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The cold hardy novel oil- and cover crop Lepidium campestre is currently being domesticated as a 

potential oil crop for the Nordic region. To achieve this objective, multiple traits have previously 

been identified as desirable to improve, including seed oil content and composition, and 

glucosinolate (GL) content. This study aims to find improve future breeding efforts for these traits, 

by identifying favourable markers in L. campestre, as well as evaluate related species for future 

interspecific hybridization. In line with this, major genes involved in the biosynthetic and 

degradation pathways of seed oil and glucosinolate were evaluated in 40 accessions of Lepidium 

with the aim of finding a significant association with polymorphisms and total oil content, oleic acid 

(OA) and erucic acid (EA) contents as well as total GL content, Sinalbin (Sb) and glucoallysin (Gl) 

contents. In total, 113 significantly associated markers were identified. Among these markers, 27 

were identified as especially interesting, 13 markers with oil content, eight with oil composition 

(OA and EA), and six with GL content. In addition, relatives of L. campestre were evaluated for 

morphology, seed oil content, oil composition and glucosinolate content. Their phylogenetic 

relationship with L. campestre was also evaluated for use as potential candidates for interspecific 

hybridization. In this analysis two species with beneficial OA content were suggested for future 

crosses, L. hirtum subsp. calycotrichum and L. heterohyllum. An additional four species with 

beneficial oil-, OA-, EA- and GL-content were identified as interesting targets for future embryo 

rescue protocol adaptation, necessary to overcome breeding barriers. These include L. 

graminifolium, L. sativum, L. virginicum subsp. Menziesii, and L. perfoliatum. 
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1. Introduction 

1.1 Background and Aim 

One of the major challenges we face in moving towards a sustainable future is the 

demand for oil. Oil is most commonly derived from non-renewable sources, 

affecting the climate negatively by being a major factor in carbon emissions. 

Furthermore, the demand for edible oil has tripled in the last two decades (Jindasa 

et al. 2022). Vegetable oils share high structural similarity with fossil fuels and 

provide a much more sustainable alternative (Carlsson et al. 2011). Rapeseed 

(Brassica napus ssp. napus) is the major oil crop grown in Sweden. It is, however, 

not very productive in the Nordic climate, due to its poor winter hardiness. For this 

purpose, domestication efforts of a cold hardy field cress (Lepidium campestre), a 

wild member of the Brassicaceae family, have been put forward in the last decades 

(Nilsson, Johansson & Merker, 1998, Gustafsson et al. 2018, Ortiz et al. 2020). 

  

 

 

Figure 1. Flowchart showcasing study aim, process, and methods of the two projects contained 

within this study. The first project evaluating polymorphisms to identify molecular markers within 

L. campestre for future breeding efforts is shown in blue. The second project evaluating relatives of 

L. campestre to identify targets for future interspecific hybridization is shown in orange. 

Bioinformatic-related work is shown in grey.  

Acc = Accession, NGS = Next generation sequencing, PCR = Polymer Chain Reaction. 
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The primary objective of this study is to identify molecular markers and to evaluate 

and identify potential new Lepidium species that could be used for interspecific 

hybridization with L. campestre, thereby introgressing desirable genes to the latter 

to speed up its domestication and breeding (Figure 1). In order to identify markers, 

genetic variation analysis was performed on L. campestre genes related to oil 

content, oil composition, glucosinolate biosynthesis and degradation in order to 

identify polymorphism that can serve as future molecular markers for the 

improvement of L. campestre. Relatives in the Lepidium genus were then evaluated 

for beneficial traits, such as oil content, oil composition, seed weight and seed 

germination rate, for future interspecific hybridization with L. campestre.  

1.2 A brief history and current state of oil crop 

domestication 

Humans have cultivated crops for the past 13 000 years, with a wide establishment 

around 5000-7000 BCE (Tauger, 2010). Many oil crops that are culturally 

important today have been cultivated since ancient times. Among the early oil crops 

are olives, sesame, and safflower, with cultivation dating back to 2000-2500 BCE 

(Lanza, 2011, Dorian, 2003, Smith, 1996). The most traditional forms of crop 

improvement include selecting plants based on visual observable phenotypic traits 

of interest, which is still used today (Meyer et al, 2012). Over time, plant breeding 

methods have grown more sophisticated. Mendel’s discovery of the laws of 

inheritance in the 1800’s has provided essential tools for understanding inheritance 

of traits. Discovery and understanding of the genetic code further allowed for 

implementation of molecular markers and genetic engineering in the 1980-1990’s 

(Schlötterer, 2004, Prado et al. 2014). These methods as well as marker-assisted 

selection (MAS) and genomic selection used extensively today, have greatly 

improved the speed of trait selection and enhancement. In addition, the current 

decade has seen the rise of more precise genetic engineering methods, such as 

Clustered Regularly Interspaced Short Palindromic Repeats-CRISPR-associated 

protein 9 (CRISPR-Cas 9) (Ma, Zhang & Huang, 2014).  

Although oil crop domestication has a longstanding history, only a 

few potential oil crops are currently under domestication due to the long time and 

high costs associated with domestication (Ortiz et al. 2020). Emerging future oil 

crops include Brassica carinata, Eruca sativa, Camelina sativa and Crambe spp., 

the last two suitable for northern climate however with domestication efforts 

focused on breeding for industrial purposes (Farooq et al. 2015). Due to emerging 

needs to increase plant oil production in both industry and edible oils, L. campestre 

was chosen for domestication (Andersson et al. 1999, Ortiz et al. 2020). 
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1.3 Lepidium campestre 

1.3.1 L. campestre as a potential oil crop 

Field cress (L. campestre) (Figure 2) has multiple desirable characteristics 

contributing to its potential as an oil crop. It is a diploid biennial self-fertilized plant 

from the Brassicaceae family with a relatively small genome and a chromosome 

number of 2n =16 (Geleta et al. 2020). It is naturally high yielding, winter hardy 

with an upright growth habit (Andersson et al. 1999, Nilsson, Johansson & Merker, 

1998, Ivarsson et al. 2016). Due to its biennial nature, it is suitable for growing 

alongside other crops in the field as a catch or cover-crop, enabling higher 

efficiency of land use, soil retention and reducing NO3 leaching into the soil 

(Ivarsson et al. 2016).  It is native to most of Europe with a range from Turkey in 

the south to Sweden in the north, and it has been introduced to North America, 

South Africa, Japan, China, and Australia (Kew, 2023B). Efforts are currently 

underway to advance the domestication of field cress and to breed for higher oil 

content, more desirable oil composition and perenniality (Gustafsson et al. 2018, 

Ortiz et al. 2020, Ivarsson et al. 2016). The relatively close phylogenetic 

relationship between L. campestre and the model species Arabidopsis thaliana as 

well as the widely cultivated oil crop B. napus further facilitates the research and 

understanding of its genomic, transcriptomic, and proteomic makeup. Whole 

genome sequencing of field cress (NCBI, 2023) and additional targeted sequencing 

efforts have enabled the identification of molecular markers for beneficial traits. 

Additional genomic tools and resources have been developed, such as the 

identification of Quantitative trait loci (QTL) for multiple desirable traits, including 

plant height, seed yield and pod shattering resistance (Hammenhag et al. 2020, 

Geleta et al. 2020). 

 

  

Figure 2. Young and leafy L. campestre plant (left) (photo Noomi Lodenius) and matured flowering 

plants with pods in a field trial in Alnarp (right) (Gustafsson, 2018). 
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L. campestre seed oil composition has been found to be suitable for certain 

industrial purposes (Gustafsson et al. 2020). However, its high levels of erucic acid 

(EA) hinder the use of L. campestre oil in the food industry, as EA is not easily 

digestible by humans and causes toxicity (Vles, Bijster & Timmer, 1978). After the 

oil has been pressed or extracted, the remaining seed cake can be used as animal 

feed. The high glucosinolate content in L. campestre seeds (Arefaine et al. 2019), 

however, is an issue for this application, since its breakdown products are toxic to 

livestock, especially for non-ruminant animals such as pigs (Tripathi & Mishra 

2007, Burel et al. 2000).  

1.3.2 Studied oil content, composition and glucosinolate-

related genes in L. campestre  

Major genes known to affect oil content, oil composition and glucosinolate levels 

have been identified in L. campestre through comparative genomics (Gustafsson 

2018). Some of these genes have been targeted for genetic modification, validating 

their function, such as FATTY ACID DESATURASE-2 (FAD2), FATTY ACID 

ELONGASE-1 (FAE1), REDUCED OLEATE DESATURATION 1 (ROD1) and 

WRINKLED-1 (WRI1) (Ivarsson et al. 2016, Ivarsson et al. 2017, Sandgrind et al. 

2023). Genes known to regulate glucosinolate levels in seeds, including 

GLUCOSINOLATE TRANSPORTER-1 and 2 (GTR1 and GTR2) have also been 

targeted for genetic engineering (Sandgrind et al. 2022) with a near complete 

abolishment of GL content in seeds as a result.  

 

In this study, the L. campestre genes related to oil composition, FAD2 and FAE1, 

and glucosinolate biosynthesis and degradation-related genes, PENETRATION-2 

(PEN2) and SULOTRANSFERASE-16 (SOT16), were evaluated for polymorphism. 

In addition, a genetic variation analysis was also performed in order to identify 

potential polymorphisms in LEAFY COTYLODON-1 and 2, LEC1, LEC2, 

TRIAGLYCEROL-1 (TAG1) and WRI1 known to regulate oil content, FAE1_1, 

FAE1_2, FAE1_3, FAD2 and 3-KETOACYL-COA-SYNTHASE-8 (KCS8) known to 

affect the fatty acid composition, and BUSHY-1 (BUS1), SOT16, PEN2, GTR1, 

GTR2 and MYB DOMAIN PROTEIN-28 (MYB28) known to regulate glucosinolate 

content in seeds. 
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1.4 Oil content and fatty acid composition of L. 

campestre 

Previous research has shown that L. campestre seeds contain 12-20% oil (Nilsson, 

Johansson & Merker, 1998, Geleta et al. 2020) and the seed oil is composed of 34-

35% linolenic acid (LA; 18:3), 22-34% erucic acid (EA; 22:1), 15-16% oleic acid 

(OA; 18:1), as well as 9-11% Linoleic (18:2),  5-6% Eicosenoic (20:1) and 4-5% 

Palmitic acid (16:0) (Table 1).  

Table 1. Seed oil content and major fatty acids present ≥ 4 % of total oil content in L. campestre, 

compared to B. napus. 

Species Seed oil 

content 

Linolenic 

acid % 

(18:3) 

Erucic 

acid % 

(22:1) 

Oleic 

acid % 

(18:1)   

Linoleic 

acid % 

(18:2) 

Eicosenoic 

acid % 

(20:1) 

Palmitic 

acid % 

(16:0) 

L. campestre 

(field cress) 

12-20b, c 34–35a 22-34 a 15-16a 9-11a 5-6a 4–5a 

B. napus 

(rapeseed, low 

GL cultivar) 

44-50d 10e <0.5e 62e 22e - 4e 

aAndersson et al. (1999), bNilsson, Johansson & Merker (1998), cGeleta et al. (2020), dBarthet & 

Daun (2011), eKerr & Dunford (2018). 

 

The oil composition of a crop can be altered through plant breeding. To decrease 

the toxicity of B. napus seed oil, low erucic acid cultivars have been developed 

(Wang et al. 2022, Stefansson & Hougen, 1964). However multiple projects have 

also been successful in increasing erucic acid content for the oleochemical industry, 

including ultra-high erucic acid oil Crambe abyssinica (Li et al. 2012) and high 

erucic acid rapeseed oil (Nath, 2009).  

Although nutritionally comparable, LA is 10-40 times more 

susceptible to oxidation than OA, posing a problem for food oil shelf life and 

biofuel production (Cao et al. 2021, Dar et al. 2017). Therefore, decreasing 

linolenic and erucic acid in favor of their precursor oleic acid is a target in L. 

campestre breeding.  
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ACP = Acyl carrier protein, CoA = Coenzyme A, DAG = diacylglycerol, EA = Erucic acid, ER = 

Endoplasmic reticulum, FA = Fatty acid, G3P = Glyceraldehyde 3-phosphate, LA = Linoleic acid, 

LPA = Lysophosphatidic acid, OA = oleic acid, PA = Phosphatidic acid, TAG = Triacylglycerol, 

TF = Transcription factor, VLCFA = Very long chain fatty acid. The figure is based on the work 

of Bowsher, Steer & Tobin (2008), Kumar (2020) (TFs), Li-Beisson et al. (2013) (FAD2), Snell 

(2019) (general pathway), Park et al. (2022) (FAD2, FAE), Srinivas et al. (2012) (FAE1), Svatoš 

et al (2020) (TFs), Zhukov & Popov (2022) (KCS8). 

 

Oleic acid is synthesized in plastids (Somerville & Browse, 1991). Linolenic acid 

biosynthesis can then occur after transportation to the ER when monounsaturated 

oleic acid (OA; 18:1Δ9) becomes desaturated by FAD2, allowing the formation of a 

second double bond at Δ12 (Miquel & Browse, 1992) (Figure 3). The FAD2 gene 

contains multiple conserved histidine-rich iron-binding motifs essential for 

reduction and subsequent gene function (Cao et al. 2021). Transgenic low 

erucic/high oleic acid genotypes have been achieved by targeting FAD2 in L. 

campestre with CRISPR-Cas9 (Sandgrind et al. 2023), and RNA-interference 

(RNAi) silencing (Ivarsson et al. 2016). FAD2 has therefore been chosen for its 

potential in reducing linoleic acid in favour of its more beneficial precursor oleic 

acid. 
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Figure 3. Simplified FA-

synthesis, elongation and 

modification scheme featuring 

genes of interest for this study in 

bold.  Fatty acids are synthesized 

in the plastids and transported to 

the ER for TAG-assembly. Master 

regulators of oil biosynthesis are 

located in the nucleus.  
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TAG1 (also known as ACYL-COA DIACYLGLYCEROL 

ACYLTRANSFERASE 1 (DGAT)) is a key enzyme for the triacylglycerol (TAG) 

accumulation in plant tissue (Colette et al. 2001), mediating the last step between 

diacylglycerol (DAG) and TAG. Upregulation of TAG1 has been shown to greatly 

enhance seed oil content (Colette et al. 2001), while downregulation only somewhat 

decreases it (Kun et al. 2017). It may therefore be useful for enhancing oil seed 

content.  

The condensing enzyme FAE1 is of great interest for L. campestre 

erucic acid reduction, as it since long has been the target in breeding for obtaining 

low erucic acid lines and cultivars in B. napus (James et al. 1995, Wang et al. 2008).  

The enzyme is responsible for fatty acid (FA) chain elongation from oleic acid 

(18:1Δ9) to erucic acid (20:1Δ9), enabling one of the pathways for the synthesis of 

very long chain fatty acids (VLCFAs) (Wang et al. 2022, Zhukov & Popov, 2022) 

(Figure 3). FAE1 belongs to one of the four VLCFA elongase complex enzyme 

groups, the rate-limiting KCS (Zhukov & Popov, 2022). The KCS-enzymes 

perform an initial condensation step, followed by a reduction by the Ketoacyl-

Coenzyme A Reductase (KCR) group, a dehydration by the 3-hydroxy acyl-CoA 

dehydratase (HCD) group and a final reduction by the enoyl-CoA reductase (ECR) 

group, resulting in a FA that is two carbons longer (Zhukov & Popov, 2022. 

KETOACYL-COA SYNTHASE 8 (KCS8) also belongs to the KCR group and studies 

indicate that this enzyme enhances the accumulation of VLCFAs through 

suppression of negative gene regulators (Zhukov & Popov, 2022).  

The genes WRI1, LEC1 and LEC2 are considered master regulators 

of fatty acid biosynthesis with multiple targets within the pathway (Bowsher, Steer 

& Tobin 2008, Kumar 2020) (Figure 3). Loss of function mutations in WRI1 have 

been demonstrated to cause up to 80% decrease in TAG accumulation in A. thaliana 

(Focks & Benning 1998). Work in L. campestre where WRI1 was overexpressed 

through introduction of a new gene copy from A. thaliana, was shown to increase 

seed TAG by 29% (Ivarsson et al. 2017). Transcriptional level analysis of WRI1 

expression suggests that LEC1 and LEC2 act upstream of WRI1, influencing its 

expression (Kong, Yuan & Ma, 2019, Pelletier et al. 2017). Due to their key roles 

in oil biosynthesis, WRI1, LEC1 and LEC2 are all interesting targets in L. campestre 

breeding for increased seed oil content. 

1.5 Glucosinolates in L. campestre 

Decreased glucosinolate content is a major breeding target for L. campestre. Like 

other members of the Brassicaceae family, L. campestre has glucosinolates (GL) in 

different plant parts, such as leaves and seeds. This group of compounds is 

responsible for the characteristic sharp flavor of the Brassicaceae family. The 

glucosinolates are biologically inactive. However, disruption of cells through 
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wounding or herbivory causes myrosinase enzymes to release and break the 

glucosinolates down into a range of toxic breakdown products, thereby protecting 

the plants from herbivores (Rask et al. 2000). The insect herbivory-defense is 

enhanced greatly in the breakdown-products compared to their precursors, but so is 

their toxicity (Hopkins, Van Dam & Van Loon, 2009, Wittock & Burow, 2010). 

High glucosinolate seedcake used as feed can be detrimental to livestock health, 

including lowered production, and damage to the kidney(s) and liver (Tripathi & 

Mishra 2007, Burel et al. 2000). High glucosinolate feed, most notably from the 

Brassicaceae, therefore, requires expensive pre-treatment with high temperatures or 

microbial fermentation before use (Tripathi & Mishra 2007). Consequently, high 

glucosinolate levels in oil crops restrict the sustainability and profits of using seed 

oil cakes for animal feed.  

However, as indicated above, glucosinolates do also have beneficial 

properties with regard to plant protection, including use for biofumigation, reducing 

soilborne pests and weeds (Gimsing & Kirkegaard, 2009) as well as resistance 

against insect herbivory (Hopkins, Van Dam & Van Loon, 2009). Recent research 

has also raised attention to their cancer chemoprotective properties (Martinez-

Ballesta & Carvajal 2015).   

Glucosinolates are secondary plant metabolites that fall into three 

groups based on what their amino acid side chains are synthesized from: aliphatic 

(mainly methionine), aromatic (phenylalanine, tyrosine) and indolic (tryptophan) 

(Figure 4). Glucosinolate biosynthesis can, in short, be described in three steps – i) 

side chain elongation, ii) core structure synthesis and iii) side chain modification 

(Harun et al. 2020). Total glucosinolate content varies drastically with age (Fahey, 

Zalcmann & Talalay 2001) and between plant tissues (Anderson et al. 2013). 

 

 

Figure 4. Simplified GL-synthesis schematic representation, featuring genes of interest in this study 

in bold. The figure is based on the work of Harun et al. (2020), Reintanz et al. (2001) and 

Gigolashvili et al. (2007). GL – Glucosinolates, TF – Transcription factor.  
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The most abundant glucosinolate in field cress is 4-hydroxybenzylglucosinolate 

(sinalbin) and the overall glucosinolate content in the seed ranges from typically 

125-138 µmol/g (Arefaine et al. 2019) up to 600 µmol/g (Isoz, 2018). For 

reference, European Union glucosinolate limit in animal feed is set at 30 µmol/g 

(Europeiska kommissionen, 2013), and modern B. napus cultivars are down to 8-

15 µmol/g, from the 60–100 µmol/g of older cultivars (Wittkop, B., Snowdon, R. 

J. & Friedt, W. 2009, Jhingan et al. 2023). Sinalbin (Sb), originally isolated in the 

1830s from white mustard seeds (Sinapis alba), is part of the aromatics, a small 

glucosinolate group derived from tyrosine (Harun et al. 2020), (Figure 4). SOT16 

is an enzyme responsible for catalyzing the final step between sinalbin and its 

precursor 4-Hydroxybenzyldesulphoglucosinolate (Jain et al. 1989, Klein & 

Papenbrock, 2009). Limiting the conversion rate is theorized to potentially lower 

GL content in seeds. This gene, however, also acts as a catalyzing agent for 

multiple amino acid GL pathways (Harun et al. 2020). GL biosynthesis enzyme 

BUS1 acts upstream of SOT16 in the methionine-derived aliphatic GL pathway 

(Reintanz et al. 2001).  

While not as well studied as the oil-related transcription factors (TFs), 

evidence suggests that MYB28 acts as a positive transcriptional regulator for 

aliphatic GL (Gigolashvili et al. 2007). Its critical role in GL synthesis is further 

supported by a recent study in B. napus, showcasing a sharp reduction in aliphatic 

GL in a functional mutant of MYB28 (Jhingan, 2023).  Due to their involvement in 

GL-synthesis and prior identification in L. campestre, both BUS1 and MYB28 are 

of interest to improve seed cake nutritional value. 

Aliphatic and indolic GL is proposed to be transported out of the cell 

by GTR1 and GTR2 (Harun et al. 2020). GTR1 and GTR2 are implicated in tissue-

specific GL distribution and transport within the plant in A. thaliana (Andersen & 

Halkier, 2014, Andersen et al. 2013). Recent studies in Brassica juncea have shown 

that targeting GTR1 and GTR2 for silencing decreases GL accumulation in seeds 

(sink-tissue), while maintaining it in the leaves (source-tissue) (Nambiar et al. 2021, 

Kumari et al. 2022). As already stated, GTR1 and GTR2 have also been functionally 

validated in L. campestre (Sandgrind et al. 2022). This makes GTR1 and GTR2 

interesting for improving the nutritional quality of the seed cake with minimal 

sacrifice of defensive properties. 

 

The β-thioglucosidaes (myrosinases) enzymes are responsible for the degradation 

of the biologically inactive glucosinolates. Before activation, they are contained in 

specialized compartments, unable to interact with the GL (Rask et al. 2000). Upon 

release, they catalyze the hydrolyzation of GL into the toxic isothiocyanates 

(Tripathi & Mishra 2007, Lee, Kim & Woyengo, 2020). PEN2, commonly referred 

to as an atypical myrosinase, is a glycosyl hydrolase localized in the peroxisome, 
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associated with the pathogen-induced catalysation of cleavage of indole GL to its 

breakdown products (Bednarek et al., 2009, Lipka et al., 2005) (Figure 4). PEN2 is 

of interest for decreasing the toxicity of L. campestre seed cake, due to its potential 

to decrease enzymatic cleavage and prevent subsequent toxic breakdown products 

from forming.  PEN2 has otherwise most notably been associated with the plant 

cell wall oomycete resistance (Lipka et al. 2005), microbe-associated molecular 

pattern (MAMP)-triggered callose formation due to bacterial infection (Bednarek 

et al. 2009) and hypersensitive response regulation (Johansson et al, 2014) in A. 

thaliana.  

1.6 DNA sequencing methods  

The earliest most well-known method for sequencing still in use today is Sanger-

sequencing. Developed in 1970’s, the method relies on easily detectable nucleotides 

specialized to terminate a Polymerase Chain Reaction (PCR) when incorporated. 

After termination, each product length can be read as a specific base-pair (Shendure 

et al. 2017). Multiple sequenced fragments can be overlapped in what is called a 

scaffold, to create larger continuous stretches of DNA. Sanger sequencing was 

revolutionary at this time, paving the way for large-scale sequencing, such as the 

Human Genome Project (Heather & Chain, 2016). Nowadays Sanger sequencing 

has partly been replaced by more high-throughput next-generation sequencing 

(NGS) methods such as short-read (50-300 bp) Illumina sequencing. Sanger 

sequencing is however still actively used for many applications including small-

scale and validation studies, praised for its low error rate and long (>500 bp) 

sequencing reads (Heather & Chain, 2016).  

 The most widely used NGS method to date is Illumina sequencing, 

relying on nucleotides with fluorescent dyes emitting detectable signals when 

binding to the DNA template with the help of DNA polymerase (Heather & Chain, 

2016). Illumina has the capacity for high throughput sequencing, with the downside 

of shorter reads, which may cause issues in assembling regions high in repeats. The 

method uses DNA-polymerase for strand synthesis, that have a small albeit existing 

error rate in replication that is crucial for evolution as it over time introduces genetic 

variation in natural populations (Lee et al. 2016). The use of DNA-polymerase in 

Illumina therefore causes a higher error rate than Sanger, with approximately 0.1-

0.6% up to 15% failure, compared to 0.01% (Stoler & Nekrutenko 2021, Cheng & 

Xiao 2022, Liu et al. 2012, Shendure et al. 2008).  

Sanger and NGS sequencing are suitable for different goals. Where 

Sanger is useful for initial discovery and validation, NGS is better suited for larger 

statistical analyses, whole gene sequencing and genome-wide association studies 

(GWAS) requiring high throughput. It should also be considered that not all target 
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organisms have the prior genomic information required for NGS and, researchers 

may therefore opt for Sanger sequencing out of necessity. 

1.7 Genetic polymorphisms  

Genetic polymorphism describes variation in the DNA sequence of individuals, 

groups, and species. For example, this variation can be insertion or deletion 

(INDEL) of bases, inversion of a sequence, or base substitution at a single locus, 

which is also called single nucleotide polymorphism (SNP).  

SNPs (Figure 5) are found in both coding and noncoding regions. For 

example, SNPs were present on average every 124-131 bp in coding, and every 31-

48 bp in non-coding regions in maize populations (Ching et al. 2002, Ghosh et al. 

2002). SNPs found in coding regions can be either synonymous or non-

synonymous. Synonymous mutations are silent in the sense that the amino acid 

remains unchanged. Any change in the amino acid sequence due to a mutation is 

known as a nonsynonymous mutation, which can be of missense or nonsense types. 

Missense mutations can affect the protein folding or protein interactions and 

consequently act negatively on function. The most severe mutations caused by 

SNPs is a nonsense mutation that results in a premature stop codon, which results 

in a truncated, possibly entirely non-functional protein.  

Most cases of phenotypic variation are caused by missense mutations 

(Cubillos, Coustham & Loudet, 2012). SNPs correlated to beneficial traits have, 

however, also been found in non-coding regions. This is due to linkage 

disequilibrium between loci inside and outside the coding sequence (CDS) 

(Kruklyak, 1999), functional motifs in the promotor region affecting binding and 

mRNA-stability (Yvert, Brem & Whittle, 2003) as well as disruption of alternative 

splicing sites (Yang, Kim & Bhak, 2009). In fact, even synonymous mutations, 

which are traditionally considered neutral, may affect phenotype through for 

example altered mRNA, introduction of a promotor region (Lebeuf-Taylor, 2019) 

or codon bias influencing translation speed (Chu & Wei, 2021). Synonymous 

mutations have been linked to both increased and decreased fitness in Pseudomonas 

bacteria (Lebeuf-Taylor, 2019) and stronger selection in cancer-related genes in 

humans (Chu & Wei, 2019). There is however little research into the effects of 

synonymous mutations in plants.  

SNPs are a great tool in molecular breeding, and they are used 

extensively for genome-wide association studies (GWAS), genetic diversity 

analysis of populations and MAS (Kumar, Banks & Cloutier 2012). Thus, SNPs 

can be very useful as markers when statistically linked to a phenotype. Due to the 

rapid advancement of next-generation sequencing and genome annotations in 

recent decades, SNP discovery is a relatively easy and cheap way to find beneficial 

genomic variation. sequencing projects, such as Restriction-site Associated DNA 
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(RAD) sequencing (Gustafsson, 2018), Genotyping-By-Sequencing (GBS) 

(Hammenhag et al. 2020, Geleta et al, 2020), and the low throughput Sanger 

sequencing (Gustafsson, 2018) have led to the discovery of thousands of SNPs that 

can be used for developing genomics-led breeding tools.   

 

 

Figure 5. Schematic illustration of SNP classification and predicted impact on protein structure and 

function.  

 

Other widely used markers in plant breeding to evaluate genetic diversity includes 

Restriction Fragment Length Polymorphism (RFLP), Random Amplified 

Polymorphic DNA (RAPD), Amplified Fragment Length Polymorphism (AFLP) 

and Single Sequence Repeats (SSR) (Hasan et al. 2021). RFLP and AFLP both 

relies on enzymatic cleavage sites which will vary between individuals, and after 

cleavage with enzymes, the lengths of sequences produced after cleavage can be 

analysed either directly or in the case of AFLP after a round of amplification (Hasan 

et al. 2021). RADP and SSR markers on the other hand are similarly to SNPs PCR-

based. In RAPD the amplified fragments are based on primers binding to random 

unknown positions in the genome, which may be useful in species with limited 

genomic information (Hasan et al. 2021). SSR markers are short repeated 

sequences, where the number of times they are repeated varies between individuals. 

The regions flanking the repeats can be used as target for primers (Mason, 2015).  

In theory, a polymorphism with a detrimental effect on protein 

structure and function will change the observed and measured phenotype of the 

individual in question. However, this is not always the case. Multiple genes may 

have a redundancy in their function, and when the expression of one decrease, 

another can instead perform its function (Nowak et al. 1997). Another scenario is 

that a given gene may interact with other genes, which may affect phenotypes in 

an unpredictable way. It is therefore important to keep in mind that functional 

redundancy and gene networks of key genes may cause hindrance to the discovery 

of novel beneficial markers.  
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1.8 Promoting L. campestre domestication through 

interspecific hybridization  

A key challenge for traditional plant breeding is how to handle limited natural 

variation and a lack of beneficial traits within populations of interest. A genetic 

bottleneck generally occurs over time in plant domestication due to extensive 

selective pressure for a few traits in a limited number of populations (Meyer & 

Purugganan, 2013). Low genetic diversity is a concern in L. campestre breeding 

(Gustafsson et al. 2018). An example of this is its naturally highly shattering pods, 

where no resistant lines in L. campestre have been identified. One way forward can 

be to evaluate closely related species for beneficial traits and diversity, which may 

be introduced via interspecific hybridization. Such attempts have successfully been 

made in L. campestre in the past to expand genetic diversity, by crossbreeding it 

with L. heterophyllum and L. hirtum (Gustafsson et al. 2018). The interspecific 

hybridization of L. campestre with L. heterophyllum has resulted in some derived 

lines with high resistance to pod shattering, which proves that this can be an 

effective approach to improve key traits (unpublished, Mulatu Geleta).  

Additional interesting candidate species that are superior to L. campestre in 

certain traits have been identified. These are L. graminifolium (Nilsson, Johansson 

& Merker 1998) for oil quality and content and L. draba for pod shatter resistance 

(Geleta et al. 2013). Neither of these species has yet been successfully hybridized 

with L. campestre.  

 In his study, 12 relatives of L. campestre were evaluated for the purpose of 

future interspecific hybridization (Table 2). 

 

Breeding barriers can easily occur within a genus when the species are not 

phylogenetically closely related, when they differ in chromosome number, ploidy 

level or due to other factors – resulting in embryo abortion when hybridized 

(Kopecký, Martín, & Smýkal, 2022). Embryo rescue protocol, which can be used 

to overcome embryo abortion due to incompatibility, has been successfully 

established for other Brassicaceae species (Ripa et al. 2020, Wen et al. 2008) but 

not yet for Lepidium. Minor studies have, however, been performed and some 

advances have been made but more work is required (Reyes Esteves 2021, 

Fahlgren 2014). Now, this limits the current candidates for successful 

interspecific hybridization. Despite the potential in using close relatives to 

enhance L. campestre domestication and development, few studies have been 

performed to evaluate Lepidium species for use in interspecific hybridization with 

L. campestre. 
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2.1 Plant material  

Seeds from 40 accessions of Lepidium campestre (Appendix 1), with previously 

measured oil content, oil composition, and glucosinolate content were sown in a 

greenhouse at SLU, Alnarp. The soil used for planting was Emmaljunga Exklusiv 

Blom och Plantjord. Five seeds or seedlings of each accession were planted in a 3 

L plastic pot filled with soil. Basal leaves of five-week-old plants were sampled for 

DNA and RNA extraction in 2 ml microcentrifuge tubes containing two glass 

beads, flash frozen, and stored in liquid nitrogen until DNA and RNA extraction. 

 

For characterizing relatives of L. campestre, 32 accessions of 11 Lepidium species 

(Appendix 2) were acquired through the gene banks: United States Department of 

Agriculture, Agricultural Research Service (USDA-ARS), and IPK Gatersleben 

(IPK). These species are L. cardamines (1 acc.), L. graminifolium (1 acc.), L. 

heterophyllum (1 acc.), L. hirtum (4 acc.), L. perfoliatum (3 acc.), L. ruderale (12 

acc.), L. spinosum (2 acc.), L. subulatum (1 acc.), L. sativum (1 acc.), L. vesicarium 

(1 acc.) and L. virginicum (5 acc.). Planting and sampling for DNA and RNA 

extraction of these accessions are as described for L. campestre.  

2.2 Bioinformatic analysis 

2.2.1 Gene structure predictions in L. campestre 

Exon/intron structure was predicted for all 15 studied genes using BLAST sequence 

alignment with L. campestre genomic sequences and A. thaliana Coding Sequence 

(CDS) from The Arabidopsis Information Resource (TAIR). Predicted splice sites 

were further validated using prediction from NetGene2 web software version 2.4. 

CDS sequences of all examined genes were translated to predicted protein using the 

Expansy online tool, to validate if prediction would result in a functional protein. 

This was successfully done for all genes except for WRI1, where a general 

intron/exon structure could be suggested but no stop codon could be predicted. 

2. Material & Method 
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PEN2 was further validated with experimental mRNA PCR sequencing data 

(section 2.4).  

2.2.2 Bioinformatic study of Brassicaceae species 

An in-depth bioinformatics study on FAE1_1, FAD2, PEN2 and SOT16 was 

performed using the acquired genomic sequence of the respective genes of L. 

campestre whole genome sequence data. These gene sequences were used as baits 

in National Center for Biotechnology Information (NCBI) Basic Local Alignment 

tool (BLAST) to identify homologues in other Brassicaceae species and in NCBI 

Conserved Domains to find regions harbouring conserved domains. Previous 

bioinformatics studies were also used to find homologs for FAD2 (Yang et al. 2012) 

and FAE1 (Sun et al. 2013). Alignments were carried out using the MAFFT (with 

L-ins-I settings) algorithm included in Jalview version 2.11.2.6 (Waterhouse et al. 

2009). Visualization of the aligned sequences was made based on BLAST results 

from homologous sequences graphic alignment, imported into Inkscape version 

1.0.1 (2020).  

2.3 Polymorphism discovery in L. campestre genes 

In this study, 15 L. campestre genes related to oil content, oil composition, and 

glucosinolate biosynthesis, degradation and transport were evaluated for 

polymorphisms (Table 3). 

Table 3. List of genes used for genetic variation analysis in this study. Coding sequence predicted 

from L. campestre genomic sequence after alignment with A. thaliana CDS. Full name and function 

based on data gathered from The Arabidopsis Information Resource (TAIR, 2023) based on 

functional studies in A. thaliana. CDS = Coding sequence, VLCFAs = Very long chain fatty acids. 

Gene CDS length 

(bp) 

Full name Related to Associated Function 

FAD2 1152 FATTY ACID DESATURASE 2 Oil composition (18:1) to (18:2) fatty acid 

conversion   

FAE1_1 1521 FATTY ACID ELONGASE-1_1 Oil composition Biosynthesis of VLCFAs 

FAE1_2 1467 FATTY ACID ELONGASE-1_2 Oil composition Biosynthesis of VLCFAs 

FAE1_3 1460 FATTY ACID ELONGASE-1_3 Oil composition Biosynthesis of VLCFAs 

KCS8 1446 3-KETOACYL-COA-SYNTHASE-8 Oil composition Biosynthesis of VLCFAs 

LEC1 1679 LEAFY COTYLODON-1 Oil content Fatty acid biosynthesis 

LEC2 3530 LEAFY COTYLODON-2 Oil content Fatty acid biosynthesis 

TAG1 3102 TRIAGLYCEROL-1 Oil content Fatty acid biosynthesis 

WRI1 Not yet 

determined 

WRINKLED-1 Oil content Fatty acid biosynthesis 

BUS1 1614 BUSHY-1 Glucosinolate 

content 

Glucosinolate biosynthesis 

SOT16 1014 SULFOTRANSFERASE-16 Glucosinolate 

content 

Glucosinolate biosynthesis 
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2.3.1 DNA Extraction 

Genomic DNA was extracted according to Gustafsson et al. 2018 from harvested 

leaf tissue that was flash-frozen in liquid nitrogen and homogenized by shaking 

with glass beads in a Mixer Mill MM400 (Retsch, Haan, Germany) for 30 x 2 

seconds, at 30 Hz. After homogenisation, the samples were incubated for 1 hour 

at 52°C in preheated CTAB-buffer (0.1 M Tris, 20 mM EDTA, 1.4 M NaCl, 2% 

CTAB, pH 7.5). Samples were centrifuged for 15 minutes at 13,200 rpm in an 

miniSpin (Eppendorf , Hamburg, Germany). From each sample, 400 µL of 

supernatant was transferred to a new microcentrifuge tube and 400 µL 24:1 

chloroform/isoamylalcohol was added. Samples were then centrifuged for 3 

minutes at 12, 000 rpm and 350 µL of the top phase was transferred to a new 1.5 

mL tube with 350 µL ice-cold isopropanol and centrifuged for 3 minutes at 12 

,000 rpm. The supernatant was discarded. The obtained DNA pellet was washed 

using 350 µL wash buffer (7,6 ml 100% ethanol, 33 µL 3M NH4Ac, MilliQ up to 

10 ml), and centrifuged for 3 minutes at 12, 000 rpm, before discarding the 

supernatant. The last drops of wash buffer were removed by pipette after 

centrifuging for 1 min at 12,000 rpm. Finally, the samples were dried and 

resuspended in a 50 µL TE-buffer (0.1 ml TrisHCl 1M pH 8, 20 µL EDTA 0.5 M 

pH 8, MilliQ up to 10 ml). The quantity and quality of the extracted DNA were 

checked by running it on a 1.2% agarose gel and measured with a NanoDrop 

spectrophotometer DS-11 FX (DeNovix, Wilmington, USA). 

2.3.2 PCR and Primer design  

Gene sequences from L. campestre were retrieved from unpublished whole 

genome sequence data through comparative genomics analysis using A. thaliana 

gene sequences as baits.  

The CDS of L. campestre genes were predicted by aligning A. 

thaliana CDS from TAIR with L. campestre genomic regions using BLAST 

search. Primers were designed to target coding regions using Primer3Plus, with 

advanced options set for a target region size of 500-1000 bp. Melting temperature 

(Tm) was calculated using the Phusion polymerase option with Tm Calculator 

(Thermo Scientific). Primers targeting the gene FAE1 were carefully designed to 

result in amplification of FAE1_1, and not FAE1_2 or FAE1_3, using MAFFT 

MYB28 1299 MYB DOMAIN PROTEIN-28 Glucosinolate 

content 

Glucosinolate biosynthesis  

PEN2 2498 PENETRATION-2 Glucosinolate 

content 

Glucosinolate hydrolyzation (into 

breakdown products) 

GTR1 2571 GLUCOSINOLATE 

TRANSPORTER-1 

Glucosinolate 

content 

Glucosinolate transport 

GTR2 2440 GLUCOSINOLATE 

TRANSPORTER-2 

Glucosinolate 

content 

Glucosinolate transport 
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(with default settings) alignment in Jalview software version 2.11.2.6 

(Waterhouse et al. 2009), and mapping non-conserved regions between the three 

homologs. For a list of all primers designed, see Appendix 3.  

 

All primers were tested for optimal melting temperature through PCR by 

determining the temperature that resulted in a single visible band of expected size, 

on an agarose gel.  PCR was performed on 25 accessions selected as a diversity 

panel for the studied traits. The PCR program was x40 cycles lasting 1:05 h with 

denaturation at 98°C, annealing at 62°C, and primer extension at 72°C (Figure 6). 

All PCR products were run on 1.5% agarose gel with 0.5 µL GelRed/10 ml 

agarose for visualising the DNA using a BioDoc-It Imaging Systems camera 

(UVP). After confirming the bands on agarose gels, PCR products were purified 

with GeneJET PCR Purification kit (Thermo Scientific) following the 

manufacturer’s protocol, except for the final elution step. Elution-columns in 

purification were incubated for 5 minutes at 70°C with elution buffer prior to final 

centrifugation. In cases of low concentration, this step was repeated twice with 

half of the desired elution volume each time. Finally, purified samples were 

measured for concentration and quality with a NanoDrop spectrophotometer DS-

11 FX (DeNovix, Wilmington, USA). For Sanger sequencing, samples were sent 

to Eurofins (Cologne, Germany) after preparing them, following their “premixed 

clean PCR-product” option. For targeted next-generation sequencing, 9 to 47 µl of 

genomic DNA corresponding to 1500 ng, with OD-ratio of 260/280 and 230/260 

around 1.85-2.0 and 1.4-2.0, respectively, were sent for sequencing to CD-

genomics (New York, USA). 

 

Figure 6. Phusion polymerase PCR program.  

2.3.3 Sequencing  

Two different sequencing approaches were used in this study. Sanger sequencing 

was performed on the gene regions of FAE1_1, FAD2, PEN2 and SOT16 for the 

diversity panel of 25 L. campestre accessions at Eurofins, utilizing both forward 

and reverse primers for sequencing with the option to record heterozygote sites. 

SNPs were identified by aligning the sequenced data with the target regions of the 
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reference genome with MAFFT (using default settings) algorithm included in 

Jalview software version 2.11.2.6 (Waterhouse et al. 2009). 

 

Extracted genomic DNA samples of the 40 L. campestre accessions were sent to 

CD-genomics for NGS Illumina sequencing, and SNP discovery in 15 genes; 

FAE1_1, FAE1_2, FAE1_3, FAD2, KCS8, LEC1, LEC2, TAG1, WRI1, PEN2, 

SOT16, MYB28, GTR1, GTR2 and BUS1 (Table 3). In addition to the gene 

sequences, approximately 500-700 bp of the upstream and downstream regions of 

the target genes were analysed.  

2.3.4 Statistical analysis on genetic variation 

In R-studio, an unpaired t-test was performed between previously measured mean 

values in traits of interest including oleic acid (OA) content, erucic acid (EA) 

content, total glucosinolate content, Sinalbin (Sb) and Glucoallysin (Gla) content. 

Mean phenotypic values of the accessions with alternative allele were compared 

with that of accessions with reference allele at each locus. The statistical 

significance of the variation between the two groups of accessions was tested at 

95% confidence level (p < 0.05). Only polymorphisms observed in two or more 

accessions were included in the statistical analysis.  

Analysis of missense polymorphisms found in Sanger and NGS 

sequencing were performed using the web-based software Polyphen-2 to detect 

detrimental SNPs. 

 Multivariate analysis for SNP-based clustering was performed in 

JMP® software version 16.2 (2021) with multiple correspondence analysis to 

evaluate if sample phenotypes or geographical origins could explain observed 

variations between accessions.  

2.4 RNA analysis of PEN2 

2.4.1 RNA Extraction and cDNA synthesis 

RNA was extracted from sampled and flash frozen L. campestre eight-week-old 

leaf tissue using RNeasy Plant Mini Kit (Qiagen, Germantown, USA). DNase 

treatment was performed using RNase free DNase I (Thermo Scientific, Vilnius, 

Lithuania) followed by cDNA synthesis performed using Revert Aid First Strand 

cDNA synthesis kit (Thermo Scientific, Vilnius, Lithuania). Primers used for 

cDNA synthesis were oligoDT, PEN2-mRNA-primer 5R, and PEN2-mRNA-

primer 3R (Appendix 1).  
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2.4.2 PCR and Primer design for amplifying RNA 

RNA primers for PEN2 were designed to overlap a predicted exon-exon junction, 

see PEN2-bioinformatics (3.1.3) for exon prediction. Primers were used in PCR as 

described in (2.2.2. PCR and Primer design), see Appendix 3 for all primers.  

PCR products were run on 1.5% agarose gel and purified with GeneJET Gel 

Extraction (Thermo Scientific, Vilnius, Lithuania) according to manufacturer’s 

instructions. Purified PCR-products were measured using a NanoDrop 

spectrophotometer DS-11 FX (DeNovix, Wilmington, USA) and sent for 

sequencing to Eurofins after preparing them following their “premixed clean PCR-

product” option. Sequenced products were aligned to PEN2 genomic region with 

MAFFT (with default settings) algorithm using Jalview software version 2.11.2.6 

(Waterhouse et al. 2009). 

2.5 Characterization of Lepidium species  

2.5.1 Analysis of agronomically important traits  

Fifty seeds of each accession were grown in a Petri dish with x3 filter papers and 

Milli-Q water. Moldy seeds were immediately removed to prevent contamination 

of other seeds in the Petri dishes. Seeds were supplied with Milli-Q water every 

week or when the filter papers dried out. The number of germinated seedlings was 

counted on day 4, 8 and 12. Accessions with less than eight (<16%) germinated 

seeds after 12 days had 2x 25 new seeds placed on new petri dishes and were 

supplemented with 0.25% KNO3 milliQ-H2O and kept for seven days at 4°C. 

Germinated seedlings were transferred with a tweezer from Petri dishes to pots 

filled with soil. Up to ten seedlings of each accession were transplanted except for 

L. hirtum subsp. atlanticum, L. hirtum subsp. nebrodese and L. hirtum (PI 633256, 

PI 650270, LEP 81), for which only five seedlings were obtained, L. virginicum 

subsp. menziesii (Ames 31357), and L. ruderale (PI 633255) for which only one 

seedling was obtained and L. virginicum (Ames 34741, Ames 34742) for which no 

seedlings were obtained.  

 

Seed traits 

To analyse seed traits, 50-200 seeds from 34 Lepidium accessions including two L. 

campestre accessions, were counted using a Marwin seed analyser (Marvitech, 

Wittenburg, Germany) for seeds with width or length > 0.5 mm. Samples below the 

instrument’s threshold were manually counted. The same instrument was used to 

determine the average weight, width and length of the seeds.  
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Flowering time and seed setting 

Plants were monitored every other day for flower induction through petal opening, 

and seed setting through pod formation and loss of petals. At day-87, and again at 

day-110, all sufficiently grown biennial or perennial accessions were moved into a 

vernalization chamber (4°C) for eight weeks. Pots were fertilized with 4 g/L of 

fertilizer Osmocote Exact Standard 5-6M at the break of vernalization and moved 

back to the greenhouse. 

 

The morphologies of seedlings (cotyledon leaf shape), basal leaves (young basal 

leaf shape and size), flowers (inflorescence shape, pedicel length, petal and sepal 

size and colour), pods (mature pod shape) and stem growth (upright/horizontal) 

were observed, photographed at multiple time points, and carefully sketched.   

2.5.2 Lepidium seed oil extraction  

Oil extraction of 16 Lepidium accessions was performed by weighing ten seeds of 

each accession, in three replicates. Seeds were placed in a wide glass tube, and 1 

ml of 0.15 M HAc and 3.75 mL CHCl₃/MeOH were added and the seeds were 

homogenized with an Ultraturrax rod 5x30 seconds. The rod was cleaned with 

ethanol three times between the homogenization of each sample. Thereafter, 1.25 

ml CHCl3 and 0.9 mL milli-Q water were added and the samples were vortexed for 

30 sec. Finally, the samples were transferred to a glass tube with screw lids.  

For seeds that weighed below 0.1 mg/seed (L. cardamines & L. 

subulatum), the seeds were crushed manually in a large tube with a glass rod, to 

which the HAc and CHCl₃/MeOH were added before they were transferred into a 

glass tube with a screw lid. Additional CHCl3 and milli-Q were added to the large 

tube to dissolve remaining residues and poured into glass tubes. The sample 

solutions in the glass tubes were vortexed for 30 sec.   

The samples were centrifuged for 2 min at 3000 rpm. The lower 

CHCl3 phase was transferred to a glass tube with screw a lid. From the glass tube, 

200 µL was transferred to a methylation-safe glass tube with a screw lid and left to 

dry for a few minutes under a beam of nitrogen. Once the samples were dry, a 17:0-

Me standard solution and 2 mL methylation solution (2% H₂SO₄ in methanol) were 

added to the samples. Then, the lids of the sample tubes were tightly closed and left 

to methylate at 95°C for 45 minutes using a heating block. The samples were then 

removed from the heating block and allowed to cool down, before 1 mL milli-Q 

water and 0.75 mL heptane were added and the samples were centrifuged for 2 min 

at 2000 rpm. Two hundred µL of the upper heptane phase was transferred to a GC-

vial. Then, 2 µL of this solution was injected into a Gas chromatograph (GC) 

(Agilent, model 7890A), equipped with a wax column (WCOT Fused Silica CP-

Wax 58) and FID detector (Agilent, Santa Clara, CA, USA).  
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2.5.3 Evaluating the effect of selected polymorphisms in FAD2, 

LEC2, WRI1 and TAG1 in Lepidium species 

Fourteen interesting polymorphic sites with a significant correlation with seed oil 

content were selected to be further evaluated in 14 Lepidium species (Appendix 

2). This was not done for L. cardamines, as its seedlings were not obtained.  

First, the homologous sequences of the genes of interest, including their 500 bp 

upstream and downstream regions, in A. thaliana, A. arenosa, B. napus and B. 

rapa were found by using L. campestre as query bait in NCBI BLAST. Primers 

were then designed for highly conserved regions, detected by MAFFT alignment 

(with L-ins-I settings) in Jalview version 2.11.2.6 (Waterhouse et al. 2009). 

Primers were designed using Primer3Plus and Tm was estimated by the Tm 

calculator (Thermo Scientific).  

The DNA samples from the 14 Lepidium species were extracted from leaf tissue 

as described above (see section 2.2.1, DNA Extraction). PCR was performed as 

described above (see section, 2.2.2. PCR and Primer design), purified with 

GeneJET PCR Purification kit (Thermo Scientific, Vilnius, Lithuania) according 

to manufacturer’s instruction, and sent for sequencing to Eurofins as described 

above (see section 2.2.3, Sequencing).  

 

The sequences of the PCR products were then aligned using the MAFFT 

alignment tool (with L-ins-I settings) in Jalview version 2.11.2.6 (Waterhouse et 

al. 2009) to detect the level of their conservation. Sequence similarity was 

determined using NCBI BLAST multiple sequence alignment tool, with mega 

blast setting using L. campestre sequences as a query. Visualization of sequence 

conservation was made based on BLAST results from multiple sequence 

alignment with E-value between 0-1.00E-40. Sequences were downloaded as SVG 

files, with simplified colouring and imported into Inkscape version 1.0.1 (2020) 

for further image processing. 

A neighbour-joining phylogenetic tree was constructed using Jalview version 

2.11.2.6 (Waterhouse et al. 2009), based on the longest continuous stretch of the 

successfully sequenced region of the FAD2 gene in all studied accessions. FAD2 

was chosen, as it is the most conserved among the studied genes. 

2.6 Sequencing method analysis 

A cost-effectiveness calculation was performed between the NGS and Sanger 

sequencing. Comparing the cost for NGS sequencing of 15 genes including 700 
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bp before the start codon (ATG) and after stop codon (CD-genomics), with the 

theoretical cost of performing the same work with Sanger sequencing (Eurofins).  

For calculation of costs of the Sanger sequencing, the following 

costs were included: Phusion polymerase (Phusion™ High-Fidelity DNA 

Polymerase, F530S, Thermo Fisher, Vilnius, Lithuania), dNTP, R0191, Thermo 

Scientific, Vilnius, Lithuania) and primer pairs (oligo primer, Sigma Aldrich) 

based on a rough calculation of 1 primer pair per 650-800 bp sequenced and PCR-

purification (GeneJET PCR Purification Kit, K0701, Thermo Scientific, Vilnius, 

Lithuania), pre-paid labels for tubes (TubeSeq Labels, 3094-000PPB, Eurofins, 

Köln, Germany) or pre-paid plates for pre-purified (PlateSeq Kit, Eurofins, Köln, 

Germany) or unpurified (PlateSeq Kit Mix, Eurofins, Köln, Germany) PCR-

products. 

 The cost associated with NGS sequencing included primer setup and 

sequencing of 15 genes, where a reference genome for the regions was provided 

(Targeted region sequencing, CD-genomics, New York, USA). Additional costs 

for NGS included shipping costs of pre-extracted genomic DNA. 
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3.1 Bioinformatic analysis of FAD2, FAE1, PEN2 & 

SOT16 in selected Brassicaceae species 

Specific accession numbers and sequence lengths can be found in Appendix 5.  

 

3.1.1 FAD2 

The gene FAD2 has previously been shown to be associated with total seed oil 

content in L. campestre and relatives (Ivarsson et al. 2016, Sandgrind et al. 2023). 

In purpose of studying the gene structure of FAD2 in species of Brassicaceae with 

available genome annotations, gene sequences from close relatives of L. campestre 

were retrieved from NCBI and used for comparative analysis. FAD2 is present with 

multiple homologous copies in the genome of C. sativa (3), B. napus (4), B. rapa 

(2) and B. oleracea (2) but there is only a single copy of FAD2 in L. campestre. The 

comparative analysis showed that the level of conservation for the gene structure 

FAD2 is high, with few INDELs and high sequence similarity (Figure 7). The 

sequence similarity ranges from 91 % (A. thaliana) to 82% (B. oleracea C01). 

Notably however is the large deletion present at bp position 159-165 and highly 

polymorphic and deletion-rich region in the following 100 bp in the pseudogenes 

from B. napus and B. rapa, which potentially could be partly responsible for 

rendering them non-functional, as these features are not shared with other FAD2 

homologues. A species-specific 3-6 bp long insertion can be found in all gene 

copies in C. sativa at bp position 29. Another genus specific 3 bp insertion can be 

found across all Brassica species at 610 bp. No INDELs are present within the 

conserved motifs. 

 

 

3. Results 
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3.1.2 FAE1 

The gene FAE1 has previously been shown to be associated with seed oil 

composition, more specifically VLCFA and erucic acid content. It is well studied 

in B. napus (Wang et al. 2022, Stefansson & Hougen, 1964) but has also been 

validated in L. campestre (Ivarsson et al. 2016). For studying the gene structure of 

FAE1 in species of Brassicaceae with available genome annotations, gene 

sequences from close relatives of L. campestre were retrieved from NCBI and used 

for comparative analysis. FAE1 is present with multiple homologous copies in the 

genome of L. campestre (3), C. sativa (3), B. napus (2) and as a single copy in A. 

thaliana, A. lyrata, C. rubella, and T. arvense. The conservation level for FAE 

appears to be quite well conserved, with few INDELs (Figure 8). Generally, the 

first 10 bases appear non-conserved across most species. A conserved 3 bp insertion 

of ATA can be found across the Brassica species at 135 bp, and in the same locus 

a 3 bp insertion of CTA in T. arvense (Figure 8). 

 Retrieved sequences for genes LcampFAE1_2 and LcampFAE1_3, 

identified as FAE1-homologues L. campestre, share low sequence similarity to 

LcampFAE1_1 (73.3%, 75.9%). They are therefore excluded from the 

bioinformatic analysis.  
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3.1.3 PEN2 

The gene PEN2 has previously been shown to be associated with GL hydrolysis in 

A. thaliana (Bednarek et al., 2009, Lipka et al., 2005).  

The PEN2 exon/intron structure could not be established using only 

alignment between A. thaliana CDS and L. campestre genomic information in the 

same way as for the other genes in this study due to the highly polymorphic 

sequence and complex intron/exon structure of PEN2 (Figure 9A). A project was 

therefore undertaken to establish the intron/exon structure experimentally using A. 

thaliana CDS as a basis for a prediction. From sequencing of amplified PEN2 

mRNA based on primers in Figure 9, it was concluded that PEN2 has an exon/intron 

structure similar to A. thaliana with 10 exons and the presence of a very small first 

exon of only 10 bp. The only exon-exon junction not fully validated is between 

exon four and five, for which a band of correct length was obtained on gel. The 

PCR-product was however lost after being sent to the sequencing facility.  

 

 

Figure 9. PCR-primer products for mRNA-characterization (B) aligned to the predicted mRNA 

product of L. campestre PEN2 (A). Prediction based on A. thaliana PEN2 structure. A PCR-product 

was obtained and verified on gel for the region spanning exon four to five, but not sequenced due to 

package handling issues, and hence not shown. Abbreviations: Ex = exon, F = forward primer, R = 

reverse primer.  

 

To study the gene structure of PEN2 in species of Brassicaceae with available 

genome annotations, gene sequences from close relatives of L. campestre were 

retrieved from NCBI and used for comparative analysis. A. alpina was included due 

to its sequence annotation on the antisense strand compared to L. campestre and B. 

napus. It was evaluated whether there was the presence of an antisense transcript in 

L. campestre as well, supported by the presence of multiple splice sites with high 

credibility predictions by NetGene2 web software version 2.42. A test was 

performed with one set of primer pairs; it did however not yield any product 

suggesting that there is no antisense transcript.  

PEN2 is present with one homologous copy in all studied 

Brassicaceae species (Figure 10). There is a relatively low level of conservation for 

PEN2, especially in the introns (Figure 10). The exons are however also highly 
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polymorphic – with an insertion found in both exon 9 and 10 across at least some 

of the studied species. An insertion in the middle of exon 9 at 1931 bp is conserved 

across all species except for L. campestre. The insertion is longer in A. thaliana 

(104 bp) and A. arenosa (95 bp) than in the Brassicas (87 bp). The insertion in exon 

10, conserved across the Brassica species, includes two closely followed A/T and 

repeat-rich segments of 132 and 120 bp. Three highly polymorphic regions can be 

identified where there are insertions and deletion present in the same loci in 

different species (Figure 10). In the first intron in bp position 68, one such highly 

polymorphic region site is present in the same area where the studied Arabidopsis 

species have an insertion, while the Brassica have a deletion. Another similar site 

is also present in intron 7 at bp position 1220 and intron 9 at 2091 (Figure 10).  Two 

INDELs inside exon 10 appear to be specific to the Brassica species, with a 117-

120 bp insertion at position 2102 and a 27 bp deletion at position 2377 (Figure 10).  
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3.1.4 SOT16 

The gene SOT16 has previously been shown to be associated with GL synthesis in 

A. thaliana and is of interest due to its association with L. campestre’s major GL 

sinalbin (Jain et al. 1989, Klein & Papenbrock, 2009, Harun et al. 2020). To study 

the gene structure of SOT16 in species of Brassicaceae with available genome 

annotations, gene sequences from close relatives of L. campestre were retrieved 

from NCBI and used for comparative analysis. S. alba was included because it is 

among the few Brassicaceae with sinalbin as a major GL (Harun et al. 2020).  

SOT16 is present with multiple homologs in C. sativa (3), B. napus 

(2) and S. alba (2). Generally, the overall gene structure of SOT16 appears to be 

conserved, however with smaller non-conserved regions (Figure 11). Notably all 

Brassica species share a 6 bp insertion around position 31 as well as a 3 bp insertion 

at 556 bp. An insertion of 3 bp is present in the Arabidopsis species at position 34 

bp. It is possible that the chromosome 16 SOT16 in C. sativa is not actually a 

homolog but rather a similar sequence or a pseudogene due to its shorter sequence 

length. 
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3.2 Evaluating polymorphisms found in L. campestre 

Two sequencing-based methods, Sanger sequencing and targeted NGS, were 

applied to identify polymorphic loci in genes known to be involved in the regulation 

of the target traits. The aim being to identify desirable associations between loci 

and trait for high oil content, high OA content, low EA content, low GL content, 

low Sb and low Gla content. 

3.2.1 Polymorphisms identified through Sanger sequencing 

For this investigation, primers were designed to specifically target the coding 

regions of the four genes selected for an comparative genomics analysis. After 

optimization of the primers 25 L. campestre individuals were used for PCR 

amplification and consequetive Sanger sequencing. In total 1375 bp for FAD2, 

1521 bp for FAE1, 1409 bp for SOT16 and 2471 bp for PEN2 were sequenced and 

after aligning the sequences from the 25 individuals six polymorphisms were found 

(Table 4). Three were identified in FAD2, two in PEN2 and one in SOT16, while 

no polymorphisms were recorded for FAE1.1. Among these polymorphisms, one  

in a missense mutation (FAD2_16852827-C+2/-), leading to a codon deletion 

causing the loss of a serine amino acid.  

 

Table 4. The six unique polymorphisms found across the four studied genes using Sanger 

sequencing. POS refers to position in its linkage group, and POS CDS to its bp position counted 

from ATG. A ‘+’ refers to a polymorphism found downstream of CDS. A ‘*’ in alternative allele 

refers to an ambiguous base, Y = C/T, M = A/C. Abbreviations: Alt. – Alternative, OA - Oleic 

acid, GLs - Glucosinolates, sb - sinalbin. Ref. – reference. 

 
Polymorphism Gene Trait 

Found in 
accessions 

Phenotype of 
accessions 

Ref. 
allele 

Alt. 
allele POS /POS CDS 

FAD2_ 
16852827-C+2/- 

FAD2 
Oil 

composition 88 High oil CTT - 
16852827 / 

31 
FAD2_16853420-

C/T 
FAD2 

Oil 
composition 88 High oil C Y* 

16853420 / 
624 

FAD2_16853666-
C/A 

FAD2 
Oil 

composition 88 High oil C M* 
16853666 / 

870 
PEN2_1358072-

C/G 
PEN2 

Glucosinolate 
content 92 

Low OA, low 
GLs C G 

1358072  / 
864 

PEN2_1359828-
A/G 

PEN2 
Glucosinolate 

content 92, 94 

Low OA, low 
GLs (92), low 

sb (94) A G 
1359828 / 

+122 
SOT16_18240573-

G/C 
SOT16 

Glucosinolate 
content 94 

Low OA, low 
GLs G C 

18240573 / 
9 
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3.2.2 Polymorphisms identified using targeted NGS 

For the purpose of identifying additional polymorphisms in genes known to 

regulate the target traits, 15 genes were selected (Table 3) for targeted NGS 

sequencing. The gene sequences were retrieved from the L. campestre whole 

genome sequence data by using A. thaliana gene sequences as baits. In addition to 

the whole gene sequences, 200-300 bp up- and downstream of the genes were 

retrieved and used by CD genomics for designing a targeted NGS assay. Thirty-

nine L. campestre and one L. heterophyllum individual was selected as a diversity 

panel based on previous data on seed oil content, oil composition and glucosinolate 

content and quality. High molecular weight genomic DNA was isolated from the 

diversity panel and sent for sequencing at CD genomics.  

Table 5. The polymorphisms found across 15 studied genes (excluding accession LEP2020-313 

and the polymorphism only recorded for this accession), shown as the number of polymorphisms 

in each gene as total, up-and downstream of the gene, introns and exons. 

 

 

 Through alignments of the sequence data obtained from the targeted NGS 

sequencing a total of  671 polymorphic loci were identified. Accession Lep2020-

313, which derives from a cross between L. campestre x L. heterophyllum had an 

alternative allele for 461 of these sites. Since this single accession captured more 

than half of all the identified polymorphic sites, these polymorphisms and this 

accession were excluded from further analysis as they were deemed to reflect the 

difference between L. campestre and L. heterophyllum rather than relevant 

polymorphic sites for L. campestre. After excluding LEP2020-313 and the 461 L. 

heterophyllum-related polymorphisms, 210 polymorphic sites derived from 

aligning 39 individuals were used for further analysis (Table 5). Of these, only 32 

Gene Trait Total Upstream of gene Intron Exon Downstream of gene 

KCS8 Oil quality 28 9 0 5 14 

FAE1_1 Oil quality 0 0 0 0 0 

FAE1_2 Oil quality 1 0 0 0 1 

FAE1_3 Oil quality 16 8 0 5 3 

FAD2 Oil quality 2 0 0 1 1 

LEC1 Oil content 2 0 0 0 2 

LEC2 Oil content 20 0 19 1 0 

TAG1 Oil content 41 17 12 3 9 

WRI1 Oil content 11 3 6 1 1 

BUS1 Glucosinolate content 8 0 0 2 6 

SOT16 Glucosinolate content 1 0 0 1 0 

MYB28 Glucosinolate content 50 33 2 4 11 

GTR1 Glucosinolate transport 16 10 0 4 2 

GTR2 Glucosinolate transport 1 1 0 0 0 

PEN2 Glucosinolate degradation 13 1 2 0 10 

 Total Polymorphisms: 210 82 41 27 60 
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are present in one single accession, 72 are present in 2-3 accesions, 58 are present 

in 4-10 accessions, 13 occur in 11-20 accessions and 42 occur in 21-31 accessions. 

 

The 27 polymorphisms found within exon regions were predicted for their effect 

on the final protein using the PolyPhen-2 software. The results showed that 19 of 

these polymorphisms were predicted to cause silent mutations, based on 

exon/intron structure predictions. Missense mutations were found in seven loci in 

oil related genes, and in six glucosinolate related genes (Table 6). Multiple of the 

mutations were predicted to have a detrimental effect on the protein function. The 

polymorphism FAD2_16852827-C+2/- was predicted to cause a codon deletion 

coding for a serine amino acid, which do not reside inside any protein domain 

(Table 6). Gustafsson et al. also found this deletion in their 2018 study of L. 

campestre genes. 

 

Several of the missense mutations predicted to be detrimental to protein function, 

also showed significant correlations with oil or glucosinolate traits. 

KCS8_5299450-A/G is correlated with decreased oil content and EA, and increased 

GLs and OA (Table 6, Table 7). MYB28_13310330-A/C, MYB28_13311406-T/G 

and MYB28_13310279-T/C correlates with decreased oil content (Table 6, Table 

7).  

Interestingly – most missense mutations are predicted to have 

detrimental effects. However, majority of these mutations are not significantly 

linked to any phenotype. 
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Table 6. List of missense mutations and codon deletions found in oil- content and quality related 

genes of L. campestre. POS LG refers to its bp position in the linkage group, POS CDS to its bp 

position from ATG in the CDS. Codon refers to which codon is then affected counted from ATG 

as codon 1. Exon 7 * (TAG1) indicated that the exon is predicted with low support.  Polyphen 

scores evaluate the probability of a substitution being damaging for protein. Values between 0-

0.15 are predicted to be benign, 0.15-0.85 possibly damaging and 0.85-1 probably damaging. 
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3.2.3 Significantly associated polymorphisms to target traits 

found using targeted NGS sequencing  

Thirty nine accessions of L. campestre was sequenced in 15 genes associated with 

oil and GL content and composition to identify polymorphisms with significant 

association with these traits. In total 4778 bp of WRI1, 4338 bp of TAG1, 1233 bp 

of LEC1, 3546 bp of LEC2, 1691 bp of FAD2, 2140 bp of FAE1_1, 2058 bp of 

FAE1_2, 2005 bp of FAE1_3, 2133 bp of KCS8, 2196 bp of MYB28, 2319 bp of 

BUS1, 1924 bp of SOT16, 2803 bp of PEN2, 2662 bp of GTR1 and 3174 bp of 

GTR2 were sequenced.  

In total 113 polymorphisms were found which were significantly 

associated with either oil, OA, EA, glucosinolate, Sb or Gl content, using targeted 

NGS sequencing (Table 7). 

Markers for oil content in oil-content-related genes include the 

markers found in WRI1, TAG1, LEC1 and LEC2 (Table 7). Interestingly, most 

markers found within glucosinolate related genes was also shown to be significantly 

correlated with oil content rather than glucosinolates (Table 7). Several markers 

significantly associated with OA content were found in WRI1 and and in KCS8, and 

a single in LEC2 (LEC2_3905762-G/A) (Table 7). Moreover, there were 

additionally two markers identified in glucosinolate related genes –BUS1 ( 

BUS1_19870988-A/A+1) and MYB28 (MYB28_13308312-G/A). Markers 

observed to be associated with increased OA also seem to be  associated with either 

decreased oil content or increased GL. Eight markers were shown to be 

significantly associated with EA content markers and includes TAG1_604746-C/T, 

LEC2_3905849-C/T, FAE1_2_5978947-A/T, GTR1_13759152-G/C, 

BUS1_19870988-A/A+1, MYB28_13310279-T/C and all markers in WRI1 and 

KCS8, respectively. The markers TAG1_604746-C/T and BUS1_19870988-A/A+1 

are of most interest as they are associated with decreased EA but not decreased oil 

content (Table 7). 

Polymorphisms of interest related to decreased glucosinolate content 

in glucosinolate related genes included MYB28_13310279-T/C and 

GTR1_13759152-G/C (Table 7). Polymorphisms with strong correlation to 

glucosinolate content were however also found in oil related genes such as in WRI1 

and LEC2. The LEC2_3905849-C/T marker was shown to associate favorably with 

glucosinolate decrease but unfavorably correlated with increased oil. For Sb and 

Gla content specifically, the markers are MYB28_13308312-G/A, 

MYB28_13311500-A/G, BUS1_19870988-A/A+1, LEC2_3905762-G/A, 

TAG1_604920-T/G and all markers in WRI1 (Table 7).  

 

There are a number of groups of polymorphic loci, often within close proximity 

within a linkage group, which are shared by the same accessions (Table 7), akin to 

haplotypes. The groups of polymorphisms can span multiple genes, as can be seen 
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in FAD2 and KCS8 (which are both located on LGX). This may be due to linkage 

disequilibrium causing higher than expected co-inheritance between these loci, or 

due to accessions being closely related to each other within homogenous 

populations.  

 

The distribution of markers show that there is no single accession with all the 

benificial alleles for either oil content nor glucosinolate content (Table 8). The 

highest number of stacked markers for oil content is found in accession LEP2020 

no. 70, 80, 88, 120, 126, 138, 180, 192, 197, 198, 222, 226, 234 and 236 all with 

ten out of 13 markers.  

 For OA content LEP2020-310 has the highest number of stacked 

markers, with three of total four found markers. For EA content LEP2020 no. 194 

and 307 have all seven markers. For GL LEP2020 no. 89 and 92 have six out of ten 

markers. For Sb eight markers were found and seven for Gla (Table 8). Half of all 

accessions already possess all of the Gla markers, and seven of the Sb markers. 

Accessions with seven of both Sb and Gla markers are LEP2020 no. 21, 23, 37, 40, 

70, 80, 88, 89, 92, 120, 138, 180, 192, 197, 222, 226 and 234 (Table 8). 
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Table 7. A list of all 113 polymorphisms observed in at least two accessions, with significant 

associations to traits of interest (OC, OA, EA, GL, Sb and Gla) in 39 studied accessions.  

Markers are named according to [Gene], [Genome Position (POS)], and [Reference 

allele]/ [Alternative allele]. In cases of insertion/deletions only the first bp is written, with remaining 

shown as +X.  

Colours in polymorphism name column indicate groupings where the same 

accessions share multiple alt. alleles. Trait refers to function associated with the gene the marker is 

in proximity of. POS refers to genomic bp position of polymorphism on Linkage group. P indicates 

significance interval, where p ≤ 0.05 is considered significant. Positive association (green) indicate 

higher content with alt. allele, while negative (red) indicate higher content with Ref allele. 

Abbreviations: bp – base pair, GL – glucosinolate content, Sb – Sinalbin content, Gla – Glycoallysin 

content, OC – oil content, OA – oleic acid content, EA – erucic acid content, LG – Linkage group. 

VLCFA – Very long chain fatty acid content (oil composition). 
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Table 8. Distribution of marker groups with significant correlation to oil (A) or glucosinolate 

content (B), for each accession. No. In Group indicate the number of polymorphic loci in a group 

(colour coded as in Table 7, column “name of polymorphism”) which are shared by the same 

accessions. Trait association indicate which trait the marker is significant for, while R indicates that 

reference allele is preferred and A that alternative allele is preferred.  

Abbreviations: EA – Erucic acid, GL – Glucosinolates, Gla – Glucoallysin, OA – oleic acid, OC – 

Oil content, Sb – Sinalbin. 

 

 

3.2.4 Principle Component Analysis (PCA) 

A PCA was performed on the set of 210 polymorphisms found in the targeted 

NGS-sequencing, to evaluate if the genetic variation could be explained by 

observed phenotype. Components 1 and 2 describe 24.2% and 29.5% of the 

variation, respectively, with three notable clusters of which one contains the 
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majority of data points. The PCA plots shows no clear clustering pattern of 

accessions of similar phenotype (Figure 12A and B). This indicates that the L. 

campestre accessions have little genetic variation, which is also supported by 

prior observations (Geleta et al. 2020). There are some accessions distinctly 

grouping together – however these do not share phenotypic traits (Figure 12B), 

instead some of the observed variation can be explained by geographical origin 

(Figure 12C).  

PCA-analysis was also performed separately for all polymorphisms 

identified in or in proximity to genes known to regulate oil content, oil 

composition and glucosinolate content, respectively. The results from these 

analyses yielded results very similar to Figure 12 and are therefore not shown. 
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Figure 12. Principle component 

analysis (PCA) of polymorphisms 

identified in L. campestre. 

A = Accession groupings 

B = Phenotype grouping, phenotype 

average is shown as a black dot. 

C = Grouping based on location of 

collected sample seeds, location average 

is shown as a black dot. Unknown 

samples are derived from elite breeding 

lines of mixed origin. 
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3.3 Method comparison – Targeted NGS and Sanger 

sequencing 

Since two different methods for identifying polymorphisms were used in this study 

it gives an opportunity to compare the two methods. Sanger sequencing were 

performed at Eurofins Genomics for 25 individuals and four genes divided into 11 

amplicons, summarizing to 7190 bp. NGS sequencing was performed by CD-

genomics on pre-extracted DNA from 40 individuals and 15 genes, summarizing to 

roughly 43190 bp.   

Evaluation of the number of polymorphisms found in Sanger versus targeted NGS 

sequencing 

As evident by this study (Table 5) and supported by prior findings (Ching et al. 

2002, Ghosh et al. 2002), a higher number of polymorphisms are found outside of 

the coding region rather than within exons.  

There was a difference in the number of polymorphisms discovered 

using Sanger (6) and NGS (210) sequencing in this study. This is however 

obviously due to the lower number of genes, samples, and lower number of base 

pairs in genes that was sequenced using Sanger compared to targeted NGS.  

The same polymorphisms were found in the same region, however 

observed in different accessions. In FAD2, three polymorphisms were found in 

LEP2020-88 that were not observed with targeted NGS. It was further observed 

that FAD2_16852827-CTT/- was found in LEP2020-89 with NGS, but not with 

Sanger.  The first among two SNPs found in PEN2 in Sanger sequencing 

(PEN2_1358072-C/G) did occur within the same accessions using Sanger and 

NGS. The second however (PEN2_1359828-A/G) had two accessions where the 

SNP was observed using Sanger and not with NGS, and nine accessions where the 

SNP was found using NGS and not with Sanger. SOT16_18240573-G/C was 

observed in and six accession in NGS, and none in Sanger.  

Evaluation of cost and time management with Sanger versus NGS sequencing 

In terms of cost, targeted NGS was unquestionably less costly than the Sanger 

sequencing when the actual NGS and theoretical Sanger cost of 15 genes was 

compared. A lower cost per sequenced gene and polymorphism was identified with 

NGS (Table 9). High shipping costs (284 USD) with CD-genomics offsets this 

monetary advantage when working with very few PCR-products. In these cases, the 

Sanger sequencing may be preferred. Sanger sequencing by Eurofins was carried 

out in tubes or plate format, with pre-paid barcode labels. The cheaper Sanger 

sequencing plate alternatives comes with a minimum number of samples in 96-well 

plate format.  
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From the calculations alone, it appeared as the most cost-effective 

sequencing alternative at Eurofins is sending unpurified PCR products in a 96-plate 

format to be purified and sequenced at their facilities (Table 9). However, this is 

misleading and does not consider the rate of failure for sending in unpurified versus 

pre-purified samples. It was observed in this study that when sending unpurified 

PCR products (in plates or tubes) for Sanger sequencing there was a higher 

likelihood of sequencing failure as well as an overall lower sequencing quality 

when successfully sequenced compared to when sending purified PCR product 

(purified in-house using a kit), – offsetting the cost-benefit. This may be due to the 

difficulties of properly estimating PCR-concentrations prior purification, or 

differences in the purification performed at SLU and Eurofins. Another cost-related 

issue not included in the calculation is the cost of in-house labour for the Sanger 

sequencing, which is substantial – estimated weeks-months of full-time work for a 

15-gene study. Furthermore, primer-pair optimization, sequencing failure and other 

possible costly mishaps are not accounted for. Neither is potential licences for 

alignment software, PCR, Nanodrop, gel electrophoresis chamber and gel 

documentation and camera equipment and maintenance. DNA-extraction related 

costs necessary for both Sanger and NGS was also excluded from the calculation. 

Table 9. Cost (in SEK) for sequencing and identification of polymorphisms in the 15 genes included 

in this study by the targeted Next-Generation Sequencing (NGS) (CD-genomics), and the theoretical 

cost of using Sanger sequencing (at Eurofins) for purified Polymer Chain Reaction (PCR) products 

in tubes, plate or unpurified products in plate format. Costs for Sanger sequencing were calculated 

by estimates based on data from 15 genes and 40 accessions in this study with average gene length 

of 2080 bp +-700 bp up and downstream and five primer pairs per gene, including cost of PCR and 

sequencing-related products and services. Polymorphism refers to a single locus with a 

polymorphism in at least one accession (Table 7). Exchange rate used was 1 USD = 10.40 SEK. 

 

In terms of time, compared to targeted NGS, Sanger sequencing, as already stated, 

require vastly more manual work for the individual researcher – as the PCR, 

purification and gel electrophoresis must be done manually for all samples. Another 

drawback to consider for Sanger is the quality of sequencing which will likely be 

poorer due to less coverage depth. In this study, sequencing was performed once in 

the forward and once in the reverse direction. A study of this scale (sequencing of 

15 genes including up- and downstream sequences, for 40 individuals) would have 

been impossible to achieve within this project’s time frame using only Sanger 

sequencing – mainly due to time constraints. A proper experimental setup is more 

crucial for targeted NGS approaches due to the high shipment costs and long 

 
Cost per 

Sanger (Tube - 
Purified) 

Sanger 
(Purified plate) 

Sanger 
(Unpurified 

plate) 

 
Targeted NGS 

 
Per sequenced Bp 5.69 3.85 3.69 1.57 

Gene 19803.22 13395.25 12830.48 5466.70 

Polymorphism 1414.52 956.80 916.46 390.48 
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waiting time for results, necessitating larger batch shipments, which may be an 

issue for some studies. NGS also require vastly more prior genomic annotation, 

putting it out of reach for many novel studies.  

3.4 Evaluation of traits in Lepidium species for future 

interspecific breeding with Lepidium campestre 

3.4.1 Evaluation of selected polymorphisms in oil content 

related genes in Lepidium species 

Of the 113 polymorphisms initially discovered in L. campestre (Table 7), 14 loci 

with significant association to oil content or composition in oil-related genes were 

chosen for further evaluation in 15 Lepidium accessions of 11 different species 

(Table 10). Leaves for sampling could not be obtained for L. cardamines where 

therefore excluded from analysis. Polymorphisms will be referred to in the order 

they appear in the amplicon sequence. 

Table 10. Polymorphisms discovered in L. campestre (Table 7) chosen for further evaluation in 

Lepidium accessions. Phenotypes marked in red indicates negative correlation, while green indicates 

positive. POS indicates the position of locus in relationship to the coding sequence, with – being 

upstream of ATG and + being downstream of stop-codon. 

FAD2 

As previously demonstrated in the comparative genomic study of species from the 

Brassicaceae (Figure 7) the FAD2 gene conservation structure is high. No 

INDELs were observed between the species. L. campestre and L. heterophyllum 

even share an identical sequence. It is also evident that the L. hirtum subspecies 

have a high sequence similarity, with only 1-2 substitutions. Highly polymorphic 

regions that were consistent across all species except L. heterophyllum and L. 

hirtum, such as at 169 bp, 241 bp, 273 bp, 378 bp and 456 bp were observed 

(Figure 13). The targeted SNP (FAD2_16852827-C+2/-) was shown to be  

SNP Name Statistically linked to: POS Gene Region 
FAD2_16852827-CTT/- Oil  content*, OA content *, EA content * 32 FAD2 Exon 

WRI1_16471364-C/CA,CAA Oil  content***, OA content *, EA content * -257 WRI1 Upstream 

WRI1_16472916-G/GA Oil  content***, OA content **, EA content ** 1296 WRI1 Intron 

WRI1_16473045-C/T Oil  content***, OA content **, EA content ** 1425 WRI1 Intron 

WRI1_16473352-C/CTTTATTT Oil  content*,  EA content * 1732 WRI1 Intron 

WRI1_16475686-T/C Oil  content**,  EA content * +168 WRI1 Downstream 

TAG1_602057-A/G Oil  content** 736 TAG1 Intron 

TAG1_604746-C/T EA content ** +323  TAG1 Downstream 

TAG1_604920-T/G Oil  content** +497 TAG1 Downstream 

LEC2_3905801-TTA/- Oil  content** 2903 LEC2 Intron 

LEC2_3905804-C/T Oil  content* 2879 LEC2 Intron 

LEC2_3905844-ATA/- Oil  content* 2852 LEC2 Intron 

LEC2_3905849-C/T Oil  content* 2858 LEC2 Intron 

LEC2_3906180-A/G Oil  content* 3234 LEC2 Intron 
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polymorphic across all species except L. heterophyllum, L. hirtum and L. sativum 

(Figure 13), with the CCTT substituted for T, which subsequently substituted the 

amino acid proline for serine. The allele in L. campestre result in a deletion of a 

serine amino acid.  

 

WRI1 

The results from sequencing the three WRI1 gene regions holding the five target 

SNPs (Figure 14A) showed that there is a lower level of conservation in WRI1 

compared to that of FAD2. In this region of WRI1, there are multiple gaps and 

insertions present in all three studied amplicons (Figure 14B-D). INDELs and 

substitutions are especially prevalent directly adjacent to exon/intron junctions but 

are also present frequently within exons (Figure 14B-D). The 200 bp region 

flanking exon six downstream is interestingly relatively well conserved (Figure 

13D). The position of the first targeted SNP of interest (WRI1_16471364-

C/C+1,C+2) in amplicon 1 was not successfully sequenced in most species. 

However, in L. hirtum subsp. calycotrichum, L. virginicum subsp. menziesii and L. 

vesicarium, a substitution from C to T was recorded (Figure 14B). Amplicon 2 had 

overall lower sequencing success-rate, despite two attempts with different primers, 

possibly due to it being a highly polymorphic region. The first SNP 

(WRI1_16472916-G/G+1) in amplicon 2 is not present in L. heterophyllum due to 

its placement in a region where L. heterophyllum has a deletion (Figure 14C). The 

position in L. vesicarium and L. spinosum is conserved with L. campestre (Figure 

14C). 

The second SNP (WRI1_16473045-C/T) in amplicon 2 is conserved between L. 

campestre and L. heterophyllum with a substitution in L. vesicarium and L. 

spinosum (Figure 14C). The third polymorphism in amplicon 2 (WRI1_16473352-

C/C+7) is causing ann insertion of 7 bp in a loci that is conserved across all species, 

in a region that is AT-rich (Figure 14C). The SNP in amplicon 3 (WRI1_16475686-

T/C) is also in a conserved region (Figure 14D). 
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TAG1 

Two regions in WRI1 holding three target SNPs were evaluated in Lepidium 

accessions (Figure 15A). The results from sequencing the two amplicons showed 

that TAG1 is relatively well conserved within the exons, with prevalence of 

INDELs present in the intronic regions (Figure 15). A conserved deletion can be 

found in the second intron in L. virginicum, L. graminifolium and L. subulatum, and 

three in the third intron in L. graminifolium and L. subulatum in amplicon 1 (Figure 

14B). A highly polymorphic region was found in the first half of intron 3, in all 

species except L. heterophyllum and L. hirtum (Figure 15B). The locus of the first 

SNP of interest in amplicon 1 (TAG1_602057-A/G) is generally conserved in most 

of the studied species, except L. campestre and L. subulatum (Figure 15, B). 

Noteworthy, the substitution changes A to G, while G is the nucleotide found across 

almost all the other species (Figure 15B). The second SNP (TAG1_604746-C/T) of 

interest in amplicon 2 was shown to be very well conserved. The third SNP 

(TAG1_604920-T/G) is in a locus with the substitution from T to G in L. campestre, 

while all other studied species have a G (Figure 15B-C). 
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LEC2 

A region in LEC2 holding five target polymorphisms were evaluated in Lepidium 

accessions (Figure 16). The results from sequencing show that the level of 

conservation was high in LEC2 for some species, including the closely related L. 

hirtum, and more distant L. virginicum (Figure 16). Interestingly, L. heterophyllum 

was not shown to have a high sequence similarity to L. campestre, with a unique 

deletion in intron 5 and a highly polymorphic region not shared with other Lepidium 

(Figure 16). Most of the intronic region in intron 5 is highly polymorphic and could 

not be properly aligned in L. perfoliatum and L. ruderale. The same region was not 

successfully sequenced in L. virginicum, L. spinosum, L. subulatum and L. 

graminifolium, clearly demonstrating that this intron has a low level of conservation 

(Figure 16). The first polymorphism (LEC2_3905801-TTA/) results in a deletion 

which is also present across the other species for which this part of the sequence 

was covered (Figure 16). LEC2_3905804-C/T, and the second polymorphism, 

shown after the larger gap in the same image, is however conserved. The third 

polymorphism (LEC2_3905844-ATA/-) is in a conserved locus (LEC2_3905849-

C/T), while the fourth is in a region with overall low sequence similarity and a locus 

with a substitution in all but one L. hirtum subspecies, and the fifth is in a locus 

(LEC2_3906180-A/G) which is conserved across all the studied species except L. 

campestre (Figure 16).  
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Phylogenetic relationship among the Lepidium accessions 

In order to visualize the evolutionary relationship between 15 studied Lepidium 

accessions a phylogenetic tree was generated based on the FAD2 amplicon (Figure 

13). FAD2 was chosen since it has highest sequence similarity among the four 

amplified genes (FAD2, TAG1, WRI1 and LEC2) and therefore assumed to be most 

conserved. This phylogenetic tree (Figure 17) suggested a close relationship 

between L. campestre, L. heterophyllum and L. hirtum supported by previous 

research (Mummenhoff et al. 2009, Mummenhoff, Brüggemann & Bowman 2001, 

Geleta et al. 2020), with a larger distance to the other species in the study. L. 

perfoliatum branches out from the other Lepidium accessions (Figure 17), despite 

previous research suggesting a closer relationship (Mummenhoff et al. 2009, 

Mummenhoff, Brüggemann & Bowman 2001). L. sativum is placed close to L. 

campestre based on the FAD2-sequences (Figure 17) while previous research 

suggests a more distant relationship (Mummenhoff et al. 2009, Mummenhoff, 

Brüggemann & Bowman 2001). 

 

 

Figure 17. Phylogenetic tree of 15 Lepidium accessions based on FAD2 amplicon (Figure 13) 

sequences generated with neighbour joining with B. napus as an outgroup. Each branch length 

distance is displayed, with higher numbers indicating greater phylogenetic distance.  
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3.4.2 OiI content and oil composition analysis in Lepidium 

species 

Oil content and oil composition are important traits for domesticating and 

improving L. campestre as a productive oilseed crop. Therefore, the oil content and 

oil composition of 16 (of which 14 was included in the comparative genomics 

study) Lepidium species were analysed by extracting the seed oil and analysing the 

fatty acid composition and total fatty acid content on a GC. The highest measured 

seed oil content was in L. campestre, closely followed by L. ruderale, L. sativum 

and L. virginicum, all with just above 10% seed oil content (Figure 18). Lowest 

reported seed oil content was found in the tiny seeds of L. subulatum and L. 

cardamines, both below 1% (Figure 18). However, all previously reported values 

are higher than measured in this study (Nilsson, Johansson & Merker, 1998, Kjaer 

et al. 1954), which is especially noteworthy for L.  graminifolium, L. sativum and 

L. virginicum where previous research indicates very high oil content. Oil content 

may vary between individuals, and the low number of seeds may as well be a reason 

for the difference. The estimated composition of FAs is however closer to 

previously reported percentages than the total oil content (see Appendix 6, Nilsson, 

Johansson & Merker 1998, Yaniv et al. 1995, Lazzeri et al. 2013). The two 

accessions L. subulatum and L. cardamines which has very tiny seeds, had a 

deviating FA composition compared to the rest, with a notably higher proportion of 

both Myristic acid (14:0), Palmitic acid (16:0) and Behenic acid (22:0) and lower 

Oleic acid (18:1) and Linolenic (18:3) (Figure 18).  

Six accessions had a comparably low level of EA (22:1) – L. ruderale, 

L. graminifolium, L. perfoliatum, L. sativum, L. vesicarium and L. virginicum subsp. 

menziesii, while L. virginicum and the majority of the other accessions had EA 

content comparable to L. campestre (Figure 18).  

Several accessions had a relatively high level of OA (18:1) including 

L. heterophyllum, L. hirtum subsp. atlanticum, L. hirtum subsp. calycotrichum L. 

spinosum, L. sativum, L. virginicum subsp. menziesii with around double or more 

OA compared to L. campestre (Figure 18). 
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Figure 18. Oil composition in 16 Lepidium accessions. n = 10x3 (seeds), except L. ruderale and L. 

hirtum subsp. atlanticum with n = 10x2. Sources for previously reported oil content: aNilsson, 

Johansson & Merker (1998), bKjaer et al. (1954) 

 

3.4.3 Lepidium species for future interspecific breeding with L. 

campestre  

A literature study was performed to evaluate the potential of other Lepidium species 

for interspecific breeding. From the literature study, it was concluded that there are 

14 species of Lepidium closely related to L. campestre recorded as having the same 

chromosome number of 2n = 16, or not yet evaluated ploidy level and chromosome 

number (Table 11).  L. appelianum, L. hirtum subsp. atlanticum and L. villarsii 

have varying chromosome number depending on region (Table 11). Gene bank 

availability is lacking for many of these species, presenting a challenge if they 

would be targeted for evaluation in future studies. L. chalepense and L. draba has 

been identified as closely related to L. campestre, however their chromosome 

number 2n = 32-64 and 2n = 48-128 respectively will likely be a crossing barrier 

(Table 11), also supported by a prior study (Reyes 2021). Twenty-two Lepidium 

species were identified as having an ideal chromosome number 2n = 16, but in these 

cases the phylogenetic distance is likely to become a crossing barrier (Table 11).   

Table 11. Table of Lepidium species identified with either chromosome number 2n =16 and/or close 

phylogenetic relationship. Chromosome number & country of origin & alternative name from 
aWarwick & Al-Shehbaz (2006) if not otherwise stated. Relatedness was determined from 

phylogenetic trees of bMummenhoff et al. (2009), cMummenhoff, Brüggemann & Bowman (2001) 

and dMa et al. (2020). Current gene bank availability for distribution is a summary of eGenesys 

(2023) and fKew (2023a) and verified from distributing gene bank webpages. Chromosome number 

(A) or (B) corresponds to findings in country (A) or (B) in country of origin where chromosome 

number may be tied to location. Relatedness: Green = Very close within 1-2 nodes (1), Yellow = 

close, within 3 nodes (2). Brown = Distant, more than 4 nodes (3). Grey = Unknown (4).   
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Lepidium 
species 2 n = a  

Relatedness 
d, e, f Country of origin a 

Gene bank – Available for 
distribution b, c 

Alternative 
name a 

appelianum 
16a, 24 
b  1 

Mongolia, United 
states & Canadaa, 
Italy & United statesb MSB (no distribution)c 

Cardaria 
pubescens, 
Hymenophysa 
pubescens 

heterophyllum  16  1 
Czech Rep., Portugal 
& United Kingdom DAFFb, NPGS, IPKb, c, UPM-BGV d   

hirtum  16  1 Morocco & Spain UPM-BGVc   

hirtum subsp. 
atlanticum 

 8 (A), 
16 (B)  1 

Morocco (A), 
Morocco (B)a 

NPGS not availableb, c, UPM-
BGV c   

hirtum subsp. 
calycotrichum  16  1 

Morocco, Spain & 
Switzerland NPGS c   

hirtum subsp. 
dhayense  16  1 Morocco NPGS, UPM-BGVc   

hirtum subsp. 
nebrodense  16  1 Greece & Italy NPGSb,c UPM-BGV c   

hirtum subsp. 
oxyotum  16  1 Greece & France     

hirtum subsp. 
petrophilum  16  1 Spain     

hirtum subsp. 
stylatum  16  1 Spain     

perfoliatum 16 2 

Canada, Iraq, Unite 
States, Bulgaria, 
Czeck/Slovak, 
Denmark, Iceland, 
Poland & Russia 
(USSR) IPK, NPGSb, c MSB, UPM-BGVc   

rigidum uknown  1 Algeria     

villarsii  
14 (A), 
16 (B)  1 France (A), France (B) UPM-BGVc   

chalepense 

48 (A), 
80 (B), 
128 (C)  1 

Iran, Pakistan & 
Afghanistan (A), 
Canada & Russia 
(USSR) (B) Iran (C) MSB no distributionc  

draba 
32 (A), 
64 (B)  1 

Iraq (A), Iran, 
Bulgaria, Austria, 
Canada, 
Czech/Slovak, France, 
Denmark, Italy, Russia 
(USSR), Sweden, 
United Kingdom, 
United states, 
Belgium & Germany 
(B) 

LARIb, AGGc, NPGS (currently 
unavailable)c  

affghanum 16  3 Afghanistan & Iran   
L. 
stroganowia 

affine  16  4 Russia (USSR)     

africanum 
16 (A), 
32 (B)  3 

Kenya (A), Australia 
(B) MSBc   

alluaudii  16  3 Paris, Morocco UPM-BGV, NPGSc   

armoracia 
 16(A), 
32 (B)  3 

 Sweden (A), Yemen 
(B)     

aucheri 16  3 Iraq MSBc   

cardamines  16  3 Spain NPGSb, c,  UPM-BGVc  L. cardamine 

cartilagineum 

 16 (A), 
28 (B), 
40 (C)  3 

Spain, Iran, Romania 
(A), Russia(USSR) (B), 
Finland (C)     

didymum 
16 (A), 
32 (B)  3 

India (A), China, India, 
Pakistan, United 
states, Argentina, 
Spain, Netherlands, 
Portugal, Denmark, CIPb, MSB, AGGc 

Coronopus 
didymus, 
Senebiera 
pinnatifida 
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England & Sweden 
(B) 

graminifolium 
16 (A), 
48 (B)  3 

Denmark (A), Albania, 
Bulgaria, France, 
Greece & Spain (B)  NPGS2,3, UPM-BGVc 

 L. 
graminifolium 
subsp. 
graminifolium 
=L. iberis 
(India) 

jaredii 16  3 United States     

oblongum 16  3 Denmark & Germany MSBc   

obtusum  16  3 Russia(USSR) MSBc   

persicum 16  4 Iran & Afghanistan UPM-BGVc   

persicum subsp. 
arianum  16+3B  4 Afghanistan     

pseudodidymum  16  4 Chile     

ruderale 
16 (A), 
32 (B)  3 

Iraq, Romania, Russia, 
Russia (USSR) & 
Ukraine (A), China, 
Germany, Belaus, 
Bulgaria, 
Czeck/Slovak, Iceland, 
Poland, Sweden & 
France (B) 

  IPK, NPGSb,c, UPM-BGV, 
Nordgenc   

sativum 

16 (A), 
24 (B), 
32 (C)  3 

loc. not given (A), 
India, Iran, Iraq, 
Czeck/Slovak, Finland, 
Germany, Hungary & 
Poland (B), China (C) 

NPGS, PGRC, VIR, IPK, LARIb, 
UPM-BGVc etc. Prevalent in 
many seed banks.   

spinosum 
 16 (A), 
24 (B)  3 Spain (A), Spain (B) LARIb, NPGSb,c, MSB, UPM-BGVc 

Capsella 
spinosa,   

subulatum 16  3 Spain NPGSb,c, UPM-BGVc   

vesicarium 
16 (A), 
32 (B)  3 

Iran, Russia(USSR) 
(A), Iran (B) NPGSb,c, UPM-BGVc   

virginicum 
16 (A), 
32 (B)  3 

United States (A), 
China, Pakistan, 
Unisted states, 
Canada, 
Czeck/Slovak, Poland, 
Portugal, Denmark 
(B) NPGS, CIPb, UPM-BGV, MSBc 

L. menziesii,  
 subsp. 
Menziesii = 
subsp. 
pubescens, 
L. iberis 

 

Gene bank name abbreviations: AGG  - Australian Grains Genebank, CIP -  International Potato 

Center,  IPK  - Genebank of IPK Gatersleben, LARI -  Lebanese Agricultural Research Institute  

, MSB - Kew Millennium Seed Bank Kew , NPGS - USDA National Plant Germplasm System, 

UPM-BGV - The Plant Germplasm Bank of the Polytechnic University of Madrid, VIR - NI 

Vavilov All-Russian Institute of Plant Genetic Resources.  

 

3.4.4 Glucosinolate content and composition in Lepidium 

species  

Glucosinolate content is an important trait to improve for successful 

implementation of L. campestre as an oilseed crop. A literature study was therefore 

performed to evaluate GL content in Lepidium seeds. The glucosinolate content in 

seeds is not well documented in the studied Lepidium species, with L. cardamines, 

L. heterophyllum, L. hirtum and L. spinosum completely lacking any documented 

GLs content and composition. Among the species with documented glucosinolate 

https://cipotato.org/
https://cipotato.org/
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information, two separate methods for measuring glucosinolate content has been 

used. More recent references use direct GLs extraction (Arefaine et al. 2019, Isoz 

2018, Sarakamis & Yanmaz 2011, Đulović et al. 2021) while the older study found 

measures of glucosinolate content as glucose released in sample hydrolysis 

(Daxenbichler et al. 1991). According to the literature findings, species with 

notably lower glucosinolate than L. campestre include L. graminifolium, L. 

subulatum and L. sativum (Table 12). 

 

Table 12. Literature study of Lepidum accessions regarding glucosinolate content and 

composition.  The very low GLs content reported in L. graminifolium (*) refers to a L. iberis 

accession. Reported values have been converted to µmol/g dry seed weight. Subspecies for L. 

hirtum are not included since no study has evaluated their GL content. 

 

Species Glucosinolate content Most abundant glucosinolate  

Lepidium campestre 180-360c, 123-138e µmol/g Sinalbinc,j 

Lepidium cardamines Uknown Uknown 

Lepidium graminifolium 
10*-140   µmol/g (d), 123.90±9.98  
µmol/gb Glucolepigramina, Erucind 

Lepidium 
heterophyllum 

Uknown Uknown 

Lepidium hirtum  Uknown Uknown 

Lepidium perfoliatum 146 µmol/g d Erucing 

Lepidium ruderale 174 µmol/gd Glucotropaeolini,j, benzylglucosinolateh, tropaeolin 
d 

Lepidium sativum 127 µmol/gd, 1.79-4.57µmol/gg glucotropaeolind,f,g,j 

Lepidium spinosum Uknown Uknown 

Lepidium subulatum 81 µmol/gd glucotropaeolind 

Lepidium vesicarium 100 µmol/gd Lepigramind 

Lepidium virginicum 105 µmol/gd, 2021 µmol/gi Sinalbind, subsp. menziesii   Glucolepidinj 

aKew (2023b), b Đulović et al. (2021), cIsoz (2018), dDaxenbichler et al. (1991), eArefaine et al. 

(2019), fGmelin & Virtanen (1959), gSarakamis & Yanmaz (2011), hAl-Shehbaz (1986), iKjaer et 

al. (1954), jLazzeri et al. (2013). 

 

3.4.5 Germination test in Lepidium species 

A germination test was performed on 25x2 seeds in a greenhouse to evaluate how 

the Lepidium accession seeds germinate to expand knowledge for future use of the 

accessions in breeding. Seedlings survival in soil was also evaluated on 5x2 

seedlings per accession. Germination test clearly shows large differences among 

the Lepidium species in terms of germination success, and ability to survive after 

transfer to soil.  

Among the most successfully germinated species by day 12 after 

plating were L. graminifolium, L. sativum, L. campestre L. perfoliatum with 75-
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100% germinated seeds (Figure 19). L. hirtum had notably varying germination in 

the subspecies – ranging from 90% in L. hirtum subsp. dhayense, to as low as 8% 

in L. hirtum subsp. atlanticum (Figure 19). By day 12, 40-50% of the seeds from L. 

vesicarium, L. heterophyllum and L. cardamines had germinated, while 20-30% of 

the L. spinosum, L. subulatum, L. virginicum subsp. menziesii, L. ruderale seeds 

had germinated whereas none of the L. virginicum seeds germinated. 

 

 

 

Figure 19.  Germination rate (%) of Lepidium species at day 4, 8 and 12 after plating seeds (n=50) 

in a petri dish with sterile water and filter paper and survival rate (% of seeds germinated and 

survived), of seedlings (n=10) after being placed in soil, and carefully watered three times a week 

for 38 days.  

 

High germination rate is however not always consistent with high survival rate 26 

days after sowing. Although L. graminifolium had 100% germination rate (Figure 

19), the survival rate of transplanted seedlings was only 40% (Figure 19). 

Similarly, L. perfoliatum, L. vesicarium, L. cardamines and L. subulatum had a 

germination rate of 77%, 50%, 40% and 26%, respectively at day 12 while only 

32%, 10%, 0% and 0%, respectively survived after transplanting to soil. 

Contrarily, for L. spinosum only 28% of the seeds had germinated on day 12, 

however of those 60% seedlings survived (Figure 19). Most notable in this regard 

is L. hirtum subsp. atlanticum and subsp. calycotrichum, where the germination 
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rate was lowest of all recorded with 8% and 22%, respectively but once relocated 

in soil, survival was among the highest and almost all seedlings survived 

transplanting (Figure 19). 

 Germination rate may be highly dependent on seed age and 

background factors that were not available at the time of this study and is likely a 

contributing factor. 

The development, morphology, flower induction and seed-

setting in Lepidium species 

Morphology was characterized in 16 accessions of Lepidium in 12 species, to 

expand the knowledge in these species for possible future interspecific 

hybridization. General morphology was observed and carefully sketched for newly 

emerged cotyledons, young basal leaves, recently opened flowers and maturing 

seeds in all species except for L. cardamines where no seedlings were obtained and 

L. campestre, L. graminifolium, L. vesicarium and L subulatum where flowers were 

not obtained. Seed characteristics measured included seed weight and area. For 

flowering it was also observed if the accessions required vernalization prior to 

flowering, and at what plant height flowering occurred.  

 Annual accessions with no vernalization requirements identified 

included L. ruderale, L. sativum and L virginicum (Table 13). 

Table 13. Morphology types (see Figure 20), plant height, phenology, and seed- weight and size for 

the 16 studied Lepidium accessions. Morphology types notes as “N/A” for species where the trait 

could not be examined due to time constraint. TSW and seed size n = 48 – 1642, plant height at 

flower induction n = 2-5. Abbreviations: TSW – thousand seed weight.  

 

The seeds with the highest seed weight were the semi-domesticated L. sativum. 

Seed weight in most subspecies of L. hirtum was found to be comparable to that 

of L. campestre (2.03-2.11 g/1000 seeds), while L. spinosum, L. heterophyllum 
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and L. hirtum subsp. atlanticum had less than half of the seed weight compared to 

L. campestre (0.76-1.08 g/1000 seeds) (Table 13). The seed weight of L. 

perfoliatum, L. virginicum, L. vesicarium, L. graminifolium and L. ruderale were 

very low compared to L. campestre (0.20-0.48 g/1000 seeds). The two species 

with generally smallest seeds are L. subulatum and L. cardamines with less than 

0.1 mg/seed (Table 13). 

 

Morphology in cotyledons, leaves and flower was carefully observed and sketched 

for the studied Lepidium accessions, and phenotype was determined (Table 13).  

Concerning the cotyledons, L. sativum has a distinct three-folded 

cotyledon leaf (Figure 20A-4) and L. perfoliatum have long lanceolate cotyledon 

leaves (Figure 20A-3). L. campestre, L. heterophyllum and L. hirtum and L. 

virginicum all have similar round to ovate cotyledon leaves (Figure 20A-1-2).  

In terms of basal leaves, species with simple entire, slightly lobed or 

undulate leaves of similar size include L. campestre, L. hirtum and L. heterophyllum 

(Figure 20B-1,3-4), with L. graminifolium having smaller simple undulate leaves, 

elongated in older leaves (Figure 20B-2). L. spinosum have entire pinnatifid to 

pinnatisect leaves (Figure 20B-5), while L. sativum, L. ruderale, L. vesiarium and 

L. perfoliatum have entire pinnatisect leaves (Figure 20B-6-9). The most 

distinguished among the leaves is arguably L. subulatum with very small, subulate 

leaves (Figure 20B-10). 

L. heterophyllum and L. hirtum inflorescence is initially umbel-like 

with larger white petals from a short pedicel, on low, not upright standing stems 

(Figure 20C-1). L. perfoliatum is distinct with small flowers with yellow petals on 

medium-length pedicels (Figure 20C-2). L. sativum possesses the largest flowers 

with large white petals on medium-length pedicels, with a somewhat-umbel-like 

inflorescence appearance (Figure 20C-7). L. ruderale is notably apetalous, with 

small medium-length pedicels (Figure 20C-3). L. spinosum has medium sized 

flowers with white petals on short thick pedicels along the waxy stem in a spike-

like appearance (Figure 20C-4).  L. virginicum and L. virginicum subsp. menziesii 

has smaller flowers with white petals from a longer pedicel (Figure 20C5-6). L. 

virginicum subsp. menziesii has petals distinctly smaller than the sepals, while L. 

virginicum have slightly larger petals than sepals. L. virginiucum accessions were 

observed to have some pod shattering occur before harvesting.  
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Figure 20. Observed and sketched morphological 

variation among Lepidium species in this study.  

A – Observed seedling morphology types. Cot. = 

Cotyledon (leaf). 

B – Observed young basal leaf morphology types. 

C – Observed flower morphology types. , Ped. = 

Pedicel, Pod = Emerging pod/fruit, Pet. = Petal, 

Sep = Sepal. 

D – Observed fruit morphology types. Ap. = Apex 

(fruit) St. = Style, W. = Wing. 

E – Observed general stem growth morphology 

types, horizontal (E1), and upright (E2). 

 

 

Regarding fruit morphology, species with oblate to ovate winged fruits with 

elongated protruding style and none to slightly emarginated apex include L. 

campestre, L. hirtum and L. heterophyllum. Whole fruit sparsely to densely covered 

in hair in L. hirtum accessions (Figure 19D-1). Species with winged ovate fruits 

with slightly to strongly emarginated apex, which include L. virginicum including 

subsp. menziesii, and L. ruderale (Figure 19C-2), and L. sativum (Figure 19C-5). 

Of these, L. virginicum had a tendency for a more strongly emarginated apex, while 

L. ruderale had only a faintly visible mid-wing seed pod line. L. perfoliatum was 

observed to have winged ovate fruit with only a slightly elongated style (Figure 

19D-3). L. spinosum had winged fruit with distinctly strongly emarginated apex 

(Figure 19D-4).  

In terms of general growth morphology, L. heterophyllum and all 

subspecies of L. hirtum except subsp. atlanticum was observed to flower at very 

low height and not grow very tall (Table 13, Figure 19E-1). All other species were 

observed to have an upright morphology. (Table 13, Figure 19E-2). L. ruderale did 

not grow much taller, but wider, after flowering and seed set. 
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Summary of evaluation of Lepidium species for future 

interspecific hybridization 

A table was created as a summary of all results from this study evaluating Lepidium 

species for interspecific hybridization (Figure 18-19, Table 11-13), for an easier 

overview (Table 14). 

Species with beneficial oil quality (high OA) and short phylogenetic 

distance to L. campestre include L. heterophyllum and L. hirtum (Table 14). L. 

hirtum subsp. calycotrichum and dhayense also have high survival rate of seedlings 

(Table 14). L. perfoliatum have high EA- and low GL-content, and a phylogenetic 

distance that is suggested by some sources to be close to L. campestre 

(Mummenhoff et al 2009, Mummenhoff, Brüggemann & Bowman 2001), although 

disputed by the phylogenetic tree constructed by this study (Figure 17) 

High OA-, low EA-, high Oil-content and long phylogenetic distance 

can be found in L. graminifolium, L. sativum and L. virginicum, most with low GL-

content as well (Table 14). 

Multiple species have either low EA-, low GL-content, or both, but 

does not possess other beneficial traits, and have a long phylogenetic distance from 

L. campestre (Table 14). These include L. ruderale, L. vesicarium, L. cardamines 

and L. subulatum.. L. spinosum have high OA-, low EA-content, however with no 

other known beneficial traits. 

Table 14. Simplified summary of figure 18-19 and Table 11-13, to showcase potential of the 15 

Lepidium accessions evaluated in this study.  Traits designated as medium-level are comparable to 

those of L. campestre while good/very good is better and poor/very poor/abysmal is worse. 

Medium/poor phylogenetic distance refers to crossing barrier. Column 2n = 16 “yes” refers to the 

accession having only the ideal chromosome number of 2n = 16, and yes/no that accession are 

reported to have both 2n =16 and additionally reported chromosome numbers of 2n ≠ 16 which may 

act as a crossing barrier. 
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4.1 SNP discovery in L. campestre 

In this study potential genetic polymorphic variation within the available L. 

campestre population, which may be useful as markers for key traits in future 

breeding efforts were evaluated. A low level of genetic variation was observed in 

an initial PCA analysis that could explain phenotypic variation (Figure 11). 

Subsequent unpaired t-test analysis yielded 113 loci with significant association to 

oil-, OA-, EA-, GL- and Sb-content (Table 7). Of these, 13 marker groups 

associated with oil-, five associated with EA-, three with OA-, six with GL- content, 

eight with Sb- and seven with Gla-content (Table 8) were identified as especially 

interesting. This was due to their genome position in proximity of function-

associated genes and/or highly significant associations. Future validation studies 

are a necessity to validate the identified marker-trait associations. Genotype data 

from all the 39 analysed accessions showed that there was no single accession with 

all beneficial markers, which creates a future opportunity for stacking positive 

alleles. The most promising markers are those associated with oil content, where 

ten markers potentially can be introduced in accession LEP2020-69 or LEP2020-

78, with already relatively high oil content (Appendix 1). LEP2020-78 also has low 

GL-content. Another option would be to stack three additional positive alleles into 

one of the 14 accessions having ten markers and high oil content, such as LEP2020-

70 or LEP2020-88. The markers associated with glucosinolates are predominately 

in genes known to regulate oil content or composition. There is some potential to 

stack molecular marker to increase oil quality. Four beneficial markers have been 

found in OA, with potential to introduce one in LEP2020-310. Seven markers were 

found for EA. Since LEP2020-194 and LEP2020-307 already have all EA-markers, 

a stacking attempt would have to be made on an accession with few markers and 

already low EA such as LEP2020-198 where four markers could be introduced.  

The most promising markers for oil and glucosinolate content are 

interestingly the same three markers in proximity of the WRI1 gene 

(WRI1_16471364-C/C+1, C+2, WRI1_16472916-G/G+1 and WRI1_16473045-

C/T). WRI1 is a master regulator TF primarily known for its role in oil biosynthesis 

(Figure 2), with few studies to suggest a role in glucosinolate accumulation. It is 

4. Discussion 
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however not unheard of for a TF to be implicated in both glucosinolate and seed 

biosynthesis, as has been shown with MYB76 – proposed to enhance aliphatic GL 

accumulation, and negatively affect FA-synthesis in A. thaliana (Duan et al. 2017). 

Furthermore, there is a logical albeit simple reasoning for why there could be a 

negative correlation between oil and glucosinolates. Glucose as a finite resource is 

an important building block in both glucosinolate- and fatty acid-biosynthesis 

(Figure 2). Glucose is used in the glucolytic part of the fatty acid biosynthesis, in 

which WRI1 have previously been shown to have a regulating role (Baud et al. 

2009). It can however be argued that the extensive research into the function of 

WRI1 in A. thaliana and B. napus would have uncovered this connection. The 

correlation between oil and glucosinolate content could however be species specific 

or situation dependent. A significant negative correlation between glucosinolate 

and oil content has been identified in B. napus (Bhardwaj & Hamama, 2000), both 

significant negative and positive in B. rapa (Lionneton et al. 2004, Bhardwaj & 

Hamama, 2000), and significant positive in E. sativa (Sukhija et al. 1985). Hence, 

evidence for a specific correlation is inconclusive, even if the role for WRI1 in 

glucosinolate biosynthesis is plausible.  

 

Four missense mutations were found in oil content related genes, three in oil 

composition related genes and six in glucosinolate content related genes (Table 6). 

Few of the missense mutations could be statistically linked to traits, despite 

predictions that most are likely detrimental on protein function (Table 6). This may 

be due to the difficulties working with quantitative traits, where a network of genes 

influences both oil and glucosinolate content, as is proposed to potentially be the 

role for WRI1.  

The genetic analysis and correlation analysis identified two 

unfavourable patterns, where 1) high oil and high EA is correlated and 2) high GL 

and high OA (Table 7). This is not ideal for our goals of a high oil-, high oleic acid-

, low erucic acid-, and low glucosinolate-content accession. The positive correlation 

between total oil content and EA levels has some prior support in B. napus where a 

similar pattern has been observed (Azam, Nasim & Iqbal, 2013). However, in B. 

napus interspecific hybridization with B. rapa has led to the development of low 

EA lines with high oil content (Farooq et al. 2015). 

Only a few of the markers in proximity of target genes were shown to 

have a significant correlation for oil content or oil composition, and no such 

markers were found in genes regulating glucosinolate levels. At least for 

glucosinolates, this plays into a larger pattern of behaviour of wild plants, 

highlighting the difficulty obtaining useful markers for certain traits. In the wild, 

glucosinolate content is vital for survival as a defence against herbivory and there 

will likely be natural selection against mutations with detrimental effect on 

phenotype as that would result in the plant being eaten.  
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Some discrepancies were found between the Sanger and NGS sequencing in the 

polymorphisms. The reason for these is likely partly due to heterozygosity, even 

though an issue with the sampling and handling is hard to rule out. The three 

polymorphisms in LEP2020-88 in FAD2 not detected in targeted NGS is likely due 

to heterozygosity, supported by the ambiguous nucleotides observed by Sanger 

sequencing (Table 4). A total of 15 accessions were observed to have SNPs in NGS 

sequencing but not in Sanger. Possibly reasons for discrepancy however unlikely 

include somatic mutations with low allele frequency (≥1%) detectable by NGS but 

not Sanger due to sequencing depth (CD Genomics, 2023). It may of course also 

simply result from an error in the base calling. Nevertheless, Sanger sequencing 

results are not considered in the larger statistical analysis portion of this study, 

which is solely based on the targeted NGS-data. 

4.2 Future approaches to improve key traits in L. 

campestre  

The genetic diversity within L. campestre has proven low, both by this (Figure 11) 

and by previous studies (Gustafsson et al. 2018). A way to overcome limited natural 

variation in future domestication efforts of L. campestre is to turn to genetic 

modification technologies. However, current regulations at European Union level 

heavily restrict current use of Genetic Modification (GM) technologies for plant 

breeders. One possibility around this is to use the not yet restricted albeit time 

consuming and costly to perform Ethyl Methanesulfonate (EMS) screening. 

Successful attempts with EMS-screening in B. napus to reduce glucosinolates was 

recently achieved with mutation in MYB28-gene (Jhingan, 2023), and increased OA 

content by mutation in FAD2 or ROD2 (Tang et al. 2020).   

In a project that aims to develop a novel oil- and cover crop in the 

United States, Thlaspi arvense (pennycress), another Brassicaceae, is currently 

under domestication much like L. campestre (Ringling et al, 2019). In the T. 

arvense project, successful efforts to decrease GL- and EA-content have been 

moving forward with EMS-screening (Ringling et al. 2019) and CRISPR-Cas9 

(gene editing) (Mcginn et al. 2019), rather than traditional MAS. Work to enhance 

the oil and glucosinolate content and composition with GM-technology in L. 

campestre is also underway (Sandgrind et al. 2023), with a working protoplast 

regeneration protocol (Sandgrind al. 2021). Markers identified for L. campestre in 

this study could after validation, be suitable targets. Additionally, prior oil 

composition markers identified in B. napus for key genes such as FAD2 (Yang et 

al. 2012), FAE1 (Wang et al, 2010, Yan et al. 2015) and glucosinolates (Hasan et 

al. 2008) can be useful targets. However, traditional knockout mutations in key 
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genes can have undesirable consequences for the phenotype, which needs to be 

considered when using this approach.  

A study performed by Sandgrind (2022) in L. campestre managed to 

successfully knock out glucosinolate transporters GTR1 and GTR2 in L. campestre. 

Despite the single GTR2 and double GTR1/GTR2 mutant having almost completely 

abolished GL-content in their seeds, the mutations also adversely affected growth 

and seed yield. In another knockout study by Leet et al (2021), a FAD2 knockout 

was shown to enhance monosaturated FAs greatly, however with stunted growth in 

C. sativa, and greatly reduced cold hardiness in A. thaliana in a study by Miquel et 

al. (1993). Thus, polyunsaturated acids appear necessary for plant membrane 

maintenance and composition and consequent plant viability at lower temperatures 

(Wallis & Browse 2002, Caiveau et al. 2001), which is important to keep in mind 

to preserve the beneficial cold hardiness trait in L. campestre. Hence, it is critical 

to consider whether complete knockout or fine-tuning of gene expression is what is 

required to increase beneficial traits such as high OA content, while still 

maintaining cold hardiness. This demonstrates complex fine-tuning of genetic 

regulation required for successful breeding. Methods like CRISPR-Cas9 may still 

be employed to modify the GTR1, GTR2 and FAD2 gene expression, for example 

through substitutions, INDELs of whole codons, or small truncations, which only 

causes minor effects on the function. Prior domain and motif functionality studies 

from L. campestre, B. napus and A. thaliana can be of great help when evaluating 

targets for modification. It may therefore be beneficial for future studies to further 

characterize additional genes related to oil-, OA-, EA- and GL-content in L. 

campestre. 

4.3 Bioinformatics  

4.3.1 In Brassicaceae 

In the bioinformatic study of four genes of several species in Brassicaceae it was 

found that, the level of conservation is clearly high in FAD2, FAE1 and SOT16 

while PEN2 has a very low conservation level.  

 In the alignment of FAD2, only three INDELs are observed. An 

insertion is found in all three gene copies of C. sativa at 29 bp from the start codon, 

and another in all eight gene copies across three Brassica species at position 610 

bp. Another interesting observation in the Brassica species is the deletion at 

position 159 bp which is only present in the two pseudogenes, indicating that this 

region might play an important role in gene function due to the otherwise overall 

low INDEL-frequency in FAD2.  

 Although conservation is high between LcampFAE1_1 and FAE1 in 

other species, the sequence similarity across LcampFAE1_1, LcampFAE1_2 and 
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LcampFAE1_3 was found to be low. Similarity was however higher when only 

comparing LcampFAE1_2 and LcampFAE1_3. LcampFAE1_3 may also be a 

pseudogene as it does not possess either a recognizable stop codon or a protein 

structure recognised by Interpro (Appendix 4). Interestingly, when used as bait 

query in BLAST searches, LcampFAE1_2 and LcampFAE_3 do show substantially 

higher sequence similarity to many predicted FAE1 homologs in the studied 

Brassicaceae species than they do to LcampFAE1_1. Research is required to 

determine if they are true homologues to LcampFAE1_1. It they are, it is possible 

that additional gene copies in the Brassica and Arabidopsis were not found in the 

BLAST-search due to low sequence similarity and subsequent high E-value.  

 PEN2 has a very low sequence similarity towards the compared 

species, which is not surprising given that PEN2 has a more complex structure than 

the rest with ten exons of which the first consists of only 10 bp. There are however 

also gaps present within the exons in the alignment indicating a low conservation 

level in the coding sequence. One of the more interesting is an insertion in the 

middle of exon 9, present in all species except L. campestre – which may indicate 

a functional difference. Multiple genus-specific polymorphisms can be seen for 

Arabidopsis, an insertion in intron one, three and nine, and for the Brassica species 

a gap in intron one, four and nine and exon ten. Fewer species were used for 

comparative genomics of PEN2 than for other genes in this study, due to the 

observed low level of conservation. Much like for FAE1_2 and FAE1_3, 

homologous sequences may have not been included in the BLAST-search results 

due to low sequence similarity and subsequent E-value. Interestingly, PEN2 could 

not be identified in C. sativa, C. rubella and T. arvense by using L. campestre PEN2 

sequences as bait. Instead of using L. campestre as a bait in the BLAST-search, A. 

thaliana could instead be used to find PEN2 homologous sequences in relatives. A 

way forward would also be to identify conserved regions within exons of PEN2 and 

use them as bait in a BLAST-search instead, to conclusively evaluate whether the 

PEN2 gene is present in these species. It may be speculated that low conservation 

in PEN2 is due to variation in glucosinolate composition among the Brassicaceae, 

since sinalbin is only present as a major glucosinolate in L. campestre and S. alba. 

 For SOT16 a high sequence similarity was observed as well as 

conservation across the studied Brassicaceae. Although S. alba is the only of the 

studied species, besides L. campestre to have sinalbin as a major GL component 

and SOT16 as partly responsible for sinalbin biosynthesis, the sequence similarity 

was shown to be lower between these two species compared to others. Some shorter 

regions across the gene are conserved between L. campestre and S. alba and no 

other Brassicaceae species, but there are no major structural differences that can be 

specifically linked to the species with or without sinalbin as a major GL component.  
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4.3.2 Sequence analysis of targeted polymorphisms in FAD2, 

WRI1, TAG1 and LEC2 in Lepidium 

In the sequencing and subsequent comparative genomics analysis of 14 

polymorphic regions of interest in 15 Lepidium accessions of 11 different species, 

it was found that the targeted amplicon in FAD2 was well conserved, while 

amplicons in WRI1, TAG1 and LEC2 are less conserved. This is consistent with 

expectations as the FAD2 amplicon resided within an exon, while WRI1, TAG1 and 

LEC2 all contained longer stretches of non-coding sequence. However, there were 

some difficulties achieving successful amplification and some regions could not be 

properly aligned due to poor sequencing results. What is evident is the close 

relationship between L. campestre and L. heterophyllum, with sequence similarity 

ranging from 97.2-100.0% in all gene amplicons except LEC2 (at 92.8%). The 

studied L. hirtum subspecies also have very high sequence similarity – in the range 

between 95.4-99.8%. Lower similarity was observed in amplicons with a majority 

non-coding sequence.   

No INDELs were observed in FAD2, as expected from the high 

sequence similarity in the comparative genomics study of this gene in different 

Brassicaceae species. The polymorphic locus FAD2_16852827-C+2/- in which the 

alternative allele is resulting in a serine amino acid deletion in L. campestre was not 

recorded in the other species (Figure 12).  

 The polymorphism WRI1_16471364-C/C+1,C+2 resides in a region 

of WRI1 which was proven to be difficult to amplify, and because of this little 

conclusion can be drawn from the sequence aligment (Figure 13A). The three SNPs 

in amplicon two of WRI1 (WRI1_16472916-G/G+1, WRI1_16473045-C/T and 

WRI1_16473352-C/C+7) are all located in highly polymorphic regions (Figure 

13B). The alternative alleles WRI1_16472916-G/G+1, SNP WRI1_16473045-C/T 

and WRI1_16473352-C/C+7 is the cause of minor polymorphisms with little to no 

predicted impact on gene function (Figure 13). 

Conservation for TAG1 was low, with INDELs present in all 

Lepidium species in amplicon 1, and difficulties amplifying amplicon 2. All three 

polymorphisms however (TAG1_602057-A/G, TAG1_604746-C/T & 

TAG1_604920-T/G) appear in well-conserved regions. The alt. allele in L. 

campestre in all three cases is the same nucleotide as the sequenced relatives in 

those loci.  

The conservation level for LEC2 is very low, especially in the 2688-

3188 intronic region, which may be a mutational hotspot. Alignment was not 

possible due to low sequence similarity in multiple species in this region. In species 

where alignment was possible, the number of SNP’s and INDELs are noticeably 

higher than flanking intron (2438-2688) and exon regions (3188-3365).  The first 

two polymorphisms of interest occur within a highly polymorphic region 

(LEC2_3905801-TTA/- & LEC2_3905804-C/T). The second and third occurs in a 
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conserved part of this highly polymorphic region (LEC2_3905844-ATA/- & 

LEC2_3905849-C/T), while the last occurs in a relatively conserved region 

flanking the polymorphic region downstream (LEC2_3906180-A/G). 

 

In the phylogenetic tree constructed using the FAD2 amplicon, the close 

relationship between L. campestre, L. hirtum and L. heterophyllum was again 

validated. A close relationship was also suggested between L. campestre and L. 

sativum (Figure 16), however contradicted by lower sequence similarity in the other 

amplicons from TAG1, WRI1 and LEC2, and a more distant relationship suggested 

in previous studies (Mummenhoff et al. 2009).  

4.4 Evaluation for future interspecific hybridization 

Multiple traits were observed, and interesting phenotypes were recorded for several 

relatives of L. campestre, which may be useful in future breeding efforts. Beneficial 

traits include high oil-, high OA-, low EA- and low GL-content, chromosome 

number of 2n = 16, close phylogenetic relationship, high seed weight and high 

germination and survival of seedlings in soil (Table 14).  

Researchers domesticating L. campestre have performed successful 

crosses between L. heterophyllum and L. campestre, and L. hirtum and L. 

campestre. Some of the subspecies of hirtum included in this study may be 

beneficial for additional future crosses. Although all subspecies have relatively high 

levels of OA, L. hirtum subsp. calycotrichum is the most promising for 

crossbreeding with campestre as it also had a very good survival after seedling 

transplant to soil and a good seed weight comparable to L. campestre (Table 14).  

There are multiple species with beneficial traits, however with very 

low predicted crossing success-rate. Embryo rescue protocols may be established 

with L. campestre to increase chance of a viable embryo in these cases. Crossing 

bridges between L. campestre and species of interest may be used as well, they are 

however predicted to be difficult to achieve due to the long phylogenetic distance 

between the L. campestre clade and the rest of the Lepidium tree (Mummenhoff et 

al. 2009). A further challenge to consider for successful breeding is that the 

chromosome number varies (Table 11) and needs to be verified as 2n = 16 for 

acquired seeds. 

In terms of identifying species that can be used to introgress relevant 

traits for improving L. campestre, L. graminifolium, L. sativum and L. virginicum 

all have beneficial high oil-, high OA- and low EA- and low GL-content compared 

to L. campestre (Table 14). L. virginicum subsp. menziesii, with previously 

unknown oil composition, was found to have even higher OA- and lower EA-

content than L. virginicum and is more ideal as a breeding partner between the two. 
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 Another interesting observation to follow-up with L. graminifolium 

is the low glucosinolate content reported for L. iberis (Daxenbichler et al. 1991). 

Lepidium iberis samples have however been reported as a synonym for either L. 

graminifolium subsp. graminifolium (Kew 2023b), or L. virginicum (Kjaer et al. 

1954, Bona, 2014, JSTOR 2023). Reports have measured a glucosinolate content 

significantly higher in both L. graminifolium (Đulović et al. 2021) and L. 

virginicum (Daxenbichler et al. 1991, Kjaer et al. 1954) than reported in L. iberis 

(Daxenbichler et al. 1991), albeit all three still have a lower content than L. 

campestre. Chromosome number is not known for L. iberis, which may be a 

challenge for future breeding efforts as well.  

In terms of species that may be interesting depending on phylogenetic 

distance, L. perfoliatum has been proposed to be more closely related to L. 

campestre than L. sativum, L. graminifolium and L. virginicum, with ideal 

chromosome number of 2n =16, seed availability and very interestingly low erucic 

acid and low glucosinolate content (Table 14). However, the phylogenetic tree 

constructed in this study suggest a more distant relationship (Figure 16), which is 

supported by most sequence similarity results from the sequence alignments (Figure 

12-15). The number of polymorphisms between L. perfoliatum and L. campestre is 

similar to that of distantly related species such as L. vesicarium, L. virginicum and 

L. ruderale.  

.  

In this study, the oil composition was analysed and reported of several Lepidium 

species for the first time. Among those, L. ruderale and L. vesicarium, were found 

to have an oil composition similar to L. graminifolium, with low level of EA. L. 

spinosum has a composition similar to L. campestre, although with higher OA-

content. Species with tiny seeds like L. subulatum and L. cardamines, which were 

characterized for FA composition for the first time, were shown to have a distinctly 

different and more diverse seed oil composition compared to the rest. However, not 

beneficial for the aims of this study, except slightly lower EA and GL levels 

compared to L. campestre. The low cumulative weight of L. cardamines and L. 

subulatum seeds may have caused inaccuracies in the oil content and composition 

results. However, L. subulatum and L. cardamines also share multiple undesirable 

traits such as low seed weight, low oil content, and low germination and survival 

rates, as well as a long phylogenetic distance making them uninteresting from an 

interspecific hybridization perspective.  

 

Multiple species were identified and proposed for further studies due to close 

phylogenetic distance with L. campestre or ideal chromosome number of 2n = 16 . 

Relatives of interest found in this study but not evaluated include L. appelianum 

(alt name: Cardaria pubescens), L. villarsii, L. rigidum, L. affine, L. persicum and 

L. pseudodidymum (Table 11). All except L. appelianum, being poorly documented, 
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and most lacking known seed bank seed availability. L. appelianum may also be of 

interest due to reported pod shattering resistance (Mohammed et al. 2019).  

 

It was evident that some of the studied accessions where better suited than others 

for growing in greenhouse condition. The reason for low germination of L. 

subulatum may be due to its nature as a gypsophite, thriving in chalk and lime-rich 

soil (Escudero et al. 2000), and similar reason may be true for other species with 

natural habitats in drier more desert like areas such as L. vesicarium and L. 

graminifolium, which did germinate but had less survival rate once transferred to 

soil.  

 

4.5 Conclusion 

In conclusion, this study found 113 polymorphisms with significant association for 

oil-, oleic acid-, erucic acid- and glucosinolate content, of which 27 predicted most 

promising in breeding efforts of L. campestre. Marker validation is now necessary 

to confirm trait-loci associations. The most promising markers for both oil- and 

glucosinolate-content are in proximity of master regulator TF WRI1. Oil content 

markers are overall predicted be more interesting due to higher significances, and 

marker placement in function-associated genes. Stacking markers found in this 

study is an option for future studies. It is also evident that breeding efforts may 

benefit from EMS-screening or genetic engineering approaches due to a lack of 

genetic diversity within L. campestre.  

There is also potential to use relatives to introduce traits in L. 

campestre through interspecific hybridization. Long phylogenetic distance between 

the L. campestre clade and many studied species with beneficial traits is currently 

a challenge. In this study six species was found to have potential for future breeding 

efforts in L. campestre. L. heterophyllum and L. hirtum subsp. calycotrichum can 

currently be used in crossing efforts for increased oleic acid-content. L. 

graminifolium, L. sativum and L. virginicum subsp. menziesii is not predicted to 

currently to have a viable offspring in crosses, they are however of interest for 

targeted embryo rescue protocol development due to their high oil-, high oleic-, low 

erucic-, and low glucosinolate-content and chromosome number of 2n =16. Low 

erucic acid content is also found in L. perfoliatum, where phylogenetic distance to 

L. campestre needs to be more clearly evaluated. Multiple species have been 

identified for future trait evaluation due to their short phylogenetic distance to L. 

campestre, most notably L. appelianum, L. villarsii and L. rigidum.  

Lastly, modifications of key genes related to oil or glucosinolate 

content or quality through EMS-screening or genetic engineering has the potential 

to enhance desirable traits. Mutants with beneficial phenotype(s) must however 
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carefully be evaluated, to determine the plants’ response to cold temperatures and 

pest resistance, to avoid losing these valuable traits. 

 

As a final note - L. campestre breeding efforts have been an ongoing process, at 

different capacities, in the last three decades. Current efforts in L. campestre 

breeding focusing on both traditional and genetic engineering approaches are likely 

to have an effect of the speed of research of the novel oil crop’s commercialization 

within a near future. L. campestre has great potential in diversifying commercial oil 

crops for increased future plant-oil demands, utilizing arable land in the Nordic 

climate.  
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Current day fossil fuel usage is a major issue for green gas emissions and its major 

contribution to global warming. Expanding production of plant-based oils can 

prove a more sustainable alternative. Rapeseed (Brassica napus) is the major oil 

crop in Sweden today; however, it lacks cold hardiness necessary for Nordic 

climate. Field cress (Lepidium campestre) is a wild plant native to Sweden that is 

currently under domestication as a future oil crop. It can be grown between other 

crops in the field and catch excess nutrients in the soil. It is beneficial due to its cold 

hardiness and high yield with an oil composition suitable for industrial usage. 

However, multiple traits for improvement have been identified in field cress, 

including higher oil content and better oil composition. High glucosinolate levels 

is also an issue with field cress seed-oil. Glucosinolates are compounds present in 

mainly seeds and leaves, which cause health issues for livestock when they are fed 

the press cake left after oil extraction. It is an important goal in field cress breeding 

to decrease the glucosinolates, since it increases sustainability and versatility of the 

crop when both seeds and press cake have a use. 

 In this study, we have evaluated 15 key genes important for the 

regulation of the oil and glucosinolate content and composition in 40 genetically 

different individuals of field cress. This was done to identify positions in the genetic 

code that could be linked with beneficial traits, also called “genetic markers”.  

The results were that 113 potential markers were found with a 

significant correlation to oil or glucosinolate content or composition. Of these, ten 

markers associated with oil content and ten with glucosinolates were identified as 

especially interesting. This evaluation was based on if markers for a trait was found 

in genes predicted to influence that trait and had high statistical association. The 

identified genetic markers can be used for future breeding efforts in improving oil 

content and glucosinolate levels in field cress. 

 

Fourteen relatives of field cress were evaluated to find beneficial traits that could 

be introduced in field cress. This would be done through a process called 

interspecific hybridization, where the two breeding parents are related, but not the 

same species. These 14 species were evaluated for oil content, oil composition, seed 

weight, germination of seeds and survival rate of seedlings, plant height on 

flowering and if induction of flowering required cold treatment. Glucosinolate 

Popular science summary 
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content for some species could also be included in evaluation with the help of 

previous studies.  

 Multiple species had beneficial traits such as lower glucosinolates, 

higher seed oil content and beneficial oil composition. The beneficial oil 

composition, were found in several of the analysed species, including more closely 

related L. hirtum and L. heterophyllum. During these studies, it was concluded that 

even though interesting species for improving field cress was identified, it may 

prove difficult to cross them with field cress. This is mainly due to the distant 

relationship between field cress and most of its interesting relatives. Some species 

can already be crossed with field cress - L. heterophyllum, L. hirtum and possibly 

L. perfoliatum. Additional difficulties for further evaluation and attempts at 

breeding the species include poor seed availability for some of the species and a 

general lack of information about them.  

 Proposed future work with L. campestre to improve agronomic traits 

include introducing new variation via mutations, or genetic engineering. Crossing 

attempts can be made with a subspecies of L. hirtum, and L. heterophyllum. For 

species with beneficial traits that cannot currently be crossed, protocols can be 

developed to increase chance for success. 
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L. campestre accessions used in this study. Measures in % of total dry weight of seed for oil, % of 

total oil OA and EA and mg/dry weight in Gla, Sb and GL.  

Gla – Glucoallysin, Sb – sinalbin, GL – glucosinolates, Oil – Oil content, OA – Oleic acid, EA – 

eruic acid.   

 

Appendix 1 



108 

 

Lepidium accessions used in morphology and oil-content study. * LEP88, originally annotated as 

L. ruderale, has been identified as L. sativum during this study. Other accessions identified likely 

to not be ruderale has also been noted with an * and were excluded from all analysis. 

 
Species Accessions Acquired from Country of origin 
Lepidium campestre 89 See appendix 1 Sweden 

Lepidium campestre 298 See appendix 1 Sweden 

Lepidium cardamines PI 650261 USDA ARS Spain 

Lepidium graminifolium PI 597855 USDA ARS Spain 

Lepidium heterophyllum PI 597856 USDA ARS Spain 

Lepidium hirtum subsp. atlanticum PI 597857 USDA ARS Morocco 

Lepidium hirtum subsp. 
calycotrichum PI 597858 USDA ARS Spain 

Lepidium hirtum subsp. dhayense Ames 21387 USDA ARS Morocco 

Lepidium hirtum subsp. nebrodense PI 633253 USDA ARS Italy 

Lepidium perfoliatum Ames 22995 USDA ARS Germany 

Lepidium perfoliatum PI 650266 USDA ARS Turkey 

Lepidium perfoliatum PI 633254 USDA ARS Spain 

Lepidium ruderale PI 597859 USDA ARS Spain 

Lepidium ruderale PI 633255 USDA ARS Germany 

Lepidium ruderale * PI 633256 USDA ARS Poland 

Lepidium ruderale PI 650267 USDA ARS Hungary 

Lepidium ruderale PI 650268 USDA ARS Germany 

Lepidium ruderale PI 650269 USDA ARS Germany 

Lepidium ruderale * PI 650270 USDA ARS Poland 

Lepidium ruderale L. LEP 98 IPK Gatersleben Germany 

Lepidium ruderale L. LEP 100 IPK Gatersleben Germany 

Lepidium ruderale L. LEP 101 IPK Gatersleben Germany 

Lepidium ruderale L. LEP 81 IPK Gatersleben Germany 

Lepidium ruderale L. LEP 113 IPK Gatersleben - 

Lepidium sativum* LEP 88 IPK Gatersleben Germany 

Lepidium spinosum PI 633268 USDA ARS - 

Lepidium spinosum PI 597861 USDA ARS Turkey 

Lepidium subulatum PI 650272 USDA ARS Spain 

Lepidium vesicarium PI 650273 USDA ARS Iran 

Lepidium virginicum Ames 34742 USDA ARS United states, Arizona 

Lepidium virginicum Ames 34741 USDA ARS United states, New mexico 

Lepidium virginicum PI 633269 USDA ARS France 

Lepidium virginicum subsp. 
menziesii Ames 31357 USDA ARS United states 

Lepidium virginicum subsp. 
menziesii PI 633270 USDA ARS United states 
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SOT16 DNA LepiSOT16-1a-F  TCCAGCTTCTTTCATCTTCCA 59.9 818 

SOT16 DNA LepiSOT16-1a-R AACCCATGAAGTCAGCCAAC 60  

SOT16 DNA LepiSOT16-2a-F  AAGCACGACCCACTGATTTC 59.7 567 

SOT16 DNA LepiSOT16-2a-R GTCCTCTGTTTCCCACCAAA 59.9  

SOT16 DNA LepiSOT16-3Fa TCCAGATCGGATTTTGTTCC 59.9 677 

SOT16 DNA LepiSOT16-3Ra TACTTCTTGTTCCGGGCAAT  59.6  

         

PEN2 DNA LepiPEN2_1a_F  ACCCACTGAAGATGGCACA 60.1 640 

PEN2 DNA LepiPEN2_1a_R AGATCGCAATTGGATGTTGA  59.1  

PEN2 DNA LepiPEN2_2a_F  TTAGGCTTTCCATTGCTTGG 60.2 929 

PEN2 DNA LepiPEN2_2a_R CGACAACAAGACAGTTAAAAACG  58.9  

PEN2 DNA LepiPEN2_3a_F  CGAGCTATGGACTTTATGATTGG 60 722 

PEN2 DNA LepiPEN2_3a_R TTCAGACTCAAAAGGGCTCTAA  58.3  

PEN2 DNA LepiPEN2_4a_F  GCCAAACAAGGAGGTTCAGA 60.2 911 

PEN2 DNA LepiPEN2_4a_R GGTTCATTTTCAGGCCCATA  59.8  

    
  
 

The sequence of the primers used in this study, and their Tm and target region. Primers names ending 

with an “F” are sequenced in the 5’ → 3’ direction, while primer-names ending with an “R” are 

sequenced in the 3’ → 5’ direction. 

 

 

 

 

 

Target Primer name Sequence  Tm Product size 

Sanger-study     

FAD2 DNA LepiFAD2-1a-F  AACGCACTTTCCATTTTTGG 60 726 

FAD2 DNA LepiFAD2-1a-R  GGAAGAAATGGCTAGCGAAC 60  

FAD2 DNA LepiFAD2-2a-F  CCTTCCTCCTCGTCCCTTAC 60.1 794 

FAD2 DNA LepiFAD2-2a-R TTCGCTATTCCTTCTCAATCG 59.4  
         
FAE1_1 DNA LepiFAE1_1-1Fa  GCAACTTTGATTGGACGACTG 58.1 952 

FAE1_1 DNA LepiFAE1_1-1Ra CTCACCACTATAAATGCCTTGAGT  58.6  

FAE1_1 DNA LepiFAE1_1-2Fa  CATTACTCAAGGCATTTATAGTGGTG 59.6 767 

FAE1_1 DNA LepiFAE1_1-2Ra ATTAGGACCGACCGTTTGTG  60.2  

FAE1_1 DNA LepiFAE1_1-1Fb  CGTCGTCAGTTAACGTCAAACTC  61.1 574 

FAE1_1 DNA LepiFAE1_1-1Rb AACATGCTTGAGTTCACCACA  59.2  

FAE1_1 DNA LepiFAE1_1-2Fb  CAAGAATACCAAAGTTAACCCTAGAGAGAT 61.8 996 

FAE1_1 DNA LepiFAE1_1-2Rb CGACCGTTTGTGACAGGAGT  61.2  

FAE1_1 DNA LepiFAE1_1-3Fc  TCTGTCAAAAGACATAACTAATGTTGC  60 573 
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  PEN2 mRNA- 
characterization 

PEN2 mRNA LepiPen2mRNA_A1-F  GATGGCACATCTTCAAAGAACA 62.3 115 

PEN2 mRNA LepiPen2mRNA_A1-R TTCACTGCTCCTTCATACTGG  62.6  

PEN2 mRNA LepiPen2mRNA_A2-F  TCCATCGTTACAAGGAAGATATTAAA 61.5 100 

PEN2 mRNA LepiPen2mRNA_A2-R CTTTTGCCATAAGGTATAACTCG  60.4  

PEN2 mRNA LepiPen2mRNA_A3-F  CGAGCAGATTATAGATGACTTCAGA 62.8 287 

PEN2 mRNA LepiPen2mRNA_A3-R CGATTTGTCCGTTTTTAATATGAT  59.2  

PEN2 mRNA LepiPen2mRNA_A4-F ATGATTGGTTGGCATCATCA 60.9 235 

PEN2 mRNA  LepiPen2mRNA_A4-R TGGTTTTCATCCAGTCTACACG  63.3  

PEN2 mRNA LepiPen2mRNA_A5-F  CGTGTAGACTGGATGAAAACCA 63.3 275 

PEN2 mRNA LepiPen2mRNA_A5-R TCTTCATGGATGGCTTGATG  60.9  

PEN2 mRNA LepiPen2mRNA_B2-F  CTTACCAGTATGAAGGAGCAGTGA 64.7 151 

PEN2 mRNA LepiPen2mRNA_B2-R CTTTTAATATCTTCCTTGTAACGATGG   61.5  

PEN2 mRNA  LepiPen2mRNA_C2-F  ATTGCTTGGCCACGAGTTAT 63.2 185 

PEN2 mRNA LepiPen2mRNA_C2-R GCTCGCTTAGAAAACCACCA  63.6  
PEN2 mRNA 
antisense test LepiPen2mRNA_B1-F  CCCTTTTGCCATCTGTTGAT 61.7 402 

PEN2 mRNA 
antisense test LepiPen2mRNA_B1-R TGAAGGAGCAGTGAATGTCG  63   
  
For identifying 
significant 
polymorphisms in 
relatives    

 

    

FAD2 CDS LepiFAD2-1b-F AGAAACATGGGTGCAGGTG 63.4 571 

FAD2 CDS LepiFAD2-1b-R  CGAGGACAAACTGGATGGTT 63.1   

         

WRI1 Upstream LepiWRI1-1a-F  TTCCCAAACATAAAACGTACAA 59.7 973 

WRI1 Upstream LepiWRI1-1a-R TTACGCGTGAAGCAGTTGAG 63.7   

WRI1 Intron LepiWRI1-2b-F  CCGTCAAAGCAGTGGTTTCT 63.8 927 

WRI1 Intron LepiWRI1-2b-R TTCAGAGTATCGGATCCACAAA 62.2   

WRI1 Downstream LepiWRI1-3a-F  GCCATTATGGAAATGGATCG 59.8 557 

WRI1 Downstream LepiWRI1-3a-R CTGTTCCGTTTTGCAGTTCA 62.2   

          

TAG1 Intron LepiTAG1-1a-F  GCAGAGCCATGCTGGATTAT 63.4 384 

TAG1 Intron LepiTAG1-1a-R AAGGCAGCCAAAGGAAAGAT 63.3   

TAG1 Downstream LepiTAG1-2a-F  AGGTGGGCAACATGATCTTC 63.3 652 

TAG1 Downstream LepiTAG1-2a-R AACACTACGAGCTAGAAAATTCG 61.7   

       

LEC2 Intron LepiLEC2-1a-F  AATGGAGCAGAGATGGGAGA 63.5 978 

LEC2 Intron LepiLEC2-1a-R CCAATGAGCATAGCAATGGA 61.2   
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Proposed protein sequence in L. campestre for the 15 genes included in this study. 

 
>BUS protein: 

MMNLITSLPYPFQILLVFIISMASITLLSQILSRPIKTKDRSRQLPPGPPGWPILGNLPELMRTRPRHKYFQL

AMKNLNSEIGCFNFAGVHAIIINSDEIAREAFKERDADFADRPSHLIGMKTIGDSCKSMGNSPYGEQFQKMKR

VITTDIMSTKSLNMMIASRTIEADNLIAYIHSMYKRSETVDVREFSRVYGYAVTMRLLFGRRHVSKDNAFSDE

GRLGKAEKDHLEAIFNTLNCLPSFSPADYLERWFKGWNIDGQEEMVKQQCGIVRSYNNPIIDERFKLWREKGG

KAAVEDWIDTFITLKDENGKYLITPDEVKAQCEFCIAAIDNPANNMEWTLAEMLKNPEILKKALKELDEVVGR

ERLVQESDIPNLNYLKACCRETFRIHPSAHYVPPHVARRDSTLGGYFIPKGSHIHVGRPAIGRSSKLWKDALV

YKPERHLEGGDTSKEVTLVESEMRLVSFGTGRRGCVGVKVGTIMMVMLLARFLQAFNWKLHPSFGPLSLEEDD

ALLMAKPLLLSVEPRLTPNLYPKFRP- 

 

>WRI1 protein: - *stop codon not identified 

MKKPLSTPTSSSSPSSSSVSSSTTTSSPIQSETLRPKRAKKAKKSSTLSDDKPQSPASTRRSSIYRGVTRHRW

TGRFEAHLWDKSSWNSIQNKKGKQGAYDSEEAAAHTYDLAALKYWGPDTILNFPVETYIKEMEEMQRVTKEEY

LATLRRQSSGFSRGVSKYRGVARHHHNGRWEARIGRVFGNKYLYLGTYNTQEEAAAAYDMAAIEYRGANAVTN

FDISNYIDRLKKKGVFPFPVNQTNHQEASLAEAKQEIETREAKEEPREEVKQQYVEEPQQEQKEEKVEQQEVE

IVGYKEDAVVTCCIDSSAIMEMDRCSDNNELAWNFCMMDSGFAPFLTDQKLSNEKPIEYPELLNELGFEDNID

FMFEEGKNECLSSENLDCCEVVVVGRESPTSSSSPLSCFSTDSASSTTTTTSVSCNYSVFRACSLV 

 

>Protein TAG1 

MAIPDSGGVSTTTENGGGDFADLDRLRRRKSRSDSNGLLSDSPSCGDNLSSDDVGAPNDVRDRIDNVVNDDAQ

GTANLARDNGGDTEIRESGGGRSGGEGRGNVDATFTLRPSVPAHRRVRESPLSSDAIFKQSHAGLFNLCVVVL

VAVNSRLIIENLMKYGWLIRTDFWFSSTSLRDWPLFMCCLSLSIFPLAAFTVEKLALQKCISEPVAIILHIII

TMIEVLYPVYVTLRSCDSAFLSGVTLMLLTCIVWLKLVSYAHTSYDIRSLANSADKGQSSLVLRELKELGIFH

GCSHVMLSGDEMRLQLNSIKHSYTCKSLSSKPRVFGCSQPSYPRSPCIRKGWVARQFAKLIIFTGFMGFIIEQ

QYINPIVRNSKHPLKGDLLYAVERVLKLSVPNLYVWLCMFYCFFHLWLNILAELLCFGDREFYKDWWNAKSVG

DYWRMWNMPVHKWMVRHIYFPCLRHKIPKALAIIIAFLVSAVFHELCIAVPCRLFKLWAFIGIMFQRCLWSLS

QIIYKKGLVQWVGNMIFWFSFCIFGQPMCVLLYYHDLMNRKGSMA- 

 

>GTR1 protein: 

MKSRVILNHRERRDKTNIYTPIDTMERNPLEVETNSYSAVDDGAASNHVISAVDSIDDQQKKLVYRGWKVMPF

IIVNETFEKIGIIGTLSNLLIYLTTVFNLKSYTAATIISAFGGTINFGTFIAAFLCDTYFGRYKTLSVAVIAC

LLGSFVILLTAAVPALHPIACGNKSSCQGPSVGQIMFLMMGLAFLVVGAGGIRPCNLAFGADQFNPKTESGKK

GINSFFNWYFFTFTFAQIISLTLVVYVQSNVSWTIGLTIPVVLMFLACVIFFAGDKLYVKVKASGSPLAGIAH

VIAAAINKRGLKPVKQPWLNLYNHIPPNYANTTLKYTDQFRFLDKAAIMTPEDKLKSDGAASDPWKLCSMQQV

EEVKCIVRVIPIWVASSIYYLAINMQMTYPVFQAVQSDRQLGSGSFRIPGATYVVFLMIGMTIFIIFYDRVFV

PSLRRVTGLDTGITLLQRIGVGIVFATLSLLVSGFIEERRRHIALTKPTLGMARSGEISSMSAFWLIPQLTLA

GIAEAFSAIGQMEFYYKQFPENMRSFAGSIFYVGAGVSNYLSSFLISAVHRTTEHSPTGNWVAEDLNKAKLDY

FYFMLTGVMVVNMAYFLLVAKWYRYKGGNDEDISEIEINEEETKQQQLQDKNSV- 

 

>GTR2 Protein 

MERNTLEVESTDPSSAVYGGSATAVDQEVRDEKKVVYRGWKVMPFIIGNETFEKLGIIGTLSNLLVYLTAVFN

MKSVTAATIINAFSGTINFGTFVAAFLCDTYFGRYKTLSVAVIACFLGSLVILLTAAVPQLHPTPCGSADVCS

GPSGGQVAFLLLGLGFLVVGAGGIRPCNLAFGADQFNPKSESGKRGIDSFFNWYFFTFTFAQILSLTLVVYIQ

SNVSWTIGLTIPAVLMFLACLIFFAGDKLYVKIKASGSPLAGIAQVISVAIKKRGLKPVKQPWLNLYNYYPLN

YANSKLKYTDQFRFLDKAAIMTPEDKLQPDGKPADPWKLCTMQQVEEVKCIVRVLPIWLAASIYYITITQQMT

YPVFQALQSDRRLGSGGFVIPAATYVVFLMTGMTVFIVIYDRVLVPTLKRITGIDTGITLLQRIGTGIFFAIT

SVIVSGFVEERRRTFALTKPTLGMAPRKGEISSMSAMWLIPQLTLAGIAEAFSAIGQMEFYYKQFPENMRSFA

GSVFYVGGGISSYLGSFLIATIHRTTQNSSGGNWLAEDLNKGRLDLFYFMIAGILIVNFIYFLIMSRWYRYKG

SEDEVTAYETNEDLIKQDKNSA- 
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>KCS8 protein 

MKNLKMFFFKIFFFSLMAGLAMKGSQINFKDLQNFFLHQIQNNLQTIILLLFLGVFVLALYMLTRPKPVYLVD

FSCYLPPSHLKVSIQTLMGHARRAREAGVCWKNKENDYLVDFQEKILERSGLGQETYIPEGLQCFPLQQGMAA

SRKETEEVICGALDNLFRNTGVEPSEIGILVVNSSTFNPTPSLASMIVNKYKFRDNIKSLNLGGMGCSAGVIA

VDTAKGLLQVHRNTYAIVVSTENITQNLYLGKNKSMLVTNCLFRIGGAAVLLSNRSKDRKRAKYELVHTVRIH

TGSDDRSFQCATQEEDEDGIIGVTLTKNLPMVAARTLKINIATLGPLVLPMKEKLAFFLTFIKKKYFNPELKN

YTPDFRLAFEHFCIHAGGRALIDELEKNLKLSPLHVEASRMTLHRFGNTSSSSIWYELAYTEAKGRMKEGDRI

WQIALGSGFKCNSSVWVALRDVKPSANSPWEDCMDRYPVQIDI- 

 

>LEC1 protein 

MERGAPFSHYQLPKSNSGLNLDQHNNPDSTVTSSVVGASNVDTNMTPIGQPQPPCMAREQDQYMPIANVIRIM

RRNLPPHAKISDDAKETIQECVSEYISFVTGEANERCQREQRKTITADDILWAMTKLGFDNYVEPLTVFISRY

REFETDRGCALRGEPTSFKPVYGGNGIGFQGGLPPPGPYGYGMLDPSMVMGGARYFQNGSGQDGSGSGGGSSS

SSMNGMPGFDPYGQYK- 

 

>LEC2 Protein 

MDNFLPFSSNSNANSVQELSMDCNYNRSLFTTIPTYDQAQPHHLLLPYAYPVEQTVPAINPHSLEAFPQIPAM

QTGIEFGSLICNPGLMRQERGGFYDPHMKKMARINRKNAMIRSRNNPSPSSSPNELVDSKKQVMFNIKKTNVP

TADKKDLYRYSSFDNKVWFLFEKLRVLLVKHLKNSDVGTLGRIVLPKREAERNLPELTDKEGILMEMRDVDSI

HSWSFKYKLFWSNNKSRMRVCKKQWSRDGRLLNNIRGRKQEPQQNEGREDESTEVNEMNQYEEIMFDYMIPRD

EDEASIAMLIGNLNDHYPIPNDLMGLTIDLQQHQATSSSSPVNHVHIPRHVGSSDDHVSFNDFTW- 

 

>MYB28 Protein 

MSRKPCCVGEGLKKGAWTTEEDKKLISYIHEHGEGGWRDIPQKAGGLKRCGKSCRLRWTNYLKPEIKRGEFSS

EEEQIIIMLHASRGNNSFRWSVIAKHLPRRTDNEIKNYWNTHLKKRLIDQGIDPVTHKPLASNSKSLVSEDLD

SQDASSSEKQYSRSSSMPSLSKPPVSGSVSEIRNNDGKPVLSDSLSIKKRFKKSSSTSRLLNKVAAKATSIKD

ILSASMEGSLNATTISHARFLNGFSEQVQNEEDSSNASLTNTLSEYDPFSQSSLYPEHEIIATSDLCMDQNYD

FSHFLEGHNFNEETNMNVEYGQDLLMSDMSQEISSTSVDDQDNMVEGWSNYLLDQTDYMYDTDSDSLEKHFI- 

 

>FAD2 Protein: 

MGAGGRMPVPPSSKKTETEALKRVPCEKPPFTLGDLKKAIPPQCFKRSIPRSFSYLISDIIIASCFYYVATNY

FSLLPQSISYLAWPLYWACQGCVLTGIWVIAHECGHHAFSDYQWLDDTVGLIFHSFLLVPYFSWKYSHRRHHS

NTGSLERDEVFVPKQRSAIKWYGKYLNNPLGRVVMLTIQFVLGWPLYLAFNVSGRPYDGFASHFFPNAPIYND

RERLQIYISDAGILAVCYGLYRYAAAQGMASMFCLYGVPLLIVNFFLVLITYLQHTHPSLPHYDSSEWDWLRG

ALATVDRDYGILNKVFHNITDTHVAHHLFSTMPHYNAMEATKAIKPILGEYYQFDGTPWYKAMYREAKECIYV

EPDREDEKKGVYWYNNKL- 

 

>FAE1_1 Protein: 

MTSSVNVKLLYRYVLTNFFNLCLFPLTAFLAGKASKLTANDLYHFYSLLQQNLVTVIILFALIGFGLVLYIVT

RPKPVYLVDYACYLPPPHLKVSISKVIDAFYQIRKADPLRNVACDDPSSLDFLRKIQERSGLGNETYGPEGLV

DVPPRKTFAAAREETEQVINGALENLFKNTKVNPREIGILVVNSSMFNPTPSLSAMVVNTFKLRSNIKSFNLG

GMGCSAGVIAIDLAKDLLQIHKNTYALVVSTENITQGIYSGENRSMMVSNCLFRVGGAAILLSNKPGDRRRSK

YKLAHTVRTHTGADDKSFGCVKQEEDESGKTGVCLSKDITNVAGTTVKKNITTLGPLVLPLSEKFLFFVTFMA

KKLMKDKIKNYYVPDFKLAIDHFCIHAGGRAVIDVLEKNLGLLPIDVEASRSTLHRFGNTSSSSIWYELAYIE

AKGRMEKGNKVWQIALGSGFKCNSAVWVALRNVKPSANSPWEDCIDRYPVELDSDSSKLETPVTNGRS- 

 

>FAE1_2 Protein: 

MANVKLLYHYYLITHFFKLFLLPLMALVAFKASSLNLEDVHNLWFHLQQNFVSLIIPFAVLTFGSAVYFLTRS

RPIYLVDYSCHLPPSHQKVTIQKIIDNVNKNRELNPSMRKLAEDGSLDFFVRVLERSGLGDETCLPDPILNVP

PLNSMAAAREESQQVIFDAIDNLLANTKVNTRDIGIIIVNSSMFNPTPSLSAMVVNKYKLRSTIKSFNLGGMG

CSAGVIAIDLAKDLLQVHKNTYALVVSTENLSRNLYIGDNKSMLVTNCLFRVGGAAILLSNKSGDRRRSKYKL

LHTVRTHTGADDKSFRCVQQEDDDKGKTGVSLTKDITSVASRTITKNIVTLGPLVLPISEKLLFLMTYIRKKI

CDVKIKHYVPDFKRAIDHFCIHAGGRALIDELEKNLGLSPIDVEPSRSTLHRFGNTSSSSIWYELAYTEAKGR

MKKGNKAWQIALGSGFKCNSAVWIALHNVKPSVNSPWEHCVDKYPVNLEF- 

 

>FAE1_3  * stop codon present prematurely to expected 

MANLKVLYHYLITHFFKIFLLPFLTVLAFKAPSLNQEDVQNLWFQHNIVILSIMPLILAFGSFLYFIGRSKPV

YLVDYSCHLPPPHMKVTIPKIIEQITKVRQAHPSMEELADESSLDFLVKIIERSGLGDETYAPEPVTRIPPCQ

SMAAAREETEQVIFDAIDNLLANTKVNPRDIGIIIVNSSMFNPTPSLSAMVVNKYKLRSNIKSFNLGGMGCSA

GVIAIDLAKDLLQVHKNTYALVVSTENLSRNMYIGDNRSMIVTNCLFRVGGAAILLSNKSGDRRRSKYKLLHT

VRTHTGADDKSYFCVQQEDDEKGKTGVSLTKDITSVAARTITKNIATLGPLVLPVSEKCLFFITYMRKKFFDD

KIKHYVPDFKRAIDHFCIHAGGRALIDELEKNLGLSPIDVEPSRSTLHRFGNTSSSSIWYELAYTEAKGRMKK

GHKAWQIALGSGFKCNSAVWIALHNVKPSVNSPWEHCVDKYPVKLDF-FSQX 
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Complementary information from the Bioinformatic study of Brassicacea (3.1). Seq. length – 

Sequence length, Acc. No – Accessions number (MCBI), Chr. No. – Chromosome number. (–) 

indicates species where sequence was not included. 
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Appendix 6 

 

Seed oil content (%) and composition (% of total content) found in the 16 studied accessions (light 

green rows). Also previously reported values of total seed oil content and selected FAs OA & EA 

(dark green rows). n = 10*3, except L. ruderale and L. hirtum subsp. atlanticum with n = 10*2.  

* indicate that L. hirtum oil content for specific subsp. not known.  

 

 
aNilsson, Johansson & Merker (1998), bYaniv et al. (1995), cKjaer et al. (1954), dLazzeri et al. 

(2013) 
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