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Abstract 

Arabidopsis thaliana has proven to be an extremely useful model organism in studies of plant 

biology and an extensive base of knowledge has been amassed of the diverse molecular processes 

in this plant. The next step is to apply this knowledge to other plant species and gain broader 

insights into agricultural and environmental phenomena. Of special interest is the developmental 

process of abscission, a cell separation event where plants lose their organs. In A. thaliana this 

process has been shown to be regulated by the peptide INFLORESCENCE DEFICIENT IN 

ABSCISSION (IDA) which signals through the receptor-like kinases HAESA (HAE) and 

HAESA-LIKE 2 (HSL2), and induces cell separation during floral organ abscission and lateral 

root emergence. Orthologs of IDA, HAE and HSL2 are found throughout the angiosperm lineage 

and are hypothesized to be involved in abscission processes as a conserved signaling system.  

The process of seed abscission has not been addressed to any large extent in A. thaliana despite 

the agronomic value of controlling seed abscission in crop plants. The closely related plant 

Brassica rapa represents a suitable candidate for the step from model species to an agriculturally 

important species for studies of seed abscission. B. rapa which shares many characteristics with 

A. thaliana and has a sequenced genome will be suitable for the application of A. thaliana 

knowledge to a new species.  

In this study we wanted to apply the available knowledge of the A. thaliana IDA, HAE and HSL2 

signaling system to B. rapa. Through in silico approaches we show that orthologs of this system 

are present in B. rapa. By using promoter:reporter transgenic lines we show a similar spatial 

expression of IDA and HSL2 in A. thaliana and B. rapa, indicating a conserved functional role. 

We substantiate this by demonstrating that the B. rapa ortholog of HSL2 rescues the phenotype 

of A. thaliana plants mutant in the HSL2 gene. We also show that the expression of HAE and 

HSL2 in B. rapa increases right before abscission.
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1 Introduction 

1.1  Abscission as a cell separation mechanism 

Plants generate new organs continuously during their life cycle, but they also actively detach 

organs (Roberts et al., 2002, Lewis et al., 2006). The process by which plants shed their 

organs is known as abscission. Examples of abscission are the shedding of leaves in autumn 

by deciduous trees, the release of seeds from a capsule or the shedding of floral organs after 

pollination. Neighboring plant cells are rigidly bound together by a shared pectin-rich layer of 

the cell wall called the middle lamella which provides the plant with structural integrity and 

strength (Roberts et al., 2002). A key step in the process of abscission is the breakdown of the 

middle lamella, enabling previously bound cells to separate. Cell-wall loosening enzymes like 

xyloglucan endotransglucosylase/hydrolases and expansins helps facilitate the hydrolyzation 

of pectin in the middle lamella by polygalacturonases and other cell-wall degradation 

enzymes (Niederhuth et al., 2013). 

1.1.1 Abscission occurs at a predetermined abscission zone 

Abscission usually occurs in a predetermined abscission zone (AZ) of anatomically distinct 

cells at the base of the organ to be shed. These cells are shorter, rounder, and have less 

deposited cell-wall material compared to the adjacent cells (Addicott, 1982, Sexton and 

Roberts, 1982). Within the AZ a small band of cells make up the separation layer where cell-

wall remodeling enzymes are secreted to loosen the middle lamella between adjacent cell 

layers, ultimately completing the abscission process. On each side of the AZ a protective layer 

will form, protecting the newly exposed tissues after abscission (Addicott, 1982). To induce 

abscission, an AZ is required. Several genes are involved in this process. The genes BLADE-

ON-PETIOLE 1 (BOP1) and BLADE-ON-PETIOLE 2(BOP2), encoding BTB-ankyrin 

transcription factors (TF), have been shown in the model organism Arabidopsis thaliana to be 

required for the formation of an AZ at the base of the abscising organ (McKim et al., 2008) 

and the gene JOINTLESS  has the same ultimate effect in fruit abscission in Solanum 

lycopersicum (tomato). JOINTLESS is a MADS-box TF that, when mutated, results in plants 

without a fruit AZ (Mao et al., 2000). In Sorghum bicolor (a cereal) the gene Shattering1, is 
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responsible for inducing the AZ between the pedicel and the hull of the abscising seed (Lin et 

al., 2012).  

The timing of abscission is, in many plant species, regulated by the phytohormones ethylene 

and auxin. Abscission is promoted by ethylene and inhibited by auxin (Sexton and Roberts, 

1982, Addicott, 1982). Following appropriate environmental and/or developmental cues, the 

concentration of auxin in the AZ is reduced, making the cells here sensitive to ethylene. The 

AZ then responds to low concentrations of both exogenous and endogenous ethylene by 

secretion of cell-wall remodeling enzymes (van Doorn, 2002). These enzymes then break 

down the middle lamella, causing the organ to detach from the plant. 

1.2 The IDA gene controls floral organ abscission 

Although the timing of abscission is controlled by ethylene and auxin, these hormones are not 

obligate for abscission, as the ethylene-insensitive mutants ethylene resistant1 (etr1) and 

ethylene insensitive2 (ein2) are delayed, but not completely deficient in floral senescence and 

abscission (Patterson and Bleecker, 2004). A key component of floral organ abscission in A. 

thaliana was discovered in 2003, when the mutant inflorescence deficient in abscission (ida) 

in the ecotype C24 background (ida-1) was shown to have no abscission of its floral organs 

(Butenko et al., 2003). In wild type (wt) A. thaliana sepals, petals and anthers are shed while 

still turgid shortly after anthesis (Lewis et al., 2006). The ida-1 mutant retains its floral organs 

indefinitely, compared to wt which sheds its floral organs at position 10 (counted from the 

first flower with visible white petals at the top of the inflorescence, according to (Bleecker 

and Patterson, 1997)), and etr1-1 which sheds at position 16 (Butenko et al., 2003). IDA is 

specifically expressed in the floral organ AZs. The expression of the β-glucoronidase (GUS) 

gene under an IDA promoter showed gene expression clearly correlating to the AZ at the base 

of floral organs (Butenko et al., 2003). The role of IDA in floral organ abscission was later 

substantiated by showing that the overexpression of IDA leads to premature abscission and 

ectopic abscission in vestigial AZs at the bases of the pedicel, branches of the inflorescence 

and cauline leaves (Stenvik et al., 2006).  
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1.2.1  IDA encodes a small signaling peptide 

The IDA gene encodes a small signaling peptide. In recent years it has become increasingly 

clear that in plants 5 – 50 amino acids (aa) long secreted peptides serve a substantial role in 

plant cell-to-cell communication and therefore key roles in many areas of plant development 

(Matsubayashi, 2014). Thus, they supplement the role of the classical phytohormones (auxins, 

cytokinins, gibberellins, ethylene, abscisic acid, brassinosteroids, jasmonate and salicylic 

acid) in signaling. The first plant signal peptide identified was Systemin, a peptide signal for 

wound response (Pearce et al., 1991). Since then, secreted and non-secreted peptides have 

been shown to be involved in a wide range of physiological processes such as plant growth, 

reproduction, immune response and stress response (Farrokhi et al., 2008, Marmiroli and 

Maestri, 2014).  

The IDA gene belongs to a group of peptide genes transcribed as a longer prepropeptide, 

carrying a secretion signal sequence in the N-terminal end. The prepropeptide is transported 

to the endoplasmic reticulum where it is shortened by posttranslational proteolytic cleavage 

and possibly  modified by hydroxylation of proline (Pro) residues before being secreted into 

the intercellular space (Matsubayashi, 2014). Secreted signal peptides interact with plasma 

membrane-bound receptors, which are often of the leucine-rich repeat receptor like kinases 

(LRR-RLKs) (Lee and Torii, 2012). The peptide ligand interacts with the leucine-rich repeats 

in the extracellular domain of an LRR-RLK that activates the intracellular kinase domain, 

which in turn activates various downstream responses (Sun et al., 2013). The A. thaliana 

genome contains >1000 genes potentially coding for peptide ligands, and >400 genes coding 

for RLKs (Shiu and Bleecker, 2001; Lease and Walker, 2006). However, about a dozen pairs 

with direct interaction of peptide ligand and the corresponding receptor has been identified 

(Butenko et al., 2014). 

The translated IDA gene is a 77 aa long protein (fig.1.1). The N-terminal hydrophobic region 

contains the 27 aa long secretion signal followed by 23 aa called the variable region. The 

signal peptide has been shown by deletion construct experiments to be required for protein 

function (Stenvik et al., 2008). After this follows a 20 aa proline-rich motif termed the 

extended PIP (EPIP) motif. This motif is sufficient for protein function as deletion constructs 

encoding IDA protein with both the variable region and the C-terminal part of the protein 

removed was able to rescue the mutant ida phenotype (Stenvik et al., 2008). By adding 

synthetic IDA EPIP peptide to the growth medium, abscission was induced in wt plants and 
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ida mutant plant was rescued, giving further support to the EPIP motif being the active part of 

IDA (Stenvik et al., 2008)  

 

Figure 1.1: Schematic overview of the IDA and prepropeptide. 

The IDA prepropeptide contains a signal region, a variable region and an EPIP motif followed by the C-terminal 

region.  

1.2.2 IDA signals through the LRR-RLKs HAESA and HAESA-LIKE2 

Plants expressing an antisense construct for the LRR-RLK HAESA (HAE), presumably 

down-regulating the HAE expression level, showed a delay in abscission and gave the first 

indication of involvement in control of floral organ abscission in A. thaliana (Jinn et al., 

2000). Both HAE and the closely related LRR-RLK HAESA-LIKE2 (HSL2) are expressed in 

the floral AZ. HAE and HSL2 are functionally redundant, so a phenotype is not observed for 

either the hae or the hsl2 single mutants (Cho et al., 2008). The double mutant hae hsl2 shows 

the same phenotype as ida-1 with a total lack of abscising floral organs (fig. 1.2).  

Loss of the IDA overexpression (35S:IDA) phenotype in the hae hsl2 mutant background (fig. 

1.2) substantiates the evidence of HAE and HSL2 as the receptors for the IDA peptide ligand 

(Stenvik et al., 2008). The ida and the hae hsl2 mutants have similar differential expression 

profiles of cell-wall remodeling genes compared to wt (Niederhuth et al., 2013b), indicating 

that IDA and HAE/HSL2 constitutes a signaling pathway controlling floral organ abscission. 

Butenko and colleagues (2014) showed that the 12 aa proline-rich PIP motif within the EPIP 

motif was sufficient to activate the HAE and HSL2 receptors. By treating Nicotiana 

benthamiana leaves transiently expressing HAE and HSL2 with synthetic PIP and EPIP 

peptides, an oxidative burst response was measured. These experiments showed that HSL2 

had the strongest affinity for the PIP peptide with a hydroxyprolinated Pro at position 7 

(Butenko et al., 2014). 
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Figure 1.2: Phenotype comparison of the different mutants in the IDA-/HAE/HSL2 system.  

Elongated siliques of wt (ecotype Col), the hae hsl2 and ida mutants, 35S:IDA and 35S:IDA in 

hae hsl2 mutant background. Both hae hsl2 and ida is deficient in abscission. Note the absence 

of the 35S:IDA phenotype in the hae hsl2 background (Stenvik et al., 2008). 

 

1.2.3  IDA belongs to a multigene family 

IDA belongs to a multigene family with five other members in A. thaliana named IDA-LIKE 

(IDL) 1 to 5 (Butenko et al., 2003, Stenvik et al., 2008, Vie et al., 2015). These IDL genes 

also code for an N-terminal signal peptide and share the C-terminal conserved EPIP motif 

(fig. 1.1). The EPIP motif from the different IDL proteins can fully (in case of IDL1) or 

partially (in case of IDL2, IDL3 and IDL4) rescue the ida mutant phenotype (Stenvik et al., 

2008).  The IDL genes are expressed in different tissues. Promoter:GUS constructs introduced 

in A. thaliana has shown IDL1 to have strongest expression in the columella root cap. 

Expression of IDL2, IDL3 and IDL4 are found in floral AZs as well as in the base of the 

pedicel where a vestigial AZ is found in A. thaliana. IDL4 is also expressed in the guard cells. 

IDL2-5 show expression in vascular tissue at several stages of development. IDL2 and IDL4 

are expressed in the funicle AZ (Vie et al., 2015, Stenvik et al., 2008). Quantitative Real-

Time PCR (qRT-PCR) data from tissue harvested throughout the A. thaliana life cycle shows 

a generally low expression of the IDA/IDL genes. IDA, IDL1, IDL2 and IDL5 were hardly 

detected at any stage of development. Promoter:GUS expression data shows that these genes 

are expressed at specific times in very specific tissues, which may explain their low 

expression profile in a broad qRT-PCR assay (Vie et al., 2015).   
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1.3 IDA and the IDA-LIKEs are conserved 

throughout the angiosperms 

In silico approaches identified orthologs of IDA and IDL genes in all species from angiosperm 

orders where sequence information can be obtained. This includes the basal orders 

Amborellales and Nymphaeales, indicating that the common ancestor of all angiosperms had 

an IDA/IDL gene (Stø et al., 2015). The number of orthologs in each species varies to a large 

extent, given the large variation in plant genome architecture (Michael and Jackson, 2013). A 

phylogeny of IDA/IDL genes is problematic given the small size of the gene, the even smaller 

size of the conserved part of the gene, and the large number of orthologs. However, different 

groupings emerge when examining the aa composition of the EPIP motif. All species contain 

orthologues that can be grouped as either IDA/IDL1 or IDL2-5 (PIPR or PIPK, see figure 1.3) 

(Stø et al., 2015).  

The receptor HSL2 is present in all angiosperm orders with available sequence information, 

except the orders Poales and Zingiberales (where it is presumably lost, see fig. 1.3). Together 

with the closely related HAESA-LIKE1 (HSL1) it forms a monophyletic group within the 

LRR-RLKs. A duplication of HSL1 by the divergence of the ancestor of the core eudicots 

gave rise to HAE (see fig. 1.3). Within the monophyletic group, HAE/HSL1 and HSL2 are 

divided into two distinct clades, which are already diverged in the basal angiosperm 

Amborella trichopoda, indicating that both clades were present in the common ancestor of 

flowering plants. Phylogenic analyses points toward HAE diverging from a HSL1 ancestor  

parallel to the divergence of the common ancestor of the core eudicots i.e. the rosids, the 

asterids, plus the order Vitales (Stø et al., 2015). 
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Figure 1.3: Evolution of the IDA-/HAE/HSL2 signaling system in the angiosperm orders.  

Numbers in superscript behind order names represent the number of species used in the analysis of the tree. 

Order names in bold represent those orders with at least one completely sequenced genome (Stø et al., 2015). 
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1.3.1 The IDA-/HAE/HSL2 signaling system is found in various 

abscission zones in a diverse range of plant species 

Given the prevalence of the IDA/IDL and HAE/HSL2 genes throughout the angiosperms, it is 

reasonable to expect this pathway to be involved in abscission events for many plants.  

The IDA-/HAE/HSL2 signaling pathway has also been shown to control the cell separation 

process of lateral root emergence (Kumpf et al., 2013). Both the ida and the hae hsl2 mutant 

show a significant decrease in the number of emerging lateral roots. A pIDA:GUS construct 

show expression of IDA in the cells overlaying the lateral root primordia. This is also the case 

for a pHAE:HAE-YFP and pHSL2:YFP constructs, indicating that the IDA-/HAE/HSL2 

receptor-ligand pair controls lateral root emergence (Kumpf et al., 2013).  

Flowers and reproduction represent a large investment of energy for plants. After fertilization, 

flowers serve as a net sink of energy and nutrients, thus it might be useful to shed these 

tissues (van Doorn, 2002). Flowers and floral organs may either wither, or the organs are shed 

fully or partially turgid (see fig. 1.4 A). Whether a plant has withering or abscission of turgid 

floral organs is consistent within plant families. Most monocots have withering floral organs, 

while in the eudicots both modes are seen in the different families (van Doorn, 2001, van 

Doorn, 2002). Abscission of the whole flower, when pollination or fertilization fails, is 

observed in several species. In clementine (Citrus clementina) the flower and young fruit 

might undergo stress-induced abscission through an AZ at the base of the pedicel in addition 

to the AZs found at the base of the petals and the style (Addicott, 1982). Estornell and 

colleagues (submitted) found that the AtIDA ortholog CitIDA3 is expressed in the AZs at the 

base of the pedicel in C. clementina. By overexpressing CitIDA3 in A. thaliana the same 

phenotype change was seen as in A. thaliana overexpressing AtIDA. CitIDA3 also rescued the 

ida mutant phenotype in A. thaliana, restoring abscission of floral organs (Estornell et al. 

submitted). 

Leaf abscission is a very common process in plants, especially notable in deciduous trees. 

Trees shed their leaves during the beginning of the cold and/or dry season (Zanne et al., 

2014). Prior to shedding, nitrogen-containing molecules are degraded and withdrawn from the 

leaf, giving the leaves a yellow and red color. An AZ is then formed at the base of the petiole 

and the leaf is abscised (see figure 1.4 B) (Keskitalo et al., 2005). In hybrid aspen (Populus 

tremula X P. tremuloides) abscission can be induced by light deprivation (Jin et al., 2015). 
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RT-qPCR of axil tissue showed that Populus orthologs most similar to AtIDA was 

significantly upregulated in abscising leaves (Stø et al., 2015). In soybean (Glycine max) and 

tomato (Solanum lycopersicum) expression was measured in leaf AZs after the plant had been 

treated with ethylene (Tucker and Yang, 2012). In S. lycopersicum the IDA ortholog most 

similar to AtIDA is expressed in ethylene-induced AZs on the pedicel. In G. max the two 

orthologs most similar to AtIDA were expressed in petiole AZs in both the presence and 

absence of ethylene (Tucker and Yang, 2012). In A. thaliana there is normally no abscission 

of leaves, branches or pedicels. These organs, however abscise at vestigial AZs at the base of 

the organs during overexpression of IDA. In wt plants IDA is not expressed in these areas, but 

the receptors HAE and HSL2 displays expression in the mentioned vestigial AZs (Stø et al., 

2015).   

Seed dispersal is in many cases tightly linked to abscission. The shedding of fruit for dispersal 

by animals (zoochori) is effectuated by abscission. This can be observed in olives (Olea 

europaea), where the fruit (a fleshy drupe) is abscised at the pedicel to be collected by ground 

animals (similar to fig. 1.4 D). In O. europaea the HAE ortholog is upregulated in the AZ of 

abscising fruit compared to the preabscising AZ (Gil-Amado and Gomez-Jimenez, 2013). A 

similar abscission syndrome is perceived in the monocotyledonous oil palm (Elaeis 

guineensis) where the flowers and fruit (a drupe) grow in large clusters (see fig. 1.4 E). RT-

qPCR data from the large AZs at the base of the E. guineensis drupes show an expression 

peak of the IDA orthologs EgIDA2, EgIDA3 and EgIDA5 during fruit separation (Stø et al., 

2015). An ortholog of HSL2 was also identified and its expression was associated with fruit 

abscission.  
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Figure 1.4: Different abscission syndromes in angiosperms.  

A) Abscission of floral organs. B) Leaf abscission at the base of the petiole. C) Opening of a silique (a 

capsule) and seed abscission. D) Abscission of a fleshy fruit at the base of the pedicel. E) A cluster of oil 

palm (E. guineensis) fruit (drupes). (Stø et al., 2015) 

1.4 Abscission is an important agricultural trait 

From an evolutionary viewpoint, abscission is an essential process for development and 

reproduction of the plant, enabling the dispersal of offspring through seeds and fruit. This is 

in many ways directly contrary to the interest of humans seeking to utilize the seeds and fruit. 

The domestication of modern agricultural plants has involved a strong preferential selection 

for the reduction of fruit and seed abscission, which was one of the earliest characters selected 

for by ancient humans (Dong and Wang, 2015, Purugganan and Fuller, 2009). Even though 

modern crops have undergone hundreds to thousands of years of selection, premature 

abscission counts for a significant reduction in agricultural yields in a large variety of crop 

species (Estornell et al., 2013). The IDA-/HAE/HSL2 system is known to effectuate floral 
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organ abscission in A. thaliana. Homologs to the genes in this system have been found 

throughout the angiosperms, and expression data from a wide range of species show these 

homologs to be expressed in sites connected to cell separation and abscission. It is then 

reasonable to believe that the IDA-/HAE/HSL2 system is also involved in seed abscission. A. 

thaliana has proven to be a valuable model species for studies in plant biology. However, A. 

thaliana is insufficient to use for experimental studies of seed abscission, as the size of the 

siliques and seeds make studies of the seed AZ impractical. A model for these studies would 

need to have significantly larger fruits and seeds than A. thaliana so harvesting of the seed AZ 

is feasible.  A potential model plant for seed abscission studies should also have agricultural 

relevance i.e. be a crop plant. This makes the cereals crops poor candidates, considering that 

the vast majority of modern cereals are non-shattering (Lin et al., 2012), and are evolutionary 

far removed from A. thaliana.   

1.5 Brassica rapa is suitable for studying seed 

abscission 

Brassica rapa is an angiosperm in the family Brassicaceae which is composed of 338 genera 

and 3709 species (Cheng et al., 2014). B. rapa is believed to originate from a wild habitat 

spanning the West Mediterranean to Central Asia, and was the first Brassica species to be 

domesticated, 4500 to 4000 years ago (Gomez-Campo, 1999). Since then, it has been spread 

over large parts of the world. It is an annual or biennial herbaceous plant which can grow up 

to 1-1,5 m tall. The two plant lineages B. rapa and A. thaliana belong to, diverged 

approximately 20 million years ago (MYA) (Yang et al., 1999) and the two species are 

closely related and share many characteristics. Both lineages have self-compatible cruciform 

flowers with four free petals and sepals, six stamens and two fused carpels (fig. 1.5). The fruit 

is a silique, and both species produces glucosinolates as secondary metabolites (Judd, 2008). 

At maturity, the siliques are approximately 3 cm long, containing seeds 1.5 – 2 mm  in 

diameter (Kebede and Rahman, 2014, Elliott et al., 2007). 
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Figure 1. 5: Inflorescences from B. rapa  and A. thaliana plants.  

A) Inflorescence of B. rapa, r-o-18 variant. The B. rapa plant is approximately 1 meter tall. B) 

Inflorescence of A. thaliana. (A. thaliana picture by Marie-Lan Nguyen/CC BY-SA 2.5). 

 

Crops from the genus Brassica are of great economic importance throughout the world and 

are used in cuisines of many cultures. These crops show a large morphological diversity. 

Examples of this are the enlarged inflorescences of broccoli and cauliflower (B. oleracea), the 

root of turnip and leaves of Pak-choi and Chinese cabbage (all three B. rapa crops) (Paterson 

et al., 2001). The seeds of B. carinata, B. juncea, B. napus, B. oleracea and B. rapa are also 

used for oil production, and together they provide around 13 % of the worlds vegetable oil 

supplies (USDA, 2015). Large quantities (11-25 %) of harvests may be lost due to 

uncoordinated seed shattering, resulting from unsynchronized maturation (Pearce et al., 

1991). Prematurely shed seeds from Brassica plants also persist in soil, giving rise to 

volunteer weeds the next season (Gan et al., 2008). Studies indicate the genetic strategies for 

https://creativecommons.org/licenses/by-sa/2.5/deed.en
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controlling pod shatter could greatly improve the cultivation of Brassica oilseeds (Østergaard 

et al., 2006).  

The crop species in the genus Brassica are mainly from the species B. carinata, B. juncea, B. 

napus, B. nigra, B. oleracea and B. rapa. Of these species B. nigra, B. oleracea and B. rapa 

are diploid (n=8, n=9 and n=10 respectively). The other three species are allotetraploids 

derived from hybridization between the diploid species. This is represented in U’s classic 

triangle model (fig. 1.5) where the chromosome number of the hybrids corresponds to the sum 

of the chromosomes from their two parent species (Nagaharu, 1935). The genomes of the 

species in the Brassicaceae family are composed of 24 genomic blocks (conserved collinear 

chromosome fragments) (Schranz et al., 2006). Combinations of these genomic blocks 

compose the genomes of all Brassicaceae species and have been used to construct the 

translocated Proto-Calepine karyotype, the ancestral genome of the Brassica species (Cheng 

et al., 2014).  

 

 

Figure 1.6: The ‘Triangle of U’.  

Figure showing the relationships 

between the genomes of the major 

Brassica crops. The chromosome 

number of the hybrid species B. 

carinata, B. juncea and B. napus is 

the sum of their respective parent 

species’ chromosome number. 

(Figure by Mike Jones /CC BY-SA 

2.5).  

 

 

  

https://commons.wikimedia.org/wiki/File:Triangle_of_U_Simple1.PNG
https://creativecommons.org/licenses/by-sa/2.5/deed.en
https://creativecommons.org/licenses/by-sa/2.5/deed.en
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1.5.1 B. rapa has undergone several ancient polyploidizations 

In the span of the last 125 million years, the lineage leading up to the family Brassicaceae 

have undergone three whole genome duplication  (WGD) events (Vanneste et al., 2014). After 

the divergence of the linages leading to B. rapa and A. thaliana, the former has undergone an 

additional whole genome triplication (WGT) event, which is shared by the whole Brassiceae 

tribe, making it a ‘mesohexaploid’ (Lysak et al., 2005). This means that for every A. thaliana 

protein coding gene there could be three possible B. rapa orthologs. Assuming a similar 

number of protein coding genes as A. thaliana (27,000), the number of orthologs should be 

close to 80,000. The sequencing of the B. rapa genome in 2011 demonstrated that this was 

not the case, and the number of identified protein-coding genes in B. rapa was estimated to be 

41,174 (Wang et al., 2011). This indicates a substantial gene loss following the WGT. 

Collinear blocks between A. thaliana and B. rapa were used to identify three subgenomes in 

B. rapa. These subgenomes vary in the degree of retained A. thaliana orthologs, with the least 

fractionated (LF) subgenome retains 70 % of genes found in A. thaliana, the medium 

fractionated (MF1) retains 46 % and the most fractionated (MF2) retains 36 % of the A. 

thaliana orthologs (Wang et al., 2011). Difference in the number of retained genes in the three 

subgenomes can be explained by the “two-step theory” of B. rapa genome evolution. This 

theory states that the diploid ancestor became a tetraploid, which then underwent gene loss 

and fractionation, which resulted in the MF1 and MF2 subgenomes. Later the precursor to the 

LF genome was added, which prompted a new round of gene loss (Cheng et al., 2012).  

The difference in the number of retained genes in the different subgenomes points toward 

subgenome dominance. In addition to having 1.6 times more genes than MF1 and MF2, a 

greater number of genes located in the LF subgenome have a higher level of expression than 

their paralogs in MF1 and MF2 (Cheng et al., 2012). There is also fewer non-neutral 

mutations in genes located in LF compared to those located in the MF subgenomes (Cheng et 

al., 2014). Gene Ontology (GO) annotation shows that genes associated with environmental 

adaptability (salt, light, temperature, wounding, and pathogens) were further retained after the 

WGT and followed gene loss as compared to other GO categories. This was also the case with 

GO categories associated with response to phytohormones (Wang et al., 2011). The WGT and 

subsequent subgenome dominance might serve as an explanation of the rich morphotypes 

found in Brassica. With the genes in LF being conserved, the duplicated paralogs in MF1 and 

MF2 might acquire new functions (Cheng et al., 2014) 
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1.6 Aims of study 

Based on the hypothesis that the IDA-/HAE/HSL2 signaling system has a general role in 

controlling abscission in the Angiosperms, the aim of this thesis was to explore the IDA-

/HAE/HSL2 system in B. rapa, especially its role in seed abscission. B. rapa has undergone a 

WGT event after its lineage separated from that of A. thaliana, and the first task was therefore 

to identify the possible multiple orthologs of A. thaliana genes in B. rapa. To elucidate where 

and when these genes function, their temporal and spatial expression profile were 

investigated. especially the orthologs of HAE and HSL2 in comparison to A. thaliana. This 

was examined using both transgenic techniques in A. thaliana and expression measurements 

in B. rapa tissue. To further explore the putative functional similarities of these orthologous 

genes we wanted to test the B. rapa orthologs’ ability to complement mutations in the 

respective A. thaliana genes. 
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2 Materials and Methods 

2.1 DNA and RNA methods 

2.1.1 Polymerase chain reaction 

Polymerase chain reaction (PCR) is a commonly used technique in biology for amplifying 

DNA fragments. The method requires a thermostable DNA polymerase for synthesizing the 

new thread from the template, dNTP’s (deoxynucleotide triphosphate) and specific primers 

that provides a starting point for DNA synthesis of the desired DNA fragment. A PCR 

contains several steps: 

 Denaturation of the template in to single-stranded DNA (ssDNA). 

 Primers annealing to their complementary regions of the template ssDNA. 

 Elongation of new strands complementary to the template using a thermophilic DNA 

polymerase . 

All PCR programs used were a variation of the general program:  

 Initial denaturation at 94 degrees celcius (
o
C) for 5 minutes (min). 

 Denaturation at 94 
o
C for 30 seconds (sec). 

 Annealing at 55 
o
C for 20 sec.  

 Elongation at 72 
o
C for 30 sec. 

 Repetition of the previous three steps 29 to 35 times. 

 Final elongation at 72 
o
C for 10 min. 

For standard PCR Taq DNA Polymerase (New England Biolabs) was used. For cloning a 

polymerase with high accuracy and proofreading activity was needed. KOD Hot Start 

Polymerase (Novagen), TaKaRa Ex Taq HS (Clontech) and Q5 ® High-Fidelity DNA 
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Polymerase (New England Biolabs) were used. For genotyping of plant lines KAPA3G Plant 

PCR Kit (KAPA Biosystems) or Taq DNA Polymerase (New England Biolabs) were used.  

2.1.2 Agarose gel electrophoresis 

Agarose gel electrophoresis is a method used for separation, identification and purification of 

DNA fragments based on the fragment size. The gels used for analysis was made from 1 – 3% 

agarose (SeaKem® LE Agarose, Cambrex Biosciences) with 0.6 microgram(µg)/milliliter 

(ml) Ethidium Bromide (EtBr). The gels were run in a 1xTAE-buffer (40 millimolar (M) Tris-

acetate, 1 mM EDTA) for 30-90 minutes at 75 – 105V. A loading buffer FBX (ferrous-

benzoic-xylenol; Roche) was added to the DNA samples in appropriate volume before being 

applied to the gel. For determination of fragment size a 1 kb or 100 bp ladder (Fermentas) was 

used.  

2.1.3 Gel clean-up of PCR fragments 

PCR product run on agarose gel with was extracted and purified using Wizard® SV Gel 

Clean-up System (Promega). The procedure was done according to the manufacturer’s 

instruction. The PCR product was eluted with 30 microliters (µl) of nuclease-free water and 

stored at  

– 20 
o
C.  

2.1.4 Isolation of genomic DNA 

Isolation of genomic DNA from A. thaliana and B. rapa for use in genotyping and cloning 

was done by harvesting approximately 150 milligram (mg) of young leaves in Eppendorf 

tubes containing a 3 mm metallic bead before freezing in liquid nitrogen (N2). Samples were 

stored at -80 
o
C. The frozen tissue was homogenized using a MM301 mixer mill (Retch 

GmbH) for 2 x 1 min at 30/s frequency. The ULTRAPrep® Plant DNA Kit (AHN 

Biotechnologie GmbH) was then used according to the manufacturer’s instructions. The 

extracted DNA was eluted in 100 µl nuclease-free water before being stored at -20 
o
C.  
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2.1.5 Genotyping of A. thaliana 

To confirm the insertion of constructs in transgenic A. thaliana lines the plants were 

genotyped using the KAPA3G Plant PCR Kit (KAPA Biosystems). This kit enables bypasses 

the need for DNA extraction by amplifying DNA directly from plant material. A 0.5x0.5 mm 

leaf sample was collected from the transgenic plants and used in the PCR reaction according 

to the manufacturer’s instructions.  

2.1.6 Isolation of total RNA from B. rapa 

Floral AZ tissue from 3 months old B. rapa plants was harvested in four biological replicates 

and transferred to Eppendorf tubes and frozen in liquid N2. The samples were stored at -80 
o
C. 

 

The frozen tissue was transferred to MagNA Lyser Green Beads tubes (Roche) after addition 

of lysis buffer containing β-ME (β-mercaptoethanol), and was homogenized using a MagNA 

Lyser (Roche) at 7000 revolutions per minute (RPM) for 15 seconds, then cooled for 2 min at 

-20 
o
C, then centrifuged for 1 min at 4 

o
C, 13 000 RPM using an Eppendorf 5415R 

Refrigerated Micro centrifuge. These steps were repeated three times. After homogenization, 

the Spectrum
TM

 Plant Total RNA Kit (Sigma-Aldrich) was used according to the 

manufacturer’s protocol. To remove any trace of DNA, DNAse1 was added to the column 

(On-column DNaseI, Sigma). The total RNA was eluted in 50 µl nuclease-free water and 

stored at -80 
o
C.   

2.1.7 cDNA synthesis 

RNA was transcribed in to complementary DNA (cDNA) by using the SuperScript ® III 

Reverse Transcriptase (Invitrogen). The reverse transcriptase enzyme SuperScript ® III was 

used together with 3-4 µg of total RNA and oligo d(T)20 (50 µM) primers to bind the poly(A) 

tail of messenger RNA (mRNA). The manufacturer’s protocol was followed. The RNase 

inhibitor RNAsin (Promega) was used to avoid degradation of RNA, and RNase H was added 

to degrade RNA-DNA complexes after the synthesis. The cDNA was purified using the 

QIAquick® PCR Purification kit (Quiagen) according to the manufacturer’s protocol 
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2.1.8 Quantification of DNA and RNA concentrations 

DNA and RNA sample concentrations was measured using a NanoDrop® ND-1000 (Thermo 

Scientific) instrument. 1 µl sample was used to measure the concentration. The NanoDrop ® 

measures the light absorbance at 230, 260 and 280 nm. A concentration of DNA or RNA in 

nanogram (ng)/µl is given. Absorbance ratios of 260/280 and 260/230 measures the purity of 

the DNA or RNA sample.  

2.1.9 Real-time quantitative PCR 

In real-time quantitative PCR (RT-qPCR) the relative amount of PCR product is measured for 

every cycle by detecting emitted fluorescence. The FastStart Essential DNA Green Master 

(Roche) was used.  

The reaction was set up according to the manufacturer’s manual using 20 ng of cDNA, with a 

final primer concentration at 0.5 µM and 20 µl reaction volume. One paralog of the B. rapa 

GLYCERALDEHYDE 3-PHOSPHATE DEHYDROGENASE (GAPDH) gene and the 

ELONGATION FACTOR 1 α (EF-1-α) gene was used as a reference gene (see Appendix 1 

for primers). The LightCycler ® 96 (Roche) was used according to the manufacturers 

protocol.  

SYBR green emits a strong signal when intercalating double-stranded DNA (dsDNA). The 

fluorescent signal is proportional with the amount of double-stranded PCR product. When the 

amplification of DNA reaches the exponential phase a threshold is crossed, giving rise to a 

quantification cycle (Cq) value. The cycle number where the threshold is crossed in to the 

exponential phase depends on the amount of starting template. PCR efficiency (E) is 

calculated on the basis of the number of DNA molecules amplified in each cycle.  

Relative expression for each gene was calculated on the basis of efficiency (E) and the 

difference in Cq values between the sample versus a control, and the expression of the 

reference gene (Pfaffl, 2001). The relative expression was calculated using the following 

equation:  

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑒𝑥𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 =  
𝐸𝑡𝑎𝑟𝑔𝑒𝑡

∆𝐶𝑞𝑡𝑎𝑟𝑔𝑒𝑡(𝑀𝑒𝑎𝑛 𝑐𝑜𝑛𝑡𝑟𝑜𝑙−𝑀𝑒𝑎𝑛 𝑠𝑎𝑚𝑝𝑙𝑒)

𝐸𝑟𝑒𝑓
∆𝐶𝑞𝑟𝑒𝑓(𝑀𝑒𝑎𝑛 𝑐𝑜𝑛𝑡𝑟𝑜𝑙−𝑀𝑒𝑎𝑛 𝑠𝑎𝑚𝑝𝑙𝑒)
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where E is the PCR efficiency and Cq is the quantification point. E and Cq are calculated for 

the target gene and the reference gene.   

2.1.10 Sequencing 

Sequencing was performed by GATC Biotech sequencing facility. Samples were prepared 

according to the supplied manual. Primers for sequencing were designed using VectorNTI 

(see section 2.4.5).  

2.1.11 Gateway® cloning (Invitrogen) 

The Gateway 
®
 system is a site specific cloning system created by Invitrogen. It is designed 

for easy cloning of sequences into a vector plasmid by exploiting the factors used by 

bacteriophage λ to integrate into a bacterial genome and excise from it. The bacteriophage λ 

uses a 25 bp shared sequence motif with E. coli. This is called the attachment (att) sequence.  

The process of making an expression clone consists of two reactions; BP and LR. In the BP 

reaction an attB flanked sequence is made using PCR , and recombined into a specifically 

designed donor vector containing sequence-similar attP sites. This reaction is effectuated by 

the BP clonase
TM

 enzyme mix which enzymes such as viral integrase and integration host 

factor. This creates an entry clone with specific attL sites flanking the PCR product.  

In the LR reaction the entry clone is then recombined with a destination vector containing two 

attR sites flanking the ccdB gene. This protein encoded by ccdB interferes with the bacterial 

gyrase, and thus hinders DNA replication. By using the LR Clonase enzyme mix, which 

contains viral integrase, excisionase and integration host factor, recombination at the att sites 

will lead to an exchange of fragment between the att sites in the two plasmids. The 

destination vector will contain the gene of interest in an expression clone, and the entry clone 

will contain the ccdB gene.  

The reaction mix with these plasmids is then used to transform competent E. coli. Some 

bacteria will be transformed with the plasmid containing the gene of interest and others with 

the byproduct with the ccdB gene. The latter will however die when plated. This serves as 

negative selection, and in addition appropriate antibiotics selection is used, ensuring that the 

plates only contain E. coli with the expression clone plasmid.   
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2.2 Bacterial techniques 

2.2.1 Transformation of bacteria  

2.2.1.1 Escherichia coli 

DH5α
TM

 (Invitrogen) and One Shot ® TOP10 (Invitrogen) Escherichia coli chemically 

competent cells was used for Gateway® cloning. Transformation of the bacteria was done 

using the heat-shock method as described in the protocol (Invitrogen). Cells was stored at -80 

o
C and thawed on ice. 1 µl of plasmid was added to the cell tube and the mixture was heat 

shocked at 42 
o
C for 45 seconds. Super Optimal Broth with Catabolite repression (SOC) 

medium was added to the tube and the culture was incubated at 37 
o
C for 1 hour (h) with 

shaking. The culture was then plated on to LA (Lysogeny Broth (LB) medium, 15 g/l Bacto 

Agar) containing the appropriate selective marker (see table 2..1). The plates were incubated 

over night (O/N) (~8 hours) at 37 
o
C and inspected the next day for positive transformant 

colonies. Positive transformants were verified by PCR.  

2.2.1.2 Agrobacterium tumefaciens 

Electrical competent Agrobacterium tumefaciens was transformed using electroporation as 

described in Wise et. al. (2006). Plasmid was mixed with an aliquot of C58 pGV2260 A. 

tumefaciens cells in a 0.1 cm electroporation cuvette. The cells were electroporated using a 

BioRad Gene Pulser ® with the following settings: 1800 kV, 1 µF capacitance and 200 Ω 

resistance. SOC medium was added to the cells and left shaking at 28 
o
C for 3-4 h to recover. 

The cells was then plated out on YEB plates (YEB medium (5 g/l Beef extract, 1 g/l Yeast 

extract, 1 g/l Bacto Peptone, 5 g/l sucrose, 2 ml 1 M MgSO4), 15 g/l Bacto Agar) containing 

the appropriate selective markers (see table 2.1). Plates were incubated at 28 
o
C for 24 – 72 h. 

Positive transformants were verified by PCR.  

2.2.2 Storage and growth of bacteria 

2.2.2.1 E. coli 

E. coli cultures were grown in liquid LB medium containing the appropriate antibiotic for 

selection (see table 2.2.1). The cultures were grown at 37 
o
C with shaking until reaching the 
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stationary phase (16-20 h). Long term freeze stocks were made by suspending 1 ml of 

bacterial culture in 1 ml 50 % sterile glycerol and stored at -80 
o
C.  

2.2.2.2 A. tumefaciens 

A. tumefaciens cultures were grown in liquid YEB medium containing the appropriate 

antibiotic for selection (see table 2.2.1). The cultures were grown at 28 
o
C with shaking until 

reaching the stationary phase (~48 h). Long term freeze stocks were made by suspending 1 ml 

of bacterial culture in 1 ml 50 % sterile glycerol and stored at -80 
o
C.  

Table 2.1 Overview of the different antibiotics used as selective markers.  

Antibiotic Concentration 

Carbenicillin 100 µg/ml 

Kanamycin 100 µg/ml 

Rifampicin 100 µg/ml 

Zeocin 25 µg/ml 

 

2.2.3 Isolation of plasmid DNA  

Plasmid DNA was extracted from stationary phase cultures using the Wizard® Plus SV 

Miniprep DNA Purification system (Promega). Isolation was done according to 

manufacturers instructions. 50 µl nuclease-free water was used to elute the free plasmid, 

which was stored at -20 
o
C.  

2.3 Plant methods 

2.3.1 Plant methods  

2.3.1.1 Seed sterilization and growth conditions A. thaliana 

A. thaliana seed were surface sterilized to avoid bacterial and fungal contamination before 

being plated out. The seeds were treated with 70 % ethanol (EtOH) for 5 min and bleach 
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solution (20 % Chlorox, 0.1 % Tween20) for 5 min. The seeds were washed with wash 

solution (0.001 % Tween20) before being plated out on MS-2 plates (Murashige &Skoog 

(MS) medium with 2 % sucrose and 0.1 % Bacto agar) (Murashige and Skoog, 1962) 

containing the appropriate selective marker (table 2.2). The sterilized seeds were incubated at 

4 
o
C for 18-48 h to initialize vernalisation before being transferred to a growth room with 22 

o
C, long day (8 h darkness and 16 h light) conditions, with a light intensity of 100 µE/m

2
s. 

After 14-21 days the seedlings were transferred to soil and grown under the same light 

conditions and 18 
o
C.  

2.3.1.2 Growth conditions B. rapa 

B. rapa var. R-o-18 seeds were planted in soil in a growth room with 22 
o
C, long day (8 h 

darkness and 16 h light) conditions, with a light intensity of 100 µE/m
2
s. 

2.3.1.3 Transformation of A. thaliana by floral dipping 

This method is based on A. tumefaciens’ ability to infect A. thaliana and integrate T-DNA 

from its Ti-plasmid randomly in to the plant genome (Bechtold et al., 1993). Transformed A. 

tumefaciens were cultured in YEB medium containing the proper antibiotics for a total 

volume of 250 ml. The cultures were inoculated at 28 
o
C with shaking for up to 72 h until an 

optical density (OD) of the culture between 0.8 and 1.2 was measured. The culture was 

centrifuged using a TJ-25 centrifuge (Beckman Coulter Inc.) and the pellet was resuspended 

in a 5 % sucrose solution containing 0.02 % of the surfactant Silwet L-77 (Lehle Seeds). 4 

weeks old A. thaliana plants, Col-0 ecotype, were dipped upside down in the solution. The 

plants were then kept in the dark O/N before being transferred back to the growth room 

(Clough and Bent, 1998). 

2.3.1.4 Selection of transformed plants  

Seeds from transformed plants (T0) were collected and sown out on MS-2 plates containing 

the appropriate selective marker (table 2.2). Surviving offspring should have at least one copy 

of the T-DNA. Seeds from these plants (T1) were sown out on MS-2 plates containing 

selective markers and the seedlings counted. A Chi-square test (section 2.5.1) was used to test 

the ratio of resistant vs. sensitive seedlings against an expected 3:1, 15:1 and 63:1 ratio. The 
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significance of the Chi-square test indicates whether the plant line had one, two or three loci 

with T-DNA insertions.  

Table 2.2 Overview of selective markers used in plant experiments 

Selective marker Concentration 

Hygromycin 25 µg/ml 

Basta (glufosinate) 10 µg/ml 

 

2.3.1.5 Histochemical GUS analysis 

Promoter:reporter constructs from A. thaliana IDA, B. rapa HAE and B. rapa HSL2 were 

made by fusing the promoter to the β-glucoronidase gene in a Gateway® destination vector. 

This vector was transformed into wt A. thaliana, Col-0 plants. Roots, seedlings, opened 

siliques and floral positions 2, 3, 4, 5 and 6 from the T1 and T2 generations were collected 

and stained in the dark for 2-18 h at 37 
o
C, using the substrate X-Gluc (5-bromo-4-chloro-

3inodyl β-D-glucoronide) at a 2 mM concentration solved in 50 nM NaPO4, 2mM 

K4FE(CN)6, 2mM K3FE(CN)6, 0.1 % Triton X-100. At 37 
o
C X-Gluc is hydrolyzed by β-

glucoronidase in to glucoronic acid and chloro-bromoindigo. Chloro-bromoindigo is then 

oxidized and forms a dimer which is detectable as a blue color in visible light. After staining, 

the tissue was fixed on ice for 20 min in FAA solution (10 ml EtOH 7 ml H2O 2 ml acetic 

acid and 1 ml 37 % formaldehyde). The tissue was then rehydrated a decreasing EtOH 

concentration in 50 mM NaPO4 solution (50 %, 30 %, 10 %, 0%) series in 15 min increments.  

The samples were mounted with Chloral Hydrate on microscopy slides. The slides were 

inspected using an Axioplan 2 imaging microscope (Zeiss). Pictures were taken using an Axio 

cam HCR camera (Zeiss).  
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2.3.1.6 Petal breakstrength 

Petal breakstrength (pBS) is the force needed to separate a flower petal from a flower 

(Fernandez et al., 2000). This was measured using a pBS-meter, built after the description in 

Lease et al. (2006), with certain modifications as described in Stenvik et al. (2008). Two pBS 

measurements were taken from each floral position, giving the pBS value in gram 

equivalents.    

2.4 Bioinformatics and software 

2.4.1 The Arabidopsis Information Resource (TAIR) 

Arabidopsis.org maintains a database of genetic and molecular biology data for A. thaliana. 

This database was used to find DNA sequences for relevant genes. 

2.4.2 Brassica Database (BRAD) 

The Brassica Database (http://brassicadb.org/)is a web-based database at the whole genome 

scale for B. rapa plants (Cheng et al., 2011). BRAD was used to retrieve sequences for use in 

later lab-work. BRAD contains a search function for conserved syntenic between A. thaliana 

and B. rapa. It also contains a native BLAST service  

2.4.3 BLAST 

The Basic Local Alignment Search Tool (BLAST) (http://blast.ncbi.nlm.nih.gov/Blast.cgi) is 

a search algorithm for comparing biological sequences (DNA, RNA, amino acids). tBLASTn 

is a variant of the BLAST algorithm using a protein query to search in nucleotide databases 

which has been translated in six reading frames. tBLASTn was used to search for unannotated 

B. rapa orthologs of A. thaliana genes.  

2.4.4 Jalview 

Jalview (http://www.jalview.org/) is a Java-based free program that is used for working with 

sequence alignment. Jalview was used to generate sequence alignments of the IDA/IDL genes 

and the HAE/HSL2 receptors, as well as their promotor regions. For the generation of 

http://brassicadb.org/brad/
http://blast.ncbi.nlm.nih.gov/Blast.cgi
http://www.jalview.org/
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multiple sequence alignments, the MUSCLE algorithm was used with coloring according to 

percentage identity. 

2.4.5 Vector NTI Advance® 11.5 

Vector NTI Advance 11 (Invitrogen/www.lifetechnologies.com) was used for primer design 

and ordering and for making genetic maps over the different cloning vectors used.  

2.4.6 ContigExpress  

ContigExpress (Invitrogen) was used to analyze the chromatograms from sequencing done at 

the Norwegian Sequencing Center and GATC (https://www.gatc-biotech.com/en/index.html).   

2.4.7 Plant cis-acting regulatory DNA elements (PLACE) database 

Plant cis-acting regulatory DNA elements database (https://sogo.dna.affrc.go.jp/cgi-

bin/sogo.cgi?sid=&lang=ja&pj=640&action=page&page=newplace) is a database of known 

motifs found in plant cis-acting regulatory elements. By submitting a sequence, PLACE will 

identify known motifs in that sequence and display them with a brief description and a 

reference to the publication of that element. 

2.4.8  SignalP 

SignalP (http://www.cbs.dtu.dk/services/SignalP) is a program for detecting signal peptide 

sequences at the N-terminal end of proteins that targets its passenger protein for transport to 

the endoplasmic reticulum. By calculating a D-score, SignalP predicts signal protein 

sequences and the cleavage site where the signal protein will be cleaved from the passenger 

protein. 

  

http://www.lifetechnologies.com/
https://www.gatc-biotech.com/en/index.html
https://sogo.dna.affrc.go.jp/cgi-bin/sogo.cgi?sid=&lang=ja&pj=640&action=page&page=newplace
https://sogo.dna.affrc.go.jp/cgi-bin/sogo.cgi?sid=&lang=ja&pj=640&action=page&page=newplace
http://www.cbs.dtu.dk/services/SignalP/
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2.5 Statistics 

2.5.1 Chi-square test 

Pearson’s chi-square test was used to check if an observed distribution differs from the 

expected distribution. The chi-square test is defined as: 

𝜒2 = ∑
(𝑂𝑖 − 𝐸𝑖)2

𝐸𝑖

𝑛

𝑖=1

 

where n equals the number of observation, O is the observed frequency, E is the expected 

frequency and χ
2
 is the test statistic. Depending on the degrees of freedom and the critical 

value selected, the null hypothesis is either accepted or rejected depending on whether the χ
2
 

test statistic is smaller or larger than the critical value for the specific level of confidence 

(usually P = 0.05). The Chi-squared test was used to determine if the distribution of 

hemizygous plant lines were significantly different from the expected values.  

2.5.2 Student’s t-test 

Student’s t-test is used to determine if two sets of data are significantly different from each 

other, by comparing a measured mean (𝑋) to the set mean value (µ0) at n-1 degrees of 

freedom. The distribution of the test statistic (t) allows the standard deviation (σ) to be 

replaced by the sample standard deviation (s). A confidence level of P = 0.05 was selected.  

𝑡 =
𝑋 − µ0

𝑠
√𝑛⁄

 

The t-test is used to see if the null hypothesis (H0) can be rejected and the alternative 

hypothesis (H1) be kept. H0 states that there is no significant difference in the means at the 

selected confidence level. H1 states that there are significant different means.  

The t-test was used to investigate whether pBS measurements was different in mutant lines 

(µ0) and mutant rescue lines (𝑋). 

  



Results 

28 

 

3 Results 

3.1 Identification of IDA/IDL and HAE/HSL2 genes in 

B. rapa 

To investigate the function of the IDA gene family and the receptor genes HAE and HSL2 in 

B. rapa it was necessary to collect the genomic information needed for further work. This was 

done using two approaches: first by searching for syntenic orthologs through the BRAD 

database; and second by tBLASTn searches using the A. thaliana proteins as queries. 

3.1.1 IDA, IDL, HAE and HSL2 genes have syntenic orthologs in B. 

rapa 

B. rapa orthologs of IDA and IDL genes, as well as HAE and HSL2 were identified by 

synteny search in BRAD using the A. thaliana loci IDs as queries. The orthologs were named 

after the syntenic sub-genome where they are located (LF, MF1 or MF2) (table 3.1). For each 

of the B. rapa orthologs a genomic sequence was retrieved covering the transcribed region 

plus 2000 bp upstream and 200 bp downstream, to capture the promoter and possible 3’ 

untranslated region (UTR) elements. The encoded orthologous proteins were aligned to 

investigate possible similarities or differences (fig. 3.1 and Appendix 3). For the IDA and IDL 

genes, except for IDL1, one or two orthologs in B. rapa were identifiable by using the synteny 

search approach. For the receptor HAE there was only one ortholog identified by synteny. 

When using AtHSL2 as a search query, the ortholog of the LRR-RLK BARELY ANY 

MERISTEM 1 (BAM1) is returned as an AtHSL2 ortholog. This is most likely due to the loci 

for BAM1 (At5g65700) and AtHSL2 (At5g665710) being arranged in a tandem array on 

chromosome 5 in A. thaliana, making the flanking genes on one side of either BAM or HSL2 

syntenic to the genes flanking the B. rapa orthologs on one side, even though BrBAM1 and 

BrHSL2 are located on different chromosomes. 
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Table 3.1 B. rapa orthologs found in synteny with A. thaliana genes.  

A. thaliana gene B. rapa ortholog B. rapa gene number Percentage aa identity 

IDA (AT1G68765) BrIDALF Bra004335 76.92 % 

BrIDAMF1 Bra038354 70.13 % 

IDL2 (AT5G64667) BrIDL2LF Bra024319 72.09 % 

IDL3 (AT5G09805) BrIDL3LF Bra009082 78.79 % 

IDL4 (AT3G18715) BrIDL4LF Bra022349 71.28 % 

BrIDL4MF1 Bra037567 74.74 % 

IDL5 (AT1G76952) BrIDL5LF Bra015707 67.92 % 

BrIDL5MF2 Bra003697 75.96 % 

HAE (AT4G28490) BrHAELF Bra011033 82.98 % 

HSL2 (AT5G65710) BrHSL2MF2 Bra037825 81.21 % 

 

3.1.2 Unannotated Brassica IDL orthologs are present in the B. rapa 

genome 

Since the search for annotated syntenic orthologs identified less than three B. rapa genes for 

each A. thaliana gene, tBLASTn was used to search for unannotated Brassica orthologs using 

A. thaliana proteins as a query. No unannotated HAE or HSL2 orthologs were identified, but 

hits were found for three of the IDL genes. The chromosomal locations of the hits were noted, 

the genomic sequences were retrieved, translated and aligned with the B. rapa paralog (if 

applicable) and the A. thaliana ortholog using Jalview with the Muscle algorithm (fig. 

3.1).Genes flanking the genomic position of the BLAST hits was compared to the genes 

flanking the IDL gene used as a query in the BLAST search. By using flanking homologous 

A. thaliana genes as queries in a synteny search, the subgenome for each BLAST hit was 

determined. All the tentative unannotated IDL genes in B. rapa were in synteny with their A. 

thaliana ortholog. These tentative IDL protein orthologs were examined using SignalP 4.1 to 

detect N-terminal signal peptides that targets the protein to processing in the ER before being 

secreted. A D-score cutoff of 0.450 was used to determine the presence of a signal peptide 

(table 3.2). SignalP predicted a secretion signal for all tentative BrIDL orthologs (table 3.2). 

The BLAST searches together with the alignment indicate five unannotated B. rapa orthologs 

(Table 3.2, fig. 3.1). Some of the unannotated orthologs were later automatically annotated by 

the National center for biotechnology information (NCBI) Eukaryotic Genome Annotation 

Pipeline which annotates genes, transcripts and proteins from draft and finished genomes and 

incorporates them in Genbank (http://www.ncbi.nlm.nih.gov/genbank/). Thus, the orthologs 

was predicted and given an accession number (see table 3.2, column 6).  

http://www.ncbi.nlm.nih.gov/genbank/
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Table 3.2: Tentative B. rapa orthologs of A thaliana IDL genes found using tBLASTn.  

A. thaliana 
query 

Tentative 
orthologs 

BLAST  
E-value 

Percentage aa 
identity 

Position in B. rapa 
genome 

Genbank 
accession 

SignalP 
D-score 

IDL1 

(AT3G25655) 

BrIDL1LF 9e-24 64.44 % Chr. 6: 22074248- 
             22074520 

XM_009153875 0.706 

BrIDL1MF1 1e-25 66.67 % Chr. 2: 20932435- 
             20932707 

XM_009130791 0.891 

IDL2 

(AT5G64667) 

BrIDL2MF2 2e-21 62.5 % Chr. 9: 4182331- 
             4182631 

XM_009113900 0.779 

IDL3 

(AT5G09805) 

BrIDL3MF1 1e-12 51.82 % Chr. 3:  1686685-  
              1686999 

XM_009132875   0.823 

BrIDL3MF2 5e-14 57 % Chr. 2: 1450228-  
             1450497 

N/A 0.605 

 

Sequence alignment of the A. thaliana IDA and IDL genes with their B. rapa orthologs shows 

a high degree of sequence conservation, especially in the EPIP motif (fig 3.1), which contain 

the putative receptor-binding PIP motif, shown to be the active part of the IDA peptide.  

 

Figure 3.1: Alignment of IDA and IDL proteins.  

The A. thaliana IDA and IDL proteins aligned with their respective B. rapa ortholog using the Muscle algorithm. 

The functionally important EPIP motif is marked by a black line. 
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3.1.3 The BrIDL5 paralogs display a PIP motif similar to AtIDA 

Transgenic experiments in A. thaliana shows that the EPIP motif from IDL1, but not from 

IDL2-5, rescues the mutant ida phenotype (Stenvik et al., 2008). This point towards the 

importance of specific aa at key positions in the peptide. In A. thaliana the 9
th

 and 10
th

 aa of 

the PIP motif of IDL2-5 is an arginine (Arg) and lysine (Lys) respectively. In contrast, the 

amino acids in the same positions in IDA and IDL1 are reversed, i.e. Lys-Arg (fig. 3.2). The 

PIP motifs of one of the B. rapa orthologs for each of the IDL2-4 genes were identical to the 

A. thaliana counterpart including Arg-Lys. Interestingly, both B. rapa IDL5 motifs turned out 

to have Lys in both positions. In addition, the BrIDL5 paralogs contain a Pro in position four 

of the PIP motif, which is shared with AtIDA, but differ from the histidine (His) of AtIDL5, 

and from the Arg and glycine (Gly) of IDL2-4 (fig. 3.1 and 3.2). The PIP motif is the 

functional part of IDA in floral organ abscission, and the aa sequence here has been shown to 

be crucial to protein function, and the PIP of BrIDL5 is more similar to that of AtIDA than 

the AtIDL5 PIP motif (fig. 3.2).  

 

 

Figure 3.2: The EPIP motif from AtIDA, AtIDL5, BrIDL5LF and BrIDL5MF2.  

The EPIP motif from these genes was aligned with the Muscle algorithm. The PIP motif is indicated by a top 

black line. AtIDL5 has a His residue at position four (marked by the arrow) in the PIP motif, compared to a Pro 

in the other genes. AtIDL5 also has a reversal of the aa residues at position 9 and 10 in the PIP motif (marked by 

the bottom black line). 

 

3.2 Investigation of expression patterns  

Promoter:reporter constructs for A. thaliana IDA/IDL and HAE/HSL2 genes have 

demonstrated expression in a wide range of tissues, from the root tip to the shoot apical 

meristem (Butenko et al., 2003, Stenvik et al., 2008, Riiser, 2009). Preliminary data indicate 

expression of the receptor genes AtHAE and AtHSL2 in the funiculus and lower portion of the 

seed encompassing the seed AZ (Data by Even S. Riiser, unpublished), but investigation of 
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AtIDA expression in the seed abscission zone has not been investigate so far. To investigate 

the potential role of these genes in cell separation processes, especially seed abscission, 

promoter:reporter constructs were made to examine their expression pattern in A. thaliana.  

3.2.1 Promoter:reporter constructs were generated for AtIDA, 

BrHAE and BrHSL2 

The pAtIDA:GUS transgenic A. thaliana line was made with a promoter sequence from 

Columbia (Col-0) and in this ecotype background. Earlier expression experiments (Butenko et 

al., 2003, Stenvik et al., 2006) were done in the C24 ecotype background. However, most 

genetic resources for A. thaliana available today are in the Col-0 ecotype, and the other 

constructs used in this thesis are all in the Col-0 background, consequently a promoter:GUS 

line of AtIDA was made in this ecotype. BrHSL2:GUS and BrHAE:GUS transgenic lines were 

generated to examine the expression pattern of these orthologs in A. thaliana.  

The transgenic lines included a construct with 2081 bp and 2069 bp upstream of the start 

codon of BrHSL2 and BrHAE, and 1382 bp upstream from the start codon of AtIDA 

respectively. These sequences were recombined, using Gateway technology (see 2.1.11), into 

the destination vector pMDC162 (fig. 3.3), and transformed into A. thaliana by floral dipping.  

 

 

Figure 3.3: Schematic overview of the T-DNA region in the promoter:GUS constructs.   

The T-DNA region of the pMDC162 expression vector containing the various promoters in front of the GUS 

gene followed by the tNOS terminator and the gene for hygromycin resistance. RB=Right border. LB=Left 

border.  
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3.2.1.1 Segregation analysis identified transgenic lines with single-locus T-DNA 

insertions 

To ascertain the number of T-DNA insertion loci in the transgenic GUS lines, the segregation 

pattern in the T2 generation was examined by growing seedlings on media containing 

hygromycin. The ratio of hygromycin resistant (Hyg
R
) to hygromycin sensitive (Hyg

S
) 

seedlings indicates the number of loci in which T-DNAs are inserted in to the plant genome. 

After two weeks of growth the segregation of Hyg
R
 and Hyg

S
 was scored and the number of 

T-DNA insertion loci predicted. The seeds of a plant heterozygous for one, two and three loci 

with a T-DNA insertion are expected to segregate Hyg
R 

and Hyg
S 

seedlings at a 3:1, a 15:1 

and a 63:1 ratio, respectively. The hypotheses of one, two or three insertions were tested using 

the Pearson’s chi-square test (see section 2.5.1). Expected values were computed based on the 

hypotheses. For a test statistic χ
2
 < 3.84, a hypothesis holds within a 0.95 confidence interval. 

Three or four one-locus GUS lines were identified for each construct (table 1, and for the 

complete table, see Appendix 4) 

Table 3.3: Segregation analysis of the GUS-lines. 

  Obs # Exp # 3:1 Exp # 15:1 Exp # 63:1     

GUS line n Hygr Hygs Hygr Hygs Hygr Hygs Hygr Hygs χ2 3:1 χ2 15:1 χ2 63:1 T-DNA loci 

AtIDA              

5 
191 

143 48 
143.3 47.8 179.1 11.9 188.0 143.3 0.0 116.2 689.8 One 

7 
131 

98 33 
98.3 32.8 122.8 8.2 129.0 98.3 0.0 80.2 475.5 One 

10 
244 

181 63 
183.0 61.0 228.8 15.3 240.2 183.0 0.1 159.5 933.4 One 

15 
155 

111 44 
188.3 62.8 235.3 15.7 247.1 188.3 0.0 158.7 934.9 One 

BrHAE 

 
  

          

7 
102 76 26 76.5 25.5 95.6 6.4 100.4 1.6 0.0 64.4 379.7 One 

14 
106 84 22 79.5 26.5 99.4 6.6 104.3 1.7 1.0 38.1 253.8 One 

16 
135 106 29 101.3 33.8 126.6 8.4 132.9 2.1 0.9 53.5 348.2 One 

19 
305 235 70 228.8 76.3 285.9 19.1 300.2 4.8 0.7 145.2 907.1 One 

BrHSL2 

 
  

          

4 
344 243 101 258.0 86.0 322.5 21.5 338.6 5.4 3.5 313.6 1728.2 One 

5 
148 118 30 111.0 37.0 138.8 9.3 145.7 2.3 1.8 49.7 336.8 One 

6 
201 153 48 150.8 50.3 188.4 12.6 197.9 3.1 0.1 106.6 650.9 One 

The chi-square (χ
2
) value for one (3:1), two (15:1) and three (63:1) T-DNA loci are shown for each line. The 

lowest value is emphasized in bold, indicating the most probable number of loci with T-DNA insertions. 
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3.2.2 AtIDA:GUS is expressed in the floral organ and the seed AZs 

Single insertion lines of pAtIDA:GUS were screened for GUS expression in various tissues. 

The floral abscission zone and seed abscission zone were examined in 5 weeks old plants. The 

expression pattern of IDA in ecotype Col-0 matches the previously published expression 

pattern of the pAtIDA:GUS construct in the floral AZ of the C24 ecotype before and after 

floral organ abscission (fig. 3.4). GUS expression can be seen in the base of the floral organs 

when attached before abscission (fig. 3.4 A)  and after the organs have abscised (fig 3.4 B).  

 

Figure 3.4: pAtIDA:GUS expression in 

the floral organ AZ. 

Flowers and siliques stained in GUS 

solution for 2 hours before imaged under 

a light microscope. A) Flower at position 

4. B) Silique at position 5.  

Mature, slightly yellow siliques at position 16 and 17 showed strong GUS expression at the 

juncture between the funiculus and the seed , corresponding to the seed AZ (fig. 3.5 A). After 

the seeds had dropped from the funiculus, expression was still seen in the seed AZ (fig. 3.5 B) 

as well as in the tip of the funiculus (fig. 3.5 C). In siliques with mature seeds, expression was 

visible in the vascular tissue (fig. 3.5 A, B and C). 

 

 

Figure 3.5: pIDA:GUS expression in the seed AZ and funiculus. 

Dissected siliques stained for 60 min. Samples viewed under a light microscope. A) Seed still attached to the 

funiculus. B) Seed after detachment from the funiculus. C) Funiculus after detached seed. Siliques collected 

from position 16 and 17.  
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3.2.3 pBrHSL2:GUS is expressed in a wide range of tissues 

including AZs 

Transgenic pBrHSL2:GUS single-locus insertion lines were examined for GUS-expression. 

pBrHSL2:GUS shows expression in the floral AZ at the base of the organs, after the silique 

has started to elongate at the stage before flower abscission (fig. 3.6 A). The expression 

remains in the flower AZ after the floral organs have abscised (fig. 3.6 B). 

 

Figure 3.6: pBrHSL2:GUS 

expression in the floral organ AZ. 

Flowers and siliques stained in 

GUS solution for 2 hours. Samples 

inspected in a light microscope. A) 

Flower at position 4. B) Silique 

from position 5 (B).  

Siliques from position 15 to 17 were examined for GUS expression in the seed AZ. GUS 

expression can be seen at the base of the maturing seed, where it is attached to the funiculus, 

corresponding to the seed AZ (fig. 3.7 A and B) After the seed has detached from the 

funiculus there is a strong expression of GUS in the funicular tip (fig. 3.7). In all examined 

siliques expression was seen in the vascular tissue (fig. 3.7 A, B and C) 

 

Figure 3.7: pBrHSL2:GUS expression in the seed AZ and funiculus.  

Dissected siliques stained for 2 hours in GUS solution and viewed through a light microscope. A) Attached seed. 

B) Higher resolution image of the same seed AZ as A). C) Funiculus with detached seed. Siliques collected at 

position 15.  
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10 days old seedlings from the BrHSL2:GUS line was also studied. These seedlings expressed 

GUS in the new leaf primordia (fig. 3.8 A), the vascular tissue and hydathodes of the rosette 

leaf (fig. 3.8 B). There was a strong GUS expression in the root cap of the main root (fig. 3.8 

C). A very weak signal could also be detected in the overlying cells as the lateral root 

primordia emerged (fig. 3.8 D)  

 

Figure 3.8: pBrHSL2:GUS expression in 10 days old seedlings. 

Seedlings with roots were stained for 2 hours in GUS solution. Samples were inspected in a light microscope 

using bright field and phase contrast.  A) Leaf primordia. B) Rosette leaf C) Root tip of the main root. D) Main 

root with emerging LR primordium.  
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3.2.3.1 The promoters of AtHSL2 and BrHSL2 have several conserved blocks of 

sequence 

The promoter sequences of AtHSL2 and BrHSL2 were aligned using the Muscle algorithm, to 

identify possible conserved regions. Similarity in the promoter of genes often corresponds to a 

similar expression profile, and might thus indicate a similar function. Similarities between the 

promoters of the A. thaliana and B. rapa orthologs would substantiate the observed 

similarities in spatial expression. In the promoters of the HSL2 orthologs 57 conserved blocks 

of 5 bp or more can be seen, many of these being substantially longer (fig. 3.9). 

 

 

Figure 3.9: Alignment of AtHSL2 and BrHSL2 promoters. 

1500 bp upstream of the start codon in AtHSL2 and BrHSL2 aligned using the Muscle algorithm. 

Conserved nucleotides can be seen in gray.  

 

3.2.4 BrHAE does not show expression in examined tissues  

Transgenic single-locus insertion pBrHAE:GUS lines were made to examine possible 

overlapping expression patterns with AtHAE. Two weeks old seedlings and roots, as well as 

the flowers and siliques of 6 weeks old plants with the pBrHAE:GUS insert was examined. 
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There was no expression of GUS in the examined tissues (data not shown). The presence of 

the GUS insert was verified using genotyping of selected lines.  

Due to lack of expression, the sequence of BrHAE was further examined. The promoters of 

AtHAE and BrHAE were aligned to investigate possible conserved blocks. There was 

noticeably fewer large conserved blocks in this promoter alignment (fig 3.10) with 17 blocks 

of 5 bp or larger when compared to the promoter alignment of HSL2, with most conserved 

nucleotides being seen in pairs or threes.  

  

Figure 3.10: Alignment of AtHAE and BrHAE promoters. 

1500 bp upstream of the start codon in AtHAE and BrHAE was aligned using the Muscle algorithm.   

Conserved nucleotides can be seen in gray.  

The BrHAE ortholog retrieved from BRAD was discovered to be 244 aa shorter at the N-

terminal end than the AtHAE ortholog (see Appendix 3) and the promoter had a low amount 

of conserved blocks (fig. 3.10). This can indicate a frame shift mutation or a deletion in the 

coding region of the B. rapa ortholog. To investigate this 750 bp upstream of the start codon 

in BrHAE was translated in three reading frames and aligned with AtHAE. 244 aa N-terminal 

to the annotated start codon aligned remarkably well (fig. 3.11). This may indicate that the 

HAE ortholog from BRAD has been annotated with an incorrect start codon, and the start 

codon 732 bp upstream in the same reading frame represents the correct one.  
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Figure 3.11: Alignment of AtHAE and an alternative BrHAE.  

732 bp upstream from the start codon annotated in BRAD was translated and added to the protein 

sequence. This was aligned with AtHAE using the muscle algorithm. Conserved residues can be 

seen in gray. The added part of BrHAE is marked with a black line. The start codon in the BRAD 

version of BrHAE is marked with the arrow. 

The promoter of AtHAE and the sequence used for the pBrHAE:GUS construct show few and 

short conserved blocks compared to the promoter alignment of AtHSL2 and BrHSL2 (see fig. 

3.9 and 3.10). Aligning 1500 bp upstream from the alternative start codon of BrHAE to the 

AtHAE promoter, showed 68 conserved blocks of 5 bp or more (fig. 3.12), and much larger 

blocks of conserved sequences compared to the alignment of the BRAD promoter (fig. 3.10), 

further strengthening the hypothesis of an incorrect BrHAE annotation. 
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Figure 3.12: Alignment of AtHAE and the alternative BrHAE promoter.  

1500 bp upstream from the alternative start codon in BrHAE was aligned with the AtHAE 

promoter using the Muscle algorithm. Conserved nucleotides can be seen in gray. 

Conserved blocks in the promoters might represent binding sites for TF. Conservation of 

these might further indicate a similarity in the control of gene expression and might reveal 

possible activator candidates to the control the examined genes. To examine possible shared 

upstream elements, PLACE (section 2.4.7) was used to search for motifs that can act as 

binding sites for TF in the promoters of IDA, IDL1, IDL5, HAE and HSL2 of both species. 

These results were then compared to the promoter alignments (see Appendix 3 for promoter 

alignments of IDA to check if these motifs were conserved in the two orthologs. The 

conserved binding sites in the promoters of were further examined to identify TF, or TF 

families, associated with development and signaling.  

The shared conserved binding sites found in the promoter of HAE belonged to the large TF 

families MYB and MYC, which both have many members responding to phytohormone 

signals, and the WRKY family, all of which are affiliated with development (table 3.4). A 

binding site for the TF ARR1 which has been shown to respond to the phytohormone 

cytokinine was found in the promotor of HSL2 and IDL5.  
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Table 3.4: Binding sites for transcription factors in the promoters of IDA/IDL, HAE and HSL2. 

Gene Cis-element name Consensus sequence Nr. of motifs 

AtHAE/BrHAE Core MYB  CNGTTR 2 

WRKY TTTGACY 3 

MYC cis-element of EDR1 CATGTG 1 

AtMYC2  CACATG 1 

AtHSL2/BrHSL2 Core MYB  CNGTTR 2 

ARR1 factor NGATT 1 

MYB2 factor TAACTG 2 

AtIDA/BrIDA Core MYB CNGTTR 1 

ARR1 factor NGATT 1 

MYB1 factor WAACCA 1 

AtIDL1/BrIDL1 WRKY TTTGACY 1 

AtIDL5/BrIDL5 ARR1 factor NGATT 3 

Core MYB AACAG 1 

The BrHAE promoter used was the alternative promoter described in section 

3.2.2. Promoter alignments of the IDA and IDL genes are in Appendix 3. 
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3.3 Elucidation of B. rapa ortholog function  

There are similar expression patterns of the A. thaliana and B. rapa orthologs of the IDA/IDL 

and HSL2 genes. To further elucidate possible functional redundancy of B. rapa genes to their 

A. thaliana orthologs transgenic rescue lines was created. For all rescue constructs the 

Gateway® protocol and the destination vector pMDC123 were used to create the entry clones 

containing the rescue constructs (fig. 3.13). 

 

Figure 3.13: Schematic overview of the T-DNA region in the rescue constructs. 

The T-DNA region of the pMDC123 expression vector containing the various promoters in front of a gene for 

Basta resistance. RB=Right border. LB=Left border. 

3.3.1 An IDL5 ortholog in Brassica partially rescues the ida 

phenotype 

To investigate the importance of the two aa’s at position 9 and 10 of the PIP motif and the Pro 

at position four in the PIP motif of IDA (fig. 3.2), complementation constructs using the 

BrIDL5 orthologs were made. This was also done to examine possible expression in the floral 

AZ.  The BrIDL5 orthologs including their promoter were introduced into the ida-2 mutant A. 

thaliana Col-0 background. Single-locus lines were identified, and the plants were checked 

for rescue of the mutant phenotype, which for ida-2 rather is delay in abscission that the 

deficiency in abscission seen in ida-1 in C24 background. There was not an immediate visible 

rescue of the ida phenotype. A potential partial phenotype rescue was investigated by 

measuring the petal breakstrength of the BrIDL5 rescue lines as described in section 2.3.1.6 

(complete measurements in Appendix 4). Student’s t-test for unequal variance was applied to 

the pBS measurements and used to determine a P-value for each line at each measured 

position. The line containing the BrIDL5MF2 rescue construct had a significantly lower pBS 

than ida-2 at all four measured positions at a 0.95 confidence level (fig. 3.14). The BrIDL5LF 
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orthologs had a lower pBS than ida at position 2 at a 0.95 confidence level with a P = 0.002. 

Both the ida mutant and BrIDL5LF had a significantly higher pBS than the wt (fig 3.14).   

 

 

Figure 3.14: pBS profile of BrIDL5LF and BrIDL5MF2 in ida background.  

pBS is given as the force in gram-equivalent needed to remove a petal from the flower. Bars = SD. n=11.  

 

3.3.2 BrHSL2 rescues the hae hsl2 mutant phenotype  

The AtHSL2 and BrHSL2 receptors show a high degree of conservation in both promotor and 

protein-coding sequence. Given this similarity it can be reasoned that the B. rapa ortholog 

HSL2 should be able to restore function to A. thaliana plants mutant in the HAE and HSL2 

receptors. The functional redundancy of HAE and HSL2 implies that one functional receptor 

should be able to rescue the mutant phenotype.  

The transgenic lines containing the BrHSL2 rescue construct in the hae hsl2 mutant 

background were examined after 35 days to determine if there was a rescue of the hae hsl2 

phenotype. Three lines showed a substantial phenotype rescue (fig. 3.15A). In the lines 

exhibiting the rescue phenotype the floral organs are abscised at position 10 (fig. 3.16 A and 

B). In the hae hsl2 mutant the floral organs stay attached indefinitely (fig. 3.15 B). BrHSL2 
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does not induce a complete phenotype rescue compared to earlier published studies (Stenvik 

et al., 2008, Shi et al., 2011) where the wt floral organs abscise between position 6 and 8.  

 

 

 

Figure 3.15: Inflorescences BrHSL2 rescue line and hae hsl2 mutant.  

A) Inflorescence from the transgenic BrHSL2 rescue line. B) Inflorescence of the hae hsl2 

mutant.  

 

 

Figure 3.16: Flowers and siliques from 

the BrHSL2 rescue line.  

A) Flower at position 9 B) Silique at 

position 11 with abscised floral organs. 
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3.4 BrHAE and BrHSL2 are upregulated during floral 

organ abscission  

To investigate if the expression level of the receptor genes BrHAE and BrHSL2 changes 

during abscission of floral organs, RT-qPCR was performed on cDNA from RNA harvested 

from the floral AZ. AZ tissue was collected in two biological replicates from 3 months old B. 

rapa plants, from flowers at position 14 to 16 (fig. 3.17.) Stage 14 is right after fertilization, 

with the floral organs intact on the flower. At stage 15 the floral organs are starting to wither, 

and at stage 16 they are shed. At stage 17a all floral organs have abscised from the silique.  

 

 

Figure 3.17: B. rapa flower stages 14 to 17a used for AZ harvesting.  

The stages in the picture are from a grading of silique elongation used at the John Innes Centre, UK.  

The expression levels were determined relative to the expression of the housekeeping gene 

EF-1-α (Cq values can be found in Appendix 5). This showed that BrHAE was expressed at a 

higher level compared to BrHSL2 at all four stages of flower abscission (fig. 3.18). The 

relative expression value for each stage was then normalized to stage 14. This was done to 

better visualize the development of gene expression through the different stages of abscission. 
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The expression of both receptors increases towards stage 16 where the floral organs abscise, 

and then decreases after abscission (fig. 3.19 A and B). The expression of BrHAE does not a 

large difference from stage 14 to 15, while a substantial increase in the expression of BrHSL2 

is seen here.  

 

Figure 3.18: Expression profile of BrHAE and BrHSL2 during floral organ abscission.  

RT-qPCR measurements are directly relative to the housekeeping gene EF-1-α. Bars = SD 

 

 

Figure 3.19: Expression of BrHAE and BrHSL2 during floral organ abscission.  

Expression was measured using RT-qPCR with two biological and three technical replicas. The 

expression level is relative to stage 14 which is set to 1 for each gene measured. Bars = SD. 
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4 Discussion 

Abscission of organs takes place in the majority of angiosperm lineages and probably every 

discreet plant organ is abscised in one or another species (Addicott, 1982).  Patterson and 

Bleecker (2004) established floral organ abscission in A. thaliana as a model for abscission 

processes. Central to this model is the IDA-/HAE/HSL2 signaling system (Aalen et al., 2013). 

This model is by no means complete as many upstream and downstream components to IDA 

and HAE/HSL2 are still not identified but a picture is emerging where elements pertaining to 

the induction of AZs, to post-abscission processes are being elucidated (Niederhuth et al., 

2013a, Liljegren, 2012, Liu et al., 2013, Shi et al., 2011). The question remains on whether 

this is a good model for abscission of other organs and if this process is conserved in other 

plant species. The genes in the IDA-/HAE/HSL system have been shown to have orthologs 

throughout the angiosperm lineage (Stø et al., 2015). With the rapid increase of genomic data 

available, it has become feasible to investigate the prevalence of the IDA-/HAE/HSL2 system 

throughout the angiosperms. It is then possible to explore the putative role these orthologs 

have in abscission and other cell separation processes.  

B. rapa is closely related to A. thaliana, with both species belonging to the family 

Brassicaceae. Many species in this family share a number of characteristics in flower and fruit 

anatomy (Judd, 2008). Thus B. rapa might serve as a model for seed abscission in the 

Brassicaceae family, which encompasses economically important species.  

Orthologs of IDA/IDL and HAE/HSL2 in B. rapa have been identified in this thesis and 

examined to determine if their expression patterns and function were conserved. The 

expression and function of the orthologous IDA-/HAE/HSL2 system in B. rapa was also 

investigated, with an emphasis on seed abscission. The results were compared to published 

literature, leading to suggestions for further experimental work.   
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4.1 The expression pattern of the IDA-/HAE/HSL2 

system is conserved in A. thaliana and B. rapa 

In previous studies the focus on IDA–/HAE/HSL2 expression and function has been floral 

organ abscission. Other tissues have also been examined for spatial expression, however 

expression patterns have not been investigated in the seed AZ in earlier studies.   

4.1.1 AtIDA and BrIDA have overlapping spatial expression 

The plants transformed with the pAtIDA:GUS constructs showed expression in the seed AZ. 

Expression was also seen in the AZ of newly abscised seeds. This indicates that IDA is 

involved in seed abscission in A. thaliana. Experiments done by Ida M. Stø with A. thaliana 

lines transformed with promoter:reporter constructs for the B. rapa IDA orthologs 

(pBrIDALF:GUS and pBrIDAMF1:GUS) show expression in the floral AZ (fig. 4.1A), seed 

AZ (fig. 4.1 B and C) as well as the funiculus (fig. 4.1 D). This is very similar to the 

expression pattern seen in the pAtIDA:GUS line. There is however strong expression of GUS 

in the all the surrounding tissue in both lines, which can be caused by the transportation of 

expressed GUS.The similarities of the orthologs both in expression and sequence, is 

consistent with a conserved function of IDA in floral organ abscission in A. thaliana and B. 

rapa. The expression pattern might also indicate a function in seed abscission, although no 

phenotype for this trait has been observed for either the ida or hae hsl2 mutant.  

 

Figure 4.1: pBrIDALF:GUS 

expression in seed AZ. 

A) Flower B) Seed still attached 

to the funiculus. C) Seed 

detached from the funiculus. D) 

Funiculus with detached seed. 

Pictures by Ida M Stø. 
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4.1.2 Expression patterns are conserved for BrHSL2 and AtHSL2 

Transgenic promoter:YFP  lines made by Even S. Riiser show expression in the funiculus and 

the seed AZ. In the pAtHAE:YFP line a clear signal can be seen in both the tip of the 

funiculus and in the seed AZ (fig. 4.2 A). In the pAtHSL2:YFP line the strongest expression 

can be seen in the middle of the funiculus, but expression is also seen in the seed AZ (fig. 4.2 

B). The expression of AtHSL2 in the seed AZ matches the expression seen in the 

pBrHSL:GUS line, implying a conserved function in seed abscission in A. thaliana and B. 

rapa.  However, similar to the pAtIDA:GUS line and pBrIDALF line (fig. 4.1) there is stron 

expression in surrounding tissues. These experiments should be repeated using a series of 

staining  periods to isolate the GUS expression. An additional possible remedy for unspecific 

staining in the seed AZ might be to remove the funiculi from the replum, minimizing the 

transportation of GUS. 

 

Figure 4.2: pAtHAE:YFP and pAtHSL2:YFP expression in the funiculus and seed AZ. 

A) pAtHAE:YFP. B) pAtHSL2:YFP. Seed AZ marked with a white arrow. Pictures by Even S. 

Riiser.  

 

A. thaliana plants transformed with a pBrHSL2:GUS construct showed HSL2 expression in a 

wide range of tissues, and an expression pattern comparable to the A. thaliana ortholog, 

AtHSL2. The floral AZ expression of pBrHSL2:GUS is very similar to the one demonstrated 

in A. thaliana by Cho and colleagues (2008). pBrHSL2:GUS is also expressed in a similar 

pattern as AtHSL2 in cells overlying LR primordia seen in the article by Kumpf and 
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colleagues (2013). These cells are stretched thin by the underlying primordium, thus the 

expression appears weak. The common expression in these cells suggests that the function of 

HSL2 in facilitating the emergence of LR is conserved in A. thaliana and B. rapa. The roots 

of the BrHSL2 rescue line should be examined for possible rescue of the hae hsl2 mutant 

phenotype in roots (reduced LR density).  

pBrHSL2:GUS was also expressed in the primary root cap, where cell separation takes place 

in the form of root cap sloughing to allow the root to penetrate the soil. pAtHSL2:GFP and 

pAtIDL1:GUS is expressed in a similar pattern, and this might represent another cell 

separation process in which IDA/IDL-HAE/HSL2 is involved (Kumpf et al., 2013, Stenvik et 

al., 2008). These results strengthen the hypothesis that HSL2 is involved in cell separation 

processes in B. rapa beyond floral organ abscission. This points toward the IDA-/HAE/HSL2 

system as being a conserved signaling system for abscission in eudicots. This coincides with 

the results from Stø and colleagues (2015), where these genes are found throughout the 

angiosperm lineage.  

4.1.3 BrHAE is incorrectly annotated 

While the pBrHSL2:GUS construct was readily expressed in A. thaliana, transgenic 

pBrHAE:GUS  lines did not show any expression in any tissues. The presence of the construct 

in the examined lines was verified by genotyping of the GUS insert. The protein sequence of 

the two orthologs is very similar with a percentage aa identity of 82.34 % with conserved 

LRRs. However, as shown in section 3.2.4, the annotation of BrHAE from BRAD is 

considerably shorter than the A. thaliana ortholog, with a large portion of the sequence 5’ to 

the start codon aligning very good with the start of AtHAE. This suggests an incorrect 

annotation of the BrHAE gene. This will explain the complete lack of expression in the 

transgenic pBrHAE:GUS lines, as the first 732 bp in the protein coding region would be 

translated out of reading frame with the GUS gene. The protein-coding genes in B. rapa were 

annotated using a bioinformatics pipeline created by Wang and collegues (2011). This has 

also failed to identify orthologs of several IDL orthologs. However, the NCBI automated 

annotation pipeline annotates BrHAE correctly as well as the majority of the IDL orthologs. 

Thus, there a possibility of other genes from BRAD being incorrectly annotated. Care should 

therefore be taken when using genomic resources from the first annotation of B. rapa, and 

sequences should preferably be compared to other resources. By making a new transgenic line 
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with the alternate version of BrHAE it will be possible to investigate the spatial expression of 

this ortholog. A similar GUS expression of pBrHAE pattern to pAtHAE would further 

strengthen the hypothesis that the IDA-/HAE/HSL2 system is involved in the same 

developmental functions in A. thaliana and B. rapa.  
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4.1.4 The promoters of IDA/IDL and HAE/HSL2 share regulatory 

sequence motifs and upstream promoter elements 

The partly overlapping expression patterns of the IDA and HAE/HSL2 genes indicate that 

these genes share upstream regulation. Regulatory elements in their promoters have not been 

examined to any great extent earlier. However, (Patharkar and Walker, 2015) identified 

transcription factor binding sites that were overrepresented in the promoters of genes 

coexpressed with HAE (including HSL2) in the floral AZ. These sites could then point 

towards possible activators which control expression of HAE and HSL2. The majority of the 

overrepresented binding sites were for TFs pertaining to development and hormone-

responsive factors such as the MYB family, the MYC family and the WRKY family (Rushton 

et al., 2010). The MYB family of TF contain several members which regulate LR formation 

through auxin inducible genes (Dubos et al., 2010), while MYC TF are involved in both 

jasmonate (Sasaki-Sekimoto et al., 2013) and ABA signaling (Li et al., 2007). Binding sites 

for these TFs are conserved in the promoters of B. rapa HAE and HSL2 genes, as well as in 

the promoters of some of the IDA and IDL genes. In addition, the consensus sequence for the 

TF ARR1, which responds to cytokinin signaling (Taniguchi et al., 2007) was found in the 

promoter of HSL2, IDA and IDL5. This alludes to the possibility that also the upstream 

activation system for IDA-/HAE/HSL2 is conserved. This may also serve to call attention to 

possible candidate genes for upstream activation of the genes in the IDA-/HAE/HSL2 system. 

It has been shown that the expression of HAE is positively regulated through MITOGEN-

ACTIVATED PROTEIN KINASE KINASE 4/5 (MKK4/5), which relieves AGAMOUS-

LIKE 15 (AGL15) repression of HAE expression. MKK4/5 is in turn activated by the 

signaling of HAE, forming a positive feedback loop (Patharkar and Walker, 2015). The 

consensus binding sequence for AGL15 (CW8G) was found the promoters of both HAE and 

HSL2 in both A. thaliana and B. rapa¸ though not in the conserved blocks. It is plausible to 

presume that this feedback loop is shared between A. thaliana and B. rapa given the similarity 

of the sequence, and the expression pattern of BrHSL2.  
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4.2 The expression of BrIDA  and BrHAE/HSL2  is 

consistent with involvement in abscission 

processes 

The pBrHSL2:GUS and pBrIDALF:GUS expression patterns in A. thaliana indicate that these 

genes are active in the AZ of floral organs and seed sticks of B. rapa. Expression data from 

these AZs during successive stages of abscission substantiate this notion. 

4.2.1 The expression of BrHAE and BrHSL2 peak before flower 

abscission 

RT-qPCR results from floral AZs in B. rapa show that both BrHAE and BrHSL2 are 

expressed here. The expression of both HAE and HSL2 increases towards the end of the 

abscission process, the actual cell separation step, and decreases thereafter. The expression of 

BrHAE is higher than BrHSL2 in all stages, varying between a 2.5 and 20 times higher 

expression level at different stages. It is known that the two receptors are functionally 

redundant. However, biochemical evidence presented by Butenko and colleagues (2014) show 

that a 100 times the amount of PIP motif synthetic peptide is needed to activate HAE 

compared to HSL2 transiently expressed in N. benthamiana leaves. This might indicate that 

IDA preferably binds to HSL2. But when taking into account the difference in expression of 

HAE and HSL2 it might be suggested that preferable binding of the peptide to HSL2 is 

partially compensated for by a higher expression level of HAE. A large SD can be seen for 

the expression level at the different stages, especially stage 16. This stems from differences in 

the two biological replicas for each stage. The flower stages were determined qualitatively by 

comparison to figure 4.3. Thus, a flower classified to be in stage 17a might actually be closer 

to stage 17b. If there is a difference in scoring between the two biological replicas, the 

measured expression level of the genes might show a difference.  
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Figure 4.3: Flower and silique stages 

in B. rapa.  

Figure used to score successive flower 

and silique maturation in B. rapa at the 

John Innes Centre, UK.  

The expression of BrHAE in the floral organ AZ in B. rapa follows the trend described in Cai 

and Lashbrook (2008), where the expression of AtHAE and AtHSL2 is increasing and then 

plateauing in the stages leading up to floral organ detachment. However, in the stamen AZ in 

A. thaliana the expression level of AtHSL2 is at a higher level than AtHAE at all stages 

measured before coalescing at the stage immediately preceding stamen abscission (fig. 4.4).  

This is contrary to the pattern seen in the flower AZ in B. rapa where the expression of 

BrHAE is at a higher level than BrHSL2 at all measured stages.  

 

Figure 4.4: Expression profile 

of AtHAE and AtHSL2 during 

stamen abscission. 

Microarray data from (Cai and 

Lashbrook, 2008). Data is from 

stamen AZ collected at five 

stages leading up to stamen 

abscission. Mean natural log 

signal intensities are plotted 

across developmental stages. 
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The measured expression levels of BrHAE and BrHSL2 in the floral AZ is lowered after the 

floral organs have abscised. This might indicate a disruption of the positive feedback loop of 

MKK4-5 and AGL15. It would be interesting to determine if the lowered expression of 

BrHAE coincides with a lower expression of BrIDA which may then result in the 

discontinuation of the positive feedback loop. RT-qPCR of the two BrIDA orthologs would 

provide valuable insight to the temporal expression pattern at the different stages of floral 

organ abscission. It might, however, prove difficult given the short length and the high 

sequence similarity between the two IDA paralogs, making the experimental design of the 

RT-qPCR challenging, especially regarding primer design.  

4.2.2 Expression of IDA-/HAE/HSL2 in the seed stick partially 

matches the expression in the floral AZ 

RNA sequencing (RNA-seq) from the seed AZ in B. rapa was done in 2012 by the Aalen 

team. RNA from funiculi at stage 16, 17a, 17b and 17c was harvested and sequenced. Data 

from this experiment show that the expression of BrHAE increases towards the stage 

immediately prior to seed abscission (fig. 4.3A), similar to the RT-qPCR results for the floral 

organ AZ. The expression of BrHSL2 lies at a lower level than BrHAE at all stages, a pattern 

which also is seen in the RT-qPCR results. However, there is no rise in expression towards 

stage 17c, rather a continuous expression level with small fluctuations at each stage (fig. 

4.3A). In general, the results from the RT-qPCR of floral AZs and the RNA-seq show a 

similar trend for the expression of the receptors BrHAE and BrHSL2, where an increase of 

receptor expression towards the stage where the organ is abscised is observed. This trend is 

also seen in microarray data from the A. thaliana stamen AZ where both HAE and HSL2 

increase in the stages before stamen abscission (Cai and Lashbrook, 2008). 

The two BrIDA paralogs does not have a conclusive difference in expression profile during 

seed abscission when examined by RNA-seq. This was due to large variations in the 

replicates for each stage. However, both BrIDALF and BrIDAMF1 are expressed at stage 17c, 

which is the only stage where BrIDALF is expressed in the RNA-seq.   
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Figure 4.5: Expression profile of BrHAE/BrHSL2 during seed abscission. 

Expression levels of BrHAE and BrHSL2.. Data is from RNA-seq done by the Aalen team in 2012 on funiculi 

harvested at four stages of silique development (stage 16-17c in fig. 4.3) leading up to seed abscission in B. 

rapa. The expression level is given as the number of reads per kilobase per million (RPKM). Bars=SD  

4.3 BrIDA paralogs and BrHSL2 may regulate floral 

organ abscission in B. rapa 

BrHSL2 ‘s similarity to AtHSL2 is substantial enough to induce floral organs abscission when 

introduced in the A. thaliana hae hsl2 mutant line. The phenotype is however not fully 

rescued, with petals abscising at position 10 in the rescue line compared to the Col-0 wild 

type which has abscised all organs between position 6 and 7 (Shi et al., 2011, Stenvik et al., 

2008).   

In A. thaliana the two receptors are redundant in their ability to relay the IDA signal (Stenvik 

et al., 2008). The expression data for BrHSL2 show a key difference when compared to 

expression data for AtHSL2, as both qPCR data from the flower AZ and RNA-seq data from 

the seed AZ show that BrHSL2 has a lower expression level than BrHAE at all measured 

stages. The partial rescue phenotype might indicate that signaling through BrHSL2 plays a 
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smaller role than through BrHSL2, compared to A. thaliana, when seen in light of the lower 

expression level seen in B. rapa.  

The partial rescue of hae hsl2 can also be considered with regards to differences in the protein 

sequences. The sequence alignment of AtHSL2 and BrHSL2 show a high degree of 

conservation between the two proteins. Stø and colleagues (2015) showed that certain amino 

acids surrounding the structural leucines in the extracellular LRR domain of HSL2 orthologs 

are conserved in eudicots. These aa motifs are predicted to form functional sites on the inside 

pocket of the LRR which interact with signaling peptides. These motifs are not completely 

conserved between AtHSL2 and BrHSL2 (fig. 4.4) as the two out of six motifs have aa 

substitution with one having two different aa’s. The biggest difference lies in the second motif 

which has the sequence QIELY in AtHSL2. Here a glutamic acid, an acidic polar residue is 

changed to a nonpolar neutral valine, a much smaller aa. These aa changes might influence 

the ability of the signaling peptide to bind the LRR domain of the receptor. The rest of the aa 

substitutions do not deviate much in size or polarity, and is not likely to influence the binding 

of peptide to a large degree.    

To determine if BrHSL2’s ability to only induce partial rescue of the ida phenotype mainly 

stems from differences in the promoter or the protein a rescue construct where the protein 

coding part of BrHSL2 is expressed under the AtHSL2 promoter should be created. If such a 

construct induces full phenotype rescue of the ida phenotype, then the expression level of 

BrHSL2 determines the efficiency of the signaling. An alternative to this is to overexpress 

BrHSL2 using a strong constitutive promoter. If these constructs still only induces partial 

rescue, then the aa residues in the conserved motifs are necessary for receptor function.  
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Figure 4.6: Section of the extracellular LRR domain in AtHSL2 and BrHSL2. 

A section spanning aa residue 236 to 3570 aligned with the Muscle algorithm. The predicted functional motifs 

are marked with a black line (Stø et al., 2015).    

 

Nevertheless, these results indicate that BrHSL2 can induce floral organ abscission in the 

same manner as AtHSL2, i.e. activated by the IDA ligand and effectuating downstream signals 

leading to floral organ abscission. This also implies that the signaling pathway regulating the 

expression of BrHSL2 is conserved.  

A rescue experiment using BrHAE should also be performed, as sequence comparisons and 

expression data strongly points toward BrHAE’s function in abscission being conserved as 

well. If BrHAE can rescue the phenotype of hae hsl2, then both B. rapa receptors are involved 

in floral organ abscission. A full rescue by a potential BrHAE rescue line will give rise to a 

hypothesis that a majority of IDA signaling goes through BrHAE rather than BrHSL2 in B. 

rapa. A measurement of the expression of both the receptors in the floral AZ in A. thaliana, at 

stages leading up to- and immediately after floral organ abscission, should also be performed 

to supplement the data from Cai and Lashbrook (2008). 
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4.4 IDA peptides can be classified into two groups 

based on protein sequence 

Stenvik and colleagues (2008) showed that the EPIP motif from IDL1 can rescue the non-

abscising ida phenotype, unlike IDL2-5 which did not give a phenotype rescue. This 

implicates that some aa’s in the PIP motif is of special importance for the biological function 

of the protein. The amino acids at position 7, 8, 11 and 12 are conserved as Pro, Ser His and 

asparagine (Asp) in all orthologs and paralogs of IDA and IDL peptides. Experiments pointed 

towards an Arg in position 10 as critical to protein function (Stenvik et al., 2008). Comparison 

of the PIP motif of IDA and IDL peptides has been done using sequence information from 

species throughout the angiosperm lineage. In all examined eudicots, the homologous 

peptides could be classified into two groups. IDA/IDL orthologs with a PIP motif most 

similar to IDA/IDL1 has an Arg in position 10 and were named PIPR. The other group is 

similar to IDL2-5 with a Lys in the 10
th

 position, and was thus named PIPK (Stø et al., 2015).  

4.4.1 Point mutations might lower protein efficiency in the paralog 

BrIDAMF1 

Experiments done by Ida M. Stø were designed to test if the two B. rapa orthologs of AtIDA 

rescued the ida phenotype in A. thaliana. The BrIDALF paralog gave full rescue of the mutant 

phenotype in the T2 generation, while BrIDAMF1 only gave a partial phenotype rescue. The 

PIP motif in the two B. rapa orthologs differs for two amino acids. BrIDALF has an identical 

PIP motif to AtIDA, while point mutations have changed the first Pro in the PIP motif of 

BrIDAMF1 to a Ser, and the Lys9 to an Asn (fig. 4.7). The PIP motif has been shown to be 

the active part of the IDA signaling peptide (Butenko et al., 2014), and differences in this 

particular sequence may affect receptor binding affinity.  
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Figure 4.7: PIP motif comparison of selected B. rapa 

and A. thaliana IDA and IDL proteins. 

The PIP motif from BrIDALF, BrIDAMF1, BrIDL5LF, 

BrIDL5MF2 and the A. thaliana IDA/IDL1-5 proteins.  

Pro1Ser and Lys9Asn mutations in BrIDAMF1as well 

as the different aa residues in position 9 and 10 are 

marked with lines. 

 

This showed that the first Pro in the PIP motif is not crucial to the function of the peptide. Leu 

has a higher molecular weight (MW) than Pro which again has a marginally higher MW than 

Ser. The change in the size from the Pro1Ser (fig. 4.7) mutation in BrIDAMF1 should thus not 

impart a big change in protein function. However, Pro and Leu are both hydrophobic aa, 

while Ser is a nonpolar aa. This may again impart a difference in the binding affinity for 

BrIDAMF1 compared to AtIDA. The Lys9Asn mutation in BrIDAMF1 exchanges a basic aa 

for a pH neutral one. This might also influence the binding affinity of the peptide to the 

receptor, but a similar Lys9Met change in AtIDL1 does not disrupt this function. The reason 

why BrIDAMF1 only gave partial rescue might depend on other parts of the sequence. It 

might also be hypothesized that differences in protein sequence seen in both BrIDAMF1 and 

BrHSL2 (fig. 4.6) is due to BrHSL2 being the preferred receptor for BrIDAMF1. Considering 

that BrIDALF is sufficient to sustain the regulation of abscission, the selective pressure 

against aa substitutions in the PIP motif of BrIDAMF1 would be reduced. If BrHAE is 

sufficient to regulate abscission together with BrIDALF, then the selection pressure against aa 

substitutions in the extracellular LRR domain of BrHSL2 would also be reduced. This might 

explain the partial rescue of the hae hsl2 phenotype by BrHSL2, as there is a possible 

coevolution of BrHSL2 and BrIDAMF1 preferably signaling together. The AtIDA PIP motif 

would then be less effective at activating BrHSL2 as this is identical to BrIDALF. This can be 

explored experimentally by crossing the BrHSL2 rescue line with the BrIDAMF1 line and 

examine the phenotype. A full rescue in this line would provide genetic evidence for the 

assumption that BrIDAMF1 preferably signals through BrHSL2. 

The two paralogs of IDL5 in B. rapa are different from their A. thaliana ortholog considering 

that they have a Lys in both positions 9 and 10 of the PIP motif as well as a Pro instead of a 
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His in position 4 (fig. 4.7). The rescue experiment was performed to investigate if a signaling 

peptide with a Lys in position 10 of the PIP motif could induce floral organ abscission given 

that the amino acid in position 9 is smaller than an Arg. The reasoning for this being that a 

large amino acid in position 9 and 10 would interfere with the binding of the ligand to the 

receptor. The polarity of the aa also seems to play a role in ligand-receptor binding. Arg and 

Lys are both polar aa, but a neutral aa in position 9 in the PIP motif still keeps protein 

function intact, considering that the PIP motif of IDL1 still rescues the ida phenotype.  

One of the two B. rapa paralogs, BrIDL5MF2, gave a partial phenotype rescue of the ida 

mutant phenotype. This indicates that BrIDL5MF2 is expressed in the floral AZ, however this 

should be confirmed by promoter:reporter experiments. A possible explanation for the partial 

rescue of ida can be the polarity of the Lys residues in position 9 and 10 in the BrIDL5 

paralogs. This might cause imperfect binding to the HAE or HSL2 receptor in absence of the 

IDA peptide, which normally would have had the higher affinity for the receptor. The binding 

of some of the BrIDL5MF2 peptide would give a partial activation of the abscission system. 

This can be seen in the light of the overexpression experiment done by Stenvik et al. (2008) 

where the IDL genes  induced floral organ abscission when placed under a 35s promoter, 

which shows that the receptor binding gets less specific when peptides are present in high 

concentrations. BrIDL5 was only tested in two segregating lines for each paralog. The flowers 

tested did on the whole show a lower pBS when compared to other rescue experiment done by 

the Aalen group (Shi et al., 2011, Stenvik et al., 2008). The BrIDL5 rescue experiments could 

only measure the pBS to flower position 4 in all lines, including the ida mutant line used for a 

control. This might be due to stressful conditions for the plants, with thrips being observed in 

the flower, possibly inducing early abscission. These experiments should be repeated with 

closer attention to the growth conditions and to confirm the results.  

4.5 B. rapa contains up to three orthologs of the 

IDA, IDL and receptor genes 

The WGT event in B. rapa has been followed by extensive gene loss. This can be seen by the 

number of paralogs for each A. thaliana ortholog of the signaling peptides IDA/IDL and the 

HAE/HSL2 receptors. Each gene can have up to three paralogs, i.e. being triplicated. The 

number of signaling peptide paralogs range from one to three. For the receptors there is one 

paralog, while the number of signaling peptide genes varies. When examining the orthologs 
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of AtIDA in B. rapa, experimental data points toward BrIDALF being the functional ortholog. 

BrIDAMF1 does only partially rescue the ida phenotype, which might stem from two aa 

substitutions in the PIP motif (fig. 4.7). A similar difference in two B. rapa paralogs is seen in 

the rescue experiment for BrIDL5LF and BrIDL5MF2 where the latter only gave partial 

rescue to the ida mutant phenotype. BrIDAMF1 and BrIDL5LF might represent redundant 

paralogs following WGT event, where the function of the ancestral gene is maintained by the 

other paralog (BrIDALF and BrIDLMF2 respectively), and might be on the way to 

nonfunctionalization (silencing) (Krishnamurthy et al., 2015). There is however also the 

possibility of subfunctionalization of BrIDALF and BrIDAMF1, with the latter being 

hypothesized to having a stronger binding affinity to BrHSL2. This is possible after a WGD, 

as multiple paralogs removes the selection pressure on the duplicated paralog. The number of 

retained copies of paralogs following WGD events varies depending on the class of the gene. 

Genes that are integrated in networks, such as those pertaining to transcription and signal 

transduction, are over-retained compared to genes functioning alone (Adams and Wendel, 

2005, Blanc and Wolfe, 2004). Given the low native concentration of signaling peptides 

(Murphy et al., 2012) the stoichiometry of these genes does not necessarily need to be strictly 

maintained. The BrHAE and BrHSL2 genes are components in a signal transduction pathway 

where the demand for correct gene dosage (Birchler and Veitia, 2007) is stricter than for the 

signaling peptides.   

The B. rapa IDA, IDL, HAE and HSL2 genes were all in synteny with their  A. thaliana 

orthologs. However, only AtIDL3 have three syntenic B. rapa orthologs, the other genes 

having one or two. Wu and colleagues (2014) showed a similar pattern in a syntenic analysis 

of nucleotide-binding sites genes in B. rapa where only eight out of 47 syntenic orthologs 

showed three B. rapa copies, 18 had two B. rapa copies,  while 21 had one B. rapa ortholog. 

The IDA/IDL and HAE/HSL2 paralogs in B. rapa has undergone gene loss following the 

WGT, which coincides with the general trend of gene loss after genome duplications (Sankoff 

et al., 2010). It should thus be determined why IDA and all the IDL genes are retained in more 

than two copies while the receptors HAE and HSL2 only consists of one syntenic ortholog 

each. This could be explored by determining the degree of retained B. rapa homologs of other 

genes that is involved in abscission, especially other components of the IDA-/HAE/HSL2 

signaling pathway.  
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The trend of subgenome dominance can be seen in the orthologs of IDA/IDL and HAE/HSL2. 

Seven out of ten paralogs were located in the LF subgenome, while four was located in the 

MF1 and MF2 subgenomes respectively. Chengand and colleagues (2012) states that 

paralogous genes located in the LF subgenome has accrued fewer non-synonymous mutations 

compared to the MF1 and MF2 subgenomes, as there is a strong selective pressure to sweep 

these functional mutations. In the case of the IDA/IDL paralogs, the paralogs of BrIDA, 

BrIDL2 and BrIDL3 follow this pattern with the paralogs in the LF genome containing fewer 

mutations. The BrIDL1, BrIDL4 and BrIDL5 paralogs in MF1 and MF2 have a higher 

percentage identity to their A. thaliana orthologs than the paralog in the LF subgenome. 

However, the difference mainly lies in the variable region of the prepropeptide and should 

thus not lead to changes in peptide functionality. The exception is BrIDAMF1 where the Pro 

in the PIP motif is changed to a Ser by a C→T and the Lys in position 54 is changed to an 

Asp by a G→T mutation.  

4.6 TILLING has produced mutants in B. rapa IDA-

/HAE/HSL2 genes 

A Targeting Induced Local Lesions In Genomes (TILLING) of B. rapa was performed in the 

lab of Lars Østergaard at the John Innes Centre, UK (Stephenson et al., 2010). This has 

yielded lines carrying mutations in BrHAE, BrHSL2, BrIDALF and BrIDAMDF1. In BrHAE 

and BrHSL2 stop codons are introduced in the intracellular kinase domain of the proteins. 

This domain has been shown to be crucial for protein function (Jinn et al., 2000). The 

TILLING also yielded missense mutations in the BrIDA genes. In BrIDALF there are four 

missense mutations, however these are located in the signal- and variable region of the 

peptide. In BrIDAMF1 there is a missense mutation (Gly47Asp) in the EPIP motif.  

The mutant lines from the TILLING should be grown to investigate possible floral organ and 

seed abscission phenotypes. This will give a confirmation of whether the IDA-/HAE/HSL2 

system is involved in floral and seed abscission in B. rapa. However, since HAE and HSL2 

are functionally redundant in floral organ abscission in A. thaliana, it might be necessary to 

make a cross of the Brhae and Brhsl2 mutant lines to produce a double mutant. Any 

abscission phenotype seen here will provide genetic evidence of BrHAE and/or BrHSL2 

controlling abscission in B. rapa. This evidence might be harder to confirm in B. rapa 

mutants for the BrIDA genes, as the available TILLING mutants does not carry missense 
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mutations in the PIP motif. Promoter:reporter lines have shown expression in floral and seed 

AZ. However, in rescue experiments only BrIDALF exhibited complete phenotype rescue. 

Without a TILLING mutation in the PIP motif of the signaling peptides, it might be difficult 

to discern if one or both of the BrIDA paralogs are involved in floral or seed abscission. A 

method for quantifying seed abscission would prove valuable when determining possible seed 

abscission phenotypes. This has been done in larger experiments with different Brassica 

species, using agricultural harvesting methods (Gan et al., 2008, Price et al., 1996). A 

possibility might be to develop a protocol using controlled shaking of the silique, the scoring 

the number of abscised seeds is scored.   

4.7 Summary and future perspectives 

The results from this thesis show that the IDA-/HAE/HSL2 system is conserved in A. thaliana 

and B. rapa. The genes in this system are conserved and functional in B. rapa, having gone 

through a WGT event with following rounds of gene loss.  

We have shown that BrHSL2 is expressed in the seed AZ and is able to give substantial rescue 

to the hae hsl2 mutant through the pBrHSL2:GUS and BrHSL2 rescue transgenic lines. We 

found that BrHAE was incorrectly annotated after the sequencing of the B. rapa genome. 

pBrHAE:GUS and pBrHAE rescue lines from the correct annotation should be made to 

investigate possible functional redundancy with BrHSL2 in B. rapa. A transgenic line 

containing the protein coding sequence of BrHSL2 under the control of the AtHSL2 promoter, 

or a strong constitutive promoter,  should also be made to determine whether the partial 

rescue of BrHSL2 derives from expression level or differences in protein sequence.  

The ortholog BrIDALF fully rescues the ida mutant phenotype in A. thaliana¸ while 

BrIDAMF1 partially rescues this phenotype. Both are expressed in the flower and seed AZ. 

The paralogs BrIDL5LF and BrIDL5MF2 represent a special circumstance in the IDL genes 

with a PIP motif more similar to AtIDA than AtIDL5. We show that BrIDL5MF2 give partial 

rescue to the ida mutant phenotype. These results should be corroborated with 

promoter:reporter line of BrIDL5LF and BrIDL5MF2.  

We have demonstrated, by using RT-qPCR, which in the floral AZ in B. rapa both BrHAE 

and BrHSL2 has an expression profile which increase toward the stage of floral organ 

abscission and decreases after abscission. RT-qPCR of BrIDALF and BrIDAMF1 in the floral 
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AZ should be performed as well. Furthermore, RNA from the seed AZ in B. rapa should be 

collected and used for determination of the expression level of these genes during seed 

abscission. RT-qPCR should also be performed on flower AZ tissue in A. thaliana, to 

substantiate the expression level of BrHAE and BrHSL2 for comparison with B. rapa 

expression levels.  

The B. rapa TILLING mutants of BrHAE and BrHSL2 generated at John Innes Centre, UK, 

should be grown and crossed to examine possible phenotypes single and double mutants in 

these genes. There is also a possibility to examine the phenotype of TILLING mutants of 

other orthologous up- and downstream genes in the IDA-/HAE/HSL2 signaling pathway. In 

this way a broader picture will emerge of the conservation of this system across species 

borders.
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Appendix 1 Primer sequences 

Name Nucleotide sequence 

Gateway cloning  

BrHSL2MF1 promoter attB1 GGGGACAAGTTTGTACAAAAAAGCAGGCTACTTGAGATTGTGAAAGACGGT 

BrHSL2MF1 promoter attB2 GGGGACCACTTTGTACAAGAAAGCTGGGTACGTTTTGGGGAAGAGAGA 

BrHSL2MF1 rescue attB1 GGGGACAAGTTTGTACAAAAAAGCAGGCTACTTGAGATTGTGAAAGACGGT 

BrHSL2MF1 rescue attB2 GGGGACCACTTTGTACAAGAAAGCTGGGTTAACAATCTTAGTATTAAAAC 

BrHAELF promoter attB1 GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATTCTCCCAAGACGTGTCTTAA 

BrHAELF promoter attB2 GGGGACCACTTTGTACAAGAAAGCTGGGTATGATTCATCGTCAAATCCAA 

BrIDL5LF rescue attB1 GGGGACAAGTTTGTACAAAAAAGCAGGCTTCAAAAATAACATATCCAATAGAAAGG 

BrIDL5LF rescue attB2 GGGGACCACTTTGTACAAGAAAGCTGGGTTTGTAACTTAGTATCTTGG 

BrIDL5MF2 rescue attB1 GGGGACAAGTTTGTACAAAAAAGCAGGCTTCTCGGCTATCAGATAATGG 

BrIDL5MF2 rescue attB2 GGGGACCACTTTGTACAAGAAAGCTGGGTTATTGGTACTCTGTAAACC 

Sequencing  

M13 fwd GTAAAACGACGGCCAG 

M13 rev CAGGAAACAGCTATGAC 

BrHSL2MF2 forward sequencing 1 GAAGAAGCCTCAGATTCCGAG 

BrHSL2MF2 forward sequencing 2 GGTGCGAACTTACGTGCTTT 

BrHSL2MF2 reverse sequencing 1 GAGAAACATCCGAGACACCATT 

BrHSL2MF2 reverse sequencing 2 GGTCGAATCGGATCCATATCC 

BrHAELF forward sequencing 1 CCTTCTCCTACATACACGTGCC 

BrHAELF forward sequencing 2 CTCCTATGCCTCTCTTCAACGT 

BrHAELF reverse sequencing 1 CAGCGATTCCAGACATAGCTTC 

BrHAELF reverse sequencing 2 TGCACTTTCCAAGATTTATCGG 

Genotyping  

GUS fwd AACTGTGGAATTGATCAGCGTTGGTGG 

GUS rev TACATTGACGCAGGTGATCGGACGC 

RT-qPCR  

GAPDH fwd TAGACTCGAGAAAGCTGCGA 

GAPDH rev ACAACATCGTCCTCGGTGTA 

EF-1-α fwd ATACCAGGCTTGAGCATACCG 

EF-1-α rev GCCAAAGAGGCCATCAGACAA 

BrHAELF qPCR fwd TTGCGGTTACATTGCACC 

BrHAELF qPCR rev AACTCCAAAAGCACGATACC 

BrHSL2 qPCR fwd GTCTCGGATGTTTCTCCTATGTC 

BrHSL2 qPCR rev TCGCTCTTCTCATTCACTCTCG 
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Appendix 2 Abbreviations 

°C    Degrees Celsius  

aa    Amino acid  

AGL   AGAMOUS-LIKE 

Ala   Alanine 

Arg   Arginine 

Asp   Asparagine  

A. tumefaciens  Agrobacterium tumefaciens  

A. thaliana  Arabidopsis thaliana 

att   Attachment 

AZ    Abscission zone  

β-ME   β-mercaptoethanol 

BAM   BARELY ANY MERISTEM   

BOP    BLADE-ON-PETIOLE 

BLAST  Basic Local Alignment Search Tool  

bp    Base pair  

BRAD   Brassica Database 

C   Cytosine 

ccdB    Toxin encoded by the ccd operon  

cDNA    Complementary DNA  

Col-0    Colombia  

Cq   Quantification cycle 

dNTP    Deoxynucleotide triphosphate  

dsDNA  Double-stranded DNA 

E. coli    Escherichia coli  

EDTA    Ethylenediaminetetraacetic acid  
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EF-1-α   ELONGATION FACTOR 1 α 

ein   ETHYLENE INSENSITIVE  

EPIP   Extended PIP  

EtBr    Ethidium bromide  

EtOH    Ethanol  

etr   ETHYLENE RESISTANT 

FBX   Ferrous-benzoic-xylenol 

G   Guanine 

GAPDH  GLYCERALDEHYDE 3-PHOSPHATE DEHYDROGENASE 

GO   Gene ontology 

Gly   Glycine 

GUS    β-glucoronidase  

h    Hour  

HAE    HAESA 

His   Histidine 

HSL1   HAESA-LIKE 1  

HSL2    HAESA-LIKE 2  

Hyg    Hygromycin  

IDA    INFLORESCENCE DEFICIENT IN ABSCISSION  

IDL    IDA-LIKE  

LB    Lysogenic broth medium 

LF   Least fractionated subgenome 

LR    Lateral root  

LRR-RLK   Leucine-rich repeat receptor-like kinases 

Lys   Lysine  

M    Molar  

MF1   Medium fractionated subgenome 
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MF2   Most fractionated subgenome 

mg    Milligram  

min    Minutes  

MKK   MITOGEN-ACTIVATED PROTEIN KINASE KINASE 

ml    Milliliter  

mRNA   Messenger RNA  

MS    Murashige and Skoog medium  

MS-2    MS medium with 2 % sucrose  

MW   Molecular weight 

MYA   Million years ago 

N2    Liquid nitrogen  

NCBI   National center for biotechnology information 

ng    Nanogram  

O/N    Over night  

OD    Optical density  

pBS    Petal breakstrength  

PCR    Polymerase chain reaction  

PLACE  Plant cis-Acting regulatory DNA Elements 

Pro   Proline 

RLK    Receptor-like kinase  

RNA-seq  RNA sequencing 

RPKM   Reads per kilobase per million 

RPM    Revolutions per minute  

RT    Reverse transcriptase  

RT-qPCR   Real time quantitative PCR  

Ser   Serine 

SOC    Super Optimal Broth with Catabolite repression 
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ssDNA   Single stranded DNA  

T   Tymine 

TAIR    The Arabidopsis Information Resource  

TF    Transcription factor 

TILLING  Targeting Induced Local Lesions In Genomes  

UTR    Untranslated region  

WGD   Whole genome duplication 

WTG   Whole genome triplication 

wt    Wild type  

X-Gluc   5-bromo-4-chloro-3-indolyl ß-D-glucoronide  

YFP    Yellow fluorescent protein  

Zeo    Zeocin  

μl    Microliter 
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Appendix 3 Alignments 

 

AtHAE and BrHAE (from BRAD) proteins aligned. 

 

AtHSL2 and BrHSL2 (from BRAD) proteins aligned .  
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Alignment of AtIDA, BrIDALF and BrIDAMF1 promoters.. 

 

Alignment of AtIDL1, BrIDL1LF and BrIDL1MF1 
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Alignment of AtIDL2, BrIDL2LF and BrIDL2MF2. 
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Alignment of AtIDL3, BrIDL3LF, BrIDL3MF1, and BrIDL3MF2. 
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Alignment of AtIDL4, BrIDL4LF and BrIDL4MF1. 

 

Alignment of AtIDL5, BrIDL5LF and BrIDL5MF2. 
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Appendix 4 Segregation analysis 

  Obs # Exp # 3:1 Exp # 15:1 Exp # 63:1    

GUS line n Hygr Hygs Hygr Hygs Hygr Hygs Hygr Hygs χ2 3:1 χ2 15:1 χ2 63:1 

AtIDA             

1 267 255 12 200.3 66.8 250.3 16.7 262.8 200.3 59.9 1.4 14.9 

2 256 252 4 192.0 64.0 240.0 16.0 252.0 192.0 75.0 9.6 0.0 

3 161 108 53 120.8 40.3 150.9 10.1 158.5 120.8 5.4 195.4 1029.2 

4 356 307 49 267.0 89.0 333.8 22.3 350.4 267.0 24.0 34.3 344.6 

5 191 143 48 143.3 47.8 179.1 11.9 188.0 143.3 0.0 116.2 689.8 

6 257 197 60 192.8 64.3 240.9 16.1 253.0 192.8 0.4 128.2 792.9 

7 131 98 33 98.3 32.8 122.8 8.2 129.0 98.3 0.0 80.2 475.5 

8 163 132 31 122.3 40.8 152.8 10.2 160.5 122.3 3.1 45.4 322.9 

9 257 197 60 159.0 53.0 198.8 13.3 208.7 159.0 21.2 9.3 131.3 

10 244 181 63 183.0 61.0 228.8 15.3 240.2 183.0 0.1 159.5 933.4 

11 150 103 47 112.5 37.5 140.6 9.4 147.7 112.5 3.2 161.1 864.4 

12 253 233 20 189.8 63.3 237.2 15.8 249.0 189.8 39.4 1.2 66.2 

14 251 187 64 115.5 38.5 144.4 9.6 151.6 115.5 81.5 663.5 3021.2 

15 155 111 44 188.3 62.8 235.3 15.7 247.1 188.3 0.0 158.7 934.9 

BrHAE             

5 107 75 32 80.3 26.8 100.3 6.7 105.3 1.7 1.4 102.2 558.9 

7 102 76 26 76.5 25.5 95.6 6.4 100.4 1.6 0.0 64.4 379.7 

13 121 100 21 90.8 30.3 113.4 7.6 119.1 1.9 3,8 25,5 196,2 

14 106 84 22 79.5 26.5 99.4 6.6 104.3 1.7 1.0 38.1 253.8 

16 135 106 29 101.3 33.8 126.6 8.4 132.9 2.1 0.9 53.5 348.2 

17 77 75 2 57.8 19.3 72.2 4.8 75.8 1.2 20.6 1.8 0.5 

18 159 125 34 119.3 39.8 149.1 9.9 156.5 2.5 1.1 62.1 406.1 

19 305 235 70 228.8 76.3 285.9 19.1 300.2 4.8 0.7 145.2 907.1 

BrHSL2             

1 152 135 17 114.0 38.0 142.5 9.5 149.6 2.4 15.5 6.3 91.5 

2 260 235 25 195.0 65.0 243.8 16.3 255.9 4.1 32.8 5.0 109.6 

3 322 300 22 241.5 80.5 301.9 20.1 317.0 5.0 56.7 0.2 58.1 

4 344 243 101 258.0 86.0 322.5 21.5 338.6 5.4 3.5 313.6 1728.2 

5 148 118 30 111.0 37.0 138.8 9.3 145.7 2.3 1.8 49.7 336.8 

6 201 153 48 150.8 50.3 188.4 12.6 197.9 3.1 0.1 106.6 650.9 

             

  Obs # Exp # 3:1 Exp # 15:1 Exp # 63:1    

Rescue line n Bastar Bastas Bastar Bastas Bastar Bastas Bastar Bastas χ2 3:1 χ2 15:1 χ2 63:1 

BrIDL5LF             

1 175 137 38 131.3 43.8 164.1 10.9 172.3 2.7 1.0 71.4 462.0 

2 114 105 9 85.5 28.5 106.9 7.1 112.2 1.8 17.8 0.5 29.7 

3 169 158 11 126.8 42.3 158.4 10.6 166.4 2.6 30.8 0.0 26.9 

5 170 159 11 127.5 42.5 159.4 10.6 167.3 2.7 31.1 0.0 26.6 

6 164 128 36 123.0 41.0 153.8 10.3 161.4 2.6 0.8 69.0 443.2 

BrIDL5MF2             

4 182 139 43 136.5 45.5 170.6 11.4 179.2 2.8 0.2 93.8 576.0 

5 201 162 39 150.8 50.3 188.4 12.6 197.9 3.1 3.4 59.3 415.9 

6 159 124 35 119.3 39.8 149.1 9.9 156.5 2.5 0.8 67.4 432.3 

BrHSL2             

1 93 65 28 69.8 23.3 87.2 5.8 91.5 1.5 1.3 90.3 492.7 
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2 159 116 43 119.3 39.8 149.1 9.9 156.5 2.5 0.4 117.3 671.2 

3 119 80 39 89.3 29.8 111.6 7.4 117.1 1.9 3.8 142.9 753.7 

4 166 135 31 124.5 41.5 155.6 10.4 163.4 2.6 3.5 43.7 316.0 

5 87 73 14 65.3 21.8 81.6 5.4 85.6 1.4 3.7 14.4 119.4 

6 116 116 21 102.8 34.3 128.4 8.6 134.9 2.1 6.8 19.3 168.8 

8 135 106 29 101.3 33.8 126.6 8.4 132.9 2.1 0.9 53.5 348.2 

10 215 171 44 161.3 53.8 201.6 13.4 211.6 3.4 2.4 74.1 499.5 

11 197 151 46 147.8 49.3 184.7 12.3 193.9 3.1 0.3 98.3 608.0 
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Appendix 4 pBS measurements  

Mean pBS: Mean from twelve measurements on each plant line. Petal breakstrength 

is given in gram equivalents 

SD:   Standard devation 

Line Position 1 Position 2 Position 3 Position 4 

 Mean pBS SD Mean pBS SD Mean pBS SD Mean pBS SD 

Wt 2.18 0.22 2.39 0.21 1.82 0.69 1.13 0.68 

Ida 1.42 0.31 1.39 0.30 1.02 0.59 0.16 0.22 

BrIDL5LF #1 2.17 0.31 2.34 0.78 1.93 0.32 

 

0.90 0.65 

BrIDL5LF #6 2.11 0.24 1.91 0.36 1.47 0.55 0.93 0.92 

BrIDL5MF2 #4 1.84 0.24 

 

1.61 0.60 0.97 0.85 0.41 0.58 

BrIDL5MF2 #6 1.93 0.26 1.61 0.58 1.0 0.67 0.55 0.47 
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Appendix 5 RT-qPCR  

 

Primer: The primer for the gene tested. 

Stage:   The abscission stage of the flower AZ sample tested. 

Biological replica:  The biological sample tested. 

Cq value:  The quantitation cycle (the cycle where fluorescence can be detected). 

 

Gene Stage Biological replica Cq value  

 H
A

E 

1 1 20.21 

20.17 

19.52 

2 21.63 

21.42 

20.97 

2 1 19.9 

20.22 

19.62 

2 20.09 

20.78 

20.4 

3 1 18.53 

18.44 

18.41 

2 19.21 

19.16 

18.87 

4 1 20.36 

20.29 

20.08 

2 22.49 

23.19 

22.45 

Negative control 0 
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Gene Stage Biological replica Cq value  
EF

-1
-A

 
1 1 17.59 

17.68 

17.53 

2 17.73 

17.61 

17.38 

2 1 16.67 

16.76 

17.08 

2 17.92 

17.89 

17.95 

3 1 19.1 

19.42 

19.01 

2 18.57 

18.14 

18.34 

4 1 17.48 

17.89 

17.54 

2 18.82 

19.08 

19 

Negative control 0 

Gene Stage Biological replica Cq value  

H
SL

2
 

1 1 24.37 

24.34 

23.73 

2 25.48 

25.4 

25.23 

2 1 22.71 

22.26 

22.26 

2 22.79 

22.44 

21.98 

3 1 21.04 

20.91 

20.67 

2 20.67 

20.36 

20.23 

4 1 22.94 

N/A 

22.92 

2 23.4 

23.1 

22.82 

Negative control 0 
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