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Abstract – The plant family of Brassicaceae (Syn., Cruciferae after the four petals in cruciform arrangement) comprises over 

3,700 species of 338 genera including vegetables, crops, fodder crops and wild species. The most species-rich genera are the wild 

plants Draba (440 species), Erysimum (261 species), Lepidium (234 species), Cardamine (233 species), and Alyssum (207 

species) (http://www.theplantlist.org/1.1/browse/A/; Simoncsics, 2017). The families of Armoracia, Raphanus, Sinapis, Wasabia, 

Arabidopsis (Rédei, G. [1921-2008], 1975; TAIR - www.arabidopsis.org) with over 50 species (http://www.theplantlist.org), and 

Thlaspi jankae (pennycress Janka, described in Hungary by Janka, V. [1837-1890]) also belongs to Cruciferae. Genus Brassica 

comprises 37 species and numerous subspecies (ssp.) and over 3.000 registered cultivars (cv.) growing globally. Here we analyze 

genomes and genes of BRASSICACEAE species based on in silico data mining (www.ncbi.nlm.nih.gov) to reveal further rationale for 

the extreme levels (Li et al., 2024) of plant organs mutations, molecular diversity, phenotypic plasticity, diversification, 

domestication, evolution, selection, speciation and breeding of BRASSICACEAE species. 
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BACKGROUND  
 
The main Brassica species (Fig. 1) with genome symbols 

and basic chromosome numbers are B. nigra [2n(2x)=16, 

BB]; B. oleracea [2n(2x)=18, CC]; B. campestris (Syn., B. 

rapa) [2n(2x)=20, AA]; and the three natural (allo)tetraploid 

species of B. carinata [2n(4x)=34, BBCC]; B. juncea 

[2n(4x)=36, AABB]; and B. napus [2n(4x)=38, AACC] 

(Dixon, 2006; https://brassibase.cos.uni-heidelberg.de).  

Cultivars of Brassica species (Fig. 1, Table 1) include 

bok choy (B. rapa, var. chinensis), brown mustard (B. 

juncea), broccoli (B. oleracea var. italica), Brussels sprouts 

(B. o. var. gemmifera), cabbage (B. o. var. capitata), 

cauliflower (B. o. var. botrytis), collard (B. o. var. acephala), 

kales (B. o. var. sabauda, leafy and ornamental kales), 

kohlrabi (B. o. var. gongyloides), napa-cabbage (B. rapa var. 

pekinensis), rapeseed (B. napus var. napus), rutabaga (B. 

napus var. napo-X-brassica), and turnip (B. rapa var. rapa) 

(El-Esawi et al., 2012; Gamba et al., 2021).  

Brassica species live annual, biennial or perennial life 

cycles including two main groups of acephala (‘leafy’) and 

cephala (‘headed’) forms with numerous plant organs 

modifications (Fig. 1, Table 1). 

 
Medicinal ingredients 

 
The main metabolites of BRASSICACEAE vegetables are 

phenolic compounds of flavonoids (Rusznyák and Szent-

Györgyi, 1936), anthocyanins, hydroxycinnamic acids, 

carotenoids, and terpene derivatives (e.g., phytosterols).  

The sulphur containing glucosinolates, sulforaphane 

(CH3-SO-(CH2)4-N=C=S), and phenylthiocarbamide (PTC) 

are responsible for the sharp taste (Ramirez et al., 2020).  

In radish (Raphanus sativus) the percentage of the main 

compounds showed the highest content in flavonoids 

(38.8%), glucosinolates (5.6%), and sulphur-containing 

compounds (1.8%) (Gamba et al., 2021).  

A phytoalexin type compound (Kőmíves and Király, 

2019) of ascorbigen (i.e., indol-3-ylmethyl-ascorbate) in 

https://doi.org/10.19040/ecocycles.v11i1.497
https://doi.org/10.19040/ecocycles.v7i2.196
https://doi.org/10.19040/ecocycles.v7i2.196
http://www.theplantlist.org/1.1/browse/A/
http://www.arabidopsis.org/
http://www.theplantlist.org/
http://www.ncbi.nlm.nih.gov/
https://brassibase.cos.uni-heidelberg.de/
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fresh-cut cabbages shows important roles of Brassica 

vegetables not only in human health but also in plant 

protection (Kátay et al., 2011; Yin et al., 2024). 

 
Figure 1. Illustrations of characteristic plants of BRASSICACEAE family. 

(X) Brassica cretica the probable closest ancestor of B. oleracea 

(Mabry et al., 2021) with the Ancestral Crucifer Karyotype (ACK, 

n = 8) (Shen et al., 2023).  

- FLOWER BUD MUTANTS: (1) broccoli (B. o. italica) and the purple 

variety; (2) broccolini (B. o. italica × B. o. alboglabra); (3) Chinese 

broccoli ‘k(g)ai-lan’ (B. o. alboglabra); (4) cauliflowers (B. o. 

botrytis) with differently colored curds; (5) Romanesco-cauliflower 

(B. o. botrytis ‘Romanesco’).  

- LEAF BUD MUTANTS: cabbages (B. oleracea) [white- (6a), red- (6b), 

cone- (6c, 6d) and flat head cabbage (6e)]; (7) Chinese kale/cabbage 

(B. rapa Pekinensis); (8) pak-choy (B. rapa ‘pak-choy’); (9) 

komatshuna (B. r. Pekinensis var. ‘komatshuna’); (10) Savoy-headed 

kale (Brassica o. sabauda) with the wild ancestor leafy kale and 

ornamental kale (B. o. acephala); (11) Brussels sprouts (B. o. 

gemmifera).  

- ROOT MUTANTS: (12) rutabaga (B. napus napobrassica); (13) turnip 

(B. rapa rapa); (14.a, b, c); radish cultivars (Raphanus sativus) with 

different sizes and colors; and (15) kohlrabi (B. o. gongyloides) 

 

 
Mutation, Domestication and Breeding 

 

Brassicaceae mutations include haploids (Fig. 2), plant 

genome duplications and triplications, coupled with events 

of paleo-polyploidy occurred 160 million years ago, MYA, 

(Zhang, L. et al., 2020) resulted in series of plant 

morphological diversity. In addition, molecular evolution 

was found to driven continuously by natural DNA 

substitutions (i.e., mutations) of the genomes. 

The rate (Kimura, 1968) of mutation [Hugo de Vries 

(1848-1935), 1901-1903] of DNA was determined in a range 

from 5.9 - 6.5 to 7.1 × 10
−9

 DNA bp changes per bp site / per 

generation / per year in A. thaliana (Ossowski et al., 2010). 

The majority of mutations of DNA were determined to 

be mainly at G≡C to A=T transitions (Salser, 1978; 

Ossowski et al., 2010), which weakens DNA from the three 

hydrogen-bridge bonded rigid G≡C DNA to the ‘softer’ two 

hydrogen bonded A=T DNA. The DNA mutations (i.e., 

‘G≡C suppression’; Cooper and Gerber-Huber, 1985) take 

place during ontogeny and phylogeny due to the 

spontaneous deamination of the methylated/silenced 
5m

C (5-

methylcytosine) DNA site, which spontaneously turns to 

thymidine (T) during the subsequent DNA replication. 

Finally, it results in DNA base pair (bp) changes through 

cascade reactions of G≡C → G≡
5m

C → A=T (Cooper and 

Gerber-Huber, 1985).  

Theoretically, this molecular change of DNA allows 

quicker transcription reaction from DNA to mRNA and 

resulted in translated proteins, which therefore, facilitates 

the ability of plants to respond to the environmental 

changes/stresses (Yim et al., 2022). 
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Mutations in the vegetative tissues of meristems of 

Brassica plants have resulted in wide ranges of organs 

modifications (Fig. 1, Table 1). 

Modifications of plant organs of BRASSICACEAE species 

are not unique. Extreme levels of fruit diversity of apples, 

cherries, pears (ROSACEAE); cucurbits (CUCURBITACEAE); 

Capsicum fruits and potato tubers (SOLANACEAE); leafy head 

varieties of lettuce (Lactuca sativa, e.g., ‘butterhead lettuce’ 

and ‘iceberg lettuce’); and ‘Radicchio’ of chicory 

(Cichorium intybus; ASTERACEAE/COMPOSITAE) are also 

significant (LettuceGDB; https://www.lettucegdb.com; 

Barcaccia et al., 2016).  

 
Table 1. The main plant organs modifications of BRASSICACEAE species 
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Asian greens 
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B. napus  Rapeseed 

B. napus 

napobrassica 
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B. juncea 

napiformis 

Root 

 mustard 
 

Raphanus 

sativus 
 

Radish 
Oilseed 

radish 

 

Daikon 

 
Armoracia 

rusticana 
Horseradish 

 
Wasabia 

japonica 
Wasabe 

 

Genome constitutions 

 

Haploid (n=2x) genotypes 

 

Anther and pollen cultures of Brassica biotechnology have 

resulted in mail haploids (n=2x=19) and dihaploids (DH; 

nn=4x=38) of B. napus genotypes through pollen 

embryogenesis (Lee, et al., 2017; Bhaskara et al., 2018).  

In Brassica biotechnolog the methodology included 

responsive flower buds selection with optimal ratio between 

anther and filaments (Fig. 2./B, -C, -D), proper tissue culture 

media, and microscopically monitored samplings (Fig. 2) 

(Gyulai et al., 1992; Marchant and Walbot, 2022) 

 

Diploid (2n=2x) genotypes 

 
B. o. oleracea (Mediterranean cabbage, 2n=18, CC) had 

developed from wild mustard/cabbage (B. o. oleracea; 

2n=18, CC) and from Brassica cretica the probable closest 

ancestor (Mabry et al., 2021), and had diversified to 

numerous cultivated plants (Fig. 1, Table 1).  

A wild species of Brassica macrocarpa has also been 

studied in detail (Gray, 1982; Dixon, 2006; El-Esawi et al., 

2012; Gamba et al., 2021). 

B. rapa (turnip rape / black mustard / Asian cabbage, 

2n=20, genome AA) also comprises species with modified 

LEAFY organs, as in Chinese kale/cabbage (B. rapa 

pekinensis) and the recently identified intraspecific varieties 

of komatsuna (B. rapa perviridis), mizuna, taichai, zicaitai, 

wutacai, and pak/bok-choi (B. rapa chinensis); and ROOT 

organs of turnip (B. rapa) and oilseed (B. rapa oleifera) 

(Fig. 1, Table 1).  

B. napus (rapeseed) also has a variety (Fig. 1, Table 1) 

with enlarged roots (B. n. napobrassica) (‘rutabaga’) which 

has the highest drought tolerance among crops (L. Waters 

Jr., Auburn Univ, Alabama, U.S.A., personal 

communication). 

https://www.lettucegdb.com/
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Raphanus raphanistrum sativus a root vegetable of 

radish (2n=18; genome size 0.4334 Gbp, equal to 433.4 Mbp 

/10
6
 bp/ DNA) (NCBI ID#: GCA_000801105.3) and the 

cultivars also show high levels of root morphological 

diversity (Fig. 1./14a, -b, -c) (Swaamy, 2023). 

 
 

Figure 2. Methodology of haploid (n=2x=19) plant development from 

pollen grains in anther cultures of Brassica napus (2n=4x=38). Flower 

buds were collected from field grown plants (A), selected (B, C) at 

three different anther developments including the proper size - in the 

middle row (D), laid down on to the surface of aseptic tissue culture 

media in designed arrangement (E). The processes were monitored by 

LM- (E, F, I, L); and SEM analysis (G, H, J, K) [the sizes of Brassica 

pollen grains developed in pollen sacs are 90-100 µm / ˃0.1 mm (I, J, 

K)]. Haploid plant developed from pollen grain sprouting from the 

anther (L); the shoot and root of haploid plantlet, pollen grains and the 

two parts of anther wall (↔) are indicated with arrows. 

 

Triploid (2n=3x) genotypes 

 

In triploid breeding, like in the case of seedless watermelon 

breeding (Tóth et al., 2007), no report has been published in 

Brassicas. 

 

Tetraploid (2n=4x) genotypes 

 

The fundamental triangle genomes model of Brassica 

species (Nagaharu/U, 1935) revealed genetic linkages 

among three genome-additive, interspecific, (allo)tetraploid 

hybrids of B. carinata (Ethiopian mustard, 2n=4x=34, 

BBCC); B. juncea (Indian mustard, 2n=4x=36, AABB); and 

B. napus (rapeseed, 2n=4x=38, AACC).  

The tetraploid hybrids were found to be developed via 

natural hybridization between two of the three diploid 

progenitor species of B. nigra (black mustard, 2n=16, BB), 

B. oleracea (wild cabbage, 2n=18, CC), and B. rapa (turnip / 

field mustard, 2n=20, AA) through the following steps 

(Nagaharu/U, 1935) of: 

(a) [B. rapa (turnip / field mustard), 2n=20, AA] x [B. o. 

oleracea (wild cabbage), 2n=18, CC] → Brassica napus 

(rapeseed), 2n=4x=38, AACC; 

(b) [B. rapa (turnip / field mustard), 2n=20, AA] x [B. nigra 

(black mustard), 2n=16, BB] → B. juncea (Indian 

mustard), 2n=4x=36, AABB; and 

(c) [B. nigra (black mustard), 2n=16, BB] x [B. o. oleracea 

(wild cabbage), 2n=18, CC] → B. carinata (Ethiopian 

mustard), 2n=4x=34, BBCC (Nagaharu/U, 1935; Yim et 

al., 2020; Yin et al., 2022). 

 

Interspecific tetraploid Brassica hybrid of Raphanobrassica 

was also developed between Raphanus sativus and Brassica 

species recently (Lee et al., 2017) following the fundamental 

work of Karpechenko, G.D. [1889-1941] (1928).  

The cultivated horseradish (Armoracia rusticana) 

(2n=4x=32), which is the main source of horseradish 

peroxidase (HRP); the aquatic herb watercress (Nasturtium 

officinale) (2n=4x=32) (Mandáková and Lysak, 2019), and 

the Japanese horseradish (wasabe) (Wasabia japonica, Syn., 

Eutrema japonicum) (2n=4x=28) are also tetraploid (Table 

1) species (Tanaka et al., 2023). 

During hybrid development huge numbers of gene loss 

occurs. When horseradish (Armoracia rusticana) developed 

5 MYA a total of 2,653 genes were predictably lost (1,563 

genes from the A-subgenome and 1,090 genes from the B-

subgenome) (Shen et al., 2023). This result indicates the 

genetic potential of reciprocal crossings used in plant 

breeding (Mendel, 1865; Ordás et al., 2008). 

 

Hexaploid (2n=6x) genotypes 

 
(Allo)hexaploid (2n=6x=54, AABBCC) Brassicas was 

developed by breeding steps of crossings, back crossings 

and selections among three cultivated (allo)tetraploid 

Brassica species (B. napus, B. juncea, B. carinata) by Zhang 

et al. (2021). 

 

Octoploid (2n=8x) genotypes 

 
Octoploid B. napus (2n=8x=76, AAAACCCC) was 

developed recently (Yin et al., 2020).  

The one-rowed watercress (Nasturtium microphyllum) is 

also an octoploid wild species (Shen et al., 2023). 

 

Evolution 
 

The level of species diversity of a plant genus was 

postulated to show positive correlations with the 

geographical origin, i.e., Vavilovian areas (Vavilov, N. 

[1887-1943], 1926, 1928; In: Janick, 2015). The theory 
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shows two centres of Brassica species in the Mediterranean 

region of Europe and in China.  

Unlike crops of barley (Hordeum ssp.), wheat (Triticum 

ssp.), rice (Oryza ssp.) or soybean (Glycine ssp.), the 

domestication of Brassica species - similar to maize (Zea 

ssp.) may have occurred more recently (Qu et al., 2023). 

However, samples of archaeogenetics (Gyulai, 2011), 

e.g., of Brassica/Sinapis seeds excavated from the 10
th

 

millennium B.P. in Syria (Willcox, 2002) show a more 

ancient evolutionary track. 

B. napus (rapeseed) also shows a relatively recent hybrid 

development <7,500 years ago (Chalhoub et al., 2014). 

B. oleracea including the leaf-head type cabbages and 

kales were domesticated recently in the Middle Ages about 

500 years ago, but in different cultures and different 

geographical locations (East Asia, and Western Europe). The 

divergence among the main Brassica species was estimated 

to have occurred about 5 MYA (Cheng et al., 2017). 

By using a calculations of mutations (Ossowski et al., 

2010), the split of speciation between two hypocotyl 

tuberous species (Table 1) of radish (Raphanus 

raphanistrum) and turnip (Brassica r. rapa) may have 

happened 13.19 MYA (Moghe et al., 2014). 

B. juncea (Indian mustard) has most likely an ancient, 

single origin developed in West Asia 8,000 - 14,000 years 

ago and diverged in to four subspecies of B. j. juncea (seed 

mustard), B. j. integrifolia (leaf mustard), B. j. napiformis 

(root mustard), and B. j. tumida (stem mustard) (Kang et al., 

2021).  

Tuberous turnip (B. r. rapa) (Fig. 1./13)  and kohlrabi (B. 

o. gongyloides) (Fig. 1./15) - both selected in Europe, were 

suggested to be the result of a convergent (i.e., parallel) 

selection (Cheng et al., 2017).  

B. oleracea underwent a sub/genomic triplication - 

including WGDs (whole genome duplications) which 

contributed to plant organ mutations (Parkin et al., 2014; 

Guo et al., 2024).  

In the analysis of plant evolutionary history, the 

perennial B. cretica ssp. aegaea (Heldr. & Halácsy) (2n=18) 

was found to be the closest ancestor of B. oleracea (Mabry 

et al., 2021). 

Kohlrabi (B. o. gongyloides) was reported to appear first 

in the Middle Ages in Europe (Dixon, 2006). 

An sequence analysis of 378 single-copy genes of 

Armoracia of BRASSICACEAE and the related CARDAMINEAE 

species showed 5 MYA estimated divergence time (Shen et 

al., 2023).  

 

METHODOLOGY 
 

Illustrations of BRASSICACEAE species (Fig. 1) were collected 

from web sites (alamy.com; Britannica.com; monaconature-

encyclopedia.com; and Wikipedia.org).  

Anther cultures (Fig. 2) were developed and monitored 

by Light Microscopy (LM) and Scanning Electron 

Microscopy (SEM) according to Gyulai et al. (1992). 

Genome (Fig. 3) and gene sequences of Brassica species 

(Fig. 4, 5, 6) were downloaded from NCBI server 

(www.ncbi.nlm.nih.gov).  

Sequences were aligned by computer program BioEdit 

(Hall, 1999). 

Molecular cladograms were edited by MEGA7 computer 

program (Kumar et al., 2016) following the edition ways of 

Szabó et al., (2023) and Gyulai et al. (2024).  

Statistical bootstrap analysis was applied with x1000 

repetitions by using MEGA7 computer program (Kumar et 

al., 2016). 

 

RESULTS AND DISCUSSION 
 

Genome sizes 

 

For genome size analysis, genomes of Brassica species 

available at gene banks (59 to date) were compared (Fig. 3). 

Of them, B. rapa pekinensis (chinese kale/cabbage) showed 

the smallest genome (244.9 x 10
6
 bp DNA) compared to B. 

carinata (Abyssinian mustard) with the largest genome 

(1,087.0 x 10
6
 bp). 

Entries of B. o. oleracea (wild mustards/cabbages) 

showed middle size genomes (555 - 581 x 10
6
 DNA bp) 

(Fig. 3). 

 

Gene sequences 

 
For gene sequence analysis, gapC-mRNA of the highly 

conserved nuclear gene gapdh (glyeraldehyde-3-phosphate 

dehydrogenase) sequences of Brassica species were 

analyzed (Fig. 4).  

The gene gapC is one of the eight gapdh genes, which 

encode housekeeping enzymes and playing central roles in 

carbon metabolism, e.g., in the glycolysis.  

The gapdh genes encode for proteins of GAPDHs 

(GAPA-1, GAPA-2, and GAPB), chloroplast glycolytic 

GAPDHs (GAPCp-1 and GAPCp-2), cytosolic glycolytic 

GAPDHs (GAPC-1 and GAPC-2), and the NADP-

dependent non-phosphorylating cytosolic GAPDH (NP-

GAPDH) (Henry et al., 2015).  

Null mutants of tDNA insertion lines of Arabidopsis, 

which were deficient in gapC1, have been selected (gapc1, 

NCBI# SALK_010839) coupled with incomplete seed 

fertility (Rius et al., 2008). 

In the analysis of gapC-mRNA sequences Brassica 

species showed two distinct clades at high (x1000) bootstrap 

level (Fig. 4). The data of chloroplast encoded gapCp-

mRNA sequences were excluded.  

To compare gapC-mRNA sequences (Fig. 4) the ancient 

one-of-the first land plant (a fern Selaginella lepidophylla; 

Wang, J. et al., 2020); the one-of-the first flowering land 

plants of the basal ANITA angiosperm species of Trimenia 

argyroplaga; and a sample of Gymnosperm larch tree (Larix 

gmelinii) (http://www.theplantlist.org/1.1/browse/G/) were 

included to compare to Angiosperm Brasssicas (Fig. 4).  

 

Root node development 

 

Genes of nsp-1 (nodulation signaling pathway) of nitrogen-

fixing Rhizobium bacteria that form symbiotic root nodes of 

Legumes have also been identified and sequenced in 

Brassicas genomes, however, without gene expression 

activity (Hayward et al., 2012).  

Based on the highly conserved DNA sequences of nsp-1, 

analyzed here, two nsp clades were identified in 

http://www.ncbi.nlm.nih.gov/
http://www.theplantlist.org/1.1/browse/G/
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BRASSICACEAE species (Fig. 5a). In the analysis, wild species 

of Matthiola (BRASSICACEAE) showed closer distance to 

Brassica species than Sinapis (BRASSICACEAE) (Fig. 5a). 

Silent- and amino acid change mutations were also 

determined (Fig. 5b). 

 

Head- and Curd development - Flower bud mutations 

 

The development of cabbages heads was found to be a 

partial control of cytokinin hydroxylase-like gene 

(CYP735A2; cytochrome P450 family 735, subfamily A, 

polypeptide 2; 1,407 nt mRNA; 

http://www.translatomedb.net).  

The MeFT-1 gene (Manihot esculenta flowering terminal 

locus-1) (Rehman et al., 2023) (Syn., Terminal Flower-1 – 

TFL1), and TFL1 of B. rapa (NCBI# GCF_000309985.2) 

have been found to contribute to the transition of 

terminal/apical vegetative shoot meristem to flower bud 

meristem (Liu et al., 2021; Fan et al., 2024). TFL1 genes 

were also found to be under epigenetic control of 

photoperiod, vernalization, temperature, and plant hormones 

(Azpeitia et al., 2021). 

 

 
Figure 3. Genome sizes (x106 bp / Mbp DNA) of Brassica species (1-

59) available of the total 98 BRASSICACEAE species to date 

(www.ncbi.nlm.nih.gov). Entries of B. napus (blue columns) and wild 

progenitors B. o. oleracea (wild mustard/cabbage) (black columns) are 

indicated. To compare, genome size of Raphanus raphanistrum 

sativus (2n=18) is 433.4 Mbp /10
6
 bp/ DNA.
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B. oleracea capitata (cabbage) 

B. nigra (black mustard) 

B. oleracea botrytis (cauliflower) 

B. oleracea costata (tronchuda kale) 

B. oleracea sabellica (flowering kale) 

B. oleracea botrytis (cauliflower) 

B. oleracea gongylodes (kohlrabi) 

B. oleracea palmifolia (palm-tree kale) 

B. oleracea capitata (cabbage) 

B. oleracea viridis (kale) 

B. oleracea (wild mustard/cabbage) 

B. oleracea gongylodes (kohlrabi) 

B. oleracea italica (broccoli) 

B. oleracea capitata (cabbage) 

B. oleracea ramosa (branching bush kale) 

B. oleracea capitata (cabbage) 

B. oleracea alboglabra (Chinese kale) 

B. oleracea capitata (cabbage) 

B. oleracea sabellica (flowering kale) 

B. oleracea capitata (cabbage) 

B. oleracea alboglabra (Chinese kale) 

B. oleracea gemmifera (Brussels sprouts) 

B. oleracea (wild mustard/cabbage) 

B. oleracea var. capitata (cabbage) 

B. oleracea (wild mustard/cabbage) 

B. oleracea var. viridis (kale) 

B. napus (rape) 

B. napus (rape) 

B. napus (rape) 

B. napus (rape) 

B. juncea (brown mustard) 

B. juncea (brown mustard) 

B. juncea (brown mustard) 

B. napus (rape) 

B. juncea (brown mustard) 

B. juncea var. tumida (zha cai) 

B. napus (rape) 

B. napus (rape) 

B. napus (rape) 

B. carinata (Abyssinian mustard) 

234,7 
314,9 
315,8 

352,8 
370,1 

402,1 
411,5 

444,0 
458,6 
473,4 
488,6 

514,4 
529,9 
534,2 
534,4 
539,9 
542,4 
547,8 
548,3 
552,0 
552,2 
553,4 
555,0 
557,2 
557,9 
558,9 
562,2 
565,2 
565,3 
565,5 
568,0 
570,7 
572,0 
573,4 
576,0 
578,7 
581,0 
584,2 

768,2 
845,4 
848,2 
863,1 

884,9 
894,2 
904,4 

923,8 
933,5 

954,9 
975,8 

1 001,0 
1 063,0 

1 087,0 

http://www.translatomedb.net/
https://www.ncbi.nlm.nih.gov/assembly/GCF_000309985.2/
http://www.ncbi.nlm.nih.gov/
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Figure 4. Cladogram (NJ; MEGA7; Kumar et al., 2016) of gapC-

mRNA sequences with statistical bootstrap (79 – 100) analysis (x1000 

repetitions) transcribed from the nuclear gene glyeraldehyde-3-

phosphate dehydrogenase (gapC) of Brassica and related species. The 

unit of genetic distance (0.05) is indicated which gives the numbers of 

nucleotide substitutions along a 100 bp mRNA stretch.  

 

 
 
Figure 5a. Cladogram (NJ; MEGA7; Kumar et al., 2016) of Bonsp-1 

(Brassica oleracea nodulation signaling pathway) genes (Hayward et 

al., 2012) of BRASSICACEAE species with statistical bootstrap (68 – 100) 

analysis (x1000 repetitions) (Bonsp1 gene, complete cds 1,533 bp; 

NCBI ID# JX242546). The unit of genetic distance (0.005) shows 

high level of DNA sequence similarity. 

 

           180          190          200           210          220         230 

                   |.. ... ... |.. ... ... .|. ... ... ..| ... ... ... |.. ... ... ..| ... ... ..| 

B. napus BnaNSP1   GGA TGT GAT TTT CTT CAT AGC TAT AGT CAA GAT CTT GAT GCA TAT ATA GGT GGT GAA GCA 

                   Gly Cys Asp Phe Leu His Ser Tyr Ser Gln Asp Leu Asp Ala Tyr Ile Gly Gly Glu Ala 

B. montana BmNSP1  ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 

                   Gly Cys Asp Phe Leu His Ser Tyr Ser Gln Asp Leu Asp Ala Tyr Ile Gly Gly Glu Ala 

B. incana BinNSP1  ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 

                   Gly Cys Asp Phe Leu His Ser Tyr Ser Gln Asp Leu Asp Ala Tyr Ile Gly Gly Glu Ala 

B. carinata BcNSP1 ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 

                   Gly Cys Asp Phe Leu His Ser Tyr Ser Gln Asp Leu Asp Ala Tyr Ile Gly Gly Glu Ala 

B. oleracea BoNSP1 ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 

                   Gly Cys Asp Phe Leu His Ser Tyr Ser Gln Asp Leu Asp Ala Tyr Ile Gly Gly Glu Ala 

B. rapa BrNSP1     ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ..G T.. ... ... 

                   Gly Cys Asp Phe Leu His Ser Tyr Ser Gln Asp Leu Asp Ala Tyr Ile Gly Cys Glu Ala 

B. nigra BniNSP1   ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ..G T.. ... ... 

                   Gly Cys Asp Phe Leu His Ser Tyr Ser Gln Asp Leu Asp Ala Tyr Ile Gly Cys Glu Ala 

 

 
Figure 5b. Sequence alignments of nsp-1 genes (180 – 230 nt) (upper 

rows) and NSP-1 translated proteins (60 aa stretches, of the total 571 

aa; lower rows) translated by BioEdit computer program (Hall, 1999) 

by using 3-letters codes (NCBI ID# JX242546; 1,533 bp; Hayward et 

al., 2012) of Brassica species.  

Silent (i.e., synonymous; GGT/Gly→GGG/Gly DNA mutations (i.e., 

substitutions) of T→G of Gly (glycine aa), and amino acid change 

mutations are indicated by pink boxes (GGT/Gly → TGT/Cys) 

(glycine → cysteine change) according to Balázs and Dudits (2017). 

 

 

The TFL1 gene family was found to be component of 

‘florigen’ (Chailakhyan, 1936; In: Liu et al., 2021) with 

concerning the Mendel’s 6
th

 of the seven growth ‘factors’ of 

green pea (Pisum sativum) (1865; In: Corcos and 

Monaghan, 1990; Putterill and Varkonyi-Gasic, 2016). 

Flower bud mutants of cauliflowers (B. o. botrytis) with 

differently colored curds (Fig. 1./4) and ‘Romanesco’ 

 Brassica_napus_GapC

 Brassica_napus_GapC(2)

 Brassica_rapa_pekinensis_GapC
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cauliflower (B. o. botrytis ‘Romanesco’) (Fig. 1./5), broccoli 

(B. o. italica) (Fig. 1./1), broccolini (B. o. italica × B. o. 

alboglabra) (Fig. 1./2), and Chinese broccoli (B. o. 

alboglabra) (Fig. 1./3) have been selected (Azpeitia et al., 

2021). In curd development of cauliflower (Fig. 1./4) 

MADS-box genes and zinc-finger proteins were also 

identified (Chen et al., 2024).  

MADS box TF genes (with short DNA bp length which 

encode small 56-60 amino acid long DNA-binding proteins) 

also play central role in flowering time control, 

inflorescence and floral morphotypes, and seed development 

of BRASSICACEAE species (Song et al., 2023; Adhikari and 

Kasahara, 2024).  

[The name of MADS box acronym comes from the four 

basic TF genes of mcm1 (mini chromosome maintenance) of 

the budding yeast (Saccharomyces cerevisiae); the floral 

agamous mutants (i.e., agamous → ‘without gametes’ / 

parthenogenic) of the thale cress (Arabidopsis thaliana) 

(TAIR# AT4G18960); the floral deficiens mutants (i.e., 

changes of petals to sepals, and stamina to carpels) of 

snapdragon (Antirrhinum majus) (Summer et al., 1990), and 

the srf (serum response factor) of the human genome (Homo 

sapiens) (Gene/6722[uid]/ NCBI)]. 

TF genes of MADS-box superfamily (Adhikari and 

Kasahara, 2024) - a total of 1.430 genes to date, have been 

analyzed in Brassica species, and four floral organ mutants 

of wtl (wild type like), feml (female flower like), aglf-1, and 

aglf-2 (agamous-like flower) were identified (Song et al., 

2023). 

 
Red coloration - Transcription factors (TFs) activity  

 

The expression of bHLH type (i.e., basic Helix-Loop-Helix 

DNA) TFs (transcription factors) genes encoding for DNA 

binding proteins was identified first in red-seeded maize by 

Ludwig et al. (1989), and recently in turnip (NCBI# 

HQ337791; 1.566 nt mRNA) and other Brassica species 

(Nesi et al., 2000).  

In Brsassica rapa the DNA binding protein of BrTT8-

(transparent testa 8 gene)-bHLH-TF is 521 aa long 

(#XP_009113574.1) and causes red coloration of turnip 

epidermal tissues (Fig. 1./13) (Zhang, Y. et al., 2020). 

In the analysis of mRNA sequences (1.566 nt) of bHLH 

TT8 TFs of BRASSICACEAE species Raphanus and 

Arabidopsis showed closer sequence similarity then that of 

B. o. botrytis (Fig. 6). 

Light-responding anthocyanin production was also 

observed in epidermal tissues of purple broccoli (Fig. 1./1) 

(Liu et al., 2020). 

 

 
Figure 6. Sequence similarity ML dendrogram (x1.000 bootstrap 

analysis) of mRNAs (1.566 nt) of bHLH TT8 TFs of DNA-binding 

proteins of BRASSICACEAE species edited by MEGA7 computer 

program (Kumar et al., 2016) of mRNA sequences (1.566 nt). 

Raphanus and Arabidopsis are labeled, and the unit of genetic 

distance (0.05) is indicated which gives the numbers of nucleotide 

substitutions along a 100 bp mRNA stretch. 

 
Transposons activity 

 

Transposons of both groups of DNA- and Retro-transposons, 

account for huge part of all eukaryotic genomes from 40% of 

the human genome to 50% – 90% of the important agricultural 

crops of maize, wheat, barley, rye, and sugar beet (McClintock, 

1948; Schulman and Kalendar, 2005; Walker et al., 1997; Ivics 

et al., 2009; Kalendar and Schulman, 2014). 

Transposons do not code for house-keeping proteins (i.e., 

‘junk DNA’), however they play an important role in genome 

function by jumping in to the DNA of gene sequences and 

down-regulating it (Alzohairy et al., 2013). 

Horseradish genome analysis suggested that DNA 

methylation plays a sentral role in regulating and maintaining 

the stability of LTR-RT regions (Shen et al., 2023). 

The up-regulation of purple locus in maize (on 

chromosome 10) by insertion of DNA transposons was 

identified in the locus of R-p complex of the anthocyanin 

biosynthetic pathway causing purple coloration of maize seeds 

(Ludwig et al., 1989) which was named later as PIF (p 

instability factor; Wicker et al., 2007).  

Changes in purple/red coloration coupled with anthocyanin 

accumulation were also described in the pap1-D (production of 

anthocyanin pigmentation1-Dominant) of Arabidopsis 

(Borevitz et al., 2000; Shi and Xie, 2010), ant-1 (anthocyanin-

1) in tomato (Menconi et al., 2024), and red-flesh apple 

(Espley et al., 2007) as the result of DNA transposition of 

insertions in to anthocyanin related genes (Chen et al., 2023; 

Menconi et al., 2024). 

In Brassica, the purple coloration of cauliflowers (Fig. 1./4) 

was identified first by the insertion (‘jumping’) of harb DNA 

transposon (5.382 bp; Kapitonov and Jurka, 1999) by jumping 

in to the upstream regulatory region of the purple(Pr)-D MYB-
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allele and, by this way up-regulating it (Chiu et al., 2010; Chiu 

and Li, 2012).  

In B. napus, high numbers of 227 MYB-related 

(BnMYBR/Bn1R-MYB) transposons, 429 R2R3-MYB (Bn2R-

MYB) genes, 22 R1R2R3-MYB (Bn3R-MYB) genes, and two 

R1R2R2R1/2-MYB (Bn4R-MYB) genes have been identified (Li 

et al., 2020).  

Seed coat color analysis of six Brassica species including 

B. napus for the selection of the preferred yellow canola seed 

type, a high number of 1.119 anthocyanin-related genes were 

identified coupled with BnMYB5 activity (Chen et al., 2023). 

Epigenetic effect of drought stress also induces red 

coloration in plant leaves. In Chaenomeles speciosa 

(ROSACEAE) the expression of TF proteins of CsMYB-123 and 

CsbHLH-111 were found to be increased under drought stress. 

The TF proteins can also activate the anthocyanin-related 

CsCHI gene (Cucumis sativus chalcone-flavanone isomerase) 

by binding to the gene promoter region (Ren et al., 2023). 

An R3-MYB TF repressor protein (BnCPC; Brassica napus 

cysteine peptidase C; 86 aa) (cds – coding sequence: 

BnaC04g50810D) was also identified in B. napus by repressing 

anthocyanin biosynthetic BnDFR gene (dihydroflavonol 4-

reductase) blocking at the promoter region (Xie, T. et al., 

2022).  

The regulatory switch on-and-off of MYB TFs, similar to 

MYC TFs [named after MYeloCytomatosis, an avian virus] 

(e.g., UniProt# P10395) also was found to activate DNA 

binding proteins [e.g., in Human; UniProt# P10242, 640 aa]. 

The gene copy numbers of myb tf homologous genes were 

found to be numerous in plants, e.g., in grapevine (Vitis 

vinifera) (order VITALES) 265 Vv-MYB (Wang et al., 2023), 

and in Casuarina equisetifolia (woody FAGALES) 182 Ceq-

MYB (R2R3-MYB) genes were identified recently (Wang et 

al., 2021).  

Retrotransposons can also be active in Brassica species. In 

total 262 intact LTR (long terminal repeat) retrotransposons 

were identified in Brassica genomes (Nouroz et al., 2015). 

In addition to red coloration, BrMYB-108 was also 

reported to confer resistance to vascular fungal disease 

Verticillium wilt in Brassica rapa by activating ROS (reactive 

oxygen species) generations (Su et al., 2023).  

Heat stress can also block anthocyanin production, e.g., in 

red coloration of apple fruit temporarily (Wang, W. et al., 

2020), and of red leaf hazel (Corylus avellana) genotype stably 

turning it back to wild type green leaf as it occurred recently in 

summer 2024 (above daily temperature 40 °C for two to three 

months) in Gödöllő (Hungary, Europe).  

 

Roles of smallRNAs and siRNAs 

 

SmallRNAs of both groups of microRNAs (miRNAs) and 

phased siRNAs (phasiRNAs); and short interfering RNAs 

(siRNAs) including tasiRNAs and casiRNAs according to the 

mode they target genes in trans (tasiRNAs) or in cis 

(casiRNAs) positions also contribute in gene expression by 

cleaving or inhibiting the transcribed mRNAs through post-

transcriptional gene silencing (Wang, F et al., 2012; Wang, W.-

Q. et al., 2020). 

In Chinese cabbage (Brassica rapa pekinensis) huge 

numbers of microRNAs were found (11,210) belonging to 321 

conserved miRNA families and 228 novel miRNAs (Wang, F 

et al., 2012).  

In horseradish (Armoracia rusticana, 2n = 4x = 32) 557 

miRNAs were sequenced (Shen et al., 2023). 

In Brassica campestris mirRNAs (bra-miRn9, and bra-

miRn10-1) were found to act in the regulation of pollen (Fig. 

2) development (Jiang et al., 2014).  
 

Tuber formation 

 

BRASSICACEAE species of turnip (B. rapa), rutabaga (B. napus x 

napobrassica), radish (R. sativus), horsredish (Armoracia 

rusticana), root mustard (B. juncea napiformis) and wasabi (W. 

japonica) (Table 1) develop enlarged tubers.  

Tuberization also occurs in plant families of 

UMBELLIFERAE/APIACEAE species of carrot (Daucus carota) 

[2n=2x=18, with a genome size of 473 Mb], parsley 

(Petroselinum crispum), parsnip (Pastinaca sativa), celery 

(Apium graveolens), lovage (Levisticum officinale), sugarbeet 

(Beta vulgaris) and red beetroot (B. rubra) both 

AMARANTHACEAE.  

Red beetroot tissue pattern is similar to secondary stem 

thickening of woody plants (Toldi et al., 1996; Zierer et al., 

2021; Székely and Máté, 2022).  

Tubers of cassava (Manihot esculenta; EUPHORBIACEAE); 

corm of taro (Colocasia esculenta) (ARACEAE), batata/sweet 

potato (Ipomoea batatas; CONVOLVULACEAE), and potato 

(Solanum tuberosum; SOLANACEAE; [2n=2x=24; 2n=4x=48; 

2n=5x=60]) are also significant. This indicates poly- and 

paraphyletic genetic origin of plant organ modifications 

(Greguss, 1964; Soó, 1965; Cornwell et al., 2014). 

Tuber development does not depend on a single gene 

function. A Weigthed Coexpression Network Analysis 

(WGCNA) indicated 59 co-expressed genes which are 

involved in transcriptional regulation of hypocotyl-tuber 

formation of turnip (B. rapa) tuber (Fig. 1./13, Table 1). 

Among the genes, the increased level of trans-zeatin – a form 

of cytokinin type plant hormones (Gyulai et al., 1995) was 

found to be the most significant (Liu et al., 2019). 

 

CONCLUSION 
 

Genome (BRASSICACEAE) and gene sequence analyses (gapC-

mRNA, nsp and bHLH TT8 TFs) of Brassica species were 

carried out here by in silico data mining. The results provide 

new information to the molecular background of domestication 

of BRASSICACEAE species.  

Epigenetic effect of heat stress to plant anthocyanin 

production, and the tools of Brassica napus biotechnology 

were also indicated.  

Genetic background of the extreme levels of morphological 

diversity of BRASSICACEAE species, and the role in agro-

ecocycles was also aimed to analyze.  

The data presented could be of potential use in identifying 

the most adaptive Brassica crops to grow under the current 

climate changing and global warming (Rezaei et al., 2023) 

conditions. 
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