
Abstract
Tocopherol (vitamin E) is considered an important vitamin carrying antioxidant properties. It plays a vital role in maintaining the quality 
and stability of oil in Brassica species. Molecular mechanisms of tocopherol content have been studied in Brassicas; however, it is 
untapped in Indian mustard (Brassica juncea). In the experiment, the expression profile and sequence variation of the candidate gene 
VTE4 controlling α-tocopherol content (ATC) were studied between two diverse parents (RLC-3 and NPJ-203) of B. juncea. The VTE4 gene 
expression in different tissues was almost double in NPJ-203 (high ATC genotype) as compared to RLC-3 (low ATC genotype). Moreover, 
sequence analysis of VTE4 in NPJ-203 and RLC-3 revealed the presence of two SNPs in the 6th exon, resulting in a shorter coding sequence 
(CDS) in RLC-3 (996 bp) as compared to NPJ-203 (1044 bp). Using these SNPs, an allele-specific marker was developed and validated in 
the F3 population. The single marker analysis revealed that the marker was significantly linked to the tocopherol content, contributing 
16.46% to the total phenotypic variance. Thus, the study suggested that VTE4 is the major gene contributing to the tocopherol content, 
and the developed marker can be effectively used in marker-assisted breeding to improve tocopherol content in B. juncea.
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Introduction
Indian mustard [Brassica juncea (L.) Czern & Coss] is an 
important oilseed crop that is widely cultivated in many 
countries of the world, including India, China, and Canada 
(Chand et al. 2021; Yadava et al. 2022). The most prevalent 
forms of vitamin E in Indian mustard oil are a- and 
g-tocopherol, whereas a trivial amount of δ-tocopherol 
is also reported (Gupta et al. 2015). Amongst the four 
isoforms (a, β, g and δ), a-tocopherol has the utmost 
activity in humans for various purposes (Rizvi et al. 2014). 
For instance, it acts as an antioxidant that protects the plant 
from the damage caused by harmful free radical molecules. 
In addition, a-tocopherol is considered the most effective 
antioxidant due to its high free radical scavenging activities 
(Rizvi et al. 2014). Tocopherols and tocotrienols, a class of 
amphipathic molecules made up of a polar chromanol head 
group derived from the shikimate pathway and a polyprenyl 
lipophilic side chain derived from the methylerythritol 
phosphate pathway and chlorophyll degradation, are 
the only forms of vitamin E that can accumulate in 
photosynthetic organisms (Wang et al. 2012). Four variants 
of tocopherols and tocotrienols differ from each other in the 
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number and location of methyl groups on the chromanol 
ring (Della Penna 2005; Valentin et al. 2006). Indian mustard 
has a sufficient quantity of g-tocopherol (GTC), whereas 
it contains a low amount of a-tocopherol content (ATC). 
The ATC plays a vital role in maintaining the quality and 
stability of the oil by protecting the polyunsaturated fatty 
acids present in the seeds, as these fatty acids are more 
susceptible to cause damage from free radicals (Rizvi et al. 
2014; Meena et al. 2022; Grygier 2023).

B. juncea genotypes are rich in GTC but poor in ATC 
(Yusuf and Sarin 2007). ATC is the most active form of 
vitamin E and is vital for the human daily diet (DellaPenna 
and Pogson 2006). Among the α-forms, stereoisomers 
RRR-α-tocopherols have the highest biological activity 
and can be stored and transported in the body due to 
specific selection by the hepatic α-tocopherol transfer 
protein (α-TTP) (Brigelius‐Flohé and Traber 1999). Hence to 
ensure the high availability of ATC, the higher yielder Indian 
mustard cultivars with high ATC are required, which can be 
accelerated through a marker-assisted approach. The ATC 
in B. juncea is influenced by genetic factors, and functional 
markers have not been reported for high ATC (Meena et 
al. 2022). 

Single nucleotide polymorphisms (SNPs) are the most 
common type of genetic variation, and these have gained 
significant attention as useful genetic markers for identifying 
functional variation in a wide range of species, including 
humans, plants and animals (Du et al. 2022; Meena et al. 
2023; Najafi et al. 2024). In recent years, SNP allele-specific 
PCR (AS-PCR) has emerged as a powerful tool for the 
detection of SNPs and their alleles in various applications 
(Liu et al. 2012). In the modern era, the cost of genotyping 
has decreased significantly and high-throughput and cost-
effective methods for SNP detection, such as SNP AS-PCR, 
are available (Liu et al. 2012; Patel et al. 2022). AS-PCR has 
been used by many researchers in various crop breeding 
programs for the development of SNP-based molecular 
markers (Liu et al. 2012). 

In B. juncea, to the best of our knowledge, no molecular 
study on tocopherol content has been reported. Although, in 
different Brassicas, it has been reported that gene VTE4, is the 
major gene governing the tocopherol content (Endrigkeit 
et al. 2009; Yusuf et al. 2010). In the present study, VTE4 
gene was targeted in B. juncea genotypes. Therefore, with 
this background, in the present investigation, VTE4 gene 
was cloned and sequenced on two diverse parents (RLC-3 
and NPJ-203) for tocopherol content and using sequence 
information allele-specific markers were developed and 
validated on a segregating population of B. juncea. In 
addition, these parents were subjected to expression studies 
in different tissues and developmental stages. 

Materials and methods 

Selection of suitable genotypes and development of 
mapping population 
In the present study, a diverse panel of 96 genotypes of 
B. juncea collected from different sources was raised at 
the experimental farm (latitude 28°380 N; altitude 77°090 
E and 228.61 m amsl) of the Division of Genetics, ICAR-
Indian Agricultural Research Institute(IARI), New Delhi, India 
(Supplementary Table S1). In 2017–18, the germplasm panel 
was evaluated for the tocopherol content in the mature seed 
and the contrasting genotypes (RLC-3 and NPJ-203) were 
selected (Table 1) and a mapping population was developed 
using these parents. Selected parents, viz., RLC-3 (low ATC) 
and NPJ-203 (high ATC) were crossed at the research farm, 
ICAR-IARI during 2019–20, and F1s seeds were harvested. 
Further, F2 population, derived by selfing of F1 plants, was 
developed at ICAR-IARI Regional Station, Wellington, Tamil 
Nadu (off-season nursery; 11.37°N, 76.8°E; 1855 m amsl) in 
2020. Later, F2:3population was developed by selfing of F2 
population at the experimental farm, ICAR-IARI, during 
2020–2021 and F2:3 population was subsequently used for 
marker validation.

Experimental layout and crop maintenance
The seeds of F2 population were sown in 9 rows of 5 m 
length each and the plants were selfed. The row-to-row 
and plant-to-plant spacing were kept at 45 cm and 15 cm, 
respectively. All the recommended agricultural practices, 
from sowing to harvesting, were followed to raise a healthy 
crop and good plant stand. Further, 211 plants were selected 
in F2 population and F2:3 seeds harvested from the individual 
plant were used for the estimation of ATC and GTC.

Estimation of tocopherol contents
Tocopherol traits viz., ATC and GTC contentfrom the 
harvested seeds were estimated using high-performance 
liquid chromatography (HPLC) (Fritsche et al. 2012). For 
tocopherols estimation, 50 mg freshly harvested seeds were 
ground in 1500 µL n-heptane and extracted tocopherol 
solution was incubated at -20oC for 2 hours, and 20 µL 
was used for HPLC analysis. A silica gel column (5 µM 
LiChrospher® Si 60, Merck, Darmstadt, Germany) was used 
to extract tocopherols employing a mobile phase consisting 
of an n-heptane/isopropanol mixture (99 + 1; v + v). Further, 
the fluorescence detection (excitation at λ = 290 nm and 
emission at λ = 328 nm) method was used for tocopherol 
quantification. The retention times were compared with 
Merck’s tocopherol kit (Merck, Darmstadt, Germany) to 
identify specific tocopherol forms (GTC: 8.9 minutes and 
ATC: 10.6 minutes), and the concentration of single forms was 
correlated with signal output to calibrate each tocopherol 
form. Moreover, a linear calibration range was obtained for 



November, 2024] Functional markers for high a-tocopherol content in Indian mustard 553

the concentration of the analyzed samples in this study. The 
tocopherol composition was expressed as the ratio of ATC 
and GTC and called AGR.

DNA and RNA isolation
Newly formed young leaves from both the parents (RLC-3 
and NPJ-203) and 211 F2 plants were selected and the 
standard CTAB method was used for DNA extraction 
(Doyle and Doyle 1987). Further, nanodrop™ (Nanodrop 
Technologies, USA) was used for DNA quantification and 
quality was assessed by electrophoresis. Then, DNA was 
diluted to a final concentration of 20 ng/μL with nuclease-
free water and stored at -20°C. Moreover, different plant 
parts viz., leaf, flower bud and the immature seed of RLC-3 
and NPJ-203 were used to isolate total RNA using TRIzol 
reagent (MRC, USA). Further, RNase-free DNase (Qiagen, 
USA) was used to eliminate residual DNA contamination 
in isolated RNA samples. RNA quality and quantity were 
determined by spectrophotometer (ND-1000 Nanodrop 
Technologies, USA) and RNA samples having OD value > 2.0 
at 260/230 nm wavelength were used for further analysis.
RNA integrity was confirmed by resolving the samples on 
the agarose gel (1.5% in 1X TAE) through electrophoresis. 
Further, the first strand of cDNA was synthesized from 2 
μg of total RNA using a Verso cDNA Synthesis Kit (Thermo 
Scientific Cat. No. AB1453A).

In-silico analysis and cloning of tocopherol genes
In different Brassicas, previous reports suggest that gene 
VTE4 is the major candidate gene governing the tocopherol 
content (Endrigkeit et al. 2009; Yusuf et al. 2010). Therefore, 
coding sequence (CDS) of VTE4 gene was extracted from 
NCBI (https://www.ncbi.nlm.nih.gov/) and Brassicaceae 
Database (http://brassicadb.cn/) using orthologuesVTE4 
genes as a reference. Further, VTE4 gene primers were 
designed using PrimerQuest™ Tool (https://eu.idtdna.
com/pages/tools/primerquest) and amplified in RLC-3 
and NPJ-203 (Table 2A). The gene amplicon products of 
parents were gel eluted and ligated into pGEM-T easy vector 
(Promega Biotech India Pvt. Ltd.) and sequenced by Barcode 
Biosciences, Bangalore, India. Later, the gene sequence 
analysis for RLC-3 and NPJ-203 was done using multiple 
sequence alignment tools by NCBI blast and CLUSTALw 
program (https://www.ebi.ac.uk/Tools/msa/clustalo/). 
Eventually, based on the sequencing results between RLC-3 
and NPJ-203, allele-specific primers were developed and 

validated in F2 population.

Expression analysis of VTE4 gene
The qRT-PCR reactions were performed using SYBR® green 
detection chemistry in a real-time PCR machine (Applied 
Biosystems, USA). KAPA SYBR® FAST qPCR Master Mix (2X) 
Kit (KAPA Biosystems, USA) was used to complete qRT-PCR. 
In this process, 10 μL reaction mixture was constituted by 
adding 2 μL diluted cDNA, 5 μL qPCR master mix (2X), 0.4 
μL of ROX high reference dye (50X), 0.4 μL of 10 μM forward 
and reverse primers each and 1.8 μL double distilled water. 
In the PCR, an initial denaturation was kept for 3 min at 95°C 
followed by 40 cycles having three steps such as 95°C for 
10 seconds, 60°C for 30 seconds, and 72°C for 30 seconds. 
Then, melt curve analysis of PCR products was carried out 
by a constant increase of temperature between 60 and 95°C. 
Glyceraldehyde-3-phosphate-dehydrogenase(GAPDH) gene 
transcript was used in qRT-PCR normalization. Every time, 
three biological replicates and three technical replicates 
were used for qRT-PCR experiments. Primers used for the 
expression analysis are presented in Table 2B.

Development of PCR based allele specific primers
Allele-specific primers were developed using the method 
explained by Liu et al. (2012). In this process, two forward 
primers were designed with single nucleotide differences 
(T and A) at 3’ end and an additional mismatch (G) was 
incorporated into the primer sequence at the third 
nucleotide from 3’ end to increase specificity. Besides, an 
additional SNP (C/T) was present at 7th base from 3’ end in 
both primers, which has further enhanced its specificity. 
Allele-specific markers are dominant in nature; therefore 
to make them co-dominant markers, two forward primers 
(TocoASP1 and TocoASP2) and one reverse primer (TocoRev) 
were designed where one primer set (TocoASP1 & TocoRev) 
presented positive band of 220 bp only in NPJ203, whereas 
second set (TocoASP2 &TocoRev) gave a positive band of 220 
bp only in RLC3. Therefore, the reaction was operated twice 
in separation to differentiate between homozygotes and 
heterozygotes. Primer sequence and specific PCR conditions 
are presented in Table 2C.

Segregation and single marker analysis in F2 
population
Marker segregation was tested using ꭓ2–test given by Karl 
Pearson (Pearson 1916). ꭓ2 calculated value was compared 

Table 1. Details of the parents used in the estimation of tocopherol content trait

S. N. Genotypes Pedigree/ Source Parent institute Tocopherol content traits (mg/kg)

ATC GTC AGR (%)

1 RLC-3 JM06003×JM06020 PAU, Ludhiana, India 0.74 51.17 1

2 NPJ-203 (EJ9913×SEJ8) × Laxmi IARI, New Delhi, India 3.49 53.14 7

ATC: a- tocopherol content; GTC: g- tocopherol content; AGR: a-/g- tocopherol ratio

https://www.ncbi.nlm.nih.gov/
http://brassicadb.cn/
https://eu.idtdna.com/pages/tools/primerquest
https://eu.idtdna.com/pages/tools/primerquest
https://www.ebi.ac.uk/Tools/msa/clustalo/
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Table 2. Details of the primers used in the study

A. Primers used for cloning of VTE4 gene

Gene Primer sequence (5’-3’) F/R Amplicon size (bp)

VTE4.1
TGTGAGACTGTTCCATCAACAT F

1624
CACCCAACATCCACCACTATC R

VTE4.2
CGGTTCCAATACTCACACACA F

1457
GAATGGTCGAATGTACGAGAAGA R

VTE4.3
ATGCGCATTCGGTGAAA F

1382
CCACATTTCTCACGTGACTCT R

B. Primers used in the study for qRT-PCR analysis

Gene Primer sequence (5’-3’) F/R Amplicon size (bp)

GAPDH
CTAACTGCCTTGCTCCACTT F

101
TGTCTTCTGAGTTGCAGTGATAG R

VTE4.RT
GCGCTGCGAGAAGGAATAGCG F

289
AGTGTGATGCCAATGCATTCGGC R

C. Primers used for the development of PCR-based allele-specific markers for a-tocopherol content

Allele-specific 
Primer Primer sequence (5’-3’) Annealing Tm and time Extension Tm 

and time
Amplicon size 
(bp)

TocoASP1 TGGAAGGGCCTCGTGGCT
58°C, 30 seconds 72°C, 25s 220

TocoRev AGATTAAACTTAGAGAGGCTTCTGG

TocoASP2 TGGAAGGGCCTTGTGGCA
58°C, 30 seconds 72°C, 25s 220

TocoRev AGATTAAACTTAGAGAGGCTTCTGG

with ꭓ2 tabulated value at 5% level of significance with (n-1) 
degrees of freedom. If ꭓ2 calculated value is significantly 
deviating from ꭓ2 tabulated value, then it can be concluded 
that markers are not following Mendelian segregation and 
vice versa.

Where Oi = Observed frequency of ith individual plant, Ei 
= Expected frequency of ith individual plant. Single marker 
analysis (SMA) was carried out using single factor analysis 
of variance (SF-ANOVA) and simple regression analysis to 
calculate linkage analysis.

Results

In-silico analysis of VTE4 gene
The CDS sequence of V TE4 gene from Arabidopsis 
thaliana (AT1G64970) and different Brassica species viz., 
B. rapa (Bra008507), B. nigra (BniB032508), B. oleracea 
(BolC2t09793H), B. carinata, B. napus (C02p37750), B. juncea 
(DQ864978) retrieved from NCBI database and compared 
using multiple sequence alignment tool CLUSTALw 
program (https://www.ebi.ac.uk/Tools/msa/clustalo/). Our 
investigation revealed the presence of two paralogs of the 
VTE4 gene located on the A02 chromosome of B. juncea. 

The CDS of the first homolog was 1044 base pairs in length, 
encoding a protein of 347 amino acids. In contrast, the CDS of 
the second homolog was 996 base pairs long, resulting in a 
protein consisting of 331 amino acids. While examining VTE4 
gene orthologs across Brassica species, it was observed that 
B. oleracea exhibited the highest number of exons, totaling 7, 
with a CDS sequence measuring 1086 base pairs in length. In 
contrast, other Brassica species typically possessed six exons 
and five introns in their VTE4 gene sequences. The results 
of in-silico analysis for VTE4 gene in A. thaliana and different 
Brassica species are presented in Table 3. The VTE4 gene was 
found to be located on A–genome (A. thaliana, B. rapa and 
B. juncea), B–genome (B. nigra), C-genome (B. oleracea and 
B. carinata), and A – and C–genome (B. napus). 

The VTE4 (g- tocopherol methyl transferase) gene length 
varied from 2312 bp (B. juncea) to 2903 bp (B. oleracea) in 
Brassica species. Likely, the CDS length also varied from 
996 bp (B. juncea) to 1086 bp (B. oleracea). Besides, it had six 
exons and five introns in most of the Brassica species except 
B. oleracea and A. thaliana (Table 3). In addition, the shortest 
and longest amino acid chains were found in B. juncea (331 
amino acids) and B. oleracea (361 amino acids), respectively. 
The phylogenetic relationship among different Brassica 
species was studied using their CDS sequences (Fig. 1). It 
revealed that B. juncea and B. rapa are phylogenetically close 

https://www.ebi.ac.uk/Tools/msa/clustalo/
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to each other and share a recent common ancestor with each 
other than the other related species. Likewise, B. carinata and 
B. napus have more similarities, whereas A. thaliana and B. 
nigra are more diverse than the other studied groups.

Gene cloning and sequence analysis
The full-length VTE4 gene was cloned and sequenced from 
RLC-3 and NPJ-203 genotypes (Fig. 2). The total gene length 
was 2323 and 2321bp in RLC-3 and NPJ-203, respectively 
and it had 66 bp long promoter, 6 exons and 5 introns (Fig. 
3). After gene sequence alignment of both the genotypes, 
it was found that there was no variation in the promoter 
region, introns and exons except exon-6 where 2 SNPs were 
found. These SNPs led to shorter CDS in RLC-3 (996 bp) and 
longer CDS in NPJ-203 (1044 bp) genotypes. All sequences 
related to the VTE4 gene (Supplementary Table S2), including 
the amino acid sequences (Supplementary Table S3) and the 
figure comparing these sequences (Supplementary Fig. 1), 
have been provided in the supplementary file.

Expression analysis of VTE4 gene 
The relative transcript levels of VTE4 gene in different 
plant tissues viz., leaf, flower bud and the immature seed 
of parents (NPJ-203 and RLC-3) were estimated employing 
gene-specific primers in real-time qRT-PCR. The results 
revealed that VTE4 gene expression showed a significant 
(p <0.05) difference among studied plant tissues of both 
parents. For instance, the VTE4 gene expression level was 

Table 3. In-silico analysis of VTE4 or γ-TMT (γ-tocopherol methyltransferase) gene

Gene ID Species Gene length 
(bp)

CDS length
(bp)

No. of exons No. of 
introns

No. of amino 
acids

Chromosome

AT1G64970 A. thaliana 2412 1047 4 3 348 A1

Bra008507 B. rapa 2354 1044 6 5 347 A2

BniB032508 B. nigra 2604 1077 6 5 358 B2

BolC2t09793H B. oleracea 2903 1086 7 6 361 C2

Predicted B. carinata 2501 1044 6 5 347 C3

C02p37750 B. napus 2415 1047 6 5 348 A2 and C2

DQ864978 B. juncea 2312 996 6 5 331 A2

Fig. 1. Neighbor-joining phylogenetic tree of VTE4 gene [Comparison of 
the deduced CDS sequences of VTE4 from related species of Brassica. An 
unrooted tree based on CDS sequence similarity was obtained by using 
Mega 4.0 software. Bootstrapping was performed with 1,000 replicates]

Fig. 2. (A) Gel picture illustration of amplified product of VTE4 gene 
from NPJ203 and RLC3. [To amplify the whole gene, three pairs of 
primers were used, i.e., VTE4.1, VTE4.2 and VTE4.3] (B) Chromatogram 
illustrating the sequencing quality of complete VTE4 gene sequence 

Fig. 3. Diagrammatic Representation of VTE4 Gene Variations in 
NPJ203 and RLC-3. In the VTE4 gene of RLC-3, a shorter Exon 6 spanning 
54 bp is indicated by the Yellow Box, while the Black Line represents a 
longer intronic region. The Green Arrow highlights the shared Promoter 
Region, and the common exonic region in both genotypes is denoted 
by Purple Boxes, with the intronic region indicated by a Red Line

2.4-fold in leaves, 1.9-fold in flower buds and 2.2-fold in 
immature seeds of NPJ-203 than RLC-3 (Fig. 4). Besides, the 
VTE4 gene expression was found more in leaves than the 
other plant tissues.
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Fig. 4. The expression analysis of VTE4 gene in Leaves, Flower bud 
and Immature seeds of NPJ203 (high a-tocopherol) and RLC3 (low 
a-tocopherol). Total RNA was assayed for the VTE4 gene expression by 
qRT-PCR using GAPDH as a normalizer. Foldchange values represent 
mean ± SE and comparison of means was carried out by Student’s 
t-test (p < 0.05). [In this figure, RLC-3 expression is considered as the 
baseline (set to 1), and the fold change indicates how much higher the 
expression of NPJ-203 is relative to this baseline

Table 4. ANOVA for single marker analysis for marker-trait association in the F2 population developed by the cross RLC3 × NPJ203

ANOVA df SS MSS F p-value Multiple R R2 Adjusted R2

Regression 1 16.98 16.98 42.38 5.47E-10 0.41 16.86% 16.46%

Residual 209 83.72 0.40

Total 210 100.69

Fig. 5. Gel picture illustration of Primer amplification in Parents, F1 
and F2 population (A) Amplification pattern of Primers (TocoASP1 + 
TocRev) in high (P1-NPJ203) ATC, low ATC (P2-RLC3) genotypes, F1 
(RLC3 × NPJ203) and F2 Population (B) Amplification pattern of Primers 
(TocoASP2 + TocRev) in high ATC (P1 is NPJ203), low ATC (P2 is RLC3) 
genotypes, F1 (RLC3 × NPJ203) and F2 population

SNP detection and PCR based allele specific markers 
development
Sequence comparison between NPJ-203 and RLC-3 parents 
led to the identification of two SNPs at 2125 (C/T) and 2131 
bp (T/A) positions. These identified SNPs were used to 
develop PCR-based allele-specific primers for ATC. Specific 
combination of forward and reverse primers were used to 
amplify the target gene, for instance, TocoASP1 + TocRev 
amplified in high ATC genotype (NPJ203), whereas TocoASP2 
+ TocRev amplified in low ATC genotype (RLC3) (Fig. 5). 
Further, F2 population, derived from cross between RLC-3 
and NPJ-203, were used to study the marker segregation 
pattern using chi-square test. The chi-square calculated 
value (3.92) was found to be lower than the chi-square 
tabulated value (5.99), suggesting that the marker was 
following a monogenic Mendelian segregation pattern 
(1:2:1) in F2 population (Fig. 6). Further, the phenotypic 
variance (R2) was calculated for these markers to understand 
the extent of trait contribution and it showed high R2 value 
with magnitude of 16.46% (Table 4).

Discussion
Tocopherols, a group of lipid-soluble compounds known 
for their vitamin E activity, assume a pivotal role in both 
the stability of B. juncea oil and human health (Yusuf and 
Sarin 2007; Yusuf et al. 2010). B. juncea, a plant species 
recognized for its oil-rich seeds, relies on tocopherols as 

potent antioxidants to safeguard its oil from oxidative 
degradation, thereby extending its shelf life. The inherent 
susceptibility of unsaturated fatty acids in B. juncea oil 
to oxidation necessitates the presence of tocopherols as 
essential constituents to prevent the development of off-
flavors and rancidity (Dua et al. 2014). The biosynthesis 
of tocopherols in B. juncea involves a complex enzymatic 
pathway situated within the plastids of plant cells (Yusuf 
et al. 2010). Among the various tocopherol isomers 
synthesized, a-tocopherol assumes particular importance. 
Recognized as the biologically most active form of vitamin 
E, a-tocopherol exhibits the highest antioxidant capacity. 
Its ability to efficiently scavenge free radicals is a key factor 
in protecting lipids and cellular components from oxidative 
harm (Szewczyk et al. 2021). The a-tocopherol significance 
underscores the importance of optimizing tocopherol 
biosynthesis in B. juncea plants to enhance both the stability 
of oil and its nutritional value for human health(Yusuf et al. 
2010).

In the intricate biosynthesis pathway of tocopherols, 
VTE4 gene, which catalyzes g-tocopherol methyltransferase 
enzyme, emerges as a central player. This gene is responsible 
for the conversion of g-tocopherol to a-tocopherol, a 
transformation that significantly augments the antioxidant 
potential of the compound (Liao et al. 2018). The enzymatic 
activity of g-tocopherol methyltransferase is paramount as 
it dictates the ultimate tocopherol composition in B. juncea 
oil (Yusuf et al. 2010). Understanding and manipulating 
the role of this gene can lead to improved oil quality and 
enhanced health benefits, establishing it as a key target for 
future studies in this field.

a
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Gene cloning or DNA cloning refers to amplifying and 
isolating a specific DNA sequence(typically a particular gene) 
from the rest of a cell DNA. In our findings, parent RLC–3 had 
two additional base pair than NPJ–203 in total gene length 
but NPJ–203 had high CDS (1044 bp) length than RLC3 (996 
bp). Earlier, VTE4 gene was cloned in B. juncea var. Varuna 
(a low ATC variety) (Yusuf et al. 2010) and had a similar 
CDS length like RLC3 genotype. Likewise, g-tocopherol 
methyltransferase gene from B. oleracea was cloned and 
reported with 1265 bp CDS and 1044 bp CDS that encodes a 
347 amino acid long protein (Ouyang et al. 2003). VTE4 is the 
major gene that regulates high ATC in plants. For instance, 
ATC was absent in leaves of VTE4. A. thaliana mutants, 
but high GTC was accumulated (Bergmüller et al. 2003).
In addition, overexpression of VTE4 gene in leaves alters 
the quantity and composition of tocopherol and increases 
ATC with upto 30% rise in total tocopherol content (Li et al. 
2010). Likewise, B. napus VTE4 homolog had increased ATC 
by 50-fold in transgenic Arabidopsis seeds through marker-
assisted selection (Endrigkeit et al. 2009).

Genbank sequencing database has >810000EST records 
for U-triangle species (www.brassica.info). Full-length 
sequences of VTE4 gene for B. oleracea (AF381248), B. napus 
(DQ508019) and B. juncea (DQ864978) are available and 
exhibited 96% similarity to the VTE4 sequence among them. 
The genic construct of VTE4 gene was conserved in both the 
genotypes except for 2 SNP differences in the exon-6. The 
VTE4 gene affects the accumulation of ATC in various plant 
tissues and is also affected by temporal stages. In the study, 
VTE4 gene expression was more in high ATC parent (NPJ-203) 
tissues viz., leaves, flower bud and immature seeds than 
RLC-3 genotype. Besides, VTE4 gene expression also varied 
from tissue to tissue and developmental stages. Vinutha 
et al. (2015) observed comparable outcomes, revealing 
that elevated expression of the γ-TMT3 gene corresponds 
with heightened α-tocopherol concentrations in seeds of 
the Bragg soybean genotype in contrast to the DS-2706 
genotype. This unveils the linkage between gene expression 
and α-tocopherol buildup in soybean seeds. The differential 
expression of a gene might be due to UTR regions or varied 
activity of the gamma-tocopherol methyl transferase 
enzyme (Das and Bansal 2019). However, an enzymatic assay 

for the gamma-tocopherol methyl transferase enzyme is 
needed to understand the wide-ranging expression of the 
gene.

The present findings revealed that the VTE4 gene is 
responsible for the conversion of GTC to ATC. Previously, 
the loss of function of the VTE4 gene was responsible for 
replacing ATC with GTC in safflower (García-Moreno et al. 
2011) and sunflower (Hass et al. 2006). Also, overexpression 
of VTE4 promoter in soybean (Dwiyanti et al. 2011), additional 
insertion of VTE4 gene copies in sunflower (García-Moreno et 
al. 2012), and overexpression of VTE4 in other plant species 
viz., Arabidopsis, soybean, and Indian mustard (Shintani and 
Dellapenna 1998; Endrigkeit et al. 2009) has increased ATC 
and reduced GTC. 

Genetic manipulations are vital to improve oil 
productivity and quality in Indian mustard. It is possible 
only when modern breeding tools such as marker-assisted 
breeding, are used to supplement the conventional 
breeding approaches. Molecular markers were used 
comparatively less in oilseeds than the cereals. However, 
many high-density linkage maps and molecular marker 
systems were developed in Brassica species (Yadava et al. 
2012). In the past, though a few reports have been published 
on total tocopherol content (Gupta et al. 2015) but, there is 
no evidence of molecular marker(s) and/or QTL(s) specifically 
for ATC in B. juncea. In other crops,14 QTL were reported 
for tocopherol content and composition in Arabidposis 
seeds (Gilliland et al. 2006), and two QTLs for ATC on the A2 
chromosome in B. napus (Wang et al. 2012). Likewise, 26 and 
12 SNPs within two genes (BnaX.VTE3.a, BnaA.PDS1.c) in B. 
napus were associated with tocopherol traits and explained 
up to 16.93% of the genetic variance for tocopherol 
composition and up to 10.48% for total tocopherol content 
(Fritsche et al. 2012). In this study, allele-specific SNPs were 
identified and functional molecular markers were developed 
for high ATC in B. juncea. The developed functional AS-PCR 
markers for VTE4 loci are highly efficient and would help to 
reduce time cost and also increase accuracy in the marker-
assisted selection for the development of high ATC Brassica 
genotypes. Further, these markers could expedite the 
identification of homozygous/heterozygous state of alleles 
in inbred/pure lines and in segregating progenies through 
marker-assisted selection for high ATC in B. juncea.

In-silico analysis or computer-aided analysis uses 
computational methods and algorithms to study biological 
data. It has become an important analysis in plant-related 
research in recent times as it provides valuable insights and 
in-depth information into various aspects of plant biology. 
In the present study, in-silico analysis revealed the presence 
of VTE4 gene on different genomes (A/B/C) of Brassica 
species. For instance, it was located on only A–genome 
of A. thaliana, B. rapa and B. juncea, B–the genome of B. 
nigra, C–genome of B. oleracea and B. carinata, and both A 
and C–genome of B. napus. Whole gene length varied from 

Fig. 6. Graphical representation of Marker segregation in F2 
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species to species in Brassica species, but the CDS region 
was mostly conserved among the species. It might be due 
to more nucleotide deletion or insertion in the intronic 
than the exonic regions of the gene. These variations in 
the VTE4 gene can be responsible for the varied expression 
of γ–tocopherol methyl transferase enzyme in the various 
species (Gilliland et al. 2006; Endrigkeit et al. 2009).

Genomic sequence-based homology is challenging 
but very crucial for biological studies. Also, phylogenetic 
studies are dependent on homology between the 
genomic sequences and provide evidence for evolutionary 
relationships among the species (Ullah et al. 2022). Homology 
can be examined at various levels viz., molecular, anatomical, 
and developmental in the living organisms. In this study, CDS 
sequences from various Brassica species were used to find out 
the phylogenetic relationship among them. It highlighted 
that B. juncea is very close to B. rapa phylogenetically than 
the other species and also shared common ancestor. It has 
been reported and proven that B.juncea carried A–genome 
from B. rapa, therefore, they showed more similarity in the 
CDS of the VTE4 gene than others (Zou et al. 2016; Kang et 
al. 2021). The similarity between two species at the DNA or 
amino acid level indicates a common evolutionary history as 
these sequences are passed down from one generation to 
the next generation (Suchard et al. 2003; Fonseca et al. 2018). 
Besides, the codon usage pattern of the VTE4 gene might 
be another reason for similarity, as it has been reported 
that genes with similar functions have alike codon usage 
modes (Tatarinova et al. 2010; WU et al. 2018; Chaudhary et 
al. 2022). In the future, the complete characterization and 
role of VTE4 gene in B. juncea should be addressed. Besides, 
ATC is affected by environmental and physiological factors, 
viz., temperature, light, water availability, nutrient availability 
etc. Therefore, understanding the specific mechanisms of 
factors affecting ATC is very crucial and further research on 
this aspect can help to enhance the ATC content in Indian 
mustard.
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Supplementary Fig. 1. VTE4 amino acid sequence comparison between NPJ203 (Upper- 347 amino acids) and RLC3 (Lower- 331 amino acids)

S. N. Genotypes Pedigree/Source Origin

1 AJ-11 China germplasm China

2 AJ-3 China germplasm China

3 Ashavati Advanced Breeding line -

4 Basanti Indian Variety (Pedigree) CSAUA&T 
Kanpur, India

5 CN-101813 Introduced from Canada 
gene bank Canada

6 CN-101845 Introduced from Canada 
gene bank Canada

7 CN-105233 Introduced from Canada 
gene bank Canada

8 CN-105257 Introduced from Canada 
gene bank Canada

9 CN-105305 Introduced from Canada 
gene bank Canada

10 CN-105306 Introduced from Canada 
gene bank Canada

11 CN-105309 Introduced from Canada 
gene bank Canada

12 CN-105312 Introduced from Canada 
gene bank Canada

13 CN-105364 Introduced from Canada 
gene bank Canada

14 CN-105379 Introduced from Canada 
gene bank Canada

15 CN-113780 Introduced from Canada 
gene bank Canada

16 CN-34005 Introduced from Canada 
gene bank Canada

17 CN-34008 Introduced from Canada 
gene bank Canada

18 DJ-12 Resynthesized derived 
mustard -

19 DJ-5 Resynthesized derived 
mustard -

20 DJ-65 Resynthesized derived 
mustard -

21 DRMRIJ 
17-38 Indian germplasm Bharatpur, Indian

22 EC-564949-
1 Exotic germplasm -

23 EJ-22 Advanced Breeding line -

24 EM-1 Advanced Breeding line -

25 EC-564949-
1 Exotic germplasm -

26 Giriraj HB 9908 X HB 9916 Bharatpur, India

27 GR-325 German introduction Germany

28 I-79 (M) Introgression line -

29 IC-597869 Indian germplasm India

30 IC-597873 Indian germplasm India

31 IC-597875 Indian germplasm India

32 IC-597876 Indian germplasm India

33 IC-597880 Indian germplasm India

34 IC-597881 Indian germplasm India

35 IC-597882 Indian germplasm India

36 IC-597890 Indian germplasm India

37 IC-597904 Indian germplasm India

38 IC-597910 Indian germplasm India

39 IC-597949 Indian germplasm India

Supplementary Table S1. Detailed information of diverse panel of 96 B. juncea genotypes used in the present study
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40 IC-766097 Indian germplasm India

41 I-79 (M) Introgression line -

42 I-79 (M) Introgression line -

43 I-79 (M) Introgression line -

44 I-79 (M) Introgression line -

45 I-79 (M) Introgression line -

46 I-79 (M) Introgression line -

47 JAGANNATH Multicross between 
Varuna/inter cross 
derivatives/synthetic 
Brassica juncea

IARI, New Delhi, 
India

48 YSRL-9 Indian germplasm India

49 RH749 Indian germplasm India

50 JM-06010-1 Australia germplasm Australia

51 JM-1 Australia germplasm Australia

52 KDM-1049 Indian germplasm India

53 KDM-49-1 Indian germplasm India

54 KRISHNA Indian Variety GBPUAT, 
Pantnagar, India

55 NC-37362 East European germplasm East European

56 NC-533726 East Europe germplasm East European

57 NC-660 East Europe germplasm East European

58 NDRE-4 Indian Variety India

59 NPJ-113 VEJ Open × Pusa Agrani IARI, New Delhi, 
India

60 NPJ-161 Indian germplasm IARI, New Delhi, 
India

61 PBR-357 Indian Variety India

62 PBR-97 Indian Variety India

63 PCR-7 Advanced Breeding line Bharatpur, India

64 PCR-9403 Advanced Breeding line -

65 PM-67 Indian Variety Gujarat, India

66 PCR-9403 Advanced Breeding line -

67 PR-2001-42 Advanced Breeding line -

68 PR-2001-42 Advanced Breeding line -

69 PR-2001-42 Advanced Breeding line -

70 PUSA BAHAR
HI1011/HD2348//
MENDOS//IWP 72/DL 
153-2

IARI, New Delhi, 
India

71 PUSA BOLD Varuna × BIC 1780 IARI, New Delhi, 
India

72 Pusa jai kisan Somaclone of Varuna IARI, New Delhi, 
India

73 PUSA 
MAHAK Pusa Bold × Glossy mutant IARI, New Delhi, 

India

74 RB-60 Indian germplasm India

75 RC-1270 Indian germplasm India

76 RC-1271 Indian germplasm India

77 RC-132 Indian germplasm India

78 RC-371 Indian germplasm India

79 RC-371-1 Indian germplasm India

80 RC-571 Indian germplasm India

81 RC-891-1 Indian germplasm India

82 RCQR-9901 Advanced Breeding line -

83 RE-11 East European germplasm East European

84 RE-15 East European germplasm East European

85 RE-44 East European germplasm East European

86 RE-7-1 East European germplasm East European

87 RGN-34 Advanced Breeding line -

88 RGN-73 Indian Variety India

89 RH-4193 Indian germplasm India

90 SITARA 
SAGAR Indian Variety India

91 TN-3 Advanced Breeding line -

92 VASUNDHRA RH 839 × RH 30 CCS HAU, Hisar, 
India

93 RLC-3 JM06003 × JM06020 PAU, Ludhiana, 
India

94 NPJ203 Pedigree IARI, New Delhi, 
India

95 IC-597878 Indian germplasm India

96z PM-29 (ZEM-2 × Pusa Barani) × 
EC-287711

IARI, New Delhi, 
India

(ii)
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Supplementary Table S2. VTE4 gene sequences from Parents (NPJ203 & RLC3) used in the study

1. VTE4 gene sequence of NPJ203

5´TAATAAAAAAACATAATCCCGTACACAGCCACATTTCTTGTTTCTCCAACCAACCTCTCATTATAAATGAAAGC 
GACACTCGCACCACCCTCCTCTCTCATAAGCCTCCCCAGGCACAAAGTATCTTCTCTCCGTTCACCGTCGCTTCT CCTTCAGTCCCAACGGCCATCCTCA 
GCCTTAATGACGACGACGGCATCACGTGGAAGCGTGGCTGTGACGGC TGCTGCTACCTCCTCCGC TGAGGCGCTGCGAGAAGGAATA GCGGAATTCTAC 
AACGAGACGTCGGGATTATG GGAGGAGATTTGGGGAGATCATATGCATCACGGCTTCTACGATCCTGATTCCTCTGTTCAACTTTCAGATTCCGGTCACC
GGGAAACTCAGATCCGGATGATTGAAGAGTCTCTACGTTTCGCCGGCGTTACTGGTTCGCTTCTCATGCTCTACAC TTGAGTTGATACGTTGT 
TTATTAT AAACATTTTTTTGAACTTTTATTATAACAATTCTTACAAACAAATTACTC TTTGAACTCTTTAACATCTATAACAAAGGTTTA 
GTTTTACTTTTGATTTGTTGTTGGTAACAGAAATGAGTAGGGA TGTTTGAAGTCAGATATAGCCTTTCTG TTTATCCCTTGGGAAGAAAGGCTTACAGT 
AAGCCACGTCCCATCCAGAAGCAGACCCATTCCCTAACTAATCATTTTTATGAACAATTTGTAACACTATTATTCCTAGATATTTTTTTTT
ACGTTTAGTTACCCTAACTCTTTGTATATAAGACACGAGGTGATTTTTCACATTATATATCAAAACATAGACATAGTTTTTTTGAGAA 
AATATATCATACATAGTTGTAACTTAGAATTATATATTTTTGAGAAAAAAACTCAGTAATAATTTTCTTATAATTATTCA 
TAGTTTTATATTTATTAATAATAAGATTTTGTAAGCTCTTTTTGAAACTATTATGGATAATGAATAAGTTCCCCATTTCAAGATT 
AAGCATACAATTTAAACTGAAATAATAATGCGCATTCGGTGAAAATATCTTCTGCTTGGGATTGTTGTT GTTAATATTAATTTA TATTATAAACACATGAC 
TTTTTTAAAGAAGAGGAGAAAAAGATAAAGATAGTGGTGGATGTTGGGTGTGGGATCGGAGGAAGCTCAAGGTATATTGCCTCTAAATTT
GGTGCCGAATGCATTGGCATCACACTCAGTCCCGTTCAAGCCAAGAGAGCAAATGATCTCGCCACCGCTCAATCACTCTCTC 
ATAAGGTGTCTTCTCGTACATTCGACCATTCTTTCTGCGGATAATCTGATCTAACTGAGACGCCATTGGACCAGGTTTCC 
TTCCAAGTTGCAGATGCATTGGACCAACCATTTGAAGATGGTATATTCGATCTTGTTTGGTCAATGGAAAGCGGCGAGC ATATGCCTGA CAAGGCCAA 
GGTATACTAGCTCAGCATAACTTTTATACTAGAT TTACTAGACAATATCTATCTT TTCATGTCAATGATGTCCAATA ATTTTAAAATA AACAAAAGAA 
GGATGTGGGGTAAAATTTTGTCAAATTTATATAACAACACGTTTTCTATTTAGTTATGTCATGGTTTCTTTTTGTCTAAAAAATTTTAGGCAGAG 
TTTACAAAAAGAAAATTGTAGTATCTGTTCGAAAACAGAATCTTAGTGTGGTATTTCAGAAACTCATTCATGAGTCTTCCTTGTGGAAGC
ATATTTACTGTGTGTGCGAAATGAGTGTAGTTCGTGAAGGAATTGGTACGTGTGACGGCTCCAG GAGGAAGGATAATAATA GTGACATGGTGC 
CACAGAAATCTATCTCAAGGGGAAGAATCTTTGCAGCCATGGGAGCAGAACCTCTTGGACAGAATCTGCAAAACATTTTATCTCCCGGCCTG
GTGCTCCACCACTGATTATGTCGATTGCTTCAATCCCTCTCGCTCCAGGTTATTATATTTCTCACGCTCTGATGCTAAAATCA 
GTAAGTATTGTCTCAAATATATGTGTGTTTGTAGGATATTAAGTATGCAGATTGGTCAGAGAACGTAGCTCCTTTCTGG 
CCGGCGGTTATACGAACCGCATTAACGTGGAAGGGCCTCGTGTCTCTGCTTCGTAGTGGTATGTTTCCGCAATGTTG 
TTTACATTCATGATTCCAAATGTTTATAAGATTAGAAACATACAGGTATGAAGAGTATAAAAGGAGCATTGACAATGCCATTGATGATTGAAGGGTACAA 
GAAAGGTGTCATTAAGTTTGGCATCATCACTTGCCAGAAGCCTCTCTAAGTTTAATCTAAACA3´

2. VTE4 gene sequence of RLC3

5´TAATAAAAAAACATAATCCCGTACACAGCCACATTTCTTGTTTCTCCAACCAACCTCTCATTATAAATGAAAGCGACACTCGCACCGCCCTCCTCTCTCATAA
GCCTCCCCAGGCACAAAGTATCTTCTCTCCGTTCACCGTCGCTTCTCCTTCAGTCCCAACGGCCATCCTCAGCCTTAATGACGACGACGGCATCACGTGGAA
GCGTGGCTGTGACGGCTGCTGCTACCTCCTCCGCTGAGGCGCTGCGAGAAGGAATAGCGGAATTCTACAACGAGACGTCGGGATTATGGGAGGAGATTTG
GGGAGATCATATGCATCACGGCTTCTACGATCCTGATTCCTCTGTTCAACTTTCAGATTCCGGTCACCGGGAAGCTCAGATCCGGATGATTGAAGAGTCTCTA
CGTTTCGCCGGCGTTACTGGTTCGCTTCTCATGCTGTACACTTGAGTTTGATACGTTGTTTATTATAAACATTTTTTTGAACTTTTATTATAAACAATTCTTACA
AACAAATTACTCTTTGAACTCTTTAAAATCTATAACAAAGGTGTAGTTTTACTTCTGATTTGTTGTTGGTAACAGAAATGAGTAGGGATGTTTGAAGTCAGATA
TAGCCTTTCTGTTTATCCCTTGGGAAGAAAGGCTTACAGTAAGCCACGTCCCATCCAGAAGCAGACCCATTCCCTAACTAATCATTTTTATGAACAATTTGTA
ACACTATTATTCCTAGATATTTTTTTTTACGTTTAGTTACCCTAACTCTTTGTATATAAGACACGAGGTGATTTTTCACATTATATATCAAAACATAGACATAGTTT
TTTTGAGAAAATATATCATACATAGTTGTAACTTAGAATTATATATTTTTGAGAAAAAAACTCAGTAATAATTTTCTTATAATTATTCATAGTTTTATATTTATTAAT
AATAAGATTTTGTAAGCTCTTTTTGAAACTATTATGGATAATGAATAAGTTCCCCATTTCAAGATTAAGCATACAATTTAAACTGAAATAATAATGCGCATTCGG
TGAAAATATCTTCTGCTTGGGATTGTTGTTGTTAATATTAATTTATATTATAAACACATGACTTTTTTAAAGAAGAGGAGAAAAAGATAAAGATAGTGGTGGAT
GTTGGGTGTGGGATCGGAGGAAGCTCAAGGTATATTGCCTCTAAATTTGG TGCCGAATGCATTGGCATCACACTCAGTCCCGTTCAAGCCAAGAGAGCAA 
ATGATCTCGCCACCGCTCAATCACTCTCTCATAAGGTGTCTTCTCGTACATTCGACCATTCTTTCTGCGGATAATCTGATCTAACTGAGACGCCATTGGACCAGG
TTTCCTTCCAAGTTGCAGATGCATTGGACCAACCATTTGAAGATGGTATATTCGATCTTGTTTGGTCAATGGAAAGCGGTGAGCATATGCCTGACAAGGCCAA
GGTATACTAGCTCAGCATAACTTTTATACTAGATTTACTAGACAATATCTATCTTTTCATGTCAATGATGTCCAATAATTTTAAAATAAACAAAAGAAGGATGTG
AGGGTAAAATTTTGTCAAATTTATATAACAACACGTTTTCTATTTAGTTATGTCATGGTTTCTTTTTGTCTAAAAAATTTTAGGCAGAGTTTACAAAAAGAAAA
TTGTAGTATCTGTTCGAAAACAGAATCTTAGTGTGGTATTTCAGAAACTCATTCATGAGTCTTCCTTGTGGAAGCATATTTACTGTGTGTGCGAAATGAGTGTA
GTTCGTGAAGGAATTGGTACGTGTGACGGCTCCAGGAGGAAGGATAATAATAGTGACATGGTGCCACAGAAATCTATCTCAAGGGGAAGAATCTTTGCAGC
CATGGGAGCAGAACCTCTTGGACAGAATCTGCAAAACATTTTATCTCCCGGCCTGGTGCTCCACCACTGATTATGTCGAGTTGCTTCAATCCCTCTCGCTCCA
GGTTATTATATTCTCACGCTCTGATGCTAAAATCAGTAAGTATTGTCTCAAATATATGTGTGTTTGTAGGATATTAAGTATGCAGATTGGTCAGAGAACGTAGCTC
CTTTCTGGCCGGCGGTTATACGAACCGCATTAACGTGGAAGGGCCTTGTGTCACTGCTTCGTAGTGGTATGTTTCCGCAATGTTGTTTACATTCATGATTCCA
AATGTTTATAAGATTAGAAACATACGGGTATGAAGAGTATAAAAGGAGCATTGACAATGCCATTGATGATTGAAGGGTACAAGAAAGGTGTCATTAAGTTTGG
CATCATCACTTGCCAGAAGCCTCTCTAAGTTTAATCTAAACA3´

(iii)
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Supplementary Table S3. VTE4 amino acid sequences from Parents (NPJ203 & RLC3) 

1. VTE4 amino acid sequence of NPJ203 (347 amino acids)

MKATLAPPSSLISLPRHKVSSLRSPSLLLQSQRPSSALMTTTASRGSVAVTAAATSSAEALREGIAEFYNETSGLWEEIWGDHMHHGFYDPDSSVQLSDSGHRETQI
RMIEESLRFAGVTEEEKKIKIVVDVGCGIGGSSRYIASKFGAECIGITLSPVQAKRANDLATAQSLSHKVSFQVADALDQPFEDGIFDLVWSMESGEHMPDKAKFVKE
LVRVTAPGGRIIIVTWCHRNLSQGEESLQPWEQNLLDRICKTFYLPAWCSTTDYVELLQSLSLQDIKYADWSENVAPFWPAVIRTALTWKGLVSLLRSGMKSIKGALT
MPLMIEGYKKGVIKFGIITCQKPL

2. VTE4 amino acid sequence of RLC3 (331 amino acids)

MKATLAPPSSLISLPRHKVSSLRSPSLLLQSQRPSSALMTTTASRGSVAVTAAATSSAEALREGIAEFYNETSGLWEEIWGDHMHHGFYDP
DSSVQLSDSGHREAQIRMIEESLRFAGVTEEEKKIKIVVDVGCGIGGSSRYIASKFGAECIGITLSPVQAKRANDLATAQSLSHKVSFQVADA
LDQPFEDGIFDLVWSMESGEHMPDKAKFVKELVRVTAPGGRIIIVTWCHRNLSQGEESLQPWEQNLLDRICKTFYLPAWCSTTDYVELLQ
SLSLQDIKYADWSENVAPFWPAVIRTALTWKGLVSLLRSETYGYEEYKRSIDNAIDD

(iv)
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