > 30% of the pollen of seven other plants was 
stained, while for two plants each >70% and 90% of the pollen was stained. There 
appears to be no correlation between pollen dyeing and self-seed production.

BioBreeding has four stable cultivars: BB#12, BB#5, purple BB#10, and mooy-
angchae. Despite a lack of understanding of the non-self-fertilization seen in new 
intergeneric hybrids, new baemoochae varieties can be bred by crossing with exist-
ing cultivars, such as BB#5 [37]. This could lead to the development of intergeneric 
hybrids between kimchi cabbage and radish.

10. Production of mature seeds by baemoochae

Hybrids between kimchi cabbage B. rapa ssp. pekinensis and radish initially 
failed to produce mature seeds ([11]: [12]). Thus, an ovule culture was developed 
([14]: [15]: [30]). Cultivars BB#12 and BB#5 were bred by applying this ovule cul-
ture technique [9, 37]. Ovule culture is a powerful means of acquiring intergeneric 
hybrids between kimchi cabbage and radish. Notably, an inbreed of kimchi cabbage 
did create mature seeds as a dominant property. Radish cultivars and lines have 
little effect on this property; therefore, the kimchi cabbage is mainly responsible for 
the production of the mature seeds [39].

The major subspecies of B. rapa, i.e., ssp. rapifera (turnip) [12, 28], ssp. oleifera 
(turnip-rape) [12], and ssp. chinensis (pakchoi) ([10]: [12]) have also produced 
mature seeds. It is important to note that the subspecies of Brassica can be dominant 
or recessive when crossed with Raphanus first. When they are dominant, all combina-
tions can be acquired between and within subspecies, including ssp. pekinensis, and 
numerous types of intergeneric hybrids can be produced. Ovule cultures older than 
about 10 days after hybridization are difficult to grow; it is possible that mature seeds 
are produced in Brassica only when needed.
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Abstract

Nanotechnology is a recent technology which is developing rapidly and it has 
a wide range of potential applications. It is the atomic-level tailoring of materi-
als to achieve unique features that may be controlled for the intended purposes. 
Nanomaterials can be prepared via several physico-chemical methods but bioreduction 
of bulk to nanomaterials via green synthesis has developed as a viable alternative to 
physico-chemical methods in order to overcome their limitations. Plant-mediated 
nanomaterial synthesis has been found to be environmentally friendly, less costly, 
and safe with no use of chemicals for medicinal and biological applications where 
the nanoparticles purity is of major concern. Plant extract is used for the reduction 
of materials from bulk into nano scale instead of other toxic reducing agents used in 
chemical methods. The phytochemicals present the extract of plant not only facilitate 
the synthesis of nanomaterials but act as stabilizing and capping agent, also the shape 
and size of nanoparticles can be tailored by changing the nature and concentration 
of plant extract. The present chapter focuses on the green synthesis of nanoparticles 
mediated by various Brassica species and their potential medicinal and biological 
applications.

Keywords: green synthesis, brassica mediated nanoparticles, biological activities, size, 
morphology

1. Introduction

The word nano comes from a Greek word which means “dwarf”. The term 
nanotechnology is described as to synthesize measure and observe materials at 
nanometer range. A nanometer (nm) is one billionth part of a meter or 10−9 m. So, 
nanotechnology is the field that includes the synthesis, fabrication and application of 
nanomaterials or nanoparticles where nanomaterials or nanoparticles can be defined 
as the materials or particles having at least one dimension in size range of 1–100 nm. 
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The applications of nanoparticles in different fields submerged nanotechnology with 
numerous other fields such as chemistry, physics, biotechnology, materials sciences, 
medicine, and engineering as a result new fields such as nano-chemistry, nanophysics, 
nanobiotechnology, nanomedicine, and nanoengineering etc. has emerged recently 
[1]. Nanotechnology is gaining prominence rapidly because of its wide range applica-
tion in a number of other areas such as information technology, energy, environmental 
science, food packing, cosmetics, medicine and many more. Among them, the most 
important use of nanotechnology, however, is in medicine and health care [2].

2. Nanoparticles

A “nanoparticle” is a particle having a size in at least one dimension ranging from 
1 nm to 100 nm. Looking at it another way, nanoparticles have the similar descrip-
tion as the ultrafine or airborne particles and may be categorized as a subclass of 
colloidal particles depending on their size [3]. A lot of research work has been done 
in the development of novel and efficient methods to synthesize the nanoparticles 
of controlled and desired shape, size and morphology. Depending on the method 
of synthesis several shapes and sizes of nanoparticles have been observed includ-
ing nanospheres, nano-cubes, nanorods, nanowires, nanotubes, nano-stars etc. 
which are often surface functionalized in order to be utilized in desired applications. 
Furthermore due to their unique size and shape they have been used prominent 
sensing materials, studying the biological processes and for the treatment of several 
diseases [4].

3. Classification of nanoparticles

The advancement of nanotechnology enables researchers and scientists to prepare 
nanoparticles of different sizes and shapes. Nanoparticles of different sizes and 
shapes exhibit unique chemical and physical properties depending upon the method 
of their synthesis. The broad classification of nanoparticles is based upon their 
nanometer range dimensions.

3.1 Zero dimensional particles

Zero dimensional particles are referred to the particles having all three dimensions 
within nanometer range. The size of zero dimensional ranges from few tens to few 
hundreds of nanometers. Due to such small size they have very high surface area to 
volume ratio as compared to bulk materials. It is for this reason that they have unique 
and improved physico-chemical properties [5].

3.2 One dimensional particles

One dimensional particles are those having two dimension within nanometer 
range and one dimension out of nanometer range. Nanorods, nanowires and nano-
tubes are the most common examples of one dimensional nanoparticles. The outer 
layer of one dimensional nanoparticles are composed of single of multiple atoms with 
the inner diameter of few nanometers. They are extremely light weighted and strong 
materials with enhanced thermal and electrical properties [6].
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3.3 Two dimensional particles

Two dimensional particles referred to those having only one dimension in nano-
meter range while two of their dimensions are out of nanometer range. Nanosheets 
are the best examples of two dimensional particles. Two dimensional nanosheets are 
extremely thin with the highest surface area having excellent mechanical, chemical 
and optical properties allowing them to be utilized in a wide range of applications [7].

4. Synthesis of nanoparticles

As discussed earlier that the method of synthesis of nanoparticle is the key factor 
responsible for their unique size and shape. Nanoparticles can be synthesized by 
chemical, physical or mechanical methods. Generally the methods of synthesis of 
nanoparticles are classified into two broad categories i.e. Top down and bottom up 
methods (Figure 1).

4.1 Top-down methods

Top down method referred to the strategy of going from bulk to tiny. In top 
down methods nanoparticles come into their unique morphology via breakdown 
of bulk materials into smaller particles. Lithography and sputtering are the most 
widely used top down methods to synthesize nanoparticles. Other examples include 

Figure 1. 
General schematic representation of top down and bottom up methods.
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electrochemical explosion, photoirradiation, ultrasonication, laser ablation, mechan-
ical milling and chemical etching etc.

4.2 Bottom-up methods

The bottom up approach generally referred to going to large from small. In bot-
tom up methods the nanoparticles take their ultimate structure via merging of small 
building blocks. Examples of bottom up methods for the synthesis of nanoparticles 
include sol-gel method, co-precipitation method, chemical reduction method, hydro-
thermal/solvothermal method, biological/green synthesis methods etc. [8].

5. Green synthesis of nanoparticles

A wide number of physico-chemical methods have been discovered over the past 
50 years for the synthesis of nanoparticles having desired size and shapes. The need 
for nanoparticles is increased due to its wide range of applications in almost every area 
of modern time. This increasing demand of nanoparticles also poses threat to environ-
ment as the synthesis of nanoparticles by various physico-chemical methods utilizes 
several hazardous chemicals. As a result scientists developed a much safer method 
known as green synthesis of nanoparticles. Green synthesis of sometimes referred 
to biological or biogenic synthesis of nanoparticles is basically bottom up approach 
in which the precursor metal salts undergo reduction resulting in the synthesis of 
nanoparticles. The phenomenon of green synthesis of similar to chemical reduction 
method with the benefit of replacement of toxic reducing agent by the natural prod-
ucts extracts (Figure 2). The natural product extract is devoid of hazardous chemicals 
and has inherent stabilizing, capping properties, and growth inhibiting, making this 
technique eco-friendly, non-toxic, cost-effective, and ideally suited for biological 
and medicinal applications. Plants, algae, fungi, and bacteria etc. can be used for this 
purpose where the nature of biomolecules at various concentrations and in various 
combinations with precursor salts influences the size and structure of NPs [9].

5.1 Green synthesis of nanoparticles using brassica genus

Brassica is genus consist of 37 flowering plants in the mustard and cabbage  
family (Brassicaceae). Among them majority of species are agricultural corps. The genus 
Brassica is native to temperate Asia and Europe, and is particularly prevalent in the 
Mediterranean region; nonetheless, several species have been reported invasive in places 
beyond their natural range. Broccoli, sprouts, cabbage, brussels, rape, kale, kohlrabi, 
rutabaga, cauliflower, turnip and brown mustard are all economically significant 
members. It is among the most frequently produced plant genera in the world, with 
vegetables high in minerals and vitamins that are beneficial to the human diet. Plant 
extracts (flower, leaf, root, and seed) have recently been widely researched as a biological 
method for the production of nanoparticles (mostly silver and gold nanoparticles). Some 
plants have also been shown to have the ability of in vivo synthesis of nanoparticles. 
Plant-derived chemicals of different types exhibit potential biological activities. The 
phytochemistry of the genus Brassica has been researched, and the following substances 
have been identified: proteins, steroids, carbohydrates, phenols, terpenoids, flavanoids, 
quinones, coumarines, phlobatannins, tannins, saponins, vitamins and different 
minerals. These phytochemicals are responsible for the synthesis and stabilization of 
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metal nanoparticle [10]. Extensive study has recently been conducted on plant mediated 
reduction of metal nanoparticles and the function of phytochemicals in this technique. A 
great number of articles on the green synthesis of nanoparticles utilizing phytochemical 
enriched plant extracts have been published. The extract of broccoli has been utilized for 
the bio-reduction of various metal precursors to synthesize the corresponding metallic 
nanoparticles. Osuntokun J. et al., reported the synthesis of CuO nanoparticles using 
aqueous extract of broccoli having size of 30–40 nm [11]. Similarly the synthesis of gold 
and silver nanoparticles were reported having particle size of 24–38 nm and 38–45 nm 
respectively [12]. Recently selenium nanoparticles with anti-carcinogenic properties 
were synthesized having an average particles size of 10–28 nm [13]. The phytochemi-
cal screening of broccoli extract showed that the active compound responsible for the 
synthesis of nanoparticles were alkaloids, phenolic compounds, saponins, flavonoids 
and ascorbic acid. The extract of other species of brassica genus is extensively studied for 
the synthesis of various metallic nanoparticles in literature. Some of the species of genus 
brassica have the potential for in-vivo synthesis of nanoparticles. For this purpose the 
plant is grown on the surface or land having certain metal ions, the plant extracts metal 
from land through their hyper cumulating capacity and then through their reducing 
capacity they reduce metal ions into metal nanoparticles in various organs and tissues. 
This approach is known as phytominning and the accumulated metal is recovered after 
different steps of harvesting. Some of brassica species are known to be better hyper accu-
mulators such as Brassica juncea. B. juncea accumulated about silver ions and synthesized 

Figure 2. 
Classification of methods of nanoparticles synthesis and schematic representation of biological/green synthesis.
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about 2–25 nm silver nanoparticles when grown silver containing land [14]. Furthermore 
the mechanism of reduction of metal ions into metal nanoparticles and organs respon-
sible for the storage of reduced metal nanoparticles were also investigated in B. juncea 
plants. Gold nanoparticles were synthesized by in vivo method where B. juncea were 
grown on the solutions AgNO3 and HAuCl4. In case of gold the reduction Ag3+ ions to 
Au0 nanoparticles and in case of the silver the reduction Ag+ ions and Ag0 nanoparticles 
were investigated and the sites of their responsible for their reduction were investigated. 
The major amounts of nanoparticles were found in the leaf area which showed that the 
reduction of metal ions into metal nanoparticles mainly occurred in chloroplasts (the 
regions of high contents of glucose and fructose). Glucose and fructose were found to 
be the sugars with high reducing properties and the amount of these sugar had a directly 
relation to the amount of nanoparticles synthesized [15]. Having high reducing proper-
ties these glucose can be used for synthesis of nanoparticles in conventional chemical 
methods by replacing the toxic reducing agent with glucose. The synthesis of metal 
nanoparticles using other extract of organs of Brassica genus such as roots, seeds, flowers 
etc. having potential biological activities has also been reported in literature which will 
be discussed in the coming sections.

5.2  Potential biological activities of brassica genus mediated synthesized 
nanoparticles

Green synthesized nanoparticles being safe and economic having a wide range of 
applications in the area of health and medicine. The extract used for the reduction of 
metal ions into metal nanoparticles and also act as capping agent has an important 
role in their applications. The extract its-self have biological properties and depend-
ing on the extract used for synthesis and capping of nanoparticles the applications of 
prepared nanoparticles varies. Different species of genus Brassica has been reported 
in literature for the synthesis of metal nanoparticles and used for different biological 
activities. The detailed discussion of different biological applications of Brassica genus 
mediated nanoparticles is present in the coming sections.

5.2.1 Antifungal activity

Green synthesized nanoparticles have gained popularity in recent years because of 
their applications to control and treat several human and plants diseases, and due to 
their nanosized dependent unique chemical and physical properties they are found to 
be very effective materials in the area of medicine and biology. Initially Brassica rapa 
L. leaf extract was used for the synthesis of silver nanoparticles which were employed 
for the antifungal activity against a wide range of wood rotting pathogens such as 
Gloeophyllum abietinum, G. trabeum, Chaetomium globosum, and Phanerochaete sordida. 
This was the first study regarding the application of green synthesized nanoparticles 
for the treatment of plant disease. The results indicated that prepared nanoparticles 
were effective to protect soft and hand wood against pathogenic fungi [16]. Gold 
nanoparticles were synthesized using the extract of Brassica oleracea specie of genus 
Brassica which act as antifungal agent against human pathogenic fungi. The prepared 
gold nanoparticles were found to be effective antifungal agent against Aspergillus niger, 
Aspergillus flavus, and Candida albicans. The results showed the gold nanoparticles 
prepared using extract of B. oleracea exhibited enhanced antifungal activity as com-
pared to the previously prepared using extract of other plants. The mechanism of such 
great antifungal activity of prepared gold nanoparticles was also investigated, as the 
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nanoparticles had a very small size, i.e. 12–22 nm, which was 275 times smaller than the 
size of fungi, making them more likely to adhere to the cell wall of fungi and result-
ing in death of human pathogenic fungi [17]. Copper nanoparticles being relatively 
economic than silver and gold nanoparticles but exhibits excellent antimicrobial, 
antibacterial, antifungal and anticancer activities. Copper nanoparticles prepared 
using the aqueous extract of B. oleracea var. italic were found to be very efficient 
against human pathogenic fungi such as Aspergillus niger and Candida Albicans by disc 
diffusion method. The phytochemical screening showed that polyphenols, gluco-
sinolates, flavonoids, minerals and vitamins were present in the aqueous extract of B. 
oleracea var. italic which was responsible for the reduction of copper ions into copper 
nanoparticles [18]. Zinc oxide nanoparticles (ZnO NPs) have a broad range of applica-
tions and they have been extensively studied for antibacterial and antifungal proper-
ties. Zinc nanoparticles were prepared using the extract of Brassica oleracea var. italica 
and their antimicrobial and antifungal efficiency against Staphylococcus aureus and 
Escherichia coli and Aspergillus niger and C. albicans. ZnO-NPs synthesized B. oleracea 
var. italica extract were found to be effective against both the fungal stains [19]. Several 
studies have shown that nanoparticles prepared via Brassica genus species extracts have 
excellent antifungal characteristics and have the potential to be used as an antibacterial 
agent against a variety of microbiological species.

5.2.2 Antibacterial activity

Using various extraction solvents such as ethanol, methanol, acetone, chloroform, 
and water, the antibacterial activity of Brassica plants against Gram-positive and 
Gram-negative bacteria was examined. When compared to other extracts, methanolic 
extracts were found to be more effective at controlling the development of all bacteria 
[20]. Antibacterial properties of four Brassica species were investigated, specifically 
Brassica cretica Lam. (broccoli) and three B. oleracea variants (portuguese galega, 
Portuguese tronchuda and red cabbage). They applied different ratios of bioactive 
substances such as phenolic compounds and organic acids (2.5–25 mg/ml) to prevent 
common foodborne bacterial infections (E. coli O 157: H7, Salmonella typhimurium, 
Listeria monocytogenes, Bacillus cereus, and Staphylococus aureus). A solution of INT was 
used to estimate the minimal inhibitory concentration (MICINT) based on metabolic 
respiratory activity (2-p-iodophenyl-3-p-nitrophenyl- 5-phenyl tetrazolium chloride) 
[21]. Silver and gold nanoparticles synthesized from plant and vegetable extracts 
of the genus Brassica have become extremely popular because of their antibacterial 
qualities. The nanoparticles are even being considered as antibacterial agents of 
the future. Various researchers have thoroughly made consistent the production of 
antibacterial nanoparticles using green technology, however the induced generation 
of metal nanoparticles in living plants is poorly understood in this study. Tamileswari 
et al. (2015) described the production of silver nanoparticles using B. oleracea (cauli-
flower) and B. oleracea capitata (cabbage), as well as their antibacterial efficacy against 
pathogenic microorganisms. Sridhara et al. found that silver nanoparticles synthesized 
from cauliflower broth had full antibacterial action against two human pathogens, E. 
coli (E. coli) and S. aureus (S. aureus), at a concentration of 50 mg/liter (2013) [22]. 
Silver nanoparticles synthesized from broccoli were found to be effective in antibacte-
rial activity when combined with silver nanoparticles and antibiotics in a prior study. 
The antibacterial efficacy of gold nanoparticles derived from B. oleracea (broccoli) 
flower bud aqueous extracts was investigated using the disc diffusion method and 
human pathogenic bacteria (S. aureus and Klebsiella pneumonia). When compared to 
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traditional antibiotics, gold nanoparticles were found to have the best antibacterial 
action (Gentamicin and Fluconazole). The sensitivity zone for all the studied micro-
organisms increased as the concentrations of gold nanoparticles (10, 25, and 50 g/
ml) were raised [17]. These silver nanoparticles were tested for antibacterial efficacy 
against four human pathogens: Klebsiella pneumoniae, E. coli, Staphylococcus saprophyti-
cus, and B. cereus. Gram negative (−ve) bacteria include K. pneumonia and E. coli, while 
gram positive (+ve) bacteria include S. saprophyticus and B. cereus, and biosynthesized 
silver nanoparticles demonstrated a distinct zone of inhibition. Antibacterial activity 
of the ethanolic crude extract and synthesized nanoparticles was studied in this work 
the Agar disc diffusion method was used, which measured the inhibition zone of the 
test microorganisms. The antibacterial potential of ethanolic crude extract and copper 
nanoparticles against E.coli, S.aureus, and P.aeruginosa was demonstrated by extract of 
Brassica oleracea var. acephala. It was also found to have antifungal properties against 
C. albicans. When comparing the two samples, copper nanoparticles demonstrated the 
greatest inhibition zone against the test organisms. This was because nanoparticles had 
higher antibacterial activity than the crude extract. As a result, this research suggests 
that copper nanoparticles generated from the leaf extract have wide antibacterial 
efficacy against these harmful species [23].

5.2.3 Antioxidant activity

Due to the presence of a variety of oxidants and varied ways to scavenge them, 
determining the antioxidant capacity of fruits and vegetables is a difficult task. There 
is no one assay that can evaluate the biological samples’ overall antioxidant potential. 
As a result, various tests are used to obtain a conclusive picture of the antioxidant 
capacity of the materials. For the evaluation of antioxidant capacity in plant samples, 
the ferric reducing antioxidant potential (FRAP) and 1,1-diphenyl-2-28 picrylhydra-
zyl radical (DPPH) tests are the most used assays. During physiological homeostasis, 
organisms continuously produce large levels of molecules, many of which are reac-
tive, known as reactive oxygen species (ROS). The oxidants that are produced can 
interact with proteins, lipids, and nucleic acids, among other biological components. 
Proteins are, indeed, oxidants’ primary targets. Lipid peroxidation, on the other 
hand, is caused by free radicals such hydroxyl, alkoxyl, and peroxyl, particularly in 
polyunsaturated fatty acids. Antioxidant molecules are receiving a lot of attention 
these days to prevent diseases caused by oxidative stress. Polyphenols have been 
related to anticancer, antiaging, neuroprotective, antidiabetic, and cardioprotective 
properties because of their excellent structural chemistry for free radical scavenging 
activities. Furthermore, ascorbic acid and its oxidation product, dehydroascorbic 
acid, have been linked to a lower risk of cancer, cardiovascular disease, and diabetes 
in humans [24]. Copper nanoparticles, have a low redox potential and are more likely 
to oxidize when exposed to air. Microwave aided pylol, hydrothermal technique, 
thermal reduction, and other methods are commonly used to make them. However, 
these methods are not inexpensive and require the use of toxic chemical solvents. 
As a result, ecologically friendly synthetic methods are preferred. The leaf extract 
binds to the copper nanoparticles, B. oleracea has a high antioxidant capacity [23]. 
The metabolic & antioxidant properties of synthesized copper oxide nanoparticles 
using Solanum lycopersicum & B. oleracea were studied. The amount of copper oxide 
nanoparticles accumulated in the two species of plants was dosage dependent, and 
the results revealed that tomato plants accumulated nanoparticles more actively than 
cauliflower plants, probably due to differences in root architecture [25].
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5.2.4 Anticancer activity

Pharmaceutical companies have periodically produced a significant number of 
commercial anticancer medicines. Because these treatments have such a high rate of 
side effects, natural effective drugs with the fewest negative effects are in demand. 
According to a study, the active component 2-pyrrolidinone found in the leaves of B. 
oleracea has anticancer properties. This chemical was projected to be useful in the cre-
ation of novel anticancer drugs that could stop cancer cells from growing in vitro. In 
HeLa (IC50 2.5 g/ml at 24 h and 1.5 g/ml at 48 h) and PC-3 cancer cells (IC50 3.0 g/ml 
at 24 h and 2.0 g/ml at 48 h), this compound inhibited the proliferator cells, resulting 
in a considerable decrease in cell proliferation, cell viability, and significant induction 
of apoptosis [26]. In vitro studies were conducted on HCT116 colorectal cancer and 
H1299 non-small-cell lung carcinoma cells using ethanolic extracts of mustard (B. 
juncea) leaves. The release of vascular endothelial cell growth factor & basic fibroblast 
growth factor was significantly suppressed in both cell lines after treatment with 
mustard leaves extract. This study discovered that mustard leaves extract had anti-
cancer properties in vitro against colon (IC50 253 g/ml at 72 h and 153 g/ml at 96 h) 
& lung cancers (IC50 700 g/ml at 72 h and 130 g/ml at 96 h), but the findings need to 
be confirmed in vivo [27]. Nanoparticles could be a more active and lucrative source 
of novel cancer treatments in the current context. As a result, biologically synthesized 
nanoparticles have recently received a lot of attention as chemotherapeutic agents. 
Mayilsamy and Krishnaswamy (2016) looked at the anticancer properties of silver 
nanoparticles made from B. rapa chinensis L., as well as their in vivo experiments in 
mice. Treatment with a methanolic extract of B. rapa chinensis leaves resulted in a rise 
in hemoglobin content and RBC, as well as a decrease in WBC count. The histological 
evaluation of control animals revealed aberrant growth, but treatment with nanopar-
ticles resulted in hepatocyte growth that was practically normal. Many scientists and 
researchers have recently worked on silver nanoparticles and examined their antican-
cer activity in lung and liver cancer cells as well as HEpG-2 cells and gold nanopar-
ticles against HL-60 cells [28, 29]. Ethanolic crude extract and copper nanoparticles 
were tested in vitro against the HeLa cervical cancer cell line at various doses. The 
samples had a high level of cytotoxicity when tested on the HeLa cell line. The results 
showed that ethanolic crude extract and copper nanoparticles effectively inhibited 
HeLa cell proliferation, with an IC 50 value of 170.6622 (g/ml) for the crude extract 
and 119.0805 (g/ml) for the nanoparticles. The fact that the percent toxicity increased 
as the concentration of copper nanoparticles grew suggests that synthesized copper 
nanoparticles could be useful in medicine as an anticancer drug. The vitality of cancer 
cells decreases as the concentration of the samples increases, whereas cytotoxicity 
against HeLa cell lines increases as the concentration of the samples increases [23].

5.2.5 Cytotoxic activity

Cytotoxicity tests, which include plant extracts or physiologically active chemicals 
derived from plants, are a valuable first step in identifying the potential toxicity of 
a test drug. For the effective development of a pharmaceutical or cosmetic product, 
minimal to no toxicity is required, and cellular toxicity studies play a critical role in 
this regard [30]. Using AgNO3 solution as a precursor and B. rapa var. japonica leaf 
extract as a reducing and capping agent, silver nanoparticles (AgNPs) were success-
fully synthesized from Ag + reduction. The goal of this research was to synthesize 
AgNPs that were less toxic. On PC12 cells, crystalline phased Brassica AgNPs were 
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less toxic than Com AgNPs. Brassica AgNPs’ lower cytotoxic activity could be related 
to their stability, which was attributed to the presence of a capping agent on AgNPs 
given by Brassica rap var. japonica. As a result, Brassica AgNPs could be a good choice 
for safe application in consumer products because they are simple and inexpensive 
[31]. The 70 percent aqueous ethanolic extract of B. rapa and silver nanoparticles 
were studied for chemical components and cytotoxic effects. The ethanolic extract 
included silver nanoparticles that were less than 20 nm in size. The two extracts (etha-
nolic extract and its nanoparticles) were tested for cytotoxicity against HELA cells 
(human cervical cancer cell line) and M-NFS-60 cells (human Mouse Myelogenous 
Leukemia carcinoma) using Doxorubicin as the control medication. Brassica extract 
showed to be less toxic to both cell lines [32]. First, Ag-NPs were successfully synthe-
sized by reducing Ag + with AgNO3 solution and B. rapa var. nipposinica/japonica leaf 
extract as reducing and capping agents. There were no further chemical reductants or 
stabilizing agents used in the synthesis process. Following tests were done to conform 
the production of Ag-NPs to lower toxicity. The cytotoxicity of Brassica AgNPs was 
compared to that of commercial AgNPs by using PC12 cell system. Commercial 
Ag-NPs reduced cell viability to 23% (control: 97%) and increased lactate dehydroge-
nase activity in PC12 cells at three ppm, whereas Brassica Ag-NPs showed no cytotox-
icity on both parameters up to a concentration level of 10 ppm. The lower cytotoxicity 
of green produced Ag-NPs will be beneficial for safely use of Ag-NP in consumer 
products [33]. Greenly synthesized silver nanoparticles (Ag-NPs) have shown prom-
ising effect on different cell lines including cytotoxicity and anticancer potential. As 
a result, Ag-NPs were synthesized from AgNO3 reduction using B. rapa var.japonica 
(Bj) leaf extract as a reducing and stabilizing agent in a prior study. The Ag-NPs were 
spherical in form and ranged in size from 15 to 30 nm. They had a phase-centered 
cubic structure and could effectively limit the growth of various bacteria. In this 
work, we wanted to see if Ag-NPs have an autophagy-regulated lethal effect on 
human epithelial colorectal adenocarcinoma cells, like we did in the prior one (Caco-2 
cells). Brassica silver nanoparticles (Brassica Ag-NPs)-induced NF-B mediated 
autophagy in Caco-2 cells was accelerated by the Bj leaf aqueous extract. According 
to results the Ag-NPs reduced Caco-2 cell viability by producing oxidative stress and 
DNA damage [34]. High-quality gold nanoparticles (AuNPs) were produced using 
aqueous Chinese lettuce (CL) leaf extract as a reducing agent in this study. According 
to FTIR studies, the excellent stability of AuNPs can be linked to the presence of CL 
leaf extract on particle surfaces. AuNPs concentrations ranging from 0 to 2 g/ml, but 
no significant variations in cell viability were observed; however, A549 cell prolifera-
tion was severely reduced in a dose-dependent manner at doses more than 4 g/ml. The 
viability of cells was 90% after 48 hours of treatment with AuNPs, according to cyto-
toxicity data. After 48 hours of therapy, a healthy nucleus was found with decreased 
chromatin condensation. These studies indicate that AuNPs had no negative effects 
on A549 cells’ chromatin or DNA. AuNPs eventually caused necrosis and apoptosis 
in A549 cells, according to the results of the apoptosis experiment [35]. The green 
approach of nanoparticle synthesis, which is both environmentally and biologically 
friendly, is a new topic that has emerged as a viable alternative to traditional methods 
such as physical and chemical synthesis. The green synthesis of magnetic iron oxide 
nanoparticles (IONPs) from iron (III) chloride was described in this study employing 
B. oleracea aueous peel extract. The MTT assay was used to investigate the cytotoxic 
effects of IONPs on the MCF-7 breast cancer cell line. The polydispersity index of 
IONPs was found to be 0.265, and the mean particle size was 675 25 nm. The effective 
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synthesis of nanoparticles is supported by characterization results, and nanoparticles’ 
dose-dependent lethal effects on MCF-7 cells make them a promising chemothera-
peutic agent for breast cancer treatment [36].

6. Future perspectives

According to previous research Brassica species have potential biomedical proper-
ties because different species of Brassica genus were found to have several significant 
phytochemicals like phenols, alkaloids, carbohydrates, tannins, saponin, flavonoids, 
proteins etc. Owing to these biologically important phytochemicals the extract of 
Brassica species exhibits strong biomedical application. Several potential biologi-
cal activities of different Brassica species have been discovered such as antioxidant 
activity, antibacterial activity, antifungal activity, antidiabetic activity, anticancer 
activity, anti-inflammatory activity, antinoceptive activity, antiviral activity, anti-
hyperlipedemic activity, antiobesity, antihyperglycemic activity and antidepressant 
activity [37].

On the other hand Brassica species mediated nanoparticles have been explored less 
as compared to the pure extract of different Brassica species. These kind of nanopar-
ticles are used against few activities such as antibacterial, antifungal, anticancer, and 
antioxidant activities with enhanced performance as discussed earlier but still there is 
a plenty of room in exploration of brassica mediated nanoparticles against the remain-
ing biological activities. In future the Brassica mediated nanoparticles can used for 
these activities with enhanced performance and which can act as potential materials 
in the treatment of such critical diseases.

7. Conclusions

Brassica species have some potential phytochemicals which not only act as reduc-
ing agents but also act as capping agents owing to the stability of prepared nanopar-
ticles. Several species of Brassica genus and different parts of each plant has been 
used for the synthesis of nanoparticles of different metals such as gold, silver, copper, 
zinc, iron and selenium. The particles prepared using extract of various species of 
nanoparticles were found to be safer as compared to prepared by conventional chemi-
cal methods with enhanced biological properties. Recent studies showed that the 
Brassica species mediated nanoparticles have strong antifungal, antibacterial, anti-
cancer and antioxidant activities. However, more study is required for the extension 
of biomedical applications of these nanoparticles because the pure extract of several 
species of Brassica genus has been explored for having metabolites with profound bio-
logical properties. Further, due to absence of toxic chemicals in this method synthesis 
these kind of nanoparticles can be used for other biomedical, environmental and 
electrochemical purposes.
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Abstract

There are numerous secondary plant metabolites found in the crop B. juncea,  
especially glucosinolates. Isothiocyanates, the by-products of glycosinolate breakdown, 
are beneficial to human health. A number of studies have also called attention to phe-
nolic compounds and carotenoids, both well known for their anti-oxidant properties. 
A notable feature is that the profiles and concentrations of secondary plant metabolites 
vary greatly between varieties and that genetic factors are thought to be the most 
significant factors. In addition, environmental and agronomic factors have also been 
noted to change the concentrations of secondary plant metabolites. Secondary plant 
metabolites are primarily produced for defense purposes. Consequently, the intrinsic 
quality of Indian mustard, including color, aroma, taste, and medicinal properties, 
is profoundly influenced by its secondary metabolite profile. The health benefits of 
glycosinolates and the cancer prevention properties of their breakdown products 
make them of specific interest. Plant cells that have been injured undergo enzymatic 
decomposition of glucosinolate by endogenous enzymes such as myrosinase, which 
releases degradation products such as nitriles, epithionitriles, or isothiocyanates. The 
main phenolic compounds found in B. juncea are flavonoids and hydroxycinnamic acid 
derivatives. A diverse secondary metabolite pool is also essential for plant-environment 
interactions.

Keywords: brassica, glucosinolate, myrosinase, metabolites, phenolics

1. Introduction

Among the largest groups of autotrophs on this planet are plants. There are many 
organisms that feed on them, including bacteria, fungi, invertebrates, and verte-
brates. It is remarkable that plants are able to support such a large group of organisms. 
In spite of this, some plants still manage to survive on this earth, even in very hostile 
environments. In order to defend themselves against herbivores and attackers, they 
possess a variety of mechanisms [1]. Indian mustard (Brassica juncea), an annual herb 
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that belongs to the brassicaceae family, is one such plant. Affordable, healthy foods 
like mustard contain bioactive ingredients like glucosinolates, their breakdown prod-
ucts, and polyphenols. It is also high in ascorbic acid, fibre, chlorophyll, minerals, and 
volatile organic compounds. Mustard is utilised as a spice because of its strong, fiery, 
pungent flavour. The leaves of the mustard plant are used as stimulants, expectorants, 
and diuretics in folk medicine [2].

2. Chemical compounds in mustard

There are several important molecules present in mustard leaves, including chlo-
rophyll, beta-carotene, ascorbic acid and potassium [3]. Mustard seeds include a lot of 
dietary fibre and lipids in addition to carbohydrates and proteins. Furthermore, they 
contain vitamin K and C, electrolytes such as sodium and potassium and trace miner-
als such as Mg, Ca, Mn, Fe, Zn, Cu, and Se [4, 5]. Varieties, locations, growing areas, 
and methods of processing influence mustard’s specific nutrients and content. The 
lower and upper leaves of mustard have similar nutrient contents [6]. Compared to 
the rest of the plant, seeds have higher protein, carbohydrate, and fat content, while 
dietary fibre content is lower [5]. Indian mustard, or B. juncea L., is an oilseed as well 
as leafy vegetable crop bearing seeds that are high in both protein and oil (37–49%) 
with promising possibilities [7, 8].

2.1 Polyphenol types and contents in mustard

An important group of secondary metabolites in plants, polyphenols are found in 
cortex, skin, roots, fruits, and leaves of plants. They are phenolic compounds with 
multiple hydroxyl groups. A polyphenolic compound is a hydrophilic compound in the 
cell, and when combined with carbohydrates, it is predominantly a glycosidic com-
pound. Polyphenols, which comprise flavonoids and tannins, have been proven to have 
anticancer and antioxidant properties [9, 10]. It is evident that mustard variety, plant 
part, preparation techniques, and detection technique all had a significant impact on 
the types and contents of polyphenols. The Mustards’ total phenolic content range 
between 404.33 and 3.26 milligrams of gallic acid equivalent/g [9]. Various mustards 
contain polypheonols, including epigallocatechin gallat, proanthocyanidins, epicat-
echin gallat, rutin, naringin, protocatechuic acid, p-hydroxybenzoic acid, catechin, 
chlorogenic acid, vanillic acid, gallic acid, sinapic acid, caffeic acid, p-Coumaric acid, 
ferulic acid, vanillin, and p-hydroxybenzaldehyde. There is substantial variation in the 
polyphenol content of mustard greens. Mustard greens were found to have the greatest 
content of sinapic acid and then chlorogenic acid. In general, lateral buds were found 
to have more polyphenols than other parts of the plant [11]. Various plant sections 
have different polyphenol contents, which are arranged in the following order: seeds, 
leaves, roots, and stems [12, 13]. Furthermore, mustard contains a high level of flavo-
noids. Indian mustard (B. juncea) contained flavonoids in amounts ranging from 56 
to 2893 μg kaempferol-3-O-hydroxyferuloyldiglucoside-7-O-glucoside equivalents/g 
[14]. There was a large variation in flavonoids content between mustard varieties and 
detection methods.

Polyphenols can be detected in mustard by several methods, including: 1. 
high-performance liquid chromatography (HPLC) [15], 2. Reversed-phase HPLC 
(reverse-phase high-performance liquid chromatography) [16], 3. Qualitative HPLC-
ESI-MSn analysis [13], 4. UHPLC-DAD-ESI-MSn analysis and quantification [17],  
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5. Folin-Ciocalteu reagent [18], 6. Ultra-sonication [19], 7. spectrophotometry 
methods, 8. Others- paper chromatography, Column chromatography and thin-layer 
chromatography [16]. Microwave extraction, Soxhlet water bath extraction, and 
ultrasonic extraction are the methods used to extract mustard’s total polyphenols 
[17, 20, 21]. Using three solvents, Huang et al. [22] extracted mustard polyphenols. 
Overall, ethanol extracted polyphenols were higher than methanol extracted poly-
phenols followed by water extracted polyphenols. About 8000 different polyphenolic 
compounds have been identified in Indian mustard [23]. As new technology and fur-
ther research are developed, it will be possible to find more polyphenols in mustard.

2.2  Types and contents of glucosinolates and their degradation products in 
mustard

Glycosinolates are mostly made up of three components (sulfonium sulfonate, 
D-glucose and an amino acid side chain R) in plants. The glucosinolates are catego-
rised as aliphatic, aromatic, and Indole glucosinolates based on the difference in 
R, i.e., functional group [24, 25]. Three components are involved in glucosinolate 
biosynthesis: lengthening of the side chains of amino acids, the development of 
core structures, and alteration of secondary side chains [26]. In addition to various 
biological functions, glucosinolates play a vital role in determining how cruciferous 
vegetables smell and taste. The non-volatile flavour precursors nitriles, thiocyanates, 
isothiocyanates, and glucosinolates are what gives mustard its spicy flavor [27, 28]. 
Glucoseglucoside can result in isothiocyanate breakdown products with fresh, 
aromatic, or bitter and spicy flavours through the three degradation processes of 
enzymatic, chemical, and thermal degradation [29].

Kim et al. [21] detected 13.0 mg of glucosinolates per gram of mustard. It has been 
found that sinigrin is present in all mustards reported to date [12]. According to Sun 
et al. [11], Sinigrin made up 41.7% of the total glucosinolates in Korean leaf mustard 
(B. juncea var. Integrifolia). The study of Nugrahedi et al. [30] concluded that over 
90% of the glucosinolate content in fresh mustard was sinigrin, which was reduced 
by 95% after 3 days of fermentation, while the levels of neo glucobrassicin and 
4-methoxy glucobrassicin dropped to 80–90%.

It was found that Potherb Mustard (B. juncea) contained progoitrin and gluco-
napin as the main glucosinolates [31]. Nutrient composition and content differed 
significantly between plant organs/tissues. Compared to other baby mustard edible 
portions, the skin of B. juncea var. gemmifera contains more aromatic glucosinolates. 
Korean Dolsan Leaf mustard (B. juncea) seeds were more likely to contain sinigrin 
than stems, roots, and leaves, according to Tsukamoto et al. [12]. Mustard has also 
been qualitatively found to comprise other glucosinolates and their breakdown 
products [26], including progoitrin, glucoerucin, and glucoraphanin. More mustard 
types need to be explored, along with the glucosinolate alterations and processes in 
mustard processing.

In cruciferous vegetables, there are over 200 known glucosinolates [29], but no 
systematic study has been conducted on mustard glucosinolates.

3. Developments in the research of mustard’s medicinal properties

Consumption of mustard leaves has been associated with several possible health 
advantages in Asia and Africa [32]. Literature reports that mustard extracts have 
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antiinflammatory, antioxidant, antidepressant, antimutagenic, and antibacterial 
activities. The extract from mustard also inhibits angiotensin-converting enzymes, 
lowers blood cholesterol levels, increases HDL cholesterol levels, and protects against 
renal ischemia. There is also evidence that the risk of developing numerous malignan-
cies, including breast, colon, lung, and gastric cancers, is decreased by the mustard 
extract.

3.1 Anticancer activity

Several bioactive components of mustard, including polyphenols, flavonoids, 
glucosinolates, and their degradation products, are believed to play a role in its 
antiproliferative and preventative effects on tumor cells. This is especially true for 
glucosinolates such as sulforaphane, indole-3-methanol, sinigrin, isothiocyanate allyl 
acid, and their degradation products. ACI/N rats were found to inhibit tongue cancer 
when administered sinigrin and inhibit liver cancer when administered sinigrin 
[33]. Further, Kim et al. [34] found that, especially for SNU-C4 and SNU-251 cells, 
red mustard had greater anticancer properties than green mustard. In this study, the 
glucosinolates of both Korean red and green mustard were tested against the cancer 
cells, SNU-251, SNU-C4, SNU-354, and MCF-7. In the red and green mustard extract, 
sinigrin was determined to be the primary active ingredient. As a result of glucosino-
late degradation products [35, 36], studies have demonstrated that considerable inhi-
bition of cancer cells of lung by phenethyl isothiocyanate, benzyl isothiocyanate, allyl 
isothiocyanate, and sulforaphane. Sulforaphane effectively suppressed the growth 
of esophageal adenocarcinoma cells [37], cancer cells of colon [38], and lung cancer 
cells [35]. As reported by Tanaka et al. [33], indole-3-methanol inhibits cancer cell 
of colon, breast, and tongue s in male ACI/N rats [38]. A study found that the ethyl 
acetate extract of B. juncea var. Raya is anti-cancerous and can prevent the spread 
of colon cancer cells, (HCT116), breast cancer cells (MCF-7, MDA-MB-231), lung 
cancer cells (A-549), cervical cancer cells (HeLa), and prostate cancer cells (PC-3). 
As a result, the extract has potential to supress the growth of cancer cells was dose-
dependent, affecting the breast carcinoma cell line the most. Studies have shown 
that mustard extract has therapeutic potential in addition to its cacinopreventative 
properties. The extract causes cancer cell lines to undergo apoptosis, which kills them, 
as a result of reactive oxygen species being generated by the mitochondrial pathway. 
Several compounds were identified in B. juncea var. Raya. Among the isothiocyanates 
present in B. juncea var. Raya include allyl isothiocyanates (23%, degraded from sini-
grin), 2-phethyl isothiocyanates (20%, generated from gluconasturiin) and 3-butyl 
isothiocyanates (18%, degraded from gluconapin). Additionally, it has been claimed 
that mustard extracts in methanol and water can suppress the growth of cancer cells 
[3, 39, 40], however, their main active components are unknown. It will be necessary 
to continue identifying the components of mustard extract, examine dose-resistance 
relationships, and examine how structure affects anticancer activity in order to 
advance in this field.

3.2 Antioxidant activity

A number of antioxidant compounds have been found in mustard [18], including 
phenolic compounds, vitamin A, glucosinolates, vitamin C, and other compounds. 
It was found that the 50% acetonitrile extract of Korean Dolsan Leaf mustard was 
shown to have somewhat better antioxidant activity than that of other sites in the 
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study. In addition to ABTS, EDA, and FRAP (Ferric ion-reducing antioxidant power) 
were shown to have antioxidant activity. As shown in Oh, Kim et al. [21], it was 
linearly correlated with flavonoid concentration, indicating that flavonoids and 
polyphenols may act as mediators for their antioxidant activity. However, aerobic 
environment, temperature, fermentation time, solvent, and pH may affect the 
antioxidant activity of fermented mustard [15, 18, 41]. Several mustards have differ-
ent antioxidant activities, and different mustards have various antioxidant capacities. 
Tests conducted in vivo and in vitro can identify antioxidant activity. A primary 
method for evaluating antioxidant activity in vitro is DPPH (2,2-Diphenyl-1-(2,4,6-
trinitrophenyl) hydrazyl; 1,1-Diphenyl-2-picrylhydrazyl radical). For the determi-
nation of antioxidant activity in vivo, LPO is the most common method. Although 
Free radicals are scavenged by both methods, DPPH [42] is faster, simpler and more 
economical than other test methods. The antioxidant activity of mustard extracts 
may also be determined using the ABTS-free radical scavenging and iron reduction 
antioxidant capacity (FRAP) tests [13, 22]. A number of malignancies have been 
closely associated with excessive nitrate intake [19, 43].

The methanol-based mustard extract shows nitrite scavenging activity at a higher 
level than water extract and ethanol extract [18, 44]. In vitro pH value studies of 
microbiological thiobarbital acid-free fatty acids were also carried out to determine the 
antioxidant potential of mustard leaf ethanol extracts on raw meat lipid oxidation pro-
tection. The findings showed that while the samples’ pH declined after storage, their 
contents of free fatty acids and thiobarbital considerably rose significantly (P < .05).

In samples treated with ethanol extracts of mustard leaf pickles of 0.1% or 
0.2%, bacteria were significantly less prevalent than in samples treated with control 
ascorbic acid (0.02% ascorbic acid), demonstrating mustard’s antioxidant proper-
ties [22, 32, 45]. Animals are often shielded from oxidative stress throughout testing 
in order to evaluate in vivo detection. Live mice were treated to oxidative stress 
brought on by urethane, cyclophosphamide, and mustard leaf extract, as well as 
new radiation-induced chromosomal damage. When given at 50–250 mg/kg body 
weight over the course of 7 days, mustard leaf extract decreases the micronuclei 
brought on by radiation and genotoxic substances. Furthermore, glutathione levels 
and glutathione S-transferase levels rose, shielding the mice against genotoxicity 
and chromosomal damage. In streptozotocin-induced diabetic rats, mustard BuOH 
extract fraction was also evaluated for its effect on oxidative stress. As a result of 
thiobarbituric acid fraction administration (100 or 200 mg/kg of body weight every 
day for 10 days), superoxide levels, glycosylated protein, serum glucose, thiobar-
bituric acid levels, and nitrite/nitrate both the amount of reactive substances and 
the amount of thiobarbituric acid-reactive compounds were dramatically decreased 
as well. As a result of reduced lipid peroxidation and oxygen-free radical levels in 
mustard leaf BuOH fractions, oxidative stress associated with diabetes is improved 
[46]. Several studies have examined the antioxidant potential of mustard extracts 
using various methodologies; however, further research is needed to determine the 
antioxidant components of mustard, their assimilation, metabolism, and anti-
oxidant processes in the human body.

3.3 Anti-obesity

A limited amount of research has been conducted in this field, but some stud-
ies have shown, that B. juncea L. leaf extracts with 80% (v/v) ethanol had positive 
effects on obese Sprague-Dawley rats on a high-cholesterol diet. A number of lipid 
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parameters were improved in rats, including serum and organ lipid levels. Gene/
protein expression related to fat metabolism and cholesterol production was also 
regulated. In rats given the extract, the weight of the organs significantly decreased, 
and the bulk of the mesentery, epididymis, and total adipose tissue all decreased 
(p < 0.05). Those enzymes produced a significant amount of mRNA expression being 
given a dose of leaf extract from B. juncea.

Based on the findings, 80% (v/v) ethanol extract of B. juncea L. leaf has the potential 
to alleviate obesity, likely by inhibiting the expression of G6pdh, Acc, and Fas genes [47].

3.4 Anti-inflammatory, antiviral, and antibacterial properties

An antiviral effect is obtained from brassinosteroids, which are polyhydroxy 
steroids found in B. juncea extract [48]. In comparison to ethanol, n-hexane, and hot 
water extracts (80°C), mustard subcritical water extract showed higher antiviral 
activity. Mustard subcritical water extracts were reported to exhibit 50.35 percent 
antiviral activity in influenza A/H1N1 influenza virus-infected cells, whereas a milk 
extract containing 0.28 mg/mL subcritical water extract showed 39.62% antiviral 
activity [48]. B. juncea extract, when diluted to 1.25 mg/mL, showed strong antiviral 
activity against influenza virus A/H1N1, according to Lee et al. [45]. At a dosage of 
1.25 mg/mL, mustard extract significantly reduced the spread of virus particles.

There was a selective antibacterial effect of crude Oriental mustard seed meal 
extracts and purified polyphenols on both Gram-negative and Gram-positive bacteria 
(Listeria monocytogenes and Staphylococcus aureus). The hydrolyzed extract was found 
to be effective against Bacillus subtilis, S. aureus, Escherichia coli, L. monocytogenes, and 
Pseudomonas fluorescens when the minimum inhibitory level was 0.1 g/L.

The mustard extract has also been shown to be a successful anti-inflammatory 
agent. B. juncea 50% ethanol extract has been demonstrated to lessen both acute 
inflammations (12-o-tetradecanoylphorbol-acetate (TPA) generated mouse ear edo-
ema and arachidonic acid (AA) produced mouse ear edoema) and chronic inflamma-
tion (many applications of croton oil (CO) induced) in mice [49]. TPA-treated mice’s 
ears were found to be significantly thinner and MPO activity significantly decreased 
by extracts, as was mRNA and protein levels of IL-6. Researchers discovered that B. 
juncea has anti-inflammatory properties. Mustard ethyl acetate and n-butanol frac-
tions have also been examined for their effects on peritoneal macrophages stimulated 
with lipopolysaccharide. Neither fraction produced nitric oxide (NO) or nitrite, and 
both inhibited nitric oxide (NO) generation. Compared with mustard leaf n-butanol, 
mustard leaf ethyl acetate appears to perform better as a protective agent against lipo-
polysaccharides and inhibits nitrite synthesis more strongly. A study demonstrated by 
Kim et al. [50] showed that mustard leaf inhibits the production of nitrites and nitric 
oxide, possibly contributing to its anti-inflammatory properties.

3.5 Therapeutic effect on diabetic cataract

Studies have been conducted on mustard extract and dietary cataract Albino 
Wistar rats administered streptozotocin. Scientists found that administering extracts 
to subjects for 8 weeks at doses of 250 and 500 mg/kg body weight prevented cata-
ract development, as well as improving protection against diabetic cataracts at high 
concentrations [51]. In a study by Yokozawa et al. [52], The effectiveness of a mus-
tard ethyl acetate (EtOAc) extract in preventing diabetes and its consequences was 
examined. Research was conducted on diabetic rats induced by streptozotocin. After 
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oral treatment of EtOAc fractions (200 mg/kg body weight/d and 50 mg/kg body 
weight/d) for 10 days, a dose-dependent reduction in blood glucose glycosylated 
protein levels and thiobarbital acid reactive substance levels was seen. Additionally, 
serum, liver, and kidney mitochondrial levels of superoxide and nitrite/nitrate 
reduced. Based on these results [52], mustard leaf extract may be beneficial in reduc-
ing diabetic complications.

3.6 Anti-hyperglycemia effect

A study of extracts from green and red mustard leaves (B. juncea var. Integrifolia) 
examined their phenolic and glucosinolate concentrations as well as their blood 
sugar reducing abilities. According to the findings, green and red mustard leaves 
had total phenolic contents of 1228.48 36.81 and 850.75 28.88 mg/100 g, respec-
tively, while green mustard leaves had sinigrin contents of 953.19 41.11 and 
1319.62127.95 mg/100 g, respectively. Sinigrin is more abundant in red mustard leaves 
than green mustard leaves, which have a greater amount of total phenolic content. 
Red mustard leaves were shown to suppress the activity of -glucosidase but to have 
no influence on that of alpha-amylase. Accordingly, red mustard leaves reduce blood 
sugar levels more effectively than green mustard leaves [53].

3.7 Antidepressant effect

As a result of diabetes, rodents demonstrate changes in their behavior, brain 
structure, and biochemical characteristics [54]. B. juncea leaf methanolic extract has 
been studied because of its antidepressant properties. Tests for tail-hanging, behav-
ioural despondency, learned helplessness, and motor activity were used to measure 
the therapeutic efficacy. Furthermore, serum levels of serotonin, norepinephrine and 
dopamine were determined following extract treatment. B. juncea was discovered to 
have anti-depressive properties in behavioural experiments using diabetic rats and 
mice as well as biochemical examinations., dopamine, norepinephrine, and Serotonin 
levels in the brain were elevated by mustard extract in a dose dependent manner in 
comparison to diabetic-depressed baseline values. In order to fight diabetes-related 
depression, B. juncea might prove to be a valuable nutritional alternative [54].

4. Genetic engineering methods to augment Glucosinolate content

Brassical plants contain glycosinolates, which contain nitrogen and sulfur. 
Myrosinases hydrolyze these glucosinolates into various compounds when plant tissue 
is damaged, such as by mechanical injury or by pathogens or insect pests attacking the 
plant. B. juncea is able to defend itself against pathogenic insects and pathogens using 
aromatic and indole glucosinolates [55]. Aside from its pungency, mustard oil also 
features distinctive flavors due to glucosinolates. It is this pungency that has made mus-
tard oil so popular. Chemoprotective and anticancer properties have been observed for 
many glucosinolates and their degradation products. B. juncea seedmeal contains high 
levels of glucosinolates (80–120 mol/g) which are nutritional antagonists and reduce 
the palatability. As a result, seedmeal is not palatable to poultry. Augustine et al. [56] 
found that the degradation products of these compounds are also goitrogenic in nature.

Since Indian mustard seedmeal contains such high levels of glucosinolates, it is 
less expensive in the international market. Indian mustard breeding programs target 
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glucosinolate content reductions to 30 mol/g of dry seed weight (DSW). As a result of 
negative linkage drag between seed glucosinolates and seed yield, whenever quality 
lines are developed through conventional breeding methods, yield penalty occurs. A 
genetic engineering approach was required to improve this trait. Using RNAi-based 
targeted suppression of the BjMYB28 transcription factor gene involved in aliphatic 
glucosinolate biosynthesis, A high-yielding Indian mustard cultivar Varuna was reduced 
in its glucosinolate content by Augustine et al. [57]. As low as 11.26 moles/g of DSW of 
glucosinolate-containing transgenic Indian mustard lines can be developed. However, 
the desirable non-aliphatic glucosinolate content and composition did not change fol-
lowing targeted silencing of BjMYB28 transcription factor. There are many anti-cancer 
properties found in the glucosinolates in Indian mustard that offer great health benefits.

Sulphoraphane, produced by glucosinolate glucoraphanin, has anticancer and heal-
ing properties. Glucosinolate glucoraphanin is converted in this process by the enzyme 
AOP as well as the enzyme GSL-ALK, which leads to certain undesirable degradation 
products like gluconapin and progoitrin, which are present in greater amounts in B. 
juncea. The GSL-ALK gene family has four functional homologs and Augustine and 
Bisht [56] used constitutive gene silencing to silence all four homologs. As a result, the 
transgenic B. juncea plants contained more glucoraphanin, a desirable glucosinolate, 
and fewer antinutritional glucosinolates. Transgenic mustard lines were also more resis-
tant to Sclerotinia sclerotiorum, the fungus that causes stem rot. Indian mustard seeds 
contain various types of aliphatic glucosinolates, including sinigrin, which can be used 
medically and therapeutically in mammals. A Bju.CYP79F1 gene overexpression study 
by Sharma et al. [58] demonstrated that Bju.CYP79F1 gene is functionally important for 
sinigrin biosynthesis in a B. juncea line having high glucosinolate content in the seeds, 
but no sinigrin in them. Through overexpression of the Bju.CYP79F1 gene, transgenic 
mustard lines were able to synthesize sinigrin in their seeds. An antinutritional com-
pound found in Indian mustard seedmeal is sinapine, a type of glucosinolate.

As a result, it gives chicken eggs a fishy flavour and contributes a gritty quality to 
meat, decreasing customer interest in both products. Sinapine levels in the germplasm 
of Brassica lines range from 6.7 to 15.1 mg/g of DSW. Kajla et al. [59] tried to silence 
two genes to reduce the amount of sinapine in Indian mustard. The three SGT-
encoding enzymes that catalyse the crucial stages in the sinapine production pathway 
are sinapate glucosyltransferase, sinapoylglucose, and choline sinapoyltransferase. To 
stop the production of the target genes, they employed three distinct methods of gene 
silencing, including RNA interference (RNAi), antisense gene, and synthetic micro 
RNA. The RNAi gene silencing method was used to assess a decrease in seed sinapine 
content in these transgenic lines that ranged from 15.8% to 67.2%. A transgenic 
mustard line only contained 3.79 mg/g of DSW sinapine.

5. Conclusion

As a cruciferous plant and a primary raw material for kimchi, mustard (B. juncea) 
is widely used as a food and spice. The dietary fiber, minerals, chlorophyll, vitamins, 
glucosinolates and their degradation products, volatile components, polyphenols, and 
phytochemicals found in mustard are just some of the phytochemicals it contains. 
Varieties, growth environments, extraction technologies, and food processing affect 
the content and type of food. As well as anti-cancer properties, mustard also has anti-
oxidative properties, anti-inflammatory properties, antibacterial properties, antiviral 
properties, anti-obesity properties, antidepressant properties, diabetes treatment, 
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and cataract prevention and treatment. Currently, mustard seeds are fermented, 
fried, steamed, microwaved, and extracted from their oils. As mustard is primarily 
processed by fermentation, it does not have intensive processing or utilization, while 
the functional components of mustard do not get the best use. Most products do not 
have a high level of value-addition. The bioactive components of mustard include 
glucosinolates and polyphenols. The exact amount and structure of glucosinolates 
and polyphenols found in mustards are still unknown, despite extensive research on 
their qualitative determination. Based on the data, glucosinolates and polyphenols in 
mustards are not reported to change and degrade during processing. There have been 
many studies examining the anticancer and antioxidant effects of mustard extracts, 
but their exact mechanism of action and structure–activity relationship have not 
yet been determined. In addition to mastering the metabolic pathways of bioactive 
components, improving research into the degradation mechanism will ensure that 
bioactive components are retained during processing. Utilizing modern metabolomics 
to study and adjust specific components of plants to produce mustard plants that have 
stable genetic properties, are high in glucosinolates, polyphenols, and other benefi-
cial chemicals. These products can be improved with novel technologies, and their 
applications can be expanded to include functional foods for health.
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Abstract

This chapter deals with brassica plants and their resistance to sucking pests—aphids. 
Brassica plants are known to synthesize a number of plant secondary metabolites which 
impart resistance to insect-pests and diseases. Aphids are known to feed primarily on 
sieve elements. The sieve elements in vascular bundles of angiosperms are important 
channels for nutrition. They are the channels of transport of photoassimilates from 
source to the sink. Because of the high nutrition content of the sap inside sieve ele-
ments, they are the target for many insect-pests and bacterial and fungal pathogens. 
Aphids are one such group of insects which target SE elements of phloem for nutrition. 
They are among the most important insect pests in agriculture particularly serious in 
temperate and sub-tropical climates. In addition to direct damage by feeding as well as 
toxic effects of saliva, the withdrawal of nutrients is detrimental to plant growth and 
development. In addition to this, aphids also cause indirect damage to plants by acting 
as vectors of plant pathogenic viruses. Furthermore, honeydew excreted by aphids 
provides suitable substrate for sooty molds that interfere with normal plant photosyn-
thesis. In this chapter work on host plant resistance in Brassica plants against aphids has 
been reviewed.

Keywords: Brassica, host plant resistance, oilseed, phloem feeder, aphids

1. Introduction

Brassicaceae family is one of the earliest group of cultivated plants [1] which are a 
source of vegetables, oilseeds and condiments. Various biotic and abiotic stresses limit 
the production and productivity of these crops. Out of various insect-pests, aphids 
are important pests. Turnip aphid alone is known to cause 35.4 to 91.3% reduction in 
yield with the average yield losses of around 56.2% [2]. At present, systemic insecti-
cides are used to manage aphid pests. Although these insecticides are very effective, 
but they have the associated problems like residue problem in oil and cake, environ-
mental pollution and development of insecticide resistance. Past two decades have 
witnessed an increased interest in finding alternate solutions for aphid management. 
One such strategy is host plant resistance. It is an effective, economical and environ-
ment friendly option for pest management. The first step in development of insect 
resistant cultivar is the identification of source of resistance. In this chapter we have 
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attempted to review literature on screening of plants to find source of resistance and 
latest developments in host plant resistance in Brassicaceae against aphid pests.

2. Species complex of aphids on Brassicaceae plants

Members of the family Brassicaceae serve as suitable hosts to a number of 
aphid species. The main aphid species reported to infest Brassica plants are mealy 
cabbage aphid, Brevicoryne brassicae (L.); turnip/mustard aphid, Lipaphis erysimi 
(Kaltenbach)/Lipaphis pseudobrassicae (Davis); green peach aphid, Myzus persicae 
(Sulzer); shallot aphid, Myzus ascalonicus Doncaster; potato aphid, Macrosiphum 
euphorbiae (Thomas); corn root aphid, Aphis maidiradicis Forbes; and root feeding 
aphids, namely, bean root aphid, Smynthurodes betae Westwood and cabbage root 
aphid/poplar petiole gall aphid, Pemphigus populitransversus Riley [3]. Among these, 
three species viz. B. brassicae, L. erysimi and M. persicae cause serious damage to 
Brassica crops in one or other part of the world. B. brassicae is native to Europe with 
worldwide distribution. It is a serious pest of Brassica vegetables in most European 
countries and results in significant yield losses. It is a specialist pest of Brassicaceae 
that feeds on phloem sap of its host plants [4]. Although it is a primary pest of Brassica 
vegetables, it also feeds on other species in genus Brassica [4–7]. L. erysimi, the most 
important pest of oilseed Brassica in Indian subcontinent, is native to eastern Asia [3].

Unlike B. brassicae and L. erysimi, peach-potato aphid, M. persicae is a generalist 
pest and feeds on more than 400 plant species [8] including broccoli, cabbage, carrot, 
cauliflower, egg plant, lettuce, papaya, peach, peppers, sweet potato, tomato, etc. 
There are two views about its origin. Many workers believe it to be native of China-the 
native place of its host plant Prunus persica, while others believe it to have originated 
from Europe [9]. In addition to direct feeding damage, it is an efficient vector of 100 
plant pathogenic viruses including potato virus Y, potato leaf roll virus and vari-
ous mosaic viruses including western yellows [10, 11]. The pest is polyphagous and 
cosmopolitan in distribution. It possesses very high genotypic plasticity for color, life 
cycle, host plant relationships and mechanisms for insecticide resistance.

Initially there were doubts about the origin and identity of Lipaphis pseudobras-
sicae. Till 1914, it was confused with B. brassicae in North America. Davis [12] 
recognized it as a distinct species and named it Aphis pseudobrassicae. Later, it was 
transferred to the genus Rhopalosiphum [13] because of weakly clavate siphunculi 
and was referred to as Rhopalosiphum pseudobrassicae (Davis) till 1964. In 1932, 
Börner and Schilder [14] found that species pseudobrassicae should be placed in 
Lipaphis—a genus erected by Mordvilko [15] for a Brassica feeding aphid, erysimi. 
While attempting to discriminate pseduobrassicae from erysimi, Hille Ris Lambers 
[16] could not find any characters that can differentiate the two and stopped short 
of making it a synonym. However, other workers considered pseudobrassicae as a 
subspecies of erysimi [17, 18]. Despite this, erysimi continued to be used from 1975 
onwards.

3. Aphid-plant interactions

Aphids are specialized phloem sap feeders which insert their needle like stylets 
in the plant tissue avoiding/counteracting the different plant defenses and withdraw 
large quantities of phloem sap while keeping the phloem cells alive. In contrast to 
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the insects with biting and chewing mouthparts which tear the host tissues, aphids 
penetrate their stylets between epidermal and parenchymal cells to finally reach 
sieve tubes with slight physical damage to the plants, which is hardly perceived by 
the host plant [19]. The aphid stylets play major role in host plant selection [20]. The 
long and flexible stylets mainly move intercellular in the cell wall apoplasm [21], 
although stylets also make intracellular punctures to probe the internal chemistry 
of a cell. The high pressure within sieve tubes helps in passive feeding [19]. During 
the stylet penetration and feeding, aphids produce two types of saliva. The first type 
is dense and proteinaceous (including phenoloxidases, peroxidases, pectinases, 
β-glucosidases) that forms an intercellular tunneled path around the stylet in the form 
of sheath [22]. In addition to proteins this gelling saliva also contains phospholipids, 
and conjugated carbohydrates [23–25]. This stylet sheath forms a physical barrier 
and protects the feeding site from plant’s immune response. When the stylet come in 
contact with active flow of phloem sap, the feeding aphid releases digestive enzymes 
in the vascular tissue in the form of second type of ‘watery’ saliva. The injection of 
watery saliva (E1) prevents the coagulation of proteins in plant sieve tubes and during 
feeding the watery (E2) saliva gets mixed with the ingested sap which prevents clog-
ging of proteins inside the capillary food canal in the insect stylets [19]. Though, the 
actual biochemical mode of action of inhibition of protein coagulation is unknown, 
the calcium binding proteins of aphid saliva are reported to interact with the calcium 
of plant tissues resulting in suppression of calcium-dependent occlusion of sieve 
tubes and subsequent delayed plant response [26, 27]. This mechanism of feeding is 
more specialized and precise which avoids different allelochemicals and indigestible 
compounds abundant in other plant tissues [28]. In addition to this, aphid saliva also 
contains non-enzymatic reducing compounds which in the presence of oxidizing 
enzymes inactivate different defense related compounds produced by plants after 
insect attack [24].

The early response of plants to feeding by insects or infection by pathogens share 
some common events such as protein phosphorylation, membrane depolariza-
tion, calcium influx and release of reactive oxygen species (ROS, such as hydrogen 
peroxide) [29], which leads to activation of phytohormone dependent pathways. In 
response to infestation/infection different phytohormone-dependent pathways are 
activated. The ethylene (ET) and jasmonate (JA) pathways are activated by different 
necrotrophic pathogens [30] and grazing insects [31], while salicylate (SA) dependent 
responses are activated by biotrophic pathogens [30]. These responses lead to produc-
tion of various defense related proteins and secondary metabolites with antixenotic 
or antibiotic properties. In the case of infestation by aphids, a SA-dependent response 
appears to be activated, while the expression of JA-dependent genes is repressed 
[32–35]. All these responses lead to the manipulation of the plant metabolism to 
ensure compatible aphid-plant interactions.

4. Stages and extent of damage

Damage is caused by both nymphs and adults. Wing dimorphism leads to two 
 different morphs—alatae (winged) and apterae (wingless). Apterae are small to 
medium sized pale to yellowish, gray or olive green with body covered with small 
waxy coating (not as waxy as B. brassicae). However, under cold and humid condi-
tions this waxy covering becomes dense coat of white wax. Small to large colonies of 
L. erysimi suck plant sap from flower buds, flowers, siliquae, pods and underside of 
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leaves which leads to their curling, crinkling and yellowing. Continuous feeding and 
consequent resource restriction leads to drying of the plant part being fed upon.

Parthenogenetic viviparity limits the need for males to fertilize females and 
eliminates the egg stage from life cycle. Further, the development of an aphid begins 
even before its mother’s birth—a phenomenon known as telescoping of generations. 
Thus, the generation time is considerably reduced to as low as 5–7 days under favor-
able conditions [36] leading to rapid increase in population growth. Under varying 
population levels, prevailing agro-climatic conditions and phenological stage of the 
crop damage by L. erysimi has been reported to vary from as low as 10 to as high as 
90% [37–46]. In addition to direct feeding damage, L. erysimi is also vector of 10 
non-persistent viruses including turnip mosaic virus, cauliflower mosaic virus and 
cabbage black ring spot virus [43, 47]. Like B. brassicae, it is also a Brassica special-
ist. Brassica rapa and B. juncea are generally better hosts compared to other Brassica 
species [43]. It is cosmopolitan in distribution and is found wherever Brassica plants 
are grown. Host range may include many species and genera of Brassicaceae, includ-
ing Brassica, Barbarea, Capsella, Erysimum, Iberis, Lepidium, Matthiola, Nasturtium, 
Raphanus, Rorippa, Sinapis, Sisymbrium and Thiaspi [48, 49].

5. Bioecology and different control interventions

Many workers have attempted to study the bioecology of the pest in an effort to 
find weak links in pest’s life cycle so that this information can be used in devising an 
effective pest management strategy. Though good information has been generated, 
but keeping a view the changed spectrum of mustard varieties over the time, cultural 
practices and the global environmental change, there are still many gaps in our knowl-
edge. There is no egg or other resting stage in its life cycle and the mustard aphid is 
reported to survive on some wild crucifers and some vegetables during summer months 
[50, 51] particularly in submountaineous regions. On the other hand, in plain region of 
Rajasthan, Sachan and Srivastava [52] could not locate the pest from July to October on 
cabbage. Similarly, Lal [53] also stated that this pest is not traceable in plains of India 
during summer months. Thus, it was hypothesized that aphids migrate from hilly areas 
to plains of India to avoid extremely low temperatures in winter season. However, this 
‘Hills to Plain Hypothesis’ failed to highlight the exact route of aphid migration and the 
exact source of aphid population. Recently, Ghosh et al. [54] have studied the migration 
behavior of L. erysimi over Indo-Gangatic plains through 24 h backward air-mass trajec-
tory and found that mountainous regions of Kashmir are the source of aphid migration 
in North-Indian plains in winter season. Studies on aphid migration and their develop-
ment on host plants help in developing effective forewarning and forecasting models 
which have implications in precise timing of control interventions. Generally, the alatae 
of L. erysimi start appearing on the crop in October when the crop is still young. They 
generally remain at low levels in winter season and start increasing from December 
till mid March in different regions of the country (Table 1) after which a decline in 
population is observed due to maturity of the crop and rise in temperature [52, 65, 66]. 
Though a number of natural enemies are reported to be associated with L. erysimi 
(Diaeretiella rapae, coccinellids, chrysopids and syrphids) which increase in abundance 
with the warming of temperature after winter season, but they are generally ineffective 
in suppressing the aphid population. There is a lack of phenological synchrony between 
their peak populations since natural enemies are active late in the season when most of 
the damage by aphids has already occurred [67, 68].
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Cold and cloudy conditions are generally favorable for the development of mus-
tard aphid [69], while extreme weather events like sub-zero temperature, fog, frost, 
rains and thunderstorms and very high temperature are the leading abiotic mortality 
factors. Mean maximum temperature of 17–18°C favors rapid population multiplica-
tion [58] while very low temperature during December and high temperature after 
March have detrimental effect on its multiplication. Hsiao [70] reported that L. 
erysimi manifests maximum intrinsic rate of increase, higher net reproductive rate 
and longer mean generation time at 25°C compared to other range of temperatures 
tested. In Nagpur, India, Kulat et al. [71] reported that a combination of maximum 
and minimum temperature in the range of 26.4–29.0°C and 8.4–12.6°C along with 
relative humidity of 75–85% in January resulted in conditions favorable for L. erysimi 
population development. On the other hand, a declining trend in population was 
observed at relative humidity ≤65%.

5.1 Cultural management

5.1.1 Sowing time

Time of sowing has a significant influence on the damage caused by aphids on 
oilseed Brassica. In India, L. erysimi generally causes maximum damage at flowering 
stage of the crop [72] which spans from end December/first fortnight of January to 
mid-February in different parts of the country. Thus, alteration in sowing date can 
help crop escape from the damage caused by L. erysimi as it leads to phenological 
asynchrony between the most susceptible crop stage and peak period of aphid activity. 
Phenological asynchrony can be achieved either through breeding by incorporating 
genes for earliness or alterations in sowing time. It has been observed that crop sown 
early (before October 20) escapes damage by L. erysimi in India [73–85]. However, care 
should be taken to avoid sowing too early especially in dry regions such as Rajasthan 
as it can result in more damage by painted bug [86]. On the other hand, crop sown late 
suffers heavy damage by L. erysimi [41, 42, 79, 87–90].

State Period of peak activity Crop Reference(s)

Rajasthan End January B. juncea [55]

Punjab Mid February B. juncea [56]

Jan–Feb B. campestris

Jan–Mar B. juncea

Mar Brassica napus

B. carinata [57]

Haryana Jan–Feb Brassicas [58, 59]

Delhi Feb Brassica rapa [60]

Bihar Jan–Feb Rape/mustard [61]

Orissa January Rape/mustard [62]

Uttar Pradesh January B. juncea [63]

Source: Bakhetia et al. [64].

Table 1. 
Period of peak activity of Lipaphis erysimi as influenced by different types of cruciferous plants.
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5.1.2 Fertilizer application

Optimum nutrient application is an essential and often ignored component in 
both integrated pest as well as disease management. Excessive use of nitrogenous 
fertilizers can make plants more succulent [91] and susceptible to insect attack 
[92]. L. erysimi population was 4–8 times more in mustard crop that received 
40 and 60 kg ha−1 N as compared to that in the crop which received no fertilizer 
application [93, 94]. On the other hand, Bakhetia and Sharma [95] reported 
that increase in nitrogen application upto 80 kg ha−1 had no effect on L. erysimi 
population development, however a negative correlation was observed between 
sulfur application and L. erysimi population development [96]. Similarly, increase 
in K application adversely affected reproduction and honey dew excretion of L. 
erysimi [97]. Increased application of P and K reduced aphid incidence on mus-
tard plants [98].

5.1.3 Irrigation

In an agroecosystem, plants encounter multiple stresses that can influence 
their physiology and chemical composition including plant secondary metabolites. 
Drought/water stress not only influences plant physiology leading to decreased 
growth, but also leads to changes in profile of secondary metabolites and alloca-
tion of resources [99–102]. Water stressed mustard plants were reported to support 
lower population of Brassica specialist L. erysimi [103, 104], while opposite trend 
was observed for generalist aphid M. persicae [100]. Similarly, Mewis et al. [102] 
reported rapid growth of M. persicae on water stressed Arabidopsis thaliana plants 
while B. brassicae performed equally well both on water stressed and well watered 
plants. However, heavy infestation of B. brassicae on water stressed plants of Brassica 
napus compared to unstressed plants was reported by some workers [105, 106]. This 
may partly be due to increase in concentration of amino acids in phloem sap [107] 
which makes it more nutritious. Miles et al. [108] reported increase in concentration 
of amino acids in water stressed rape plants leading to enhanced development of B. 
brassicae.

Besides changes in primary metabolites, water stress also leads to changes in plant 
secondary metabolites. Variations in glucosinolates may be in part responsible for 
observed variation in insect performance. Previous studies have reported decrease 
in glucosinolate levels in water stressed plants [100, 101]. Unlike generalist aphids, 
specialist aphids may tolerate glucosinolates in their host plants. However, there is 
general lack of complete understanding w.r.t. to effect of drought stress on second-
ary metabolite accumulation in relation to impact on plant resistance against aphids 
with different feeding specializations. Mewis et al. [102] reported a general trend 
of increase in levels of sucrose, several amino acids such as glutamic acid, proline, 
isoleucine and lysine while decrease in the levels of 4-methoxyindol-3-yl methyl 
glucosinolate was observed in water stressed plants. On the other hand, Chadda and 
Arora [107] observed a reduction in amino acids concentration in water stressed 
plants which in turn resulted in amino acid imbalance in aphid excretion resulting in 
reduced fecundity.

Bakhetia and Brar [109] reported a heavy aphid infestation on mustard grown 
under rainfed conditions with very high damage while irrigated crop maintained 
a good crop stand despite high aphid pressure partly due to differences in plant 
vigor.
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5.2 Biological control

The term biological control covers a broad range of macro and microorganisms 
(e.g. parastitoids, predators, bacteria, virus, fungi, etc.), botanical extracts, semio-
chemicals and secondary metabolites from living organisms. The entomopathogenic 
fungus Verticillium lecanii has been found promising against L. erysimi [110, 111]. In 
a 2 years field study, spray of V. lecanii @ 108 cs/ml followed by spray of neem seed 
kernel extract (5%) resulted in 60% reduction in L. erysimi population on Indian 
mustard as against 49% increase in aphid population in untreated control [110]. 
Field efficacy of neem seed kernel extract (5%) and neem leaf extract (5%) against 
L. erysimi has also been reported by other workers [112]. Many plant based materi-
als have been evaluated against L. erysimi including neem/azadirachtin, nicotine 
sulphate, rotenone and pyrethrins. Extracts from common plants such as Azadirachta 
indica, Lantana camara, Melia azedarach, Solanum xanthocarpum exhibited variable 
toxicity against L. erysimi [113]. Tetrahydroazadirachtin-A, a thermo and photostable 
derivative of azadirachtin provided superior control of mustard aphid on B. juncea 
compared to azadirachtin [114]. Despite variable efficacy of botanicals, there is much 
needed to be done for their commercial exploitation. For example, the application 
rates of neem seed formulation (0.5–2.0 kg/ha) or fresh leaves (10–20 kg/ha) are too 
high to be acceptable by growers [115]. In developing countries, the use of biopesti-
cides in pest management is low due to a number of factors such as low efficacy, speed 
of action, limited spectrum of activity, availability and affordability [116] and there is 
a need to create awareness among farmers about the ill effects associated with the use 
of chemical insecticides.

Aphid natural enemies can also be used for its management under field conditions. 
Like other agricultural systems, Brassica agroecosystem is also prone to pest outbreaks 
compared to natural ecosystems primarily due to loss of biodiversity [117]. However, 
Hawkins et al. [118] stated that one or two particularly effective natural enemies are 
all that are needed for effective pest control. Bakhetia and Sekhon [38] reported six 
Coccinellid species, 16 Syrphids, one chamaemyiid, hemerobiid (predators), four 
species each of parasitoids and entomopathogenic fungi and one predatory bird to be 
associated with L. erysimi as its natural enemies in India. Coccinellids are the pre-
dominant predators of this aphid species, among which Coccinella septempunctata, C. 
repanda, transversalis, Brumoides suturalis, Menochilus sexmaculatus and Hippodamia 
variegata are abundant in Brassica agroecosystem. Kumar [67, 119] observed that these 
natural enemies generally become active very late in the season when most of the 
damage by aphids has already occurred. Thus, despite their abundance these natural 
enemies fail to provide satisfactory control of mustard aphid due to phenological 
asynchrony between the peak activity period of L. erysimi and its natural enemies [67, 
68]. Limited efficacy of C. septempunctata @ 5000 beetles ha−1 and V. lecanii @ 108 
conidial spores ml−1 against L. erysimi was reported on Indian mustard upto 10 days 
after release [111]. Although a number of syrphids are known to predate on mustard 
aphid, but they are generally very low in number to provide effective population sup-
pression. The common associated syrphids are Episyrphus balteatus, Sophaerophoria 
scutellaris, Metasyrphus adligatus, M. corollae, Eristalis obscuritarsis, E. tenax, 
Xanthogramma scutellaris, Syrphus serarius and S. issaci. Similarly, the green lacewings 
(Chrysoperla carnea and Chrysopa scaslastes) have limited scope for use in population 
suppression of insect-pests.

In addition to predators, small aphid parasitoids, Diaeretiella rapae and Encyrtus 
sp. are also associated with mustard aphid. Just like predators, the parasitoids also 
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appear late in the season (around mid February). Atwal et al. [120] reported that D. 
rapae causes more than 70% aphid parasitization in Punjab, India. However, recently 
Kumar [119] reported only 15.6% aphid parasitization on B. rapa. Biological control 
has the potential to offer sustainable solution for pest problems in agriculture [121] 
but its success rate is very low compared to chemical control [122]. With globaliza-
tion and intensification of agriculture, the pest problems will increase resulting in 
increased use of pesticides [123]. For sustainable pest management, the expectations 
from biological control agents will increase.

5.3 Chemical control

At present, there is no stable resistant cultivar available against aphid pests in 
rapeseed-mustard. Thus, in their absence, insecticides are and will continue to be 
the major component of any pest management programme. In a developing country 
like India, farmers use them as the primary method of pest management as they find 
it easily available, economical and effective method of pest management. However, 
in an ideal pest management programme, insecticides should be used as the last 
option when all other alternative methods fail to provide satisfactory control since 
there are many problems associated with their use including environmental pollu-
tion, insecticide resistance and resurgence and pesticide residues in oil and cake. In 
India, pesticides are extensively used in rapeseed-mustard, but their application is 
mostly erratic. The fields requiring pesticide application are left unsprayed while 
other fields are sprayed indiscriminately and unnecessarily [124]. Even in a devel-
oped country like UK, the indiscriminate use of insecticides of vegetable brassicas 
was common due to lack of economic thresholds for many pests in the 90s [125]. The 
introduction of neonicotenoids played a significant role in pest management, but 
these were not introduced on a large scale in brassica crops unlike other crops [126]. 
In European Union, the ban on use of neonicotenoid insecticides as seed treatment 
on crops that attract pollinators, implemented in December 2013, adversely affected 
the pest control in oilseed rape [127, 128]. There were serious crop losses in 2014, 
2015 and 2016 due to flea beetle, Psylliodes chrysocephala and peach-potato aphid, 
M. persicae which were already resistant to the alternative pyrethroid insecticides 
[129]. However, Blacquière and van der Steen [127] argue that decline of honey bees 
and wild pollinators is not likely caused by use of neonicotenoids and suggested 
for comprehensive studies on interactions with non-pesticide stressors. In India, 
neonicotinods are still used for pest management. Single application of imidacloprid 
provided 99% L. pseudobrassicae control [130]. Although, very high level of aphid 
control is obtained by use of synthetic insecticides, but high fecundity and short 
generation time of aphids leads to rapid population growth to levels similar to those 
in untreated fields within just 2–3 weekds [131]. To avoid indiscriminate use and 
prophylactic application of insecticides, the pesticide application decisions should 
be based on action (economic) threshold. But economic threshold levels are avail-
able for only a few major insects and there is need to calculate the same for other 
pests as well.

5.4 Integrated pest management

The sustainable solution to pest problems revolves around amalgamation of 
all the available and viable pest management strategies. However, in developing 
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countries including India farmers are largely dependent on the use of synthetic 
chemicals due to their easily availability and quick results. The well known example 
of control failures of diamondback moth, Plutella xylostella was attributed to wide-
spread and indiscriminate use of insecticides. This not only disturbed the natural 
control by parasitoids and predators in Brassica ecosystem, but also exerted high 
selection pressure on insect population leading to development of insecticide resis-
tance to almost all groups of insecticides [132, 133]. In northern India, early sowing 
of rapeseed-mustard in October is advocated to create phenological asynchrony 
between the peak activity period of L. erysimi and flowering stage of the crop. 
However, growers in most parts of the North-Western India particularly Punjab and 
Haryana are unable to sow their crop in October due to late harvesting of rice crop 
in the preceding season. Action thresholds for control decisions are available, but 
control interventions are rarely made based on these thresholds. In the developing 
countries including India, there is a functional extension system to educate growers 
about importance of IPM and ill effects of insecticides, but farmers do not follow 
the advice of extension personnel. They follow the recommendations only if they are 
made into law [49].

Even in the developed country like UK, guidelines to manage aphids and insecti-
cide resistance management have been published [134, 135], but insecticides are not 
selected on the basis of being less harmful to aphid natural enemies [136, 137]. A well 
established pest monitoring and forecasting system also exists in UK. In contrary 
to developing countries, it is supposed that growers in UK will follow the advice of 
extension functionaries—but this is not true. Most of the Brassica growers do not fol-
low the recommendations of extension functionaries and go for prophylactic applica-
tion of insecticides [136].

Though, aphid natural enemies are active in Brassica ecosystem but their peak 
activity lags behind the peak aphid activity [67] and they fail to provide effective 
aphid control. Rapeseed-mustard cultivars with less susceptibility/tolerance to aphids 
are available, but the resistance levels are still not high enough to induce growers to 
use them as a sole control measure. At present, semiochemicals are not applied to dis-
rupt aphid pests or to attract their natural enemies in the agroecosystem. Thus, there 
are very limited control options available that can be made component of integrated 
pest management module. A resistant cultivar can serve as the core component of 
IPM module which will not only reduce reliance on insecticides but will also reduce 
pest management cost in addition to reduction in environment pollution and pesticide 
residues in oil and cake.

6. Traditional approaches in breeding for aphid resistance

Brassica plants are among the oldest cultivated plants with documented records 
dating back to ca. 1500 BC [138]. Their domestication over the years has lead to 
narrowing of genetic base. The breeding efforts were focussed on high yield and 
quality traits (low glucosinolates and erucic acid). Thus, little/no attention was 
paid to maintain insect and/or disease resistance. Thus, over the course, the defense 
related genes in ancestral Brassica plants were lost. However, in the recent times, there 
is renewed interest in remobilizing these defense related genes. All this requires, 
rigorous screening of large Brassica germplasm for insect resistance and an efficient 
screening technique is the very prerequisite for this.
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6.1 Screening methodology

Screening for source of resistance is the first step in development of an insect 
resistant cultivar. A very large number of attempts have been made in the past to 
identify sources of resistance in primary gene pool of crop brassica species [139–143]. 
The literature on the screening techniques for aphid resistance has been reviewed 
extensively by Bakhetia and Sekhon [38]. The different techniques used for screening 
are discussed in the following text.

6.1.1 Seedling stage screening

Screening at seedling stage is more desirable than field screening at adult plant stage 
because of the cost and efforts involved. However, resistance at seedling stage may not 
express at adult plant stage and no serious effort has been made to correlate seedling 
stage resistance with the adult plant resistance. Earlier, Bakhetia and Bindra [144] had 
attempted to develop seedling stage screening method against L. erysimi which is com-
patible with adult plant evaluation. It is based on seedling mortality at a defined aphid 
population level. For efficient resistance screening, population levels of 11, 20, 20, 30 
apterae and, 1 and 3 ml aphids (1 ml = ∼600 numphs + apterae) per plant are optimum 
for resistance screening at cotyledonary, 2-leaf, 4-leaf, flower bud initiation and flower-
ing stages, respectively [143]. Despite the advantages of seedling stage screening, this 
method is not widely used for screening of Brassica germplasm against aphids.

6.1.2 Adult plant stage screening

Contrary to the seedling stage screening, this is the most widely used method 
in screening for aphid resistance in Brassica germplasm, since it reflects the actual 
resistance exhibited by plants under field conditions. Though, it is laborious and time 
consuming method, but it does not undermine its usefulness. It is based on the injury 
symptoms exhibited by aphid feeding which range from yellowing, curling and crin-
kling of leaves to drying of floral buds, flowers and shriveling of pods. Different grading 
systems have been adopted by different workers, but the one suggested by Bakhetia and 
Sandhu [145] is the most practical and widely accepted for mustard aphid screening.

Based on the aphid injury level, different injury grades for field screening are 
given to the plants as follows:

Aphid infestation 
index (AII)

Description

0 Free from aphid infestation. Even if a single wingless aphid is present, the plant is 
considered infested. Plants showing excellent growth.

1 Normal growth, no curling or yellowing of the leaves, except only a few aphids along with 
little or no symptoms of injury. Good flowering or pod setting on almost all the branches.

2 Average growth, curling and yellowing of a few leaves. Average flowering and pod setting 
on all the branches.

3 Growth below average, curling and yellowing of the leaves on some branches. Plants 
showing some stunting, poor flowering and little pod setting.

4 Very poor growth, heavy curling and the yellowing of leaves, stunting of plants, little or 
no flowering and only a few pods forming. Heavy aphid colonies on plants.

5 Heavy stunting of plants; curling, crinkling and yellowing of almost all the leaves. No 
flowering and pod formation. Plants full of aphids.
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Bakhetia and Sandhu [145].
Based on the degree of damage, an injury grade is given to every observed plant. 

The Aphid Infestation Index (AII) is calculated by multiplying the number of plants 
falling under each injury grade with their respective grade number. AII is calculated at 
pre-flowering, flowering and pod formation stages as:

 ( ) ( ) ( ) ( ) ( ) ( )× + × + × + × + × + ×
=

+ + + + +
0 a 1 b 2 c 3 d 4 e 5 f

Aphid Infestation Index
a b c d e f

 

where a, b, c, d, e, and f are the number of plants falling under each injury grade.
The different test entries are classified into different resistance categories based on 

the AII as:

Higher the AII, lower is the level of resistance in an entry.

6.1.3 Other screening methods

Recently, Dhillon et al. [146] evaluated twig cage, whole plant cage, plot cage and 
uncaged plants methods to look for efficient screening method against L. erysimi. 
They concluded that no-choice twig cage method is the most appropriate of all 
for field screening of Brassica genotypes. However, there were many flaws in their 
methodology followed. The authors infested the test plants artificially with pieces of 
infested Brassica twigs pinned to the plant. Pinning of host plants inflicts mechanical 
injury which activates the myrosinase-glucosinolate defense system in Brassica plants 
which in turn interferes with expression of natural resistance. Further, twig cage 
alters the microclimate leading to physiological and nutritional deviation from natu-
rally grown plants. Generally, caged twigs/plants exhibit abnormal growth which 
may interfere with their natural expression of resistance. Furthermore, authors 
have worked out both Aphid Population Index (API) and Aphid Damage Index 
(ADI) each on 0–5 scale. Aphid Resistance Index (ARI) is worked out after taking 
mean of the two. While, ADI is based on the degree of damage done to host plants, 
API is based on the aphid population—higher the pest numbers, more the API will 
be. Some plants may harbor high aphid population without exhibiting significant 
damage and vice versa. Thus, inclusion of API in calculations of Aphid Resistance 
Index does not represent the true resistance exhibited by host plant. While, Bakhetia 
and Sandhu [145] recorded both aphid population and injury grade at same point of 
time (though they have not used population data for calculation of Aphid Infestation 
Index), Dhillon et al. [146] recorded API after 21 days of artificial infestation and 
ADI at completion of pod formation, which puts another question mark on the 
methodology followed.

Aphid infestation index (AII) Reaction

0.00–1.50 Resistant

1.51–2.50 Moderately resistant

2.51–3.50 Susceptible

>3.50 Highly susceptible
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In addition to this, aphid population at a particular stage and an increase in 
population during a given time interval can also be used in germplasm screening [38]. 
Kumar et al. [147] attempted to screen a diverse array of wild crucifers based both 
on the adult plant resistance and effect on aphid demographic parameters (survival, 
development and fecundity) and reported one wild Brassica fruticulosa to be resistant 
to L. erysimi. Only limited attempts have been made to develop screening technique 
based on aphid biology, despite its significance in identifying sources of resistance. 
It is possible to develop such a criterion for aphid screening since nymphal survival, 
fecundity, longevity and reproduction are similar at all the plant growth stages [144]. 
Singh et al. [148] and Malik [149] have also reported fecundity to be inversely related 
to resistance.

6.2 Conventional breeding

The three modalities of resistance include antixenosis, antibiosis and tolerance. 
Although, antixenosis does not exert any selection pressure on insect population and 
there is no risk of biotype development, it is rarely effective under no choice condi-
tions as insects can learn to feed on less preferred host plant. In contrast, antibiosis 
exerts high selection pressure on the insect population leading to high risk of biotype 
development, a danger not applicable to tolerance. Insect population can be allowed 
to feed on the crop and growers would not need to control them, but they would 
breed population to infest their neighbors’ crops. Thus, an ideal resistance is a combi-
nation of all the three mechanisms [150].

Earlier workers have attempted to develop resistant cultivars using different 
breeding methods viz. intervarietal hybridization, induced mutagenesis or autotetra-
ploidy. B. napus strains and colchicine induced tetraploid toria (B. rapa) were found 
to be resistant to mustard aphid as compared to diploids with antibiosis mechanism 
of resistance [148, 151–154]. However, these were cytogenetically unstable. Many 
workers have attempted to artificially synthesize B. napus and B. rapa x Eruca sativa 
alloploids [155] but these were not resistant.

In an attempt to develop aphid resistant cabbage variety, Lammerink [156] made 
selections from F3 generation of the cross (Broad Leaf Essex rape x Colder Swede) x 
giant rape. In addition to this, he also made recurrent selection in the crosses involv-
ing purple top white globe and Sjodin turnip. Kumar et al. [147] screened a diverse 
array of wild crucifers and found one wild B. fruticulosa to be resistant to L. erysimi. 
They further attempted to introgress the resistance gene to B. juncea background. In 
addition to L. erysimi, B. fruticulosa has been earlier reported to be resistant to mealy 
cabbage aphid, B. brassicae [5, 6, 157, 158]. It was reported to possess antixenosis 
and antibiosis mechanisms of resistance against L. erysimi along with the B. juncea-
fruticulosa introgression lines [159]. Further, monitoring of feeding behavior of B. 
brassicae by electrical penetration graph (EPG) revealed large reduction in duration 
of passive phloem uptake in B. fruticulosa compared to Brassica oleracea var. capitata 
cv. ‘Offenham Compacta’. Aphids either showed quick withdrawl of stylets from sieve 
tubes or there was disrupted phloem uptake [5]. The mechanism of resistance was a 
combination of both antixenosis and antibiosis [157]. In addition to resistance against 
aphid pests, B. fruticulosa has also been reported to possess resistance (antibiosis) 
against Delia radicum [160].

In addition, efforts have also been made to induce mutation in B. juncea for resis-
tance against aphid pests both by chemical [161] and physical mutagens [162, 163] but 
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no significant results were obtained. Recently, Agrawal et al. [164] have attempted to 
use γ-irradiation on a set of introgression lines to optimize the introgressed segment.

6.3 Use of transgenic technology

Transgenic technology has emerged as an alternative breeding strategy 
to conventional breeding. Different strategies such as expression of protease 
inhibitors, RNA interference (RNAi), antimicrobial peptides and repellents can 
be employed for sap sucking insects such as aphids. Since aphids are phloem 
feeders, thus, phloem specific promoters can be used for expression of defense 
related compounds against them. This would lead to target specific expression 
of defense compounds with little/no effect on non-target insects. Further, it 
will also limit the GM-associated resource investment by plants to the plant 
tissues that are not attacked by the insect. The SUC2 promoter that regulates the 
AtSUC2 sucrose-H+ symporter gene is restricted to plant phloem which produces 
aphid toxic proteins. This protein is transferred through sieve tubes to actual 
aphid feeding site [165].

Likewise Protease Inhibitors (PIs) can also be targeted to confer resistance in 
transgenic plants to insects, which inhibit/reduce the activity of enzymes involved 
in protein digestion (proteases). Toxic effects of PIs on insect-pests have been well 
demonstrated particularly those from order Coleoptera, Lepidoptera and Orthoptera 
[166]. In aphids, PIs ingested along with plant sap inhibit protein digestion in insect 
gut leading to disruption in amino acid assimilation subsequently leading to adverse 
effect on insect growth and its ability to cause plant damage. Successful attempts 
have been made to express PIs such as trypsin inhibitors and chymotrypsin inhibi-
tors in phloem of transgenic plant [167, 168]. Barley cystein proteinase inhibitor, 
HvCPI-6 is reported to inhibit performance of M. persicae and Acyrthosiphon pisum 
in artificial diet [169] while, cysteine protease inhibitor, oryzacystatin I (OC I) 
inhibited growth of M. persicae, A. gossypii and A. pisum [170]. M. persicae fed on 
transgenic B. napus plants expressing (OC I) suffered reduction in adult weight, 
biomass and fecundity in comparison to those fed on control plants. Thus, protease 
inhibitors have a good potential to be used as an effective strategy to confer aphid 
resistance in plants.

In addition to PIs, lectins also exhibit high toxicity against sap sucking insects 
including aphids. Lectins are proteins that selectively bind to carbohydrates and 
carbohydrate moieties of glycoproteins leading to poisonous effect on the insect. The 
poisonous effects of lectins have been demonstrated on a number of insects, especially 
the sap sucking insects [171, 172]. A number of genes coding for different lectins have 
been introduced in B. juncea that confer resistance against L. erysimi such as wheat 
germ agglutinin from Triticum spp. [173], agglutinin ACA from Allium cepa [174], 
fusion lectin ASAL from Allium sativum and ACA from A. cepa [174]. Laboratory bio-
assays have confirmed significant toxic effect of these transgenic plants on L. erysimi.

RNAi is gaining increased attention as another potential strategy to confer 
resistance against insects. It involves suppression of genes at the level of RNA 
(posttranslational RNA-mediated gene silencing). Transgenic plants that delivered 
dsRNA to M. persicae resulted in inhibition of Rack1 protein located in gut and C002 
protein located in the salivary glands of the aphid [175]. The transformed tobacco 
and A. thaliana plants resulted in adverse effect on aphid fecundity with upto 60% 
silencing in aphids that fed on these plants. Although salivary and gut proteins are 
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the promising targets for sucking insects including aphids, the other targets can be 
transporters in the bacteriocyte plasma membrane required for transport of nutrients 
between aphids and symbionts, Buchnera aphidicola.

7. Induced resistance

Plants are known to increase the level of many defense related compounds post insect 
infestation. This induction of resistance after insect feeding has also been reported 
in Brassica plants. During infestation of plants by insects, major defense related plant 
hormones are salicylic acid (SA), jasmonic acid (JA), ethylene (ET) and abscisic acid 
(ABA) which are involved in induced resistance of many plants against insects [176]. 
Aphid feeding is known to activate SA signaling pathway in a number of host plant spe-
cies [35, 177, 178]. However, no involvement of SA signaling against aphids was reported 
in Arabiopsis [179]. Kettles et al. [180] reported an increase in M. persicae population in 
ET-insensitive Arabidopsis mutant ein2, indicating the role of ET in conferring resistance 
to aphids. Kerchev et al. [181] reported that resistance of Arabidopsis to aphids also 
depends upon ABA biosynthesis and signaling. Recently, Palial et al. [182] have reported 
in induction in glucosinolates content in B. fruticulosa and total phenols content in B. 
juncea-fruticulosa introgression lines after L. erysimi feeding.

8. Conclusion

The continuous coevolutionary history of aphids and members of family 
Brassicaceae have enabled these plants to evolve an array of defense related genes. 
However, plant breeding efforts have largely focused on selection for yield related 
and quality traits such as low glucosinolates and erucic acid traits with little attention 
to retain the adequate levels of insect and disease resistance. This lead to the loss of 
defense related genes in these crops over the time. Further, availability of chemical 
control measures at that time downgraded the importance of host plant resistance 
since chemical control was thought to be satisfactory and invulnerable. However, 
later it was realized that though insecticides can provide a short term pest control and 
host plant resistance can provide effective, economical and environment friendly 
pest management option. Thus, early plant breeders focused on host plant resistance 
as a single component of pest management and laid more emphasis on screening for 
virtual immunity to aphids. Immunity/high level of resistance can result from very 
high level of toxic substance (toxic to aphids) in host plant which can exert high 
selection pressure on aphid population leading to the development new biotypes, pos-
sible side effects on non-target organisms including honeybees and yield drag. Thus, 
partial resistance has potential role in sustainable pest management as varieties with 
partial resistance can be integrated with other pest management methods. At present, 
there is no effective IPM strategy against aphids due to lack of aphid resistant variety. 
Although, various workers have developed Brassica transgenics that offer some degree 
of resistance against aphids, but they have primarily evaluated under laboratory set-
tings and field testing of such transgenics is still awaited.

To maintain sustainability of pest control and production systems, IPM should 
be seen as the best approach and host plant resistance can serve as core component 
of any IPM module. Rather than complete resistance, it is partial resistance that has 
greater potential to maintain such sustainability.



Host Plant Resistance in Brassicaceae against Aphids
DOI: http://dx.doi.org/10.5772/intechopen.110204

89

Author details

Neha Panwar1*†, Sathya Thirumurugan2 and Sarwan Kumar3

1 Department of Entomology, CCS Haryana Agricultural University, Hisar, India

2 Department of Entomology, Punjab Agricultural University, Ludhiana, India

3 Department of Plant Breeding and Genetics, Punjab Agricultural University, 
Ludhiana, India

*Address all correspondence to: sarwanent@pau.edu

† Present address: The Graduate School, Colorado State University, Fort Collins,  
CO, USA.

© 2023 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. 



Brassica – Recent Advances

90

[1] LeCoz C, Ducombs G. Plants 
and plant products. In: Frosch PJ, 
Menne T, Lepottevin JP, editors. Contact 
Dermatitis. 4th ed. Berlin/Heidelberg: 
Springer; 2006. pp. 751-800

[2] Ram C, Koramutla MK, 
Bhattacharya R. Identification and 
comprehensive evaluation of reference 
genes for RT-qPCR analysis of host 
gene-expression in Brassica juncea-aphid 
interaction using microarray data. 
Plant Physiology and Biochemistry. 
2017;116:57-67. DOI: 10.1016/j.
plaphy.2017.05.004

[3] Blackman RL, Eastop VF. Aphids on 
the World’s Crops: An Identification and 
Information Guide. 2nd ed. Chichester: 
Wiley; 2000

[4] Cole RA. Comparison of feeding 
behaviour of two Brassica pests 
Brevicoryne brassicae and Myzus persicae 
on wild and cultivated Brassica species. 
Entomologia Experimentalis  
et Applicata. 1997;85:135-143

[5] Cole RA. Locating a resistance 
mechanism to the cabbage aphid 
in two wild Brassicas. Entomologia 
Experimentalis et Applicata. 
1994a;71:23-31

[6] Cole RA. Isolation of a chitin binding 
lectin, with insecticidal activity in 
chemically defined synthetic diets, 
from two wild brassica species with 
resistance to cabbage aphid, Brevicoryne 
brassicae. Entomologia Experimentalis et 
Applicata. 1994b;72:181-187

[7] Kift NB, Ellis PR, Tatchell GM, 
Pink DAC. The influence of genetic 
background on resistance to the 
cabbage aphid (Brevicoryne brassicae) 
in kale (Brassica oleracea var. acephala). 

The Annals of Applied Biology. 
2000;136:189-195

[8] Quaglia F, Rossi E, Petacchi R,  
Taylor CE. Observations on an 
infestation by green peach aphids 
(Homoptera: Aphididae) on greenhouse 
tomatoes in Italy. Journal of Economic 
Entomology. 1993;86:1019-1025

[9] Blackman RL, Eastop VF (2007) 
Taxonomic issues. In: van Emden HF, 
Harrington R (eds) Aphids as Crop Pests. 
CABI, Wallingford, pp. 1-29

[10] Bwye AM, Proudlove W, 
Berlandier FA, Jones RAC. Effects of 
applying insecticides to control aphid 
vectors and cucumber mosaic virus 
in narrow leafed lupins (Lupinus 
angustifolius). Australian Journal 
of Experimental Agriculture. 
1997;37:93-102

[11] Ponsen MB. The site of potato 
leafroll virus multiplication in its vector, 
Myzus persicae—An anatomical study. 
Mededelingen Landbouwhogeschool, 
Wageningen. 1972;72(16):1-147

[12] Davis JJ. New and little known 
species of Aphididae. Canadian 
Entomologist. 1914;46(41-51):71-87

[13] Takahashi R. Aphididae of Formosa, 
part 2. Report of the Government 
Research Institute of the Department 
Agriculture, Formosa. 1923;4:1-173

[14] Börner C, Schilder FA. Aphidoidea. 
In: Sorauer’s Handbuch der 
Pflanzenkrankheiten. 4th ed. Vol. 5. 
Berlin: Paul Parey; 1932. pp. 551-715

[15] Mordvilko A. Aphidodea. The plant 
lice. In: Filipjev JN, editor. Keys to Insects 
of the European Part of the U.S.S.R. [In 

References



Host Plant Resistance in Brassicaceae against Aphids
DOI: http://dx.doi.org/10.5772/intechopen.110204

91

Russian]. Moscow: Novaya Derevnya; 
1928. pp. 163-204

[16] Hille Ris Lambers D. On Palestine 
aphids, with descriptions of new 
subgenera and new species (Hom. 
Aphid.). Transactions of the Royal 
Entomological Society of London. 
1948;99:269-289

[17] Eastop VF. A Study of the Aphididae of 
East Africa. London: HMSO; 1958. p. 126

[18] Müller FP. The rôle of subspecies in 
aphids for affairs of applied entomology. 
Journal of Applied Entomology. 
1986;101:295-303

[19] Bhatia V, Uniya PL, Bhattacharya R. 
Aphid resistance in Brassica crops: 
Challenges, biotechnological progress 
and emerging possibilities. 
Biotechnology Advances. 
2011;29:879-888

[20] Powell G, Tosh CR, Hardie J. Host 
plant selection by aphids: Behavioral, 
evolutionary, and applied perspectives. 
Annual Review of Entomology. 
2006;51:309-330

[21] Giordanengo P, Brunissen L, 
Rusterucci C, Vincent C, van Bel A, 
Dinant S, et al. Compatible aphid plant 
interactions: How aphids manipulate 
plant response. Comptes Rendus 
Biologies. 2010;333:516-523.  
DOI: 10.1016/j.crvi.2010.03.007

[22] Felton GW, Eichenseer H. Herbivore 
saliva and induction of resistance 
to herbivores and pathogens. In: 
Agrawal AA, Tuzun S, Bent E, editors. 
Induced Plant Defenses against 
Pathogens and Herbivores: Biochemistry, 
Ecology and Agriculture. St Paul, MN: 
APS Press; 1999. pp. 19-36

[23] Cherqui A, Tjallingii WF. Salivary 
proteins of aphids, a pilot study 

on identification, separation and 
immunolocalisation. Journal of Insect 
Physiology. 2000;46:1177-1186

[24] Miles PW. Aphid saliva. Biological 
Reviews. 1999;74:41-85

[25] Urbanska A, Tjallingii WF, 
Dixon AFG, Leszczynski B. Phenol 
oxidizing enzymes in the grain aphid’s 
saliva. Entomologia Experimentalis et 
Applicata. 1998;86:197-203

[26] Will T, Kornemann SR, Furch ACU, 
Tjallingii WF, van Bel AJE. Aphid 
watery saliva counteracts sieve-tube 
occlusion: A universal phenomenon? 
The Journal of Experimental Biology. 
2009;212:3305-3312

[27] Will T, Tjallingii WF, Thonnessen A, 
van Bel AJE. Molecular sabotage of 
plant defense by aphid saliva. PNAS. 
2007;104:10536-10541

[28] Schoonhoven LM, van Loon JJA, 
Dicke M. Insect-Plant Biology. Oxoford: 
I, Oxford University Press; 2005. p. 421

[29] Garcia-Brugger A, Lamotte O, 
Vandelle E, Bourque S, Lecourieux D, 
Poinssot B, et al. Early signaling events 
induced by elicitors of plant defenses. 
Molecular Plant-Microbe Interactions. 
2006;19:711-724

[30] Thomma BPHJ, Penninckx IAMA, 
Cammue BPA, Broekaert WF. The 
complexity of disease signaling in 
Arabidopsis. Current Opinion in 
Immunology. 2001;13:63-68

[31] Maffei ME, Mithofer A, Boland W. 
Before gene expression: Early events in 
plant-insect interaction. Trends in Plant 
Science. 2007;12:310-316

[32] Gao LL, Anderson JP,  
Klingler JP, Nair RM, Edwards OR,  
Singh KB. Involvement of the 



Brassica – Recent Advances

92

octadecanoid pathway in bluegreen 
aphid resistance in Medicago truncatula. 
Molecular Plant-Microbe Interactions. 
2007;20:82-93

[33] Thompson GA, Goggin FL.  
Transcriptomics and functional 
genomics of plant defence induction 
by phloem feeding insects. Journal of 
Experimental Botany. 2006;57:755-766

[34] Walling LL. Avoiding effective 
defenses: Strategies employed by phloem 
feeding insects. Plant Physiology. 
2008;146:859-866

[35] Zhu-Salzman K, Salzman RA, 
Ahn JE, Koiwa H. Transcriptional 
regulation of sorghum defense 
determinants against a phloem-
feeding aphid. Plant Physiology. 
2004;134:420-431

[36] Goggin FL. Plant-aphid interactions: 
Molecular and ecological perspectives. 
Current Opinion in Plant Biology. 
2007;10:399-408

[37] Ahuja I, Rohloff J, Bones AM. 
Defence mechanisms of Brassicaceae: 
Implications for plant insect interactions 
and potential for integrated pest 
management—A review. Agronomy 
for Sustainable Development. 
2009;30(2):311-348. DOI: 10.1051/
agro/2009025

[38] Bakhetia DRC, Sekhon BS. Insect 
pests and their management in rapeseed-
mustard. Journal of Oilseeds Research. 
1989;6:269-299

[39] Biswas GC, Das GP. Population 
dynamics of mustard aphid, Lipaphis 
erysimi (Kalt.) (Homoptera: Aphididae) 
in relation to weather parameters. 
Bangladesh Journal of Entomology. 
2000;10:15-22

[40] Deka AC, Goswami NK, 
Sharma I. Biocontrol prospects of 

entomopathogenic fungi for management 
of mustard aphid (Lipaphis erysimi 
Kalt.) on rapeseed-mustard. Advances 
in Applied Science Research. 
2017;8(4):21-29

[41] Kular JS, Kumar S. Quantification of 
avoidable yield losses in oilseed Brassica 
caused by insect pests. Journal of Plant 
Protection Research. 2011;51:38-43

[42] Kumar S. Assessment of avoidable 
yield losses in crop brassicas by insect-
pests. Journal of Entomology and 
Zoology Studies. 2017;5:1814-1818

[43] Rana J. Performance of Lipaphis 
erysimi (Homoptera: Aphididae) on 
different Brassica species in a tropical 
environment. Journal of Pest Science. 
2005;78:155-160

[44] Rohilla HR, Bhatnagar P, Yadav PR. 
Chemical control of mustard aphid with 
newer and conventional insecticides. 
Indian Journal of Entomology. 
2004;66:30-32

[45] Singh CP, Sachan GC. Assessment 
of yield losses in yellow sarson due 
to mustard aphid, Lipaphis erysimi 
(Kalt.). Journal of Oilseeds Research. 
1994;11:179-184

[46] Singh PK, Chand P. Yield loss due 
to the mustard aphid Lipaphis erysimi 
(Kalt.) in Eastern Bihar Plateau. 
Journal of Applied Zoological Research. 
1995;6:97-100

[47] Blackman RL, Eastop VF. Aphids on 
the World’s Crops. Chichester: Wiley; 
1984

[48] Capinera JL. Order Homoptera-
aphids, leaf- and planthoppers, 
psyllids and whiteflies. In: Handbook 
of Vegetable Pests. London: Academic 
Press; 2001. pp. 279-346. DOI: 10.1016/
B978-012158861-8/50009-0



Host Plant Resistance in Brassicaceae against Aphids
DOI: http://dx.doi.org/10.5772/intechopen.110204

93

[49] Kumar S, Singh YP. Insect pests. 
In: Kumar A, Banga SS, Meena PD, 
Kumar PR, editors. Brassica Oilseeds: 
Breeding and Management. Wallingford, 
UK: CABI Publishing; 2015. pp. 193-232

[50] Agarwala BK, Bhattacharya S. 
Effective biocontrol agents and their use 
in IPM strategy of the mustard aphid. In: 
Upadhyay RK, Mukerji KG, Rajak RL, 
editors. IPM Systems in Agriculture, 
Oilseeds. Vol. 5. New Delhi, India: Aditya 
Books Pvt. Ltd.; 1999. pp. 77-89

[51] Sidhu HS, Singh S. Control schedule 
of mustard aphid in Punjab. Indian Oil 
Seeds Journal. 1964;8:237-256

[52] Sachan JN, Srivastava BP. Studies 
on seasonal incidence of insect pests of 
cabbage. Indian Journal of Entomology. 
1972;34:123-129

[53] Lal OP. Lipaphis erysimi (Kalt.). In: 
Kranz J, Schmutterer H, Koch W, editors. 
Diseases, Pests and Weeds in Tropical 
Crops. Berlin and Hamburg, Germany: 
Verlag Paul Parey; 1977. pp. 335-336

[54] Ghosh S, Roy A,  
Chatterjee A, Sikdar SR. Effect 
of regional wind circulation and 
meteorological factors on long-
range migration of mustard aphids 
over indo-gangetic plain. Scientific 
Reports. 2019;9:5626. DOI: 10.1038/
s41598-019-42151-8

[55] Ahuja DB. Population dynamics of 
mustard aphid, Lipaphis erysimi (Kalt.) 
on Indian mustard, Brassica juncea (sub. 
sp. juncea). Indian Journal of Plant 
Protection. 1990;18:233-235

[56] Bakhetia DRC, Sidhu SS. Effect of 
rainfall and temperature on mustard 
aphid, Lipaphis erysimi (Kalt.). Indian 
Journal of Entomology. 1983;45:202-205

[57] Bakhetia DRC, Brar KS, Sekhon BS. 
Seasonal incidence of Lipaphis erysimi 
(Kaltenbach) on the Brassica species 

in the Punjab. In: Agarwala BK, editor. 
Aphidology in India. Calcutta: AR 
Printers; 1986. pp. 29-36

[58] Bishnoi OP, Singh H, Singh R. 
Incidence and multiplication of mustard 
aphid, Lipaphis erysimi in relation to 
meteorological variables. Indian Journal 
of Agricultural Sciences. 1992;62:710-712

[59] Rana JS, Khokhar KS, Singh S,  
Khokhar S. Influence of abiotic 
environment on the population 
dynamics of mustard aphid, Lipaphis 
erysimi (Kalt.). Crop Research-Hisar. 
1993;6:116-119

[60] Phadke KG. Ecological factors 
influencing aphid, Lipaphis erysimi 
(Kaltenbach) incidence on mustard crop. 
In: Agarwala BK, editor. Aphidology in 
India. Calcutta: AR Printers; 1986.  
pp. 37-42

[61] Sinha RP, Yazdani SS, Verma SD. 
Population dynamics of mustard aphid, 
Lipaphis erysimi (Kalt.) (Homoptera: 
Aphididae) in relation to ecological 
parameters. Indian Journal of 
Entomology. 1990;52:387-392

[62] Rout G, Senapati B. Biology of 
mustard aphid, Lipaphis erysimi (Kalt.) 
in India. Annals of the Entomological 
Society of America. 1968;61:259-261

[63] Srivastava AS, Srivastava JL. 
Ecological studies on the aphid, painted 
bug and mustard sawfly attacking 
mustard and rape in India. FAO Plant 
Protection Bulletin. 1973;20:136-140

[64] Bakhetia DRC, Singh H,  
Chander H. IPM for Sustainable 
Production of Oilseeds: Oilseeds and 
Oils Research and Development Needs. 
Hyderabad: Indian Society of Oilseeds 
Research; 2002. pp. 184-218

[65] Ghosh MR, Mitra A. Incidence 
pattern and population composition 



Brassica – Recent Advances

94

of Lipaphis erysimi (Kaltenbach) on 
mustard and radish. In: Behaura BK, 
editor. The Aphids. Bhubaneshwar, India: 
The Zoological Society of Orissa, Utkal 
University; 1983. pp. 43-51

[66] Roy P. Population dynamics 
of mustard aphid, Lipaphis erysimi 
(Kaltenbach) (Aphididae: Hemiptera) 
in West Bengal. Indian Journal of 
Entomology. 1975;37:318-321

[67] Kumar S. Relative abundance of 
turnip aphid and the associated natural 
enemies on oilseed Brassica genotypes. 
Journal of Agricultural Science and 
Technology. 2015;17:1209-1222

[68] Sarwar M. Populations’ 
synchronization of aphids (Homoptera: 
Aphididae) and lady bird beetles 
(Coleoptera: Coccinellidae) and 
exploitation of food attractants for 
predator. Biodiversity and Conservation. 
2009;2:85-89

[69] Hasan MR, Ahmad M, Rahman MH, 
Haque MA. Aphid incidence and its 
correlation with different environmental 
factors. Journal of the Bangladesh 
Agricultural University. 2009;7:15-18

[70] Hsiao WF. Developmental biology 
and population growth of turnip aphid, 
Lipaphis erysimi (Homoptera: Aphididae) 
fed kale. Chinese Journal of Entomology. 
1999;19:307-318

[71] Kulat SS, Radke SG, Tambe VJ,  
Wankhede DK. Role of abiotic 
components on the development of 
mustard aphid, Lipaphis erysimi Kalt. 
PKV Research Journal. 1997;21:53-56

[72] Dwivedi SA, Nameirakpam L, 
Tomer A. Brassica-aphid interaction: 
Modulated challenges and sustainable 
approach for management. Brassica 
Breeding and Biotechnology. IntechOpen; 
2021. DOI: 10.5772/intechopen.96903

[73] Ali A, Rizvi PQ. Screening of 
different cultivars of rapeseed-mustard 
against mustard aphid, Lipaphis erysimi 
Kaltenbach with respect to sowing 
dates. Asian Journal of Plant Sciences. 
2011;10:383-392

[74] Bhadauria NS, Bhadur J, 
Dhamdhere SV, Jakhmola SS. Effect of 
different sowing dates of mustard crop 
on infestation by the mustard aphid. 
Lipaphis erysimi (Kalt.). Journal of Insect 
Science. 1992;5(1):37-39

[75] Bhagat DV, Singh S. Effect of date of 
sowing and varieties on the seed quality, 
yield and aphid infestation on mustard. 
Bhartiya Krishi Anusandhan Patrika. 
1989;4:179-183

[76] Ghosh AK, Ghosh MR. Effect of time 
of sowing and insecticidal treatments 
on the pests of Indian mustard, Brassica 
juncea L. and on seed yield. Entomon. 
1981;6:357-362

[77] Joshi ML, Ahuja DB, Mathur BN. 
Loss in seed yield by insect pests and 
their occurrence on different dates of 
sowing in Indian mustard (Brassica 
juncea). Indian Journal of Agricultural 
Sciences. 1989;59:166-168

[78] Kular JS, Brar AS, Kumar S. 
Population development of turnip aphid 
Lipaphis erysimi (Kaltenbach, 1843) 
(Hemiptera: Aphididae) and the 
associated predator Coccinella 
septempunctata Linnaeus, 1758 as affected 
by changes in sowing dates of oilseed 
Brassica. Entomotropica. 2012;27:19-25

[79] Rahman MA. Effect of sowing times 
and mustard varieties on the incidence 
of aphid [M.Sc. thesis]. Dhaka: Sher-e-
Bangla Agricultural University Sher-e-
Bangla Nagar; 2014. p. 66

[80] Saeed NA, Razaq M. Effect of sowing 
dates within a season on incidence and 



Host Plant Resistance in Brassicaceae against Aphids
DOI: http://dx.doi.org/10.5772/intechopen.110204

95

abundance of insect pests of canola 
crops. Pakistan Journal of Zoology. 
2014;46(5):1193-1203

[81] Saljoqi AUR, Din MS, Ahmad S, 
Karimullah. Effect of sowing dates and 
cultivar test of canola against aphid 
population. Sarhad Journal of 
Agriculture. 2001;17:623-628

[82] Shafique M, Anwar M, Ashraf M, 
Bux M. The impact of sowing time on 
aphid management and yield of canola 
varieties. Pakistan Journal of Zoology. 
1999;31:361-363

[83] Srivastava SK, Jyoti S. Eco-friendly 
management of insect pests and diseases 
of mustard. Journal of Oilseeds Research. 
2003;20:259-262

[84] Upadhyay S. Influence of sowing 
dates and fertilizer levels on the 
incidence of aphid (Lipaphis erysimi 
Kalt.) on Indian mustard. Indian Journal 
of Entomology. 1996;57:294-297

[85] Yein BR. Effect of dates of sowing 
on the incidence of insect pests of toria, 
Brassica campestris. Journal of Research -  
Assam Agricultural University. 
1985;6:68-70

[86] Ahuja B, Kalyan RK, Ahuja UR, 
Singh SK, Sundria MM, Dhandapani A. 
Integrated management strategy for 
painted bug, Bagrada hilaris (Burm.) 
inflicting injury at seedling stage of 
mustard (Brassica juncea) in arid Western 
Rajasthan. Pesticide Research Journal. 
2008;20:48-51

[87] Dhaliwal LK. Crop-Weather-Aphid 
Interaction in Raya (Brassica juncea 
L.) under Different Hydro-thermal 
Environments [Ph.D. thesis]. Punjab: 
Punjab Agricultural University; 2002.  
p. 119

[88] Pal SR, Nath DK, Saha GN. Effect 
of time of sowing and aphid infestation 

on rai (Brassica juncea Coss.). Indian 
Agriculture. 1976;20:27-34

[89] Prasad SK, Lal J. Differences in 
the incidence of aphid infestation in 
rapeseed and mustard crops under timely 
and late sown conditions. Indian Journal 
of Entomology. 2001;63:290-294

[90] Sonkar UB, Desai BD. Effect of 
sowing dates on the incidence of mustard 
aphid, Lipaphis erysimi Kalt. on mustard. 
SHASHPA. 1999;6(1):41-44

[91] Khattak SU, Khan A, Shah SM, 
Alam Z, Iqbal M. Effect of nitrogen 
and phosphorus fertilization on aphid 
infestation and crop yield of three 
rapeseed cultivars. Pakistan Journal of 
Zoology. 1996;28(4):335-338

[92] Yadu YK, Dubey VK. Effect of 
nitrogen application and spray time on 
grain yield, net profit and mustard aphid 
(Lipaphis erysimi) population. Advances 
in Plant Sciences. 1999;12(1):45-48

[93] Rawat RR, Misra US, Thakar AV, 
Dhamdhere SV. Preliminary study on the 
effect of different doses of nitrogen on 
the incidence of major pests of mustard. 
The Madras Agricultural Journal. 
1968;55:363-366

[94] Singh H, Singh Z, Yadava TP. 
Influence of abiotic factors on alatae 
production in mustard aphid, Lipaphis 
erysimi (Kalt.). Journal of Aphidology. 
1990;4:71-74

[95] Bakhetia DRC, Sharma AK. 
Preliminary observations on the 
aphids infestation on Eruca sativa 
Mill. Indian Journal of Entomology. 
1979;41:288-289

[96] Bakhetia DRC, Rani S, Ahuja KL. 
Effect of sulphur nutrition of some 
Brassica plants on their resistance 
response to the mustard aphid, Lipaphis 



Brassica – Recent Advances

96

erysimi (Kaltenbach). Calicut University 
Research Journal (Special Conference 
Number). 3-5 May 1982. p. 36

[97] Bhat NS, Sidhu HS. Influence of 
potassium on amino acids of the host 
plants and reproduction and excretion 
of the mustard aphid, Lipaphis erysimi 
(Kalt.). In: Proc 6th Intl Rapeseed Conf 
17-19 May 1983, Paris, France. Vol. 6. 
1983. p. 28

[98] Ram S, Gupta MP. Role of fertilizers 
in integrated pest management of 
mustard for fodder production. Indian 
Journal of Agricultural Research. 
1992;26(12):955-956

[99] Garg BK, Kathju S, Burman U.  
Influence of water stress on water 
relations, photosynthetic parameters 
and nitrogen metabolism of moth 
bean genotypes. Biologia Plantarum. 
2001;44:289-292

[100] Khan MAM, Ulrichs C, Mewis I.  
Influence of water stress on the 
glucosinolate profile of Brassica oleracea 
var. italica and the performance 
of Brevicoryne brassicae and Myzus 
persicae. Entomologia Experimentalis et 
Applicata. 2010;137:229-236

[101] Khan MAM, Ulrichs C,  
Mewis I. Water stress alters aphid 
induced glucosinolate response in 
Brassica oleracea var. italica differently. 
Chemoecology. 2011;21:235-242

[102] Mewis I, Khan MAM,  
Glawischnig E, Schreiner M, 
Ulrichs C. Water stress and aphid feeding 
differentially influence metabolite 
composition in Arabidopsis thaliana (L.). 
PLoS One. 2012;7(11):e48661

[103] Kalra VK. Population dynamics 
of various predators associated with 
mustard aphid, Lipaphis erysimi 
(Kalt.). Journal of Biological Control. 
1988;2(2):77-79

[104] Sidhu HS, Kaur P. Influence of 
nitrogen application to the host plant on 
fecundity of mustard aphid, Lipaphis 
erysimi (Kalt.). Journal of Research, 
Punjab Agricultural University. 
1977;14:445-448

[105] Burgess AJ, Warrington S,  
Allen-Williams L. Cabbage aphid 
(Brevicoryne brassicae L.) ‘performance’ 
on oilseed rape (Brassica napus L.) 
experiencing water deficiency: Roles of 
temperature and food quality. In: Acta 
Hort 407:ISHS Brassica symposium-IX 
Crucifer Genetics Workshop, 0567-7572. 
1994. pp. 16-19

[106] Popov C, Trotus E, Vasilescu S, 
Barbulescu A, Rasnoveanu L. Drought 
effect on pest attack in field crops. 
Romanian Agricultural Research. 
2006;23:43-52

[107] Chadda IC, Arora R. Influence 
of water stress in the host plant on 
the mustard aphid, Lipaphis erysimi 
(Kaltenbach). Entomon. 1982;7:75-78

[108] Miles PW, Aspinall D, Rosenberg L.  
Performance of cabbage aphid, 
Brevicoryne brassicae on water stressed 
rape plants in relation to the changes in 
their chemical composition. Australian 
Journal of Zoology. 1982;30:337-345

[109] Bakhetia DRC, Brar KS. Effect 
of water stress in Ethiopian mustard 
(Brassica carinata) and Indian mustard 
(Brassica juncea sub sp. juncea) on 
infestation by Lipaphis erysimi. Indian 
Journal of Agricultural Sciences. 
1988;58:67-70

[110] Kumar S. Evaluation of eco-friendly 
products against Lipaphis erysimi 
(Kaltenbach) infesting Indian mustard. 
Journal of Insect Science. 2011;24:132-135

[111] Singh YP, Meghwal HP. Evaluation 
of some bioagents against mustard 



Host Plant Resistance in Brassicaceae against Aphids
DOI: http://dx.doi.org/10.5772/intechopen.110204

97

aphid (Lipaphis erysimi Kaltenbach) 
(Homoptera: Aphididae) on single plant 
in field conditions. Journal of Biological 
Control. 2009;23:95-97

[112] Singh YP. Efficacy of plant extracts 
against mustard aphid, Lipaphis erysimi 
on mustard. Indian Journal of Plant 
Protection. 2007;35:116-117

[113] Pandey ND, Singh M, Tiwari GC. 
Antifeedant, repellent and insecticidal 
properties of some indigenous plant 
materials against mustard sawfly, 
Athelia lugens proxima. Indian Journal of 
Entomology. 1977;39:62-64

[114] Dhingra S, Sharma D, Walia S, 
Kumar J, Singh G, Singh S, et al. Field 
appraisal of stable neem pesticide 
tetrahydroazadirachtin-A against 
mustard aphid (Lipaphis erysimi). 
Indian Journal of Agricultural Sciences. 
2006;76:111-113

[115] Grzywacz D, Rossbach A,  
Rauf A, Russel DA, Srinivasan R, 
Shelton AM. Current control methods for 
diamondback moth and other Brassica 
insect pests and prospects for improved 
management with lepidopteran resistant 
Bt vegetable brassicas in Asia and Africa. 
Crop Protection. 2010;29:68-79

[116] Constantine KL, Kansiime MK, 
Mugambi I, Nunda W, Chacha D, 
Rware H, et al. Why don’t smallholder 
farmers in Kenya use more biopesticides? 
Pest Management Science. 2020;76(11): 
3615-3625. DOI: 10.1002/ps.5896

[117] van Emden HF,  
Williams GF. Insect stability and 
diversity in agro-ecosystems. Annual 
Review of Entomology. 1974;19:455-475

[118] Hawkins BA, Mills NJ, Jervis MA, 
Price PW. Is the biological control of 
insects a natural phenomenon? Oikos. 
1999;86:493-506

[119] Kumar S. Population development 
of turnip aphid, Lipaphis erysimi and the 
associated resident natural enemies on 
oilseed Brassica. In: Kumar V, Meena PD, 
Singh D, Banga S, Sardana V, Banga SS, 
editors. Abstracts, 2nd National Brassica 
Conference on ‘Brassicas for Addressing 
Edible Oil and Nutritional Security’ 
Organized by Society for Rapeseed 
Mustard Research at Punjab Agricultural 
University, Ludhiana, 14-16 February 
2014. p. 80

[120] Atwal AS, Chaudhary JP, 
Ramzan M. Some preliminary studies 
in India on the bionomics and rate of 
parasitization of Diaeretiella rapae Curtis 
(Braconidae: Hymenoptera) a parasitoid 
of aphids. Journal of Research, Punjab 
Agricultural University. 1969;6:177-182

[121] Gurr GM, Barlow ND, Memmott J, 
Wratten SD, Greathead DJ. A history 
of methodological, theoretical and 
empirical approaches to biological 
control. In: Gurr GM, Wratten SD, 
editors. Biological Control: Measures of 
Success. Dordrecht, the Netherlands: 
Kluwer Academic Publishers; 2000a.  
pp. 3-37

[122] Gurr GM, Wratten SD, Barbosa P. 
Success in conservation biological control 
of arthropods. In: Gurr GM, Wratten SD, 
editors. Biological Control: Measures of 
Success. Dordrecht, the Netherlands: 
Kluwer Academic Publishers; 2000b.  
pp. 105-132

[123] Pimentel D. Foreword. In: Ecological 
Engineering for Pest Management: 
Advances in Habitat Manipulation for 
Arthropods. Collingwood, Victoria, 
Australia: CSIRO Publishing; 2004. p. vi

[124] Chattopadhyay C, Agrawal R, 
Kumar A, Singh YP, Roy SK, Khan SA, 
et al. Forecasting of Lipaphis erysimi on 
oilseed Brassicas in India—A case study. 
Crop Protection. 2005;24:1042-1053



Brassica – Recent Advances

98

[125] Blood-Smyth JA, Emmett BJ, 
Mead A. Supervised control of foliar 
pests in Brassica crops. Proceedings of 
Brighton Crop Protection Conference - 
Pests and Diseases. 1992;3:1015-1070

[126] Dewar AM (2007) Chemical 
control. In: van Emden HF, Harrington 
R (eds) Aphids as Crop Pests. Cromwell 
Press, Oxfordshire, UK, pp. 435-466

[127] Blacquière T, van der Steen JJM. 
Three years of banning neonicotinoid 
insecticides based on sub-lethal effects: 
Can we expect to see effects on bees?  
Pest Management Science. 2017;73(7): 
1299-1304. DOI: 10.1002/ps.4583

[128] Kathage J, Castañera P, 
Alonso-Prados JL, Gómez-Barbero M, 
Rodriguez-Cerezo E. The impact of 
restrictions on neonicotinoid and 
fipronil insecticides on pest management 
in maize, oilseed rape and sunflower in 
eight European Union regions.  
Pest Management Science. 2017;74(1):88-
99. DOI: 10.1002/ps.4715

[129] Dewar AM, Walters K. BCPC 
pests and beneficial group inaugural 
review meeting—Can we continue to 
grow oilseed rape? Outlooks on Pest 
Management. 2016;27:65-69

[130] Sreekanth M, Babu TR. Evaluation 
of certain new insecticides against 
the aphid Lipaphis erysimi (Kalt.) on 
cabbage. International Pest Control. 
2001;43:242-244

[131] Singh H, Rohilla HR, Kalra VK, 
Yadav TP. Response of Brassica varieties 
sown on different dates to the attack 
of mustard aphid, Lipaphis erysimi 
Kalt. Journal of Oilseeds Research. 
1984;1:49-56

[132] Shelton AM, Roberton JL, Tang JD, 
Perez C, Eigenbrode SD, Preisler HK, 
et al. Resistance of diamondback moth 

(Lepidoptera: Plutellidae) to Bacillus 
thuringiensis subspecies in the field. 
Journal of Economic Entomology. 
1993;86:697-705

[133] Shelton AM, Sances FV, Hawley J, 
Tang JD, Bourne M, Jungers D, et al. 
Assessment of insecticide resistance after 
the outbreak of diamondback moth in 
California in 1997. Journal of Economic 
Entomology. 2000;93:931-936

[134] Lainsbury MA. The UK Pesticide 
Guide 2014. Wallingford, UK: CAB 
International; 2014. p. 753

[135] Sparks T, Nauen R. IRAC mode 
of action classification and insecticide 
resistance management. Pesticide 
Biochemistry and Physiology. 
2016;121:122-128

[136] Collier RH, Finch S (2007) IPM case 
studies: Brassicas. In: van Emden HF, 
Harrington R (eds) Aphids as Crop Pests. 
Cromwell Press, Oxfordshire, UK, pp. 
549-559

[137] Collins KL, Boatman ND, Wilcox A, 
Holland JM, Chaney K. Influence of 
beetle banks on cereal aphid predation in 
winter wheat. Agriculture, Ecosystems 
and Environment. 2002;93:337-350

[138] Raymer PL. Canola: An emerging 
oilseed crop. In: Janwick J, Whipkey A, 
editors. Trends in New Crops and New 
Uses. Alexandria, VA: ASHS Press; 2002. 
pp. 122-126

[139] Amjad MD, Peters C. Survival, 
development and reproduction of turnip 
aphids (Homoptera: Aphididae) on 
oilseeds Brassica. Journal of Economic 
Entomology. 1992;85:2003-2007

[140] Bhadoria NS, Jakhmola SS, 
Dhamdhere SV. Relative susceptibility 
of mustard cultivars to Lipaphis erysimi 
in North West Madhya Pradesh (India). 



Host Plant Resistance in Brassicaceae against Aphids
DOI: http://dx.doi.org/10.5772/intechopen.110204

99

Journal of Entomological Research. 
1995;19:143-146

[141] Brar KS, Sandhu GS. Comparative 
resistance of different Brassica species/
varieties to the mustard aphid, Lipaphis 
erysimi (Kalt.) under natural and 
artificial conditions. Indian Journal of 
Agricultural Research. 1978;12:198-200

[142] Saxena AK, Bhadoria SS, 
Gadewadikar PN, Barteria AM, Tomar SS, 
Dixit SC. Yield losses in some improved 
varieties of mustard by aphid, Lipaphis 
erysimi (Kalt.). Agricultural Science 
Digest. 1995;15:235-237

[143] Sekhon BS, Åhman I. Insect 
resistance with special reference to 
mustard aphid. In: Lubana KS, Banga SS, 
Banga SK, editors. Monographs on 
Theoretical and Applied Genetics: 
Breeding Oilseed Brassicas. New York: 
Springer; 1992. pp. 206-221

[144] Bakhetia DRC, Bindra OS. Screening  
techniques for aphid resistance in 
Brassica crops. SABRAO Journal. 
1977;9:91-107

[145] Bakhetia DRC, Sandhu RS. 
Differential response of Brassica species/
varieties to the aphid, Lipaphis erysimi 
(Kalt.) infestation. Journal of Research, 
Punjab Agricultural University. 
1973;10:272-279

[146] Dhillon MK, Singh N, Tanwar AK, 
Yadava DK, Vasudeva S. Standardization 
of screening techniques for resistance 
to Lipaphis erysimi (Kalt.) in rapeseed-
mustard under field conditions. Indian 
Journal of Experimental Biology. 
2018;56:674-685

[147] Kumar S, Atri C, Sangha MK, 
Banga SS. Screening of wild crucifers for 
resistance to mustard aphid, Lipaphis 
erysimi (Kaltenbach) and attempt at 
introgression of resistance gene(s) from 

Brassica fruticulosa to Brassica juncea. 
Euphytica. 2011;179:461-470.  
DOI: 10.1007/s10681-011-0351-z

[148] Singh SR, Narain A, Srivastava KP, 
Siddiqui RA. Fecundity of mustard aphid 
on different rape and mustard species. 
Indian Oil Seeds Journal. 1965;9:215-219

[149] Malik RS. Morphological, 
anatomical and biochemical basis 
of aphid, Lipaphis erysimi (Kalt.) 
resistance in cruciferous species. Sver 
Utsaedesfoeren Tidskr. 1981;91:25-35

[150] Smith CM. Plant Resistance to 
Insects—A Fundamental Approach. New 
York: Wiley; 1989. p. 286

[151] Gill RS, Bakhetia DRC. Resistance 
of some Brassica napus and B. campestris 
strains to Lipaphis erysimi (Kalt.). Journal 
of Oilseeds Research. 1985;2:227-239

[152] Jarvis JL. Relative injury to some 
cruciferous oilseeds by the turnip aphid. 
Journal of Economic Entomology. 
1970;63:1498-1502

[153] Kalra VK, Singh H, Rohilla HR. 
Influence of various genotypes of Brassica 
juncea on biology of mustard aphid, 
Lipaphis erysimi (Kalt.). Indian Journal of 
Agricultural Sciences. 1987;57:277-279

[154] Rajan SS. Aphid resistance of 
autotetraploid toria. Indian Oil Seeds 
Journal. 1961;8:251-255

[155] Prakash S, Raut RN. Artificial 
synthesis of Brassica napus and its 
prospects as an oilseeds crop in India. 
Journal of Genetics. 1983;43:282-290

[156] Lammerink J. Rangi: New rape that 
resists aphids. New Zealand Journal of 
Agriculture. 1968;117:61

[157] Ellis PR, Farrell JA. Resistance to 
cabbage aphid (Brevicoryne brassicae) in 



Brassica – Recent Advances

100

six Brassica accessions in New Zealand. 
New Zealand Journal of Crop and 
Horticultural Science. 1995;23:25-29

[158] Ellis PR, Kiff NB, Pink DAC, 
Jukes PL, Lynn J, Tatchell GM. Variation 
in resistance to the cabbage aphid 
(Brevicoryne brassicae) between and 
within wild and cultivated Brassica 
species. Genetic Resources and Crop 
Evolution. 2000;47:395-401

[159] Palial S, Kumar S, Atri C, Sharma S, 
Banga SS. Antixenosis and antibiosis 
mechanisms of resistance to turnip 
aphid, Lipaphis erysimi (Kaltenbach) 
in Brassica juncea-fruticulosa 
introgression lines. Journal of Pest 
Science. 2022;95:749-760. DOI: 10.1007/
s10340-021-01418-8

[160] Jenson EB, Felkl G, Kristiansen K, 
Andersen SB. Resistance to the cabbage 
root fly, Delia radicum within Brassica 
fruticulosa. Euphytica. 2002;124:379-386

[161] Srinivasachar D, Verma PK. Induced 
aphid resistance in Brassica juncea (L.) 
Coss. Current Science. 1971;49:311-313

[162] Labana KS. Release of mutant 
variety of raya (Brassica juncea). 
Mutation Breeding Newsletter. 1976;7:11

[163] Srinivasachar D, Malik RS. An 
induced aphid resistant, non-waxy 
mutant in turnip, Brassica rapa. Current 
Science. 1972;41:820-821

[164] Agrawal N, Gupta M, Atri C, 
Akhatar J, Kumar S, Heslop-Harrison PJS, 
et al. Anchoring alien chromosome 
segment substitutions bearing gene(s) 
for resistance to mustard aphid in Brassica 
juncea-B. fruticulosa introgression lines 
and their possible disruption through 
gamma irradiation. Theoretical and 
Applied Genetics. 2021;134:3209-3224. 
DOI: 10.1007/s00122-021-03886-z

[165] Imlau A, Truernit E, Sauer N. 
Cell-to-cell and long-distance traficking 

of the green fluorescent protein in the 
phloem and symplastic unloading of 
the protein in sink tissues. Plant Cell. 
1999;11:309-322

[166] Boulter D, Gatehouse AMR, 
Hilder V. Use of cowpea trypsin inhibitor 
(CpTI) to protect plants against insect 
predation. Biotechnology Advances. 
1989;7(4):489-497

[167] Dannenhoffer JM, Suhr RC,  
Thompson GA. Phloem-specific 
expression of the pumpkin fruit trypsin 
inhibitor. Planta. 2001;212:155-162

[168] Kehr J. Phloem sap proteins: 
Their identities and potential roles in 
the interaction between plants and 
phloem-feeding insects. The Journal of 
Experimental Biology. 2006;57:767-774

[169] Carrillo L, Martinez M,  
Álvarez-Alfageme F, Castanera P,  
Smagghe G, Diaz I, et al. A barley 
cysteine-proteinase inhibitor reduces 
the performance of two aphid species 
in artificial diets and transgenic 
Arabidopsis plants. Transgenic Research. 
2011;20:305-319

[170] Rahbé Y, Deraison C,  
Bonadé-Bottino M, Girard C, 
Nardon C, Jouanin L. Effects of the 
cysteine protease inhibitor oryzacystatin 
(OC-I) of different aphids and reduced 
performance of Myzus persicae on OC-I 
expressing transgenic oilseed rape. Plant 
Science. 2003;164:441-450

[171] Foissac X, Nguyen TL,  
Christou P, Gatehouse AMR, 
Gatehouse JA. Resistance to green leaf 
hopper (Nephotettix virescens) and brown 
plant hopper (Nilaparvata lugens) in 
transgenic rice expressing snowdrop 
lectin (Galanthus nivalis agglutinin; 
GNA). Journal of Insect Physiology. 
2000;46:573-583



Host Plant Resistance in Brassicaceae against Aphids
DOI: http://dx.doi.org/10.5772/intechopen.110204

101

[172] Powell KS. Antimetabolic effects of 
plant lectins towards nymphal stages of 
the plant hoppers Tarophagous proserpina 
and Nilaparvata lugens. Entomologia 
Experimentalis et Applicata. 
2001;99:71-77

[173] Kanrar S, Venkateswari J, Kirti PB, 
Chopra VL. Transgenic India mustard 
(Brassica juncea) with resistance to 
the mustard aphid (Lipaphis erysimi 
Kaltenbach). Plant Cell Reports. 
2002;20:976-981

[174] Hossain MA, Maiti MK, Basu A, 
Sen S, Ghosh AK, Sen SK. Transgenic 
expression of onion leaf lectin in Indian 
mustard offers protection against 
aphid colonization. Crop Science. 
2006;46:2022-2032

[175] Pitino M, Coleman AD, Maffei ME, 
Ridout CJ, Hogenhout SA. Silencing of 
aphid genes by dsRNA feeding from 
plants. PLoS One. 2011;6(10):e25709. 
DOI: 10.1371/journal.pone.0025709

[176] Morkunas I, Gabrys B.  
Phytohormonal signaling in plant 
responses to aphid feeding. Acta 
Physiologiae Plantarum. 2011;33:2057-
2073. DOI: 10.1007/s11738-011-0751-7

[177] Coppola V, Coppola M, Rocco M, 
Digilio MC, D’Ambrosio C, Renzone G, 
et al. Transcriptomic and proteomic 
analysis of compatible tomato-aphid 
interaction reveals a predominant 
salicylic acid-dependent plant response. 
BMC Genomics. 2013;14:515.  
DOI: 10.1186/1471-2164-14-515

[178] Moran PJ, Cheng Y, Cassell JL, 
Thompson GA. Gene expression profiling 
of Arabidopsis thaliana in compatible 
plant-aphid interactions. Archives of 
Insect Biochemistry and Physiology. 
2002;51:182-203. DOI: 10.1002/
arch.10064

[179] Pegadaraju V, Knepper C, 
Reese J, Shah J. Premature leaf senescence 
modulated by the Arabidopsis 
PHYTOALEXIN DEFICIENT4 gene is 
associated with the defense against the 
phloem feeding green peach aphid. Plant 
Physiology. 2005;139:1927-1934.  
DOI: 10.1104/pp.105.070433

[180] Kettles GJ, Drurey C, 
Schoonbeek HJ, Maule AJ, 
Hogenhout SA. Resistance of Arabidopsis 
thaliana to the green peach aphid, 
Myzus persicae, involves camalexin and 
is regulated by microRNAs. The New 
Phytologist. 2013;198:1178-1190.  
DOI: 10.1111/nph.12218

[181] Kerchev PI, Karpinska B, Morris JA, 
Hussain A, Verrall SR, Hedley PE, et al.  
Vitamin C and the abscisic acid-
insensitive 4 transcription factor are 
important determinants of aphid 
resistance in Arabidopsis. Antioxidants 
& Redox Signaling. 2013;18:2091-2105. 
DOI: 10.1089/ars.2012.5097

[182] Palial S, Kumar S, Sharma S. 
Biochemical changes in the Brassica 
juncea-fruticulosa introgression lines 
after Lipaphis erysimi (Kaltenbach) 
infestation. Phytoparasitica. 
2018;46:499-509. DOI: 10.1007/
s12600-018-0686-2





103

Chapter 6

Perspective Chapter: Capitalizing 
on the Host Suitability of Brassica 
Biofumigant Crops to Root-Knot 
Nematodes (Meloidogyne spp.) in 
Agroecosystems – A Review on the 
Factors Affecting Biofumigation
Philip Waisen and Koon-Hui Wang

Abstract

The use of brassica biofumigant crops for the management of plant-parasitic  
nematodes in agroecosystems has been extensively studied. However, the effects of 
biofumigation against root-knot nematodes (Meloidogyne spp.) remain inconsistent, 
owing to the factors including but not limited to biofumigant crops, edaphic factors, 
termination methods, cultural practices, and sensitivity of Meloidogyne life stages to 
biofumigation. This review chapter argues that ‘host suitability’ or the susceptibility 
of biofumigant brassica crops, which is often considered an important management 
challenge, could in actuality maximize the performance of biofumigation against 
Meloidogyne. Each of these factors has been reviewed with an emphasis on the host’s 
suitability as an opportunity to capitalize on to maximize the biofumigation effect. 
This can be achieved by synchronizing the termination time in relation to the nema-
tode development and Meloidogyne degree-days. The logic is that the cultivation of 
susceptible biofumigant crops would stimulate Meloidogyne egg hatch and the resulting 
infective juveniles would be at the most vulnerable stage to biofumigation kill. From a 
plethora of published research and a myriad of information available on biofumigation, 
and integration with host suitability, it trickled down to six steps as necessary to maxi-
mize biofumigation effects to successfully manage Meloidogyne spp. in agroecosystems.

Keywords: cover crops, glucosinolates, isothiocyanates, management, susceptibility

1. Introduction

1.1 Root-knot nematode

More than 4100 species of plant-parasitic nematodes are known worldwide, col-
lectively posing an important threat to global food security [1]. Globally, crop losses 
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inflicted by plant-parasitic nematodes are estimated at $125 billion annually, with at 
least $10 billion in the United States [1, 2]. Those nematodes in the genus Meloidogyne, 
the root-knot nematodes, are ranked among the most serious plant-parasitic nema-
todes estimated based on their economic and scientific significance [3]. To date, 98 
species of Meloidogyne have been described including the major species—M. incog-
nita, M. javanica, M. arenaria and M. hapla [4]. Root-knot nematodes are sedentary 
endoparasites and obligatory biotrophs, infecting a wide range of crops [5]. Second-
stage juveniles (J2s) are infective, thus mobile and actively seek hosts (Figure 1). In 
doing so, the J2s are attracted to growing root tips by exudates, enter roots intercellu-
larly behind the root cap, and migrate to the cell elongation region, where they initiate 
feeding sites by secreting effector proteins synthesized in esophageal glands [6, 7]. 
The effector proteins hijack routine cellular functions and expedite nuclear division 
but without cell division (cytokinesis). These events lead to the formation of feeding 
sites, the multinucleated and hypertrophied giant cells, which are active metabolic 
sinks diverting photosynthates away from storage organs [8]. The infection of the 
root system by root-knot nematodes results in characteristic gall formation. Root 
galling interferes with water and nutrient uptake, resulting in water stress, nutritional 
deficiency, and stunting of infected plants. The infected plants are predisposed to 
opportunistic soil-borne pathogens that can exacerbate the severity of the disease.

Figure 1. 
The life cycle of a root-knot nematode. J2 = second-stage infective juvenile; J3 = third stage juvenile; J4 = fourth 
stage juvenile; NELF = non-egg laying female or mature female; ELF = egg-laying female. Red perforated line and 
asterisks indicate when biofumigant crops can be terminated to stop egg production.
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1.2 Management

Management of root-knot nematodes relies primarily on the use of synthetic 
nematicides. Since the onset of the Green Revolution, soil fumigation has been an 
effective and non-discriminant approach to combat soil-borne pests and pathogens, 
including plant-parasitic nematodes, in agroecosystems. However, fumigants such 
as methyl bromide have been banned and the use of other effective nematicides is 
being restricted as with restricted-use pesticides such as Vapam (metam sodium) and 
Telone (1,3-dichloropropene) [9]. The banning and restricted use of effective nemati-
cides have led to a worldwide search for nematicide alternatives.

Cover crops with allelopathic compounds offer an alternative to managing plant-
parasitic nematodes in a user-friendly and environmentally sound manner. Some 
examples of allelopathic compounds being investigated include monocrotaline in 
sunn hemp, Crotalaria juncea [10], α-tertienyl in French marigold, Tagetes spp. [11], 
dhurrin in sorghum-sudangrass, Sorghum × drummondii [12], L-dopa in velvet bean, 
Mucuna pruriens [13], and glucosinolates in members of Brassicaceae [14–18].

This review focuses on the factors affecting the effectiveness of biofumigation 
against root-knot nematodes, highlighting host suitability as an opportunity to 
maximize biofumigation effect in agroecosystems.

2. Biofumigation

Biofumigation is a collective term used for all plant-derived volatiles utilized in 
pest and disease management. The term biofumigation was originally coined by 
Kirkegaard et al. [19] to refer to the use of plant-derived volatiles exclusively by the 
members of Brassicaceae for pest and disease management in agroecosystems. In par-
ticular, glucosinolates (GLs), β-d-thioglucose thioglycosides, are the naturally occur-
ring secondary metabolites synthesized by members of Brassicaceae, and are stored 
in vacuole of sulfur-rich S-cells (Figure 2). The GLs are spatially separated from 
myrosinase (Myr) enzymes, β-thioglucosidases, which are stored as myrosin grains 
in the vacuole of a particular idioblast known as myrosin cell (Figure 2) [20–22]. 
To date, at least 200 GLs have been identified from plants, of which more than 80% 
occur in members of Brassicaceae [22–25]. Each GL constitutes a β-thioglucose moiety 
(C6H12O6S), a sulfonated oxime moiety, and a thiohydroximate-O-sulfonate moiety 
(Figure 3) [26]. Glucosinolates are categorized as aliphatic, aromatic or indole, if the 
amino acid side chain denoted as R, is methionine, phenylalanine, or tryptophan, 
respectively (Figure 3) [27]. Upon tissue damage during termination or by herbivory, 
Myr comes in contact with GL and hydrolyzes the thioglucoside linkage (carbon-
sulfur bond), yielding D-glucose and an aglycone, thiohydroxymate-O-sulfonate, 
an unstable intermediate (Figure 3). Being unstable, the aglycone spontaneously 
undergoes a non-enzymatic rearrangement to form volatile products including 
isothiocyanates (ITCs), nitriles, and thiocyanates as well as non-volatile products 
including sulfate and sulfur [26, 28]. Isothiocyanates have biocidal properties [29] like 
the synthetic counterpart, methyl ITC from metam sodium in Vapam and Dazomet 
[30]. Thus, a successful biofumigation partly depends on cultural and termination 
practices that favor more ITC production.
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The effectiveness of biofumigation broadly depends on (1) brassica cover crops, 
(2) edaphic factors, (3) termination methods, (4) cultural practices, and (5) nema-
tode species and life stages. In addition, this chapter argues that ‘host suitability’ to 
root-knot nematodes is another critical factor that has become evident in recent years, 
which is associated with stimulating egg hatch and open-end trap cropping.

3. Brassica cover crops

Members of Brassicaceae constitute some 350 genera and 3500 species [31]. Brassica 
biofumigant crops that are commonly utilized for biofumigation purposes include 
brown mustard (Brassica juncea), yellow or white mustard (Sinapis alba; Syn. Brassica 
hirta), rapeseed (Brassica napus), field mustard (Brassica rapa var. rapa), and oil radish 
(Raphanus sativus) [29]. The selection of biofumigant crop species and cultivars or 
accessions is crucial because the types and concentrations of GLs vary among species, 
cultivars, and even tissues within a cultivar [15, 32]. Sinigrin (allyl GL) is a dominant 
GL in B. juncea and B. nigra, and varies by cultivar and tissues [29]. For example, 
total GL and allyl GL levels of B. juncea ‘Terrafit’, ‘Terratop’, ‘Terraplus’, and ‘ISCI99’ 

Figure 2. 
Sulfur-rich S-cell contains glucosinolate (GL), and B) myrosin cell contains myrosinase (Myr) [20].

Figure 3. 
Glucosinolate hydrolysis pathway modified from Kirkegaard [19]. Glu = glucose; R∙N〓C〓S is isothiocyanate; 
R-C≡N is nitrile; SP = specifier proteins; R∙S∙C≡N is an ionic thiocyanate.
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were different among cultivars and tissues [33]. The cultivar ‘ISCI99’ generated more 
biomass and accumulated higher concentrations of both total and allyl GLs in roots than 
in foliage [33]. The concentration of GL in roots and stems decreased gradually as the 
plant develops; it increased in the leaves and reproductive organs of B. juncea [34]. The 
growing season also affected the concentration of GL in brassica crops [35]. The highest 
GL production was achieved in summer followed by spring growing seasons, indicative 
of higher growing degree-days and corresponding biomass production [35, 36]. Hence, 
the selection of brassica crops is important for successful biofumigation. Table 1 shows 
brassica biofumigant crop species and cultivars or accessions, forms of application, 
amendment rates, GL concentration, and target plant-parasitic nematodes.

4. Edaphic factors

Edaphic factors play an important role in the performance of biofumigation 
against plant-parasitic nematodes in agroecosystems. The edaphic factors include 
soil’s physical, chemical, and biological properties. The impact of each soil property 
has on the effectiveness of biofumigation are discussed.

4.1 Soil physical properties

Soil moisture, texture, and temperature are recognized as the main players 
affecting biofumigation processes in the soil. Soil moisture mediates GL hydrolysis, 
impacts ITC half-life, and renders GL prone to leaching. The half-life of benzyl GL, 
for example, increased from 6.8–15.5 hours at a 1:1 soil to water ratio to 17.5–19.5 hours 
at 8–11.6% soil moisture levels [45]. Excessive soil moisture can cause GL to leach 
from the biologically active rhizosphere because GL adsorbs weakly to soil particles 
[46, 47]. Soil moisture is recommended to be maintained at optimum levels to achieve 
desired outcome [48]. When it comes to soil texture, GL degrades more rapidly in clay 
topsoil than in sandy topsoil. However, in the clay subsoil, GL degradation reduced 
due to the lack of biological activities to an extent of no degradation in sandy subsoil 
[15]. In terms of soil temperature, volatility of ITC increases with temperature, 
especially short-chained aliphatic GLs are more prone to volatilization loss if proper 
measures are not taken to contain them in the soil [49–51].

4.2 Soil chemical properties

Soil pH, the redox states of iron, and soil organic matter (SOM) are regarded as 
important soil chemical properties known to influence ITC production in the soil [52]. 
Aglycone, an unstable intermediate of GL hydrolysis, undergoes a non-enzymatic 
rearrangement and depending on the occurrence of these chemical properties, either 
ITCs, nitriles or thiocyanates are produced. The rearrangement is regulated by these 
soil chemical properties (Figure 3). Low pH favors nitrile production whereas high 
pH favors ITC production [53, 54]. At soil <pH 6, the aglycone undergoes proton 
(H+) dependent desulfuration to yield nitrile and elemental sulfur [52, 55]. In con-
trast, aglycone experiences a concerted loss of sulfate (SO42−) at soil ≥pH 6, which is 
independent of H+ in Lossen rearrangement and produces ITC [52]. Thus, maintaining 
soil ≥pH 6 is desirable for the purposes of biofumigation. With regards to redox states 
of iron, ferrous (Fe2+) and ferric (Fe3+) irons promote nitrile production [56, 57], thus 
reduces ITC production. Hanschen et al. [57] autoclaved soil to increase Fe2+ content, 
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and they observed an antagonistic effect on the performance of biofumigation. The 
presence of Fe3+ can nearly terminate both allyl nitrile and allyl ITC production 
[52, 54, 58]. In terms of SOM, hydrophobic ITCs are adsorbed to SOM, thus reducing 
their biofumigation activities [46, 59]. Sorption of ITC to SOM increases with their 
non-polar nature [45]. Price et al. [49] incorporated B. juncea tissue in sandy soil 
with less SOM and found less ITC in the headspace than in clay soil with high SOM. 
Matthiessen and Shackleton [59] also noted that higher SOM at a low temperature 
significantly reduced ITC volatility, resulting in a low biofumigation effect.

4.3 Soil microbiota

Some soil microorganisms produce Myr, the enzyme that catalyzes GL hydrolysis. 
For example, Aspergillus niger, a ubiquitous soil-borne facultative pathogen [60, 61], 
and Enterobacter cloacae, a bacterial antagonist of Fusarium oxysporum and Pythium 
spp. [62], produce Myr when GL was added to the soil. One reason these microbes 
produce Myr could be to break down GL to obtain glucose, as glucose is one of the 
hydrolysates of GL hydrolysis (Figure 3). Albaser et al. [63] found a strain of soil-
borne bacterium, Citrobacter WYE1, to possess an inducible β-glucosidase capable 
of transforming GL into ITC. Soils treated with γ-irradiation, that did not inactivate 
Myr enzyme, degraded benzyl GL whereas autoclaved soils, where Myr enzymes were 
denatured, arrested the GL degradation [15]. This suggests that biofumigation in soils 
treated by solarization, fumigation, or sterilization could compromise its effectiveness.

5. Termination methods

Method of termination is how the brassica crop residues are terminated for bio-
fumigation purposes. Different termination methods generate different regimes of 
biofumigation efficacy. At least nine biofumigation methods are described in the 
literature. These methods are presented from low to high efficacy levels in Figure 4. 
These include (1) intercropping, (2) crop rotation, (3) soil incorporation, (4) soil 
incorporation + solarization, (5) tissue maceration + soil incorporation, (6) tissue 
maceration + soil incorporation + watering, (7) tissue maceration + soil incorpora-
tion + plastic mulch, (8) tissue maceration + soil incorporation + rolling soil surface 
or compaction, (9) open-end trap crop + tissue maceration + soil incorporation + 
plastic much [64]. Waisen et al. [65] alluded to the fact that using biofumigant crops 
which are susceptible to root-knot nematodes can in fact stimulate egg hatch, thus 
making biofumigation of these crops more effective. This concept is also known as the 
“open-end trap crop” approach where targeted nematodes are allowed to infect the 
biofumigant crops prior to being trapped and fumigated.

The incorporation of brassica biofumigant crop tissues in the soil by tillage is a 
popular method of biofumigation, where ITCs are generated from the mechanical 
damage of tissues during soil incorporation [35, 66, 67]. During the growth of bras-
sica crops either in rotation or intercropping scenarios, negligible quantities of ITCs 
are generated through leaf washings, root exudates, or through physical damage 
by herbivorous pests, which have shown promise to suppress soil-borne pathogens 
[22, 35]. Oil radish roots released ITC in the rhizosphere following feeding damage 
by cabbage root fly larvae (Delia radicum), which was claimed to be toxic to encysted 
eggs of potato cyst nematode (Globodera pallida) [35]. As the research on biofumiga-
tion expands, knowledge of the mechanism of ITC production becomes apparent, 
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and the conventional method of biofumigation has shifted to include tissue macera-
tion, irrigation, and mulching with an impermeable plastic film. The fact that GL 
and Myr are spatially separated in intact plant cells (Figure 2), tissue maceration 
would enhance GL hydrolysis, thus maximizing ITC production and biofumigation 
effect [48, 68]. Effective biofumigation occurs when hydrolysis of GL generates 
more than 100 nmol of ITC/g soil [46]. In addition, with the knowledge that water 
mediates GL hydrolysis, it is beneficial to add water after tissue maceration and soil 
incorporation to maximize hydrolysis while washing the ITC into the rhizosphere to 
be in contact with target nematodes. It has been reported that irrigation with 34 mm 
in a field after pulverizing B. juncea tissues produced 100 nmol/g soil of propenyl 
ITC [48], with a biofumigation effect equivalent to the 200 nmol methyl ITC/g soil 
from metam sodium [30]. Furthermore, with the understanding that aliphatic ITCs 
are volatile [4], maximum biofumigation effectiveness requires sealing the soil with 
impermeable plastic film immediately after tissue maceration and soil incorporation 
[69]. Mulching with black plastic was shown to be more advantageous than clear 
solarization mulch because of its low solar radiation transmittance, which would 
be less destructive to Myr and beneficial to soil microorganisms [60]. Stapleton and 
Duncan [70] also recommended to tarp the soil for no more than 7 days to avoid 
anaerobic soil disinfestation [71, 72]. This is because under anaerobic soil conditions, 
redox potential decline and generate Fe2+ as well as organic acids that would interfere 
with ITC production [73].

Figure 4. 
Biofumigation methods using brassica biofumigant crops.
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6. Cultural practices

The application of sulfur (S) and nitrogen (N) fertilizers to brassica biofumi-
gant crops is important because N and S are integral elemental constituents of GL 
(Figure 3) [74, 75]. Low N and high S fertilizer application enhanced aliphatic GL 
in Brassica rapa [76, 77]. Li et al. [78] noted that while total GL concentration was 
not affected by fertilizer inputs, individual GL concentration was affected by S or 
N supply. Nitrogen-containing tryptophan-derived indole GL was directly pro-
portional to N supply whereas S-containing methionine-derived aromatic GL was 
inversely proportional to N supply [78]. Application of N-containing fungicide, 
metconazole increased total GL concentration in B. juncea and R. sativus [35]. In 
addition, cultivation of biofumigant brassica crops can recruit microorganisms 
that produce Myr enzymes to break down GL. It is important to be mindful of 
when to cultivate brassica biofumigant crops as they are photosensitive and flower 
when the day length is long. This means brassicas intended for biofumigation will 
quickly flower before sufficient biomass production necessary for biofumigation. 
In temperate climates such as in California, grow brassica biofumigant crops during 
winter months and not during spring or summer months. For example, ‘Caliente 
199’ brown mustard planted for biofumigation in Coachella Valley in Southern 
California prematurely flowered at 5-6 weeks barely producing any biomass 
(Figure 5).

Figure 5. 
Showing brown mustard (Brassica juncea) ‘Caliente 199’ field planted in Spring of 2022 bolting prematurely  
in Coachella Valley (Southern California, USA).
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7. Nematode life stages

Sensitivity to ITC varies by species and developmental stages of nematodes 
[41, 50]. Mojtahedi et al. [50] observed J2s of M. chitwoodi were more vulnerable to 
biofumigation than their egg counterparts. In another study, J2s of M. incognita were 
more sensitive to defatted seed meals of brassicas compared to a mixed stage of root 
lesion nematode, Pratylenchus penetrans [17]. The J2s of root-knot nematodes are 
more mobile, and their metabolic or respiration rates are elevated and the likelihood 
of ITC intake is higher than  any later other developmental life stages. Fumigation 
with metam sodium (methyl ITC) is more effective against the target pest when it is 
actively respiring [79], suggesting that biofumigation would be most effective when 
the nematodes are active. Thus, J2s are more prone to biofumigation than egg stage 
or when the nematodes are in survival stage. Thus, the cultural practices aimed at 
triggering nematode egg hatch are crucial.

8. Host suitability

Most brassica crops that are utilized for biofumigation purposes are good hosts 
for root-knot nematodes. Thus, the use of susceptible biofumigant crops as a pre-
plant cultural nematode management tactic has been cautioned or their use has been 
considered an important management challenge because of the high likelihood of 
increasing the target nematode population before planting cash crop [80–82]. The 
cultivars of B. juncea and B. rapa were reported to be good hosts of root-knot nema-
todes while that of Eruca sativa ‘Nemat’ and R. sativus ‘Boss’ including ‘TerraNova’ 
were ranked among the poorest hosts [80, 81, 83]. Host suitability of a list of Brassica 
species and cultivars to root-knot nematodes is presented in Table 2. The use of biofu-
migant crops that are good hosts of root-knot nematodes has been advised against 
in attempts to address undesired nematode reproduction. Instead, the use of brassica 
cultivars that are poor or non-hosts to root-knot nematodes has been recommended 
[4, 16, 81]. Alternatively, cultivating nematode-susceptible brassica crops during 
winter to limit nematode development and delay egg production was recommended 
[83]. However, this approach would be impractical in tropical climatic regions where 
temperatures remain above the nematode development thresholds all year round.

In the past, the host suitability has perceived negative implications for biofumiga-
tion associated with increasing the target nematode population and compromising the 
performance of biofumigation. This review argues that host suitability could, in fact, 
be beneficial, especially when it comes to stimulating egg hatch and trapping J2s as an 
open-end trap crop [65]. The hatchlings or J2s are now at the most sensitive or vulner-
able stage to be killed by ITC through biofumigation. Melakeberhan et al. [87] found 
that M. hapla accumulated 450–500 degree-days (with a base temperature of 10°C) to 
develop from undifferentiated eggs to egg-laying females on oil radish and proposed 
that terminating the crop before completion of the nematode’s life cycle might be best 
used as a trap crop. Waisen et al. [65] found M. incognita J2s accumulated 283 degree-
days to reach egg-laying females on B. juncea ‘Caliente 199’ in greenhouse conditions, 
and reduced soil population of Meloidogyne spp. in two field trials.

The key to maximizing biofumigation kill is to grow root-knot nematode 
susceptible biofumigant crop with an aim to activate or stimulate egg hatch and 
subsequently terminate the crop right before the nematode completes its life cycle. 
The termination time is critical and it must be done based on nematode degree-days 
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or heat units as demonstrated by Waisen et al. [65] and Melakeberhan et al. [87]. At 
the average soil temperatures of 22°C in winter or 29°C in summer in Hawaii, USA, 
brassica crops were recommended to grow for 5–6 weeks to achieve the dead-end trap 
cropping effect [64, 65]. At this time, root-knot nematodes will reach mature females 
but before laying eggs.

Biofumigant crop Meloidogyne species References

Species Cultivar M. hapla M. incognita M. javanica

Brassica carinata Bc007 Poor Moderate Poor [81]

Brassica juncea ISCI99 Good Good Good [81]

Nemfix Good Good Good [81, 83]

Pacific 
Gold

Moderate/good Good Moderate [80, 81]

Brassica napus Humus Poor/moderate Poor/
moderate

Poor/
moderate

[81]

Winfred Poor Moderate/
good

Good [81]

Brassica rapa Rondo Good Good Good [81]

Samson Good Good Good [81]

Eruca sativa Nemat Poor Poor Poor [81, 84, 85]

Raphanus sativus Adagio Poor Poor Poor [81, 86]

Adios Poor/moderate Moderate/
good

Poor/
moderate

[81]

Boss Poor Poor Poor [81, 84]

Colonel Good Poor Poor [81]

Comet Poor Good Poor [81]

Defender Poor Poor Poor [81]

TerraNova Good Poor Poor [81]

Sinapis alba Abraham Poor/moderate Poor Poor/
moderate

[81]

Absolut Poor Moderate Moderate [81]

Accent Poor Poor Poor [81]

Achilles Poor/moderate Moderate/
good

Moderate/
good

[81]

Condor Poor Moderate/
good

Poor [81]

IdaGold Good Moderate/
good

Moderate [81]

Maxi Moderate Poor/
moderate

Poor [81]

Santa Fe Poor/moderate Moderate Poor/
moderate

[81]

Table 2. 
Host suitability of common biofumigant crops to major Meloidogyne species.
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9. Conclusions

An important question to address is what is the best possible combination with 
respect to the abovementioned factors affecting biofumigation to maximize the 
biofumigation performance against root-knot nematodes in agroecosystems? This 
chapter highlights that the exploitation of brassica host suitability to root-knot 
nematodes can enhance the biofumigation effect with a time-sensitive process of 
stimulating egg hatching and trapping J2s with a subsequent targeted release of ITC 
at the most vulnerable life stage. Ideally, coupling open end trap crop tactic  with an 
effective termination method that releases maximum ITC would enhance biofumiga-
tion effect on target nematodes [88]. Based on the abovementioned factors and the 
contemporary knowledge on the mechanism of biofumigation, it trickles down to 
six steps as necessary to maximize biofumigation effects. These include (1) Select 
a potent and susceptible biofumigant crop - Selecting a cultivar or an accession of 
Brassica species that produce high ITC-generating GL (e.g., B. juncea ‘Caliente 199’). 
Most importantly, the selected brassica biofumigant crop must be susceptible to your 
target plant-parasitic nematode, the root-knot nematode; (2) Field preparation—Till 
the field, direct seed the selected biofumigant crop (e.g., B. juncea ‘Caliente 199’ at 
10–12 kg/ha). In temperate climates such as in California, Grow brassica biofumigant 
crops in winter but not in spring or summer as they are photosensitive and flower 
before biomass production necessary for biofumigation. Adjust the soil pH to near 
neutral (pH 6–7) because lower pH favors nitrile production, instead of ITC. Irrigate 
and fertilize the biofumigant crops as needed. (3) Termination—Terminate the bio-
fumigant crop 5–6 weeks after planting. Based on field research conducted in tropical 
climates in Hawaii, termination can be done at 5-week old in summer or 6-week old 
in winter. Termination involves comprehensive maceration of aerial tissues using a 
flail mower; (4) Tissue incorporation - Immediately incorporate the macerated tissues 
to 10–15 cm deep to minimize volatilization losses of ITC and maximize ITC contact 
with nematodes. Soil incorporation must target rhizosphere where the nematodes are; 
(5) Sealing the soil—covering the soil with impermeable plastic mulch (opaque or 
black plastic is recommended as soil is cooler under black plastic mulch and chances 
of Myr denaturation is minimized) immediately after the tissue incorporation to 
retain ITC from volatilization loss; and (6) uncover and transplant cash crop—
uncover the plastic mulch after 7 days and transplant the cash crop. The one-week 
time window is recommended to avoid phytotoxicity.
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