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Abstract  
Glucosinolates are secondary metabolites that have a role in plant defense in the Brassicaceae 

family. In addition, there is ongoing research on their cancer chemopreventive properties. A study 

aiming to correlate glucosinolates profile and gene expression has been conducted in two accessions 

of turnip (Brassica rapa ssp. rapa), measuring gene expression by means of qRT-PCR and 

glucosinolates profile (relative peak area) by means of LC-MS in several tissues and developmental 

stages. Data analysis was done by Principal Components Analysis (PCA), hierarchical clustering and 

self-organizing maps (SOM).   Tissue was the main factor behind glucosinolates profile variation. 

Accession played a secondary role in glucosinolates profile variation.  In terms of gene expression, 

tissue was also the main factor behind gene expression differences. Overall, correlation between 

biosynthetic genes and glucosinolates was not high, which means that there might be other factors 

that also influence the quantity of glucosinolates, such as transport processes, translational 

efficiency, protein stability and differential splicing. There is also a paralog of Methylthioalkylmalate 

synthase 3 (MAM3) that appears to make a difference in the side chain length (4C to 5C) of aliphatic 

glucosinolates between accessions.  

Introduction  

Glucosinolates  
 
Glucosinolates (GLS) are beta-thioglucoside N-hydroxysulfate secondary metabolites that have a side 

chain (R) and a sulphur-linked beta-D-glucopyranose moiety, as shown in Figure 1 (Fahey et al, 2001; 

Mithen, 2001).  These compounds can mainly be found in members of the Brassicaceae family, and 

in a limited number of other plant families, such as the Caricaceae and Capparaceae families (Fahey 

et al, 2001; Mithen, 2001) 

 
 

 
Figure 1. Glucosinolate core structure. Source: Mithen (2001) 

 
According to the precursor amino acid and the side chain modifications, these compounds can be 

classified as aliphatic (AGLS, aliphatic glucosinolates), which are derived from alanine, leucine, 

isoleucine, methionine and valine, indolic (IGLS, indolic glucosinolates), which are derived from 

triptophane, and aromatic (derived from phenylalanine or tyrosine) (Halkier and Gershenzon, 2006). 

These compounds have been associated with protections against herbivores in plants, and damage 

to plant tissues by herbivory will result in the hydrolysis of GLS to isothiocyanates, nitriles and 

thiocyanates by the action of myrosinases. These hydrolysis products are the bioactive compounds 

that confer protection against herbivores, as well as positive and negative nutritional effects 
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(MIthen, 2001). GLS and myrosinases coexist in the plant but they are separated from each other. 

Upon plant tissue disruption, such as leaves, GLS that are stored in cell vacuoles of GLS-rich cells 

called S-cells come into contact with myrosinases that are stored in immediately adjacent cells 

(Mithen, 2001; Koroleva et al, 2000).   

 

  

Although GLS have been long known due to their presence in species from the Brassicaceae family, it 

is in the last 40 years that these compounds have gained higher relevance in agriculture. This is due 

to the increasing importance of rapeseeds (Brassica rapa) as oil and animal feed crops (Halkier and 

Gershenzon, 2006). GLS as a family of secondary metabolites have both nutritional and health-

detrimental properties (Mithen, 2001). An example of a health-detrimental glucosinolate is 

progoitrin (2-hydroxy-3-butenyl glucosinolate), which is known to cause goiter. Therefore, plant 

breeders have reduced the content of the glucosinolate progoitrin because of its goiterogenic effects 

in the meal of oilseeds to allow the residue after crushing to be sold as animal feed supplement 

(Halkier & Gershenzon, 2006). However, there are GLS such as glucoraphanin (4-methylsulfinylbutyl 

glucosinolate) that, when hydrolyzed to sulforaphane by the action of myrosinase, have an effect 

upon the induction of Phase II enzymes. These enzymes have a chemoprotective effect, since they 

block chemical carcinogenesis, thus helping to prevent the onset of cancers (Shapiro et al, 1998; 

Talalay, 1999, Keum et al, 2004). Because of these reasons, there is renewed interest in recent years 

on research on biosynthesis and genetic regulation of GLS, even though the effect of GLS intake in 

food (Brassica vegetables) on cancer prevention might need to be further tested, since medical 

studies in this aspect do not always find an association between brassica vegetables consumption 

and cancer prevention, despite the chemopreventive effects of GLS (Murillo and Metha, 2001; Terry 

et al, 2001; Giovanucci et al, 2003; Yang et al, 2010)  .   

  

Brassica rapa 
The wide growing range of Brassica rapa L. from the Mediterranean region to Central Asia probably 

helped it to become the first domesticated Brassica species as a multipurpose crop (turnip roots, 

seeds, young flowering shoots and leaves of heading and non-heading Chinese cabbage) (Gomez-

Campo and Prakash, 1999).  

 

Brassica rapa (A genome) is one of three main diploid species that form the U’s triangle, alongside 

Brassica nigra (B genome) and Brassica oleracea (C genome) (U, 1935). Park et al (2005) 

demonstrated genome triplication in both the A and C genomes relative to the A. thaliana genome 

in Brassica napus through a genetic map based on markers derived from a bacterial artificial 

chromosome library from A. thaliana. Wang et al (2011) assembled the approximately 283.8 Mb 

genome, excluding repetitive sequences of Brassica rapa ssp. pekinensis (Chinese cabbage) line 

Chiifu-401-42 and confirmed the genome triplication event in Brassica rapa. Because of this, many 

genes in Brassica rapa appear in triplicate.   

Turnip 
Brassica rapa var rapa (turnip) is cultivated worldwide both as a vegetable and as animal fodder 

(Rakow, 2004). Lee et al (2013) evaluated the variation of GLS content in turnip tubers of forty-eight 

accessions, representing Asian, European, fodder and vegetable turnips.  Eleven different GLS were 
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identified and monitored in turnip tubers by means of desulfo and liquid chromatography-mass 

spectrometry (LC-MS) for intact GLS analysis. Based on GLS profiles, the accessions were clustered, 

and four clusters of accessions were clearly defined based on their glucosinolate composition. 

 

 

  
  

Glucosinolates biosynthetic pathway, genes and transcription factors 

involved 
 
GLS biosynthesis is divided in three stages: First, side chains of aliphatic and aromatic amino acids 

such as methionine or phenylalanine are elongated by the addition of methyl groups. Second, a 

reconfiguration of the amino acid moiety itself gives rise to the core structure of GLS. Third, the 

formed GLS undergoes secondary modifications (Halkier and Gershenzon, 2006). These stages are 

described below, as well as in Figure 2. 

 

Side chain elongation  

  
The GLS biosynthesis process begins with the deamination of methionine or phenylalanine by the 

action of BCAT4 branched-chain amino-acid aminotransferase (Schuster, 2006), resulting in a 2-oxo 

acid. This oxo-acid enters an elongation cycle made of three consecutive transformations: 

Condensation with acetyl-CoA by a methylthioalkylsynthase (MAM), forming a substituted 2-malate 

derivative. Next, an isomerization by an isopropylmalate isomerase (IPMI) yields a 3-malate 

derivative which undergoes oxidative decarboxilation by the action of a isopropylmalate 

dehydrogenase (IPM-DH). This results in a 2-oxo-acid that is elongated by the addition of a methyl 

group (Sønderby et al, 2010a; Halkier and Gershenzon, 2006). At the end of the elongation cycle, the 

2-oxo-acid can either undergo one or more rounds of elongation or be transaminated by BCAT3 

branched-chain amino-acid aminotransferase  to form the corresponding amino acid and then enter 

the core structure formation round of the pathway (Knill et al, 2008: Halkier and Gershenzon, 2006) 

  

The cloning of the GS-ELONG-QTL by Kroymann et al (2001), which controls in the side chain length 

of aliphatic GLS, allowed the identification of genes MAM1, MAM2 and MAM3. MAM1 catalyzes the 

condensations in the first three elongation cycles, MAM2 only in the first one, and MAM3 in the 

production of all aliphatic GLS (Kroymann et al, 2001; Textor et al, 2007).  

  
  
  

Core structure formation  

  

Precursor amino acids with their elongated side chains are converted to aldoximes by cytochromes 

P450 of the CYP79 family (Sønderby et al, 2010a). CYP79B2 and CYP79B3 metabolize tryptophan, 

while CYP79A2 works with phenylalanine as substrate. CYP79F1 converts all chain-elongated Met 

derivatives and CYP79F2 converts only the long chained Met derivatives (Mikkelsen et al, 2000; Hull 

et al, 2000; Wittstock and Halkier, 2000 Hansen et al, 2001; Chen et al, 2003). Then, aldoximes are 
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oxidized to activated compounds by cytochromes P450 of the CYP83 family (Sønderby et al, 2010a). 

CYP83A1 converts aliphatic aldoximes whereas both tryptophan and phenylalanine aldoxime 

derivatives are converted by CYP83B1 (Naur et al, 2003, Bak et al, 2001; Bak and Feyereisen, 2001).  

  

Once the activated aldoximes are conjugated to a sulfur donor, the resulting S-

alkylthiohydroxymates are converted to thiohydroximates by the C-S lyase SUR1 (Mikkelsen et al, 

2004). Next, the thiohydroxymates are S-glucosylated by glucosyltransferases of the UGT74 family 

(Sønderby et al, 2010a). UGT74B1 glucosylates aromatic thiohydroxymates and UGT74C1 has an 

apparent role on the glycosylation of aliphatic GLS (Grubb et al, 2004; Grubb et al, 2014).After the 

glucosylation, the desulfo GLS are sulfated by the sulfotransferases SOT16 (Indolic and aromatic 

GLS), SOT17 and SOT 18 (aliphatic substrates) (Klein and Papenbrock, 2009).  

  

Secondary modifications 

  
The side chain of newly formed glucosinolate can be modified in many ways. Aliphatic GLS can be 

oxygenated, hydroxylated, alkylated and benzoylated, whereas indolic GLS can be methoxylated and 

hydroxylated (Halkier and Gershenzon, 2006, Sønderby et al, 2010a).  

 

Kliebenstein et al (2001) identified GS-ELONG, GS-OX, GS-AOP and GS-OH as the responsible QTLs  

for the diversity of side chains of aliphatic GLS in Arabidopsis. S-oxigenation is most likely carried out 

by flavin monooxigenase FMOGS-OX1, originated in the GS-OX locus (Hansen et al, 2007).  

  

AOP2 and AOP3 genes are located within the GS-AOP QTL. AOP2 converts S-oxygenated GLS to 

alkenyl GLS, whereas AOP3 transforms S-oxygenated GLS to hydroxyalkyl GLS (Kliebenstein et al, 

2001). Progoitrin, a glucosinolate known to have goiterogenic effects has its origin in the GS-OH 

locus. Its production is dependent on the presence of both AOP2 and MAM1 genes (Hansen et al, 

2008, Sønderby et al, 2010a). 

  

For indolic GLS, CYP81F2 is the gene associated to the 4-hydroxylation of I3M (indolyl-3-methyl 

glucosinolate), which is the precursor of the most commonly found indolic GLS in Arabidopsis (Pfalz 

et al, 2009)  
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Figure 2. Overview of the GLS biosynthetic pathway. A) Side chain elongation. B) Core structure formation. C) Secondary 
modifications. QTLs are marked in black. Enzymes are marked in pink and enzymes that were previoulsy known to 
Sønderby et al (2010)a are marked in blue. Circled in red: Gene in study. In capitals: GLS. Not pictured: Transcription 
factors and GLS transporters. Source: Sønderby et al, 2010a 

 Transcription factors  

  
The direct regulatory network of GLS involves six R2R3 MYB transcription factors. R2R3 MYB family 

of transcription factors play a central role in plant processes, such as primary and secondary 

metabolism, cell fate and identity, responses to biotic and abiotic stress and developmental 

processes (Sønderby et al, 2010b; Dubos et al, 2010). The indolic glucosinolate pathway is regulated 

by the action of transcription factors MYB34, MYB51 and MYB122 (Gigolashvili et al, 2007a; Celenza 

et al, 2005), whereas the aliphatic GLS pathway is regulated by transcription factors MYB28, MYB29 

and MYB76 (Gigolashvili et al, 2007b; Gigolashvili et al, 2008). Sønderby et al (2010) tested the 

relationships between the aliphatic GLS-related transcription factors, showing that MYB76 induces 

the biosynthesis of aliphatic GLS independently from MYB28 and MYB29. Sønderby et al (2010b) also 
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mention that MYB76 plays a role in the spatial distribution of GLS in the leaf, thus having a possible 

transport role. MYB28 is the strongest regulator in the biosynthesis of aliphatic GLS, whereas MYB29 

is an accessory part of this pathway (Hirai et al, 2007; Sønderby et al, 2007). 

 

 In the biosynthesis of IGLS, MYB51 has a central role in the regulation of this kind of GLS in leaves, 

where IGLS are mostly synthesized and accumulated. It is also the lead regulator of indolic GLS in 

shoots (Brown et al, 2003; Gigolashvili et al, 2008; Frerigmann and Gigolashvili, 2014). MYB34 is 

decisive for the biosynthesis of indolic GLS in roots, contributing in a lesser degree to the production 

of indolic GLS in shoots (Frerigmann and Gigolashvili, 2014). Although MYB122 does not significantly 

contribute to the production of indolic GLS, it has an accessory role in the regulation of indolic GLS 

upon environmental challenges, helping to lessen the decrease of indolic GLS upon these 

circumstances (Frerigmann and Gigolashvili, 2014). 

 

Transport, synthesis and storage of GLS  

 

 The AGLS transporter genes GTR1 and GTR2 were identified and characterized in Arabidopsis 

thaliana in 2012 by Nour-Eldin et al as AT3G47960 (GTR1) and AT5G62680 (GTR2). Roots are the 

main organ of GLS accumulation until bolting (Andersen and Halkier, 2014; Petersen et al, 2002). 

Andersen and Halkier (2014) demonstrated that upon bolting, AGLS from both roots and leaves are 

transported to the seeds, and that the inflorescence represents a larger sink than roots at this 

developmental stage. Also, Andersen et al (2013), establish that AGLS that differ in chain length also 

differ in site of synthesis and storage. Short-chain AGLS are mainly synthesized and stored in the 

rosette, whereas long-chained aliphatic GLS are synthesized in both above and below organs, but are 

mainly retained in roots. With regard to IGLS, Andersen et al (2013) also establish that this type of 

GLS is synthesized in rosette and roots, using xylem and phloem for bidirectional distribution across 

the plant. GTR3 (AT1G18880) has been identified and characterized by Jorgensen et al (2014, 

unpublished) as an IGLS transporter.     

 

Aim of the MSc thesis project 

 

The objective of this project is to evaluate both the variation of GLS and gene expression profiles in 

different tissues and during development from seedling to flowering plant in two fodder turnip B. 

rapa ssp rapa accessions, as well as to correlate data for the relative abundance of GLS and activity 

of GLS biosynthetic genes. At the moment of starting the project, most of the data was already 

available, such as glucosinolate profiles of different tissues and developmental stages and qRT-PCR 

for the selected candidate biosynthesis and regulatory genes, but not for the GTRs. This is because 

GTR1, GTR2, and GTR3 transporter genes were identified after the data were generated. During this 

thesis project, the gene expression data for these genes was generated for at the same tissues and 

developmental stages as the rest of the gene expression data that are already available. 

In order to fulfill the objective of this project, the following research questions need to be 

addressed:  
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Research questions 

 
1. How do GLS profiles vary with tissue, developmental stage and between two different B. 

rapa accessions?  
 

2. Can major regulatory genes for GLS profiles be identified?  
 

3. Do these genes and paralogs act in a tissue specific way? Do these genes and paralogs act 
throughout all the developmental stages? Or is their action limited to a certain stage?  

 
 

Materials and methods 
 

Project background  
 
 In preparation for this project, tissue samples of two different turnip accessions (FT-004 and FT-086) 

that greatly differ in GLS profile according to the study of Lee et al (2013) were collected at seven 

time points during plant development between July 2010 and June 2011. Information about these 

accessions is shown in Table 1.  

There were three blocks with 25 – 30 plants per accession and block. The seeds were sown on the 7th 

of July, 2010. The first transplant to jiffy pots was on the 12th of July, 2010 and the second transplant 

to bigger pots was on the 28th of July, 2010. On each sampling date for GLS, 1 plant per block was 

randomly selected yielding a total of three biological replicates per measurement. Sampling dates 

for each tissue are detailed in Table 2. Depictions of some developmental stages are shown inFigure 

3. 

 

 
Table 1. B. rapa accessions used in the project (Zhang et al, 2014) 

Accession Cultivar name Collection  Genebank ID Country of origin 

FT-004 Lange Gele Bortfelder Wageningen University CGN06678 Denmark 

FT-086  Wageningen University CGN07223 Pakistan 

 

The tissue samples collected included seedling, young leaves, mature leaves, inner turnip (inner 

tissue), outer turnip (outermost turnip layer) and in the later stages, tissue samples of stem, flower 

and seeds. Both GLS profiles and quantity and the expression of a selection of the genes that act on 

the GLS biosynthesis pathway was measured by means of LC-MS and quantitative real time 

polymerase chain reaction (qRT-PCR), respectively.  
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Figure 3. Some of the developmental stages of the B. rapa accessions in which gene expression and GLS profile studies 
were carried out.  T1 (26-Jul-10): Seedling. T2 (16-Aug-10): Turnip formation. T3(30-Aug-10): Turnip formation. T4 (16-
Sep-10): Mot pictured. T5 (29-Sep-10) : Not pictured. T6 (5-Apr-11): Fully developed plant. This stage is the most 
interesting point for evaluation of gene expression and GLS content, since all tissues are fully developed. T7 (21-Jun-11): 
Turnip evaluation only. Source: Wageningen University Plant Breeding Brassica Group.   

Table 2. Tissues and time points sampled for GLS presence in this project. Selected samples for gene expression are 
marked with X.  

Accession 
Time 
point 

Tissue 
Sampling 
date 

Gene 
expression 

FT-004 T1 seedling 26-Jul-10 X 

FT-004 T2 young leaves 16-Aug-10 X 

FT-004 T2 mature leaves 16-Aug-10   

FT-004 T2 inner turnip 16-Aug-10 X 

FT-004 T2 outer turnip 16-Aug-10   

FT-004 T3 young leaves 30-Aug-10   

FT-004 T3 mature leaves 30-Aug-10   

FT-004 T3 inner turnip 30-Aug-10 X 

FT-004 T3 outer turnip 30-Aug-10   

FT-004 T4 young leaves 16-Sep-10   

FT-004 T4 mature leaves 16-Sep-10 X 

FT-004 T4 inner turnip 16-Sep-10   

FT-004 T4 outer turnip 16-Sep-10   

FT-004 T5 young leaves 29-Sep-10   

FT-004 T5 mature leaves 29-Sep-10   

FT-004 T5 inner turnip 29-Sep-10   

FT-004 T5 outer turnip 29-Sep-10   

FT-004 T6 young leaves 05-Apr-11 X 

FT-004 T6 mature leaves 05-Apr-11 X 

FT-004 T6 stem 05-Apr-11 X 

FT-004 T6 flower 05-Apr-11 X 

FT-004 T6 seed 05-Apr-11 X 
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FT-004 T6 inner turnip 05-Apr-11 X 

FT-004 T6 outer turnip 05-Apr-11   

FT-004 T7 inner turnip 21-Jun-11   

FT-004 T7 outer turnip 21-Jun-11   

FT-086 T1 seedling 26-Jul-10 X 

FT-086 T2 young leaves 16-Aug-10 X 

FT-086 T2 mature leaves 16-Aug-10   

FT-086 T2 inner turnip 16-Aug-10 X 

FT-086 T2 outer turnip 16-Aug-10   

FT-086 T3 young leaves 30-Aug-10   

FT-086 T3 mature leaves 30-Aug-10   

FT-086 T3 inner turnip 30-Aug-10 X 

FT-086 T3 outer turnip 30-Aug-10   

FT-086 T4 young leaves 16-Sep-10   

FT-086 T4 mature leaves 16-Sep-10 X 

FT-086 T4 inner turnip 16-Sep-10   

FT-086 T4 outer turnip 16-Sep-10   

FT-086 T5 young leaves 29-Sep-10   

FT-086 T5 mature leaves 29-Sep-10   

FT-086 T5 inner turnip 29-Sep-10   

FT-086 T5 outer turnip 29-Sep-10   

FT-086 T6 young leaves 05-Apr-11 X 

FT-086 T6 mature leaves 05-Apr-11 X 

FT-086 T6 stem 05-Apr-11 X 

FT-086 T6 flower 05-Apr-11 X 

FT-086 T6 seed 05-Apr-11 X 

FT-086 T6 inner turnip 05-Apr-11 X 

FT-086 T6 outer turnip 05-Apr-11   

FT-086 T7 inner turnip 21-Jun-11   

FT-086 T7 outer turnip 21-Jun-11   

 

LC-MS data 
The data for the relative peak area (RPA) for the GLS outlined in  

 

 

 

Table 3 were collected by visiting scientist Dr. Jun Gu Lee in 2011. Table 3 presents the detected GLS 

by means of LC-MS. These GLS make up the GLS profile that will be discussed in this project.  The 

information on the relative peak area for the detected GLS was gathered from the tissues detailed in 

Table 2. From each tissue, three biological replicates were taken, and the resulting relative peak area 

value is the average of these replicates 
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Table 3. GLS in study, group and molecular structure. Molecular structure image source: PubChem (2015) 

Trivial name Name Abbreviation Group Structure 

Glucoerucin 
4-methylthiobutyl 

glucosinolate 
ERU Aliphatic 

 

Gluconapin 3-butenyl glucosinolate NAP Aliphatic 

 

Progoitrin 
2-Hydroxy-3-butenyl 

glucosinolate 
PRO Aliphatic 

 

Glucoberteroin 
5-Methylthiopentyl 

glucosinolate 
BER Aliphatic 

 

Glucobrassicanapin 
pent-4-

enylglucosinolate 
CAN Aliphatic 

 

Gluconapoleiferin 
2-hydroxy-4-

pentenylglucosinolate 
NAPOL Aliphatic 

 

Glucobrassicin 
3-Indolylmethyl 

glucosinolate 
BRA Indolic 

 

Neoglucobrassicin 
1-Methoxy-3-
indolylmethyl 
glucosinolate 

NBRA Indolic 

 

4-
methoxyglucobrassicin 

4-
methoxyglucobrassicin 

4MBRA Indolic 

 

4-
hydroxyglucobrassicin 

4-Hydroxy-3-
indolylmethyl 
glucosinolate 

4HBRA Indolic 
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Gluconasturtiin Phenethylglucosinolate NAS Aromatic 

 

 

Candidate gene selection criteria  
 
Previously, the quantitative expression of selected genes in the GLS biosynthetic pathway was 

determined in a selected subset of the samples that were taken for GLS determination as shown in 

Table 4.  

 

The selection of candidate genes was as follows: the gene must act in a metabolite-type specific 

way. That is to say, the gene is related to a specific type of metabolite (aliphatic, indolic or phenyl), 

or also to a certain group of individual GLS.  Another important criterion is that a gene should be key 

for a particular stage in the biosynthetic process (side chain elongation, core structure formation and 

secondary modifications). Another criterion is that some of these genes are identified as candidate 

genes in QTL papers. Transcription factors were also selected. In addition, GTR1, GTR2, and GTR3 

transporter genes have been considered for the gene expression study, given their role in the 

bidirectional transport of aliphatic GLS through xylem and phloem. The gene expression data was 

generated by another student (S. Wang) in 2012 by means of quantitative real-time polymerase 

chain reaction (qRT-PCR). cDNA was extracted from the tissues marked as selected for gene 

expression in Table 2. Three technical replicates were made for each accession-tissue-timepoint 

combination so that relative gene expression could be measured. In the case of GTR genes, two 

technical replicates were considered. 

At the beginning of the qRT-PCR experiments, AOP3 was also characterized as BRA018521. However, 

Wang et al (2011), found that AOP3 is not expressed in B. rapa. Therefore, the data for this paralog 

was put under the code name AOP2_2_1, and was not further considered into the study. 
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Table 4. Previously selected candidate genes and selection criteria 

Gene Role Pathway 
B. rapa  
paralog 

Paralog 
code Pathway stage 

AOP2 

Catalyses the 
conversion of S-
oxygenated GLS to 
alkenyl GLS Aliphatic 

BRA000848 
BRA018521 
BRA034180 

AOP2_1 
AOP2_2 
AOP2_3 

Secondary 
modifications 

CYP79A2 

Conversion to 
aldoximes of phenyl 
compounds Phenyl BRA028764 CYP79A2 

Core structure 
formation 

CYP83A1 
Aliphatic aldoxymes 
conversion Aliphatic 

BRA016908 
BRA032734 

CYP83A1_1 
CYP83A1_2 

Core structure 
formation 

CYP83B1 

Metabolizes both 
indolic and phenyl 
acetaldoximes Indolic 

BRA034941 

 

CYP83B1 

 
Core structure 
formation 

GS-OH 
Responsible for 
progoitrin biosynthesis  Aliphatic 

BRA022920 
BRA021670 
BRA021671 

GS-OH_1 
GS-OH_2 
GS-OH_3 

Secondary 
modifications 

MAM1 
Catalyses condensation 
of 3 elongation cycles Aliphatic 

BRA029355 
BRA013007 
BRA018524 

MAM1_1 
MAM1_2 
MAM1_3 

Side chain 
elongation 

MAM3 
Catalyses condensation 
of 6 elongation cycles Aliphatic 

BRA013011 
BRA013009 
BRA021947 
BRA029356 

MAM3_1 
MAM3_2 
MAM3_3 
MAM3_4 

Side chain 
elongation 

MYB28 Transcription factor  Aliphatic 
BRA012961 
BRA035929 

MYB28_1 
MYB28_2  

MYB29 Transcription factor Aliphatic BRA005949 MYB29  

MYB34 Transcription factor Indolic 

BRA013000 
BRA029349 
BRA029350 
BRA035954 

MYB34_1 
MYB34_2 
MYB34_3 
MYB34_4  

MYB51 Transcription factor Indolic 

BRA016553 
BRA025666 
BRA031035 

MYB51_1 
MYB51_2 
MYB51_3  

GTR1 
Aliphatic GLS 
transporter Aliphatic 

BRA018096 
BRA033782 
BRA019521 

GTR1_1 
GTR1_2 
GTR1_3  

GTR2 

Aliphatic GLS 

transporter 

Aliphatic 

BRA010111 
BRA029248 
BRA035885 
BRA035886 

GTR2_1 
GTR2_2 
GTR2_3 
GTR2_4  

GTR3 

Indolic GLS transporter 

Indolic 

BRA025695 
BRA016534 
BRA031054 

GTR3_1 
GTR3_2 
GTR3_3  
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qRT-PCR of Br-GTR paralogs 

Primers design 

The coding sequences of the paralogs of GTR1, GTR2, and GTR3 were downloaded in FASTA format 

from the B.rapa database BRAD website using the B. rapa genome version 1.5 (Cheng et al, 2011). 

Then, the primers were designed in the Primer3Plus website (http://www.bioinformatics.nl/cgi-

bin/primer3plus/primer3plus.cgi), selecting qPCR in special settings. The main selection criteria for 

forward and reverse primer combinations were, besides uniqueness in the genome, that the 

difference of melting temperature (Tm) was no larger than 0.8 Celsius degrees between forward and 

reverse primer. The targeted Tm was of 60 Celsius degrees. Another selection criterion was to 

choose primer combinations with a product size between 80 and 191 bp. Next, the primers were 

blasted to the B. rapa genome using the BLAST tool available at the website so the uniqueness of the 

primers sequences in the genome could be checked. The obtained primers are presented in Table 5. 

The primers for all GTR2 paralogs for B. Rapa were kindly provided by Dr. Hussam Hassan Nour-Eldin 

(University of Copenhagen, Denmark) (2014, unpublished). 

Once the primers were checked, these were synthesized (Biolegio BV. Nijmegen, The Netherlands) 

and then diluted in a 100µM stock solution. Working solutions had a concentration of 10 µM.  

 

Primers list 

 

Table 5. List of primers used in the qRT-PCR experiment 

Genes Forward primer Reverse primer 
GTR1_BRA018096 5’-GCAAAACAGACTCTAGGGATGG-3’ 5’-CTTCAGCTATCCCTGCAAGAAC-3’ 

GTR1_BRA033782 5’-TCCCGAGAGTAGGTTTTGTCAG-3’ 5’-ATTCTACGACCGTGTCCTTGTC-3’ 

GTR1_BRA019521 5’-TCCGACTTTACCTAAGCTGGTC-3’ 5’-GAAAGCCTCTGGTAGTCCATTG-3’ 

GTR2_BRA029248 5’-ACGTGGGTTAAAGGCTGTGAAGC-3’ 5’-AACCTGAACTGGTCGGTGTACTTG-3’ 

GTR2_BRA010111 5’-ATGTGGCTGATCCCACAACTCG-3’ 5’-TGCGTCGTCCTGTGAACCATTG-3’ 

GTR2_BRA035885 5’-AGGTTAGAGCCAGTGGAACAG-3’ 5’-TGTCGAGAAACCTGAATTGTTGGG-3’ 

GTR2_BRA035886 5’-CGAGGAGCGTAGGAGAACTTTAGC-3’ 5’-ATCTGCCCAATAGCTCCAAATGCG-3’ 

GTR3_BRA025695 5’-CATAACACGCGTCATCGTAGTC-3’ 5’-GTATGGCTCAGTTTCGAGTTCC-3’ 

GTR3_BRA016534 5’-GAGGAGGTTCGGACTTAAGGTTAG-3’ 5’-CTCTATCAACGGTTACGTCACTAGC-3’ 

GTR3_BRA031054 5’-CCCATCAGCAGTAACTGAGGTATC-3’ 5’-ACACAGAAGAACGGTAGCTCTCAC-3’ 

Protocols 

qRT-PCR experiments were carried out for GTR1, GTR2, and GTR3 in 96-well plates. One technical 

replicate was done per paralog. In each well, 8 µl of the following master mix were pipeted:   

- 5 µl SYBR  mix  

- 2.4 µl of Milli-Q water  

- 0.3 µl of forward primer 

- 0.3 µl of reverse primer 

Then, 2 µl of the cDNA corresponding for a given accession-tissue-time point combination were 

added to the well.  

http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi
http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi
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The total  volume of reaction mix was 10 µl added on each well. Before running the plates in the 

qRT-PCR machine,  the plates were sealed and centrifuged at 600 rpm in a Heraeus Multifuge 3 s-r 

centrifuge. After being centrifuged, the qRT-PCR reaction was carried out in a combined Bio-Rad CFX 

96 Real-Time System and C1000 Thermal Cycler (Bio-Rad, CA, USA) using the standard qRT-PCR 

amplification protocol available in this machine, which is presented in Figure 4.  

 

Figure 4. qRT-PCR amplification protocol. 

Actin was used as reference gene for the qRT-PCR experiments. The data output for the gene 

expression of each paralog was in the format of the average of the –∆Ct value for all technical 

replicates. That is to say, it is the negative of the difference between the expressions of the gene of 

interest versus the expression of the reference gene Actin.   

∆𝐶𝑡 = 𝐶𝑡 𝑇𝑎𝑟𝑔𝑒𝑡 𝑔𝑒𝑛𝑒 − 𝐶𝑡 𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑔𝑒𝑛𝑒 

The PCR plate layout is detailed in the Appendix 2 

Data analysis 
 

Data pre-processing 

Once the datasets for both GLS RPA and RGE (-ΔCt) were generated, both datasets were 

transformed by means of centering around the data series mean and range scaling according to van 

den Berg et al (2006) using Microsoft Excel 2010.  

 
The definition of centering in combination with range scaling is as follows:  
 

~𝑋𝑖𝑗 =
𝑋𝑖𝑗 − 𝑋𝑖

(𝑋𝑖𝑚𝑎𝑥 − 𝑋𝑖𝑚𝑖𝑛)
 

Where:  
~𝑋𝑖𝑗  = range-scaling transformed data point 
𝑋𝑖𝑗 = data point  

𝑋𝑖 = mean of all data points in the series 
𝑋𝑖𝑚𝑎𝑥  = highest value in the data series 
𝑋𝑖𝑚𝑖𝑛  = lowest value  in the data series 

 
In order to work with metabolite intensities, Smilde et al (2005) define range scaling as dividing each 

measurement by the range of those measurements over all samples. This allows comparing 

metabolites relative to the biological response range (van den Berg, 2006). According to Smilde 

(2005) this method will allow to remove instrumental response factors from the data, obtaining 
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relative concentration for each variable. An important property of range scaling is the equal 

treatment of all levels of metabolite variation and scaling is related to biology (van den Berg et al, 

2006). A possible disadvantage is that the range is determined by only two individual values 

(minimum and maximum among all) which are also the ones influenced most by outliers in the data. 

 
Upon range-scaling transformation, both GLS and gene expression datasets were imported into 

GeneMaths XT version 2.12, build 2 (Applied Maths, Sint-Martens-Latem, Belgium) for Principal 

Components analysis (PCA), hierarchical clustering analysis (HCA) and self-organizing maps (SOM) 

cluster analysis.  

Principal components analysis 

Once the transformed datasets were imported into GeneMaths, a Principal Components Analysis 

(PCA) was carried out in order to get an idea on which factors are driving the variation in GLS and 

gene expression profiles. The accession-tissue-timepoint combinations were grouped by accession, 

tissue and timepoint. The PCA analyses were based upon accession-tissue-time point combinations 

of the samples.  

For the PCA of GLS, every point in the score plot represents the average of three biological replicates 

and each point in the loading plot represents the individual contribution of a particular GLS to the 

principal components. In the case of the GLS biosynthetic genes PCA, every point in the score plot is 

the mean of the relative gene expression (−𝛥𝐶𝑡) of three technical replicates and every point in the 

loading plot is the contribution of the relative gene expression of each GLS biosynthetic gene paralog 

to the score.  

Hierarchical clustering 

To detect clusters of high or low gene activity per accession, as well as tissue and time point, the 

data was clustered in both rows and columns using the dendrogram option available in GeneMaths. 

No data filters were used. The similarity criteria used was Pearson correlation and the Unweighted 

Pair Group Method with Arithmetic Mean (UPGMA) was used as the method to summarize clustered 

entries. The distance between clusters is measured as the distance between the averages over the 

elements of each cluster.  

 

Self-organizing maps  

In order to evaluate the similarity of paralogs expression, as well as to get an overview of possible 

co-regulatory schemes of GLS biosynthetic genes and paralogs,  self-organizing maps (SOMs) were 

generated for both gene expression and GLS relative peak area datasets using the available option in 

GeneMaths. No data filters were used. The dissimilarity criteria used was linearly scaled Euclidean 

distance. Three grids were used for each dataset. The larger the grid, the more clusters will be 

formed, and these clusters will tend to be smaller. The chosen grid sizes for the clusters were 3 x 3, 4 

x 4, and 5 x 5 for the gene expression data, and of 2 x 2, 3 x 3, and 4 x 4 for the GLS data. 

Correlation matrix 

With the purpose of correlating gene expression to GLS relative presence, a correlation matrix was 

generated in GenStat 16th Edition (VSN International, Hemel Hempstead, UK) using the BICORRELATE 

procedure included in the Biometris GenStat Procedure Library Edition 16 (Wageningen, The 
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Netherlands). This procedure calculates Pearson correlation coefficients between two variables 

including as many values as possible, leaving out only those samples for which there is a missing 

value for one of the two included variables (but does not leave out samples that have missing values 

for other variables than these two). The significance (using a two-sided t-test) for each correlation 

coefficient was also obtained.. All significant correlations taken into consideration in the Results 

section are at the 0.05 level. Only significant correlations with r >0.399 were considered for the 

Results section.  

Other statistical tests 

Any other statistical tests, such as t-test and Wilcoxon rank-sum test were carried upon the raw data 

to detect differences between accessions in terms of GLS presence or gene expression in GenStat 

16th Edition. As the LC-MS data is made of averages of biological replicates, all replicates were 

considered as independent measurements in order to have more statistical power, having a total of 

n = 156 samples (n = 78 samples per accession). For gene expression, the total number of accession-

tissue-timepoint combinations was 22 (average of three technical replicates per accession-tissue-

timepoint combination) differences are deemed as significant at p = 0.05. Assumption verifications 

for t-test and were performed by means of Shapiro-Wilk test for normality and homogeneity of 

variances was verified by means of Bartlett’s test. In the case of non-normality or unequal variances, 

Wilcoxon rank sum test was used. This test had to be used to detect significant differences between 

accessions in terms of GLS presence, since the distribution for several GLS was non-normal. The 

information related to these tests can be found in Appendix 3.  

Relative gene expression (RGE) 

In order to visualize the fold change in gene expression across tissues and time points, that is to say, 

the relative gene expression (RGE) the 2-ΔΔCt method developed by Livak and Schmittgen (2001) was 

applied to the dataset.  

𝑅𝐺𝐸 =  2-((CtTarget –CtActinT) – (CtControl –CtActinC))  

Where:  

CtTarget: Number of DNA doubling cycles required for the target gene to pass the gene expression detection 
threshold 

CtActinT: Number of DNA doubling cycles required for the actin gene to pass the gene expression detection 
threshold in the same sample as the target gene 

CtControl: Number of DNA doubling cycles required for the same gene in the control sample to pass the gene 
expression detection threshold in the same sample as the target gene 

CtActinT: Number of DNA doubling cycles required for the actin gene to pass the gene expression detection 
threshold in the control sample 

 

In this case, the selected control for each paralog was the gene expression in seedlings of FT-004 (T1-

seedling-FT-004). This information is displayed next to each hierarchical clustering heat map as 

complementary information.  
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Results 
 

Background 
To improve readability of the Result and Discussion sections, Figure 5  shows an overview of the GLS 

and genes involved in selected steps of the GLS biosynthetic pathway. 

 

Figure 5. Simplification of the GLS biosynthetic pathway with GLS and genes evaluated in this study. In uppercase: GLS. 
In Italic: Genes involved in each step. Bottom genes: GLS transporter genes.  

GLS data evaluation 
An evaluation on the consistency of the data was performed by calculating the Coefficient of 

Variation (CV) of the three biological replicates that make each measurement of RPA for each GLS. In 

52 accession-tissue-timepoint combinations, each made of 3 biological repeats per tissue, 11 GLS 

were measured, yielding a total of 572 total measurements of averages. From these 572 

measurements, only 59 (10.3%) had a CV over 1, which speaks about a reasonable reproducibility of 

the results, thus reassuring the good quality of the data. 
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GLS profiles  
Figures 6 to 9 show the profile per GLS. GLS were grouped by profile similarity per accession, tissue, 

and timepoint. In Figure 6, it is shown that the AGLS ERU, BER and NAS, are mainly present in turnip 

tissues, and absent (ERU and BER) or low in leaves and flowers and seeds. IGLS are more present in 

young leaves and outer turnips. 

 

Figure 6. Distribution profile for ERU, BER, and NAS across accessions, tissues, and time points. 

 

 

Figure 7. Distribution profile for PRO and CAN across accessions, tissues, and time points. 
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Figure 8. Distribution profile for NAP and NAPOL across accessions, tissues, and time points. 

 

 

Figure 9. Distribution profile for BRA, NBRA,4HBRA and 4MBRA across accessions, tissues, and time points. 

 

Principal components analysis (PCA) 
 

PCA for GLS 

A PCA for the GLS was generated from the range-scaled data. Apparently, the variation along the 

first principal component PC1 (explaining 46% of the variation) is driven mainly by tissue. There is 

also a dispersion of the accessions along the second principal component axis (PC2), which explains 

19.8% of the variation. In the direction of PC1, the turnip tissues belonging to T7 do not cluster 

together with the rest of the tissues (Figure 10). T7 is the harvested turnip after bolting and seed set, 

so it is also possible that the lower biological activity related to this developmental stage is driving 

the variation. To see whether tissue is the main factor behind changes in the GLS profile, another 

PCA analysis without inner and outer turnip from T7 was done (Figure 11). In Figure 11, it can be 

seen that although PC1 explains slightly less variation (44 %), tissue still clearly varies along this 
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principal component. Nevertheless, In Figure 11 PC2 explains more variation (24.8 %), which 

separates samples in terms of accession. However, this should be expected, given that the two B. 

rapa accessions for this study were selected based on differences in their GLS profiles. Table 6 shows 

GLS that are significantly more abundant in one accession than in the other. 

 

Figure 10. PCA score plot of GLS including turnips in T7. T7 clusters separately from the rest of the tissues.  

 

 



25 
 

 

 Figure 11. PCA score plot for GLS without T7 turnip tissues. Data points distribute along the main principal component 
are distributed in a tissue-wise manner.   

 

Looking at the PCA plot from a broader grouping perspective, that is to say, viewing young and 

mature leaves together as leaves and inner and outer turnip as turnip, it is even more evident that 

there is a difference in GLS profile between the turnips and the above ground part of the plant 

(Figure 12). ERU, BER, NAS are grouped in the turnip area, 4HBRA  is in the middle, and the AGLS 

NAP, NAPOL, CAN, PRO, as well as the IGLS BRA, NBRA, tend to be more related to the above ground 

part of the plant.  
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Figure 12. PCA loading plot with GLS distribution across the PCA plot. Encircled are ERU, NAS, and BER, which seem to be 
related to turnip.   

 

Table 6. Differences in relative presence of GLS between accessions FT-004 and FT-086 (Wilcoxon Rank-Sum Test, n=156) 

GLS Accession with higher overall 
relative presence 

Significance 
(p-value) 

4HBRA FT-004 <0.001 

BER FT-004 <0.001 

CAN FT-004 <0.001 

NAP FT-086 <0.001 

NAPOL FT-004 <0.001 

NBRA FT-086 <0.001 

PRO FT-004 <0.001 

 

PCA for genes 

A second PCA was carried out for the gene expression dataset on a subset of the samples which also 

was used to measure GLS (Figures 13 and 14). PC1 explains 40% of the total variation, whereas PC2 

accounts for 15.5% of the variation. It can be seen in Figure 13 that the variation in gene expression 

profile is driven by tissue across PC1, although this variation is not as marked as in the PCA for GLS. 

Interestingly, it can be seen that the seed tissues for both accessions are clustered together within 

the inner turnip cluster accession. It is possible that their condition of sink tissues is playing a role in 

their gene expression profile.  It is also observed that there is dispersion in terms of time points 

along the Y axis. Here, all tissues belonging to T6 but seeds are above the Y axis, whereas tissues 

belonging to other time points are below the X axis. This suggests there might be a change in the 

gene expression profiles once when this developmental stage takes place. Unlike in the GLS PCA 

analysis, no separation between accessions was observed, even when looking at the third and 

subsequent principal components.  
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Figure 14 shows the loading plot of the PCA analysis for genes. Here, genes are tightly clustered 

together in the plot area homologous to the area where leaves are clustered in the score plot. 

Likewise, MAM1, MAM3, and CYP83A1 paralogs, all of them related with the biosynthesis of AGLS, 

are also clustered in that area. MYB28 paralogs are clustered together, whereas MYB29 is separate 

in the plot, expressed in an area occupied by turnip tissues in the PCA plot. In this area, there are 

mostly GTR, GS-OH, and MYB34 paralogs. MYB34 paralogs, with the exception of MYB34-3 are 

clustered together in the area related to turnip tissues.  

 

Figure 13. PCA score plot for GLS biosynthetic genes obtained by analysing the relative gene expression (-Δ Ct) of the 
average of three technical replicates of every sample mentioned in Table 4 .  
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Figure 14. PCA loading plot for GLS biosynthetic genes expression.  

Correlation matrix 
 

After executing the BICORRELATE procedure in GenStat, a correlation matrix was obtained (Table 7). 

This correlation matrix features the correlations between genes and GLS. Correlations over 0.4 and 

below -0.4 are color-coded according to an interval in order to detect strong positive and negative 

correlation hotspots.  The P-values of these correlations are presented in Table 8. 

Two main high correlation hotspots can be distinguished. AOP2 genes are strongly correlated to 

each other, as well as to MYB28 transcription factors, CYP83A1 paralogs, MAM1 and also MAM3 

paralogs. The second high correlation hotspot is between CYP83A1 paralogs and both MAM1 and 

MAM3 paralogs. 
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Table 7.  Correlation matrix for GLS and genes. The two main high correlation hotspots are highlighted. In blue: AOP2 -MAM-MYB28-CYP83A1. In black: Correlations between CYP83A1 
and MAM genes. Correlations highlighted in green: r = 0.4 – 0.599. Correlations highlighted in red: r > 0.599. Correlations highlighted in yellow: r = -0.4 - -0.599. Correlations highlighted in 
orange: r < -0.599 

 

 

 



30 
 

Table 8.  P-values associated to each correlation in Table 7. Highlighted in red: Significant correlations at P < 0.05 
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Hierarchical clustering 
 

Glucosinolates 

After hierarchical clustering was performed based on Pearson correlations, a heat map was obtained 

(Figure 15). A distinctive separation of tissues and accessions can be seen in the plot, which is in 

accordance to what is presented in Figure 11 (PCA analysis). Again, it can be seen that for the 

accession-tissue-time point combinations, the two main branches of the dendrogram tend to 

correspond to one accession each.   Two main cluster groups arise from each main branch. For both 

accessions, one of these groups belong to the above ground tissues (leaves and seedling), whereas 

the other group belongs to the below ground tissues (inner and outer turnip). Turnip tissue seems to 

be an area of high relative presence of GLS. However, T7 is a developmental stage with very low 

relative GLS content (Figure 15, highlighted in blue). On the contrary, inner turnip in previous 

developmental stages appears to be a GLS-rich tissue (Figure 15, highlighted in orange).  

There is also differentiated relative presence of compounds per accession and tissue. NAS, ERU, and 

BER seem to be strongly related to turnip tissue (Figure 15, highlighted in yellow, being relatively low 

or undetectable in other tissues (Appendix 1) . NAPOL appears to be highly abundant in FT-004 

tissues only (Figure 15, highlighted in white), whereas NAP appears to be most abundant in FT-086 

(Figure 15, highlighted in purple). IGLS with the exception of 4HBRA cluster together, showing higher 

abundance in turnips and young leaves Differences in RPA in terms of accession can be observed in 

Table 6, considering all time points and tissues sampled. 

 

Figure 15. Hierarchical clustering heat map for GLS profile. Green areas indicate lower relative presence of GLS. Red 
squares indicate high relative presence of GLS. Highlighted in yellow: Profiles of NAS, ERU, and BER across accessions, 
tissues and time points. Highlighted in orange: Indication of high relative GLS presence in turnip tissues. Highlighted in 
white: differences in relative presence of NAPOL between accessions FT-004 and FT-086. Highlighted in dark blue: 
Relative lack of GLS in T7. Highlighted in purple: differences in relative presence of NAP between accessions.  
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It is also notable that, despite the separation by accession in the heat map, seeds of both accessions 

are clustered together. Therefore, there is a similarity in GLS profile of seeds despite the differences 

in overall GLS profile between both accessions.   

Table 9 shows the correlations between GLS and their associated p-values.  In the AGLS, ERU is 

significantly correlated to NAP and PRO (r=0.46 and 0.41, respectively), which are subsequent steps 

in the side chain elongation phase in the AGLS pathway. It is also correlated to NAS (r=0.61). 

Although these GLS have different precursors and therefore do not share any pathway step, these 

are turnip-specific GLS, so it is possible that the high correlation coefficient is given by the tissue 

factor. However, turnip specific ERU (4C) is not correlated to the turnip specific BER (5C) , its side 

chain elongated equivalent. In the IGLS group, BRA is significantly correlated to NBRA, 4HBRA and 

4MBRA (r = 0.7, 0.51 and 0.34, respectively) 

 

Table 9. A: Pearson correlation matrix for GLS. B: Probabilities for each correlation coefficient (n=52) 

 

Biosynthetic genes and paralogs 

Overview 

 

The hierarchical clustering performed on the genes dataset yields a heat map (Figure 16, where 

there is a distinctive cluster of high RGE for AGLS biosynthetic paralogs in tissues that mostly belong 

to leaves, though stem, flower, and inner turnip of FT-086 are also present (Figure 16, highlighted in 

orange). Looking at the dendrogram structure per accession-tissue-timepoint combination, the 

ERU A
NAP 0.46

PRO 0.41 -0.16

BER 0.14 -0.3 0.5

CAN -0.19 -0.27 0.5 0.09

NAPOL -0.18 -0.49 0.58 0.34 0.57

NAS 0.61 0.23 0.56 0.55 -0.05 0.1

BRA 0.2 -0.02 0.46 0.3 0.45 0.19 0.36

NBRA 0.17 0.22 0.25 0.09 0.27 0.11 0.5 0.7

4HBRA -0.04 -0.37 0.53 0.47 0.34 0.59 0.42 0.51 0.42

4MBRA -0.05 -0.04 0.18 -0.02 0.26 0.35 0.25 0.34 0.68 0.34

ERU NAP PRO BER CAN NAPOL NAS BRA NBRA 4HBRA 4MBRA

ERU B
NAP 0.001

PRO 0.002 0.257

BER 0.309 0.033 0

CAN 0.187 0.049 0 0.539

NAPOL 0.202 0 0 0.014 0

NAS 0 0.096 0 0 0.702 0.485

BRA 0.155 0.878 0.001 0.032 0.001 0.185 0.01

NBRA 0.228 0.112 0.069 0.521 0.05 0.434 0 0

4HBRA 0.784 0.007 0 0 0.013 0 0.002 0 0.002

4MBRA 0.711 0.779 0.208 0.894 0.061 0.012 0.072 0.013 0 0.015

ERU NAP PRO BER CAN NAPOL NAS BRA NBRA 4HBRA 4MBRA
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upper group of branches matches the high RGE cluster seen in the heat map (Figure 16, highlighted 

in blue).  

 The heat map also shows differences in overall GLS profile between tissue-timepoint combinations.  

Turnip in T6, when plants are already flowering and setting seeds is an area of low overall RGE 

(Figure 16, highlighted in yellow).In Figure 16, the GLS profile at mature leaves in T4 is highlighted in 

white given the similarity of gene expression profile at this developmental stage and tissue between 

both accessions and, at the same time, is in a separate branch group in the dendrogram. This shows 

that this tissue-timepoint combination is very different from mature leaves at T6, which cluster 

together with young leaves of T6 and T2. The lack of samples of mature leaves at other 

developmental stages remains an issue when it comes to see whether the GLS profile of this tissue-

timepoint is very different from other tissue-timepoint combinations, especially in leaf tissue.  

 

Figure 16. Overview of hierarchical clustering heat map for GLS biosynthetic paralogs. Red patches indicate high RGE. 
Green patches indicate low RGE.  Highlighted in orange: High R cluster of aliphatic GLS genes. Highlighted in yellow: low 
RGE in T6 turnips. Highlighted in white: Different RGE profile at mature leaves in T4. Highlighted in blue: Dendrogram 
branch group related to a high RGE cluster of AGLS.  
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MAM1 

 

Figure 17. Hierarchical clustering RGE heat map of GLS biosynthetic genes. MAM1 paralogs are highlighted in yellow. 
Red patches indicate high RGE. Green patches indicate low RGE.  

There is a high correlation between the gene expression profiles of MAM1_1 and MAM1_3 as seen 

in the heat map (Figure 17), since these paralogs are closely situated to each other, having very 

similar expression patterns. Although MAM1_2 is at a distance in the heat map from MAM1_1 and 

MAM1_3, its expression pattern is quite similar to these paralogs across tissues and time points. The 

correlations among MAM1 paralogs are all statistically significant and in the range of r=0.86-0.92.   

Figure 18 shows that the highest expression for all MAM1 paralogs is in young leaves, and that RGE 

for mature leaves is at its lowest in T4 for both accessions. However, gene expression is 10-fold 

higher in mature leaves during T6 compared to T4.  Relative gene expression is lower in stem, 

flowers and seeds of both accessions. Although in inner turnip at T2 gene expression is 100-fold 

lower than in T1 seedling, gene expression increases in turnips with the developmental stage 

reaching between 2 and 25 times the level of RGE in seedlings. However, RGE decreases again in 

inner turnip tissues at T6, being up to 100-fold lower than in FT-004 at the seedling stage.  
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Figure 18. RGE pattern for MAM1 paralogs. The Y axis shows the fold-change in expression compared to seedling of 
accession FT-004.  

 

MAM3 

In Figure 19 and Figure 20, highlighting in the hierarchical clustering MAM3 paralogs and showing 

RGE pattern for MAM3 paralogs, respectively,  it is seen that MAM3_1, MAM3_3, and MAM3_4 are 

clustered together and have a very similar RGE  pattern. However, MAM3_2 is separated from this 

cluster, being significantly correlated with GS-OH_1 (r=0.69). It is also noticeable that MAM3_2 and 

GS_OH 1 tend to be  higher expressed in tissues of FT-004. This trend is confirmed by means of a t-

test performed for both paralogs with respect to the accession factor. Both paralogs are significantly 

higher expressed in FT-004 than in FT-086 (t-test). When looking at Figures 6 to 8, the only AGLS that 

follows such  trend is NAPOL (5C), which is the product of conversion of CAN by GS-OH. MAM3_2 is 

negatively correlated to ERU and NAP (r=-0.41 and -0.51, respectively), though the negative 

correlation between MAM3_2 and ERU falls short out of the significance threshold of significance 

(p=0.06). Also, GS-OH_1 is positively correlated to NAPOL (r=0.56), and it is also negatively 

correlated to NAP (4C) (r=-0.74, p<0.001). This correlation makes sense, since GS-OH hydroxylates 

CAN to produce NAPOL. 
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Figure 19. Hierarchical clustering RGE heat map of GLS biosynthetic genes with MAM3 paralogs highlighted in yellow. 
Red patches indicate high RGE. Green patches indicate low RGE. 

 

 

 

Figure 20. RGE pattern for MAM3 paralogs .The Y axis shows the fold-change in expression compared to seedling of 
accession FT-004.  
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AOP2  

 

All AOP2 paralogs are closely correlated to each other, as seen in the correlation matrix, and in 

Figures 21 and 22. Figure 21 also shows that all AOP paralogs are higher expressed in leaves, young 

and mature. The only exception to this is mature leaves in T4, where gene expression is 10- fold 

lower compared to leaves in other time points, but still higher than in stem, turnip tissues.  

Comparing MAM1, MAM3, and AOP paralogs RGE patterns, these are closely correlated, as seen in 

Figures 23 and in the correlation matrix. Only negative correlations are observed between AOP2 

paralogs and AGLS. The only significant correlation is a negative correlation between AOP2_3 and 

BER, which could be expected from the conversion of BER to CAN by AOP2, but there is no significant 

positive correlation between AOP2 and NAP or CAN. 

 

Figure 21. Hierarchical clustering RGE heat map of GLS biosynthetic genes with AOP2 paralogs highlighted in yellow. Red 
patches indicate high RGE. Green patches indicate low RGE. 
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Figure 22. RGE pattern for AOP2 paralogs. 

  

 

Figure 23. Comparison of RGE patterns among MAM1, MAM3 and AOP paralogs  

 

MYB28 and MYB29 aliphatic pathway transcription factors  

 

Both MYB28 paralogs, MYB28_1 and MYB28_2, are expressed in a similar way, as illustrated in  

Figure 24 where they are clustered together in the dendrogram. This similarity in RGE patterns is 

also shown in Figure 25, and by their strong correlation (r=0.76).  

On the contrary, the MYB29 RGE tends to be higher when and where MYB28 paralogs RGE is lower. 

(Figure 26 and 27). This is also reflected in the negative correlation between MYB29 with MYB28_1 

and MYB28_2 (r=-0.27 and -0.4, respectively), though these correlation coefficients are not 

significantly different from zero. 

A positive effect of the expression of both MYB28 paralogs in the expression of MAM, AOP and 

CYP83A1 is inferred from Table 7 (High correlation cluster, highlighted in blue). Both MYB28_1 and 
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MYB28_2 are positively correlated to all MAM, AOP2 and CYP83A1 paralogs. Though not all 

correlations are statistically significant, the strongest correlations are found with AOP2 and CYP83A1 

paralogs 

 

Figure 24. Hierarchical clustering RGE heat map of GLS biosynthetic genes with MYB28 and MYB29 paralogs highlighted 
in yellow. Red patches indicate high RGE. Green patches indicate low RGE. 

 

 

Figure 25. RGE pattern for MYB28 and MYB29 transcription factor paralogs. 
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GS-OH   

 

The GS-OH paralogs are far from each other in the hierarchical clustering heat map (Figure 26). This 

fact is also evident in Table 7, showing no correlation among GS-OH_1, GS-OH_2, and GS-OH_3. 

Figure 27 also shows the differences in RGE pattern among the three GS-OH paralogs. It is also 

interesting to see that GS-OH_2 has a similar expression pattern with MYB51_2, since these genes 

belong to the AGLS and IGLS biosynthetic pathways respectively. The correlation between their RGE 

patterns is positive (r=0.44). The same phenomenon is observed in the correlations between GS-

OH_3 and and the IGLS TFs MYB34_1, MYB34_2, and MYB34_4 which are also moderately strong 

(r=0.58, r=0.43, and r=0.56, respectively).  Contrary to what could have been expected, according to 

the correlation matrix in Table none of these paralogs show any significant correlation to PRO.  For 

NAPOL, product after conversion CAN by GSOH, the only significant correlation is with GS-OH_1 (r = 

0.56, p = 0.007). The only significant correlation between GS-OH and MAM paralogs is between 

MAM3_2 and GS-OH_1 (r = 0.69, p < 0.001). Likewise, there are no significant correlations between 

AOP2 and GS-OH paralogs.  

 

Figure 26. Hierarchical clustering RGE heat map of GLS biosynthetic genes with GS-OH paralogs highlighted in yellow. 
Red patches indicate high RGE. Green patches indicate low RGE. 

 

 



41 
 

 

Figure 27. RGE pattern for GS-OH gene paralogs.  

 

CYP83A1  

In the core structure formation stage of the AGLS biosynthetic pathway, CYP83A1 plays a key role by 

metabolizing aliphatic aldoximes (Naur, 2003). CYP83A1 paralogs CYP83A1_1 and CYP83A1_2 are 

close to each other in the hierarchical clustering map (Figure 28).  Their RGE patterns are similar, but 

CYP83A1_2 is more upregulated in all tissues and time points than CYP83A1_1 except in seeds of FT-

086 (Figure 29). These genes are also present in the high RGE cluster mentioned in Figure 16 

(highlighted in orange) . These paralogs, and their expression is at its highest in leaves, and at its 

lowest in turnip, following a similar trend to the other genes belonging to the AGLS pathway. 

Although CYP83A1 plays a key role in the core structure formation of AGLS, there are no significant 

correlations with any of the AGLS measured in the same samples.  
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Figure 28. Hierarchical clustering RGE heat map of GLS biosynthetic genes with CYP83A1 paralogs highlighted in yellow. 
Red patches indicate high RGE. Green patches indicate low RGE. 

 

 

Figure 29. RGE profile for CYP83A1 gene paralogs. 

 

GTR1  

AGLS transporter gene paralogs GTR1_1, GTR1_2 are clustered together with GTR2_2, and have 

similar RGE pattern (Figure 30). However, GTR1_3 is the most upregulated paralog across all tissues 

and time points, with exception of T4 mature leaves in FT-086. In both GTR1_2 and GTR1_3 the 

highest expression point is in the seeds of FT-004, which is 1000-fold lower than seeds of FT-086, 

and in seedlings of FT-086 (Figure 31). In contrast, the highest expression point of GTR1_1 is at T2 of 

FT-004 inner turnip, with its RGE decreasing in turnip as time moves on.   
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.  

 

Figure 30.  Hierarchical clustering heat map with GTR1 paralogs highlighted in yellow. Red patches indicate high RGE. 
Green patches indicate low RGE. 

 

Figure 31. RGE profile for GTR1 gene paralogs 

GTR2 

 

It has to be mentioned that there were missing RGE values for some accession-tissue-timepoint 

combinations. RGE patterns for GTR2 paralogs are similar except for GTR2_4 (Figures 32 and 33). It is 

possible that it is grouped separately due to an outlier in the RGE of flower in FT-004. Here, the - ΔCt 

value is -36.17 and the     2-ΔΔCt value is 3.65 x 10-9 , so the gene may well be deemed as non-
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expressed. Although 5 out of 22 data points for GTR2_4 are missing, it can be seen that in inner 

turnip it follows the same pattern as the other GTR2 paralogs..  

Overall, GTR2 paralogs reach their highest expression in inner turnips (T2-T3), seeds, as well as 

young and mature leaves in T6.   

 

Figure 32. Hierarchical clustering RGE heat map of GLS biosynthetic genes with GTR2 paralogs highlighted in yellow. Red 
patches indicate high RGE. Green patches indicate low RGE. 

 

 

Figure 33. RGE profile for GTR2 gene paralogs 
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MYB34 and MYB51 indolic pathway transcription factors 

Transcription factors related to the activation of the IGLS pathway, MYB34 paralogs MYB34_2, 

MYB34_1, and MYB34_4 are strongly correlated to each other, as seen in Figure 34 and 35, as well 

as in Table 7. However, MYB34_3 is in a different branching group in the dendrogram, close to and 

with a positive significant correlation to CYP79A2 (r=0.64), which belongs to the phenyl 

glucosinolates core structure formation pathway stage.  

According to Figure 34, MYB34_2, MYB34_1, and MYB34_4 are more expressed in turnip tissues, 

except for T6. MYB34_3 is apparently more upregulated (up to 1000-fold RGE differences) in tissues 

in the aerial part of the plant. However, it is lower expressed in turnip tissues.  It is also correlated to 

all AOP paralogs, MYB28_1, MYB28_2, CYP83A1_1, CYP83A1_2, MAM1_2, and MAM3_2. At the 

same time, it also has a positive correlation with CYP83B1, and a negative correlation with GTR3_3.  

The expression pattern of MYB51 paralogs is somewhat different from MYB34. Only in the case of 

MYB51_1 a significant difference (p <0.001) is observed in terms of the expression of the overall RGE 

per tissue type. Here, MYB51_1 is significantly more expressed in the seedling, young and mature 

leaves than in the turnip (Figure 36). As for MYB51_2 and MYB51_3, there was no significant 

difference in terms of their overall RGE per tissue type.  

 

Figure 34. Hierarchical clustering RGE heat map of GLS biosynthetic genes with MYB34 paralogs highlighted in orange. 
MYB51 paralogs are highlighted in yellow.  Red patches indicate high RGE. Green patches indicate low RGE. 
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Figure 35. RGE profile for MYB34 gene paralogs 

 

Figure 36. RGE profile for MYB51 gene paralogs 

 

CYP79A2 and CYP83B1 

CYP79A2 is related to the core structure formation stage in the phenyl GLS pathway. Besides being 

significantly correlated to MYB51_3, it also has a positive correlation to MYB51_1 (r=0.49). CYP83B1 

also has strong correlations with several indolic pathway transcription factors, such as MYB34_2, 

MYB34_3, MYB34_4, and MYB51_1. Although the gene product of CYP83B1 plays a key role in the 

IGLS pathway, there are no significant correlations between it and the IGLS reviewed in this project. 

At the same time, there is no significant correlation between CYP79A2 and NAS. 
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Figure 37. Hierarchical clustering RGE heat map of GLS biosynthetic genes with CYP79A2 and CYP83B1 paralogs 
highlighted in yellow. Red patches indicate high RGE. Green patches indicate low RGE. 

 

 

Figure 38. RGE profile for CYP79A2 and CYP83B1 genes 

GTR3, indolic GLS transporter 

The hierarchical clustering heat map in Figure 39 shows that GTR3_1 and GTR3_3 belong to a 

branching group of their own in the heat map, whereas GTR3_2 is clustered mostly with biosynthetic 

genes belonging to the aliphatic pathway. As seen in Tables 3 and 6 of Appendix 2, there are several 

missing data points for GTR3_1 and GTR3_3, so a possible reason for their position in the 

dendrogram is because the missing data values were imputed by GeneMaths from the mean of  both 

row and column values. As GTR3_2 is the paralog with the least missing values, it clusters together 
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with other genes, though not of the same biosynthetic pathway. Figure 40 shows the RGE pattern of 

GTR3 genes.  

Due to the fact that there are many missing data points, it is not possible to make solid conclusions 

about the RGE patterns of these paralogs, especially for GTR3_1 and GTR3_3 

 

Figure 39. Hierarchical clustering RGE heat map of GLS biosynthetic genes with GTR3 paralogs highlighted in yellow. Red 
patches indicate high RGE. Green patches indicate low RGE. 

 

 

Figure 40. RGE profile for GTR3 gene paralogs 
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Self-Organizing map (SOM) 

 

Biosynthetic genes and paralogs  

 

With the purpose of evaluating strength of relationships between GLS biosynthetic paralogs in terms 

of their RGE, as well as to evaluate co-regulatory patterns, three SOMs were generated with 

different grid sizes. In this section, SOMs for 3 x 3 and 5 x 5 for GLS biosynthetic genes and 2 x 2 SOM 

for GLS are displayed. The 4 x 4 SOM for biosynthetic genes and 3 x 3 and 4 x 4 SOM for GLS are 

displayed in Appendix 4. Small grid sizes allow visualizing larger cluster of genes that are similarly 

expressed, thus visualizing co-regulatory schemes. Larger grid sizes allow visualizing stronger 

relationships between genes, pointing to a possible common pathway.  In the 3 x 3 SOM grid, all 

MAM1 and MAM3 paralogs, except for MAM3_2 are clustered together with both CYP83A1 

paralogs, having the genes that participate in the side chain elongation and core structure formation 

together. All AOP2 paralogs are also clustered together with MYB28_2. Thus, in the upper part it is 

possible to see most of the paralogs that act in the AGLS biosynthetic pathway. However, both 

MYB28 paralogs are not clustered together in this grid, but they join each other in the 4 x 4 and 5 x 5 

SOM grids. MYB29 is always clustered apart from both MYB28 paralogs. 

GTR1_1 and GTR1_2 are not clustered together in the 3 x 3 SOM grid, but they do cluster together in 

the 4 x 4 and 5 x 5 SOM grids. The same occurs with GTR3_1 and GTR3_3. However, given their 

unique patterns that were imputed by GeneMaths due to their missing values, it is difficult to say 

whether the associations are real or not.  

The overall trend is the same as in the hierarchical clustering heat map, where the clusters of AGLS-

related paralogs tend to group together as the grid size increases. However, there are also several 

clusters formed by paralogs that belong to different GLS pathways 

As the size of the SOM grid increases, the number of clusters also increases. At the 5 x 5 SOM, the 

following paralog associations remain throughout all the grid size increases:  

- All AOP2 paralogs 

- MYB34_1, MYB34_2, and MYB34_4.  

- MAM3_2 and GS_OH_1 

- MYB28_1 and MYB34_3 

- MYB51_2 and GS-OH_2 

- GTR3_1 and GTR3_3 
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Figure 41. 3 x 3 SOM for GLS biosynthetic paralogs 

 

 

Figure 42. 5 x 5 SOM for GLS biosynthetic paralogs 

 

Glucosinolates 

Given the high tissue specificity of BER and ERU, this is the only cluster that remains intact after grid 

size increases. In the 2 x 2 SOM grid, GLS tend to cluster according to relative presence in tissues. 

BER and ERU form a single cluster. Below this cluster, NAP and NAS form another single cluster. 
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These GLS are mostly present, but not exclusively, in turnips. On the left side of the grid, there are 

two clusters with GLS that are more distributed throughout the plant. In one cluster, PRO, 4HBRA, 

and NAPOL are found. Below this cluster, BRA, 4HBRA, NBRA and CAN are together.  

As the grid increases in size, NAS does not cluster with any other GLS and the first clusters are 

broken down into smaller clusters.  

 

Figure 43. 2 x 2 SOM for GLS profile 

 

Discussion  

GLS distribution  
 

The GLS distribution across the plant is mainly determined by the plant organ (Figure 6). ERU, BER 

and to a lesser degree, NAS, are turnip-specific GLS, showing very little presence in other plant 

tissues, regardless of the developmental stage of the plant.  Given the GLS distribution profiles, the 

main difference in terms of tissue distribution seems to be between above-ground tissues and 

below-ground tissues for both AGLS and IGLS. In Figure 17, seed tissues are clustered together with 

turnip tissues of FT-004 in terms of GLS profile. In terms of gene expression, Figure 18 shows both 

seed tissue samples clustered together with turnip in T2 and T3. This suggests that seeds also 

become GLS sink tissues like turnips in T2 and T3. This is in accordance with Andersen and Halkier 

(2014), who demonstrated in Arabidopsis that, upon bolting, seeds become the sink tissue instead of 

the roots. Even though turnips are not roots, these are reserve organs. 
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Another factor that determines variation in GLS is the accession. It is seen that some GLS are 

significantly more present in one accession than in the other in Table 6. According to the current 

dataset, this should not be surprising, given the fact that FT-004 and FT-086 were chosen for this 

project because of the differences of their GLS profiles (Lee et al, 2013).  Differences between GLS 

profiles from diverse genotypes have been reported in previous studies in Pak Choi (Wiesner et al, 

2013), in Arabidopsis (Kliebenstein et al, 2001), and in B. rapa by Lou et al (2008). In the study 

carried out by Wiesner et al (2013), the differences in GLS profile were due to variations in the 

aliphatic glucosinolates profile, especially in differences of levels of PRO, NAP and the presence or 

absence of NAPOL. In Figure 12, NAP and NAPOL are at opposite extremes of the second principal 

component, driving the variation across this component. Therefore, it seems that NAP and NAPOL 

make the difference in the GLS profile of each accession. Kliebenstein et al (2001) analysed the GLS 

profiles of 39 Arabidopsis ecotypes from diverse environments, finding a large variability of GLS 

profiles among these genotypes. In their results, the variability of GLS profiles is originated in three 

loci: GS-Elong, GS-AOP and GS-OH, with more than 60% of the variation due to the GS-OH locus. This 

can be related with the high positive correlation between GS-OH_1 and NAPOL (r = 0.56, p = 0.007), 

as well as the negative correlation between NAP and GS-OH_1 (r = -0.74, p <0.001), as NAP is the 

precursor of PRO. Kliebenstein et al (2001), also hypothesize that the wide diversity of GLS profiles 

among the Arabidopsis accessions is in response to the pressure of different herbivore agents 

present in each environment.  Lou et al (2008), identified several QTLs for accumulation of GLS in 

leaves in two double haploid (DH) populations in two different growth seasons.  

Transcription factors as genes of major influence in GLS biosynthetic 

pathways  
 

MYB28 – MYB29 

MYB28 transcription factor paralogs are significantly correlated with the major AGLS biosynthetic 

genes. Such are the positive correlations of MYB28_2 with MAM paralogs (r = 0.48 – 0.63), except 

with MAM3_2. However, the only significant correlations of MYB28_1 with MAM paralogs are with 

MAM3_2 and MAM1_2 (r=0.44 and 0.48, respectively). Both MYB28 paralogs have significant 

positive correlations with all AOP2 paralogs, ranging between r=0.52 and r=0.72, as well as with 

CYP83_A1 paralogs (r between 0.54 and 0.72). In a previous study, the importance of MYB28 and 

MYB29 had been proved when, upon the construction of a myb28myb29 double mutant in 

Arabidopsis, the plant was devoid of AGLS (Beekwilder et al, 2008). The similarity of the expression 

patterns of MYB28, MAM1, MAM3 and AOP2 is illustrated in Figure 16, where these paralogs are 

grouped together in the high RGE hotspot highlighted.   

However, there are no significant correlations between MYB28 or MYB29 paralogs with any GS-OH 

paralog. It is also important to point that no significant correlations were found between MYB28 

paralogs and AGLS. MYB29 shows no significant correlations to any AGSL whatsoever. Even though 

the expression of MYB29 is negatively correlated to both MYB28 paralogs, no significantly negative 

correlations between MYB29 and any AGLS biosynthetic gene are observed. Likewise, only 11 out of 

a total of 174 correlations between AGLS and AGLS biosynthetic genes are statistically significant. It 

is also interesting to observe in Figure 44 that while MYB28 paralogs are at their lowest expression in 

turnips, ERU and BER at their highest relative peak area. This phenomenon of no correlation 

between the expression of transcription factors and biosynthetic genes and GLS has been observed 
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by Sønderby et al (2010b), who suggested that the metabolic chemotype is decoupled from the level 

of biosynthetic transcripts. They also point to the fact that there may be other mechanisms besides 

direct transcriptional regulation that have an influence on the AGLS profile. Possible mechanisms 

could be transport to other organs of the plant, as well as translational efficiency, protein stability 

and alternative splicing. Further studies on GLS biosynthesis and profile should consider these 

factors.  

 

Figure 44. GLS profile versus gene expression. MYB28 and MYB29 transcription factors vs ERU and BER.  

Besides these factors, there can be other gene expression factors that can explain the observed lack 

of correlation between MYB transcription factors and AGLS presence. An example of this is that 

there are recently identified transcription factors that are described as having a role in the GLS 

biosynthetic gene expression. Such is the case of the basic Helix-Loop-Helix (bHLH) transcription 

factors MYC2, MYC3, and MYC4 (Schweizer et al, 2013). It is suggested that these transcription 

factors form complexes with every known GLS-biosynthesis related transcription factor (MYB), thus 

playing a role in GLS biosynthesis regulation. Schweizer et al (2013) also demonstrated that MYC2, 

MYC3 and MYC4 can also play a role in the expression of GLS biosynthetic genes by binding to their 

promoter at a specific motif. However, the number of genes regulated by MYC2, MYC3 and MYC4 is 

unknown.   

MYB34 - MYB51 

CYP83B1, which metabolized both indolic and aromatic oximes at the core structure formation 

phase (Naur et al, 2003) is positively correlated to MYB34_2, MYB34_3, MYB34_4, and MYB51_1 

(r=0.79, 0.43, 0.49, 0.81, respectively). In the case of CYP79B2, it is only positively correlated to 

MYB34_3 and MYB51_1 (r = 0.63 and 0.49, respectively). Unlike in the case of the AGLS being 

studied in this project, there is positive correlation between transcription factors and IGLS. BRA is 

correlated to MYB34_1, MYB34_2, and MYB34_4 (r = 0.6, 0.46 and 0.63, respectively). NBRA is only 

correlated to MYB34_4 (r= 0.48), 4HBRA is correlated to both MYB34_1 and MYB34_4 ( r= 0.52 and 

0.43), and 4MBRA is only correlated to MYB51_2 (r=0.47). However, these correlation coefficients 

are not so high, taking into account the role of MYB34 and MYB51 in the activation of the IGLS 

pathway, so there might be other factors that have an impact in the amount of IGLS.  Triple mutants 

of myb34myb51myb122 in Arabidopsis are devoid of IGLS (Frerigmann and Gigolashvili, 2014), 

showing the importance of these transcriptions factors in the activation of the IGLS pathway. Just as 
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in the case of AGLS, MYC2, MYC3, and MYC4 transcriptions factors can also be involved in the IGLS 

biosynthetic genes expression. Frerigmann (2014), identified bHLH05 as a transcription factor that 

interacts with MYB51, as well as bHLH04, bHLH05 and bHLH06/MYC2 as regulators of GLS 

biosynthesis in Arabidopsis.  As in the AGLS biosynthesis, factors such as transport processes, 

translational efficiency, protein stability and differential splicing may play a role in the amount of 

synthesized AGLS. 

GTR genes activity 
GTR1 and GTR2 , which are involved in the bidirectional transport of AGLS, tend to be highly 

expressed in seeds and in early developmental stages in turnips (T2). GTR1_3 is up to 10,000-fold 

higher expressed in the seed stage than in the seedling stage of FT-004. GTR2 paralogs, especially 

GTR2_2 and GTR2_4 are also highly active in the seed tissue. However, all GTR2 paralogs reach their 

peak of activity in the turnip at T2 in both accessions. In turnips, GTR1_1 and GTR1_2 are highly 

expressed at T2, and then their expression decreases in time in this tissue. The fact that GTR2 

paralogs follow a relatively similar expression pattern in inner turnips (T2-T3), as well as in young 

and mature leaves in T6 and seeds in T6, points at the possibility that AGLS transport processes from 

turnips to leaves and seeds occur at these developmental stages. Although there is a possibility that 

gene expression of GTR2_4 in flowers of FT-004 is lower that the detection threshold (more than 36 

cycles), it would be good to carry out the experiment again. In this case, it was not possible due to 

time constraints.  

The high expression of GTR1_3 in seed tissue is in accordance with the role of GTR1 and GTR2 as 

glucosinolate importers (Nour-Eldin et al, 2012). This GTR1 and GTR2-mediated transport of GLS to 

the seeds occurs upon bolting (Andersen and Halkier, 2014). Unlike another studies carried out in 

Brassica species, the seeds were not the most GLS-rich tissues in this study (Brown et al, 2003; Kim 

et al, 2013). However the fact that GTR transporters could have other roles besides GLS transport 

also has to be considered. An example of this is that Saito et al (2015) reported that GTR1 may also 

be involved in the transport of hormones such as gibberellin in Arabidopsis.   

Given the missing data points in the GTR3 paralogs RGE, it is difficult to make any conclusions about 

their expression profile and relationship with another genes and GLS. Definitely, further studies will 

be needed in order to assess more in depth the behaviour of GTR3 paralogs in B. rapa.  

MAM genes role in AGLS profile.  
In the two accessions being assessed in this project, NAPOL, the 5C GLS that is a product of GSOH 

conversion of CAN, is in higher amounts in FT-004. At the same time, MAM3_2 and GS-OH_1 are 

higher expressed in FT-004 than in FT-086. As there is a significant strong positive correlation 

between GS-OH_1 and MAM3_2  (r=0.69, p < 0.001), and between NAPOL and GS-OH_1 (r=0.56, p = 

0.007), The fact that a similar correlation type is not observed with PRO and GS-OH is unexpected 

since GS-OH in Arabidopsis is responsible for the biosynthesis of PRO by means of the hydroxylation 

of 3-butenyl-glucosinolate to form 2-hydroxybut-3-enyl glucosinolate (PRO) (Hansen et al, 2008). 

Therefore,  MAM3_1 and GS-OH_1 might be key regulators of NAPOL biosynthesis. Figure 45 shows 

the RGE of MAM3_2, GS-OH_1 and the quantitative variation in NAPOL. The peaks of presence of 

NAPOL are related with higher RGE in FT-004 tissues.  



55 
 

 

Figure 45. Relationship between RGE of MAM3_2 and GS-OH_1 with relative presence of NAPOL. 

All 5C AGLS in this study are significantly higher expressed overall in FT-004 compared to FT086 (BER, 

CAN and NAPOL, Table 6). Interestingly, neither BER nor CAN show any significant correlation to any 

MAM gene, which have a major role in chain elongation..  

In fact, in a previous study (Hirani et al, 2013) where homologous GSL-ELONG genes were replaced 

in B. rapa by the B. oleracea non-functional GSL-ELONG gene, the SCAR marker BraMAM1-1 was 

used. This marker is related to the presence of 5C AGLS.  BraMAM1-1 amplifies a region that is 

within MAM3_2 gene (as per primer BLAST analysis and review in the B. rapa genome database 

BRAD, version 1.5). The physical proximity of MAM3_2 to MAM1_2 and MAM3_1 may lead to think 

that these genes tend to be coexpressed. However, in this study this does not seem to be the case, 

since MAM3_2 has a different expression profile across both accessions than the other MAM genes, 

especially in leaves (Figure 46). Furthermore, MAM3_2 has no correlations with most MAM genes, 

except for MAM1_2 and MAM3_1, though the correlation coefficients are not remarkably high 

(0.53, p = 0.012 and 0.4, p = 0.066, respectively). Further studies with more genotypes and a larger 

number of samples with qRT-PCR expression will be required in order to assess the role of MAM3_2 

as the single responsible gene related to the 5C AGLS presence in B. rapa, as well as to assess the 

substrate-specificity of GS-OH_1 for CAN These studies, besides considering several 4C and 5C AGLS-

rich accessions, should focus mainly on leaf tissue, given the higher activity in leaves of MAM genes. 
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Figure 46. RGE patterns of MAM3_2, MAM3_1 and MAM1_2. MAM3_2 (in green) is more expressed in leaves of FT-004 
than in FT-086. 

 

AOP2 genes are mostly expressed in leaves and correlations with other 

AGLS biosynthetic genes 
As it can be seen in Figures 21 and 22, AOP2 genes are mostly upregulated in leaves. This is in 

accordance with the characterization of the AOP2 gene in Arabidopsis by Neal et al (2010). Here, 

AOP2 was found to be most abundant in leaf and stem tissues. In addition, that study also found 

that the AOP2 expression is light dependent, since there are light regulatory elements that were 

identified in the promoter region of the gene. They also found that the level of transcript of AOP2 

decreases rapidly with the quantity of light. This is further proof that there are other factors besides 

biosynthetic gene expression influencing GLS profile.  

The high correlations between AOP genes, MAM, CYP83A1 and MYB28 shown in the correlation 

matrix in Table 7 can also be seen in the PCA analysis for gene expression in Figures 13 and 14, 

where in the loading plot these genes sit together in an area that is homologous to where leaf 

tissues sit together in the score plot. The high RGE hotspot in the hierarchical clustering heat map in 

Figure 15 is mostly comprised of leaf tissue. However, GS-OH genes are not strongly correlated to 

the rest of the genes in the AGLS pathway in this study, as they are placed in the loading plot in 

Figure 14 in an area that is homologous to where turnip tissues sit together in the score plot. This 

suggests that PRO and NAPOL can be similarly synthesized in both leaves and turnips, whereas ERU 

and BER are mostly synthesized in leaves and then transported to the turnips where import is carried 

out by GTR1 and GTR2. NAP and CAN may also be more synthesized in leaves, as suggested by the 

PCA analysis, and then be translocated to the turnips for further transformation into PRO and 

NAPOL, respectively.  
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Conclusions 
 

- Tissue seems to be the most important factor related to both the GLS profile and the gene 

expression profile.  

 

- The genotype is also an important factor in the GLS profile, though in a lesser degree than 

the type of tissue where GLS are present.   

 

 

- GLS relative presence and gene expression are most often not correlated. There might be 

other factors that play a role in the amount of biosynthesized glucosinolates, such as 

transport processes, translational efficiency, protein stability and differential splicing.   There 

are also other transcription factors recently discovered that also have an influence in the 

activation of the biosynthetic pathways and further studies will be required in order to fully 

elucidate their role.  

 

- Leaves are tissues with high AGLS biosynthetic gene activity.   

 

 

- Turnips are tissues with a very specific GLS profile. ERU, BER and NAS to a lesser degree are 

turnip specific compounds.  This profile could be explained due to the action of GTR genes 

that import  ERU and BER into turnips 

 

- The action of MAM3_2 (BRA013009) may have effects on the GLS profile by the addition of a 

5th C to the side chain of deaminated Met.  

 

Recommendations 
 

- In order to fully validate the GTR gene expression study, as well as for the rest of the GLS 

biosynthetic genes paralogs, it would be advisable to sequence the amplicons and then blast 

them to the B. rapa genome. This will be a sound proof that the correct genes were 

evaluated.  

 

- Given the fact that there were missing data points for GTR2_4, GTR3_1, GTR3_2, GTR3_3, it 

is suggested to repeat the qRT-PCR experiment in order to better evaluate their RGE profile. 

It is also advisable to have more gene expression samples, especially from T3 and T5, since it 

would have allowed to evaluate the RGE patterns of side chain elongation, core structure 

formation and secondary motivation with better precision and to study the GTR genes 

behaviour in depth. It will also allow seeing if the developmental stage does not really have a 
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role in the GLS profile since in this case, T6 is overrepresented if compared to the other time 

points. It is also be advisable to redefine sampling time points and set them to more regular 

intervals in order to have a better view of how both GLS profile and gene expression evolve 

over time, since in this case, there are almost 7 months between T5 and T6. 

 

- Although the AGLS biosynthetic gene selection for this study covers all stages of the AGLS 

biosynthetic pathway, the IGLS gene selection could be covered in more detail. It would be 

advisable to perform RGE studies on genes that are involved in secondary modifications of 

IGLS after BRA is synthesized, such as CYP81F2, CYP81F3, CYP81F4, which are involved in the 

conversion of BRA to 4HBRA or NBRA, as well as IGMT1 and IGMT2, which convert 4HBRA to 

4MBRA (Pfalz et al, 2009; Pfalz et al, 2011).  This will allow having a better view of where 

IGLS are biosynthesized. 

 

- It would be interesting to evaluate the role of MAM3_2 (BRA013009) in the change from a 

4C dominant to a 5C dominant AGLS profile. This could possibly be carried out with a mutant 

of MAM3_2 in FT-004, or any other accession rich in 5C AGLS compared to a wild type 

control. Then, LC-MS or another suitable technique can be applied on leaf and turnip tissues 

before bolting, since GLS will tend to go to the tissues after bolting. 
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Appendix 1: LC-MS data  
 

Appendix 1, Table 1. LC-MS raw data. PRO: Progoitrin, Napol: Gluconapoleiferin, Napin: Gluconapin, 4hBrass: 4-hydroxyglucobrassicin, Canapin: Glucobrassicanapin, Erucin: Glucoerucin, 
Brass: Glucobrassicin, Naturtiin: Gluconasturtiin, Berteroin: Glucoberteroin, 4mBras: 4-methoxyglucobrassicin, Neobras:  Neoglucobrassicin. AVG: Average peak area. SE: Standard error. 
CV: Coefficient of variation among 3 biological replicates. 
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Appendix 1, Table 2. LC-MS data (Continued). PRO: Progoitrin, Napol: Gluconapoleiferin, Napin: Gluconapin, 4hBrass: 4-hydroxyglucobrassicin, Canapin: Glucobrassicanapin, Erucin: 
Glucoerucin, Brass: Glucobrassicin, Naturtiin: Gluconasturtiin, Berteroin: Glucoberteroin, 4mBras: 4-methoxyglucobrassicin, Neobras:  Neoglucobrassicin. AVG: Average peak area. SE: 
Standard error. CV: Coefficient of variation among 3 biological replicates. 
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Appendix 1, Table 3. LC-MS data (Continued). PRO: Progoitrin, Napol: Gluconapoleiferin, Napin: Gluconapin, 4hBrass: 4-hydroxyglucobrassicin, Canapin: Glucobrassicanapin, Erucin: 
Glucoerucin, Brass: Glucobrassicin, Naturtiin: Gluconasturtiin, Berteroin: Glucoberteroin, 4mBras: 4-methoxyglucobrassicin, Neobras:  Neoglucobrassicin. AVG: Average peak area. SE: 
Standard error. CV: Coefficient of variation among 3 biological replicates. 
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Appendix 1, Table 4. LC-MS data (continued). PRO: Progoitrin, Napol: Gluconapoleiferin, Napin: Gluconapin, 4hBrass: 4-hydroxyglucobrassicin, Canapin: Glucobrassicanapin, Erucin: 
Glucoerucin, Brass: Glucobrassicin, Naturtiin: Gluconasturtiin, Berteroin: Glucoberteroin, 4mBras: 4-methoxyglucobrassicin, Neobras:  Neoglucobrassicin. AVG: Average peak area. SE: 
Standard error. CV: Coefficient of variation among 3 biological replicates. 
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Appendix 1, Table 5. LC-MS data (Continued). PRO: Progoitrin, Napol: Gluconapoleiferin, Napin: Gluconapin, 4hBrass: 4-hydroxyglucobrassicin, Canapin: Glucobrassicanapin, Erucin: 
Glucoerucin, Brass: Glucobrassicin, Naturtiin: Gluconasturtiin, Berteroin: Glucoberteroin, 4mBras: 4-methoxyglucobrassicin, Neobras:  Neoglucobrassicin. AVG: Average peak area. SE: 
Standard error. CV: Coefficient of variation among 3 biological replicates. 
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Appendix 1, Table 6. LC-MS data (continued). PRO: Progoitrin, Napol: Gluconapoleiferin, Napin: Gluconapin, 4hBrass: 4-hydroxyglucobrassicin, Canapin: Glucobrassicanapin, Erucin: 
Glucoerucin, Brass: Glucobrassicin, Naturtiin: Gluconasturtiin, Berteroin: Glucoberteroin, 4mBras: 4-methoxyglucobrassicin, Neobras:  Neoglucobrassicin. AVG: Average peak area. SE: 
Standard error. CV: Coefficient of variation among 3 biological replicates. 
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Appendix 1, Table 7. LC-MS data (continued). PRO: Progoitrin, Napol: Gluconapoleiferin, Napin: Gluconapin, 4hBrass: 4-hydroxyglucobrassicin, Canapin: Glucobrassicanapin, Erucin: 
Glucoerucin, Brass: Glucobrassicin, Naturtiin: Gluconasturtiin, Berteroin: Glucoberteroin, 4mBras: 4-methoxyglucobrassicin, Neobras:  Neoglucobrassicin. AVG: Average peak area. SE: 
Standard error. CV: Coefficient of variation among 3 biological replicates. 
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Appendix 1, Table 8. LC-MS data (continued). PRO: Progoitrin, Napol: Gluconapoleiferin, Napin: Gluconapin, 4hBrass: 4-hydroxyglucobrassicin, Canapin: Glucobrassicanapin, Erucin: 
Glucoerucin, Brass: Glucobrassicin, Naturtiin: Gluconasturtiin, Berteroin: Glucoberteroin, 4mBras: 4-methoxyglucobrassicin, Neobras:  Neoglucobrassicin. AVG: Average peak area. SE: 
Standard error. CV: Coefficient of variation among 3 biological replicates. 
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Appendix 1, Table 9. LC-MS data (continued). PRO: Progoitrin, Napol: Gluconapoleiferin, Napin: Gluconapin, 4hBrass: 4-hydroxyglucobrassicin, Canapin: Glucobrassicanapin, Erucin: 
Glucoerucin, Brass: Glucobrassicin, Naturtiin: Gluconasturtiin, Berteroin: Glucoberteroin, 4mBras: 4-methoxyglucobrassicin, Neobras:  Neoglucobrassicin. AVG: Average peak area. SE: 
Standard error. CV: Coefficient of variation among 3 biological replicates. 
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Appendix 2: qRT-PCR data 

 Gene expression data as –ΔCt  
 

Appendix 2, Table 1. Gene expression data as –ΔCt  
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Appendix 2, Table 2. Gene expression data as –ΔCt  (Continued) 
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Appendix 2, Table 3. Gene expression data as –ΔCt (Continued) 
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Gene expression data as 2-ΔΔCt  

 

Appendix 2, Table 4. Gene expression data as 2
-ΔΔCt
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Appendix 2, Table 5. Gene expression data as 2-ΔΔCt (continued) 
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Appendix 2, Table 6. Gene expression data as 2-ΔΔCt (continued) 
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Appendix 3: Wilcoxon and t-tests 
 

T-test 
 

Normality verifications 

Shapiro-Wilk test for Normality 

  
Data variate:  MAM3_Bra013009 
Test statistic W:  0.9657 
Probability:  0.611 
  
 

  

Shapiro-Wilk test for Normality 

  
Data variate:  GS_OH__Bra022920 
Test statistic W:  0.9269 
Probability:  0.106  
 

 
Appendix 3, Figure 1. Q-Q plot for GS-OH_BRA022920 (GS-OH_1) gene expression data (-ΔCt) 
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Appendix 3, Figure 2. Q-Q plot for MAM3_BRA013009 (MAM3_2) gene expression data (-ΔCt) 

 

 

Equal variances verification  

 

Variances and degrees of freedom 

  
  
  Var_ d_f 
 Accession   
 FT-004 15.28 10 
 FT-086 6.59 10 
  
  
  

Bartlett's test for homogeneity of variances 

  
Chi-square 1.64 on 1 degrees of freedom: probability 0.201 
  
 

  

Variances and degrees of freedom 

  
  
  Var_ d_f 
 Accession   
 FT-004 16.92 10 
 FT-086 8.76 10 
  
  
  

Bartlett's test for homogeneity of variances 
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Chi-square 1.01 on 1 degrees of freedom: probability 0.314 

 

T-tests  

Two-sample t-test 
  
Variate: MAM3_Bra013009 
Group factor: Accession 
  
  

Test for equality of sample variances 

  
  
Test statistic F = 1.93 on 10 and 10 d.f. 
  
Probability (under null hypothesis of equal variances) = 0.31 
  
  

Summary 

  
        Standard  Standard error 
Sample  Size  Mean  Variance  deviation  of mean 
FT-004  11  -9.45  16.92  4.113  1.240 
FT-086  11  -12.97  8.76  2.960  0.892 
  
Difference of means:  3.519 
Standard error of difference:  1.528 
  
95% one-sided confidence interval for difference in means: (0.8842, ...) 
  
  

Test of null hypothesis that mean of MAM3_Bra013009 with Accession = 
FT-004 is not greater than mean with Accession = FT-086 

  
Test statistic t = 2.30 on 20 d.f. 
  
Probability = 0.016 

 
Two-sample t-test 
  
Variate: GS_OH__Bra022920 
Group factor: Accession 
  
  

Test for equality of sample variances 

  
  
Test statistic F = 2.32 on 10 and 10 d.f. 
  
Probability (under null hypothesis of equal variances) = 0.20 
  
  

Summary 

  
        Standard  Standard error 
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Sample  Size  Mean  Variance  deviation  of mean 
FT-004  11  -4.106  15.28  3.909  1.1785 
FT-086  11  -11.225  6.59  2.566  0.7738 
  
Difference of means:  7.119 
Standard error of difference:  1.410 
  
95% one-sided confidence interval for difference in means: (4.688, ...) 
  
  

Test of null hypothesis that mean of GS_OH__Bra022920 with 
Accession = FT-004 is not greater than mean with Accession = FT-086 

  
Test statistic t = 5.05 on 20 d.f. 
  
Probability < 0.001 

 

Wilcoxon tests on GLS 
 

Normality verifications 

Shapiro-Wilk test for Normality 

  
Data variate:  Pro 
Test statistic W:  0.8943 
Probability:  <0.001 
  
  

Shapiro-Wilk test for Normality 

  
Data variate:  Napol 
Test statistic W:  0.7457 
Probability:  <0.001 
  
  

Shapiro-Wilk test for Normality 

  
Data variate:  Napin 
Test statistic W:  0.8715 
Probability:  <0.001 
  
  

Shapiro-Wilk test for Normality 

  
Data variate:  %4hBrass 
Test statistic W:  0.6661 
Probability:  <0.001 
  
  

Shapiro-Wilk test for Normality 

  
Data variate:  Canapin 
Test statistic W:  0.9168 
Probability:  <0.001 
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Shapiro-Wilk test for Normality 

  
Data variate:  Erucin 
Test statistic W:  0.4197 
Probability:  <0.001 
  
  

Shapiro-Wilk test for Normality 

  
Data variate:  Brass 
Test statistic W:  0.7584 
Probability:  <0.001 
  
  

Shapiro-Wilk test for Normality 

  
Data variate:  Naturtiin 
Test statistic W:  0.8474 
Probability:  <0.001 
  
  

Shapiro-Wilk test for Normality 

  
Data variate:  Berteroin 
Test statistic W:  0.4797 
Probability:  <0.001 
  
  

Shapiro-Wilk test for Normality 

  
Data variate:  %4mBrass 
Test statistic W:  0.8453 
Probability:  <0.001 
  
  

Shapiro-Wilk test for Normality 

  
Data variate:  NeoBrass 
Test statistic W:  0.7840 
Probability:  <0.001 
  

Wilcoxon rank-sum tests on all GLS 

  

Mann-Whitney U (Wilcoxon rank-sum) test 
  
Variate: Pro 
Group factor: Accession 
  
Value of U: 1814.0 (first sample has higher rank sum). 
  
Normal approximation: 4.35 (p<0.001) 
Adjusted for ties:    4.35 (p<0.001) 
(under null hypothesis that group FT-004 is equal to group FT-086). 
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Sample sizes: 78, 78. 
  
  

Mann-Whitney U (Wilcoxon rank-sum) test 
  
Variate: Napol 
Group factor: Accession 
  
Value of U: 266.0 (first sample has higher rank sum). 
  
Normal approximation: 9.84 (p<0.001) 
Adjusted for ties:    9.85 (p<0.001) 
(under null hypothesis that group FT-004 is equal to group FT-086). 
  
Sample sizes: 78, 78. 
  
  

Mann-Whitney U (Wilcoxon rank-sum) test 
  
Variate: Napin 
Group factor: Accession 
  
Value of U: 541.0 (second sample has higher rank sum). 
  
Normal approximation: 8.86 (p<0.001) 
(under null hypothesis that group FT-004 is equal to group FT-086). 
  
Sample sizes: 78, 78. 
  
  

Mann-Whitney U (Wilcoxon rank-sum) test 
  
Variate: %4hBrass 
Group factor: Accession 
  
Value of U: 1228.0 (first sample has higher rank sum). 
  
Normal approximation: 6.43 (p<0.001) 
(under null hypothesis that group FT-004 is equal to group FT-086). 
  
Sample sizes: 78, 78. 
  
  

Mann-Whitney U (Wilcoxon rank-sum) test 
  
Variate: Canapin 
Group factor: Accession 
  
Value of U: 2024.0 (first sample has higher rank sum). 
  
Normal approximation: 3.61 (p<0.001) 
(under null hypothesis that group FT-004 is equal to group FT-086). 
  
Sample sizes: 78, 78. 
  
  

Mann-Whitney U (Wilcoxon rank-sum) test 
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Variate: Erucin 
Group factor: Accession 
  
Value of U: 2681.0 (second sample has higher rank sum). 
  
Normal approximation: 1.28 (p=0.201) 
Adjusted for ties:    1.34 (p=0.179) 
(under null hypothesis that group FT-004 is equal to group FT-086). 
  
Sample sizes: 78, 78. 
  
  

Mann-Whitney U (Wilcoxon rank-sum) test 
  
Variate: Brass 
Group factor: Accession 
  
Value of U: 2837.0 (second sample has higher rank sum). 
  
Normal approximation: 0.73 (p=0.467) 
(under null hypothesis that group FT-004 is equal to group FT-086). 
  
Sample sizes: 78, 78. 
  
  

Mann-Whitney U (Wilcoxon rank-sum) test 
  
Variate: Naturtiin 
Group factor: Accession 
  
Value of U: 3016.0 (second sample has higher rank sum). 
  
Normal approximation: 0.09 (p=0.927) 
(under null hypothesis that group FT-004 is equal to group FT-086). 
  
Sample sizes: 78, 78. 
  
  

Mann-Whitney U (Wilcoxon rank-sum) test 
  
Variate: Berteroin 
Group factor: Accession 
  
Value of U: 2060.0 (first sample has higher rank sum). 
  
Normal approximation: 3.48 (p<0.001) 
Adjusted for ties:    3.59 (p<0.001) 
(under null hypothesis that group FT-004 is equal to group FT-086). 
  
Sample sizes: 78, 78. 
  
  

Mann-Whitney U (Wilcoxon rank-sum) test 
  
Variate: %4mBrass 
Group factor: Accession 
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Value of U: 2649.0 (first sample has higher rank sum). 
  
Normal approximation: 1.39 (p=0.164) 
(under null hypothesis that group FT-004 is equal to group FT-086). 
  
Sample sizes: 78, 78. 
  
  

Mann-Whitney U (Wilcoxon rank-sum) test 
  
Variate: NeoBrass 
Group factor: Accession 
  
Value of U: 2177.0 (second sample has higher rank sum). 
  
Normal approximation: 3.07 (p=0.002) 
(under null hypothesis that group FT-004 is equal to group FT-086). 
  
Sample sizes: 78, 78. 
  
  

Wilcoxon rank-sum tests on GLS with significant differences between accessions 

  

Mann-Whitney U (Wilcoxon rank-sum) test 
  
Variate: Pro 
Group factor: Accession 
  
Value of U: 1814.0 (first sample has higher rank sum). 
  
Normal approximation: 4.35 (p<0.001) 
Adjusted for ties:    4.35 (p<0.001) 
(under null hypothesis that group FT-004 is not greater than group FT-086). 
  
Sample sizes: 78, 78. 
  
  

Mann-Whitney U (Wilcoxon rank-sum) test 
  
Variate: %4hBrass 
Group factor: Accession 
  
Value of U: 1228.0 (first sample has higher rank sum). 
  
Normal approximation: 6.43 (p<0.001) 
(under null hypothesis that group FT-004 is not greater than group FT-086). 
  
Sample sizes: 78, 78. 
  
  

Mann-Whitney U (Wilcoxon rank-sum) test 
  
Variate: Berteroin 
Group factor: Accession 
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Value of U: 2060.0 (first sample has higher rank sum). 
  
Normal approximation: 3.48 (p<0.001) 
Adjusted for ties:    3.59 (p<0.001) 
(under null hypothesis that group FT-004 is not greater than group FT-086). 
  
Sample sizes: 78, 78. 
  
  

Mann-Whitney U (Wilcoxon rank-sum) test 
  
Variate: Canapin 
Group factor: Accession 
  
Value of U: 2024.0 (first sample has higher rank sum). 
  
Normal approximation: 3.61 (p<0.001) 
(under null hypothesis that group FT-004 is not greater than group FT-086). 
  
Sample sizes: 78, 78. 
  
  

Mann-Whitney U (Wilcoxon rank-sum) test 
  
Variate: Napol 
Group factor: Accession 
  
Value of U: 266.0 (first sample has higher rank sum). 
  
Normal approximation: 9.84 (p<0.001) 
Adjusted for ties:    9.85 (p<0.001) 
(under null hypothesis that group FT-004 is not greater than group FT-086). 
  
Sample sizes: 78, 78. 
  
 

  

Mann-Whitney U (Wilcoxon rank-sum) test 
  
Variate: Napin 
Group factor: Accession 
  
Value of U: 541.0 (second sample has higher rank sum). 
  
Normal approximation: 8.86 (p<0.001) 
(under null hypothesis that group FT-004 is not less than group FT-086). 
  
Sample sizes: 78, 78. 
  
  

Mann-Whitney U (Wilcoxon rank-sum) test 
  
Variate: NeoBrass 
Group factor: Accession 
  
Value of U: 2177.0 (second sample has higher rank sum). 
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Normal approximation: 3.07 (p=0.001) 
(under null hypothesis that group FT-004 is not less than group FT-086). 
 Sample sizes: 78, 78. 
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Appendix 4: SOM maps not shown in the report 
 

 

 

Appendix 4, Figure 1. 4 x 4 SOM for GLS biosynthetic genes 

 

 

 

Appendix 4, Figure 2. 3 x 3 SOM for GLS 
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Appendix 4, Figure 3. 4 x 4 SOM for GLS 


