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Abstract 

The pollen grain is responsible for the production and delivery of sperm cells to the female 

gametes in flowering plants. Early in pollen development, there is an asymmetric division that 

is critical for the specification of the male germ cell. In this germ cell, shortly after the division, 

the transcription factor DUO1 is expressed. DUO1 controls the differentiation of the germline 

through activating a suite of genes required for cell cycle progression and sperm cell function. 

Thus, the early germ cell specific expression of DUO1 is a key step in the specification of the 

male germ line. This work investigated the mechanisms that control DUO1 expression with the 

hope of gaining a molecular understanding of the asymmetric division. A DUO1 

promoter:reporter construct shows the same expression pattern as DUO1, therefore this work 

focused on transcriptional regulation. Bioinformatic approaches, using DUO1 promoter 

sequences from a range of flowering plants, identified a region showing a surprising level of 

conservation for a regulatory region. This region is termed ROD1 and was identified in all 

eudicot species. Further investigation identified three cis-regulatory elements (CREs) present 

in ROD1, each with a specific function. The GTGG CREs are required for DUO1 activation. 

Attempts were made to identify the transcription factor that bound to this CRE but were largely 

unsuccessful. The AACYG CREs are important for enhancing the expression of DUO1 and are 

bound directly by DUO1 in an auto activation loop. Lastly, the GAGARAA CRE acts to silence 

DUO1 expression and is likely bound by the transcription factor BPC2. The process of 

discovering this new knowledge of the regulation of DUO1 required the development of novel 

methods. The novel methods as well as the most significant findings of this work have been 

published.  
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1 Introduction 
The pollen grain is a highly specialised structure that carries the male germline of flowering 

plants (angiosperms) to the female germline. Pollen has adapted to survive long distance travel, 

enabling the transfer of gametes between remote plants without needing water to mediate the 

transfer as is required by ferns (Gaff and Oliver, 2013). Pollens adaptations, together with dry 

seed dispersal, gives an enormous evolutionary advantage to flowering plants as they can grow 

and sexually reproduce across great distances, occupying much of the habitable land on earth. 

The ability for angiosperms to fill almost any niche on land has led to them being the most 

diverse group of plants, containing nearly 300,000 species (Christenhusz and Byng, 2016).  All 

of these species reproduce through sexual reproduction requiring the production of haploid 

gametes, the sperm and egg cells (Berger and Twell, 2011). The gametes are derived from a 

highly specialised cell lineage termed the germline and developed within a multicellular 

structure, the gametophyte (Schmidt et al., 2015). The male germline begins with the germ cell 

that is the product of the asymmetrically divided microspore whereas the female germline 

consists only of the egg cell itself as all prior cells in the lineage produce non-germline cells 

(Berger and Twell, 2011). The female haploid central cell has been considered as a gamete as 

a sperm cell will fuse with it, eventually producing the endosperm (Van Hautegem et al., 2015). 

However, only the egg cell leads to embryogenesis and contributes genetic information to the 

next generation. Therefore, the egg cell is the only real female gamete (Berger and Twell, 

2011). While many areas of plant sexual reproduction are understood in detail, the specific 

genetic regulation is not fully understood for many pathways involved in this process, in 

particular, the genetic specification of the male germline is unknown.  

1.1 Sexual reproduction in flowering plants 

During the life cycle of angiosperms, there is an alternation of two heteromorphic generations 

(Schmidt et al., 2015). The dominant generation is the diploid sporophytic generation. From 

the sporophytic generation haploid spores are produced through meiosis (Figure 1-1). This 

process occurs as the plant matures and transitions from producing vegetative buds to 

producing floral buds. These floral buds will then grow into flowers containing the specialised 

organs, the anthers and ovaries, required to produce the micro and megaspores that produce the 

germlines. This late specification of the germline in plants is very different to the process in 

animals where the germline is specified very early as germ cells diverge from somatic cells 

during embryo development (Zhao and Garbers, 2002).  
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Located in the anther, the microspore mother cell undergoes meiosis to produce four haploid 

microspores all contained within a callose cell wall (Francis et al., 2006). This structure is 

called a tetrad. The microspores are released into the anther locule by the activity callase that 

breaks down the callose wall (Scott et al., 2004). In the ovary, a similar event occurs and 

through meiosis four cells are produced from the megaspore mother cell, although only one is 

the functional megaspore. The other three cells degenerate through programmed cell death 

(Van Hautegem et al., 2015). The microspores and megaspores are the beginning of the 

gametophytic generation, although they are not yet considered the germline as they will 

produce non-germ cells as well as germ cells.  

Beginning with the megaspore, the female gametophytic generation will produce the female 

gamete, the egg cell (Figure 1-1). The megaspore undergoes three syncytial divisions resulting 

in eight evenly distributed nuclei within a single cell (Berger and Twell, 2011). After the third 

division, two nuclei fuse to form the diploid central cell nucleus. As the nuclei migrate, cell 

walls form simultaneously partitioning the embryo sac into seven cells. The seven cells consist 

of three antipodal cells, a diploid central cell, two synergid cells and an egg cell. The fate of 

the antipodal cells is different depending on the species. In grasses the antipodal cells 

proliferate, forming a cluster of up to 40 polyploid cells. In Arabidopsis thaliana and other 

plant families, the antipodal cells degenerate  (Krohn et al., 2012). The synergid cells are 

located on either side of the egg cell and attract the pollen tube. The pollen tube grows into one 

of the synergid cells, ruptures and releases two sperm cells (Higashiyama, 2002; Punwani and 

Drews, 2008). The sperm cells are then able to migrate to the egg cell, and central cell after the 

synergid cells degenerate. If the sperm cells fail to fuse with the egg or central cell a second 

pollen tube can be attracted by the remaining synergid cell to rescue fertilization (Kasahara et 

al., 2012). The central cell and egg cell are both fertilized by sperm cells in a process called 

double fertilization. This process results in the central cell developing into the endosperm and 

the zygote. The zygote will develop into the embryo and is the beginning of the next diploid 

sporophytic generation (McCormick and McCormick, 1993; Taylor and Hepler, 1997). The 

endosperm is a specialised tissue that supports and nourishes the growing embryo (Berger and 

Twell, 2011). The specification of the different cell fates in the female gametophyte including 

the female gamete is determined largely by embryo sac polarity generated by an auxin gradient 

and cell to cell communication (Pagnussat et al., 2009; Yang et al., 2010).  
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Figure 1-1. The life cycle of flowering plants. The flower contains the specialised sex organs in 

which the gametes (sperm and egg cells) are produced. On the left-hand side is the production 

of the egg cell and on the right, is the production of the sperm cells. The mother cells undergo 

meiosis to produce the microspore and megaspore. Three of the megaspores are degenerated, 

and the surviving megaspore mitotically divides three times to produce eight nuclei that are 

partitioned into seven cell types including the egg cell. The microspore divides twice to produce 

two cell types, the vegetative cell and the sperm cells contained within a pollen grain. The pollen 

grain lands on the stigma and germinates a pollen tube. The pollen grows down into the ovule 

entering a synergid cell and releasing the two sperm cells for double fertilisation. This produces 

the zygote and endosperm collectively the seed. The seed will germinate producing the vegetative 

stage of a plants life. When the appropriate environmental cues appear, the plant will undergo 

floral transition producing floral buds that grow into full flowers. This completes the life cycle of 

flowering plants. All nuclei are represented as blue circles.  Adapted from an illustration made 

by Mariana Ruiz 

(https://en.wikipedia.org/wiki/Plant_development#/media/File:Mature_flower_diagram.svg). 
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The released microspores are the beginning of the male gametophytic generation that will 

produce two sperm cells through asymmetric and symmetric divisions (Figure 1-2). The 

microspores contain small vesicles that grow and fuse into one large vacuole as the microspore 

develops. This action displaces the nucleus to one side of the cell, creating cellular asymmetry. 

Following nuclear migration, each microspore undergoes an asymmetric mitotic division 

(Owen and Makaroff, 1995). The dividing nucleus is adjacent to the wall, and the spindle 

orientation is such that after cytokinesis one cell, the germ cell, is much smaller than the other, 

the vegetative cell (McCormick, 2004). This division is termed pollen mitosis 1 (PMI) and is 

the division that specifies the male germline of flowering plants (Twell, 2011). The vegetative 

cell engulfs the germ cell after the division, producing a unique cell within a cell structure. The 

germ cell is initially attached to the intine (inner cell wall). The pollen at this stage is termed 

early bicellular pollen. When the germ cell detaches from the intine and moves to a more central 

location within the cytoplasm, the pollen is termed late bicellular pollen. The vegetative cell 

exits the cell cycle and acts as a support cell for the germ cell. The single large vacuole that 

displaced the nucleus breaks down into many smaller vacuoles. The germ cell then undergoes 

the second mitotic division and produces two sperm cells. In approximately 70% of flowering 

plants, the second division occurs in the pollen tube after pollination (Williams et al., 2014). A. 

thaliana is among the 30% of flowering plants that release fully mature tricellular pollen. The 

mature pollen is dehydrated before anthesis and upon release contains between 6% and 60% 

water content. This is to aid survival while the pollen is distributed by wind, insects, water or 

animals to distant plants (Gaff and Oliver, 2013). When the pollen lands on a receptive stigma 

it is the vegetative cell that then grows a pollen tube through the pistil to the ovaries, where it 

delivers the two sperm cells through the synergid cell. The two sperm cells then fertilize the 

egg and central cell in a double fertilization event (Figure 1-1). While the cytology of these 

developmental events in both the male and female gametophyte has been well described, less 

is known about the molecular and genetic mechanisms that drive the different fates. In 

particular, the genetic specification of the male germline is unknown. 

1.2 The male germline, specification and differentiation 

The male germ line is a highly specialised lineage of cells. Transcriptomic approaches have 

been taken to reveal the underlying genetics that differentiates these cells. Based on microarray 

data in A. thaliana, there is a decrease in overall gene expression that correlates with the more 

condensed chromatin structure observed in the germline. 11,565 genes are expressed in 

microspores, 11,909 in bicellular pollen, 8,788 in tricellular pollen and 7,235 in mature pollen. 
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However, 1355 genes are specifically activated in the germline, showing that the germlines 

transcriptome is rapidly differentiated (Honys and Twell, 2004). This is exemplified by 

transcriptomic analysis on isolated sperm cells that identified 5829 expressed genes, 620 of 

which are specific to sperm cells (Borges et al., 2008). A similar analysis of Oryza sativa sperm 

cells showed 1668 sperm cell specific genes (Russell et al., 2012).  Germ line specific genes 

include GEX2 (Gamete expressed 2) which is a protein that is localised to the membrane of 

sperm cells and is crucial for gamete attachment (Mori et al., 2014). GCS1/HAP2 (HAPLESS 

2/GENERATIVE CELL-SPECIFIC 1) that is a transmembrane protein necessary for gamete 

fusion (Mori et al., 2006). The activation of GEX2 and GCS1 is dependent upon the 

transcription factor DUO1(Brownfield et al., 2009). DUO1 is also germline specific and can 

be detected very early after the asymmetric division. DUO1 activates at least 63 other genes in 

the germline and is crucial for proper sperm cell formation (Rotman et al., 2005; Borg et al., 

2011). A more thorough review of DUO1 and its significance is in Section 1.4. As DUO1 is 

detected very early after the asymmetric division, it is probably the first gene that is turned on 

after the division to start the transcriptional cascade to differentiate the germ line.  

Cytological and transcriptomic analysis reveals that the vegetative cell and the germ cell have 

very different fates, yet both cell types arise from a single mother cell through an asymmetric 

division. The molecular signal that specifies the fate of the germline is not known, although it 

is hypothesised here that it is directly or indirectly activating DUO1 after the asymmetric 

division.  
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Figure 1-2. Specification and differentiation of the male germline. The development of pollen 

is broken into two stages, microsporogenesis and microgametogenesis, that is the production of 

the microspore and the production of the gamete respectively. The production of the microspore 
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begins with the meiocyte which is located in the anther. It undergoes two meiotic divisions to 

produce a tetrad of microspores. The production of the gametes can also be broken into two 

stages, the specification of the germline and the differentiation of the germline. The microspore 

becomes polar and as large vacuole forms. The asymmetric mitotic division occurs and specifies 

the fate of the germline. A second mitotic division then occurs to finish the differentiation of 

the germline. Throughout the figure, the nucleus is represented as a blue circle.  

1.3 The role of the asymmetric division in germ cell fate 

As DUO1 is activated after the asymmetric division, the mechanism for turning on DUO1 must 

be integrally linked with the asymmetry of the cell. Asymmetric cell divisions have played a 

major role in the diversification and dominance of multicellular organisms as it enables the 

complex compartmentalisation required for higher order organisms to exist (Paciorek and 

Bergmann, 2010). The asymmetric division of the microspore has been investigated through 

mutagenic and chemical approaches (Eady, 1995; Park et al., 1998). A colchicine treatment 

that inhibits microtubule polymerisation in microspores and mutant plants such as gem-1 

interrupted polarity in the cell. This stops the nucleus from migrating to the side of the cell, and 

the microspore divides symmetrically. After the symmetric division, two vegetative-like cells 

are produced as indicated by the expression of vegetative cell specific genes being expressed 

(Twell et al., 1990). Furthermore, germline specific genes are not expressed. Therefore, it 

appears that the default developmental pathway is the vegetative cell and that the germ cell 

needs to be actively specified. When microspores are removed from the anther and cultured, 

they can still divide asymmetrically and produce functional germ cells (Touraev and Heberle-

Bors, 1999). This suggests that there is an intrinsic (internal) key fate determinant that is 

asymmetrically distributed within the microspore, before PMI. It is hypothesised in 

microspores that this key fate determinant will activate DUO1. 

 Key	fate	determinants	in	asymmetric	divisions	
Based on the cell autonomous nature of the microspore division (Touraev and Heberle-Bors, 

1999), an intrinsic factor must be controlling the asymmetric division of PMI. Intrinsic key fate 

determinants are unequally distributed inside the mother cell before the division so that after 

the division only one daughter cell will have sufficient signal to specify a different fate 

(Petricka et al., 2009). Asymmetric divisions that are cell autonomous are quite rare in the 

animal, fungi or plant kingdom. Most divisions have an element of external signalling; 

however, the microspore in plants can divide completely autonomously (Touraev and Heberle-
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Bors, 1999). Although this division is rare in plants, there are examples in the animal and fungi 

kingdom that have been well studied and demonstrate that a range of molecules can act as 

intrinsic cell fate determinants. 

The localisation of mRNA can determine the cell fate in budding yeast (Saccharomyces 

cerevisiae). In this system, the mother cell asymmetrically divides to produce a daughter cell 

that cannot switch its mating type, whereas the mother cell can (Strathern and Herskowitz, 

1979). This difference in cell fates is caused by the asymmetric distribution of ASH1 mRNA 

that only the daughter cell receives. After the division, the mRNA is translated to produce 

ASH1. ASH1 then inhibits the production of another gene (HO) that enables the mating type 

switch in the mother cell (Nasmyth, 1993; Sil and Herskowitz, 1996). In this way, the 

localisation of the mRNA gave rise to two different cell fates. 

The first division of the zygote after fertilisation in Caenorhabditis elegans is also intrinsically 

asymmetric, and proteins act as the unequally distributed cell-fate determinants. Within 30 

minutes of fertilisation, a group of proteins (PAR-3, PAR-6 and PKC) are uniformly distributed 

throughout the cortex of the embryo (Munro et al., 2004). Shortly after this, they become 

asymmetrically distributed towards the anterior cortex. The localisation of these proteins is 

necessary to produce the asymmetric division. Through the division, they are then unequally 

distributed in the daughter cells. Their presence or absence in the daughter cell is sufficient to 

produce different fates in the daughter cells, and thus the PAR proteins are key fate 

determinants. It is thought that the asymmetric distribution of PAR proteins is achieved through 

cytoskeleton rearrangements that play a key role in asymmetric divisions (Barros et al., 2003; 

Munro, 2006). 

While we do not know what types of molecules act as intrinsic cell fate determinants in plants, 

these two examples show that the asymmetric localisation of mRNA and proteins can achieve 

this. It is possible that other molecules, such as non-coding RNAs, could also be key unequally 

distributed fate determinants in plants. Although we do not know what the key fate determinant 

is in the dividing microspore, we do know that after the division it must activate DUO1 so that 

the germline can properly develop. 
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1.4 The transcription factor DUO1 controls the differentiation of the male 

germline 

In A. thaliana’s germ cell, shortly after the asymmetric division of the microspore, DUO1 

begins a cascade of signalling events that result in the differentiation of the male germ cell. 

DUO1 is expressed right after PMI exclusively in the germ cell (Brownfield et al., 2009). 

Expression continues through the germline, with peak expression detected in the germ cell of 

bicellular pollen (Figure 1-3). It is hypothesised that the transcription factor that is turning on 

DUO1 is the key to the genetic control that specifies the male germline through its activation 

of DUO1 (Rotman et al., 2005; Brownfield et al., 2009; Borg et al., 2011). DUO1 was identified 

in A. thaliana in an ethyl methanosulfate mutagenic screen looking for pollen with cell division 

mutations (Rotman et al., 2005). Pollen with a non-functioning DUO1 gene have a functional 

vegetative cell but only one non-functioning germ-like cell. There is no transmission of the 

duo1 allele through the male side so only heterozygous plants can be produced. This means 

that only 50% of the pollen is mutant as half the pollen receives the mutant allele during meiosis 

(Durbarry, 2005). The single germ-like cell completes the replication of DNA but fails to enter 

PMII. Thus, duo1 mutant pollen is bicellular rather than tricellular at anthesis. Furthermore, 

the single germ cell produced in duo1 pollen is not competent to fertilise either the egg or 

central cell (Durbarry, 2005).  

 

Figure 1-3 Expression of DUO1:DUO1-mRFP during pollen development. The expression of 

DUO1 driven by the DUO1 promoter (-775 to -1 from the translation initiation site) observed with 

CLSM (Confocal laser scanning microscopy). This figure is a partial reproduction of a larger 

figure presented in Brownfield et al., (2009), and has been used with permission. DUO1 

expression is detected in the germ cell in the early bicellular pollen. Expression continues 

throughout pollen development, although decreases in mature pollen. 



11 

 

Four mutant alleles for DUO1 have been identified, named duo1-1 through to duo1-4. The 

mutant first identified through the ethyl methanosulfate screen (duo1-1) contains a single base 

pair substitution C to T at position 812 of the coding sequence. This mutation results in a 

premature stop codon in the third exon (Figure 1-4). This mutation is likely to create a truncated 

protein that still contains the R2R3 DNA binding domains but does not contain the activation 

domain that is usually in the C terminal end of R2R3 MYB transcription factors (Dubos et al., 

2010). The mutant duo1-1 is in the Nossen-0 background while the duo1-2 and duo1-4 are in 

the Columbia-0 background. The second mutant allele, duo1-2, contains a 14 bp insertion 

starting at position 620 of the coding sequence that is in the third exon. This frameshift results 

in 22 amino acids that differ from DUO1 before a premature stop codon is reached, earlier than 

duo1-1. As of writing this, the third mutant allele has never been published, but it is understood 

to be a T-DNA insertion line. The fourth allele, duo1-4, is the mutant that has been used in this 

thesis. It contains a single base pair substitution from C to T at position 545 of the coding 

sequence that creates a premature stop codon located in the second exon. Thus the third exon 

that is theorised to contain the activation domain will be absent, but the R2R3 DNA binding 

domains will be present. It has the same phenotype as duo1-1 consisting of bicellular pollen at 

anthesis. Because these mutant alleles had such a strong phenotype they were assumed to be 

fully penetrant. Investigations into the remaining transcript that are still produced have not been 

conducted. Although it is possible that they are degraded through the nonsense-mediated decay 

mechanism. The WT portion of the pollen from heterozygous plants will still express DUO1. 
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Figure 1-4 DUO1 gene schematic. The schematic for DUO1 and the three mutant alleles (duo1-

1, duo1-2 and duo1-4) are presented. Exons are represented as blue boxes with introns annotated 

in between. The base pair numbering relative to the translation start site and will differ by 9bp 

from what is reported in (Rotman et al., 2005). The mutations in duo1-1 and duo1-4  result in an 

immediate inframe stop codon. The insertion in duo1-2 results in a frameshift then premature 

stop codon 66 bp later.  

 

Figure 1-5 The duo1-4 mutant phenotype. Pollen grains stained with DAPI were imaged. On 

the left is a tricellular pollen grain that contains a wild type allele of the DUO1 gene. On the 

right is a bicellular pollen grain with the duo1-4 mutant allele. The germ-like cell of the duo1-4 

mutant is much larger than the two distinct and small sperm cells present in the wild type 

pollen.  
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Based on sequence homology, DUO1 was predicted to be a transcription factor belonging to 

the R2R3 MYB family (Rotman et al., 2005). As DUO1 is a transcription factor, it should 

regulate the expression of other genes. To explore this, an inducible expression system for 

DUO1 was established in A. thaliana seedlings (Brownfield et al., 2009; Borg et al., 2011). 

Ectopic expression of DUO1 induced the expression of 63 sperm cell enriched genes that were 

identified through microarray analysis. 14 of which have been validated as being germline 

specific (Borg et al., 2011). Included in these DUO1 targets are TIP5;1 (AT3G47440), 

MGH3/HTR10 (AT1G19890), GEX2 (At5g49150), GCS1/HAP2 (At4g11720), DAZ1 

(AT2G17180) and DAZ2 (AT4G35280). TIP5;1 (Soto et al., 2010) is a pollen specific 

aquaporin and has roles in water transport and nitrogen recycling. TIP1;3 is a vegetative cell 

specific aquaporin, together with TIP5;1 they ensure proper hydration of developing pollen, 

maintaining male fertility in adverse conditions (Srivastava et al., 2014; Wudick et al., 2014). 

MGH3 (HTR10) is a male germline specific histone that regulates transcription through 

chromatin binding (Okada et al., 2005; Ingouff et al., 2007; Russell et al., 2012). GEX2 is 

required for gamete–gamete attachment, which is a prerequisite for successful gamete fusion 

(Mori et al., 2014). GCS1/HAP2 is a fusogen protein that is required for the fusion of the male 

gametes to the female gametes in A. thaliana (Liu et al., 2015). It has similarity to class II viral 

fusion proteins and facilitates the fusing of gametes via a hydrophobic fusion loop (Fédry et 

al., 2017). DAZ1 and DAZ2 are EAR (Ethylene Response Factor-associated amphiphilic 

repression) motif–containing C2H2-type zinc finger proteins that are transcriptionally activated 

by DUO1 (Borg et al., 2011). DAZ1 and DAZ2 are crucial for the accumulation of mitotic 

cyclins and expression of DAZ1 and DAZ2 from the DUO1 promoter can restore the cell cycle 

defect of a duo1 knockout (Borg et al., 2014). DAZ1 and DAZ2 also physically interact with 

TOPLESS to act as repressors, possibly repressing the expression of DUO1 in tricellular pollen 

as daz1 daz2 knock out plants have higher expression of DUO1 in tricellular pollen (Borg et 

al., 2014). These germline specific genes are crucial for male germline differentiation and 

success and are all activated by DUO1 (Figure 1-6). The role of DUO1 in both cell cycle 

progression and germline differentiation highlights the importance of DUO1 and shows it is 

the master switch for male germline development. That leads to the question, how is DUO1 

activated?  
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Figure 1-6. The DAZ1/DAZ2 regulatory node is essential for sperm cell development. Expression 

of DUO1 in generative (germ) cells activates genes required for gamete specification, including DAZ1 

and DAZ2. DAZ1/DAZ2 occupy a distinct node in the DUO1 network to counteract repressive 

mechanisms (R) via EAR-dependent interaction with the corepressor TPL (TOPLESS). DAZ1/DAZ2 

overcomes a developmental block to sperm cell formation and maturation by (1) facilitating DUO1-

dependent activation of gamete differentiation genes and the turnover of DUO1 and (2) the G2- to 

M-phase accumulation of mitotic cyclins to promote germ cell division. Figure as presented in Borg 

et al., (2014). 
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 Regulation	of	DUO1	
The expression of DUO1 is limited exclusively to the male germline (Rotman et al., 2005). It 

is first expressed early in the germ cell after the asymmetric division of the microspore and 

persists throughout pollen development although the expression decreases slightly as the pollen 

grain matures (Brownfield et al., 2009). Very early after PMI, the germ cell is located against 

the cell wall of the pollen grain. Expression of DUO1 at this early stage indicates that it is 

turned on directly after the asymmetric division has occurred. Furthermore, this expression 

pattern is seen when using the promoter of DUO1 in the absence of the protein of DUO1, 

indicating that DUO1 is transcriptionally activated. Based on this early germline expression, it 

is hypothesised that whatever is activating DUO1 could be unequally segregated at the 

asymmetric microspore division. As DUO1 largely controls male germline development, such 

an activator is likely to be the key intrinsic cell fate determinant that specifies the male 

germline. Several hypothesises have been put forward to explain the specific temporal and 

spatial activation of DUO1, these will be addressed here.  

1.4.1.1 Micro	RNA	regulation	of	DUO1	
DUO1 is reported to have a microRNA (miRNA) binding site which acts to prevent 

accumulation of DUO1 transcript outside of the germline (Brownfield et al., 2009). miRNAs 

are small RNAs approximately 21 nucleotides long and are excised from genome encoding 

precursors forming hairpin loops (Simulation, 2005). Mature miRNAs are incorporated into 

RNA induced silencing complexes (RISCs) that include members of the ARGONAUTE 

(AGO) family of proteins. In plants, AGO proteins catalyse the ribonucleolytic cleavage of the 

target at the position opposite of the 10th nucleotide of the miRNA (Simulation, 2005), which 

is usually correlated with near perfect sequence complementarity. This is in contrast miRNAs 

in animals that often have mismatches in the target sequence and operate through translational 

repression (Jones-Rhoades et al., 2006). In plants, miRNAs are important for the regulation of 

reproductive development as well as other functions such as auxin signalling, organ polarity 

and stress responses (Chen, 2005). 

There are many different families of miRNA in plants. MiRNAs in a family consist of very 

similar sequences that are derived from different genomic loci. One family, miR159 regulates 

anther specific GAMYB-like genes (Allen et al., 2007). GAMYB-like genes are R2R3 MYB 

transcription factors that have been implicated in gibberellin signalling in the anthers and 

germinating seed (Alonso-Peral et al., 2010). MiR159 binds to DUO1 mRNA (Palatnik et al., 
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2007), which is also an R2R3 MYB. However the binding site of miR159 is not in the same 

location as other R2R3 MYBs. This binding of miR159 to DUO1 results in the cleavage of 

mRNA when DUO1 is constitutively and ectopically expressed in vegetative tissues (Palatnik 

et al., 2007). MiR159 has been shown to be expressed in pollen (Grant-Downton et al., 2009a) 

and more specifically the sperm cells of mature pollen (Grant-Downton et al., 2009b). While 

this expression results in both DUO1 and miR159 being present in the male germline, direct 

cleavage events of DUO1 by miR159 have not been shown in these cells. Instead, a laddering 

of DUO1 mRNA transcripts that do not correlate with miR159 binding sites is observed in 

mature pollen (Grant-Downton et al., 2009a). This is unusual as previous work has shown 

miRNAs to primarily act by direct cleavage in plants (Simulation, 2005), which would indicate 

that miR159 is not interacting with DUO1 in the way we would expect if it were the key 

regulatory element. Further work shows that the native promoter of DUO1 can give the same 

germ cell specific expression of a reporter gene with or without the coding sequence which 

contains the miR159 binding site (Brownfield et al., 2009). This is strong evidence that any 

regulatory elements, including the miR159 binding site, that are contained in the coding region 

of DUO1 are not crucial for normal germ line specific expression. 

Recent work on plant miRNAs have shown that they may not always act to silence their target, 

but instead act to fine tune the expression (Alonso-Peral et al., 2012). It has been shown that 

miR159 could be doing this in the aleurone and the embryo of germinating seeds. In these 

tissues miR159 targets MYB33. However MYB33 is only partially silenced (Alonso-Peral et 

al., 2012). This shows that there is potential for miRNAs to be in the same tissue as its target 

and not silence it. Furthermore, recent work has shown that miR159 is inefficient at silencing 

DUO1 because of DUO1 mRNA secondary structure (Zheng et al., 2017). A similar scenario 

may occur with DUO1 and miR159 in pollen where miR159 acts to silence DUO1 as the 

tricellular pollen grain matures. 

It has been proposed that anaphase-promoting complex /cyclosome (APC/C) is required for 

normal levels of miR159 expression in pollen as knocking out APC/C8 results in a decrease in 

miR159 expression and an increase in DUO1 transcripts (Zheng et al., 2011). This would put 

more emphasis on miR159 being a primary regulator of DUO1 instead of a redundant regulator 

with possible tissue specific fine tuning. However, when comparing transcript levels at anthesis 

in this study, the mutant sample contained a mixture of microspores, bicellular and tricellular 

pollen due to the cell cycle defect caused by loss of APC activity while the wild type control 
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contained only tricellular pollen. Therefore, the differences in gene expression may reflect the 

difference in stages of pollen development rather than a direct link between APC and regulation 

of DUO1 expression. It is not possible to exclude the possibility that the change in DUO1 and 

miR159 levels are the result of a cell cycle defect caused by APC/C. Furthermore, defects 

caused by the overexpression of miR159 do not produce bicellular pollen that a duo1 mutant 

produces as would be expected if miR159 was fully silencing DUO1 (Rotman et al., 2005; 

Palatnik et al., 2007). Again as stated above, DUO1’s expression profile is unchanged by the 

complete removal of the miR159 binding site (Brownfield et al., 2009). Therefore, miR159 

seems unlikely to have a major role in the cell specificity and timing of DUO1 expression. It 

may, however, act to silence any leaky expression of DUO1 in non-male germline cells and 

possibly to fine tune its expression later in sperm cells. 

1.4.1.2 Transcriptional	repression	of	DUO1	
It has been proposed that DUO1 is transcriptionally repressed in all tissue types except the male 

germline (Haerizadeh, 2006). This would be similar to ACA7 which is expressed only in pollen 

(Lucca and Len, 2012). When a portion of the promoter of ACA7 was deleted, expression was 

detected in the sporophyte tissue (Hoffmann et al., 2017). This lead to the identification of a 

sporophyte repressive CRE. The transcriptional repression of DUO1 is hypothesised to be 

through the sporophyte repressive CRE that interacts with GERMLINE RESTRICTIVE 

SILENCING FACTOR (GRSF) (Haerizadeh, 2006). Theoretically, GRSF would be present in 

all cell types except in the germline. That would mean that the key fate determinant is GRSF 

and GRSF is asymmetrically distributed during the division so that it is excluded from the 

germline.  

The GRSF hypothesis is based on work done on a lily gene that is also male germline specific, 

LGC1 (LILY GENERATIVE SPECIFIC 1). In the promoter of LGC1, a repressive binding site 

was identified. This repressive element was 43bp long and was also effective at silencing 

reporter constructs in brassica, magnolia and pea. It was therefore proposed that there was a 

global repressive element that recognised this sequence and acted by repressing male germline 

genes in all tissues except in the male germline. A protein that bound to this element was 

identified using in vitro techniques and termed GRSF (Haerizadeh, 2006). Evidence for in vivo 

binding and functional studies of GRSF have not been done in the twelve years since this was 

proposed. A high degree of homology across multiple species would be expected if it were 

acting as a global repressive element. However, this is not found to be the case. The protein 
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reported to have the highest level of sequence similarity in A. thaliana is AT4g24770, which 

is known to be located in chloroplasts and functions in RNA editing and not transcriptional 

control (Kupsch et al., 2012). 

While functional evidence for GRSF in A. thaliana is lacking, it has still been proposed that 

GRSF may silence DUO1 in all tissues except the germline. If this were true removal of GRSF 

should activate DUO1. This hypothesis is based on the 8 bp GRSF binding motif which 

partially matches the DUO1 promoter that was identified in an electrophoretic mobility shift 

assay. It has been shown that DUO1 has a normal germ line specific expression profile when 

the putative GRSF binding site is mutated or removed completely (Brownfield et al., 2009). 

Furthermore, when DUO1 is ectopically expressed under an inducible promoter, it up regulates 

sperm cell specific targets including HRT10, which also contains a partial match to the 8bp 

GRSF binding motif. Therefore GRSF is not suppressing its proposed targets outside of the 

male germline where it theoretically should. This evidence collectively shows that although 

GRSF may be functioning to determine the lily germline, it is not responsible for the germline 

specific expression or repression of DUO1.  

 

1.4.1.3 Transcriptional	activation	of	DUO1	
The defined promoter region of DUO1 is 1244bp long and consists of the whole intergenic 

region between DUO1 and the next gene, which is oppositely orientated (Brownfield et al., 

2009). There is a 52bp 5’ UTR which was identified through the amplification and sequencing 

of DUO1 cDNA (Borg, 2010). To identify the important regions in the promoter of DUO1, a 

series of deletions were carried out (Aidley, 2012). The deletion series show the minimum 

required sequence to achieve sperm cell specific expression. In this series, the reporter (GFP) 

is fused to a nuclear localising signal (H2B) so that the signal can be observed in the nucleus 

(Brownfield et al., 2009). The promoter is progressively deleted until the reporter is 

undetectable. This shows the minimal region of the promoter that is still active (143 bp 

upstream from the translation initiation site or 61 bp upstream of the 5′ UTR) and contains 

enough information to drive sperm cell specific expression (Figure 1-7). A promoter fragment 

series was also conducted to identify regions in the promoter which could activate expression. 

The fragment promoter series consists of fragments of the promoter fused to the minimal 

promoter of CamV35s (m35s) as well as a nuclear localisation signal (H2B) (Aidley, 2012). 

The minimal promoter is used because the second series takes fragments of the promoter that 



19 

 

may not have the core promoter that is required for transcription. Two fragments were shown 

to be able to induce germline specific expression from this series and have been termed A1 (-

61 bp to -144 bp from the translation initiation site) and A2 (-304 bp to -454 bp from the 

translation initiation site) (Figure 1-8). DUO1 also has a positive feedback loop that enhances 

its own expression by binding to the motif AACCG in A1 (Borg et al., 2011). Both A1 and A2 

are capable of driving sperm cell specific expression in the duo1-4 mutant, indicating that when 

DUO1 is not expressed, the promoter still functions. It is not currently known if A1 and A2 

contain the same binding site or if a second activator is involved (Aidley, 2012). Non-germline 

expression of DUO1 or the reporter gene was never observed in any of the promoter fragment 

experiments. This is strong evidence that the germline specific expression of DUO1 is driven 

by the promoter, and more specifically the two regions A1 and A2.  
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Figure 1-7. Activity of 5′ deletion constructs. A The graph shows the changing median level of 

expression relative to the longest construct against the length of promoter deletion used. Error 

bars show 95% confidence intervals for each construct, estimated by bootstrap resampling. 

Deletions with statistically significant differences to the one before are indicated by the bars 

above (*** indicates p < 0.001, calculated by Mann-Whitney U test). No statistical comparison 

could be made between the -143bp and -61bp constructs. B Representative images of mature 

pollen with sperm cell specific expression viewed by epifluorescence microscopy. The length of 

the deletion fragment is indicated on each image. Scale bar = 10 µm. Reproduced with 

permission from Peters et. al, 2017. 



21 

 

  

Figure 1-8. Expression of DUO1 promoter fragment reporter constructs. This schematic shows 

the structure of the six promoter fragments created. The light blue line on the left shows the 

fragment used, with the numbers beside indicating the bp upstream of the translation initiation site 

(ATG) that the fragment begins and ends. These have been positioned to indicate their relative 

locations in the full-length promoter. The purple Section is the minimal promoter derived from the 

35S promoter of the cauliflower mosaic virus, attached to the CDS for the H2B (yellow) by PCR. 

The red Section is the CDS for the TandemTomato (TdTOM) RFP. The short black regions are 

linker Sections produced by Gateway® recombination. To the right of the schematic the activity of 

the constructs in the wild type (wt) sperm cells or duo1-4 germ cell is indicated. Key: - = no expression, 

+ = very faint, ++ = faint, +++ = clear, ++++ = very bright. This figure was generated with data provided 

by Aidley, (2012), however the numbering of the constructs has been updated to be consistent with 

the work done in this thesis. As such, it has very high similarity to a figure present in Jack Aidley’s 

thesis and all credit belongs to him, with the exception of the updated numbering and recreation of 

the figure.  
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It has been hypothesised that ARID1 binds to the promoter of DUO1, causing direct activation 

(Zheng et al., 2014). This hypothesis is based on interactions between ARID1 and the promoter 

region of DUO1 in chromatin immunoprecipitation sequencing and in vitro binding assays as 

well as a 40% decrease in DUO1 transcription in the partial knockout arid1-1. There is also an 

increase in the number of bicellular pollen at anther dehiscence, similar to DUO1 knockouts 

(Rotman et al., 2005; Zheng et al., 2014). There are three criteria to consider for ARID1 to be 

the transcription factor that activates DUO1. The mode of action of ARID1 needs to be 

specifically in the germ cell of bicellular pollen, where DUO1 is first detected, so that DUO1 

is not activated outside of the germline. There needs to be direct binding to a specific element 

within the promoter region of DUO1. That binding event then needs to result in a mechanism 

for activation of DUO1 within the male germline.  

The expression pattern of ARID1 was initially reported to be specific to pollen through RT PCR 

(Zheng et al., 2014). Constructs of promARID1:ARID1-GFP has expression in the unicellular 

microspore, in the vegetative cell in bicellular and tricellular pollen and in the germ cell of 

bicellular pollen. Therefore ARID1 is found within the necessary cell type for DUO1 activation, 

although it is also found in cell types where DUO1 is never found. Furthermore 

promARID1:NLS-GFP (nuclear localised GFP) is specifically in the vegetative cell of 

developing pollen and never in the sperm or germ cells (Zheng et al., 2014). A more recent 

publication has demonstrated through western blotting that ARID1 is not pollen specific but is 

also present in unfertilised pistils (Li et al., 2017). Subsequent analysis utilising the 

promARID1:ARID1-GFP construct shows expression in the megaspore mother cell and in the 

dividing nuclei of female gametophytic cells. At maturity, ARID1 was confined to the central 

cell and surrounding somatic cells (Li et al., 2017). Therefore, the expression pattern of ARID1 

does not match the expected expression profile of a transcription factor that would activate 

DUO1 specifically in the male germline.  

The binding of ARID1 to the promoter of DUO1 is shown in two experiments. Chromatin 

immunoprecipitation sequencing and in vitro binding assays experiments show peak binding 

to the promoter of DUO1 in the region from -311 to -600 bp  upstream of the translation 

initiation site (Zheng et al., 2014). This is a region that overlaps with A2. The interaction of 

ARID1 to the promoter region of DUO1 is probably through the AT-rich interacting domain. 

The AT-rich interacting domain recognises DNA sequences that are rich in adenine and 

thymine. Some ARID genes recognise specific AT-rich motifs, while others recognise generic 
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AT-rich regions (Wilsker et al., 2002). The experimental evidence suggests a broad binding 

profile to the DUO1 promoter (Zheng et al., 2014). This suggests that ARID1 does not 

recognise a specific motif, rather it recognises AT-rich regions. This further reduces the 

probability that ARID1 is specifically activating DUO1.  

Regardless of the expression profile of ARID1 and the binding data of ARID1, a mechanism 

of activation would be required for the activation of DUO1 specifically in the germline. ARID1 

lacks an activation or repression domain and has therefore not been classified as a transcription 

factor by most definitions (Jin et al., 2017). ARID1 has two domains, an AT-rich interacting 

domain that facilitates DNA binding and an ELM domain. ELM domains are protein-protein 

interacting domains that facilitate interactions with histone deacetylases (Ding et al., 2003). 

For ARID1 specifically, the ELM domain interacts with HDA8 (histone deacetylase 8) (Zheng 

et al., 2014). Histone acetylation is normally associated with gene activation as the acetylation 

neutralises the positive charge of histone tails, decreasing the affinity between the DNA and 

the histones (Hollender and Liu, 2008). This results in more open chromatin formation that 

provides transcription factors and RNA polymerases more access to the DNA (Lee et al., 1993). 

Therefore, the interaction between HDA8 and ARID1 would likely facilitate the deacetylation 

of histones, resulting in a closed and compact chromatin configuration, silencing the gene 

expression (Zhou, 2009). If ARID1 was binding to the promoter of DUO1 in the germ cell of 

bicellular pollen, it would likely mediate histone deacetylation, that would not result in DUO1 

activation. However, if this interaction was occurring in the vegetative cell, where there is solid 

evidence that ARID1 is expressed, then ARID1 would be facilitating the silencing of DUO1 in 

the vegetative cell. In arid1-1 partial knock out plants, there was an increase in histone 3 lysine 

9 acetylation (H3K9ac) in the vegetative cell of mature pollen (Zheng et al., 2014). This is 

consistent with the possible role of ARID1 repressing DUO1 in the vegetative cell through the 

removal of activating histone marks, rather than the activation of DUO1 in the germline. 

Quantitavie PCR results looking at the expression of DUO1 in arid1-1 plants is inconclusive 

because arid1-1 plants contain a higher proportion of bicellular and unicellular pollen than the 

wildtype to which it was compared. As the expression of DUO1 changes at different stages of 

pollen development, it is difficult to draw stong conclusion from this data. Even if the different 

cell types in the experiment were ignored, a decrease in the expression of DUO1 in arid1-1 

mutant plants did not result in a change in the expression of DUO1 target genes such as GEX2 

and HTR10 (currently known as MGH3) (Borg et al., 2011; Zheng et al., 2014). This data taken 

together does not provide sufficient evidence to claim that ARID1 directly activates DUO1, 
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although it may be important for the acetylation state of the promoter of DUO1 in the vegetative 

cell.    

By synthesising this data together, an incomplete model of DUO1 regulation can be compiled. 

If there is leaky expression of DUO1 in sporophytic tissues, it is silenced through miR159. 

Theoretically, GRSF might also bind and silence DUO1 expression in sporophytic tissues, 

although there has been no evidence of this provided for A. thaliana and it is therefore excluded 

from the model. DUO1 is activated specifically in the germ cell of bicellular pollen by an 

unknown transcription factor, AOD (Activator Of DUO1), that requires the A1 region and 

might also act through the A2 region. Once DUO1 is activated, it can bind to its own promoter 

region and increase the expression of DUO1. In the vegetative cell, ARID1 might act to recruit 

HDA8 to remove any histone acetylation, preventing activation DUO1. This will likely be 

through the AT rich A2 region. It is possible that GRSF also acts in the vegetative cell of 

bicellular and tricellular pollen, preventing the activation of DUO1. However, there is no 

evidence that this occurs in A. thaliana and it is therefore excluded from the model. The 

activation of DUO1 enables the full differentiation of the germline and is required for pollen 

mitosis II to produce two sperm cells. In tricellular pollen, miR159 may act to fine tune the 

expression of DUO1 as DUO1 expression decreases in sperm cells. The transcription factors 

that activate DUO1 (AOD) may or may not continue to activate DUO1.  
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Figure 1-9 Model of DUO1 regulation. DUO1 is not activated in sporophytic tissues. Any leaky 

expression in sporophytic tissues is silenced by miR159. In bicellular pollen, DUO1 is activated 

in the germline by unknown transcription factors AOD (Activator of DUO1)  binding to A1 and 

possibly A2 regions. DUO1 binds to its own promoter region and increases the expression of 

DUO1 as represented by the larger arrow. ARID1 possibly facilitates the removal of histone 

acetylation in the vegetative cell through HDA8, although there is no evidence that the histones 

around DUO1 are acetylated during pollen development. In tricellular pollen, miR159 might act 

to reduce the expression of DUO1.  
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1.5 Aims of this thesis 

The Aims of this thesis are twofold: 

1) Identify cis-regulatory elements in the promoter region of DUO1.  

2) Identify the transcription factors that bind to the cis-regulatory elements in the promoter 

region of DUO1. 

The investigation into the cis-regulatory elements contained in the promoter region of DUO1 

can be used as a tool to identify the transcription factors that bind to such elements. Identifying 

the cis-elements will also serve to increase the understanding of how cis-elements can lead to 

cell specific expression of genes. Through the identification of the transcription factors that 

bind to these elements, a complete model of DUO1 regulation might be achieved. Furthermore, 

it will provide the bases of further study into the genetic mechanisms underlying the 

asymmetric division that defines male germline cell fate in flowering plants.  
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2 Bioinformatic investigations of the promoter region of DUO1 
Sections of this chapter have contributed to the following publications: 

Peters B., Casey J., Aidley J., Zohrab S., Borg M., Twell D., Brownfield L. (2017) A 

conserved cis-regulatory module determines germline fate through activation of the transcription 

factor DUO1 promoter. Plant Physiol 173: 280–293. 

Peters, B., Aidley, J., Cadzow, M., Twell, D., & Brownfield, L. (2017). Identification of cis-

regulatory modules that function in the male germline of flowering plants. In Plant Germline 

Development (pp. 275-293). Humana Press, New York, NY.  

2.1 Aim 

The aim of this chapter is to use bioinformatic tools to investigate the promoter region of DUO1 

for conserved cis-regulatory elements. 

2.2 Introduction 

It is hypothesised that DUO1 is transcriptionally activated by transcription factors binding to  

specific sequences in the promoter region of DUO1 (Aidley, 2012). Transcription factors 

recognise short 6 to 12 bp sequences. When these sequences act in close proximity to the gene 

they regulate, they are called cis-regulatory elements (CRE) (Spitz and Furlong, 2012). Due to 

the complex spatial and temporal regulation of genes and the small size of CREs, many genes 

are regulated by a combination of transcription factors that recognise different CREs. These 

CREs can be clustered into regions of the promoter forming a cis-regulatory module (CRM) 

(Gupta and Liu, 2005). The aim of this chapter is to identify conserved regions of the DUO1 

promoter that may be the cis-regulatory elements that work in combination to form the CRM 

which controls the tight temporal and spatial expression of DUO1. The identification of a 

transcription factor binding sites will be an important advancement towards identifying the 

transcription factors that bind and activate DUO1, ultimately specify the male germ line in 

flowering plants. 

The promoter region of DUO1 has been identified as 1253 bp upstream of the annotated 

translation initiation site in TAIR10; although recent work has shown that the translation start 

codon is 9 bp upstream of this annotation (Borg, 2010; Peters et al., 2017b), this work has used  

the updated numbering. Within this promoter region, a deletion series and a promoter fragment 

series identified two regions (A1 and A2) that act to activate DUO1 (Aidley, 2012). Each of 
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the A1 and A2 regions potentially contains CREs which, in combination, activate and enhance 

the specific expression of DUO1, possibly containing a male germline specific CRM. 

Experimental approaches to CRE discovery result in high confidence findings, although they 

are often low resolution or hugely time intensive. That is to say that they can quickly identify 

large functional regions, but require time intensive experiments to narrow down those regions 

to specific CREs and even more time to then build those CREs into CRMs. Bioinformatic 

approaches can very rapidly discover CREs, although they are much more likely to generate 

false positives. The application of known transcription factor binding site data can often be 

meaningless as in a single promoter there are potentially hundreds transcription factor binding 

sites, although most will not have a biological function. Testing all instances of these would 

also be very time intensive. Furthermore, novel transcription factor binding sites would go 

undiscovered. Therefore, an approach which as able to identify novel transcription factor 

binding sites and has a low chance of producing false positives is required. 

 Phylogenetic	footprinting	
Phylogenetic footprinting is the process of identifying transcription factor binding sites in non-

coding regions of DNA by utilising conservation of orthologous sequences (Tagle et al., 1988). 

Underlying phylogenetic footprinting is the hypothesis that functional transcription factor 

binding sites will evolve at a slower rate than the surrounding non-functional sequence, thus 

conserving a footprint across time (Blanchette and Tompa, 2003). This selective pressure is 

driven by orthologous transcription factors recognising the same CRE. The sequence on either 

side of a CRE is under lower selective pressure, and thus over time, there will be lower 

sequence conservation (Korkuc et al., 2014). Regions that are identified as conserved across 

an evolutionary timescale are likely to be the regulatory elements that control the expression 

of the gene.  

Phylogenetic footprinting was used to find large conserved regions upstream of AGAMOUS 

(Hong et al., 2003). These regions were refined to reveal shorter CREs when orthologs outside 

the Brassicaceae family were included. This iterative approach utilising species that are closely 

related initially followed by evolutionarily more distant species has also been successful for 

the identification of CREs controlling phosphate starvation stress response genes (Bustos et al., 

2010). Two regions (100 and 170 bp in length) were identified when sequences from the 

Brassicaceae family were used. The inclusion of orthologs from Solanum lycopersicum 

(tomato), Medicago truncatula, Zea mays (maize) and Populus trichocarpa (poplar) greatly 
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increased the resolution of the conserved regions to reveal six CREs (Bustos et al., 2010). 

Furthermore, this technique is able to identify CREs which control important developmental 

stages such as root hair patterning (Kim et al., 2006). This approach is like viewing the 

conservation through multiple evolutionary windows to find the distance at which enough time 

has passed for selection to occur but not so much time that the conservation is no longer 

identifiable. 

Phylogenetic footprinting requires reliable identification of orthologs from multiple species 

across a large evolutionary timescale. The recent publication of many angiosperm genomes 

greatly increases the power if this technique. Ortholog identification is primarily driven through 

amino acid sequence similarity (Wall et al., 2003). Distinguishing between orthologs and 

paralogs will not matter for phylogenetic footprinting as long as the gene is still fulfilling the 

same function and therefore activated by the same CREs. However, when a paralog is 

undergoing functional diversification, it can weaken the analysis as the selection pressure is 

lifted and sequence conservation may drop (Ober, 2005). Occasionally genes can have unique 

signatures which can be used for identification, such as DUO1, which contains a lysine at 

position 66 (Rotman et al., 2005). This lysine is not present in any other R2R3 MYB in A. 

thaliana and thus is able to be used as a unique signature to distinguish it from other members 

of the R2R3 MYB family (Rotman et al., 2005). Orthologs from Nicotiana tobacum (tobacco), 

tomato, M. truncatula, O. sativa (rice) and Lilium longiflorum (lily) that contain the 

supernumerary lysine that has been shown to be able to complement the A. thaliana protein 

(Casey, Brownfield and Twell unpublished; Sari, 2015). Accompanying transcriptomic data 

can greatly increase the reliability of correctly identifying orthologues as expression patterns 

should remain the same for proteins that are carrying out the same function (Hulsen et al., 

2006).  

Through the reliable identification of DUO1 orthologs, phylogenetic footprinting will be used 

in this chapter to reveal regions which are conserved across different evolutionary windows. 

These regions are likely to contain CREs which work in concert with each other to form a CRM 

that can control the specific temporal and spatial activation of DUO1.  
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2.3 Materials and Methods 

 BLAST	searches	
BLASTp search was conducted using the A. thaliana DUO1 amino acid sequence against 

proteomes available in Phytozome using default setting (Goodstein et al., 2012) or against 

NCBI reference databases (O’Leary et al., 2016). Up to 2kb upstream of the translation 

initiation site was downloaded in fasta format. Sequences are in Appendix Section 8.1 and 8.2 

 MEME	analysis	
Upstream sequences were uploaded into MEME (http://meme-suite.org/tools/meme) as a fasta 

file (Bailey et al., 2009). Default settings were used with the following changes. The number 

of motifs to find was set to 10. The motif occurrence was set to one per sequence. The size of 

the motif was set to 6 to 50 bp. Changes in these parameters are noted where they occur. The 

P values equal the probability that an equal or better site would be found in a random sequence 

of the same length conforming to the background letter frequencies. 

 Sequence	alignments	
Sequence alignments were done using 1000 iterations of the MUSCLE alignment (Edgar, 

2004) through the program Geneious (Kearse et al., 2012). 

 Phylogenetic	tree	generation	
The phylogenetic tree was generated in Adobe Illustrator adapted from the tree in Phytozome 

(Goodstein et al., 2012) with a branch rearrangement to place A. thaliana at the top of the tree. 

 Sequence	logo	generation	
Sequence logos were generated using the website http://weblogo.berkeley.edu/logo.cgi 

(Crooks et al., 2004) or directly taken from the MEME output (Bailey et al., 2009) or generated 

in geneious (Kearse et al., 2012). 

 SNP	analysis	
SNP analysis was conducted twice. The first time using Microsoft Excel. Then a web app was 

developed in collaboration with Murray Cadzow to automate the process. This web app is 

available at http://snpfreqplot.otago.ac.nz/SNPFreqPlot/, and has now been published (Peters 

et al., 2017a). 
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2.3.6.1 SNP	analysis	using	Microsoft	Excel	
VCF (variant call format) files for 1000 bp upstream of the DUO1 ATG from 1135 accessions 

were downloaded (Alonso-Blanco et al., 2016). This file can be opened in excel through the 

data importation function in excel, where the VCF file should be treated as a CSV (comma 

separated value) file. The resulting table is reduced to only contain genotype information by 

using the following command: 

= "#$%('())	'+,-./,/,0	0(,+-12(	/,3+45.-/+,, 1) 

This command is applied to all cells containing genotype information. This command results 

in a table containing the one leftmost character in each cell. This character will either be a 

single number representing the genotype with 0 representing the wt allele, any number above 

1 representing a SNP and a “.” Representing missing data. The cells are formatted to be 

numerical, using the cell format function. The data is further reduced to presence or absence of 

SNP by using the find and replace function to replace all digits above 1, to 1. The result will 

be a table containing only information as to the presence or absence of a SNP in each accession 

at each base. Each base can then be summed and divided by the number of accessions using 

the following formula: 

=
9:5(3/49-	.''(99/+,): ().9-	.''(99/+,)

1135
 

This formula is applied to all rows (base pair positions) and then plotted either against 

chromosomal coordinates or base pairs upstream from the translation start codon. 

2.3.6.2 SNP	analysis	using	SNPFreqPlot	web	app	
VCF (variant call format) files for 1000 bp upstream of the DUO1 ATG from 1135 accessions 

were downloaded (Alonso-Blanco et al., 2016). This file is used as input for the web app. All 

settings were left as default. 

 The	occurrence	of	motifs	in	the	A.	thaliana	genome	
The FIMO tool (Grant et al., 2011) was used to scan the genome of A. thaliana. The input 

motifs used are shown in Table 2-1. Significance threshold was set to 0.001. Results were 

opened in Microsoft Excel. The Chromosome number and chromosome coordinates were 

combined so that all the motifs could be sorted by chromosome location instead of motif match 

significance. This was done using the excel formula: 
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= (>())	'+,-./,/,0	'ℎ4+5+9+5(	,:5@(4)&": "&('())	'+,-./,/,0	'ℎ4+5+9+5(	'++4C/,.-() 

This was repeated for the start and stop position of each motif. The table was then sorted based 

on chromosome position from chromosome 1 through to chromosome 5. As the motifs are 

highly similar, any duplicates that were found were removed using excels remove duplicates 

function. Selecting the column which contains the motif location as no motifs should start or 

stop in the same place unless they are duplicates.  

The distance between the start of one first motif and the end of another motif that is six motifs 

apart was then calculated with the following formula: 

= DEF%(G(D-.4-	2+9/-/+,) − (#,C	2+9/-/+,	9/I	5+-/39	).-(4)J
K

) 

Multiple logic statements were then used to identify situations where all six motifs occurred in 

order. For all logic statements, the order of similar motifs was ignored.  

Logic statement 1: motifs ordered from motif 1 through to motif 6 within 500 bp: 

= L$(MNO(($M2 = 1), (RF($M3 = 2, $M3 = 3, $M3 = 4)), (RF($M4 = 2, $M4 = 3, $M4

= 4)), (RF($M5 = 2, $M5 = 3, $M5 = 4)), (RF($M6 = 5, $M6

= 6)), (RF($M7 = 5, $M7 = 6)), ($"2 < 500)),1,0) 

A2 through to A7 are the cells which contain the motif number. L2 is the cell which contains 

the distance between the start of the first motif and the end of the sixth motif. This formula will 

output a 1 if all criteria are met and a 0 if any piece of the criteria is not met.  

Logic statement 2: motifs ordered from motif 6 through to motif 1 within 500 bp: 

= L$(MNO(($M7 = 1), (RF($M6 = 2, $M6 = 3, $M6 = 4)), (RF($M5 = 2, $M5 = 3, $M5

= 4)), (RF($M4 = 2, $M4 = 3, $M4 = 4)), (RF($M3 = 5, $M3

= 6)), (RF($M2 = 5, $M2 = 6)), ($"2 < 500)),1,0) 

This is the same formula as above with the order of the motifs reversed. A2 through to A7 are 

the cells which contain the motif number. L2 is the cell which contains the distance between 

the start of the first motif and the end of the sixth motif. This formula will output a 1 if all 

criteria are met and a 0 if any piece of the criteria is not met 

To determine if they occurred in less than 100 bp instead of 500 the final part of the formula < 

500 was substituted for < 100.  
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The inclusion of strand specificity formulas is similar to the above logic statements with more 

criteria added 

For positive strand motifs only within 500 bp of each other ordered from motif 1 through to 

six: 

= L$(MNO(($M2 = 1), (RF($M3 = 2, $M3 = 3, $M3 = 4)), (RF($M4 = 2, $M4 = 3, $M4

= 4)), (RF($M5 = 2, $M5 = 3, $M5 = 4)), (RF($M6 = 5, $M6

= 6)), (RF($M7 = 5, $M7 = 6)), ($"2 < 500), $X2 = $Y$1, $X3

= $Y$1, $X4 = $Y$1, $X5 = $Y$1, $X6 = $Y$1, $X7 = $Y$1),1,0) 

G2 through to G7 are cells containing either a + or a – which denotes the strand on which the 

motif was found. The Z1 cell contains a + which is matched to each motif. For negative strand 

motifs, the reference cell was changed to one containing a (-). This was repeated for motif order 

six to one as well as for distances of 100 bp.  

The output of each formula was summed, and the total represents the number of times all of 

the criteria was met. 
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Table 2-1 List of sequences used in the FIMO search 

Motif 6  

AACYG 

Motif 5 

AACYG 

Motif 4 

GTGGG 

Motif 3 

GTGGA 

Motif 2 

GTGGG 

Motif 1 

GAGARAA 
ATAACCGCA 
TTAACCGCA 
ATAACCGCA 
ATAACCGCA 
ATAACCGCA 
ATAACCGCC 
ATAACTGCA 
ATAACCGTC 
GTAACCGCC 
GTAACCGTC 
GTAACCGTC 
GTAACCGCC 
ATAACCGCC 
TTAACCGCC 
GTAACCGCC 
TAAACCGCC 
GTAACTGCT 
ATAACTGCC 
ATAACTGCC 
ATAACCGTC 
GTAACTGCC 
GTAACCGCC 
GTAACCGCC 
GTAACCGTC 
GTAACCGCT 
TCAACTGNN 
ACAACCGCC 

CCAACCGCCA 
CCAACCGTCA 
CCAACCGTCA 
CCAACCGTCA 
CCAACCGTTA 
CCAACCGTCA 
CCAACCGTCA 
TTAACTGTCA 
TTAACCGTCA 
TTAACCGTCG 
TTAACCGTCG 
TTAACTGTCA 
TTAACCGCCA 
TTAACCGCCA 
TAAACCGTCA 
TTAACCGTCA 
ACAACCGCAA 
ATAACCGTAA 
ATAACCGTAA 
TCAACCGCCA 
TTAACCGCCA 
TTAACCGCCA 
TTAACCGTCA 
ACAACCGCCA 
TTAACCGTCA 
TAAACCGAAA 
TTAACTGTCA 

GAGTGGGGTA 
GGGTGGGGTA 
GAGTGGGGTA 
GAGTGGGGTA 
GAGTGGGGTA 
GAGTGGGTG- 
AAGTGGGGTA 
GGGTGGTTTN 
NNATGGGAAC 
ATGTGGGTGA 
ATGTGGGTGA 
ATGTGGGGGG 
ATGTGGGCAT 
ATGTGGGCAT 
ATGTGGGCTT 
ATGTGGGCAN 
NAGTGGAGGN 
NAGAGGGAGA 
NNGTGGGCAA 
NNGTGGGNNN 
NAGTGCGANN 
ATGTGGGCTC 
ATGTGGGGGN 
ATGTGGGTGA 
AACTGGGCTA 
TAGTGGGCAG 

AAGTGGAGGG 
AAGTGGAGGG 
AGGTGAGGGG 
AGGTGAGGGG 
AAGTGGAGGG 
AAGTGGAGGG 
NAGTGGAGGG 
NNGTGGGGCT 
TGGTGGAGCG 
TGGTGGAGCG 
TAGTGGGGGT 
TAGTGGGGAG 
TAGTGGGGAG 
TAGTGGATAG 
TAATGGCGGA 
ACGTGGGCAT 
ACGTGGACAA 
TAGTGGGANN 
NGGTGAGGGG 
ATGTGGGCTA 
TAGTGGGGGG 
TAGTGCATGC 
GAGTGGGGAG 
TAGTGGGNNN 
ACGTGGGATG 
TGGTGGGAAG 
TAGTGGCANN 

ATGTGGGTG 
ATGTGGGTG 
ATGTGGGGG 
ATGTGGGGG 
ATGTGGGTN 
ATGGGGGCN 
TAGTGGGGA 
TAGTGGCAN 
TTGTGGCGN 
TTGTGGCGN 
TGATGGAAN 
TTGTGGCAN 
AAGTGGGCN 
TAGTGGAAN 
TAGTGGGAA 
TAGTGGGGT 
TAGTGGGAA 
ACGAGGCAN 
AAGTGGGGA 
TAGTGGACG 
TCGTGGGTG 
AAGTGGGGG 
AAGTGGGGT 
TAGTGCTTN 

GCGAGAGAAACT 
GCGAGAGAAACT 
GAGAGAGAAACT 
GAGAGAGAAACT 
GAGAGAGAAACT 
TGGAGAGAAACT 
GCGAGAGAAACT 
TTGAGAGATAAA 
ATGAGAGAAAAA 
ATGCGAGAAAAA 
ATGCGAGAAAAA 
GGGAGAGAAAAC 
TAGAGAGAAAGT 
TGGAGAGAAAAC 
TAGAGAAAAATT 
CAGAGAAAAAAT 
ATGACAAACTNN 
GAGAGAGAAANN 
GAGAGAGAACNN 
TGAAGAGAACNN 
AACAGAGAAAAA 
CGGAGAAAAAAG 
GCGAGAGAAAAT 
TAGAGAAAAATG 
AACAGAGAGCAG 
TTGAGAGAAAAA 
GAAGGGGAAATN 
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2.4 Results 

The number of plant genomes available for analysis increased from when this project began, 

to the time of writing. Because of this, bioinformatics approaches were conducted on multiple 

occasions as more information became available and as follow up experimental work generated 

more data to be taken into consideration. This enables a higher resolution picture of the 

conservation contained in the DUO1 promoter to emerge. The following results are presented 

to show the progressions as more data became available. 

 Identifying	DUO1	orthologs	
Reliable identification of DUO1 orthologs are required for phylogenetic footprinting. 

Therefore multiple criteria should be applied in the identification of orthologs. The primary 

method for identification is through amino acid sequence similarity (Wall et al., 2003). A 

protein based BLAST search was used to generate a list of potential orthologs (Altschul et al., 

1990). BLAST searches were conducted using both Phytozome and NCBI reference genomes 

as Cicer arietinum was absent from Phytozome (Goodstein et al., 2012; O’Leary et al., 2016). 

Up to four sequences from each species with the lowest E values (expected values) were 

considered. Low E values signify a low chance that the match could occur by chance. These 

sequences were investigated for the presence of the supernumerary lysine in the R3 domain 

(Rotman et al., 2005). These potential orthologs are shown in Table 2-2.  

Where multiple orthologs were found in a single species, gene expression data can be used to 

discern the ortholog most likely to be fulfilling the function of AtDUO1. In order to investigate 

the expression of these genes, transcriptomic data for pollen development was used. There is 

pollen specific expression data for Glycine max and O. sativa (Haerizadeh et al., 2009; Russell 

et al., 2012; Anderson et al., 2013). The mature pollen transcriptome of G. max was analysed 

using microarray technology (Haerizadeh et al., 2009). Unfortunately, the orthologs identified 

through blast searches were not present in the array, and therefore it is not possible to verify 

which ortholog has pollen specific expression. Therefore, the four most similar genes were 

included. The Rice ortholog of AtDUO1 is mentioned in a microarray based transcriptomic 

study and validated through qRT-PCR (quantitative reverse transcription PCR) (Russell et al., 

2012). They claim to have found a rice ortholog of DUO1 that is expressed preferentially in 

sperm cells and is absent from other tissues. When trying to identify the locus or sequence used 

as the rice ortholog in these experiments, I discovered that it was not listed. Furthermore, after 

downloading the full transcriptomic data set, the potential ortholog I had identified through 
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sequence similarity was absent. As the reported DUO1 ortholog was validated through qRT-

PCR, the primer list was investigated to identify the gene locus or sequence. The primers list 

did not have the rice ortholog labelled, nor did it contain any of the potential orthologs 

identified through sequence similarity. Therefore, I have not used that data to identify the rice 

ortholog. There is an RNAseq transcriptome of mature rice pollen (Anderson et al., 2013). In 

this study, they make no mention of finding an ortholog to DUO1, however, upon examining 

the data, the putative ortholog that I discovered (listed in Table 2-2) was upregulated more than 

50 fold in sperm cells relative to vegetative cells. Therefore, that ortholog is used for further 

analysis.  

The O. sativa, S. lycopersicum and M. truncatula orthologs identified here, have been 

functionally tested in A. thaliana (Sari, 2015; Casey, unpublished). The functional testing 

utilised the A. thaliana promoter to generate expression of the ortholog to compliment duo1-1 

mutant. A second putative ortholog from tomato was included as the functional testing had not 

been conducted when this list was compiled, and it met all of the other criteria. 

Multiple orthologs were identified for eight species. This is likely due to large duplication 

events in recent evolutionary history, some as recent as 3.5 mya in G. max (Blanc, 2004). This 

process usually leads to functional diversification or loss of the duplicate genes, but can take a 

very long time, much longer than 3.5 million years (Adams and Wendel, 2005). Therefore, it 

is possible that in some species multiple orthologs might still be functioning. Functional testing 

of these orthologs is outside the scope of this project. Up to four copies for each species were 

included. 

This search resulted in the identification of 26 potential orthologs from 16 species, including 

eudicots and monocots (Table 2-2). More orthologs were identified through the protein based 

BLAST; however, many did not have associated genomic data that would be required for 

promoter region analysis.  
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Table 2-2 Putative DUO1 orthologs from angiosperms species. 

Species Ortholog 

name 

Gene Identifier E value1 Supernumerary 

Lysine2 

Compliments A. 

thaliana duo1 

mutant3 

A. thaliana (At) AtDUO1 AT3G60460 0 GCKFSADEER Yes 

A. lyrata (Al) AlDUO1 AL5G42720 0 GCKFSADEER N/A 

P. trichocarpa (Pt) PtDUO1-1 Potri.014G054700 1.3E-84 GCKFSAEEER N/A 

PtDUO1-2 Potri.002G140900 7.8E-70 GCKFSAEEER N/A 

Ricinus communis 

(Rc) 

RcDUO1 30174.t000181 7.8E-92 GCKFSVEEER N/A 

M. truncatula (Mt) MtDUO1 Medtr8g006470 6.3E-74 GCKFTIEEER Yes 

Cicer arietinum 

(Ca) 

CaDUO1-1 LOC101504554 2E-81 GCKFSVEEER N/A 

CaDUO1-2 LOC101493557 1E-61 GCKFSAEEES N/A 

CaDUO1-3 LOC101489309 1E-37 G-KFTDEEER N/A 

CaDUO1-4 LOC101494864 2E-37 G-KFTDEEER N/A 

G. max (Gm) GmDUO1-1 Glyma.07G110700 6E-81 GCKFSLEEER N/A 

GmDUO1-2 Glyma.03G115400 2E-72 GCKFSLEEER N/A 

GmDUO1-3 Glyma.09G001500 6.8E-60 GCKFTAEEER N/A 

GmDUO1-4 Glyma.03G250600 4E-34 G-KFSKEEED N/A 

CsDUO1-1 Cucsa.121070 4.3E-66 GCKFTAEEEK N/A 
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Cucumis sativus 

(Cs) 

CsDUO1-2 Cucsa.094180 5E-59 GCKFTADEER N/A 

Fragaria vesca (Fv) FvDUO1-1 gene12261-v1.0-hybrid 1.4E-68 GCKFSLEEER N/A 

FvDUO1-2 gene04800-v1.0-hybrid 3.2E-65 GCKFSLEEER N/A 

Vitis vinifera (Vv) VvDUO1 GSVIVG01018234001 3.1E-87 GCKFSSEEER N/A 

S. lycopersicum (Sl) SlDUO1-1 Solyc01g090530.1 2.8E-69 GVKFSAEEER Yes 

SlDUO1-2 Solyc10g019260.1 4.9E-66 GVKFSGEEER No 

Sorghum bicolor 

(Sb) 

SbDUO1-1 Sobic.006G169700 1E-58 GCKFSAEEER N/A 

SbDUO1-2 Sobic.007G204200 2.5E-53 GCKFSAEEER N/A 

Brachypodium 

distachyon (Bd) 

BdDUO1-1 Bradi3g40392 2.8E-58 GCKFSAEEER N/A 

BdDUO1-2 Bradi5g17600 1.9E-56 GCKFSAEEER N/A 

O. sativa (Os) OsDUO1 LOC_Os04g46384 6.8E-60 GCKFTAEEER Yes 
1E value from BLASTp against AtDUO1. 

2The region containing the supernumerary lysine that is highlighted in red (Rotman et al., 2005).  

3 DUO1 orthologs transformed into A. thaliana duo1-1 or duo1-4 knock out plants (Sari, 2015; Casey, unpublished). 

 



40 

 

 De-novo	motif	discovery	using	MEME	
The MEME software (http://meme-suite.org/index.html) was used to identify novel motifs that 

were present in the promoter regions of DUO1 orthologs (Bailey et al., 2009). These motifs are 

overrepresented sequences of a fixed length. In A. thaliana, the A1 and A2 regions are expected 

to contain these novel motifs as these regions were able to give cell specific expression. The 

location of the motifs cannot be assumed to be the same in the other species; therefore 2 kb 

upstream of the translation initiation site was used in this analysis for all species.  

This list of 26 sequences was uploaded to the MEME program which identified 10 motifs, five 

of which were significant (E value < .05). There are two measures of significance used here; 

the first is a measure of the motifs significance (E value), the second is a measure of 

significance for each sequence within the motif (P value). “The E value of a motif is based on 

its log likelihood ratio, width, sites, the background letter frequencies (given in the command 

line summary), and the size of the training set. The E-value is an estimate of the expected 

number of motifs with the given log-likelihood ratio (or higher), and with the same width and 

site count, that one would find in a similarly sized set of random sequences (sequences where 

each position is independent and letters are chosen according to the background letter 

frequencies)” (Bailey et al., 2009). Whereas the P value is defined as “The probability that an 

equal or better site would be found in a random sequence of the same length conforming to the 

background letter frequencies” (Bailey et al., 2009). The background letter frequencies are 

based on the inputted sequences. Three of the five motifs that were found were highly 

significant (E value < 1.0e-20). The sequences contributing to those three motifs were all highly 

significant with P values ranging from 2.21e-17 to 1.97e-5. The P values ranging in 12 orders 

of magnitude show that although all the sequences are significant, some sequences conform to 

the motif much more than others.  Two of the most significant motifs were located within the 

A1 region (-61 to -198), that is the region able to activate DUO1 in A. thaliana. The first motif 

(M1) was located at -82 to -127 (Figure 2-1), and the second motif (M2) is located at -132 to -

153 (Figure 2-2). The third highly significant motif was found in the 5’ UTR of A. thaliana, a 

region which does not drive the expression of DUO1 (Figure 2-3). The motif is very similar to 

a Y patch which is part of the core promoter specific to plants (Yamamoto et al., 2007). 

Furthermore, this motif was not in a region that is necessary for the expression of DUO1, so it 

will not be further analysed. No motifs were found in the A2 region (-304 to -455).  
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Within M1 it is possible to discern two MYB binding site consensus sequences (AACYG) 

(Borg et al., 2011). The MEME algorithm is unable to introduce variable gaps as it uses a 

position specific scoring matrix. Extracting this motif and carrying out a MUSCLE alignment 

to introduce gaps, highlights the high conservation of the two AACYG binding sites (Figure 

2-4). Interestingly the A. thaliana and A. lyrata sequences seem to be missing one of the 

AACYG sequences in the alignment. Upon closer inspection, a second AACYG sequence can 

be found at the very 5´ end of the alignment. Not all the sequences contained the repeated 

AACYG. S. bicolor and B. distachyon did not have the AACYG sequences, O. sativa only 

contained one AACYG. Two of the C. arietinum and one of the G. max sequences were lacking 

the AACYG. The second motif does not seem to contain the same structure as M1 where there 

is broad conservation with a shorter more conserved peak; however, it does seem to be very 

GA rich. An alignment of this motif does not change the alignment made by MEME (data not 

shown).  
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E value = 1.3e-031

Figure 2-1. Motif 1 (M1) derived from 26 sequences of both monocots and Eudicots. A A sequence logo 

output from MEME. Information score in bits on the Y axis and base position on the x axis. The height of 

the letter corresponds to the overrepresentation of that base at that position. B The individual sequences 

(from Table 2-2) that contribute to the motif from each ortholog, ordered phylogenetically (Goodstein et al., 

2012). Each sequence in the motif is highly significant. P values < .00001. 



43 

 

  

Figure 2-2. Motif 2 (M2) derived from 26 sequences of both monocots and 

eudicots. A A sequence logo output from MEME. Information score in bits 

on the Y axis and base position on the x axis. The height of the letter 

corresponds to the overrepresentation of that base at that position. B The 

individual sequences (from Table 2-2) that contribute to the motif from each 

ortholog, ordered phylogenetically. Each sequence in the motif is highly 

significant P values < .00001. 
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Figure 2-3. Y patch like motif located in the 5´ UTR of AtDUO1. This figure shows a sequence 

logo output from MEME. Information score in bits on the Y axis and base position on the x axis. 

The height of the letter corresponds to the overrepresentation of that base at that position. This 

motif is similar to the Y patch motif. Each sequence that contributed to the motif is significantly 

similar to the motif (P values < .00001). 

 

E value = 4.4e-026 
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Figure 2-4. MUSCLE alignment of M1. Alignment and introduction of gaps reveals two highly conserved AACYG MYb consensus 

sequences. The consensus sequence is displayed along the top, under that is the sequence logo showing the conservation at each position. 

The coloured bars are a measure of sequence similarity, red bars have low sequence similarity while greener bars have higher sequence 

similarity. This is also represented by the height of the bar. The individual sequences are also highlighted for similarity with darker grey 

sequences showing higher similarity.  
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 Location	of	M1	and	M2	relative	to	the	translation	initiation	site	
The location of M1 and M2 shows a bias towards the translation initiation site (Figure 2-5). 

The translation initiation site is used instead of the transcription start site as the size of the 5′ 

UTR in many of the species is not known. M1 and M2 are often found together with M1 being 

the closest to the translation initiation site and M2 following closely behind. This pattern is 

conserved more in the eudicot species than in monocots and more in species that only had one 

ortholog identified. M1 is found within the first 500bp in all sequences except four. Those four 

exceptions are sequences from G. max and S. bicolor. G. max has one sequence which does 

closely follow the pattern observed in other species and therefore is more likely to be 

functioning. The S. bicolor sequences do not have the same similarity as the motifs are more 

than 800 bp apart. These sequences also lack the AACYG sequences found in most other 

species. It is possible that the correct ortholog has not been found for S. bicolor. 
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Figure 2-5. location of M1 (green) and M2 (blue) for each potential ortholog. The location of 

each motif is shown relative to the translation initiation site. Sequences are ordered 

phylogenetically with A. thaliana DUO1 placed at the top. 
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 Bioinformatic	investigation	of	transcription	factor	binding	to	motifs	
The identification of these motifs raises two questions. Firstly, are these motifs functional and 

secondly, if so, what transcription factors bind to these motifs. To answer the first question, the 

two sequences of the motifs in A. thaliana was investigated through fluorescent promoter 

reporter constructs in Section 3.4.5. To investigate what is binding to these motifs we can 

compare the motif to a database of known transcription factor binding motifs. Two such 

datasets have been generated and implemented into a motif comparison tool, TOMTOM (Gupta 

et al., 2007; Franco-Zorrilla et al., 2014; O’Malley et al., 2016). 

The Franco-zorrilla et al., (2014) dataset contains information on 63 plant transcription factors 

DNA binding sites from 26 different families. This dataset yielded no significant matches to 

either M1 or M2. The O’Malley et al., (2016) dataset is much more expansive containing 

binding information for 529 A. thaliana transcription factors. The most significant match for 

M1 was to MYB77 over the hypothesised DUO1 binding site (AACYG). M2 matched to PBC5 

(BASIC PENTACYSTEINE 5), which recognises GA rich repeats (Kooiker, 2005). These 

matched motifs show that there is significant similarity; however, it is clear that there is more 

conservation (particularly in M1) that is not present in the matched motifs. As more genomes 

became available, it was possible to add more orthologs to generate a higher resolution picture 

of the conservation that has already been identified in M1 and M2. Furthermore, the current 

ortholog list can be refined to remove those sequences which showed the lowest sequence 

similarity.  
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Figure 2-6. Motifs with the highest similarity to M1 and M2 through TOMTOM motif 

comparison. A The most significant match to M1 (below) was MYB77 (above). The motif 

overlap occurs over the 5′ most MYB binding consensus. B The most significant match to 

M2 (Below) was BPC5 (above).  



50 

 

 

 Expansion	and	refinement	of	DUO1	orthologs	
Additional orthologous sequences were included to improve the power of phylogenetic 

footprinting on the promoter region of DUO1. The previous analysis showed that where 

multiple orthologs were present, conservation decreased (Figure 2-4 and Figure 2-5). Therefore 

this analysis will use a single ortholog for each species. Furthermore, the evolutionary window 

of this search will be narrowed to only include eudicot species as these showed the greatest 

conservation (Figure 2-5). The same selection criteria were applied as before, where the 

sequences with the highest similarity to AtDUO1 that also contain the supernumerary lysine 

were chosen. A further piece of selection criteria can be applied where the presence of the 

double AACYG sequence can be searched for as this sequence was present in at least one 

ortholog from each eudicot species. A total of 30 sequences were identified and are listed in 

Table 2-3. All orthologs contained the supernumerary lysine and had a very high level of 

similarity to the A. thaliana DUO1, as shown in the alignment of the R3 domain in Figure 2-7.  

Table 2-3 An Expanded list of potential AtDUO1 orthologs in phylogenetic order. 

Species Ortholog 

name 

Gene Identifier E value match 

to AtDUO11 

A. thaliana (At) AtDUO1 AT3G60460 0.0 

A. lyrata (Al) AlDUO1 AL5G42720 0.0 

Capsella rubella (Cr) CrDUO1 Carubv10019483m.g 2E-171 

Capsella grandiflora (Cg) CgDUO1 Cagra.3527s0008 5.6E-170 

Boechera stricta (Bs) BsDUO1 Bostr.13158s0042 6.4E-172 

Brassica rapa (Br) BrDUO1 Brara.I04172 4.5E-129 

Eutrema salsugineum (Es) EsDUO1 Thhalv10006475m.g 3.5E-161 

Carica papaya (Cp) CpDUO1 evm.TU.superconSg_37.96 s 1.7E-73 

Theobroma cacao (Tc) TcDUO1 Thecc1EG005653 8E-85 

Gossypium raimondii (Gr) GrDUO1 Gorai.004G165400 6.1E-79 

Citrus sinensis (Cs) CsDUO1 orange1.1g038795m.g 3.7E-94 

Citrus clementina (Cc) CcDUO1 Ciclev10021345m.g 5.7E-72 

Linum usitatissimum (Lu) LuDUO1 Lus10009780.g 1.1E-64 

P. trichocarpa (Pt) PtDUO1-1 Potri.014G054700 5.4E-84 
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Salix purpurea (Sp) SpDUO1 SapurV1A.0033s0200 6.2E-86 

Manihot esculenta (Me) MeDUO1 Manes.05G052300 5E-89 

R. communis (Rc) RcDUO1 30174.t000181 3.2E-91 

M. truncatula (Mt) MtDUO1 Medtr8g006470 2.6E-73 

Phaseolus vulgaris (Pv) PvDUO1 Phvul.010G053200 1.7E-77 

G. Max (Gm) GmDUO1-1 Glyma.07G110700 2.5E-80 

C. sativus (Cs) CsDUO1-1 Cucsa.121070 1.8E-65 

Prunus persica (Pp) PpDUO1 Prupe.2G124100 2E-66 

Malus domestica (Md) MdDUO1 MDP0000237596 4.6E-85 

F. vesca (Fv) FvDUO1 gene12261-v1.0-hybrid 5.9E-68 

Eucalyptus grandis (Eg) EgDUO1 Eucgr.E01581 6.2E-64 

V. vinifera (Vv) VvDUO1 GSVIVG01018234001 1.3E-86 

Kalanchoe laxiflora (Kl) KlDUO1 Kalax.0473s0007 8.8E-66 

S. lycopersicum (Sl) SlDUO1 Solyc01g090530.1 1.2E-68 

Mimulus guttatus (Mg) MgDUO1 Migut.N01757 4.2E-59 

Aquilegia coerulea (Ac) AcDUO1 Aquca_002_00029 3.7E-65 
1E value taken from BLASTp search similarity to AtDUO1.  
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Figure 2-7. Alignment of the R3 domain of DUO1 orthologs from eudicot species. 

Supernumary lysine is indicated by the red arrow. Darker shading indicates high amino acid 

similarity with the sequence consensus at the top. The sequences are ordered phylogenetically 

with A. thaliana at the top. 
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 	De-novo	identification	of	motifs	present	in	eudicot	species	
The MEME analysis was repeated using the expanded list of orthologs. The first kilobase of 

upstream sequence was used instead of the previous two kilobases as we had already identified 

that most of the motifs were heavily enriched towards the translation initiation site. As M1 and 

M2 were often found close together sometimes with less than 10 bp separating them, it is 

possible that the motif was split due to algorithm limits, not because of a lack of conservation 

in-between the two motifs. Therefore, the upper size limit of the motif was increased from 50 

bp to 100 bp. This search discovered a motif (M3) that covered the location of both M1 and 

M2 in A. thaliana (Figure 2-8). M3 had an E value of 7.7e-146 which is highly significant and 

means that there is a very low chance that such a sequence would be found by chance. 

Increasing the number of sequences from 11 eudicot species to 34 and finding the same region 

shows the high conservation across species that is in this region. In all the species except three, 

M3 was found within the first 300bp (Figure 2-9). 

 SNP	analysis	to	look	for	conservation	within	A.	thaliana	
Phylogenetic footprinting can be carried out using a range of different evolutionary windows. 

I have shown that there is conservation across flowering plants and that conservation increases 

when the window is narrowed from monocots and eudicots to only eudicots. Here the 

evolutionary window was narrowed further so that only different accessions of A. thaliana are 

included. The 1001 genomes project has made available 1135 A. thaliana genomes for 

comparison at the single nucleotide level. Where previous analyses identified the regions that 

had remained the same against a highly variable background, this analysis aimed to identify 

the individual bases (single nucleotide polymorphisms or SNPs) that have changed against a 

highly conserved background. If the SNPs occur commonly within the motifs already identified 

it would indicate which bases are able to be varied without a negative impact on the function. 

This analysis was carried out by mapping all the SNPs that are in the first 1000 bp of the 

AtDUO1 promoter region. The proportion of accessions which contained the SNPs was also 

calculated and plotted in Figure 2-10. Through this analysis, two regions were found that were 

largely devoid of SNPs. The region (-69 to -167) contained just two SNPs which were found 

only in a single accession. This region overlaps the M3 region (-83 to -153) showing the 

extraordinary conservation (Figure 2-10). The second major region devoid of SNPs from -273 

to -426 contain just three SNPs each occurring in a single accession. This region overlaps with 

but does not entirely fill the A2 region previously found to enhance and activate the expression 

of AtDUO1 ( -304 to -455 bp).  
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Figure 2-8. Sequence logo output from MEME showing motif 3 (M3) found in the promoter region of 34 DUO1 orthologs. Information score in bits is 

on the Y axis and base position on the x axis. This motif is highly significant with an E value of 7.7e-146.  
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Figure 2-9. Location of M3. M3 is represented as a green box, location is relative to the translational start codon. 

Sequences are ordered phylogenetically with a tree adapted from phytozome (Goodstein et al., 2012) on the Y axis. 

The specific base pair location of M3 for A. thaliana is shown at the top. 
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Figure 2-10. SNP frequency 1000 bp upstream of AtDUO1. SNPs from 1135 A. thaliana 

accessions are plotted by their proportional frequency. The most common SNP had a 

frequency of 0.6 which is equivalent to 60% of the accessions carrying this polymorphism. 

The green bar is the location of M3 and overlaps with an area of low SNPs. The plot was 

generated in in the web application SNPFreqPLOT (Peters et al., 2017a). 
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 Refinement	of	M3	into	individual	CREs	that	make	up	a	CRM	
The 70bp M3 discovered in eudicots is unlikely to be bound by a single transcription factor. 

Usually, transcription factors bind CREs that are 6 to 12 bp long (Spitz and Furlong, 2012). An 

alignment was carried out on the larger motif to introduce gaps to find shorter regions of higher 

conservation within M3 (Figure 2-11). This alignment produces six areas of higher 

conservation with variable spacing between each of them; these have been highlighted in red 

boxes. Of those regions the MYB consensus sequence AACYG is present twice (boxes 5 and 

6), although one is more degenerate (WAMYG). Boxes 2 and 3 centres on a GTGG motif with 

some conservation either side. Box 4 and 1 have much lower conservation than the other boxes.  

The MUSCLE alignment further enhanced the visibility of the conservation present in this 

region. However it does so without any context of what a transcription factor would recognise. 

Furthermore, it was limited to the 70bp that were present in M3. Therefore the alignment can 

be further improved by manually aligning around the six conserved boxes and disregarding the 

flanking sequence, as the flanking sequence is not directly bound by the transcription factor. 

Once the six CREs become clear searching further up and downstream to find more distant 

occurrences of the CREs within a few of the species is also possible. This manual alignment 

(Figure 2-12) shows six highly conserved putative CREs. The degenerate MYB sequence that 

was in Figure 2-11 box 5, now shows higher similarity to the more conserved sequence in 

Figure 2-11 box 6. This is largely due to the re-alignment of the Brassicaceae family which 

was miss-aligned in the MUSCLE alignment. Box 2 and 3 remain largely unchanged in the 

manual alignment which still centres on a GTGG motif, however, box 4 better aligns to be a 

third repeat of the GTGG motif. Box one now aligns to be a more precise GAGARAAA motif, 

although for some species (K. laxiflora and A. coerulea) the GAGARAA motif and one GTGG 

motif was found in sequence further upstream than the original 70 bp M3. These six putative 

CREs could work in concert with each, forming a cis-regulatory module (CRM) that is able to 

activate DUO1 specifically in the developing male germ line. 

 The	occurrence	of	CREs	in	the	genome	of	A.	thaliana	
Short CREs are likely to occur tens of thousands of times throughout a genome. Therefore 

deriving specificity from short elements can be achieved through specific arrangement and 

proximity of cis elements (Spitz and Furlong, 2012). To identify how specific the arrangement 

of the six cis-elements in the CRM, the whole genome of A. thaliana was scanned and each 

significant match was found using the FIMO algorithm (Grant et al., 2011). The FIMO 
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algorithm takes the motif input as a position specific scoring matrix and then calculated a log-

likelihood ratio score for each base in the A. thaliana genome. Using a P value of 0.001, the 

six short CREs occur 290,252 times in the A. thaliana genome. However, the occurrence of the 

specific order, spacing and directionality of the motifs is unique (Table 2-4). The two AACYG 

motifs and the three GTGG motifs were considered interchangeable for the purposes of this 

analysis as they are so similar that they could not be easily distinguished using FIMO. 

Calculating the distance between the first occurrence and the last, excluding strand specificity 

and directionality there are 14 occurrences where all six motifs are found in order within 500 

bp of each other. This reduces to a single occurrence where they are found within 100 bp of 

each other. That one occurrence is in the promoter of DUO1. If strand specificity and 

directionality are included then the six motifs are found in order only once within a 500 bp 

window, again in the promoter region of DUO1. This would give the necessary specificity for 

a gene like DUO1 which needs very tight temporal and spatial control over its activation. 
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Figure 2-11. MUSCLE alignment of M3. The 70 bp motif was aligned using the MUSCLE alignment tool in geneious to introduce gaps into the 

motif. Six areas of higher conservation have been outlined in red boxes and labelled 1 through to 6. The consensus sequence is displayed along the 

top, under that is the sequence logo showing the conservation at each position. The coloured bars are a measure of sequence similarity, red bars have 

low sequence similarity while greener bars have higher sequence similarity. This is also represented by the height of the bar. The individual sequences 

are also highlighted for similarity with darker grey sequences showing higher similarity.  
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Figure 2-12. A manual alignment of cis-elements. GAGARAA in red, GTGG in green and AACYG in blue. Sequence LOGOs sit on top showing 

the high level of conservation derived from the sequences below. Furthermore, numbers between the elements represent the number of bases that 

are between each motif. Collectively these six CREs form a putative CRM. 
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Table 2-4 Number of occurrences of all six motifs in the genome of A. thaliana  

Window size All motifs occur on either strand, in 

either direction  

All motifs occur on the same strand 

and in the same direction 

500 bp 14 1 

100 bp 1 1 

 

 Analysis	of	CREs	present	in	the	DUO1	promoter	of	monocot	orthologs	
The narrowing of the evolutionary window to eudicots enabled a higher resolution image of 

the conservation to emerge, leading to the identification of a putative CRM consisting of six 

CREs. The organisation of a CRM such as the order or spacing of individual CREs may change 

over evolutionary time. Therefore, the DUO1 promoter of monocots and basal land plants were 

analysed to look for the identified CREs.  

Orthologs for basal land plants and monocot species were identified through BLASTp searches 

using AtDUO1 and checked to contain the supernumerary lysine. The putative orthologs are 

shown in Table 2-5. One kilobase of sequence upstream of the translation initiation start site 

was downloaded and used as putative promoter regions for this analysis. The CREs were 

identified within the putative promoter regions by searching for the consensus sequences of 

each CRE (Figure 2-13). The GAGARAA CRE was found in only four of the species, including 

the three most basal land plants. AACYG CREs were present in most species with exceptions 

in MpDUO1 and PvDUO1. The GTGG CREs were present in all species, often in adjacent 

repeats. The arrangement of the CREs is quite different in the monocots and basal land plants 

when compared to the CRM previously identified. However, two repeating patterns were 

observed, although not in all species. The first pattern consists of two to four GTGG CREs in 

the same orientation followed by an AACYG CRE. This arrangement or architecture is very 

similar to the CRM previously identified. In some cases, it is only missing the GAGARAA 

CRE and a second AACYG CRE (Figure 2-13 Architecture 1). Within that pattern, two 

sequences were included without any AACYG CREs (PhDUO1 and PvDUO1) due to the 

similarity with SiDUO1 and SvDUO1. The second CRE architecture consists of a GTGG CRE 

and a reversed AACYG CRE. This architecture was identified if five of the sequences. 
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Interestingly no orthologs contained both CRE architectures. The two most basal land plants 

did not have any readily identifiable CRE pattern. 

Table 2-5 Putative DUO1 orthologs in monocots and basal land plants 

Species Ortholog 

name 

 Gene identifier E value1 Conserved 

lysine2 

Setaria italica (Si) SiDUO1 Seita.7G188300.1 8.1E-62 GCKFSA 

Setaria viridis (Sv) SvDUO1 Sevir.7G200800.1  8.1E-62 GCKFSA 

 
Panicum hallii (Ph) 

PhDUO1  
Pahal.F00780.1 
 

8.9E-60 GCKFSA 

Panicum virgatum (Pv) PVDUO1 Pavir.Fa00479.1 7E-60 GCKFSA 

Z. mays (Zm) ZmDUO1 GRMZM2G105137_T01 8.9E-60 GCKFSA 

S. bicolor (Sb) SbDUO1 Sobic.007G204200.1 3.6E-53 GCKFSA 

B. distachyon (Bd) BdDUO1 Bradi3g40392.1 3.6E-58 GCKFSA 

Brachypodium stacei (Bs) BsDUO1 Brast09G163900.1 8.7E-34 GCKFSA 

O. sativa (Os) OsDUO1 LOC_Os04g46384.1 6.8E-60 GCKFTA 

Physcomitrella patens 

(Pp) 

PpDUO1 Pp3c8_16720V3.1 9.9E-50 GCKFSP 

Sphagnum fallax (Sf) SfDUO1 Sphfalx0034s0012.1 2.8E-51 GCKFSS 

Marchantia polymorpha 
(Mp) 

MpDUO1 Mapoly0019s0071.2 2.5E-52 GCKFSP 

1E value derived from the BLASTp against AtDUO1. 

2Region containing the supernumerary lysine, highlighted in red (Rotman et al., 2005). 
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Figure 2-13. Positions of CREs in monocots and basal plants. The six CREs were identified in monocots, and basal land plants DUO1 orthologs 

through ambiguous base search terms (GAGARAA, GWGTGGG, WVGTGGR, WWGTGGV, YAACYGY). The location is displayed as triangles 

at a distance relative to the translation initiation start site. Similar CRE distribution patterns were identified and boxes have been drawn around 

them. 
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2.5 Discussion 

AtDUO1 is expressed in a very specific temporal and spatial pattern. The activation of AtDUO1 

is hypothesised to be through transcriptional activation (Aidley, 2012). Through phylogenetic 

footprinting analysis, promising results were obtained. The different evolutionary windows 

through which the analysis was conducted enabled the conservation to be refined from broad 

regions to six CREs that collectively make a putative CRM. The ability to discern conserved 

regions from a background of random mutations was highly dependent on selecting the optimal 

evolutionary window. When not enough time has passed the sequences are too similar to be 

able to identify CREs. This was shown by the SNP analysis within A. thaliana where ~70 bp 

regions were identified with very little variation. However, if the sequences are too divergent, 

it can be difficult to find any conservation at all, especially when there are very few sequences 

to work with as was shown in basal land plants. The iterative approach taken in this work 

utilised multiple different evolutionary windows built up a clear picture of conservation with 

the promoter region of DUO1 within eudicots. Similar approaches have been taken by other 

researches to elucidate the conservation by shifting the evolutionary window (Hung and 

Kemphues, 1999; Bustos et al., 2010).  

The CRM was found consistently within the first few hundred bp of the start codon in eudicots. 

This is consistent with literature which asserts that cis-regulatory regions are often found within 

the first 500 bp of the transcription start site (Korkuc et al., 2014). All of the distances used in 

this work used the translation initiation site as the transcription start site was of not available 

for the non-model species.  The location of M3 in monocots was generally found further out 

from the translation initiation site than in monocots except for three species. This could be due 

to different 5′ UTR lengths. In A. thaliana, the average 5′ UTR is 159 bp compared to the 

average rice 5′ UTR which is 243 bp. Although rice was one of the three species that contained 

the M3 sequence within the first 200 bp it could show that monocots generally have a larger 5′ 

UTR. B. distachyon 5′ UTRs do frequently have extensions or additions that would support 

longer 5′ UTRs (Mochida et al., 2013). The architecture of the CREs found in the monocots 

was very different compared to the nearly uniform distribution of the CREs in eudicots. As the 

GTGG and AACYG CREs were found in monocots, it is possible that homologous 

transcription factors are interacting with these putative binding sites. Further investigation is 

needed to understand how significant the absence of the GAGARAA CRE from monocots is. 
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The identification of DUO1 orthologs in basal land plants like M. polymorpha that do not 

produce pollen but do produce sperm is particularly interesting. It is not currently known if the 

homologs in the basal land plants function in activating sperm cell specific genes as AtDUO1 

does. However, the activation of the homologs might could be very different as the ortholog 

might be fulfilling a different function. This would likely be why the CRM was absent in the 

promoter regions of these homologs. With only three genomes and no functional data for 

DUO1 in these species, identification of the CREs that might be involved in the expression of 

DUO1 pose a significant challenge. An investigation into discovering the function of DUO1 in 

these species and the transcriptional activation is outside the scope of this thesis.  
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3 Fluorescent analysis of conserved regions in the promoter of DUO1 

Work in this chapter has been published in the following publications:  

Peters B., Casey J., Aidley J., Zohrab S., Borg M., Twell D., Brownfield L. (2017) A 

conserved cis-regulatory module determines germline fate through activation of the transcription 

factor DUO1 promoter. Plant Physiol 173: 280–293. 

Peters, B., Aidley, J., Cadzow, M., Twell, D., & Brownfield, L. (2017). Identification of cis-

regulatory modules that function in the male germline of flowering plants. In Plant Germline 

Development (pp. 275-293). Humana Press, New York, NY.  

3.1 Aim 

The aim of this chapter is to functionally validate the cis-regulatory elements that were 

identified in Chapter 2. 

3.2 Introduction 

The previous chapter used bioinformatic approaches and identified a cis-regulatory module 

(CRM) that may be required for the very specific temporal and spatial expression of DUO1. 

The aim of this work is to identify transcription factors that activate DUO1. Therefore, the 

regions identified through bioinformatic approaches need to be functionally tested to determine 

which regions/elements can activate DUO1. Experimental design to measuring gene 

expression within pollen comes with significant challenges. Two approaches are commonly 

used to measure gene expression. qRTPCR is one approach that would generate accurate data 

across a large range of expression. However, it would not be able to differentiate between 

vegetative cell expression and germline expression in pollen. Furthermore, extracting RNA 

from pollen grains is technically challenging as the pollen wall is particularly difficult to lyse. 

Fluorescent reporters have an advantage as no lysis is required, and they can give accurate 

information on the cell specificity of expression although there is a lower detection range. By 

dissecting open developing anthers, different developmental stages can also be examined to 

test the temporal activation. Therefore, fluorescent reporters will be used in this chapter to 

functionally test the results of Chapter 2. 
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3.3 Methods 

 Media	and	buffers	
Luria-Bertani (LB) 

1% peptide from casein, 0.5% yeast extract, 1% NaCl, 1.5% bacto-agar (for solid media). 

 

Media was made with distilled water and sterilised by autoclaving at 121°C, 15 psi for 20 

minutes. Media was cooled to 55°C in a water bath before addition of applicable antibiotics 

then poured into petri dishes in a laminar flow hood.  

TE buffer 

10 mM Tris-HCl (pH 8), 1 mM EDTA, solution was made up with ultrapure water. 

Edwards’s Buffer 

0.2 M Tris (pH 7.5), 0.25 M NaCl, 25 mM EDTA, 0.5% SDS. 

TAE buffer 

TAE buffer was prepared as a 50X stock  

2 M Tris, 1 M Acetate, 50 mM EDTA prepared with ultrapure water 

Antibiotics  

Table 3-1 Concentrations of antibiotics used 

Antibiotic  Stock Concentration  Working Concentration 

Ampicillin  50 mg⋅mL-1  50 µg⋅mL-1 

Gentamycin  25 mg⋅mL-1 25 µg⋅mL-1 

Kanamycin  50 mg⋅mL-1 50 µg⋅mL-1 

Rifampicin  50 mg⋅mL-1 50 µg⋅mL-1 (in DMSO)  

Spectinomycin  50 mg⋅mL-1 50 µg⋅mL-1 

Glufosinate (BASTA) 120 mg⋅mL-1 120 µg⋅mL-1 

All antibiotics were made in water unless indicated and filter sterilised.  
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DAPI solution 

8 µl of DAPI (Sigma) stock solution (0.5 mg/ml in distilled water) was added to 10 ml of buffer 

(0.1 M sodium phosphate, pH 7, 1 mM EDTA, 0.1% Triton X-100). 

 DNA	isolation	from	A.	thaliana	for	promoter	fragments	
Isolation was carried out using the Edwards protocol (Edwards et al., 1991). Briefly, half an A. 

thaliana col accession leaf was frozen in liquid nitrogen and macerated for 10 seconds using acid 

washed glass beads (Sigma) in a Geno/Grinder 2010 before 500 µl of Edwards’s buffer was added 

and vortexed. The solution was centrifuged for 5 min at 12000 xg, and the supernatant transferred 

to a new tube with 400 µl of isopropanol and centrifuged again for 5 minutes. The pellet was washed 

with 70% ethanol, then dried and dissolved in 100 µl of TE buffer. 

 PCR		

3.3.3.1 Amplification	of	promoter	fragments	
Promoter fragments were amplified with the high-fidelity polymerase Phusion® as per the 

manufacture’s protocols. Briefly, 50 µl reactions were used with 2 µl gDNA from Col wild 

type from Section 3.3.2 as the template. Primers used are in Appendix Table 8-1. 

Each Phusion PCR reaction had the following added; 10 µl of 5x High Fidelity buffer, 1 µl of 10 

mM dNTPs, 2 µl of 5 mM MgCl2, 1.5 µl of 10 mM of each primer, 2 µl of DNA template, 0.6 µl 

of Phusion DNA polymerase (New England Biolabs), made to a total volume of 50 µl with ultrapure 

water. Cycling parameters are shown in Table 3-2. 

3.3.3.2 Colony	PCR	using	platinum	Taq	
Each Platinum Taq® PCR reaction had the following added; 2 µL of 10x PCR buffer, 0.4 µl of 10 

mM dNTPs and 0.4 µl of 10 mM for each primer, 0.6 µl of 50 mM MgCl2, 0.08 µl of Platinum Taq 

DNA polymerase (Life technology), made to a total volume of 20 µl with MilliQ water. A sterile 

pipette was used to prick a colony and tap it into the mix. Cycling parameters are shown in Table 

3-2. 

3.3.3.3 Overlap	extension	PCR	
PCR products with compatible overlapping ends were amplified through a standard Phusion 

protocol (3.3.3.1) with the first five rounds having a lower annealing temperature of 50 °C. 

This enabled the joining of two separate PCR products. 
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Table 3-2 Cycling parameters of PCR reactions 

Polymerase Initial enzyme 

activation and 

denaturation 

Double strand 

denaturation 

Primer 

anneal 

Extension Total 

cycles 

Phusion 94 °C, 2 min 94 °C, 30 seconds 55 °C, 

30 

seconds 

68 °C, 30 

seconds per 

KB 

30 

Platinum 

Taq Colony 

screen  

 

94 °C, 10 min 94 °C, 30 seconds 55 °C, 

30 

seconds 

72 °C, 30 

seconds per 

KB 

30 

 

 Agarose	gel	
Agarose gels were made using TAE buffer and Agarose powder (Agarose LE from Axygen) to 

give a final concentration of 1% in TAE buffer or 2% for the promoter fragments which were less 

than 100 bp. RedSafe™, an ethidium bromide substitute was added to the gel once it had cooled to 

55°C. The agarose solution was then poured into the gel tank to set. Photos of the gel were taken 

under UV light using a GelDoc imager. All gels were loaded with a 1Kb+ ladder from Invitrogen 

 Tetramer	entry	vector	construction	
Four copies of the selected region were amplified by high fidelity PCR, each with a different 

cloning and restriction enzyme site (Figure 3-1). 10 µl of the amplified PCR product was 

checked on an agarose gel (1%) (Figure 3-2). The remaining 40 µl were pooled with the other 

three PCR reactions and put through a PCR clean-up kit. A triple digest was then carried out 

using BAMH1, HindIII and PST1 in Hifi buffer (supplier NEB). The digest was put through 

another clean up column to remove the enzymes and to remove the smaller cut fragments; 

elution volume was 23 µl. The samples were then ligated overnight in a 30 µl volume using T4 

ligase. The ligation temperature was slowly reduced from room temperature to 4 °C by placing 

the reaction into a beaker of room temperature water and placing it in the fridge. The ligation 

was then used directly as a template for a BP reaction with gateway vector P4P1r. If the BP 

reaction failed, the template can amplified using high fidelity PCR with primers matching the 

att sites. Resulting vectors are presented in appendix 8.3. 
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Figure 3-1. The construction of a CRM tetramer fluorescent reporter. A The four primer pairs 

that are used to PCR amplify four copies of a candidate CRM flanked by different combinations 

of cloning sites (CS) and recognition sequences for three restriction enzymes (RE1 to RE3). B 

The final tetramer reporter. The four PCR fragments are joined in a ligation following a 

restriction enzyme digest. The cloning sites are then used to clone the four copies of the CRM 

upstream of a minimal promoter (minProm) to drive expression of the fluorescent reporter (FR) 

with a nuclear localization signal (NLS). 

CS CRM F

RE1 CRM F

RE2 CRM F

RE3 CRM F CS

CRM R RE1

CRM R RE2

CRM R RE3

CRM R

Primer pair 1
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Figure 3-2 Gel electrograph of the four PCR products generated for M1 in preparation for a 

ligation to make a tetramer. Each lane has a separate primer pair with the primer pairs 

containing the att sites appearing slightly larger than the primer pairs containing only 

restriction site. A 1% agarose gel was used and staining was achieved by soaking the gel in a 

bath of ethidium bromide. A 1KB+ ladder was used as a marker. 

 Gateway	cloning	

3.3.6.1 BP	reaction	
7 µl of ligation was added to 1 µl of the P4P1R plasmid with 2 µL of BP Clonase II (Invitrogen), 

incubated at 18°C overnight. This was inactivated with 1 µl of Proteinase K for 10 minutes at 37°C. 

This reaction was then transformed into Oneshot® top10 competent cells (3.3.8).  

3.3.6.2 LR	reaction	
10 fmole of each entry clone was added to 20 fmoles of destination vector with 2 µl of LR Clonase 

II Plus (Invitrogen) to give a total volume of 10 µl. Incubated at 20 °C for 16 hours. Reaction 

inactivated with 1 µl of proteinase K at 37°C for 10 min. This reaction was then transformed into 

DH5α competent cells (3.3.8). The plasmids generated are presented in appendix 8.3 
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 Preparation	of	competent	DH5α	Escherichia	coli	cells	
Preparation of competent cells was carried out according to the Inoue protocol (Inoue et al., 1990) 

with the following changes: cells were grown at 22°C; snap freezing was carried out using dry ice 

and ethanol. The cells were then stored at -80°C. 

 Heat	shock	transformation	of	competent	E.	coli	
Cells were thawed on ice for 15 minutes, 3 µl of ice cold DNA was added to 50 µl of competent 

cells then incubated on ice for 20 minutes. Cells were heat shocked at 42°C for 45 seconds (DH5α) 

or 30 seconds (OneShot® Top10 (Invitrogen)) and immediately returned to ice for 2 min. 500 µl 

of LB was added, and cells were incubated at 37°C for 1 hour to recover before plating onto LB 

plates with appropriate antibiotic selection overnight growth. 

 Plasmid	preparations	
Plasmids were isolated from E. coli using either the Zymo Research’s Zyppy Plasmid Miniprep Kit 

for all destination vectors or the Invitrogen Purelink HQ Mini Plasmid Purification Kit for all entry 

vectors. This was carried out as per the manufactures instructions with no exceptions. 

 Sequencing	of	plasmids	
To sequence the samples, ~150 ng of DNA template and 3.2 pmol of DNA primer was added to a 

total of 5 µl with distilled water. Sequencing was carried out on the ABI BigDye Terminator version 

3.1 in the anatomy department of the University of Otago. 

 Transformation	of	Agrobacterium	tumefaciens	
1 µg of DNA was added to frozen chemically competent A. tumefaciens; the cells were then 

incubated at 37°C for 5 minutes. 500 µl of LB was added and the cells incubated at 28°C for 3 

hours before being spread onto LB plates with appropriate antibiotics and incubated at 28°C for 2 

days. 

 Floral	drop	transformation	of	A.	thaliana	
A. thaliana transformations were carried out according to the floral drop method (Clough and 

Bent, 1998). Briefly, previously transformed A. tumefaciens was spread onto LB plates containing 

rifampicin, gentamycin and spectinomycin at concentrations according to Table 3-1 and incubated 

at 28°C for 2 days. Colonies were then scraped off these plates and re-suspended in 2 ml of 50 g.l-

1 sucrose, 4 g.l-1 Murashige Skoog salts and 5 µl of silwet. This mixture is then dropped directly 

onto the unopened floral buds of A. thaliana using a p200 pipette. This was repeated three times, 

three days apart each time. 
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 Plant	growth	conditions	and	selection.	
A. thaliana Columbia-0 plants were used as wild type. These were grown under long day 

conditions (16 hours light/ 8 hours dark). The temperature was maintained close to 21°C and 

humidity at 45%. Seeds were sown onto soil. Plants in soil were watered every second day to 

avoid water stress until seed set began. Watering was reduced to stop the growth of fungus and 

mould. Selection of transformed seedlings was carried out by spraying the seedlings with the 

herbicide BASTA three times, each application three days apart.  

 Seed	Collection	
As seed pods began to dry, plants were contained within ARACON tubes. When the plants were 

fully dried, seeds were collected from ARACON tubes and sieved before storage at room 

temperature. 

 Microscope	slide	preparation	
Up to four flowers were picked and suspended in 500 µl of DAPI buffer. The tube was vortexed 

for 4 seconds then centrifuged at 1000 xg for 2 min. The pellet was drawn up in 6 µl of DAPI 

buffer and placed onto the slide. A coverslip was applied, and the slide was analysed within 

one hour of preparation.  

 Image	collection	
Photographs of pollen grains were taken using an Olympus™ IX71/IX51 inverted research 

microscope. Images were collected under 400 x magnification, 200 ms exposure, ISO 800. 

Images were saved as a TIFF file.  

 Quantification	of	fluorescence	using	FIJI	
To quantify the expression of sperm cells in mature pollen the program FIJI was used 

(Schindelin et al., 2012). TIFF images were loaded into ImageJ, and the background was 

removed using the rolling ball function with a diameter of 500 pixels (Deserno, 2010). The 

sperm cells were then manually circled, and measurements were taken. Background 

measurements were also taken by moving the selection from the sperm cell to an area adjacent 

to the sperm cell within the pollen grain. 

 Development	series	of	A.	thaliana		
To test if the activation of the reporter lines matched the temporal activation of DUO1, 

developing buds were dissected on microscope slides. Each bud was dissected starting with the 

most developed unopened bud (-1). The buds were dissected in water, and the four superior 
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anthers were isolated, and 0.3 M mannitol was added. Each was opened to release the 

developing pollen, and the anther tissue was removed. A coverslip was added and sealed with 

clear nail polish. Each slide was imaged as soon as it was prepared, the rest of the anthers were 

kept in water to stop the buds from drying out. To analyse the slide, the developing pollen was 

staged under white light. Isolated pollen grains were then imaged with the GFP filter.  
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3.4 Results 

 Establishing	accurate	quantification	of	fluorescence	methodology	
While Fluorescent reporters have been used previously to study gene expression in pollen 

(Brownfield et al., 2009; Zheng et al., 2014; Zhang et al., 2016a), the methods used between 

papers are not standardised. Before an investigation of the regions discovered in Section 2.4 

could be conducted, the methodology needed to be established. The first consideration is the 

design of the expression vector. All methods have some elements in common although they 

vary in their execution. The Gateway cloning system was used to generate the expression 

constructs as it enables a high level of modularity which would be a significant advantage when 

making many different promoter constructs (Katzen, 2007). The three-part GatewayÒ system 

enables the combining of three entry vectors into an expression vector that can then be cloned 

into E. coli for amplification then cloned into Agrobacterium tumefaciens for floral dropping 

to transform A. thaliana.  

The entry vector pENTERP4P1R was utilised to test the various different promoter constructs. 

As a deletion series has already been carried out on this region for DUO1 the control promoter 

region used in this work is the region that contained a high level of expression in the deletion 

series (Aidley, 2012). This is a 414 bp region starting 61 bp upstream from the translation 

initiation site. This region and all of the different regions discovered through bioinformatics 

lack a minimal promoter where the preinitiation complex can form and recruit RNA 

polymerase II. Therefore, the minimal CaMV35S (min35S) promoter is used in conjunction 

with the various promoter regions that are tested. This minimal promoter is not active on its 

own in sperm cells in mature pollen grains (Zhang et al., 2016a); therefore, any fluorescence 

detected will be due to the cis-elements present. As this minimal promoter region would be 

used in every construct, it was made as a second entry clone (pENTER221) along with the 

nuclear localisation signal histone 2B (H2B). H2B was used as it has been shown previously 

to localise fluorescent signals in the sperm cells to the nucleus (Brownfield et al., 2009). 

Localising the signal to the nucleus makes it possible to differentiate between vegetative cell 

expression and sperm cell expression in mature pollen. Lastly, the fluorescent reporter that 

would be used in the pENTERP2RP3 vector needed to be chosen. The red fluorescent protein 

TdTomato was used as it was reported to be significantly brighter and more stable than other 

fluorescent reporters with an extinction coefficient of 138,000 M−1cm−1 and quantum yield of 

0.69 (Shaner et al., 2004). The three entry vectors could then be combined into the expression 
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vector pB7m34GW,0 via an LR reaction for form the expression construct (Figure 3-3) The 

entry clones pDONR221:min35s-H2B and pDONRP2RP3:TdTOM were obtained from the 

Twell laboratory.  

The potentially activating regions (motifs, cis-elements and CRM) needed to be inserted 

multiple times upstream of the reporter to increase expression if as a single copy was not 

sufficient to detect expression (Espley et al., 2009). Cloning multiple copies of the promoter 

regions in tandem was technically challenging. Invitro synthesis was not possible for all except 

one sequence due to the highly repetitive nature of the constructs. A method was developed to 

enable the ligating of multiple small fragments together. In this method, four copies of the 

promoter region were amplified through high fidelity PCR. On the 5′ and  3′ ends of the PCR 

products restriction, digest sites and att cloning sites were added as shown in Figure 3-1. This 

resulted in four PCR products, each with a unique combination of restriction digest and att 

cloning sites. The restriction digest was carried out for all four products in a single multiplexed 

reaction. The restriction enzymes were removed by binding the DNA to a silica column for 

cleaning. The eluted clean DNA was then ligated together forming a promoter tetramer (Peters 

et al., 2017a). This tetramer can then be cloned into pENTERP4P1R to produce 

pDONORP4P1R ready for the LR reaction to create the expression vector. 

 

Figure 3-3. Simplified expression vector for analysis of promoter fragments. The different 

promoter constructs can be cloned into pDONORP4P1R that has att4 and att1 sites. The 

min35s promoter fused to H2B was cloned in pDONOR221 that has att1 and att2 sites. The 

fluorescent reporter tandem tomato (TdTom) was cloned in pDONORP2RP3 that has att2 and 

att3 sites. These three vectors can then be cloned into pB7m34GW,0 through the three-part 

GatewayÒ system using an LR reaction.  
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To accurately quantify the fluorescence in sperm cells of mature pollen grains multiple image 

correction steps were taken. The fluorescent light source can generate an uneven illumination 

across the field of view, making some pollen grains brighter than others. To correct for this, 

the background was subtracted by using the rolling ball algorithm. This evened the background 

while leaving the fluorescence of the pollen grains easily distinguishable (Figure 3-4). The 

fluorescent intensity of sperm cells was then measured in ImageJ as the mean fluorescent 

intensity by drawing a selection around the sperm cells which were in focus (Figure 3-5). As 

the sperm cells within pollen grains are ovoid/spherical in shape, a 2D slice of a sperm cell 

may be larger or smaller depending on where the focal plane is on the Z axis. Averaging the 

fluorescent intensity across the selection reduces the effect that the size of the 2D slice will 

have. The selection was moved to a region immediately adjacent to the sperm cell, and another 

mean intensity value was taken. This value was subtracted from the mean intensity of the sperm 

cells to account for the different levels of autofluorescence generated by the pollen wall. The 

fluorescent intensity of the pollen walls can change drastically based on how close to the wall 

the sperm cell is. If the sperm cell is very close to the wall, the signal from the sperm cell will 

be increased because of the walls autofluorescence. Sperm cells which are more central in the 

pollen grain will have a lower fluorescent contribution from the wall compared to those that 

are immediately adjacent to it. Therefore, subtracting the value which was immediately 

adjacent adjusts for this difference.  

The expression from different lines with the same construct can be varied due to the random 

insertion site of the transgene through agrobacterium mediated transformation (Clough and 

Bent, 1998). For each construct tested, 10 independent lines were observed where possible 

although occasionally less than 10 T1 plants survived selection lowering the number of lines 

observed. For each independent line, 100 sperm cell measurements were taken where possible. 

The average of those measurements was made relative to the average pollen wall 

autofluorescence intensity from that line. This normalisation step enables a better comparison 

across lines which were analysed on different days or by different researchers. Lastly, the mean 

across lines for a construct was taken and displayed as the final fluorescence value. While raw 

measurements of the sperm cells within a single line showed a skewed distribution, the 

distribution of the line averages was normally distributed, and therefore parametric statistics 

were used when the comparing of constructs.  
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Figure 3-4. Background subtraction through the rolling ball algorithm. A The image before 

background subtraction, the Section (yellow line) crosses through two pollen grains, the second 

also crossing through the sperm cell of the pollen grain. B The fluorescent intensity of the 

background along the yellow line without background subtraction. C and D are the same image 

and graph after the background has been subtracted using the rolling ball algorithm. 
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Figure 3-5. Example pollen grain showing selections made for measurements. A A circle is 

drawn around the sperm cell, and the average intensity within the circle is measured. B The same 

selection is moved to an area immediately adjacent to the sperm cell, and the average intensity 

measurement is taken again. The background pollen grain autofluorescence can then be 

subtracted. 

 Lack	 of	 evidence	 for	 the	 expression	 of	 a	 reporter	 activated	 by	 the	 A2	
promoter	region	

The deletion analysis carried out by Jack Aidley showed that the A2 (-305:-454) fragment was 

able to increase the expression level of the reporter gene as well as activate it (Aidley, 2012). 

The evidence for independent activation from this region was relatively weak, and therefore 

validation was required. T0 seeds were obtained from Jack, and five lines were examined in 

addition to the lines that Jack had already analysed. No expression could be detected in any of 

the new lines analysed (Table 3-3). After obtaining more data as to the extent of activation in 

the lines that Jack analysed, there were only a few pollen grains from two of the five lines that 

had detectable expression. As there might be a difference in microscope sensitivity between 

the two laboratories, three tetramers were designed to investigate the activation around the A2 

region. The first tetramer (A2 extended) included an extra 20 bp at the 3′ end and an extra 69 

bp at the 5′ end. This extension aimed to catch any activating elements that may have been cut 

short in the fragment analysis. Two more tetramers were constructed that covered the 3′ and 5′ 

end of the extended A2 region (A2 3′ and A2 5′) to possibly identify a smaller region that could 

activate if the extended A2 region functioned. No fluorescence was detected in the sperm cells 

of mature pollen grains in multiple lines in any of these constructs (Table 3-3). It is possible 

that the microscope used in this study has a lower detection ability than the microscope used 
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by Jack Aidley. However, even then the tetramer should have increased expression to a 

detectable level (Espley et al., 2009). Therefore, it is unlikely that the A2 region is able to 

independently activate DUO1.  

Table 3-3 Fluorescence detected in construct based on the A2 fragment. 

Constructs Fluorescence Independent lines checked 

A2 -305:-453 x1 none 5 

A2 extended -285:-475 x4 none 8 

A2 5′-396:-475 x4 none 10 

A2 3′-285:-360 x4 none 8 

 

 The	A2	extended	region	enhances	expression			
While there was a lack of evidence to support A2 region functioning as an activator, the region 

did significantly increase the expression of the reporter as part of the deletion series. The 

bioinformatics analysis did not identify any conservation in the A2 region making 

identification of the enhancing elements difficult. To test if the enhanced expression of the A2 

region was dependent upon its spacing distance, a 132 bp region was deleted, placing the A2 

extended region adjacent to the A1 region. The relative fluorescence intensity is not 

significantly different when the region is deleted (Figure 3-6). This is somewhat surprising as 

the deletion series showed that the region from -144:-302 significantly increased the expression 

(Figure 1-7). Here the deletion removed most of that region (-143:-284). Therefore the 

enhancing portion of the -143:-304 region is likely to be in the last 20 bp (-284:-304). 

Furthermore, it showed that enhancing effect was not dependent upon the distance from the 

translation initiation site. As the primary aim of this work is to discover the transcription factor 

that activates DUO1, further work on elucidating the enhancing elements contained within the 

A2 fragment were not pursued. 
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Figure 3-6. Fuorescent analysis of the A1 and A2 regions. A Constructs used to test 

fluorescence. B Sperm cell fluorescence in mature pollen grains relative to pollen wall 

autofluorescence. No significant difference in fluorescence levels when the region -153:-

285 is removed. n = 9 and 8 independent lines. Students T Test two tailed unpaired 

equal variance testing was used to test for significance. Error bars are standard error of 

the mean. C and D Representative pollen grains showing TdTOM fluorescence. 
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 The	ROD1	region	can	activate	expression	of	the	reporter	specifically	in	the	
germline	cells	as	a	tetramer	

The A1 (-144:-61) region was identified in the deletion series as the smallest deletion for which 

expression was still able to be detected (Figure 1-8) (Aidley, 2012). This region largely 

overlapped with the two motifs found in Section (2.4.2). Combining the two motifs into a single 

region resulted in the region from -153 to -61 bp that is nine bp larger than A1. This region was 

tested both as a tetramer and a monomer to see if multiple copies of the region could 

significantly increase the expression. Sperm cell specific expression was detected within the 

mature pollen grains analysed for the tetramer only (Figure 3-7). No expression could be 

detected with the monomer. As the -475:-61 region had detectable expression as a monomer 

(Figure 3-6), but the -153:-61 region did not, it is clear that the A2 region acts as a strong 

enhancer. This is consistent with the deletion series (Aidley, 2012). Given these results, it is 

necessary to make all the constructs as tetramers to get the fluorescent signal strong enough to 

be detectable.  

To ensure that this region activates the reporter gene in the same way as DUO1 is activated, a 

developmental series was carried out. By dissecting out the anthers from each bud in an 

inflorescence, the different stages of pollen development can be captured. The developing 

pollen within the four superior anthers in a bud are largely synchronised. Starting with the most 

developed unopened bud and working backwards the different stages of pollen development 

can be captured. To assign the correct stage to each bud DAPI staining can be used, however, 

DAPI staining can result in low levels of fluorescence being detected in other channels as well 

as causing osmotic stress to the more delicate early stages. Therefore, the staging was done in 

mannitol under white light conditions. For this to be accurate, a confocal laser scanning 

microscope was used. When this work was done, the TdTOM fluorophore photobleached too 

rapidly under confocal laser scanning microscope conditions. Fortunately, another laboratory 

member (Johnny Casey) had generated plants with GFP as the fluorescent reporter instead 

(using the promoter tetramer methodology developed in this work). Therefore his plants 

containing the vector pB7m34GW,0:pDUO1(-153:-61):min35s:H2B:GFP was used to carry 

out the developmental series.  

The developmental series shows that the tetramer expression is detectable from the early 

bicellular stage and persists through to mature pollen (Figure 3-8). At no stage is vegetative 

cell expression detected. Therefore, this tetramer is able to generate temporal germline specific 
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expression that mimics DUO1 expression. This region will be called ROD1 (Regulatory region 

of DUO1).  

The primary aim of this project was to identify the transcription factor which activates DUO1. 

As this region can generate the temporal and cell specific expression of DUO1, it was used as 

bait DNA for the yeast one-hybrid screen (Chapter 4) to focus on achieving that aim, while 

further work continued on characterising the promoter.  
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Figure 3-7. Fluorescent expression of the extended A1 region as both a monomer and a 

tetramer. A Construct design used in these experiments. B Mean sperm cell fluorescence 

relative to the pollen wall autoflourescence is displayed for the two constructs. N = 7 and 11 

independent lines respectively. Statistics could not be carried out as the 1x construct had no 

detectable expression. Error bars are standard error of the mean. C and D Representative 

pollen grains showing TdTOM fluorescence. 
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Figure 3-8. Development series of ROD1 region. PM polar microspore, EBC early bicellular, M/LBC middle to late bicellular stage, TC tricellular 

pollen, MP mature pollen grain. GFP is shown in the top row with white light on the bottom row. Black arrows show the position of the 

microspore or the vegetative cell nucleus when discernible. White arrowheads show the germ cell expression in early bicellular pollen. Scale bar = 

10 μM. Reproduced with permission from Peters et al., (2017a).   The microscope slides were prepared by Ben Peters, from transgenic plants made 

by Johnny Casey and imaged by Lynette Brownfield. 
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 Validation	of	M1	and	M2	as	activating	motifs	in	sperm	cells	
The MEME analysis in Section 2.4.2 identified two motifs (M1 and M2) within the ROD1 

region. To test the function of these two motifs, they were cloned into the promoter reporter 

system established in Section 3.4.1 as tetramers. As a positive control, the ROD1 region that 

contained both M1 and M2 was used. All three constructs had detectable expression in the 

sperm cells of mature pollen grains, and none had expression in the vegetative nucleus (Figure 

3-9). This is further evidence that the expression profile of DUO1 is due to transcriptional 

activation and not the removal of repression. Finding detectable expression in both M1 and M2 

suggests that there is either a shared CRE present in both motifs, or there are two different 

CREs that can independently activate DUO1. The fluorescence levels of M1 were significantly 

higher than in M2 although there was no additive effect when M1 and M2 were together in 

ROD1 (Figure 3-9). This suggests that all enhancing cis-elements are present only in M1, 

whereas both M1 and M2 contain activating cis-elements.  

In Section 2.4.8 six putative CREs were identified in the ROD1 region that contains both M1 

and M2. By identifying which CREs are present in each motif we can infer the function of each 

of them. Two AACYG CREs and two GTGG CREs are present in M1 whereas one GTGG 

CRE and the only GAGA CRE are present in M2. The only CRE that is common to both motifs 

is GTGG. Given that both motifs had detectable expression, it is highly probable that the GTGG 

is the shared CRE that is required for germline expression. The AACYG CREs present in M1 

are thought to be bound by DUO1 and increase the expression of DUO1 as they are virtually 

identical to the CREs found in DUO1 targets (Borg et al., 2011). This is consistent with the 

data presented here which shows that M1 has increased fluorescence compared to M2. 

Therefore, the AACYG CREs are probably an enhancing element. The role of the GAGA CRE 

is not able to be discerned from this data. It could act as an inhibitor or repressor because M2 

expression is significantly lower than M1. However, that difference could be the difference 

generated by the presence of the AACYG CREs in M1 or an increase in the number of GTGG 

CREs. It is not required for expression as M1 has expression without the GAGA CRE present. 

It could have a more significant effect when it is present in the native context, however that is 

purely speculative. To test these proposed roles for the different cis-elements more 

experimental data is needed.  
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Figure 3-9. Quantified fluorescence of sperm cells in mature pollen grains driven by motif tetramers. 

A Diagrams of the constructs used in this experiment. ROD1 (-83:-153), M1(-83:-126) and M2(-

128:153) were placed upstream of the minimal promoter min35s. The florescent signal TdTOM was 

fused to the nuclear localising signal H2B. B Quantified fluorescence relative to pollen wall auto 

fluorescence. N = 11, 11 and 9 independent lines respectively. Significance was tested using students 

t.test, two tails, equal variance. * for P value of <.05. C D and E are representative images of fluorescing 

pollen grains from the ROD1, M1 and M2 constructs respectively.  
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 Testing	of	the	CREs	within	the	CRM	
The six CREs identified in Section 2.4.8 form a putative Cis-Regulatory Module (CRM). A 

mutagenesis experiment was set up to determine the function of each group of CREs within 

the CRM. Previous experiments required multiple copies of the CREs to generate detectable 

expression. As those experiments were aiming to identify the smallest regions that could 

generate expression in the germline, removing the native core promoter was necessary. The 

focus of the next experiment is to functionally test each group of CREs. Therefore, the native 

core promoter can be used to increase the expression. In this experiment, 198 bp upstream from 

the translation initiation site was used as the template for mutagenesis. The nuclear localising 

signal H2B is still necessary to differentiate sperm cell expression from vegetative cell 

expression. The fluorescent reporter was also kept the same. The cloning of these constructs as 

well as the generation of the transgenic plants was carried out by Stuart Zohrab, an honours 

student in our laboratory. Image collection was carried out by both Stuart and Ben Peters. Stuart 

analysed the images for the presence/absence of fluorescence. While Ben Peters quantified 

fluorescence levels. This mutagenesis approach was used in combination with small promoter 

fragment analysis to investigate the role of each of the candidate CREs. 

3.4.6.1 The	GAGARAA	CRE	likely	acts	as	a	repressor	
When the GAGARAA CRE is mutated, from GAGAGAA to GATCGGC, the level of 

fluorescence increased significantly (Figure 3-10). This is evidence that the GAGARAA CRE 

is acting as a repressor. One of the first constructs tested in this chapter was the -153:-61 region 

(3.4.4). This region contains the GAGARAA CRE at the 5′ end, and as a monomer, it had no 

expression (Figure 3-7). This region was 10 bp longer than the constructs tested in the deletion 

series which did not contain the GAGARAA CRE and did have expression (Aidley, 2012). 

Initially, it was proposed that this difference was solely due to the different use of minimal 

promoters (min35s vs the native min promoter). However, it may also be influenced by the 

presence of the GAGARAA CRE acting as a repressor. To test this, a second promoter 

fragment experiment was designed where with the -143:-61:min35s:H2B-TdTOM construct 

that stops short of the GAGARAA CRE and the -153:-61:min35s:H2B-TdTOM construct that 

includes the GAGARAA CRE. In this experiment, only the shorter construct  that was lacking 

the GAGARAA CRE had detectable expression (Figure 3-10). It is important to note that none 

of these constructs had any detectable expression in the vegetative cell. While the GAGARAA 

likely acts as a repressor in the sperm cells of mature pollen, the removal of the repression does 

not result in the activation of the reporter in other cells. 



89 

 

  
Figure 3-10. GAGARAA motif reduces expression of the fluorescent reporter. A Schematic of 

the constructs used in this experiment. The red box represents the GAGARAA motif in the 

promoter regions. Constructs wither utilised the min35s promoter or the native minimal 

promoter. All constructs used TdTOM fused to H2B to localise the signal to the nucleus. B The 

region containing GAGARAA motif has no detectable expression. A region 10 bp shorter that 

is lacking this region has detectable expression N= 8 and 4 lines respectively. C Fluorescence 

levels are increased when the GAGARAA motif is mutated to GATCGGC. N = 5 and 4 lines 

respectively. Significant difference denoted by the * at P value <0.05 using student T tests. D, E, 

F and G are representative fluorescent images of mature pollen grains for each construct tested. 

The -198:-1 and -198:-1DGAGARAA transgenic plants were made by Stuart Zohrab.   

R
el

at
iv

e 
flu

or
es

ce
nc

e 

R
el

at
iv

e 
flu

or
es

ce
nc

e 



90 

 

3.4.6.2 The	GTGG	CRE	is	necessary	for	the	expression	of	DUO1	
The GTGG CREs were the only CREs that were present in both M1 and M2, the two motifs 

that could activate sperm cell specific expression in pollen. To directly test if these CREs were 

necessary for the expression of DUO1, all three were mutated from GTGGR to ATCAC. This 

work was carried out by Stuart Zohrab using imaging protocols established by Ben Peters.  No 

fluorescence was detected in 10 independent transgenic lines (Peters et al., 2017b). Therefore, 

the GTGG CREs are necessary for the expression of DUO1. As the three GTGG CREs were 

split between M1 and M2, it means there is likely to be some redundancy in the individual 

GTGG CREs. M2 contained the most distal GTGG CRE, although in the functional testing it 

was present four times as a result of being in a tetramer (Section 3.4.5). This suggests that the 

GTGG CRE can activate transcription. However, it is not known if a single copy would be 

sufficient. Additionally, M1 had the other two GTGG CREs and was also able to activate 

transcription. Therefore, the function of the GTGG CREs in M2 is likely to have the same as 

the function as at least one of the GTGG CREs in M1.  

3.4.6.3 DUO1	autoactivates	through	the	AACYG	CRE	
The mutation of the AACYG CREs to CATGA resulted in a significant decrease in the 

measured fluorescence levels (Figure 3-11). This is consistent with the hypothesis that the 

AACYG CREs act as enhancing elements. We hypothesised that the two AACYG CREs are 

bound by DUO1 based on the virtually identical binding motif (Borg et al., 2011). In order to 

test this, a construct was made that contained only the AACYG motifs as a tetramer (promoter 

region from -61 to -100) resulting in eight adjacent AACYG CREs (AACYGx8). This was 

transformed into heterozygous duo1-4 mutant plants. The mutant plants will produce 50% 

bicellular pollen that contains no DUO1. Therefore, if expression of the fluorescent reporter is 

seen in the bicellular pollen, it will mean that another transcription factor is binding to and 

activating the AACYG CRE. The penetration of the fluorescence was then calculated within 

each line for duo1 pollen and wild type pollen. This reporter construct was activated in 

approximately 50% of all wild type pollen and was only detected in a single bicellular pollen 

grain in one line of 9 independent lines (Figure 3-12). Therefore, activation of the AACYG 

CREs is dependent upon DUO1 or a downstream target of. Distinguishing between DUO1 or 

a DUO1 target is not possible with this data. 
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Figure 3-11. Reduction in expression with the mutation of the AACYG CREs. A Diagram of constructs 

used in this experiment. The AACYG repeated CRE is mutated to CATGA. The constructs utilised the 

fluorescent reporter TdTOM fused to the nuclear localising signal H2B. B Quantified fluorescence of sperm 

cells in mature pollen relative to the pollen wall auto fluorescence is shown for the two constructs. There is 

a significant reduction in the relative fluorescence in sperm cells when the AACYG CRE is mutated. N = 5 

and 7 independent transgenic lines. Significance was measured with a students T test. P value <0.05. C and 

D are representative fluorescent images of mature pollen grains. The -198:-1 and -198:-1DAACYG plants 

were made and imaged by Stu Zhorab. All measurements were made by Ben Peters. 
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Figure 3-12. Fluorescent analysis of AACYGx8 (-100:-61x4:min35s:H2B-

tdTOM) fragment in wild type and duo1 pollen grains. A diagram of the 

construct used. The promoter fragment tetramer was placed upstream of the 

min35s minimal promoter. H2B was used to localise the TdTOM fluorescent 

reporter to the nucleus. B Fluorescence penetration for tricellular and bicellular 

pollen grains that are assumed to be WT and duo1-4 respectively. N = 9 

independent lines. C, D and E are representative images of TdTOM Fluorescing 

pollen grains (C), DAPI images (D), and merged images (E). White arrow heads 

indicate bicellular duo1-4 pollen. Yellow arrow heads show WT pollen grains with 

fluorescent reporter expression. 
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3.5 Discussion 

This chapter functionally tested regions of the DUO1 promoter that were identified by deletion 

analysis and phylogenetic footprinting. Two regions (A1 and A2) were tested to verify 

activation of the reporter specifically in the sperm cells of mature pollen. A2 could not be 

verified, although it is likely that this region acts as an enhancer. Conservation within the A1 

region revealed six discrete CREs that form a CRM. The refined A1 region containing the 

CRM was termed ROD1 (regulatory region of DUO1). The CRM was able to activate germline 

specific expression. The different CREs within the CRM were shown to have different roles. 

Therefore, a model of the transcriptional control of DUO1 can be proposed (Figure 3-13). The 

GTGG CREs were critical for the expression of the reporter. The AACYG CREs were able to 

enhance the expression of the reporter, but only in the presence of DUO1. The GAGARAA 

CRE likely acts as a repressor. The cell specificity of the reporter was consistent with 

transcriptional activation. Removal of various regions, repressive or otherwise never gave rise 

to vegetative expression. This supports the hypothesis that DUO1 is transcriptionally activated 

by a transcription factor that is present only in the germline as a result of the asymmetric 

division.  

The data presented here also provide evidence that DUO1 is specifically transcribed after the 

asymmetric division, rather than transcribed before the division. If DUO1 mRNA was the 

asymmetrically distributed molecule, then it would be expected that the fluorescent reporter 

would be seen in the microspore (which it was not, Figure 3-8), as the potential signal to inhibit 

the translation of DUO1 would not be present in the reporter system used here.  

 ROD1	is	conserved	in	M.	truncatula	
The ROD1 region identified because of the high level of conservation across multiple eudicot 

species. The functional testing of the conserved region was carried out using ROD1 from M. 

truncatula by Johnny Casey, a masters student in our lab, and contributed to the publication 

Peters et al., 2017b. In this set of experiments, the conserved region from M. truncatula was 

cloned as a tetramer using the experimental protocol developed in this chapter. The tetramer 

was cloned into A. thaliana, and expression was observed in developing pollen. Expression of 

the reporter was first detected in early bicellular pollen in the germ cell only. Expression in the 

germline continued through to mature pollen where it was observed in the sperm cells. This 

expression pattern mimics the expression of the A. thaliana ROD1 and also the expression of 
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DUO1 (Brownfield et al., 2009). This is good evidence that the regions found through 

bioinformatics approaches function in a similar way.  

 Transcriptional	regulation	of	DUO1	
Previously two regions of the DUO1 promoter have been reported to regulate the germline 

specificity of DUO1 or the activation of DUO1 (Haerizadeh, 2006; Zheng et al., 2014). 

Haerizadeh et al., (2006) identified a region in the promoter of LGC1 in lily that contained a 

binding motif for a repressive protein called GRSF (germline-restrictive silencing factor). It is 

hypothesised that this motif is bound by GRSF in all tissues except in the germline to suppress 

expression. Furthermore, the authors reported that the motif is present in the promoter region 

of DUO1 in A. thaliana. This motif is located from -413 bp to -424 bp upstream from the 

translation initiation site that is within the region we have termed A2. The fluorescent reporter 

lines that did not contain this silencing factor (ROD1 constructs) have no activation in the 

vegetative cell. If DUO1 was constitutively expressed and required this motif to restrict its 

expression to the germline, we should see expression in the vegetative cell. This has also been 

shown with other investigations into GRSF in A. thaliana (Brownfield et al., 2009). Therefore, 

GRSF is not a major regulator in the promoter of DUO1 in A. thaliana. It is possible that GRSF 

functions as a redundant silencer similar to miR159 (Section 1.4.1.1). 

Additionally, the histone deacetylase ARID1 was reported to directly activate DUO1 by 

binding to the A2 region (Zheng et al., 2014). This hypothesis was approached with scepticism, 

and no further evidence was found in this chapter to support the claim. Specifically, the region 

that ARID1 was reported to bind to (A2) showed no ability to activate the reporter in sperm 

cells of mature pollen. Furthermore, as ARID1 likely acts by recruiting deacetylases, the 

genomic and epigenetic context would be important for its function and therefore, for the 

function of promoter elements in activating DUO1. This chapter has shown that the promoter 

region of DUO1 does not require that genomic context for activation as very short CREs are 

able to activate in multiple different genomic insertion sites. 

.  
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Figure 3-13. Model of DUO1 regulation. ARID1 might bind to AT rich regions present in A2 

and interacts with HDA8 to remove H3K9 acetylation. GRSF may bind to the GRSF CRE in 

tissues that are not in the germline to redundantly silence any leaky expression. Unknown 

proteins bind to the GAGARAA CRE to suppress expression in sperm cells of mature pollen 

grains. An unknown transcription factor binds to the three GTGG CREs and activates DUO1 

expression specifically in the early bicellular stage of pollen development. DUO1 and possibly 

another MYB bind to the AACYG motifs and further increase expression of DUO1. 
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4 Identification of candidate transcription factors that bind to ROD1 with a yeast one-

hybrid 

4.1 Aim 

The aim of this chapter is to identify the transcription factors that regulate DUO1 through the 

CREs present ROD1. 

4.2 Introduction  

ROD1 is a conserved region in the promoter of DUO1 that was identified in Chapter 2 and 

functionally tested in Chapter 3. ROD1 is an activating region in the promoter region of DUO1 

that contains multiple CREs that form a CRM. The aim of this chapter is to identify the 

transcription factors that bind to ROD1. These transcription factors might be the key fate 

determinant for the male germline that are asymmetrically distributed in the microspore. In 

vitro and in vivo methods have been developed to identify the transcription factors that bind to 

known regions of DNA.  

For the identification of transcription factors that bind to ROD1, a few things need to be 

considered. The technique needs to be high throughput enough to be applied to as many 

transcription factors as possible (up to 2000 in A. thaliana). This would make assays like the 

dual luciferase assays unfeasible (Matsuo et al., 2001). Not only would the assays take a very 

long time to repeat up to 2000 times, but also cloning of every candidate transcription factor 

would need to be carried out as there are no published transcription factor libraries published 

for this assay. In vitro assays that utilise cell lysates such as DNA affinity chromatography-

pulldowns (Jutras et al., 2012) would be technically challenging as it would require isolating a 

substantial quantity of protein from microspores and bicellular pollen in a native functional 

state. This technique does have the advantage that novel transcription factors that have not yet 

been described could be identified. A High throughput transcription factor screen like yeast 

one-hybrid is a promising technique as multiple A. thaliana transcription factor libraries have 

been published (Mitsuda et al., 2010a; Ou et al., 2011). This will enable the bait DNA to be 

screened against the almost all of the transcription factors in A. thaliana. The yeast one-hybrid 

cannot identify transcription factors that are not present in the library. This would be a more 

substantial disadvantage if the experiment was being carried out in a non-model organism. 

Therefore, the yeast one-hybrid has a higher chance of success than a DNA affinity 

chromatography-pulldown and is more feasible than thousands of dual luciferase assays. 
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 Yeast	one-hybrid	screen	
Yeast one-hybrid is a technique that is able to find interactions between DNA and proteins. It 

has been in use for over two decades (Li and Herskowitz, 1993). The assay consists of a hybrid 

expression library containing proteins fused to a yeast activation domain (prey proteins), and a 

reporter gene that can be activated through cis-elements in the promoter region (bait DNA). If 

the prey binds to the bait, the activation domain will induce expression of the reporter gene and 

enable the selection of positive colonies (Figure 4-1). Yeast strains used in yeast one-hybrid 

screens contain deletions in key amino acid synthesis genes and uracil synthesis genes and are 

thus grown on media containing supplemented amino acids and uracil. Integration of bait DNA 

through recombination restores the function of select genes depending on the integration locus. 

This enables selection of positive transformants through the removal of that amino acid or 

uracil from the media. The success of the technique is largely reliant on the quality of the prey 

library.  

4.2.1.1 Hybrid	prey	library		
Many proteins can bind to DNA in a non-sequence specific manner and therefore bind to any 

bait DNA. Therefore using a library of proteins which only contain transcription factors that 

bind to specific bait sequences will reduce non-specific interactions (Reece-Hoyes and Marian 

Walhout, 2012). Hybrid expression libraries can be used either as a mated library or in large 

scale transformation. In a mated library, each prey transcription factor in the library is 

integrated into a single haploid colony of yeast of one mate type and laid out in an array. The 

bait yeast in the opposite mate type is then mated with each prey transcription factor, forming 

diploid yeast. The diploid yeast is then screened for interactions between the prey transcription 

factor and the bait yeast. Using the mate library method, each interaction between a bait and a 

prey occurs in a separate well in the array. The transcription factor in the well is already known, 

making data collection rapid and cheap. In the large scale transformation method, the entire 

prey library is transformed directly into bait yeast. After the transformation, the yeast is plated 

on selective media so that only yeast containing a bait:prey interaction will survive (Reece-

Hoyes and Marian Walhout, 2012). This method has some drawbacks. The distribution of 

plasmids within the library are likely to be uneven, especially if an amplification step has 

occurred (Hanahan, 1983). Different plasmids will have different transformation efficiencies 

resulting in possible artificial overrepresentation. To overcome these problems, the 

transformation of the library must be carried out in excess of the size of the library. This enables 

the measurement of interactions between the bait and prey multiple times. Interactions that 
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occur more commonly can be indicative of a more robust interaction. Identification of the 

transcription factors in the positive control is more time consuming and costly than in the mate 

library technique as it requires sequencing of the positive colonies.  

4.2.1.2 Bait	reporter	construction	
Yeast one-hybrid experiments commonly use two different reporter genes, a histidine synthesis 

gene (HIS3) and LacZ. To use both reporters, the constructs are integrated into the genome at 

separate locations so that they can be used in tandem. The HIS3 reporter is integrated into the 

HIS3 locus in yeast, restoring a partial deletion of the HIS3 gene. This restores the function of 

the gene and enables some low level of expression as the promoter region of the HIS3 gene has 

been replaced with the bait sequence. The low level of leaky expression is suppressed with 3-

Amino-1,2,4-triazole (3-AT) (Brennan and Struhl, 1980), that functions as a competitive 

inhibitor. If there is an interaction between the bait and prey, the level of histidine increases 

enough to overcome the inhibition by 3-AT. This enables the colony to grow on media that is 

lacking histidine. The LacZ reporter is integrated at the Uracil locus (URA3), this restores the 

function of uracil synthesis so that it can grow in media lacking uracil. Furthermore, it adds a 

LacZ gene downstream from the bait DNA. If there is an interaction between the bait and the 

prey, β-galactosidase is expressed. When the colony is exposed to the substrate x-gal, the β-

galactosidase is able to cleave the β-glycosidic bond this yields galactose and 5-bromo-4-

chloro-3-hydroxyindole. Spontaneous dimerization and oxidation of 5-bromo-4-chloro-3-

hydroxyindole produces an intensely blue product. LacZ reporters are often used as a secondary 

screen especially in large transformation yeast one-hybrids.  

The bait used to find interactions with transcription factors needs to be carefully considered. 

Shorter baits (<100 bp) have less potential binding sites which will lead to fewer non-

biologically related interactions. As the length of the bait increases, more transcription factor 

binding sites are included, however, few are biologically relevant. It is possible that a single 

binding site for a transcription factor is insufficient to activate expression sufficiently to 

overcome the competitive inhibition from 3-AT. Multimerising the short bait sequence can 

provide more opportunities for a bait-prey interaction to occur, thus increasing the likelihood 

of identifying weak or transient interactions. Furthermore, when yeast activation domains 

(GAL4) bind multiple times, it activates at a higher level of expression (Chasman et al., 1989). 

As GAL4 is able to activate genes up to 500 bp away from the transcription start site, up to five 

copies of a short bait (<100 bp) can be used and still be effective (Bram and Kornberg, 1985).  
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Figure 4-1. Overview of the yeast one-hybrid system using histidine selection. A Yeast cell which 

contains a prey hybrid transcription factor (TF) that binds to the cis-element in the bait DNA 

(cis). HIS3 expression is activated through the activation domain (AD) over the inhibition of 3-

AT resulting in a yeast colony. B Yeast cell which contains a prey hybrid transcription factor (TF) 

that does not bind to the cis-element in the bait DNA (cis). HIS3 expression is not activated over 

the inhibition of 3-AT resulting in a dead colony. Yeast cell is represented by the yellow oval. 

The prey plasmid is shown as an open circle with a coloured Section representing the hybrid 

transcription factor. The blue sphere with helix emerging represent the genomic DNA that 

contain the bait integration at the HIS3 locus.  
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4.3 Methods and materials 

 Media	and	Buffers	
TE buffer 

10 mM Tris pH 8, 1 mM EDTA 

10x Lithium Acetate (LiAC) 

1 M lithium acetate (Sigma cat No. L-6883) adjusted to pH 7.5 with acetic acid, autoclaved. 

PEG/LiAC solution 

40% PEG 4000, 1x TE buffer, 1x LiAC 

Z-buffer 

16.1 g/L Na2HPO4•7H2O, 5.5 g/L NaH2PO4•H2O, 0.75 g/L KCl, 0.246 g/L MgSO4•7H2O. pH 

adjusted to 7, autoclaved. 

X-gal stock 

20 mg/ml of 5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside dissolved in DMF 

(Dimethylformamide). Stored at -20 °C in the dark. 

Z-buffer/x-gal solution 

100 ml of Z buffer, 0.27 ml β-mercaptoethanol, 1.67 ml x-gal stock solution. 

Media 

Media was made with distilled water and sterilised by autoclaving at 121°C, 15 psi for 20 

minutes. Media was cooled to 55°C in a water bath before addition of applicable antibiotics or 

nutrients or glucose then poured into petri dishes in a laminar flow hood 

LB 10 g/L Tryptone, 5 g/L yeast extract, 10 g/L NaCl, 15 g/L bacto-agar   

YPAD 20 g/L peptone, 10 g/L yeast extract, 20 g/L glucose, 30 mg/L adenine, 15 g/L agar, pH 

6.5. Glucose added as 40% W/V stock after autoclaving. 

Minimal DO media 6.7 g/L yeast nitrogen base without amino acids, 20 g/L agar, 20 g/L 

glucose, pH 5.8 
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10x nutrients (Table 4-1), 3-Amino-1,2,4-triazole (3-AT) (0 to 60 mM) added after autoclaving 

Table 4-1 Concentration of nutrients added to dropout media 

Nutrient  10x stock concentration Final concentration 

L-Adenine  1 g/L  100 mg/L  

L-Histidine 200 mg/L 20 mg/L 

L-Leucine 100 mg/L 10 mg/L 

L-Lysine 300 mg/L 30 mg/L 

L-Tryptophan 200 mg/L 20 mg/L 

L-Tyrosine 300 mg/L 30 mg/L 

L-Uracil  200 mg/L 20 mg/L 

 

 Transcription	factor	library	analysis	
The transcription factor library was provided by Mitsuda et al., (2010). The list of transcription 

factors present in the library was downloaded from the supplementary information (Mitsuda et 

al., 2010a). Plant transcription factor database was downloaded from 

http://planttfdb.cbi.pku.edu.cn/ (Jin et al., 2017). These were imported into Microsoft Excel. 

The information present in the library was limited to the gene identifier and the nucleotide 

sequence. Gene families were then assigned by comparing the gene identifier with the 

plantTFDB using the following formula:  

= "#("%&'((')*+	
('2, ′)#	01213145	64′! *: *, 0)), "=>?>@A>",	
"&0BC(′)#	01213145	64′! ': ',(')*+('2, ′)#	01213145	64′! *: *, 0))) 

A2 is the cell with the first gene identifier present in the transcription factor library.  

′)#	01213145	64′! *: *  Is the column containing the gene identifiers from the transcription 

factor database. 

ISNA function will return “unknown” if there was no match. 

INDEX will return the gene family (located in: ′)#	01213145	64′! ': ' if there is a match 

between the gene identifier in the library (A2) and the database ′)#	01213145	64′! *: *. 
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This function was copy and pasted for each gene in the library. The COUNTIF function was 

then used to count the number of genes in each gene family for both the library and the 

database. 

 Amplification	of	transcription	factor	prey	library	

4.3.3.1 Library	resuspension	
10 ng of the transcription factor library was obtained from Mitsuda et al., (2010) as a 

lyophilized sample. 10 µl of TE buffer was used to resuspend the library and stored at -20 °C. 

The library needed to be amplified in order to carry out the yeast one-hybrid at 100 fold 

coverage. 

4.3.3.2 Whole	prey	library	transformation	into	E.	coli	for	amplification.	
Two tubes of One Shot® TOP10 Chemically competent E. coli (ThermoFisher) were 

transformed according to the manufactures instructions (Section 3.3.8) using 5 µl of 

transcription factor library in each. Each transformation was plated onto 50 LB plates with 

ampicillin per tube as well as three plates without antibiotics, 10 µl on each. Transformation 

efficiency was calculated by counting the number of positive colonies on the plates without 

antibiotics and multiplying it by the total number of plates used. 

4.3.3.3 Midi	preparation	of	transformed	prey	library	
Colonies were resuspended in 500 µl of LB per plate. Samples were pooled into two 50 mL 

tubes. Midi prep was carried out as using the alkaline lysis method as written in Sambrook and 

Russell (2001). The only change was the spin speed for cell pelleting changed from 20,000g 

for 30 min to 13,000g for 45 min. Total yield was 150mg of plasmid library (25 mg/ml).  

4.3.3.4 Phenol-chloroform	DNA	clean	up	
100 µl of prey library DNA (diluted to 100 ng/µl) was mixed with 100 µl tris-saturated phenol 

and 100 µl chloroform and centrifuged at 9600 xg for 5 minutes. The upper aqueous phase was 

transferred to a new tube. Equal volume chloroform added and mixed. Centrifuged at 9600 xg 

for 5 minutes. Upper aqueous phase was transferred to a new tube. Equal volume chloroform 

added and mixed. Centrifuged at 9600 xg for 5 minutes. The upper aqueous phase was 

transferred to a new tube and 1/10th the volume of 3M sodium acetate was added. 2.5 volumes 

of ethanol were added and incubated at -20 °C for 30 minutes. Centrifuged at 17000 xg for 10 

minutes. The supernatant was discarded and the pellet washed with 70% ethanol. The now 

clean pellet was resuspended in 100 ul of TE buffer. 
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 Yeast	growth	conditions	
Yeast was grown on YPAD or selective media at 30 °C in a shaking incubator. 

 Preparation	of	competent	yeast	cells	
Preparation of competent yeast cells was carried out according to the Yeast Protocols 

Handbook (Xiao, 2005) according to the LiAC transformation method. Competent yeast was 

used immediately or kept on ice for up to two hours.  

 Generation	of	bait	yeast	strains	

4.3.6.1 Bait	DNA		
Bait DNA (-61 to -153 promDUO1 x4 (ROD1)) was in a pDONRP4P1R as described in Section 

3.3.5. As a positive control the bait from Mitsuda et al., (2010) was used, this was the RD29a 

promoter region. This was amplified using high fidelity PCR (Section 3.3.3) (primers BP87 

and BP88 Section 8.3) with att sites from gDNA extracted as described in 3.3.2, cloned into 

pDONRP4P1R using a BP reaction according to the manufactures instructions for Gateway® 

BP clonase® II. A one part gateway LR reaction was carried out using Gateway® LR clonase® 

II according to the manufactures instructions with the vectors R4L1pDEST_HISi-1 and 

R4L1pDEST_LacZi (Mitsuda et al., 2010a). The resulting plasmids are presented in appendix 

8.3 

4.3.6.2 Linearising	Bait	constructs	
The bait vectors were linearized with Xho1 (R4L1pDEST_HISi-1) or Nco1 

(R4L1pDEST_LacZi) restriction digests as per the manufactures instructions and checked with 

gel electrophoresis on 1% agarose gels (TAE buffer) (Section 3.3.4) 

4.3.6.3 Integration	of	reporter	constructs	into	the	yeast	genome	
The yeast strain used was Y1H-aS2 (Reece-Hoyes et al., 2011) with the genotype:  

MATa, ura3-52, his3-200, ade2-101, ade5, lys2-801, leu2-3, 112, trp1-901, tyr1-

501, gal4D, gal8D, ade5::hisG.  

Linear bait plasmids were transformed into competent yeast (Section 4.3.5) using small scale 

lithium acetate transformation according to the Yeast Protocols Handbook as simultaneous 

integration transformation (Xiao, 2005). This integrates the reporter vectors into the genome 

through homologous recombination. Positive colonies were selected on minimal DO media 

lacking histidine and uracil. 
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 Selection	of	bait	yeast	by	minimal	inhibition	by	3-AT	established	
Multiple bait yeasts were plated onto DO media plates lacking histidine and uracil and 

containing 3-AT at either 15 or 45 mM concentrations. After 5 days growth was observed and 

the colony with the lowest tolerance to 3-AT was selected for each construct (promDUO1 and 

promRD29a). 

 Establishing	positive	and	negative	controls	
DUO1 binds to the bait DNA (ROD1) that was used in this experiment (Borg et al., 2011) and 

DREB1D binds to the promoter of RD29A (Mitsuda et al., 2010a). DUO1 and DREB1D were 

amplified using high fidelity PCR (Section 3.3.3) from cDNA (DUO1 from whole 

inflorescences cDNA and DREB1D from seedling cDNA) with att sites. Each was cloned into 

pDONR221 using GatewayÒ BP clonase II reactions as per the manufacture’s protocol. These 

were then cloned into the destination vector (pDEST_GAD424) that the other transcription 

factors were cloned into. This generated a DUO1-GAL4AD and DREB1D-GAL4AD fusion 

protein. These constructs were used as the positive controls in all yeast one-hybrid experiments 

to ensure that 3-AT inhibition could be overcome. Interactions between DUO1 and RD29a, 

and DREB1D and ROD1x4 are used as negative controls. 

4.3.8.1 β-Galactosidase	assay	of	positive	and	negative	controls	
The two positive (ROD1x4:DUO1, RD29a:DREB1D) and two negative (ROD1x4:DREB1D, 

RD29a:DUO1) controls were used. One colony from each were growing on DO media plates 

lacking histidine, uracil and leucine were transferred onto filter paper which had been soaked 

in Z buffer/X-gal solution. Filter papers were left overnight at 30 °C to see if a blue colour 

developed. 

 Yeast	one-hybrid	transformation	
The transcription factor library was transformed into the reporter strain through a large scale 

yeast transformation (LiAC method) as outlined in the Clontech™ manual (Xiao, 2005). 

Briefly this consisted of making the reporter yeast strains competent by suspending in TE/Liac 

solution. The transcription factor library (100 µg) was then added with carrier DNA (salmon 

sperm) in a 1:1000 ratio. PEG/LiAC solution is added and vortexed then incubated for 30 min 

at 30 °C shaking. DMSO is added, and the yeast is heat shocked at 42 °C for 15 min then chilled 

on ice for 2 min. Transformed cells are spun down and resuspended in 1x TE buffer. The plating 

density for the first three repeats was 100µL per 90mm plate, on the fourth repeat that was 

reduced to 80µL per 90mm plate. Transformants were plated on 30 mM 3-AT containing DO 



105 

 

media lacking histidine, uracil and leucine. Positive colonies were isolated and re-plated to 

ensure that growth was not due to minimal amounts of histidine carryover. These colonies were 

PCR screened with non-specific vector primers (BP85, BP86). The PCR product was checked 

on an agarose gel (1%) for size and presence of a product and then sequenced. Sequences were 

blasted using BLASTN (Altschul et al., 1990) against the A. thaliana genome in NCBI 

(O’Leary et al., 2016) using default settings. The top hit for each sequence was recorded. 

4.3.9.1 Transformation	efficiency	
Transformation efficiency was calculated by spreading 100 µl (80 µl for the fifth repeat) of 

cells onto a DO media (lacking histidine uracil and leucine) plate containing 0 mM 3-AT. Cells 

were then counted and multiplied by the number of plates used in the experiment.  

 3-AT	inhibition	series	
An inhibition series was carried out by pricking all positive colonies onto DO media plates 

(lacking histidine uracil and leucine) with increasing 3-AT concentrations (0,15,30,40,60 mM) 

using sterilised toothpicks. Colonies were scored based on the highest concentration that they 

could still grow on. 

 High	fidelity	PCR	of	positive	colonies	
Prey transcription factors were amplified from positive colonies using the high-fidelity 

polymerase Phusion® as per the manufacture’s protocols. Primers used are in the Appendix 

under BP85 and BP86 (Section 8.3). 

Each Phusion PCR reaction had the following added; 10 µl of 5x High Fidelity buffer, 1 µl of 10 

mM dNTPs, 2 µl of 5 mM MgCl2, 1.5 µl of 10 mM of each primer, 0.6 µl of Phusion DNA 

polymerase (New England Biolabs), made to a total volume of 50 µl with ultrapure water. A 

positive colony was pricked with a sterile pipette tip and dipped into the PCR reaction. The PCR 

reaction was then vortexed for 3 seconds. Cycling parameters are in Table 4-2 
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Table 4-2 PCR cycling parameters for yeast colony screen 

Polymerase Initial enzyme 

activation and 

denaturation 

Double strand 

denaturation 

Primer 

anneal 

Extension Total 

cycles 

Phusion 94 °C, 10 min 94 °C, 30 seconds 55 °C, 

30 

seconds 

68 °C, 30 

seconds per 

KB 

30 

 

 Sequencing	of	positive	colonies	
To sequence the samples, ~150 ng of DNA template and 3.2 pmol of DNA primer was added to a 

total of 5 µl with distilled water. Sequencing was carried out on the ABI BigDye Terminator version 

3.1. 
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4.4 Results 

 Analysis	of	the	transcription	factor	library	
The sensitivity of the yeast one-hybrid is dependent on the quality of the prey library used. For 

this work two published libraries were requested from the authors; one mate pair library (Ou 

et al., 2011), the other a large scale transformation library (Mitsuda et al., 2010a), however, no 

response was received from Bin Ou. Mitsuda et al., (2010) kindly gifted us with the large scale 

transformation library. This library was reported to contain 1498 A. thaliana transcription 

factors, although the authors make no mention of the database used to select the transcription 

factors. Comparing this library to the plant transcription factor database v4 

(http://planttfdb.cbi.pku.edu.cn/,Jin et al., 2017), revealed the library contains 67.4% of known 

A. thaliana transcription factors. This is significantly lower than the 80% reported by Mitsuda 

et al., (2010). This discrepancy is likely due to 339 genes present in the library that are not 

classified as transcription factors in the plant transcription factor database. For example, the 

library contains gene families such as ALFIN that bind to DNA histone methylation (Lee et 

al., 2009); these are not considered transcription factors by the most recent definitions (Jin et 

al., 2017). The non-specific binding of these proteins may increase the number of positive 

colonies that are not due to specific binding of the bait DNA but rather of nonspecific 

modifications to the bait. Furthermore, additional genes have been classified as transcription 

factors since Mitsuda et al., (2010) compiled the library. The representation of gene families in 

the library is not uniform and may lead to a bias of the transcription factors found. Transcription 

factor families with more than 50 members are graphed in Figure 4-2, to show representation 

in the library. Some transcription factor families have as little as 38% representation. Six 

transcription factor families (FAR1, LSD, STAT, NF-X1, LFY and SAP) are absent altogether 

although these families only contain 26 transcription factors combined, of which 17 are FAR1 

transcription factors.  

Before carrying out the yeast one-hybrid screen, control interactions were carried out to show 

that the bait-prey interactions can be easily identified. Two sets of controls were established 

and cross-tested for this purpose. The strong interaction between DREB1D and the promoter 

region of RD29a (reported in Mitsuda et al., (2010)) was used as a positive control. DUO1 has 

been demonstrated to bind to ROD1 and can therefore also be used as a positive control for the 

bait that will be used in the screen. To ensure that the binding is specific, both transcription 

factors will be tested against both promoter regions. This should demonstrate that the binding 
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is only to the specific promoter region and not causing constitutive expression of the reporter 

gene.  
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Figure 4-2. Percentage representation of gene families represented in the library with more than 50 members. 

Ordered from the largest families on the right through to the smallest families on the left, based on PTFDB v4 

(http://planttfdb.cbi.pku.edu.cn/). 
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 Characterising	bait	reporter	strains		
Homologous recombination of the HIS3 gene to insert the bait DNA results in the restoration 

of the genes function. The level of background activation is dependent on the bait sequence 

that is now immediately upstream of the gene. It was, therefore, important to ensure that the 

base level expression of HIS3 is able to be inhibited by reasonable concentrations of 3-AT. A 

3-AT inhibition series was carried out for the two reporter strains generated. For the 

promRD29a reporter strain, inhibition was detectable at 15 mM and complete at 45 mM. 

Example of this is shown in Figure 4-3 for the R4L1pDEST_HISi-1::promRD29a, 

R4L1pDEST_LacZi::promRD29a reporter strain. The R4L1pDEST_HISi-1::promROD1x4, 

R4L1pDEST_LacZi::promROD1x4 reporter strain  reporter strain showed complete inhibition 

at 30 mM 3-AT. Therefore, 3-AT inhibition of 30 mM was used for the yeast one-hybrid assay. 

LacZ activation can be used as a second selection to further decrease the chance of a false 

positive. It is important to establish that the expression of this reporter is also low without 

activation of the appropriate prey protein. Therefore, the selected reporter strains from the 3-

AT inhibition series were tested for LacZ activity by transferring them onto filter paper 

containing x-gal solution in Z buffer. After a 12 hour incubation, no colour change was 

detected. This indicates that there is no leaky expression of the LacZ reporter. 

 

 

 

 

0 mM 3-AT 15 mM 3-AT 45 mM 3-AT 

Figure 4-3. 3-AT inhibition of reporter strain R4L1pDEST_HISi-1::promRD29a, 

R4L1pDEST_LacZi::promRD29a. Images taken 3 days after growth on minimal DO 

media plates lacking histidine and uracil. 
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4.4.2.1 Positive	and	negative	controls	used	in	Yeast	one-hybrid	
Two bait strains have been generated that have low levels of leaky expression. To test if these 

bait strains are able to replicate known interactions, two prey transcription factors were cloned. 

DUO1 was cloned into pDEST_GAD424 as a positive control for the ROD1x4 bait and 

DREB1D was cloned into pDEST_GAD424 as a positive control for the RD29a bait (Mitsuda 

et al., 2010a). To ensure the observed interaction was specific to the bait strain, DUO was 

transformed into the RD29a bait strain, and DREB1D was transformed into the ROD1x4 bait 

strain. Each transformation was plated onto four plates contained different levels of 3-AT (0 

mM, 15 mM, 30 mM, 60 mM) and the level at which growth was still observed was recorded 

(Table 4-3). There were interactions observed between DUO1:ROD1x4 and DREB1D:RD29a 

as both were able to grow on 60 mM 3-AT. This means that the prey transcription factors were 

activating HIS3 through the GAL4 activation domain, producing enough HIS3 to overcome 

the high level of inhibition from 60 mM 3-AT. Furthermore, interactions between 

DUO1:RD29a and DREB1D:ROD1x4 were completely inhibited at 30 mM 3-AT. Interactions 

between bait and prey can be discerned in either reporter strain by challenging the yeast with 

30 mM 3-AT, therefore, this concentration was used in the screen. 

LacZ activation can be used as an optional second selection. This was tested in the reciprocal 

control test and found that DREB1D was able to activate LacZ in the RD29a reporter strain 

and therefore produce a blue colony (Figure 4-4). Unfortunately, DUO1 was not able to activate 

LacZ in either strain. As the secondary screen is optional and was not functional for the positive 

control interaction between DUO1 and ROD1x4, it was not used in the yeast one-hybrid screen. 

Table 4-3 Maximum level of 3-AT inhibition that growth was observed on 

                                    Prey 

Bait 

pDEST_GAD424::DUO1 pDEST_GAD424:: DREB1D 

prom:ROD1x4 60 mM 15 mM 

prom:RD29a 15 mM 60 mM 
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Figure 4-4. LacZ activation in reciprocal control test. Image take after 

16 hour incubation. Blue colony observed only for the interaction 

between the promoter of RD29a and DREB1D as indicated by the 

arrow. 

promRD29a:DREB1D promRD29a:DUO1 

promROD1x4:DREB1D promROD1x4:DUO1 
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 Genes	identified	in	the	yeast	one-hybrid	screen	
The yeast one-hybrid was carried out four times in order to achieve a minimum of 100x library 

coverage. The first Y1H transformation efficiency was not measured but yielded 21 positive 

colonies. Across the 2nd, 3rd and 4th approximately 248,600 yeast were transformed resulting in 

165 fold library coverage. Across all four repeats, a total of 470 positive colonies were 

identified by 3-AT selection. Prey transcription factors from the positive colonies were 

amplified through colony PCR using vector primers. All 470 colony PCRs were successful and 

checked by agarose gel. 465 of these PCRs were successfully sequenced. Each sequence was 

identified through a BLAST search resulting in 307 unique sequences. A table of all the genes 

identified in the screen is in the appendix (Table 8-2). All the matched sequences were most 

similar to A. thaliana genes. Interestingly 13 genes were identified that were not present in the 

library. Many prey transcription factors were identified from multiple colonies, 75 appeared 

more than once with 3 appearing more than 10 times as shown in Table 4-4. A complete table 

organised by the prey transcription factors that were found most frequently is in the appendix 

in Table 8-9.  All candidate genes that were found at least three times are shown in Table 4-5. 

Alfin-like 4 was found which does not bind to specific DNA sequences, but rather it binds to 

histone modifications (Lee et al., 2009). Seven other genes which do not match current 

transcription factor databases were also found.  

4.4.3.1 Maximum	levels	of	3-AT	inhibition	
An inhibition series from 0 to 60 mM 3-AT was carried on each colony was to ensure that the 

positive colonies were overcoming the 3-AT inhibition, not simply carrying over histidine from 

the previous generation. For transcription factors that were present in multiple colonies, an 

average was taken. In all cases, colonies could survive at least the selection level 3-AT of 30 

mM. Many colonies could still survive inhibition at twice the minimum inhibitory level, and 

only one gene had an average inhibition of less than 45 mM (Table 4-5). Full tables of inhibition 

per positive colony is present in the Appendix Table 8-8 and average levels of inhibition for 

prey transcription factors in Table 8-9. This data is strong evidence that the transcription factors 

are interacting with the bait DNA in the context of the yeast cell. 
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Table 4-4 Distribution of positive colonies.  

Number of positive colonies Number of TFs that produced that many 

colonies 

28 1 

17 1 

14 1 

6 1 

5 2 

4 4 

3 12 

2 53 

1 232 

0 1191 
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Table 4-5 Positive colonies found at least three times in yeast one-hybrid screen 

Gene Identifier Gene Description1 TF Family2 Number of colonies 3-AT inhibition  mM3 

At2G43000 ANAC042 (A. thaliana NAC domain containing 

protein 42); transcription factor 

NAC 28 53.57142857 

At3G11440 ATMYB65 (myb domain protein 65); DNA binding 

/ transcription factor 

MYB 17 48.52941176 

At2G40340 [AT2G40340, AP2 domain-containing transcription 

factor, putative (DRE2B)];[AT2G40350, DNA 

binding / transcription factor] 

ERF 14 56.78571429 

At3G23240 ATERF1/ERF1 (ETHYLENE RESPONSE 

FACTOR 1); DNA binding / transcription activator/ 

transcription factor 

ERF 6 55 

At2G38880 ATHAP3/ATNF-YB1/HAP3/HAP3A (NUCLEAR 

FACTOR Y SUBUNIT B1); transcription factor 

NF-YB 5 60 

At5G24520 TTG1 (TRANSPARENT TESTA GLABRA 1); 

nucleotide binding 

WD40 5 54 

At1G12860 basic helix-loop-helix (bHLH) family protein / F-

box family protein 

bHLH 4 52.5 

At3G03200 ANAC045 (A. thaliana NAC domain containing 

protein 45); transcription factor 

NAC 4 45 
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At4G36160 ANAC076/VND2 (VASCULAR-RELATED NAC-

DOMAIN 2); transcription factor 

NAC 4 56.25 

At3G26640 transducin family protein / WD-40 repeat family 

protein 

WD40 4 52.5 

At1G07640 OBP2 (OBF BINDING PROTEIN 2); DNA binding 

/ transcription factor 

Dof 3 55 

At3G16870 zinc finger (GATA type) family protein GATA 3 60 

At5G09463 CONSERVED PEPTIDE UPSTREAM OPEN 

READING FRAME 41, CPUORF41 

Unknown 3 60 

At2G36340 GEBP-LIKE PROTEIN 3, GPL3 GeBP 3 55 

At2G06200 AtGRF6 (GROWTH-REGULATING FACTOR 6) GRF 3 50 

At5G67420 LBD37 (LOB DOMAIN-CONTAINING PROTEIN 

37) 

LBD 3 55 

At4G17600 LIL3:1; transcription factor Unknown 3 50 

At5G60910 AGL8 (AGAMOUS-LIKE 8); transcription factor MIKC_MADS 3 55 

At2G47460 ATMYB12/MYB12 (MYB DOMAIN PROTEIN 

12); DNA binding / transcription activator/ 

transcription factor 

MYB 3 60 

At3G61250 AtMYB17 (myb domain protein 17); DNA binding / 

transcription factor 

MYB 3 60 
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At3G02150 PTF1 (PLASTID TRANSCRIPTION FACTOR 1); 

transcription factor 

TCP 3 60 

At4G37240 similar to unknown protein [A. thaliana] 

(TAIR:AT2G23690.1); similar to unnamed protein 

product [Vitis vinifera] (GB:CAO45438.1); similar 

to hypothetical protein [Vitis vinifera] 

(GB:CAN61825.1) 

Unknown 3 60 

1 Gene descriptions were taken from the plant transcription factor database v4 (Jin et al., 2017). 

2Gene family taken from the plant transcription factor database v4 (Jin et al., 2017). 

3Average 3-AT inhibition on which colonies grew. 
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4.5 Discussion 

The yeast one-hybrid technique was intended as a primary screen to identify the transcription 

factors that could bind to the prey, ROD1 from the DUO1 promoter. Through this screen 307 

transcription factors were identified that activated HIS3, enabling growth in the presence of 30 

mM 3-AT. This indicated a direct interaction between the bait and the prey. It is unlikely that 

this number of transcription factors are directly involved in the activation of DUO1 in A. 

thaliana. This suggests that there are reasons why the reporter gene was likely activated in this 

system, but would not activate DUO1 in vivo to initiate the development of the male germ line. 

The aspects of the yeast one-hybrid that can lead to these interactions and potential 

improvements are discussed. 

 Comparison	to	published	yeast	one-hybrid	screens	with	the	same	library	
The yeast one-hybrid screen in this chapter identified 470 positive colonies with a 165 fold 

library coverage. This works out to just under three colonies per library coverage. Comparing 

this level of discovery to other published yeast one-hybrid screens that use the Mitsuda et al., 

(2010) library reveals that this rate of discovery is on the low end. Two yeast one-hybrid 

screens were carried out by Mitsuda et al., (2010), the first had an 8 fold library coverage and 

found 45 positive colonies or 5.6 colonies per library coverage. The second had 20 fold library 

coverage and found 72 positive colonies that works out to be 3.6 colonies per library coverage. 

Kim et al., (2012) carried out a yeast one-hybrid  screen and had a library coverage of 6.5 fold 

and found 18 positive colonies or 2.8 colonies per library coverage. Machens et al., (2014) 

carried a yeast one-hybrid screen at 22 fold coverage and identified 187 positive colonies or 

8.5 colonies per library coverage. Therefore, the high number of positive colonies in this work 

is at a consistent rate with the discovery rate in literature.  

The distribution of transcription factors in other yeast one-hybrid screens is similar to the 

screen in this chapter as a few transcription factors were found more than 10 times, whereas 

many transcription factors were found two or fewer times. In the yeast one-hybrid screen 

carried out by Mitsuda et al., (2010) with the CCoAOMT1 promoter as bait, 12 transcription 

factors were found once or twice, and only two transcription factors were found more than 10 

times. Similarly, yeast one-hybrid screen in Kim et al., (2012) found one gene eight times out 

of the 18 positive colonies, the rest were found once or twice. The Mitsuda et al., (2010) yeast 

one-hybrid with 20 fold library coverage identified MYB58 39 times. This is clear evidence 

that the library composition is not uniform. Furthermore, the second most identified gene in 
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that yeast one-hybrid screen (SPL8) was isolated 20 times but was not able to activate a reporter 

gene using a dual luciferase assay in A. thaliana leaves (Mitsuda et al., 2010a). This highlights 

the importance of carrying out a validation assay in a separate system.  

 Secondary	selection	methods	
Yeast one-hybrid experiments are often conducted with two different selection methods to 

increase the level of confidence in the results, although single selection methods are often 

sufficient (Xu, 2004; Machens et al., 2014). The secondary selection available in our system 

was an activation of the lacZ gene which is inserted at the URA3 locus. The bait was integrated 

at this location which restored the function of the URA gene as well as introducing the bait 

(ROD1x4) upstream of LacZ. When colonies that are expressing the LacZ gene are exposed to 

x-gal, LacZ should be able to convert this into a blue product. While establishing the controls 

for this experiment, the secondary selection on the positive control DUO1 failed to get a 

positive result. Therefore, the secondary selection was not used. Being able to perform the 

LacZ screen may have reduced the number of positive colonies as the prey transcription factors 

then only need to bind to a single locus (rather than two separate locations), in order to achieve 

a positive result. To compensate for this, the 3-AT inhibition series was carried out to ensure 

that the one selection method that was available would generate results with high confidence. 

This acted in two different ways. Firstly through re-plating and secondly through higher 3-AT 

concentrations. This challenges any carryover histidine from the transformation process and 

leaky or background levels of histidine production. As all of the positive colonies passed this 

secondary measure, it is likely that all of the positive colonies contained a prey transcription 

factor that was activating HIS3. However, the nature and specificity of the binding to the bait, 

ROD1, is unclear.  

 Transcription	factor	library		
The definition of a transcription factor used by Mitsuda et al., (2010) is not clear. When 

comparing the library with the plant transcription factor database (PTFDB 

http://planttfdb.cbi.pku.edu.cn/, Jin et al., 2017), 339 of the genes are not listed as transcription 

factors. Many of those genes have DNA binding abilities but lack activation or repression 

domains. This can result in some specific DNA binding in this experiment that would not result 

in the activation of DUO1 in A. thaliana. However, in the yeast one-hybrid system it would 

result in activation due to the GAL4 activation domain that is fused to the prey. Some of those 

339 genes also bind to DNA modifications. This can result in activation that is not specifically 
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due to the binding of the bait DNA. For example, there are 13 PHD proteins in the library 

where PHD finger domains bind to H3K4me3 (trimethylated lysine 4 on histone H3) and 

H3K4me2, one of which was found in this experiment (Lee et al., 2009). Transcription factors 

can also bind in a non functional ways as is shown by ChIP experiments were as low as 3% of 

transcription factor targets are directly regulated by the transcription factor (Li et al., 2015; 

Pautler et al., 2015), although the number is usually closer to 30% (Franco-Zorrilla and Solano, 

2017) this could lead to higher numbers of positive colonies than is truly representative of in 

vivo activation. 

The library coverage is 67.4% of currently known transcription factors. It is therefore quite 

possible that the transcription factor we are searching for is absent from the library. There is 

also an uneven distribution of transcription factor families within the library. Plasmid size can 

influence the efficiency with larger plasmid transforming at a lower rate than smaller plasmids 

(Hanahan, 1983). This might mean that larger transcription factors are underrepresented in the 

library. In an attempt to count for these variables an extremely high coverage of the library 

(165 fold) was achieved so that any true interactions should show multiple times. 

 GAL4	activation	domain	
The transcription factor library contained transcription factors that had been fused to a GAL4 

activation domain. This activation domain is very active in yeast and potentially could be 

activating the reporter gene when binding of the prey transcription factor to the bait DNA 

would be insufficient in the native system (Giniger et al., 1985). This could be contributing to 

the high number of positive hits. This sensitive activation may also be what enables 

transcription factors that bind very similar sequences to give positive signals. This would result 

in transcription factors from the same family being over represented. Looking at transcription 

factor family representation was therefore carried out in Section 4.4.1. 

 Models	for	false	positive	colony	selection	

As positive colonies were identified through a direct PCR of the colony, it is possible that some 

other interactions took place activating the reporter gene, but not through the specific binding 

of the prey transcription factor to the bait DNA. Two possibilities are the transformation of 

more than one transcription factor into the same yeast cell and the activation through protein-

protein interactions with a non-specific binding protein (Figure 4-5). As this yeast one-hybrid 
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assay used the transformation of plasmids to express the prey transcription factor, it is possible 

that more than one transformation event occurred in a single yeast cell (Struhl et al., 1979).  

Where two plasmids were transformed into the same yeast cell, it is possible that one was 

preferentially amplified through the colony PCR stage whereas the other might be the prey that 

is interacting with the bait. PCR can have different amplification efficiencies that are affected 

by the length and GC content of the template (Walsh et al., 1992; Weissensteiner and 

Lanchbury, 1996). The preferential amplification of one transcription factor could result in the 

second transcription factor not being amplified and therefore not sequenced even if it was the 

prey that interacted with the bait. Many of the genes in the transcription factor library have 

protein interaction domains. These could interact with a non-specific DNA binding protein 

present in the bait strain (Figure 4-5 B) and activate the reporter gene. This would lead to the 

identification of transcription factors that were not able to bind to the bait DNA, inflating the 

number of positive colonies observed.  

 

Figure 4-5. Models for false positives. A A yeast cell could be transformed with two plasmids, 

containing different transcription factors. The purple transcription factor could bind to the cis-

element, whereas the green transcription factor could be the plasmid that is preferentially 

amplified through the PCR process. B The TF could bind to a non-specific binding protein 

(NSBP) and activate the reporter gene. 

The transcription factors identified in this yeast one-hybrid screen are all potential candidates 

as activators of DUO1 through interactions with ROD1. To identify the one or few 

transcription factors that activate DUO1 in vivo further validation is required. 
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5 Selection and validation of candidate activators of DUO1 

5.1 Aim 

The aim of this chapter is to select candidate DUO1 activators from those that were identified 

in the yeast one-hybrid screen in Chapter 4 and validate their interaction with ROD1. 

5.2 Introduction 

This thesis sought to identify the cis-regulatory elements in the promoter region of DUO1 that 

are responsible for the transcriptional activation of DUO1. The bioinformatic approaches taken 

in Chapter 2 and validated in Chapter 3 identified a conserved CRM that was required for 

DUO1 activation. A yeast one-hybrid screen was conducted to identify the transcription factors 

that had the ability to bind to ROD1. The next step was to test if binding to ROD1, in particular, 

the GTGG CREs within ROD1, can lead to activation of DUO1. As 307 transcription factors 

were identified in the screen, a rationale for selecting candidates to validate needed to be 

established as well as careful consideration of validation methods. 

Gene family over representation is a useful selection criterion to generate a list of candidates. 

Transcription factors are grouped into families based on their DNA binding domains 

(Stegmaier et al., 2004). Transcription factors in the same family often bind to very similar 

DNA binding motifs (O’Malley et al., 2016). Therefore, the transcription factor families that 

were over represented in the yeast one-hybrid screen are likely to be binding to similar elements 

within ROD1. Furthermore, individual transcription factors that were found frequently are 

commonly selected for validation (Mitsuda et al., 2010b; Machens et al., 2014). Lastly, in order 

for the candidate transcription factor to activate DUO1 in the germline, the candidate must be 

expressed either in the microspore or in the germ cell of bicellular pollen. Gene expression 

throughout pollen development has been analysed using microarray technology (Honys and 

Twell, 2004). This data can be informative when selecting candidates. However, microarrays 

may not be sensitive enough to detect low abundance transcription factors. Therefore, this data 

should not be used to eliminate candidates, although if there is a strong microspore expression, 

it is another piece of evidence that an interaction with ROD1 could lead to activation of DUO1.  

The methodology selected for validation needs to be carefully considered. The yeast one-hybrid 

screen demonstrated a physical interaction between the transcription factors and ROD1. A 

second experiment such as an EMSA (electrophoretic mobility shift assay) which only 
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demonstrates an interaction between the transcription factor and ROD1 would not provide any 

more evidence that the transcription factor can activate DUO1 in the germline. An in planta 

assay, such as a dual luciferase assay that demonstrates both binding and reporter activation 

would be more informative (Matsuo et al., 2001; Espley et al., 2007). It would provide more 

evidence that the transcription factor can lead to activation without the GAL4 activation 

domain used in the yeast one-hybrid. In a dual luciferase assay, one luciferase enzyme (firefly 

luciferase) is put under the control of a piece of bait DNA while the second luciferase enzyme 

that has a separate substrate (renilla luciferase) is constitutively expressed as an internal 

control. Both luciferases and the candidate transcription factor are transformed into 

Agrobacterium tumefaciens  and infiltrated into the leaf of a tobacco plant. A few days later 

the luciferase activities can be measured to determine if activation of the firefly luciferase has 

occurred. This kind of experiment can be very informative if activation is observed. However, 

it does not rule out a transcription factor if there is no activation of luciferase.  

Identifying the transcription factors that activate DUO1 could pose a significant challenge. 

There is the possibility that two or three unique transcription factors are required for activation 

through the GTGG CREs. If three transcription factors are required, one for each GTGG, there 

would be approximately 1,000,000 possible combinations or a mere 23,485 combinations if 

only two transcription factors are required, assuming all activators were present in the 307 

transcription factors identified in the yeast one-hybrid. This number of combinations will be a 

serious problem for the dual luciferase assay approach. However, if a subtractive approach was 

taken instead, then the combinations would not matter. If three specific transcription factors 

are required, the removal of one would abolish the activation of DUO1. Therefore using T-

DNA insertional mutants could be an efficient way to screen for activators of DUO1.   

Utilising T-DNA Knockout lines is an approach which can sidestep some of the issues in 

attempting to recreate binding events outside of the native context of the interaction. T-DNA 

knockout lines have been generated by a number of large studies (Alonso et al., 2003; 

Kleinboelting et al., 2012). These studies utilise the near random insertion of DNA into the 

genome through A. tumefaciens transformation. This results in large insertions that can 

interrupt genes coding sequence or regulatory regions, resulting in loss of function mutants. If 

the activator of DUO1 is knocked out, DUO1 should not be expressed which would result in 

an easy to identify phenotype of bicellular pollen at anthesis. Like the dual luciferase assay, 

this approach also has limitations. The random integration of T-DNA into the genes means that 
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some genes may not be completely inactive. Furthermore, if there is redundancy in the 

activation of DUO1, then single knockout lines would present no phenotype. Like the dual 

luciferase assays, if there were two redundant activators and both were found in yeast one-

hybrid that could be up to ~23,000 crosses. Crossing A. thaliana plants is time consuming, 

making such an undertaking unfeasible. Using both dual luciferase assays and T-DNA lines as 

complementary approaches will increase the chances of identifying the transcription factor or 

factors that activate DUO1. 

5.3 Methods 

 Analysis	of	existing	microarray	data	
Data was obtained from the supplementary material from Honys & Twell, (2004). This data 

set was opened in Excel. The genes which were present on the array were matched to the genes 

which were present in the yeast one-hybrid using the following formula: 

 = "#("%&'((')*+(,-./0	23-	ℎ,5678	9-3-,;7<62.66.,	8.0., 0)), ”@3A32B3”, 

"&CDE(;7<62.66.,	8.0.	F.GH-,(')*+(,-./0	23-	ℎ,5678	9-3-,;7<62.66.,	8.0., 0))) 

I have substituted the cells with what was in them. Yeast one-hybrid gene refers to a cell 

containing one single gene that was found in the yeast one-hybrid. Microarray data refers to 

the entire column which contained the agi numbers of all the genes in the microarray. If the 

match did not yield a result, the formula returns “Unknown”. If there is a match, it will return 

the value of the sperm cell expression for that gene (microarray data value). This formula was 

copied for each gene that was found in the yeast one-hybrid and for each data point that was 

required, e.g., Sperm cell expression, microspore expression. A series of logical operations was 

then carried out to find genes with a particular pattern. For example, to find genes which had 

higher expression in the unicellular microspore (UNM) than in mature pollen (MPG) the 

following formula was used: 

= "#(@&( > (JK, 1,0) 

Here if the logic operation is true it will return a 1, if it is false, it will return a 0. Then filtering 

could be applied to generate a list of genes with only the desired expression pattern. 
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 Statistical	analysis	of	gene	family	enrichment	
To calculate the gene family enrichment, we need to know what the expected and observed 

values are. The observed is the number of positive colonies that belong to the gene family as 

found in the yeast one-hybrid. The expected are the number of colonies that would belong to 

the gene family if the binding was proportional to the number of the genes in the transcription 

factor family (uniform nonspecific binding) that are present in the transcription factor library. 

The expected value was calculated by the following formula: 

 

DMN-<0-8 = )20.G	25/-6F-8	<2G237-/	 × (
K-3-	P.;7G,	73	G756.6,

G756.6,	020.G
)	 

The enrichment of gene families was calculated by the following formula: 

 

K-3-	P.;7G,	-367<ℎ;-30 =
Q5/-6F-8

DMN-<0-8
 

The Chi^2 statistic was used to identify significantly enriched gene families. This statistic has 

limited power when either the observed or the expected is less than 5. For that reason, I have 

excluded any gene families with less than 5 members or less than 5 observed colonies. 

 Gene	family	cluster	analysis	
Gene lists were downloaded from the plant transcription factor database V4. An alignment of 

the DNA binding domains was carried out using the MUSCLE alignment with 1000 iterations. 

The alignments were then made into a tree using the geneious tree builder.   

 Dual	luciferase	assays	
The Dual luciferase assay protocol was established by Erin Ritchie (Ritchie, 2017) adapted 

from (Hellens et al., 2000), here it has been adapted again. Transcription factors were amplified 

from cDNA obtained from RNA extracted from seedlings and inflorescences or from the 

colony PCRs from positive yeast one-hybrid colonies. The transcription factors were amplified 

with attB1 and attB2 sites. They were then transformed into pDONOR221 by using a BP 

reaction and then transformed into DH5α E. coli by the heat shock method. All plasmids 

generated this way are presented in appendix 8.3. Transformed E. coli were plated onto LB 

plates containing kanamycin antibiotics. Positive colonies were screened using PCR with 
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M13F and M13R primers which are present in the vector. Plasmids were extracted from two 

colonies and sequenced. If sequencing was successful, the vectors were transformed into the 

expression vector pB2GW7 using a one part LR reaction. The vector pB2GW7 contains the 

35s constitutive promoter upstream of the insertion site of the transcription factor. The LR 

reactions were transformed into DH5α E. coli by the heat shock method. Transformed E. coli 

were plated onto LB plates containing spectinomycin antibiotics. Positive colonies were 

extracted and screened by PCR with a 35sF primer and a gene specific reverse primer to ensure 

that the transcription factor was successfully inserted into the vector. pB2GW7 vectors 

containing the various transcription factors including mDUO1 were transformed into A. 

tumefaciens GV3101 by heat shock and plated onto LB plates containing rifampicin, 

gentamycin and spectinomycin (RGS). The bait DNA vector was cloned into pGreenII 0800 

(Hellens et al., 2000) by Stuart Zhorab in our lab. Three bait constructs were used,  ROD1, 

ROD1 with mutated AACYG CREs (DUO1 binding sites) and DFR. The transformed pGreenII 

0800 vector was transformed into A tumefaciens with the pSoup helper plasmid and selected 

on rifampicin, gentamycin, kanamycin and tetracycline (RGKT). The positive control 

combination of PAP and DFR was obtained from Robyn Lee.  

A. tumefaciens clones containing the bait and prey vectors were streaked onto LB agar plates 

containing RGKT and RGS antibiotics respectively and grown for two days at 28 °C. Half an 

inoculation loop was scraped from the plates and resuspended in 5 mL of infiltration buffer (10 

mM MgCl2, 0.1 mM acetosyringone). The OD600 was measured, and the concentration of 

bacteria was reduced to a final OD600 of 0.4 ± 0.01. This solution was incubated at room 

temperature for two hours with shaking. The bait and prey were mixed in a ratio of 1:5. The 

solution was then infiltrated into the underside of Nicotiana benthamiana leaves.  

N. benthamiana were grown from seed, germinated in soil (5:1 potting mix: vermiculite). 

Seedlings were pricked out into individual pots and were ready for infiltration when at least 

three leaves were ~3cm long. Growth conditions were 22 °C, 40 relative humidity and 16 hour 

light conditions with water as needed. To infiltrate the leaves a 1 mL syringe containing the 

mixture of bait and prey strains in infiltration buffer was pressed against the underside of a 

young leaf. A gloved finger is pressed against the top side of the leaf where the syringe is 

placed and the mixture is gently infiltrated. Approximately 9 cm2 of the leaf is infiltrated, 

sometimes requiring multiple injections. One half of the leaf is injected with the bait: prey 

combination, the other half is injected with a bait: empty vector control combination. The 
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infiltrated area is outlined with a marker pen and labelled. Each mixture was infiltrated into 

multiple leaves. 

Samples are collected from 1-5 days after infiltration with a 50 mm hole punch and placed in 

a 96 well plate (flat bottom). Replicates were taken from each leaf as well as taking samples 

from multiple leaves. 50 µL of lysis buffer (Promega) was added, and the disc of plant leaf was 

homogenised mechanically using a special drill bit attachment and an electric drill. The drill 

bit was washed and dried in-between each sample and the infiltration only sample was always 

homogenised last to measure any carryover from well to well. A CLARIOstar® (BMG 

Labtech) plate reader was used in conjunction with the DLAR-2B Dual Luciferase Assay Kit 

from Targeting Systems. The plate reader was programmed to add 50 µl of DLAR reagent, 

shake and then measure for 30 seconds at 555 ± 40 nm, 10 seconds after the injection.  50 µl 

RLAR reagent was added. This reagent terminates the firefly luciferase reading and has the 

specific reagent for renilla luminescence. The plate was mixed with shaking and measurements 

taken 10 seconds after injection. Measurements were made at 520 ± 40 nm for 30 seconds. 

Data obtained from these assays were analysed in Microsoft Excel.  

 T-DNA	lines	insertion	confirmation	
T-DNA lines were obtained from the Arabidopsis Biological Resource Centre 

(https://abrc.osu.edu). Plants were grown without selection directly on soil as in Section 3.3.13. 

Genotyping of the plants was carried out by extracting gDNA from leaf samples as in Section 

3.3.2, and PCR of the gDNA was carried out as in Section 3.3.3 with primers from Table 8-1. 

Two PCR reactions were carried out for each plant, one to identify the wild type allele, one to 

identify the T-DNA insertion. From this, the zygosity of the insertion can be determined. An 

example of this is shown in Figure 5-1.  
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Figure 5-1 Gel electrograph genotyping T-DNA insertion lines. Plants with a PCR product in 

both the WT and T-DNA lanes are heterozygous (plant 2). Plants that contain only the WT allele 

are homozygous without the insert (plant 1, 4 and 5). Plants that only contain the T-DNA allele 

are homozygous for the insert (plant 3 and 6). PCR was carried out on gDNA extracted from 

nac045-1 plants.  

 Sample	preparation	and	cDNA	synthesis	without	RNA	extraction	from	pollen	
Two flowers were collected in a tube. 200 µl of DAPI buffer (Section 3.3.1) without Triton or 

DAPI. Vortex briefly and centrifuge. Remove supernatant.10 µl of MMNO lysis buffer was 

and incubated at 65 °C for 45 seconds. The solution was immediately chilled on ice for use in 

cDNA synthesis. cDNA synthesis was carried out using superscript® III reverse transcriptase 

as per the manufactures instructions using the entire pollen lysate as previously prepared with 

only oligo dT for priming. 

 qRTPCR	of	pollen	samples	
qRTPCR was run using the SYBRgreen method as per the manufactures instructions in 96 well 

plates on the LightCycler® 480. cDNA was not diluted as the concentrations were already very 

low due to the small starting sample. Primers used are in Table 8-1. 45 cycles were carried out 

in a two-step protocol. Denaturation occurred at 95 °C for 3 minutes. Cycling parameters were 

95 °C for 3 seconds and 60 °C for 20 seconds. A melt curve was generated by decreasing the 

temperature from 95 °C at a rate of 0.06 °C per second with 10 data acquisitions per 1 °C 

change. 
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 Pollen	phenotyping	 
Phenotyping of pollen grains was done by collecting pollen from two flowers per plant. 200 µl 

of DAPI buffer was added, and the flowers were vortexed then centrifuged. 8 µl including the 

pellet was taken up and pipetted onto a microscope slide. A coverslip was gently placed on top. 

The pollen was then observed on the inverted microscope. 300 pollen grains were observed for 

an aberrant phenotype, and the proportion was calculated.  

 Comparison	 of	 candidate	 transcription	 factors	 binding	 motifs	 to	 bait	
sequence	

The binding motifs of transcription factors identified in the yeast one-hybrid were compared to 

ROD1. The FIMO algorithm (Grant et al., 2011) was used with default settings; the binding 

motifs were obtained from the plant transcription factor database V4 (Jin et al., 2017)  using 

data from O’Malley et al., (2016). The most significant hit was recorded. 
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5.4 Results 

The yeast one-hybrid screen identified 307 transcription factors that could bind to ROD1. Dual 

luciferase assays can be used to verify that these transcription factors can activate genes in 

planta. However, it is not feasible to carry out the assay on all 307 transcription factors that 

were identified, especially if combinations of transcription factors are required as that would 

quickly escalate to tens of thousands of assays. Therefore, selection criteria need to be applied 

to try and narrow the number of transcription factors investigated to maximise the potential to 

identify the transcription factor that binds to ROD1 in order to activate DUO1. 

 Transcription	factor	family	analysis		
Transcription factors are grouped into families based on the similarity of the DNA binding 

domains (Stegmaier et al., 2004). By grouping them together, it is possible to identify clusters 

of transcription factors that all bind a very similar DNA motif. This will reduce the number of 

transcription factors that need to be assayed. It could also find transcription factors that were 

not present in the yeast one-hybrid library but are very similar to transcription factors that were 

most frequently found. This analysis was conducted by identifying the family that each 

transcription factor belongs to. As some transcription factors have multiple DNA binding 

domains, it can complicate the classification. Therefore the database Plant Transcription Factor 

Database V4 was used to classify each transcription factor (Jin et al., 2017). The number of 

colonies identified in the screen for each transcription factor family was compared to the 

number of colonies that would be expected for each family if the binding was directly 

proportional to the number of family members in the library. The chi-squared statistic was used 

to test if the differences observed were significant. The chi-squared statistic has limited power 

on small sample sizes, so transcription factor families with less than five members were 

excluded from the analysis.  

Based on this analysis, the NAC transcription factor family is overrepresented more than 2-

fold compared to a background model of non-specific uniform binding (Figure 5-2). The MYB 

and ERF transcription factor families are also significantly over represented. The WRKY and 

M-type MADS transcription factor families are significantly underrepresented. The NAC, 

MYB and ERF transcription factor families are large and still too numerous to test individually. 
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Therefore, an investigation into the distribution of the positive colonies within the families was 

carried out.   

 

 

 

Figure 5-2. Gene family enrichment is displayed in Log2 as a fold change of observed 

colonies/expected colonies. The Chi^2 test was carried out to test for significant differences 

(*P>0.01). Only gene families with more than 5 family members were included as Chi^2 tests are 

not suitable where the sample sizes are too small. The transcription factor families are ordered 

from most significantly overrepresented to most significantly underrepresented.  
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 Evidence	of	clustering	of	yeast	one-hybrid	candidates	within	gene	families.	
The NAC, MYB and ERF transcription factor families were all significantly overrepresented. 

Each of those families contains at least 120 members. To further refine the search, phylogenetic 

trees were constructed from the DNA binding domains of the three gene families. This should 

cluster the genes with the most similar binding domains together. Assuming that a more similar 

binding domain will be more likely to bind the same DNA sequence than a dissimilar binding 

domain, this analysis should show which genes are most similar to the candidates that were 

found in the yeast one-hybrid (Franco-Zorrilla et al., 2014).  

Candidates from all three families were unfortunately found distributed throughout the trees 

with no single large cluster, although pairs or triplets of transcription factors were occasionally 

found (Figure 5-3, Figure 5-4 and Figure 5-5). DUO1 was located with two other MYB 

transcription factors that were identified in the yeast one-hybrid screen. As DUO1 binds to the 

AACYG CREs present in ROD1, this is evidence that supports a family clustering approach. 

MYB65 (At3G11440) was the MYB transcription factor that was identified in the yeast one-

hybrid 17 times, however, had no other yeast one-hybrid hits near it. The MYB transcription 

factors are most likely to bind to the AACYG CREs in ROD1. The AACYG CREs are not 

necessary for the activation of DUO1 and so were not pursued for validation.  

The NAC transcription factors were overrepresented because a few of them were found 

multiple times in the yeast one-hybrid. In particular, NAC042 was identified 28 times, which 

is more than any other transcription factor in the screen. While clustering was not obvious for 

the NACs, the three NAC transcription factors most similar to NAC042 were not present in the 

library. Of these three genes (NAC094, NAC009, and NAC) only NAC009 has expression in 

the microspore or bicellular pollen (Table 5-1). However, this does not exclude the possibility 

that NAC and NAC094 are not expressed in the microspore or bicellular pollen as they could 

be expressed at a level below what is able to be detected on a microarray. Therefore, these 

genes have been included for follow up validation.  

There is some small clustering within the ERF tree of yeast one-hybrid hits. Although the DNA 

binding domains of the ERF family is more dissimilar than the NACs or the MYBs and the 

small clusters that are present are not close to each other. Therefore, just the most frequently 

found ERF transcription factor from the yeast one-hybrid will be included for dual luciferase 

assays. Three other transcription factors are also included for the dual luciferase assays that are 

not part of transcription factor families that are significantly enriched (Table 5-2). 
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Table 5-1 Expression of NAC genes highly similar to NAC042 

Gene name Gene Locus Microspore 

expression1 

Bicellular pollen 

expression1 

NAC094 At5G39820 0 0 

NAC009 At1G26870 85.89525 84.66505 

NAC At3G12910 0 0 
1 Microspore and Bicellular pollen expression is taken from Honys and Twell (2004). Based 

on A. thaliana GeneChip ATH1 Genome Arrays. 
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Figure 5-3. Phylogenetic tree of NAC DNA binding domains. Alignment was created with 

MUSCLE alignment (100 iterations). Tree built with GeneiousÒ tree builder from the 

MUSCLE alignment with 100 bootstrap iterations. Green =1 colony. Orange =2 to 9 colonies. 

Red = <10 colonies. Bold are genes that are absent from the Y1H library. Italics are genes that 

are present in the Library. The number of colonies containing that gene are in brackets before 

the gene name. 
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Figure 5-4. Phylogenetic tree of MYB DNA binding domains. Alignment was created with 

MUSCLE alignment (100 iterations). Tree built with GeneiousÒ tree builder from the 

MUSCLE alignment with 100 bootstrap iterations. Green =1 colony. Orange =2 to 9 colonies. 

Red = <10 colonies, DUO1 (At3g40640) is in pink. Bold are genes that are absent from the Y1H 

library. Italics are genes that are present in the Library. DUO1 is in pink. The number of colonies 

containing that gene are in brackets before the gene name. 
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Figure 5-5. Phylogenetic tree of ERF DNA binding domains. Alignment was created with 

MUSCLE alignment (100 iterations). Tree built with GeneiousÒ tree builder from the 

MUSCLE alignment with 100 bootstrap iterations. Green =1 colony. Orange =2 to 9 colonies. 

Red = <10 colonies. Bold are genes that are absent from the Y1H library. Italics are genes that 

are present in the Library. 
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Table 5-2 List of candidates for validation  

Locus Id Reason Gene name 

At2G43000 

 

This transcription factor was identified 28 times 

in the yeast one-hybrid and was part of the most 

significantly overrepresented transcription 

factor family 

NAC042 

(JUNGBRUNNEN1) 

 

At3G03200 This transcription factor was identified 4 times 

in the yeast one-hybrid and was part of the most 

significantly overrepresented transcription 

factor family 

NAC045 

At4G36160 

 

This transcription factor was identified 4 times 

in the yeast one-hybrid and was part of the most 

significantly overrepresented transcription 

factor family 

NAC076 

 

At5G39820 

 

This transcription factor was one of three 

transcription factors that were highly similar to 

the most commonly found gene in the yeast one-

hybrid screen 

NAC094 

 

At1G26870 

 

This transcription factor was one of three 

transcription factors that were highly similar to 

the most commonly found gene in the yeast one-

hybrid screen 

NAC009 (FEZ) 

 

At3G12910 This transcription factor was one of three 

transcription factors that were highly similar to 

the most commonly found gene in the yeast one-

hybrid screen 

 

NAC 

At2G40340 

 

This transcription factor was identified 14 times 

in the yeast one-hybrid screen  

 DREB2C 

 

At2G38880 

 

This transcription factor was identified 5 times 

in the yeast one-hybrid screen  

NF-YB1 
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At1G12860 

 

This transcription factor was identified 4 times 

in the yeast one-hybrid screen  

ICE2 (BHLH) 

 

At3G26640 

 

This transcription factor was identified 4 times 

in the yeast one-hybrid screen  

LWD2 (WD40) 

 

 

 Dual	luciferase	assays	of	candidate	transcription	factors	
To test if the candidate transcription factors can activate DUO1 in planta, dual luciferase assays 

were used. To establish this method two positive controls were used. DUO1 can bind to the 

AACYG CREs present in the ROD1 region. The unmodified ROD1 and the ROD1 promoter 

region with the AACYG CREs mutated (Section 3.4.6) were used as baits to ensure the 

specificity of the interaction. If positive interactions with other candidate transcription factors 

are detected using the ROD1 region, the binding specificity can be tested using ROD1 with 

mutated CREs such as the GTGG CRE. The second positive control used is the transcription 

factor PAP (PRODUCTION OF ANTHOCYANIN PIGMENT1) which binds to the promoter 

region of DFR (dihydroflavonol 4-reductase) (Yoshida et al., 2010). Using DUO1 against 

promDFR and using PAP against ROD1 are the negative controls as those combinations should 

not interact. DUO1 has a miR159 recognition site that will inhibit ectopic expression. Therefore 

mDUO1 will be used as prey instead. mDUO1 has the miR159 site mutated while maintaining 

the amino acid sequence (Palatnik et al., 2007).  

Dual luciferase assays were carried out with the two positive, and two negative controls and 

samples were collected each day for three days.  Figure 5-6 Shows that renilla levels increase 

steadily each day in all of the constructs. Raw data is in Appendix 8.5. Firefly values increase 

significantly for PAP::DFR on day two and three showing that it can take a few days for the 

change in gene expression to become measurable. This unfortunately also shows that there is 

not activation through the ROD1 region by mDUO1 in this system (Figure 5-7). As there was 

a large body of evidence that showed DUO1 does bind to the ROD1 region and furthermore 

that this leads to an activation of DUO1 (Figure 3-12), this result was unexpected. There were 

two things about the results that were aberrant. Firstly, there was a lower level of expression 

of renilla in the ROD1 and ROD1 with modified MYB constructs. Secondly the mDUO1::DFR 

sample Also had lower renilla expression than the PAP::DFR sample. 

As renilla is the internal control that is expressed through the strong 35s constitutive promoter, 

a change in the renilla signal may be indicative of something aberrant in the system. Therefore, 
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the experiment was repeated (Figure 5-8). This showed a very significant decrease in the renilla 

expression when mDUO1 was added compared to PAP with either reporter (ROD1 or DFR). 

This is evidence that mDUO1 ectopically expressed is deleterious to the health of the leaf, 

although this takes four days before it becomes significant (Figure 5-8), it is measurable at 

three days (Figure 5-6). To further investigate the possibility that mDUO1 is having a 

deleterious effect on the health of the tobacco leaf, mDUO1 was infiltrated into leaves that 

were constitutively expressing GFP, as a control PAP was also infiltrated into leaves 

constitutively expressing GFP. This showed that the presence of mDUO1 decreased the GFP 

in the leaf Figure 5-9.  Therefore, the effect of mDUO1 was not specific to luciferases, but 

rather that the ectopic expression of mDUO1 had a deleterious effect on the leaf health.  
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Figure 5-6. Mean firefly and renilla luciferase values normalised to buffer only infiltration. 

Measurements were taken every day for three days. mDUO1 and PAP were used as effectors 

against the promoter region ROD1 with (Unmod) and without (NoMYB) the mutated MYB 

region (AACYG CREs) as well as the DRF promoter region. Error bars are standard error of 

the mean. 
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Figure 5-7. Ratio of firefly luciferase to renilla luciferase after three days. Each sample has 

three biological repeats. mDUO1 and PAP were used as effectors against the promoter region 

ROD1 with (Unmod) and without (NoMYB) the mutated MYB region (AACYG CREs) as well 

as the DRF promoter region. Significance was tested with students T-test. Only DFR::PAP 

shows any significant expression. P value < 0.5. Error bars are standard error of the mean. 

  

Figure 5-8. mDUO1 decreases the Expression of renilla and the ROD1 construct has lower 

renilla expression than DRF construct. Each sample has eight biological repeats. mDUO1 and 

PAP were used as effectors against the promoter region ROD1 and DRF. Measurements were 

taken after 4 days. Error bars are standard error of the mean. mDUO1 significantly reduces the 
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luciferase values in both ROD1 and DFR reporter constructs when compared to PAP (T.Test, P 

value < 0.05). The ROD1 reporter also has a significantly reduced expression of renilla 

luciferase compared to the DFR reporter (T.Test, P value < 0.05). 

 

Figure 5-9. GFP fluorescence in tobacco leaf decreases when DUO1 is also present compared 

to PAP. 35s:GFP was co-infiltrated with either 35s:PAP or 35s:mDUO1 in tobacco leaves. 

Fluorescence of eight biological replicates was measured after four days. The mean of those 

measurements is displayed. * P value < 0.01 T-Test. 
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Given the difficulty in detecting an interaction between mDUO1 and ROD1 in the dual 

luciferase system that was already established in this lab, the transcription factors were sent to 

David Twell’s laboratory. There, a different dual luciferase protocol was established that could 

reliably detect interactions between mDUO1 and ROD1. Unfortunately, this meant that the 

baits which had the different cis-elements knocked out could not be used. Not all of the genes 

on the candidate list were successfully cloned. The raw data generated from this experiment is 

in Apendix 8.5. Figure 5-10 and Figure 5-11 show that none of the transcription factors can 

activate luciferase except mDUO1. This does not rule out the possibility that these transcription 

factors are not binding to the promoter, but it does show that they are not able to independently 

activate the reporter. Focusing on the NACs a combinatorial approach was taken where 

multiple NAC transcription factors were co-infiltrated (Figure 5-12). This combinatorial 

approach does show that when all four NACs are infiltrated together, there is a 1.5 fold increase 

in the luciferase to renilla ratio compared to the bait only sample. This increase is statistically 

significant, although slight compared to the level of activation that mDUO1 achieves. Whether 

the activation of luciferase by the four NACs is biologically relevant remains to be determined.  

The low level of activation is not surprising considering that there is no cascade of expression 

possible. In the germline, after DUO1 is activated, DUO1 and then bind to the AACYG CREs 

and enhance expression. In tobacco leaves it is possible that miR159 would silence any 

activation of DUO1, preventing the auto activation loop. Therefore mDUO1 was also co-

infiltrated with the NAC transcription factors to see if that would increase the expression. In 

one sample the bHLH transcription factor ICE2 was also included as bHLH transcription 

factors often form complexes with R2R3 MYBs (Li, 2014).  In all of the samples, the activation 

was lower than when mDUO1 was infiltrated alone. This would suggest that the transcription 

factor that is doing most of the activation is mDUO1.  
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Figure 5-10. Renilla to firefly luciferase ratio for candidate DUO1 activators. Each 

transcription factor was expressed with the 35s promoter and co-infiltrated with the ROD1 

reporter construct. The mean ratio of firefly luciferase expression to renilla luciferase expression 

of three biological replicates is displayed. The values are normalised to an empty vector control 

set at 1. Significance was tested with a students T-Test. * P value <0.05. 

 

Figure 5-11. Renilla to firefly luciferase ratio for candidate DUO1 activators. Each 

transcription factor was expressed with the 35s promoter and co-infiltrated with the ROD1 

reporter construct. The mean ratio of firefly luciferase expression to renilla luciferase expression 

of three biological replicates is displayed. The values are normalised to an empty vector control 

set at 1. Significance was tested with a students t-test. * P value <0.05. 
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Figure 5-12. Renilla to firefly luciferase ratio for candidate group DUO1 activators. Each 

transcription factor was expressed with the 35s promoter and co-infiltrated with the ROD1 

reporter construct and 35s:DUO1. The mean ratio of firefly luciferase expression to renilla 

luciferase expression of three biological replicates is displayed. The values are normalised to an 

empty vector control set at 1.  
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 T-DNA	insertional	mutants	of	candidate	DUO1	activators	
The dual luciferase assays investigated the possible activation of DUO1 in an additive 

approach. When a combination of NAC transcription factors was used, a slight but significant 

increase in expression was detected. To further investigate the possibility of the NAC 

transcription factors activating DUO1 a subtractive approach can be used. Therefore T-DNA 

insertional mutants for each of the NAC transcription factors were selected. Two T-DNA lines 

per NAC transcription factor were selected where available (Table 5-3). T-DNA lines with 

inserts located in exons were preferentially selected or inserts that were closer to the 5′ end of 

the gene to increase the chance of interrupting the gene.  

In order to determine if the transcription factors are contributing to the expression of DUO1, 

the analysis needs to be carefully considered. The viability of using qRT-PCR was considered, 

in particular measuring the expression of DUO1. By measuring the expression of DUO1 in the 

T-DNA lines, it would be quick and sensitive. If the gene did activate DUO1, the absence of 

the gene should be reflected in decreasing DUO1 expression. As DUO1 has a very limited 

expression profile, the tissue would be very important to consider. Ideally, qRT-PCR would be 

carried out on isolated pollen. To that end, progress had been made on a protocol which enabled 

cDNA synthesis to be carried directly on lysed pollen without the need for an RNA extraction 

step. As little as two flowers worth of pollen could be used. This was ideal as T-DNA lines 

often have poor germination and sometimes very few plants are available for analysis. Primer 

design was carefully considered, and primers that were split across introns were used to ensure 

no gDNA was amplified. Multiple reference genes were considered, although only VCK 

expression could be detected reliably in positive control samples and was detected significantly 

later in the negative control samples (plus and minus reverse transcriptase samples). As VCK 

is a vegetative cell specific gene, changes in the sperm cells should not affect the expression of 

a vegetative cell gene making it a reliable reference gene (Borg et al., 2014). VCK crossed the 

threshold value after cycle 32.2 on average and in RT positive samples and after cycle 42.8 in 

RT negative samples. This was sufficient to distinguish between cDNA and gDNA 

contamination. Then the expression of DUO1 was measured in WT and in duo1-4 heterozygote 

plants. Unfortunately, it was not possible to detect a difference in the expression of DUO1 in 

duo1-4 plants compared to the wild type, which should have had half the expression level. 

Furthermore, sequencing of the endpoint product did not match back to DUO1, while VCK and 

HTR10 did match the respective genes. As the expression of DUO1 in mature pollen was not 

able to be reliably detected, it would not be a useful measure in identifying transcription factors 
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that activate DUO1. Therefore, a more simplistic approach was taken in observing the 

phenotype of the pollen.  

When DUO1 is knocked out, the germ cell fails to divide into two sperm cells, resulting in 

bicellular pollen grains at anthesis. Each T-DNA line was analysed for the presence of 

bicellular pollen at anthesis. None of the T-DNA lines selected had more than 5% bicellular 

pollen, whereas duo1-4 heterozygous plants have 50% bicellular pollen (Figure 5-13). This can 

occur as artefacts generated in staining and preparing the microscope slide as well as the 

occasional appearance of bicellular pollen generated by sperm cells stacking on top of one 

another. Therefore, none of the T-DNA lines had a phenotype that would mimic the absence 

of DUO1. 

Table 5-3 T-DNA insertional mutants of selected NAC transcription factors 

Gene Knock out T-DNA code Locus T-DNA Insertion site Reported zygosity 

NAC042 nac042-1 CS302523 At2G43000 Intron 2 Homozygous 
 

nac042-2 SALK_036473 At2G43000 Intron 2 Failed to 

germinate 

NAC045 nac045-1 SALK_039496C At3G03200 Exon 3 Heterozygous 
 

nac045-2 CS314805 At3G03200 Intron 1 Failed to 

germinate 

NAC076 nac076-1 SALK_114335C At4G36160 End of Exon 4 Homozygous 
 

nac076-2 SALK_022124C At4G36160 Intron 3 Failed to 

germinate 

NAC094 nac094-1 CS302643 At5G39820 Exon 1 Heterozygous 

NAC009 nac009-1 SALK_132068C At1G26870 ~200bp upstream  Homozygous 
 

nac009-2 SALK_025663C At1G26870 Intron 3 Homozygous 
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Figure 5-13. Phenotype of NAC and DUO1 mutants. T-DNA insertion mutants were screened 

for a bicellular pollen phenotype. Each T-DNA line is separated into plants that were 

homozygous for the insertion (-/-), homozygous for the wild type allele (+/+) and heterozygous 

(+/-). 300 pollen grains were counted for each plant, and up to 11 plants were counted for each 

line. No T-DNA insertion lines were identified that mimicked the heterozygous DUO1 (duo1-4) 

knockout that had 50% bicellular pollen. 
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 The	predicted	binding	of	candidate	DUO1	activators	to	ROD1	
This chapter sought to verify if any of the observed binding events in the yeast one-hybrid 

screen could result in gene activation in planta. In Section 3.4.6.2, it was established that the 

GTGG CREs are crucial for the expression of DUO1. As the dual luciferase assays were 

conducted by a collaborator, it was not possible to further delineate the binding and activation 

of the NAC transcription factors to see if the GTGG CREs were also necessary for the 

activation. However, a recent publication detailed the binding specificity of a large number of 

NAC transcription factors using DNA affinity purification sequencing (O’Malley et al., 2016). 

Using this dataset with FIMO, an algorithm that matches DNA binding motifs to DNA 

sequences (Grant et al., 2011), a comparison can be made for the NAC transcription factors 

and the bait DNA used in the yeast one-hybrid to see if the NAC transcription factors could be 

acting through them. 

There were three NAC transcription factors that were found four times or more in the yeast 

one-hybrid, NAC042 (At2G43000), NAC045 (At3G03200) and NAC076 (At4G36160). All 

three have very similar binding motifs as you would expect from transcription factors 

belonging to the same family. Although the binding motifs were similar, the most probable 

binding site for each were different (Figure 5-14).  NAC042 bound across the MYB motifs 

(AACYG) although the majority of the alignment is around the CYG portion of the AACYG 

CRE. The most likely binding site for NAC045 was across the second GTGG CRE. However, 

the GTGG aligns with the least conserved portion of the NAC binding motif. Therefore, 

mutating the GTGG would be unlikely to change the binding affinity of this NAC. The most 

significant hit for NAC076 was in the att cloning site which is carried over from the plasmid. 

This is an example of a specific binding event in the yeast one-hybrid screen that is biologically 

meaningless as att sites are absent from the promoter region of DUO1.  

In addition to looking for where the NAC transcription factors might be binding to ROD1, the 

MYB and ERF transcription factors that were found the most frequently in yeast one-hybrid 

screen can also be investigated. There was one MYB that was found 16 times, that was MYB65. 

MYB65 has a very similar binding motif to DUO1 (Figure 5-16) and unsurprisingly matched 

over the AACYG CRE. There were also two different ERF transcription factors (At2G40340, 

At3G23240) that were found 14 and 6 times respectively. These transcription factors had 

relatively dissimilar binding motifs, although both could be described as GC rich regions. They 

both bound to the same AACYG motif (Figure 5-15) although one is in the reverse direction. 
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As was the case with the NAC042, the match relied heavily upon the CYG portion of the 

AACYG motif. The dissimilarity of DNA binding motifs of the ERF transcription factors is 

consistent with the more dissimilar binding domains of the ERF transcription factor family 

(Figure 5-5).  

 

Figure 5-14. Comparison of NAC binding motifs to bait DNA sequence. The DNA binding 

motifs of each of the NAC transcription factors is displayed above the bait sequence. Various 

CREs in the bait sequences are coloured for easy identification. The most likely matches between 

the DNA binding motifs and the bait DNA was generated using the FIMO algorithm. A 

NAC042 binding motif aligns over the AACYG (reversed) region of the bait DNA highlighted 

in blue, P value = 0.000647. B NAC045 binding motif aligns over the GTGG motif (highlighted 

in orange) of the bait DNA P value = 0.00983. C NAC076 binding motif aligns to vector 

sequence att sites P value = 0.00231.  
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  Figure 5-16. MYB65 binding motif aligns with the AACYG motif (highlighted in 

blue) of the bait DNA ROD1. The DNA binding logo from the O’Malley et al., 2016 

dataset was matched to ROD1 using the FIMO algorithm. Match significance P value 

= 0.000111. 

Figure 5-15. ERF binding motifs compared to bait sequence. The DNA binding logo from the 

O’Malley et al., 2016 dataset was matched to ROD1 using the FIMO algorithm A At2G40340 

binding motif aligns to the AACYG (in blue) region in reverse, P value = 4.8e-05. B AT3G23240 

binding motif aligns to the AACYG (in blue) of the bait DNA, P value = 0.000158. 
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5.5 Discussion 

This chapter set out to establish if the binding events observed in the yeast one-hybrid screen 

could result in the activation of DUO1 through the CREs present in ROD1. The odds of finding 

the transcription factors by random selection were literally one in a million. However, utilising 

a rational approach to follow up select transcription factors greatly increased the chances of 

identifying the transcription factors that could activate DUO1. Using a combination of additive 

(dual luciferase assays) and subtractive (T-DNA insertional mutants) techniques attempted to 

cover the two major difficulties in identifying activating transcription factors, redundancy and 

co-activation. However, there were still simply too many possible combinations to test each 

one exhaustively, and steps had to be taken to limit the number of transcription factors 

investigated.  

The approach of looking for overrepresented transcription factor families was used along with 

the frequency at which the transcription factors were found in the yeast one-hybrid screen. In 

other published yeast one-hybrid screens, the most frequently identified transcription factor is 

often the transcription factor that has a biological function (Mitsuda et al., 2010a; Kim et al., 

2012; Machens et al., 2014). The most frequently identified transcription factor was NAC042, 

and the most overrepresented family of transcription factors was the NAC family. The dual 

luciferase assay provided very limited evidence that a combination of NAC transcription 

factors may activate DUO1, although it is unlikely that this is occurring through the GTGG 

CREs that are required for the activation of DUO1. Therefore the role that the NAC 

transcription factors are playing in the regulation of DUO1 remains to be determined.  

To identify the transcription factors that do bind to the GTGG CREs further experimentation 

would be required. The possible experiments that would have the best chance of elucidating 

the transcription factors that bind to the GTGG CRE are discussed in Section 6.3.1.1 that is 

titled “Future experiments to identify the transcription factor that binds to the GTGG CREs.” 
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6 Conclusions  

DUO1 is a transcription factor that is essential for the development of the male germline. DUO1 

activates a range of genes that are required for sperm cell production and function (Brownfield 

et al., 2009; Borg et al., 2011; Borg et al., 2014). The expression of DUO1 is first detected 

immediately after the asymmetric mitotic division that produces the male germ cell and the 

vegetative cell. Expression of DUO1 is tightly controlled and is only expressed in the germline 

(Brownfield et al., 2009). Expression of DUO1 peaks in the germ cell of bicellular pollen and 

decreases in mature sperm cells (Borg et al., 2014). This thesis aimed to identify the CREs in 

the promoter region of DUO1 that control DUO1 expression and identify the transcription 

factors that bind to those elements. To that end, a CRM called ROD1 was found. ROD1 was 

highly conserved in all eudicot species that were investigated in this thesis. The conservation 

diminished when searching in the monocots and more basal land plants. ROD1 consists of three 

CREs, GAGARAA, GTGG and AACYG. The GAGARAA CRE likely acts as a repressor in 

mature pollen. The GTGG repeated CREs are required for the specific activation of DUO1.  

The AACYG CREs are bound by DUO1 and enhance the expression of DUO1 through a 

positive feedback loop. ROD1 was then used to identify the transcription factors that activate 

DUO1 in a yeast one-hybrid screen. This identified 307 possible activators of DUO1. A portion 

of those were selected for validation in dual luciferase assays; however, none were confirmed 

to activate DUO1. Screening of T-DNA insert lines also failed to identify a line with a 

phenotype that mimics a DUO1 knockout. As DUO1 activators were not identified other than 

DUO1 itself, the molecular mechanism of the asymmetric division in pollen mitosis I could not 

be investigated.  

6.1 The high level of conservation of ROD1 in eudicots reflects its functional 

importance 

A key finding of this thesis was the identification of ROD1 as the CRM that controls the 

germline specific expression of DUO1. Initial identification of ROD1 was largely based on a 

remarkably high level of conservation found within the promoters of eudicot DUO1 

homologs. Both the sequence and order of three putative CREs (GAGARAA followed by 

three GTGG and two AACYG CREs) have been largely conserved across 140 million years 

of eudicot evolution (Proost et al., 2011). There is also evidence that ROD1 is functionally 

conserved as the ROD1 sequence from M. truncatula was shown to be functional (Peters et 

al., 2017b). This high level of conservation suggests that ROD1 is under evolutionary 
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constraint. Regions around ROD1 however, are not conserved. This conservation likely 

relates to transcription factor binding. The high levels of conservation are not observed in the 

DUO1 promoters from monocot species. While some individual CREs can be identified, the 

order, frequency and direction are not conserved. It is unlikely that these species regulate 

DUO1 less than in the eudicots. It is more likely that the regulatory elements have diverged 

from eudicots. The small number of monocot genomes currently available makes CRE 

identification difficult with the methods developed in this thesis (Peters et al., 2017a). 

6.2 The AACYG CREs are part of a positive feedback loop, enhancing the 

expression of DUO1 

DUO1 expression rises sharply in the germ cell of the bicellular pollen grain. Here DUO1 

activates a range of male germline specific genes that are required for pollen mitosis II, gamete 

development and gamete function (Borg et al., 2011; Borg et al., 2014; Mori et al., 2014). This 

work has shown that the rapid increase in the expression of DUO1 is facilitated by a positive 

feedback loop where DUO1 binds to its own promoter through the AACYG CRE to increase 

expression.  

Several pieces of evidence support this autoactivation by DUO1. In Section 3.4.6.3 the 

AACYG CRE is shown to increase the fluorescent reporter expression as removal of this CRE 

decreases the expression (Figure 3-11). The fluorescent reporter construct that contained only 

the AACYG CREs had no expression in duo1-4 mutant pollen grains (Figure 3-12), indicating 

that DUO1 or a DUO1 target interacts with the AACYG CRE. Furthermore, a direct interaction 

between DUO1 and ROD1, which contains the AACYG, was observed in yeast (Section 

4.4.2.1). This interaction was also demonstrated in N. benthamiana leaves in a dual luciferase 

assay (Section 5.4.3). Lastly, the DNA binding motif of DUO1 matches the AACYG CREs 

(Borg et al., 2011). This data taken together support the claim that DUO1 binds to the AACYG 

CREs in order to rapidly increase expression. This is similar to what has been seen in MYB23 

which also binds to its own promoter region forming a positive feedback loop that aids in the 

cell fate specification of the root epidermis (Kang et al., 2009). MYB10 is another example of 

a MYB that binds to its own promoter in order to increase the expression in a positive feedback 

loop. MYB10 is involved in anthocyanin production in apples (Espley et al., 2007). The rapid 

increase in expression of DUO1 enables the differentiation of the male germline to occur in a 

timely manner. It is possible that other MYBs also bind to the AACYG CREs, particularly 

MYBs that are a target of DUO1. This would form an indirect feedback loop similar to 
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MYB108. MYB108 activate CML11, which in turn activates MYB108. This indirect feedback 

loop is important in the rapid response to Verticillium dahliae infection (Cheng et al., 2016).  

6.3 The GTGG CREs are necessary, but the interacting transcription factor 

remains elusive 

The GTGG CREs are required for the activation of DUO1 as expression of the fluorescent 

reporter was abolished when these CREs in ROD1 were mutated (Section 3.4.6.2). However, 

we do not know what binds to these CREs to promote DUO1 transcription. The yeast one-

hybrid screen (Section 5.4.1) showed that the NAC transcription factor family was 

overrepresented in the results. A selection of NAC transcription factors were selected for 

validation based on the most commonly occurring NAC transcription factors in the yeast one-

hybrid screen and two other closely related NACs that were not present in the transcription 

factor library. None of the NAC transcription factors selected could activate DUO1 in a dual 

luciferase assay either independently or in combinations with each other (Section 5.4.3).  

Furthermore, T-DNA insertions into the NAC genes did not induce a duo1 phenotype, as would 

be expected if the genes were activating DUO1 specifically in the germline. This work was not 

exhaustive, and it is possible that a NAC transcription factor does bind to ROD1 and have a 

role in the regulation of DUO1. However, based on the known DNA binding motif of the NAC 

transcription factor family, it is unlikely to act through the GTGG CREs (Section 5.4.5).  

Searches into the literature for GTGG CREs identified the PB core motif TGTGGTT (Twell et 

al., 1991). This motif is particularly interesting as 6/7 bases match the GTGG CRE closest to 

the AACYG CREs. The PB core motif was identified in the promoter region of pollen specific 

genes LAT52 and LAT56 (Twell et al., 1989). LAT52 was first found in tomatoes and the 

promoter of LAT52 drives expression in the uninucleate microspore and then in the vegetative 

cell during pollen development in A. thaliana. When the promoter was transformed into N. 

tabacum the expression was only observed after pollen mitosis I in the vegetative cell (Eady et 

al., 1994). The GTGG motif in LAT56 is not crucial for the expression but does act as an 

enhancing element (Twell et al., 1989). Mutating the GTGG bases of the PB core motif reduced 

up to 90% of the enhancing activity in the LAT52 promoter (Bate and Twell, 1998). There are 

three copies of the PB core motif present in the promoter of LAT52 similar to the three copies 

of the GTGG CRE identified in Section 2.4.8 (Twell et al., 1991). The PB core motif has been 

identified on other pollen specific genes such as OSIPP3 gene (coding for pectin methylesterase 

inhibitor protein) where two copies of the PB core motif as well as an AGAAA motif is 
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sufficient to drive pollen specific expression in A. thaliana (Khurana et al., 2013). It is possible 

that the GTGG CREs identified in Section 2.4.8 might be activated by the same family of 

transcription factors that interact with the PB core motif. However, 28 years after the PB core 

was first identified the transcription factor that interacts with it is still unknown. Furthermore, 

LAT52 and DUO1 have very different expression profiles, with LAT52 being vegetative cell 

specific after PMI, whereas DUO1 is germline specific after PMI. Therefore, it is unlikely that 

it is the same transcription factor that is acting on both LAT52 and DUO1, although it could be 

two very closely related transcription factors. 

Another approach can be taken to try to gain some insight into the transcription factor that 

binds to the GTGG CRE by expanding the search beyond the plant kingdom. As there are still 

many transcription factors without described DNA binding motifs in the plant kingdom, it can 

be useful to utilise the work that has been carried out in other organisms (Gupta and Liu, 2005). 

DNA binding domains of transcription factors with high sequence similarity can bind to similar 

DNA motifs, regardless of the species that they are derived from (Weirauch et al., 2014). 

Therefore an analysis was carried out using the TOMTOM algorithm which compares motifs, 

in this case, the three GTGG CREs, in conjunction with a database of all DNA binding motifs 

for all species currently known (Gupta et al., 2007; Bailey et al., 2009; Weirauch et al., 2014). 

These results are displayed in Table 6-2,  

Table 6-3 and Table 6-4. There was only a single hit across all three searches that had close to 

a significant match when the P value was adjusted for multiple testing (Q value), that was the 

FOXO4 transcription factor DNA binding motif (Q value 0.058). FOXO4 is a transcription 

factor found in humans and has no significant similarity to any known transcription factors in 

A. thaliana based on a BLASTp search (data not shown). In all three motif searches, C2H2 

zinc finger transcription factors were identified, particularly from Drosophila melanogaster. In 

the analysis of transcription factor families identified in the yeast one-hybrid screen (Section 

4.4.3), the C2H2 family of transcription factors was insignificantly underrepresented (Figure 

5-2). Only 29 of the 134 C2H2 transcription factors that were present in the library, none more 

than twice. It is relatively unsurprising that C2H2 zinc fingers are showing up a lot in these 

searches as they are the most common transcription factors in Eukaryotes (Bouhouche et al., 

2000) and their DNA recognition sites are relatively short meaning they can bind to a wide 

array of DNA motifs (Wolfe et al., 1999).  
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The TCP5 gene from A. thaliana was found in this analysis with similarity to GTGG1 and 

GTGG3 but not GTGG2 with significant P values, but not significant Q values (Table 6-2,  

Table 6-3 and Table 6-4). TCP5 is unlikely to activate DUO1 because it is known to act as a 

repressor, not an activator (Koyama et al., 2010). When TCP5 is knocked out in A. thaliana a 

male sterility phenotype is not observed (Koyama et al., 2011). Furthermore, the TCP5 DNA 

binding motif (GTGGGNCC) has two Cs after the core GTGG; this is absent from all of the 

GTGG CREs identified in ROD1 (Weirauch et al., 2014). All 24 TCP transcription factors were 

present in the yeast one-hybrid library (Mitsuda et al., 2010a). However, TCP5 was not among 

the identified positive colonies. Four other members of the TCP transcription factor family 

were identified as positive colonies in the yeast one-hybrid screen, TCP3, TCP7 TCP12 and 

TCP13. TCP13 was identified three times, whereas the other three TCP transcription factors 

were only identified once.  The binding motifs of TCP3, TCP7 and TCP13 are all similar to 

TCP5 and have the CC repeat after the GTGG that is absent from the GTGG CREs in ROD1 

(O’Malley et al., 2016). There is no binding data for TCP12 available, nor is there expression 

data during pollen for TCP12 (Table 6-1). This data taken together does not reveal the 

transcription factor that is able to bind to the GTGG CREs to activate DUO1 in the germline, 

although it might be of interest to investigate in the future.   

Table 6-1 Expression profile of TCP transcription factors identified in the yeast one-hybrid 

screen 

Gene Name Gene Identifier Microspore 

expression1 

Bicellular pollen 

expression1 

TCP3 At1G53230 151.528 136.0745 

TCP7 At5G23280 Not in the Array Not in the Array 

TCP12 At1G68800 Not in the Array Not in the Array 

TCP13 At3G02150 0 0 
1 Microspore and bicellular pollen expression is taken from Honys and Twell (2004). 

Expression data based on ATH1 Genome microarrays. 

6.3.1.1 Future	 experiments	 to	 identify	 the	 transcription	 factor	 that	 binds	 to	 the	

GTGG	CREs	

The GTGG CRE is crucial for the expression of DUO1 and might be bound by the transcription 

factor or factors that are asymmetrically distributed during pollen mitosis I, leading to the 
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specification of the male germline. Some progress into the identification of this transcription 

factor has been made in this thesis through the yeast one-hybrid screen and bioinformatic 

approaches, although there is no single candidate that looks promising. Progress into 

identifying the GTGG binding transcription factor has been difficult as the dataset used in all 

of the bioinformatic approaches are incomplete. The DNA binding datasets for transcription 

factors in A. thaliana are incomplete, meaning that there are many transcription factors that 

bind to unknown cis-elements and many cis-elements with unknown binding partners (Jin et 

al., 2017). Gene expression data during pollen development is based on microarray technology 

that is not as sensitive as RNAseq (Xu et al., 2013; Zhao et al., 2014). This means that some 

genes may not be detected, even if they were at the specific developmental stage. Furthermore, 

up to 500 pollen specific genes are not on the chips used in the microarray, including DUO1 

(Loraine et al., 2013). The method used to generate pollen stage specific samples for the 

microarrays was differential centrifugation (Honys and Twell, 2004). This technique can lead 

to small amounts of contaminants from previous stages, further casting doubt of precisely 

which genes are expressed at each pollen developmental stage. This makes it difficult to deduce 

which transcription factors are present in the microspore or in the germ cell of bicellular pollen, 

where they would need to be to activate DUO1. To overcome these challenges, single/few cell 

RNAseq could be utilised in combination with DNA affinity purification sequencing. As pollen 

within an anther are synchronised in their development (Friedman, 1999), a single anther could 

be dissected out and the developmental stage determined with much more accuracy than can 

be achieved through centrifugation separation. RNAseq of each pollen stage could provide a 

complete list of the transcription factors that are expressed in the microspore and bicellular 

pollen. That data could contribute to a list of candidate transcription factors that could be used 

in DNA affinity purification sequencing to identify the DNA sequences that each candidate 

transcription factor binds to.  

Alternatively, extraction of protein from developing microspores and bicellular pollen could 

be used in conjunction with a DNA binding column. Such an experiment would be technically 

very challenging especially getting enough material from A. thaliana anthers. It is perhaps an 

experiment that is best carried out in other species with larger anthers that would make material 

harvest much easier.  
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Table 6-2. TOMTOM based search results for matching motifs to GTGG1 CRE most proximal to the AACYG CREs  

Name/Mo

tif ID 
Species Forward Reverse Type/Study/Study ID P value 

Q-

Value 

FOXO4  

Forkhead  

M5470_1.

02 

Homo 

sapiens 
 

WTTCCCCAC

ACR 

 
YGTGTGGGG

AAW 

SELEX (Sur and Taipale, 2016)  
 

6.69092e-

05 

0.05828

23 

Egr2  

C2H2 ZF  

M0416_1.

02 

Mus 

musculus 
 

NRCGKGGGY

R 

 
YRCCCMCGY

N 

PBM (Weirauch et al., 2014)  
 

0.000546

996 

0.21853

6 

lola  

C2H2 ZF  

M5088_1.

02 

Drosophil

a 

melanogas

ter 

 
KGTGGNKCA 

 
TGMNCCACM 

B1H (Zhu et al., 2011)  
 

0.000752

65 

0.21853

6 
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AT5G519

10  

TCP5  

M1649_1.

02 

A. 

thaliana 
 

NNGGVCCCA

C 

 
GTGGGBCCNN 

PBM  
http://www.ncbi.nlm.nih.gov/pubmed?term=2521549

7 (Weirauch et al., 2014) 
 

0.001389

44 

0.22856

4 

 

Table 6-3. TOMTOM based search results for matching motifs to GTGG2 

Name/Motif 

ID 
Species Forward Reverse Type/Study P value Q-Value 

lola  

C2H2 ZF  

M5083_1.02 

Drosophila 

melanogaster  
WDTGGGGGG 

 
CCCCCCAHW 

B1H  
(Zhu et al., 2011) 

 
0.000355913 0.313347 

GLIS1  

C2H2 ZF  

M5490_1.02 

Homo 

sapiens  
NCDWCGTGGGGGGTCK 

 
MGACCCCCCACGWHGN 

SELEX  
(Sur and Taipale, 

2016)  
 

0.000880045 0.373676 
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lola  

C2H2 ZF  

M5088_1.02 

Drosophila 

melanogaster  
KGTGGNKCA 

 
TGMNCCACM 

B1H  

(Zhu et al., 2011)  
 

0.00159856 0.373676 

ci  

C2H2 ZF  

M4892_1.02 

Drosophila 

melanogaster  
GTGKGTGGKCY 

 
RGMCCACMCAC 

B1H  
(Zhu et al., 2011) 

 
0.00169775 0.373676 

 

Table 6-4. TOMTOM based search results for matching motifs to GTGG3 most distal to the AACYG CREs 

Name/Motif 

ID 
Species Forward Reverse Type/Study/Study ID P value Q-Value 

lola  

C2H2 ZF  

M5088_1.02 

Drosophila 

melanogaster  
KGTGGNKCA 

 
TGMNCCACM 

B1H  

(Zhu et al., 2011) 
0.00111837 0.373699 

AT5G51910 

TCP  

M1649_1.02 

A. thaliana  
NNGGVCCCAC 

 
GTGGGBCCNN 

PBM (Weirauch et al., 

2014)  
0.00133417 0.373699 
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6.4 The GAGARAA CRE acts as a repressor at late stages of pollen development. 

The GAGARAA CRE identified in ROD1 (Section 2.4.8) likely acts as a repressive element in 

mature pollen as a deletion of this element increased reporter fluorescence (Section 3.4.6.1). 

The mechanism of repression is currently unknown. Bioinformatic analysis indicates that the 

GAGARAA CRE could be recognised by a BPC transcription factor (Section 2.4.4.). BPC 

transcription factors are able to recruit Polycomb Repressive Complex 2 (PRC2) resulting in 

silencing marks on the surrounding histones. As DUO1 expression decreases during pollen 

development (Borg et al., 2014), BPC transcription factors may be acting later in germline 

development to repress DUO1. This repression may be essential to turn off DUO1 before a 

new developmental program is established following fertilisation. 

The BPC family of transcription factors contain just seven members in A. thaliana, divided 

into three classes based on sequence similarity.  BPC1, BPC2 and BPC3 are class 1, BPC4, 

BPC5 and BPC6 are class 2 and BPC7 is the sole member of class 3. BPC transcription factors 

contain a DNA binding domain in the C-terminal region. BPC5 is thought to be a pseudogene 

due to the presence of an early stop codon compared to other BPC genes, although it still has 

DNA binding activity (Meister et al., 2004; O’Malley et al., 2016). The DNA binding 

specificity of some of the BPC transcription factors has been explored. Binding data for BPC5 

and BPC6 all show a strong preference for binding to a GA dinucleotide repeat (O’Malley et 

al., 2016). The binding data for BPC1 is mixed, with reports including  RGARAGRRA, or the 

more redundant ARARAGARR or simply a GAGAGAGA tetra-dinucleotide (Kooiker, 2005; 

Brand et al., 2010; Xiao et al., 2017). BPC2 has been shown to bind to an eight GA dinucleotide 

repeat, although there was no further delineation of the binding specificity (Berger et al., 2011). 

The DNA binding preference of BPC3, BPC4 and BPC7 have not been investigated, although 

they are likely also to bind GA repeats or less specific GA rich regions based on sequence 

similarity of the DNA binding domains to the other BPC transcription factors (Jin et al., 2017). 

This data would support the binding of a BPC transcription factor to the GA rich GAGARAA 

CRE. 

BPC transcription factors have been implicated in the repression of gene expression through 

physically interacting with components of the Polycomb Repressive Complex 2 (PRC2) to 

mediate histone methylation. BPC1 and BPC2 have been shown to physically interact with the 

EMF2 (EMBRYONIC FLOWER2) component of PRC2 (Xiao et al., 2017). Although only 

BPC1, not BPC2, interacts with the FIE (FERTILIZATION INDEPENDENT ENDOSPERM) 
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component of PRC2. BPC6 interacts with LHP1 (LIKE HETEROCHROMATIN PROTEIN1) 

which has interactions with PRC2 (Turck et al., 2007; Hecker et al., 2015; Zhou et al., 2017). 

PRC2 catalyses histone trimethylation on the 27th lysine through histone methyltransferase 

activity. This establishes stable epigenetic repression to maintain cell identity (Mozgova et al., 

2015). It is possible that this mechanism is used to silence DUO1 transcription in mature pollen, 

explaining the decrease in DUO1 expression at the tricellular pollen stage (Borg et al., 2014) 

and increase in expression when the GAGARAA CRE is removed (Section 3.4.6.1). 

This hypothesis would require the expression of a BPC gene to be absent or inactive in the 

germ cell in early bicellular pollen and present in the sperm cells by the time pollen matures. 

Three studies have data on the transcriptional expression of the BPC family in pollen and are 

summarised in Table 6-5. Based on this data, BPC2 would be the most likely BPC to mediate 

silencing of DUO1 in mature pollen. Developmental microarray studies using the ATH1 chip 

detect expression of BPC2 in tricellular and mature pollen grains but not in microspores or 

bicellular pollen (Honys and Twell, 2004).  BPC2 expression has been detected in the isolated 

sperm cells of mature pollen showing it has expression in the relevant cell type (Borges et al., 

2008). BPC2 is also the most highly expressed of the BPC genes in mature pollen based on an 

RNAseq dataset (Loraine et al., 2013). Furthermore, using the BPC2 promoter to drive  GUS 

expression demonstrated promoter activity in mature pollen (Monfared et al., 2011). This data 

taken together shows that the expression profile of BPC2 could facilitate the transcriptional 

silencing of DUO1. 

In order to facilitate the histone trimethylation around DUO1, there would need to be a physical 

interaction between BPC2 and the GAGARAA CRE. In Section 2.4.4 there is bioinformatic 

evidence that the binding motif of BPC5 significantly overlaps with M2, later refined into the 

GAGARAA CRE. That analysis used the O’Malley et al., (2016) dataset that did not have 

binding data for BPC2. Repeating this analysis with the GAGARAA CRE reveals significant 

matches to BPC1, BPC5 and BPC6 binding motifs (P-value 6.18e-04, 2.07e-03 and 4.08e-03 

respectively) showing the high similarity of BPC binding motifs to the GAGARAA CRE. In 

Chapter 4 a yeast one-hybrid screen was carried out to detect transcription factors that bind to 

ROD1, this included the GAGARAA CRE. Among the positive colonies, BPC2 was identified 

twice, providing evidence of a physical interaction between the ROD1 region and BPC2. BPC1, 

BPC3 and BPC6 were all present in the library but were not detected, suggesting that there 

might be some specificity in the binding of BPC2. This could explain why DUO1 is not 
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silenced by the other BPC members that are present in microspores and bicellular pollen (Table 

6-5).  

BPC2 can form homodimers and act on multiple GAGA regions, inducing conformational 

changes to the DNA (Simonini et al., 2012). Searching for more GAGA regions in the DUO1 

promoter revealed a GA rich region closer to the start codon from -19 to -29 upstream of the 

translation initiation site. This motif is located outside ROD1 and was not present in the bait 

sequence of the yeast one-hybrid. It is possible that both the GAGARAA CRE and the more 

proximal GA repeat may work synergistically, however only evidence of the GAGARAA CRE 

acting as a repressive mark has been shown in this thesis, other binding sites for BPC2 are 

purely speculative.  

If BPC2 functions to silence transcription of DUO1 by recruiting PRC2 to facilitate the addition 

of H3K27me3 marks in mature sperm cells and sporophytic tissue, those methylation marks 

should be identifiable. This was investigated using the PlantDHS database (Zhu et al., 2015; 

Zhang et al., 2016b). H3K27me3 marks were identified in the promoter region of DUO1. While 

this shows that there are H3K27me3 marks in close proximity to DUO1, it is insufficient to 

prove that the histones are differentially modified in the germline via BPC2 as histone 

modifications have not been studied within the developing male germline in A. thaliana.   

Plant epigenetic modifications such as those mediated by PRC2 often target a range of genes 

to transition developmental changes such as embryo to seedling and vegetative growth to 

flowering (Pazhouhandeh et al., 2011; Raissig et al., 2013). If BPC2 recruits PRC2 to silence 

DUO1 expression, preventing sperm cell fate post fertilisation, it could be expected that other 

male germline specific genes are also silenced and would contain GA rich CREs in the 

promoter regions. The enrichment of H3K27me3 trimethylation of pollen specific genes in 

seedlings certainly entices an investigation into the prevalence of GA rich CREs within these 

genes (Hoffmann and Palmgren, 2013). However, the GA rich CREs are incredibly common 

in the 500 bp upstream of all genes as shown by Hecker et al., (2015) that found the GA rich 

CRE upstream of 43% of all genes in A. thaliana. A more targeted approach would be to carry 

out ChIP-seq using BPC2 on material isolated from different pollen developmental stages. This 

would provide details on the specificity of BPC2 compared to the other BPC transcription 

factors which seem to have overlapping and redundant functions (Monfared et al., 2011). 
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Table 6-5 Expression summary of BPC genes  

Gene 
Name 

Gene 
identifier 

UNM1 BCP1 TCP1 MPG1 COT1 LEF1 ROT1 RHR1 Sperm 
Cell 

Signal2 

Pollen 
call2 

Pollen 
Signal2 

RNAseq 
pollen3 

RNAseq 
seedling3 

BPC1 At2g01930 0 132 216 299 119 104 241 129 317 P 208 7.6297 8.3526 
BPC2 At1g14685 0 0 273 378 216 93 206 261 221 P 212 22.2477 18.884 

BPC3 At1g68120 434 388 317 372 0 0 0 0 7547 P 611 6.5214 0.5308 

BPC4 At2g21240 488 532 390 236 626 766 503 491 100 P 68 0.7497 34.2767 

BPC5 At4g38910 Gene not on the ATH1 Array 0 4.6108 

BPC6 At5g42520 0 0 0 0 0 406 392 300 92 A 26 0.0164 34.7016 

BPC7 At2g35550 325 248 135 0 0 223 189 236 543 P 87 0.6336 1.5415 
1 UNM (unicellular microspore) and MPG (mature pollen grain) expression taken from Honys and Twell (2004). Using ATH1 Genome 

microarrays. Tissue abbreviations are as follows: UNM is unicellular microspore, BCP is bicellular pollen, TCP is tricellular pollen, MPG is 

mature pollen grain, COT is cotyledons, LEF is leaf tissue, ROT is roots, RHR is root hair zone.  

2 Sperm cell enrichment data was taken from Borges et al., (2008). The technology used was A. thaliana GeneChip ATH1 Genome Arrays. Pollen 

call is either present (P) or Absent (A). 

3 Mature pollen and seedling RNAseq data was taken from Loraine et al., (2013). The value is reads per kilobase million (RPKM) which is a 

measure of reads per million reads, normalised to the size of the gene in kilobases. 
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6.5 Proposed model of DUO1 regulation through the conserved CRM 
The previous models of DUO1 regulation lacked evidence for direct activation. Prior to this 

thesis, primarily repressive regulation had been identified for DUO1 regulation (Haerizadeh, 

2006; Palatnik et al., 2007; Alonso-Peral et al., 2010; Zheng et al., 2014). However, there is 

strong evidence that DUO1 is specifically transcriptionally activated in the male germline 

(Brownfield et al., 2009; Aidley, 2012). This thesis has discovered a highly conserved CRM 

named ROD1 that is required for the specific activation of DUO1 in the male germline of 

eudicots. Further work has been carried out to identify the transcription factors that bind to the 

CREs within ROD1, although none were identified for the GTGG CRE. Therefore in 

synthesising a complete model of DUO1 regulation, ACTIVATOR OF DUO1 (AOD) will be 

used to represent the transcription factor or factors that bind to the GTGG CRE in order to 

activate DUO1. 

Synthesising together the data generated in this thesis with what was previously known, a 

model of DUO1 regulation can be hypothesised (Figure 6-1). The repression of DUO1 in 

sporophytic tissues is likely due to H3K27me3 marks around DUO1 that maintain the silencing 

of DUO1. If there is any leaky expression, miR159 can act to silence that. DUO1 is specifically 

activated in the germ cell of bicellular pollen. This occurs through AOD binding to the GTGG 

CREs in ROD1. It is possible that there are acetylation marks on the histones around DUO1 

that facilitate the binding of AOD to the GTGG CREs. In the vegetative cell, ARID1 would 

enable the removal of the histone acetylation through HDA8, preventing possible DUO1 leaky 

expression. DUO1 is transcribed and translated in the germ cell and then binds to the AACYG 

CREs present in ROD1 to further increase the expression of DUO1in a direct positive feedback 

loop. DUO1 then activates a number of sperm cell specific genes, including DAZ1 and DAZ2 

that are required for pollen mitosis II to occur. In the sperm cells of mature pollen, BPC2 is 

expressed and possibly binds to the GAGARAA CRE in ROD1. BPC2 can recruit PRC2 to 

facilitate H3K27me3 methylation, repressing the expression of DUO1 in preparation for 

fertilisation. Expression of DUO1 is further reduced by miR159. Regulation of DUO1 in the 

vegetative cell does not change. This model furthers the understanding of DUO1 regulation, 

although there is still uncertainty around the role of AOD in the asymmetric division.  

DUO1 is specifically activated in the germ cell of bicellular pollen. In this thesis, it has been 

demonstrated that the GTGG CREs are crucial for this activation. The expression and 

distribution of AOD during the asymmetric division has been left unanswered. However, there 
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are three distinct possibilities. It is possible that AOD is transcribed and translated in the germ 

cell of bicellular pollen. This is unlikely as DUO1 has been detected very early after the 

division leaving very little time for another transcription factor to be activated before then 

activating DUO1. It is possible that AOD is expressed and translated in the microspore then 

asymmetrically distributed into the germ cell during the asymmetric division. After the division 

AOD could bind to the GTGG CREs in order to turn on DUO1, effectively specifying the fate 

of the male germline. This would be similar to the asymmetric division of the zygote in 

Caenorhabditis elegans were a group of proteins are asymmetrically distributed before the 

division, specifying the fate of the daughter cells (Barros et al., 2003; Munro, 2006). Lastly, 

the mRNA of AOD could be asymmetrically distributed in the microspore and then translated 

after the division. This would be similar to the asymmetric division in budding yeast 

(Saccharomyces cerevisae) where ASH1 mRNA is asymmetrically distributed and translated 

after the division (Nasmyth, 1993; Sil and Herskowitz, 1996).  
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Figure 6-1. Model of DUO1 transcriptional activation. In sporophytic tissue the histones 

around DUO1 are methylated, preventing the activation of DUO1. If there is any leaky activation 

of DUO1, it is silenced by miR159. In the germ cell of bicellular pollen, DUO1 is activated by 

AOD through the GTGG CREs. The histones in proximity to DUO1 might be acetylated, due 

to the absence of ARID1, which would increase the accessibility for transcription factors to bind. 

In the vegetative cell of bicellular pollen, the histone acetylation marks could be removed by 

HDA8 that interacts with ARID1, preventing activation of DUO1. After DUO1 is transcribed 

and translated, it binds to the AACYG CREs, greatly enhancing the expression of DUO1 as 

shown by the larger arrow, and the feedback arrow. In tricellular pollen, regulation of DUO1 

remains much the same in the vegetative cell. In the sperm cells, BPC2 binds to the GAGARAA 

CRE and facilitates H3K27me3 methylation through PRC2 slowly reducing the expression of 

DUO1. Further reductions in DUO1 expression may be caused by miR159 silencing. 
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8 Appendix 

8.1 Sequences used in first round of motif detection 
>B1_B._distachyon_gi|353703669|ref|NC_016133.1|:42606641-42608639_(reversed) Brachypodium 

distachyon strain Bd21 chromosome 3, v1.0, whole genome shotgun sequence 

ACTACACCTTCTTCCTTGGGACAAATTAAACCACACGTGATTGGGTAAGCAACTAATCACTCGAGCTCCCTCCATGGATCGCTTCCAGGATTGA

GGGATGCTGAAGTACTAACCTCCATGGCTGCCTCAATCTCCGGCGGTGCCTCCGCCGCCGTGGCCGCGGCGAGCTCCCTGGGGACAGAGACGCA

GCCGATCCTCCTCGGATGCCGGTGCCGGGCCGTTGACATGGTCGGCGGCGACGGCGACGGGCGGTGGCACCAGCGGTTCAGGCTCGCCGCGCTG

CAGCTACACCATTGCACCGCCGCCATCCCTGGCCTCTAACCTTTCCTAGTTTCCTTGCTTCCCCAGCTTCGCCTCAGCACCGTTCCCTCCGGAT

AAAACTGGCGAGGGAGAAAGCAAAGGCCCTGACACCCCGGCCCCACGGGAGTCCACGTCGGATCGCTGCCTCCACAAGTCAAATGCGGTCAATG

GTTTCTGACATCCGAGCCCACACAGATTCTTCTACTTTGCTGATTCTACAAGGCGTCCGAACTCTGAAGTCAACATCTTCCGGCTGCTGAACGC

CAGATCTCGCCGCCGCGTCCTCTCCGCGACTCCATGCCGTCGTTGCGCCACCACATTGTTCTCCTCGCTGCGGCACTTACCTTCGTCGCGGCAG

CCGCCGGAGGCGGAGGAGAAGAAGAGCGGGCGGCGGCCTGCGACGAGGCGTCCTGGCCGCAGGAGGCGAACCTCCGGCCGGACCGGCTGACGGT

GCTCCTGAGCGGGTACTCGGAGCGGCGGCTCCCGCTCCTCCGCCCCATCGCCGCCTCCTACGCCTCCCACCCTCTGGTCCTCGCCGTCGTCATC

CTCTGGTGCAACCCCTCCACCCCATCCTCCCTCCTCCGCCGCCTCCATCCATTCCCCCCCTCCATCTCCCTCCACCGCACATCCTCGCCCTCCC

TCAACGCCCGCTTCCTCCCGCTCCGCTCCGTCATCCGCACCGCCGCCGTCGCCGTCGCCGACGACGACTTGCTCCCCGACGCCGCCGCCATCTC

CTTCGCCTTCGCCACCTGGCAGCAACACCAACACCACAACCAGTCGTCCCGGCTCGTGGGCCTCTTCCCGCGGTCCCACCACCTGGACCTGGCC

CAGGCCCGGTGGGCCTACACCGCGGCCTCGGCATCTTCTACGTCTTCTTCTTCCCCGCTGCGCTACTCCATCGTGCTCACCAAGTTCATGCTCC

TCTCGCCCGCCCTCCTCCGCCGCTACTCCTGCTCCCCCGACCTCGCCGCCGCGCGCGCCGTGGTGGACCGGGAGCGCAACTGCGAGGACATCCT

CATGAACTTCGTCGCCGCCGAGGCATCCGGGGAGGGCCCCGTGCTCGTCGAGGCCGGCAGCGTCAGGGACTGGGGCGACCCGAGGAACGACGAC

GACGATGCCGATGCGATGAAGGGCGTGGGGCTGAGCGGGCAGGCGGGGATGGCGCATTGGGAGAAGAGAGGGGGATGCATCACGGAGTTCCACC

GGCTGCTGGGGAGGATGCCGCTGAGGTATAGCTACGGGAAGGTGGTGCCGGCCGGCGGCGGAAGCGAGCAGGGGCTCTGCAGCAAACACGGCCG

CCTAGTCCCCTGCGACGACCAGAGACAGTGAAGCCAGAACTCCTCCAAGACAGCGTGCTAAATGAACTCTGTAATCTGAATTTGATTTTTGATT

TATGAGCACGTTTTGTTTTGGGACGAGAATTCTCTCAGAATTGTGGGCGTGTTTGGCGGTTGCTGGGCTCCTCTGCGTCCCGTTGTGCCGGGAG

GTTGAAACCTGACCGTACGATCTCCATCGGACGGCTGATGTTGACGATGGGCTCCGCTGTTGTCGAATACAAATCTTCGGCCCCGGACAGACCA

GTAGACCACTCCTCCCGACATTGCCGGAAGTGGGCGTTCGTTCGTGGGCGCGCCTGCCTTTGCTGCCTCTGGAGAACGAGGACGAACGACGATG

CAGCCGCGTGGGCGTGGCGAGAGGA 

>C1_Cucumis_sativus_gi|433601811|ref|NW_004095249.1|:561487-563485_(reversed) Cucumis sativus 

cultivar 9930 unplaced genomic scaffold Scaffold000025, whole genome shotgun sequence 

GTATCTAATGCAATTTACTATTCAATCTTTTAATATATTATTCAATGCCCCAATGTTTTTTCTTGAAAGGTACTGTAATTAAAGTATAAGATAC

GAAAAATGAACTTGTAATTTTGAGGTTGATAGTACAAATACTATCAATTACCAATTGAGCTATGTTTATGTTGGACCATAAAACTGCAATATTG

CAGTATATATTTTCATGATATTTGTATTATTTACTCTTTTTTAATTAGTCAATCTATCAAATATAAGGTGGAATAGATGACACTTAATTTACTT

GGTTGATACAGTTATTATATATATATATATATTTCATCAAATTTTCTATATTAATTGTCATATGTTTTGAATTTCACTCAAATTTGATAGGAAA

CTTAATATGGGTTTTACAAAATTTTCTTAATAATTAATATGAGATAAACACTTAGATTCTTTGAAATCTAAAACAGTAGAAGTGGAGAGAGAAA

GGGGTGAAAAAATGAAATTATTCCATAAATACTCAGATTGCAATAATAAATAGTATTGAAGTTGATAGGGTAGAATTATTTGATAGTGAGTTGT

GATGTAAGTGTATCAAATTGTAAACTCATTCGAACTGGATTATTGGTCATGAGGTCAAACATCCCTAATATTAATTTTCCAACTAATACAAGAT

TGGGTAGACACAAATCAGTAGGAAAGATCTTGAAAATCTACCAAAAACATAAACTTTGGTGGATAATTGTCCTAATTTAATTGAGAAAAAGATG

AAAAGATAATTAGAACATTAAAGTCTTATAATAGAAATGACCAAAATGAGAGTAATTTGGTGGTCTCTCATGAATAACTCCTTAAATAATTATG

CTAATTGATAATTGGATGTTTAGTCAAAAGCAAAGGAGTTATAGTAGAAAAATTATGAATAGGAACGATTTTTAGTGATAATAATTAGGTGTAT

AACCCTATTTTAAGAAAAATGTAAATAAAATCTATCTGAAATAAACGTTTAGTTGTTGATAGATTATTATAATCTATTAGCGATAGACTACAAT

AGTAAAGTGAAATTTAATTTGTTTGACTAATATTACAACCTTCCAAATTTTGTTTTACTAATATCGAGTGAAACTTCTCTTTTGAGTCAATTAA

ACTCTTAAATTATTTTCGAGGTCAAGTTAGATTATTTATTAGAATTACTTTTGAAAACCACTCTTGCATTAATTCTCAAACTTGTATAGATTTT

TTCAAATCTCTCTTAGAAAATGGACAATTAGAATTAAATGCATAGTCGATTCTAAAAAAATCAAAATTTTCAAGCAAAACATAGTGGAAGGGGT

AAATTGTTATATACTAACAAAAATTTAAAACTTGACACAATTATTAGTTGATGCTTAAATTGATACATCCCTTAAAGTTTATGGTTAATTATAA

ATTTGCTCTCGTTCTCAATAAATAAATAAATAAAATTAAGAACCAACAAAATAATTAAGTAATTAGAAATTTCAAATTTCTAAAATCTCTCCAA

TATTGTTTATAATTACAAACCCACTAAATACCACCTTTTATAAACAATTTAACAAGTATGGTAAATTACATTTCACTAAGTTGAATCTCGTATA
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TACACATGACATTGAGCGTTGAAAGGTCGATAGAGAAAAATCTATATGGCCACAAGAGAGACCCATCTATATTATTATATTAATATTTATAATA

AAAAGTTTATAGTGAAAATGAGATATAAATAAAAACGAAAGGAAAAGGAAAAATGAAGAGAACGTGGGGGTGAGGGGGAAATGCTTGAGGAGGG

AAGTGGGGAATAACCGTCTCAACCGCCACATCGTTTCAAACAAAATTAAATTGAAAAAATGAATCCAAAATCTTCTTCTTCTTCTTGAAGCATA

AATCCGCAAGAACAAACCCCCTGCATCCTCAAACACAATCTCATTTACCAACAAAATATTTGAAGATGGATTTCAAGAAACTCAGTGTTCTGTG

AAGGGAGAAACCAGCAATATAATAA 

>C3_Cicer_arietinum_gi|484571392|ref|NC_021165.1|:38107991-38109989_(reversed) Cicer arietinum 

cultivar CDC Frontier chromosome Ca6, ASM33114v1, whole genome shotgun sequence 

CAATTTTAACGTGGAAAACTTCCCTCAAATTGAGAGAATAAAAACCACGGGACCTAGTCCAGTAAAACTTCCACTATAATAATTAATGGGTACA

CCAAGAGTCTTCCTAATAACAATAGAGAATATCAATCAACAATAACAACCCTATAACAACCTTCCACTAAAGTGGGTATGCCAAAGTAACTCTC

AGAGAAGATAAAACTACTCAAATTATATATTAAAATAACAAACTAAGTGGTAGGAATAACATACTAAATTTGTAGATCAAACGGAGCAAGTTTG

CTACACACCTGTTACCACCACTGGAACCAAACTCTTATTTTTCTTCTCTGACAACCGTTCTTCTTCCGTTGTCTTTCTGTATGTCTCTTAGGGA

TTTCTAAATCCTTTTTATTACTTTCAAGTGGGCCAAGCCCATTAAAACCTTTTTTTTTCTTTTTTCTTTTTATTTCAATAATAATAATAATATT

AGTAAAATTGGTGGGTTCCACGTGGGGAGTGAGTCTACCCAACATAAAATTTATTAACGCATAATATCCTATGTTTTATTTTATATTTAATTTA

ATATGAATTTTTGATATTTTATTTATTTTTCTTCTTTATCATATTTGTTTTACAATGTCATTTAATAACATATTCATTTGTAATTTTATATGCA

GTTTTGTATATATGTTCTATCTTAATAACTTTATACACTAAACATGTATTTTTCATTGGTTTGTTAAACAATTTTAATTAAATTTTTCTTTTTA

GTATATAATTGTTTATTAGTTATATATTGAAAATAATTTAAATTAATTACAAAATTTATATTTTTATATTTTACATTCGCTAAACATTACTACA

TTATAAGTATTAAAATATAAATATAAATTAACATTTAGACAAACACTCTTCTTATGTTTGTGTTCATTTTTTCTATTACACTAACATATATGAA

TCATAAACGTTAATTATTTCTTTGTAATTTCAATTTTAAATATAAATATATATAAAAAAGATATATATATATATATATATATATATATATATAT

ATATATATATATATATATATATATATATATATATATATAAATTAAACAAACACTTTAATATGATTGACGTTGTTATATACACAGTTACATTTTC

TGTAAACAATATAATATACAATATTGATTTTTATTGTTCTACTTATCCACTAACGTGTTAGAAAAAATCTATATTACTGCATGTCTTAAATAGT

ACAATGAGAAGAATAAAAAAACCACACCAAAATACATATTATTCATATGAGTATTGCTATTTAATATAATAAATATATTTCATTGTATTTTATA

ATTCATAGCTGTTTAATAGTATAAAATATGTATTTTATACTTTAATATTCATCGTCTTATTGTAATTAAAAAAGACTAATCGTCTATCCATATT

TTTTCTATTTGTTGATATTTTTTCTATTTTATTGGATTCCAAAAGCAAAACATACGAACACTCCGTTTGTACACTAGTTTGAAATATAAAGAAA

TTGTATTAATTGTTTGCACTAAAAAAAAATTGTATTCTTGAAATAACTATCACACATCACACTATATATGTAAAATTATAAATGATGCTAAATC

TTCAATTGTAATTTCACCCAAAAAAACACTTTAATTGTCCCATAATTGTTCCATAAAAAAAAATTAAATTGTACTTTTAAGTTTAATTTCAAAA

CATGGAAGAAATGGCGGGGTTGTGGATGTTCCCACTAACCGTCAAAACCGTTCATAGTGCGAGTGGGGGAATAATCCCATGAGTTCAATTCAGG

TAAACCCTCAACAATAAACCAATAACGTACCGCCACGTCACACAAACCCAGAAACAAAAAATAAAACACACCCTTCCTCAAACACAAGTGCATC

ATACCCCATGAACCCAACCACACAATAACAAAACCGTCAATTACCTTTCAAATTATTTTCTCACACCATAAATCAGACAAAGAAGAGTTGAATT

TAGTATATGAATGAAAAAATCTCAA 

>Cucumis_sativus_gi|440520815|ref|NW_004157637.1|:2830-4828_(reversed) Cucumis sativus 

cultivar Borszczagowski unplaced genomic scaffold, alternate assembly CSB10A_v1_scaffold_3892, 

whole genome shotgun sequence 

TGAGTAAAGAGGAGCATTGTTTGTGAACAAGAAATATATATAGTCATGTCATTGCTTCTTAAACTTTAATATATAATCAAACTTTACAATCTTT

TTATGAGTGTGAAAAGTTAAGGAAAAGATCATCACATTTGCTAGTTCGATGATGCCTTTGACTCATGTTTTGATTTTTGATTTTGAGCAGATGA

TTTGTAGAGGAGAAAGTAGGTTGAATAGTTGTTTAACGACTTATATATATGTATGTGTTTTAGTTAGTTAAGTTGATTCATATATAAATCCATA

GAAAAGAGGTTTAAGTTCTAGTGAACACTTTTAAGTACTAAACATTAAAATGGAAATAGTTGTGTATTGTCTAAAGTACAATAGGACACTATAT

AGGTCACACTCAAAATATTTGTATCTAATGCAATTTACTATTCAATCTTTTAATATATTATTCAATGCCCCAATGTTTTTTCTTGAAAGGTACT

GTAATTAAAGTATAAGATACGAAAAATGAACTTGTAATTTTGAGGTTGATAGTACAAATACTATCAATTACCAATTGAGCTATGTTTATGTTGG

ACCATAAAACTGCAATATTGCAGTATATATTTTCATGATATTTGTATTATTTACTCTTTTTTAATTAGTCAATCTATCAAATATAAGGTGGAAT

AGATGACACTTAATTTACTTGGTTGATACAGTTATTATATATATATATATATTTCATCAAATTTTCTATATTAATTGTCATATGTTTTGAATTT

CACTCAAATTTGATAGGAAACTTAATATGGGTTTTACAAAATTTTCTTAATAATTAATATGAGATAAACACTTAGATTCTTTGAAATCTAAAAC

AGTAGAAGTGGAGAGAGAAAGGGGTGAAAAATGAAATTATTCCATAAATACTCAGATTGCAATAATAAATAGTATTGAAGTTGATAGGGTAGAA

TTATTTGATAGTGAGTTGTGATGTAAGTGTATCAAATTGTAAACTCATTCGAACTGGATTATTGGTCATGAGGTCAAACATCCCTAATATTAAT

TTTCCAACTAATACAAGATTGGGTAGACACAAATCAGTAGGAAAGATCTTGAAAATCTACCAAAAACATAAACTTTGGTGGATAATTGTCCTAA

TTTAATTGAGAAAAAGATGAAAAGATAATTAGAACATTAAAGTCTTATAATAGAAATGACCAAAATGAGAGTAATTTGGTGGTCTCTCATGAAT

AACTCCTTAAATAATTATGCTAATTGATAATTGGATGTTTAGTCAAAAGCAAAGGAGTTATAGTAGAAAAATTATGAATAGGAACGATTTTTAG

TGATAATAATTAGGTGTATAACCCTATTTTAAGAAAAATGTAAATAAAATCTATCTGAAATAAACGTTTAGTTGTTGATAGATTATTATAATCT

ATTAGCGATAGACTACAATAGTAAAGTGAAATTTAATTTGTTTGACTAATATTACAACCTTCCAAATTTTGTTTTACTAATATCGAGTGAAACT
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TCTCTTTTGAGTCAATTAAACTCTTAAATTATTTTCGAGGTCAAGTTAGATTATTTATTAGAATTACTTTTGAAAACCACTCTTGCATTAATTC

TCAAACTTGTATAGATTTTTTCAAATCTCTCTTAGAAAATGGACAATTAGAATTAAATGCATAGTCGATTCTAAAAAAATCAAAATTTTCAAGC

AAAACATAGTGGAAGGGGTAAATTGTTATATACTAACAAAAATTTAAAACTTGACACAATTATTAGTTGATGCTTAAATTGATACATCCCTTAA

AGTTTATGGTTAATTATAAATTTGCTCTCGTTCTCAATAAATAAATAAATAAAATTAAGAACCAACAAAATAATTAAGTAATTAGAAATTTCAA

ATTTCTAAAATCTCTCCAATATTGTTTATAATTACAAACCCACTAAATACCACCTTTTATAAACAATTTAACAAGTATGGTAAATTACATTTCA

CTAAGTTGAATCTCGTATATACACA 

>G4_Glycine_max_gi|353336042|ref|NC_016096.1|:118395-120393_(reversed) Glycine max chromosome 

9, V1.0, whole genome shotgun sequence 

AACATAAAATTATTTATCTTTGTCACTCTTTTTTAATAGAGGGAGATAAATAAATGAAAAGAAAAATATAACAAATATAGCAATAGTTTGAGGA

AGAAAAAAAAGATAACAAAATATTTGAAGGTAAAAATGCAAACTAACTAGCATTACTCATTAATTCTCTTTACCTTTATCCGTTTGGTTTTGGG

TCTTTAATTTATGTGTATCAGTGTATGCATTGTACGTAGAAGTCGATCGGTTTAATCTTTCTTTTGGGATAATTAATCTTCTTTGCTGAGAATT

ATTGATTGCTTTGGGTAAACATATTTTCATGATCCTGTGAACATATATATTTTCTAAAAGAACATGCTAGTCAAACAATAGTGAAATCAGTAAA

AGAAAGAAATGGGAAAATCTACTGGTATTATCTTTGAGAAGACAAATTACATGATCTACCACGAAAGCTTCAGTGGACTTCTCTGCATGAAGAT

ATAAGAGCACCTCACATATTTGACCTACAAACATAAGAATGGTCATCGGCCAATATCAATGGAAAAAGGAAAATTATAAAAGAAAGAAAAAATG

GTTTTACAATAAAAATTCTTATGTATCAACCTATTTCTTTTTACTCTTAAATTGGCATGCATCAATGGAAGGTTATTCTCTACAACATAAAGAA

ATTTATTTTAGAAATCAAACAAATAATAACCAGTTATTTGGATTTTGTGAGCCATTGAAGTAACACACAAAGAATTAGAAAAGAAAATTAAAAA

ATTTGAAAACAAAAACCTTAAAAATGAAAGCCTCAACATTTTGAGAAACGACTTCACCTATTGGTAACACAAATTATGAATTTGAATATATAAA

ATCCCTCGGATAAATATGCTTGAGAAAAACACAAATCCTGAGGCATGTGGTTGAACAATGCCTCCATTGCACCCTTAAGTTCCACAATGGTTAC

CCTTGATCAAAACTTGAATAAAGTTTCTAAAAGAATTCTGTGTCATGAGAATGAATAAAAGAACGGTTTGAAGAGTTGGGTATTTTTTTTCTAA

CAGTTAGAACTATAATTGAGGCCTTGAGGGTGAGTGGTTACCAGCGGATGAAGGAGATCCTGCAGTTACTCCATCAGCAACAACAATAAAAGAA

TGTGAAGCACGATTTCAGAGACTGCAATTACCTTTGTATTAGTTTAATATCTCGTGTTGACTTTTTTGCCCGTTTTATCCTTTATTTGATGCAT

AATTACAGTTTTGGTTAGAAGAGAGTAGGGAGTTGCAACATAACTAAGGGGCATTGGTTTAAACAAATGTGTATAACAAGAGATCTTATTGTCT

TTATTTACGTTATAATTATGTTATAATTATAAAAAATCAATTGATTGTATAAAATGAGTTATTATAAGATTATAGTCTTTGATTTCTACTAATG

AAAAAAAAAGTTTTCCATATACAGTATCAAGATTTTAGCACAATTAATTAATCAATTAAAATTTATTTTATATAACATTTTACATAAATAATTG

TTAAAATGTTATATAGTTTTAAGTAATTATTTCCATAAAAAGGTAATTATTTAAAAAATATTTTTTAACAAGGTAATTTATGATATTATAATAG

TGTAAAAAACTTTTAAAATGCATTATAATTATTATTTTTTTAAAAAATATTATATTCATTTAGCAGTAAATTTTTAAATAGTTTAAATTTAAAA

AAAATCTTGATTCAAACGAGAAGAAATGGCGGGGTTGTGCATGTTCCCCACTAACCGTCAAAACCGTCGCAAGCGCAAAGTGGGGAGCAAGAAT

CCTCTGCATTGCGTCCACGTAGATCAAAAGCCAAATCATGTCACCTGCTGCCACGCCACAAACATCAGAAAACAAAACTTTCGTAACGTTCCTC

GCGTGCGCAGGTGCATGACGTAGCCATGAGTGAAAGCACACAGGAGCAAAAGTACCATATCCATTTCAAACATGTATATAAATGAAAATGATGA

GTTGAATGAAGGAAGGAAAGAGGCA 

>S2_Sorghum_bicolor_gi|242082450|ref|NC_012876.1|:62303714-62305712_(reversed) Sorghum bicolor 

chromosome 7, whole genome shotgun sequence 

GTTTGTGATATCATCGGATTTCGAAGATTCACGAGTTTCAGTTTAAGGGATAAATTTTCCAAATTGGTGCTCGGGTTTCGATTTTAGATGCCCA

GACACCACGCGATCTGCCCCGTTGCTATCGTTAAGGACTTAAGGGGAAGCTATCGCCTCTCTGACACTATGGGCCCACACGAATCCACCTCAGA

TCTCTGCGGCCACACGTGCTCCCTCAAGCACAGTCAACGGGTCAACTTCAGCGTGTCCCTGGGCCCACACTGGATTTGGCTCCGGTACTTGTCC

TGCGAAAAATTTGGAGAGTCAACAGGCAACAGAACCCAAGCTTCCAGCGGATCTCGCCGCCGCGTCGCCGTCCAACGTCCATGCCGCCGCGCTC

GTACCAGCTCCTCCTCCTCCTCCTCGTGGAGCTTGCCTGCGTAGCCGTCGCCGCCAGCAGCGAGGACGAGAGGTATGCCGCCTGCGCCGCGGCG

AACCGCACAGACGCCGCCCCGCTCCGAGCGGATCGCCTCACGGTGATCCTCACGGGCTACTCGGAGCGTCGCCTCCCGCTGCTCCGCGCCATCG

CGGGAGCCTACGCCGCGCACCCGCTGGTCCTGGCCGTGGTCGTGCTCTGGTGCAACCCCTCCACGCCGGACCGCCGCCTCCTCCTCCTCCGCGG

CGGGAGCGGGTTCCCGCCCCACGTCACGGTCCGCCGCGCCGCCTCGGCGTCCCTCAACGCGCGCTTCCTCCCGCGGCCATCCGACGTGCGCACC

GCCGCAGTCGCCGTGGCCGACGACGACGTGCTCCCCGACGCGGCGGCGCTGTCCTTCGCGTTCGCCACCTGGCAGCAGCAGCAGCAGCATCAGC

ACCACCAGCAGGCCGCGGGGCCCCTGGTCGGCTTCTTCCCGCGGTCGCACCACCTGGACCTGTCCCGCGGGAGGTGGGCGTACACGGCGGCGCA

GCCGGGTCGGTACTCCATGGTGCTGACCAAGCTCATGCTCCTCGACGCCGACCTCCTGCGGACGTACTCGTGCTCGCCGGAGCTGGCGGCCGCG

CGCGCCGTGGTGGACCGGGAGCGCAACTGCGAGGACATCCTCATGAACTTCGTCGCCGCCGAGGCGTCCGGCGCCGGGCCCGTGCTCGTGGAGG

CCGACGGTGGCGTCAGGGACTGGGGCGACCCCAGGAACGACGCCAGCGCCGGCGAGGGGCAGCGAGGCGGGGTCAGGGACGTGGGGCTCAGCGC

CACGGGCGGGCTGGGCCACTGGGAGAAGAGAGGGCGCTGCATCACCGAGTTCCACCGCCTGCTGGGAAGGATGCCGCTGCGGTACAGCTACGGC

AAGGCCGTGCAGGCCACCGCCGGCGAGCAGGGGCTCTGCAGCAAAGGCGGCCGCCTCGTCCGCTGCGACCACGAGTAGTAGTTTACGCCTCCCA

ATGACGCGTAACGTTTTTTTTTCTTTTTTGGGCAGTGGTGTACTGGTGCCTGCTACTGTACGGTATTAGCGTTGACACGGTTTGGTGTATAATG
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GATTTCTTATTTAAATCTGTTTTTTTTATTTAAATCTGTTTTAACGCAATGCTAAAACAATACTGTTCTTCCGATCTGTAAGGAAAATGTTCAC

CTGAATTTCTTCCAACTGGGCCGGGCTAGGACTAGAACTAGGAGCGGTTACAGTGTCCCGACGGTGCTGTTGCACACGGGCAGAGAAGAGCGGA

ACCGGCGGCGGCATTCGCGAGTTCGACGCGACGCTCTGATCGAAATCCGACGGCTGATATGAAGACAGGCGGCCTCCGGGCCCACGAAGCCACG

TACTCCTACTGTCCTACACGAGATCATTTCCCACTACTCCCTATATTGTCGGAAGCGTGGGCGTTCGTGCTCGTGGGCACCGGCCGAAGCCTAA

CGCGCGGGAGGGAGAAAGGGCGCGGCACTGGGTGAGCAACTACAGGACACAAGGCAGGGAGACTAGGAGAGAGATCGAGATCGACGAGCCCCCT

GTCCGGCGGCAGCGAGCGAGGACGA 

>V3_Vitis_vinifera_gi|357771474|ref|NC_012025.3|:6695136-6697134_(reversed) Vitis vinifera 

chromosome 19, 12X, whole genome shotgun sequence 

TACATGATTTTGATACTCCCAGGAAAAAAAATGAAAAACAGAAGAAAGAAAAACCCTTCAACCCCTTTTCATCAAAAAGCCAGGAAATGAATTC

CAAACGCATGCCCTGTGTTGCTTCTTCTTCTTGGAGGTTTGTCCATGGATCTTTCTGTCGCTTAATCTACAAACACCACCTTCACATGTGTGGG

CTGAGGCTTCTGAAGATTCTGAGAAACAGCTGAAGAAGTTGAAGAACAAAGCCATGGAGATGTTGAAGCTCCCAGGAGAAGTATGTCTCTCTCC

TTTTTCTCTAGAGTTCTTGTTCTGCTTCATTATGAAAAGGTGTTCATAGAAGGATAGATCCCGTTTTGCAACTACCTTGAATCTTCCCAACTCA

TCATCCCATACAAGTCAAAGCTAGTTGGCTATGACTATTTTTTATTTTGTTTTCTTCATTCCCACATAGCCACACGTTTTCATGCCTGTTTCTC

TCATGTGCTAAACTAATTTTGAAGTTTTTTTTTTATCATGAAATAGATTGAATTAGGTCCAATGTATCATGCCTACTTACCCACATCTTTCCCA

TATAAATATCGTTCATTTCGAGTCCAATGGACTACGACGGTTTCTAAATACATTTACATACTAAACTGGAGTCTATTATGCAATATCAAAAATT

TTATACCTTAAAAGCGATATGAAATATCATAACACAACATCCTTCTTGCATCCCATGAATTCGAGAACCGGTCAAAGTGGTAACTTAAAATTTC

ATATTGGGATCGGGATTGACTCTGTTATATCCATGATATAGGTTCACTCTAATACCTAAATTTTAATTATCTTTTGAAAATCTAAAATTATCTT

GAGAGAGAAATTTGTATGGAGCATGTTCAAGTGGCTGCAGTGTCAATCCGGATCATTTAGAGGCTGACGAAACTCTGAATTTCATGTAAAACTA

AGGCCCTGTGGTTTTGACATAATATCAGATTTGCCCTCGCCATTGCATCATCCAGCGTGTGAAAATCAGTCTGTTTTCCAAGGAAAAATAAGAG

GTGGAAAATCAAATTCCAAGGCCCTGGAATTTGAAAGCGCGTTACCCATGTACAGAAAAAAAGAGCGTGACAGCCCAATTGAGGCTCGATTCCT

TACCCTCCTCTACGCCTCAACCTTGCTGTCACTCTCAATATCAAAACCCCATTCCTCAAGCCCACCCCACATAAGGTTATAACCCCACCCACAT

TTCTCTCTCACCCTCCATTTTCCCAGAAAAGGATGAGTCCCATTAGAAACTCACGAGAAAAACTCTGATTCTCTGTTTCTCTCTCCAAACACCT

CCAACCCTTGGCTTGATGGAGAAGGGCTGGGACCCCACCTTCTCTATCTTGCCATAGCCCAATTTCCCCGAGAGGACTTCCTCGCTTTATTTTT

CCGGAAAAGGATTGTTCTATTACAAACCCCCACTCTTGGAAGAAAACCTCTGCCTCTGTTTCTCTCTCCTTACACCCTCCATGCCTGATTATTC

TGAGGAAAAAGACTTCCCAACCCCACCATCTTTCTCTTTCTCCCTCTGAGCCGAATTTCCCAAAAAAGGACTATCTCAGTTTATTTTTACCCTT

CGAACAAAATCTGTGTCTTTTTCTCTGTGTCCAAACACCACCAAATCTGGAGCTGAGAGAATAGACCACCTGACCCCACTATCATTGCCTTTCT

CTCACCACAATTTCCCACAGCTCATTTTCCCAGAAAAAGATTTCTCCATGCACAATCTCTGTCCAAACAACACCAAACCTTTCGCAGCCCATTT

TCCCAGAACAGTATTATTCTACTACAAACTCACAGTCGCCACCTTATAAAAGAAAATCTCCTGTTTCTCTCTCCCCAAACACTTCTCTCTCGCA

GTAAAGTACATAGAGAAAGTACAGAGCTAACCTACATAGATATAGCTTACATAGAGACAAAAAAAAAAAAAAAAGAATTGTGTTGAGTTCTGTT

GCTGCGTGGTGGTGGTGGTTCCGAA 

>A._lyrata_gi|297821281|ref|NW_003302551.1|:19870254-19872254_(reversed) A. lyrata subsp. 

lyrata unplaced genomic scaffold ARALYscaffold_5, whole genome shotgun sequence 

ATCTCGCGAGGTAAATCTTTTTATGCTCCTCCATGTTTAAGTAGCCCATTAACTTTGTGTTTGTGATATCTCCACGAGACTTGAGAGCTTGACA

TTTTAAAGAATGGTGAAGAGGTCCAATGAGAAGTAATTGAGGCGTGTATGCTTCTGGATTTACACGACGTAGACGATGAGGGACTCGGTAGATG

CAACGATGCTCAGGATTTGTAGGAAACCACCACATCCCAGGAGTCGATTCGTTTAACTCAAGGACCGTGTCCGGTTCATGATTCAACCTTCGGT

TCATTGTTCCTGAAGTTTGTTGTCTTGTAATAAAGAGATATAAAGTGAAATTTTTTAGAGAGCAAATGAGAGTAAATATAATGTGAAGAAAGAG

GAAGAAGAAAGACGACAGAACTTAATGTTCGAAGTTTTCCTCTTGGTAGTATACTAATGAGGAGGAAGTTTCCCCAACGACCATGTACATGAAA

GTCACTTGTTCACATATGTAGTAACTAGTAATAAATAGCAGTATAGCACATGTAACAATATATCTATATCACATTATATGAACTTTGATATATA

CTGTGTAAATTTTCTATTAATATAGGTTTGTGGATTCGGAGCCCTATGTCGATCGAGAATTAATTTTTTTTCGAAGATTTATTACATTGTTGTG

TTTTTTCATTTTGTTTTTTATTATAGATTTTTTACAATGAGTGGAACAATAGTGGATACTTATTCTATGTTCAAATGTGTTTATTTCGATTATC

TTTGTGAATTAGCTTAAGAAAATCATATCCATGCAATTGCAAAAAGATTTTGTTAGGGATGATTGAACTGAACATTCAAATAAAAGTCACTTAC

TCACTTGTTCATAGAAAAGTCCTTAAACATTTGAGTTTTCTCCCTTTCCACCATTGGAATTATACAAGGAGGGATATACTACAATCTAAAGATA

GCATAGTACAATCCCTGTTCTAAAAATCCCCGCCTAGCCCCGATTACTCCCCGCTTAATCGCTAGGCCCACCCTATCCGCCTCGATTAATGACT

AATCCCCTAAAAAATCAGTAACCTGATTATTCTCCGTCTAATCCGATTACTTTCCGCCTAATCCGATTATTTTCCACCTAATCTTATATACCCC

GATTATTTTTTAGATTGCAAGTATAAAAAAACCTTTCATTTATGTTATTCAATCATTTGAATAGGGAGTTTGTGATGTTTTACAATAACTTGTA

TTCAAATTTTAATAAAAATCATAAATTTGTAATAAAAATCATAAATTTGTAATAAAAATCATAAATTTTTACAATATTGGATTAATATATTTTA

AAAATATTAAAATAACCCCAAAACTAATCCCCGGTTAATCCCTGATTTTAATCCGATTTTCCGATTAATCGCTAGGCCCATACCGAGCGCCCGA

CTAGCGCCTAGCGATTTTTCAAACAAGGAGTACAATGTACAAAAGGTTGAGAAGAGATTGACTTAGCGAGAGCATCTGCACATTGATTTGAGTC
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AACCGTCTTTGAGAGAGGAGAATAAGTAAAGTCATTTAGTGGTTTACCAAAAATTCACATATTTTAAAAATTCAATGTGCAAAGTCACACTAAC

CTGATTATTACTGAATTTGTCTGGCCTTTGTTTGGACAGCTGTCCTGTAATAATTAATTGATTCTTTTTACAATTGCTGTAAAATACGGTATCT

TATAGTTTCAACTTTCAAGGCTTTTTGAAGATCCTTCACCATATTATATGCATGTAAAATAGAAGGCCTTACACGGGCTCACTTGATTTGGGCT

TAGTATTGGGCTAGTAAATCGAGTAAAAATCACGAGGGCATTTTGGTAATAACCTCAAATTCGAAATGTGAGAGAAACTTGGGGGGTGGGGTAC

TGAAAGTGGAGGGTAATGGTAATGTGGGTGTTAACCGCATCCAACCGTCACTACAAAACCCAAAGAAACTTCCGCACACACAGAGAAGAAAAAA

ATAAACACAAATCGAAAGTGAGAGAGA 

>C1_Cicer_arietinum_gi|484571380|ref|NC_021167.1|:8637305-8639305_(reversed) Cicer arietinum 

cultivar CDC Frontier chromosome Ca8, ASM33114v1, whole genome shotgun sequence 

CATAATAATGCACAATGAGTTAATATTCCAAGACAAAAAACTATAGGTTATAATAGCATAGGTTGTATATTATGTGTGGTTTTTATAGGTGTAA

TGAGATATGTAAAATCAAATGATGCCATCACTTTTATTATTTTATTTTTTCTTTCAAGAAACACGTATCAGTTGGCAAATGAGGAAGCAGTGTC

AAAGAAGCAACCTTGCTAGTTAGAGACTATTTTAGCATTTTTCAGCAATTAAGAGATTTTTATATTTTACATATAATGAATTTTTTCTTCTTAA

AGTATCATCCATCAGATGTTAGAGTCTAATCTTTTAAAGTACAAAGATCCATTTAAAAAATTGACATCTCATAATAGATGATATTTTATATTTA

TCGATCAGATATCTAACTTATGATCATGTATTTAAGAGACTTAATTATCTGTCAATTATGTCACATCATAGTATATTTCTATATAATTTAGAAT

TATAGTATATTTCTATGTAATTTAGAATTGTGGGATTAGGTAGTGTATGTGTCATTTAATTAAGCATAAAGGTAAGTTCATTGAAATTGTTGAA

GTATGTGCCACATATATGGTTTGAAAGGCTTTTATTACTAGTCTGAATTTCATTACAGTTAATTAATATATTGTGACTTTGACCAATTATATTC

ACTCAACTTTATTTGAAGATTTTCGATACAATCAAGACATATGCATGAGACTAGCAAAAGCATACCTTCATGCTCATGAACATGTACGTAGGAT

GGTGTATGGTGTGACGCAGAATTGAATTAGTAAAACTAGTTCATGTGAAATATATATCTATATGTTACATAATTTAAAACTATCGACAATATTT

AAGGTTGAATGGTAACCACCAACACATGTCTATATTGTCTCAGTTTCTATATTACATTATTTGAAGTAGCATGCACCTAATTCTCTTCGGCTAT

TGTATAGTGCAGCAGTCGTAGAGATCCAAGCATAAAGTATATATGTTTGATATCATGACAGAGAAATACAATAGATCAGTCAAATTGAAACTGA

GAGATAGTTTATACATTGAATTTGCCTCAGGAAACAGCTATATGTGTTCTTAGTTGTTCAATTAGTTTGTCACCCTTATCCCCTAGGTCTTAAA

TACAAATCTTTAACAGTGATCTAAACTGTAACATAAAAAAATTGTGTTTTGTAGTCACGGTTATGATTAGCCGTGTTGGCTACATTTAACCATG

ATTCTCTAAAATATCAAGAATCGCTTGTGACCACAATCATATAAATTTTACGGGGCAAGACATAATTTCTGCATCATGATCTGCAGTTTTAATT

AAATGAATAAACCTGCAAGATTTATAATTGCACCATCATGAATTTTGTACTTGATTATTAATTTGTTAATTTATAATATTTGAAGACCTTGGAA

TTTTTCACCGTGCTTTCTGGTATAGGTTTTTTCAGGACAAACATGATATTCAACGATTTGGTGAATAAAGATTGTATTGAAAAAATGAATGGAA

AATGAGTTGCTTACATTTTCTCGTTAGTGTTGTCATCAAGTTTGTCATTTTGTTTTTATTTGCATGCATCGGATACATTGTTATCACCAACCAA

ACTCTGCAATGCATCAAAATTAATAATTCTGATGAAAACATTAATTAAGCAGTATTCACCTGCTCCCAATGGATCAATAATGTTGTCCTCATTG

CAGGCAGTGTTAATAATTTTCATTCAAATTTCTCCGACGCCAAAACAGTGTTTTCTTCCACAAACCAAACTTTTTTGGTAGCCATATATTTCAG

AGTCAAAGACAATATTAAAATGAACAACAGAGATTCTCACGCCAACTAGGGGTGTTATAGTTGTGTGGTAGGAAAGATACAGACAAAACAGAAA

AGCTTTGATAGATGATGTGATAGAAAATTGGTACTTTATAGAAAGGTAAATTAAGTAGCTTAGATATCCTGCAGAGCTGCCGCACCCACGAAGC

TAATTCGAAGCTGCTGGCAGCCTCGGC 

>C2_Cicer_arietinum_gi|484571384|ref|NC_021166.1|:28670038-28672038_(reversed) Cicer arietinum 

cultivar CDC Frontier chromosome Ca7, ASM33114v1, whole genome shotgun sequence 

ATTTTGATAATCTAGAATTTAATAAAAATGTAAGTAAAATTGAAACTCTAAAAATATATTTAAGGAAAAATCAAACTTTATTACTTCTAATTGA

TTTCGCTCTAATTAATTGAAACTCATTAGATTTGCAATGTAAGATTGTCTACCATTGAGCTATCTCTGTGTTGGAGTATATTTTGTAAAATAAA

AAAATAAAAGATTAGGCGTTGTAGTTTTTTTTAGAGATAGATTTGAGGGATAATATGTTTGTTTATTAGTACTTTGAGTAACAGAAATAAAAAC

GAGTGATACATACAAGTTGAACCCACTTAAAACCTCAAAAGAAAAGTTGGTTTAGAGAGATGCTTTGATTCCAAGAAACTAAAATTTTATAACC

GAATAAGGAGGCAAAAGGATAGGACTTTAGATATTAATTGTGACAATTTTCTGTTACTAATTTCCTTTTTTTCATATCAAATTAAATTTAAATA

TTTCTTTTACTAGAAAAATAAAATACTTTAAATTCGTATGACTTAACTCTCTAGTCAAATATTAACTTTTAATTGATGATGTAATTTTGTAAGG

GATCATATATTCAATAAGTATTATTATTAAGTATTAATATTAAATTAAAAACTATAGATAAAATATGTGTAATTGTAGAATCTATTTAAGTACT

TAAATAGTGAATCCACCATTGCAGATGTTCTTATACCTAAACCTTCATTATGCGAAGCATTGAGATTAGAAATCTCACCTTAAATCAAATAAGA

ATAATAATTACTACAATGAGGTGGACACGACAAGCAGAAAAAGTGGGGCGGGGCAGCCCAAATAGACCAGCGCAGCCTGAAAAAGTCCAATAAA

AATGTAGATTTTTTTTTTCAACTTTATATTTTTAAAAGTCTTTAAAACATGTCTTTAAAATGTAGGGCCTTAAAAAAAAACTTAAACTTGATAA

ATTTAGGGGTATAAATTTATAATATTAAATCACTTAAAAGTATGAAAAAATAGGAGCACACTGCACTATAAATAATCATATATAGTAAATAATC

ATTAATCTCTAAAAGTATACTAGTATGTTTCTTATATTATAGTAAAGATGAAAATGTCTCTTATAGGATGGAATGAGTATTTTTAAGGTAACTA

TACAAATATTATTTGCATATGTTAAAAGAGGCGATCATATAAAAAAATGTATATTCAAGAAGAAAAAGAATTATATCCGTAAGAAGAAAATTAT

AAAATACGTAGATAGACACACGACTAATGTTCCGTTTTCGGAACTCTAACTCTTCTAAATTTTTATTTAAAAAAAAGTAAGCGGTGTTCATTGT

ATATATATATATATATATTTGCAATTCTCACATTGTTAATAATTAACATCATAAGGAGAAATATTCTTAAGTTAGTGTTAAGAGACATACGAAT

CCAAACATTATGGATTAGTTTTGTGAATATTGGTTCAAACTGCAAGATATAATATACTAGTGCTTATAAGTAAAAAAAAACATTTTATATTAAC
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ACGAAGCAAAAGTTAATAATTAAAAAAAAAAAAAAAAAAAAAATAGATGGGAAAGGGGGGCGTGGGGGTGTTTTGTATATATATATATATATAT

TTGCAATTCTCACATTGTTAATAATTAACATCATAAGGAGAAATATTCTTAAGTTAGTGTTAAGAGACATACGAATCCAAACATTATGGATTAG

TTTTGTGAATATTGGTTCAAACTGCAAGATATAATATACTAGTGCTTATAAGTAAAAAAAAACATTTTATATTAACACGAAGCAAAAGTTAATA

ATTAAAAAAAAAAAAAAAAGATATATAGATGGTAATGGAGGACGTGGGCGTGTTTAGTGGGAAGATGCAGTAACCGCCATAACCGCAAAAGTGA

AGAGAAGATGGAATAGTGTGAGTACGTGTAAAGCAAAGATTTAGGGGGAAGAAAAGAAATTAATATATGAATGAAAAGTAGTTGTTTGTCGTGT

GATAGGTAAGAAATAATATAATGAAAA 

>C4_Cicer_arietinum_gi|484571397|ref|NC_021164.1|:22611104-22613104_(reversed) Cicer arietinum 

cultivar CDC Frontier chromosome Ca5, ASM33114v1, whole genome shotgun sequence 

TAAAGTTTCTTTTATATATATATATATATATATATATTGAGATAATTAGGTGGAAACTAAAGTGTTTGTACCGTCATCCATATCTGCTCAATTT

GCAGATATTATTTGAATCCAAAATTTTATCTATAGTACAGATTTTTACCCTATGCATTTCATATGTCCACCAGGTCTGGGTGGACTTGTCATTC

CTATGAAAAAGGAATAATGTGGTATAAAAAAGAAAATAAGAACTTTAATTCTCAATTAAAACTAGAGAAATACTAACAATTGACCTTAGACACT

TGTTAATGTATTAAAGATATAATTTTTGTAGTGTAAATTGTACATTTATTTTTTTCAAAAATTGTGAATTCTATTTTTTTTAAATGTAATTTAT

TTTAAAATATTAAAAAGAAAATCAAATTTAACATATTCAAATACAAAAATTATTTTAAGAACACTAACACAAAATAAACACATTAACCAGACTA

CCAATTCTTTTGCTAATAATAAGATTAAAAAAAAAACAATTAGTGTTTAATAAGGGACAAAGGTAGTAATAGGATAATGGGTGAATAGTTCGTG

AGGTATAAAGAAGAAAGAGGTGCATGTGTTTTTTATTATTATGAAACTAGCTTCAACATTTTAATGACGGAGCAAACCAGAAGATTAGATGGCA

GTTAATTGTTTCTTAATTTTGTTATAAAATATATAATAAAACTAATGAATAATTAGATATCATTCTCTCGTGTTCAAATTTAAAATCTCAAAAT

TATATAAATTAATTATATATAATAACAATAAGATATATATATATATATATATATATATATTTTTTTTTTTGATATTTATCATATTTATAGATAT

CTTTTTTATATATAGAGTGATATTTAATGTATTTTTTAAAATAAAAAATAAATAGATAATGTTTTTGCTTATATAATTAATTAATGGATAATTT

GCAAGGGTTTGTTTGTTTTTAAATATTTTTTAAAAAATAATTGTCATTTTTATGAGATTTTAAATCTATTTATCACAATCTTTTCTAAATGGTG

ATCTAAAAAATTATCAAAATTACTTTAAATTACAAGTTATCATAACAAAGTTCTCTTAAAAGTTATTTTTGATATTATTAGTAAGACAGACAAA

CACAATAATTTATATTTTCTAAAAAAATAATATCTATAAACGTAAGTTTTTTATAATATCTAAAGAAAATGCCATAACATTCCAATTTCCAACC

CCACCTCATAAGAAAAACATCAACTACTAAATACATCATGCCACGTATGTTTCCTTCACATATACAAAAATAATACATTGATGTAATCAAGTTC

ATACCCGCAGTGTAATTAGGTGACAAATTTACTATTTTTAGCTCTCACAGAACACAATTCTTGTACACTCTGTTCTGTCTATACATTATAAATA

ATATTTTGTCTCATTGTAGTAGCCAAAATAAATAGTGAACACAAAAATTGAGTTGTTAAAAGGAGTAAGCAATAGAATTAACAGCTACTAGAAA

CTAAAAAACGCGTGTAAAATTTAACACCATTGGTTATGAGTACTACTCGGAAGCGCAACCTTAGCAATTCCTCTAAATTGGTTCTTTTTAACAC

ACTTTTTTCACAAAACATCATCATTCTGTTTTTGTCTTTAGATACTATTTGCACCTCCCTAATTTATATTTTCACCTTAATCTTTTGACTCTTT

AACCACCCTCCACCACCGCCACCGCCACCAAAATAATTTCCTAGTTCTTTATTCTCTCCTTCTCTTTAAAAAGAAGTTTAAAAATTTAAACTTC

TTTTTATTTGTTAGTTAATATAATTAACTTCATTTATTTGTACAAAATTCATGGATGCATAGTTTGATATATTAATATTCTTACAACACACATT

GAAGATGAAGAAGCATTGGAGGGGTGTGGAGAGAAAAGAGATTAATAATCAAATAAAATAAATGTAACATTATTAAGAGAGGAGAGAAGTTGAA

CTAGTGTTGTCATATATTTTGGAAAGA 

>F1_Fragaria_vesca_gi|460479050|ref|NC_020491.1|:22146587-22148587 Fragaria vesca subsp. vesca 

linkage group LG1, FraVesHawaii_1.0, whole genome shotgun sequence 

TTTGAGGCTGGGCTTGGATCTTGGGCTCTTGGGATTTAATCTATTTTAATTTGGCCTACTACGGTATGCACTCGTAGTAAACGCGCTTGAATAA

GTGAATATAATATTATCGAATGAGGAGTCTAATCTATAAAATTATTGATGGATGAAAAAAAAAAAAAGGAGTGAAATTTTGGTTAGTTTTTTAA

GTCTGGATTTATTCACTCTTCAATCTATTCAGATCATCAGATGTTCTTATATATTTGTGACTAAGCTGTTTCCATGGAAGGCATAGTTGAAAAG

CTTTCTCCCATTTTTCATAATGTTATTCACTTATTCCAACGCTATCATGATAGTGATCACTAGCTAGCTAGCTTCCTGATATAGGGAAAAGGGT

TATCTTTTCACATAGGATCCATCTTTGTTATTCAGTACCAGTTTGCGTAATTCAGGTTCCACAATCACCAACTGAGCTTGAGGACCATGCCATT

GCAGAAACTCAGTTCATGTTTCTTGAAAATCAATGCACATCGAAATATCCATGAAGTTCTAACATCAATCTAGAGAAAACATAAGAGTAATCTA

GAACTGTCATGTAACTGTGACAAAGCTCTGGAGTTCCAGATTATGAATGTTATGATCTAGAAGTTTAACAAGGTCGGTGGTACTAGCAAGTAAG

TCGGTTAGCATTAAGATTTGAACTACTGAAAGATTGAAAATGTATCATATATCTTCTTCCATGAGTAAAAGTAAGGTAGACCAGCAAACAATAT

GTCATGTGAAAAATTTACTTGGCCTGCTCATGGCTTCCTTACTTGTGTTGGAGATTTCTTTGGTGTTTCCATGCATGGATGAATATGGAAGGAC

CTTCGATTCCTTGAGCAGCCATTAAACTTTGCATGCGCATCGGAGTCCACCTTAGTTTGTGAAACATGTTAATCACCATAAATAAGACCATCAT

GCCCGAAACAATGAATACGAATCCTCCCAAAGAATCAGAACCCCCACACTGACACTCGAGAAACTGACCCATTCATTTGAATACCTCTAGAGAC

ATGTCAGGTGCTAATGAAGTGTCAAGCACTTTCCTCTCTTGTGTTTATTTAGAGATATTCTGGTTCCATAGTTTCGAATTGCGCTATTTTTGTA

TTGATTTGAACTTACTTTAATTTTCCATGTTATTTGGAGAAAGAGCACTGGACCAGATCCTATCCGCAGCTTACCATTTTGTCCAGTGTTTTTT

CACCAAATACGAATACATATCCATTTTCTACAAAATATGGAAAAAAAATTGATATGAAAAGATCTTTTAGGTCTCTAATTAAATTCTCTATTCA

ACTATCAACAACAGAATTGATTTATTCTCATTCAACATCAGTACTACATACAGAAGAAGCCTTTGAAATCGAAATCCAAAGACATACGTACGTG

AATACCTGCTTTCAGAACACTAATGATTAAGTCATCAAGTCTTCCGATCAATTGCACTCTTCAATAATAATGCTGCATGCATAACTGCATAACT
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AAAACAGTAGCAGTGTGTATTACGTGAAAAATTTACGAAATTTAGAATGAAACAAAAAAAGAGATCGATGACCTTAACTTAACTGGAGCAAAGA

TTAGCAGACACCGACATTCCTTAAAAGAGAAATAAAAACTCATCAATTCATTGGAAAGAAGAACGTCGACGAAGTGAATTAGGTTTGGTTTTTC

TCTGCTCTGCTCCTCTTTCTGTGGTTTTGTTTGATGATATGAATTGCAAATTGGGAGAGTAAATCAGTTGAGATCGTGCCATGCTGGTTTTTCG

TTTTTCTCTTTTCTTCATTGGTATTTTACATGAATAACCCTAGCTATCTATTTGATTTAGTGCATGCGCTATATCGTGGGTGCAAGTAACCGCC

TTAACCGTCACTGACAAACAAACTTAAAACACTCTACAAACTCAGACAGACACTGAAAACAGAAAGAAACCGGAGTACGTCCAAGAGACAAGAC

TGACTGAGAAAACTTGAAAGATATATG 

>F2_Fragaria_vesca_gi|460479044|ref|NC_020497.1|:8315530-8317530 Fragaria vesca subsp. vesca 

linkage group LG7, FraVesHawaii_1.0, whole genome shotgun sequence 

GCAAGTATCAATTTAACTTTGTGTGTGTTATATAGTGAATTTCAATCCCAACATAATAATCTTGTCGCTTCACATTGCAACACACATTTTGAAC

ATGCTCGTATATGGTCTCACAAAAAATGTGAACAGTCATACATACCTTAGATCCTCTCTTTCAGCATGATCTCTGTGCTATGAGGCATATATAA

GTCATGAACATTTCTTATTATCTTAACTAATATTATTTCGATGAACATAAAAGTAAAAAAAGAAAAAAGAAAAAAAATGAATATACCGTAAAAA

GACACATCCAACTTTGCTCAGTACATTTTGGTCTAATGACATCAGTCTTCTCTCTATATGTGAGAGATTGTGAGTTCGACTCACGTTAGATTTG

TTGTATCACTTGAGTTGTTTGTATGATAAAAATAAAATAAAAAAAATAAAAAAATAAAAAAAAGACGCATCCAATTTTAAGTTTTGATTGAAAT

GAGTCATTTCAATTCATTTGAACTTTGAAGAATGAAATTTCAGAGTCGGGAAATAACGTGTTGTTACTTGCAACTCTTCCATCAGTACACACTA

GTGGTCAACACTTTGACAGCCTCTCTACAACTATAGAGAGTTAATGTACCACTACAACAGTATGTCGATATTGCAAAAGTGACATCCTGATCTT

AGAGGATCAACTGAGAATTTTCTTTTTACTTCAAAGTATCTGATCATATCACATTTCCAAGAAAAACTTGCTCAGACTCACAGATTGCATTAGT

TATATGGAAACACATGAGTTATAAATTATATGATTTATGATTTATATCAAATAGGACAAATAATACTAAAATTCCAGAGCCTGGGATATAGGGA

AAGACTAAGCTTGCTCAGCCACGCATGGATTACCACTACTGCACTATATATAATATATAAGCTGGTTCTGGCTCTAGTCATGAAATCTACAATC

TTCTGAATGGGTTTTATAAGTGACAAATTGTTGACAGCGTACCTTTTCTGGACGTTACTAACTGTTAAGGAAGGCAACCAGACATAGCCACAAC

AGAGACATCATACCTTTCTGCACATTAATTATCATTTGGTTTTCAGCGGAAACAACAGGTTCATCGTCCTAAGTCCTAACCTGATATCCTACGT

GAAACTCGTTCATCAGTCTCTTGATAGCAGCAACAATATCATTGCCACACTTGTTCCATGCTCGCTAAAGATAAAATTTTCACAGCTAGAATCA

TCAATTTCCCCAATAAATTCAAGACTTCCATTATTAAATCCATCCATTTGATGAAAATTCTTCATTCGAGAGGGAAAAAATTTAAAAAGAACAA

CCACAATATATATAGTTCTTGCATGGTCCAATCCCAAAAACCGAAACAAACAATAGGTATTCGAAACCTTTCACAAGTCAAAACTACATATATG

AATGAGAGAGAGATATGGGGGTACCTGAGGATATAGCTAGGGAAGATGGAAAGTATTTGATCAATCAATGCAATACGAGAACAAGGAGCAGAGA

AGCTAGAAAAAAAAAAAAAACAAATTGGTGAACCTGAGAACAGGGATGAGGACTGTGGTAGCCATATATATGTCCTCCGAGCTCCGATCAACTT

CCACGTCGTTCTGATTCTCTATTTGTGCTGAGATCATGGCCCGTGGTAGTTCTCCGATGAACTCTCCCCCATAATTTTCTACGTGTTCAGTTAG

TAAAATACTATCTTATCCTTTACACATCCGCTATGGAGTAAGTAGGATTTTGAACAAGCATGGGCAATACGGGTCATTGGCTCAATGCATAGTC

CCAAACAGAGAAAAACAAGGAATGTGGGCTATATCGTGGGAGAGGAGGGTGCAAGTAACCGCCTCTTAACCGTCACTGACAAACAAACTTAACA

GAGAAACACTTGCACAAACTCGGACAATTTCCAAAAAGCTTCGACAACCAAAACGACATTGAAAGGAGAAAAACCGGAGTGTTGCTTCTGAGTC

CAAGAGCGACTGAGAAAACTTGAAATG 

>G1_Glycine_max_gi|353336044|ref|NC_016094.1|:13932725-13934725_(reversed) Glycine max 

chromosome 7, V1.0, whole genome shotgun sequence 

CATTTTTCCACTCATGCAATAAAAGACAAGATCAACACAACATAACAACACAATGTTTTCTCTAATTTTCTACCTTAACCACCTTTTGTTGTGC

CCGTTAAACTATTTCTTCTCACACGTACACTAATATAGTACTACTACTATGTTGTTCGATTGTGAATTTCTTTAGTGATTTTACGGTTATTCAT

GGCAGTTATTGCCTCGTTCCCACTAACTTGCCCACGTTCTCTCTCTCATTATTATTTTTACTATATCTATAATATATAACCATTAATAATGTGG

AAATTACCCCTACATATTTCATTAGATAATTTTATCCTTAAATCACTTTTTAAATTTTAAAATTATTCTTCTAACTTATACTAAGTTTTCACCA

CTTTTATATTATTAGTTTTTTTTATTCTGTAATTTTTTATTAACTATATTTTTACTATATTATTAAATAATTTTAATTATTACTACTATTATTA

GTCAATTAATAATGGAGAATATGTTTTACGTTCTAATGTGAATTTCTTTAGTGATTTTTTTCTTATATTTAAATGATATTTTTAATTTTATAAT

TTAAATTTTTTACCACCCAACTTCATTATACTTTAAAAAAATAGAAATTTATAAACTTAAGTACAATTTGTATAGATATTTTGTGGAATCCCTC

ATTTTGATTAAAATAAAGATATTTGATTCATATTTTATAGAATATCTACAATTTTTTGTCCCATCTCCTTAATTTTTCCTAAATTTGTTTCTTA

TGATTTTTTTCTACATTTTAATTAATTAAACTATTTTTTATGATATTTTAAATGAATATATTAGGTCAAAAATAGTCAATAAAAAAGATTAAAA

AAATTATAATTTTTTTTGAAAAAGATAAGAGACCAAATATCTGTATTTAAAATAAAAGGATTAAAATTACATATTAAATAAAATAGGAGACAAT

TGTATTTATGACTAAATTACATTAGTTAAGATTTGACTCTTGTAAGAACAACTTTATTCTTGAAATATTTACTTATTCACTTGCATTCTCCACC

TTAATCGAACAAATAGTAACTATTTTAGGATCCAGTTTTTATCTTAATTCTTAAGTACCAAATTAAAATTAGAAAATAAATCAGTGTACAGGTA

ACATGGCCAAAAATTAGGATAGATTTAAGTACGAAATTAAAATTAGAAAATAAATTATCCACAACACAACAAATGAAACAATTAAATATTGATT

AAGTTAATCAACCATGTGTATGAATTATTATAAATTGTTAAAGTTTAATTTAATACTTAACAAATAAAAAATATTTTTTTAATTGAATCTATAA

ACTCGGATTTATTTTCTACTACGTCTCTGTTAGGACCTAATAAAAAAAATTAAAAAAAAGTCCAAAAACTTATTTAAATGAAAGTATGAGTGAA

GGACAAATTCCAATGAATGTCCGTGAACGATCTAATAGACTAATAATGTTATCACGCAAGACAGCAACTTGATCCATGGTTTGTTATGCTCTCT
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TGCACTAACGACCAAACATAGTAGTATTATCAATGGCGCCACAAACTCCTTAATATTTTGTATGAGTAGTTTTAACATAACATATAAATAGTAA

ATAAGTCTCCCAGGGGATTCTAGAATATTGATAAAAAAAATTCATACAATAAAATTATGAAGACAAATACAAAAGACAACATCAATTCATATTG

TTAAATTATTTAATTAATAATAATATTTAATAAATTAATAGTAATATTGTTATACATTAAAAAGAATAATAATACTAATAACATTTAAAAATAA

CAACATGAAGATTTTTTTTAAAACAAAATTATAGGTTGCAATGTTAGATATACATTAGTAGTTGTGTAATATTAATATAACCACTACTAAAAAA

TGATTTTTTACGACACACATTCTAAGACGGTTACGTAGAACCGCCTTATAATGTCACACGGTGACAATTTTGTAAATAATAAAAGTTATATGAT

AACGGTTATATAAAAATCGTCCTAGAA 

>G2_Glycine_max_gi|353336048|ref|NC_016090.1|:34360696-34362696 Glycine max chromosome 3, V1.0, 

whole genome shotgun sequence 

ATGAATTACAAAGATAAATAGAAACACATAAGCATATAAGATATAAAAAAATGACTAAATATCATAGAATCTTAAATGACCTTGTGGCTCATGT

GAATTCCAATAACTTGTATGTTGATGGAGCACTTGACCTTTCAAAATGTACATATAAAAATTATTACAATCTTTTCAACATTCCCGGCCTCTTA

CGCACCAGCCATACAACAACAACCCACAAAGCTCAAAGAAGAGAAGAAACAAAAATAATGTATTTTATTTTGTTTATTGGTGATCTAACCAAAA

TGACATTTTTAGACAAAAAAAAGGAATAAGCAAGAGGTGTTAATACAATACATTTTTTGAATCAATTCTGGATATTAGTAATAGTGCATTTATC

ACCCAAATTTAATTCCCAAAATCAACTTATTGAAAATAAAAAATTTACAAAAAAAAAAATAAAATTAGATGCAATCACCTATCTTTCTCTTCCC

GGATCCACAATAGGGTTAATGTTAATGCTTTCAACCAAAGACTAATAAACATAGTACAAAAAAAGGAAAGAAAAAAAAGAAAATGTAACAAATG

CATAAAAAATAATCAATTTTTTTTATAGGAATGATATTTTCGTTATCAATAATAGTGTTACTCTCTACCGCTTAAAAGCATGCCCTTCGTGCCT

TTCGATTGGGTTGTGTTATAAATTTTCTCTCTTTTTGTTTCAAATCTTCCTTTGATGTAAATGAAGAAATTGTACCTTGAAACTATTGCCGCTA

TATCTTGAATGCTTTTATAAAACTCACAATATTTTCACAACAAGGAGACAAACCTTAAAACAGCATTTTAATAATTATTTATTTAAGAATAAAT

TCATTTTTATTGAAAATTTGTATAACATGTATCACTTCAAATATTTTTTTAATATCTTCATCTCTTAAAAATTAAAGTATGTTTGTATAGTAAT

ATTATGACCATATCTTCTTTCCCTAAAATTTAATTTTAACATTTAAAAATGTCAATTGTAAGTTGGTGGTTTGGAGAACTTTACAGTGTTTTAT

TAGTACATAACAAACACTTTCCGTCAATAATTTTATTTTTTGTTTCTTTCTTAAAACTTTTATAACACAAACAAGCATGGCTTAAATAACTCAC

AATGAGGTGGAGGACATTAAATAATAATAAGATATGTATATATAGGCATGTTATAAAAATATATATTAAATTAAAATTAATATTTAATTTAATG

CATAATAAGAGAAATCATTACTTTATATATATATATATATATATATATATATATATATATATATATATATATATATATATATATATATATATAT

ATAATAATGTTGCAATACAAATGCGGACACACATGTTAAATTTGATACATTATTCATGTCAAATCATGATTTACATGTTTTTAAATATTTTAAT

ATATCAATATTTATTTTTTTAAGAAAAAATAACCACCGTTCATTTCCTATTTCATGCAGCTTGTGTGTGATCAGTTCCATACCAAATAACAAGG

CTCATTAATTTTAAAATTTTGACATAATTAGTGTTTAACTTACCATATTATCATAAATACGCAGAGAAATAAAGAAAAAAATTCATATGAATAA

ACATGATTTTAGAAAACAGCTAAATTAAAATTAATATAAACATTAATGCATAATAAGAAAATTTTAAGTATTAATTTTAGCGTAATAAAAATGA

GGCATATATGCGCTAGTAGTAATAATTATAATTATTAAATAACATAGTAAAAATAGTAATGAGAGAGTGAGAGAGAACGTGGGCAAGTTAGTGG

GAACGAGGCAATAACTGCCATGCATAACCGTAAAATCACTAAAGAAAATTCACATTAGAACAACATAGAATAGTACTATATTAGTGTGTGAGAA

GCAATAGTTTAATGGGTGCAACAAAAGGTAATTGATTAAGGTAGAGAAAAACAGAGAAAAAACATTGTGTTGTGTTGTGTTGTTGATCTTGTCT

TTCATTGCATGAGTAGTGGAAAAAATG 

>M._truncatula_gi|357521776|ref|NC_016414.1|:751399-753399 M. truncatula chromosome 8 

ATCCTTGAAGATAAGCTAAGACAATCCCTCTGAAGGAGGGGATGAATAAAAGATGGAGGCTGAATCCACCATTGAGTGGAAAACTGAGATAAAC

CTTGACCATGTTTAGCTAAAGCATCTGCAACTTGGTTACCTTCTCTGAGCACATGAACACAAGAACAGACAATGCTATGGCAGAACTTCATACA

ATTGTACCATCTAGCTTTCATCTTCCAAGGAACACCAAAACTCTTATTATAAGCATTCACCACTTGAAGACAGTCAGTTTCAATGCAAATACAC

TTGAATTGTAATTCCTTAGCTTTTTCAATGGCAAGCATACAAGCAGAAAATTCTGCTTCTAGGGCAGTGGCATGCCCAATGTTGCTAGCTACAG

CTCCCAAAAAATAGGGGGTGGAGTTTCTAATCACAATACCAATAGCCCCGCAGGGAGAAGCCCCTATAGATGAGCCAACACAGTTGAATTTAAT

CGTCTCCCTAGCAGGAGGACACCAATGAGTGGCCTTTTTAGGAATGAATCTCTTAGAATGTAGGGGAATATTAGAAAGTCTGGAGACTTTGTAA

TCTTGCATATCTGAGTTCCCATTAACCCCAATCAAAGTATAACCTATTTTAACTTCAGCCAGAATATAATTAAATAGAGTTGTCATGGATTGAT

GTTTATTGTCAAAACATCTTTTGTTTCTTTCAATCCAGATTGCCCAAATAGTGTGTATGATAGCAGAGCCCAATAACTGTTGAACAAGCTTGCT

TCCTCTGCCAATAGAGCTCAAAATAAGAGATGTACAGCTAGAGAAATCCAAAGGAATATCAGTGCCTTTGCACAGCCATTGCCATAAAACAGCA

GTAACCTCACAATCAAAGATGATGTGATTGGATGATTCAACATCCTTCCTACAGAAGCAACAAATGGAAACAATTATGCTACCTCTTTTTCTAA

GATTCTCATCAGTTGGAAGTTTATCATGGATAAGTCTCCAAGTGATGAAAGCTCTTGTGGGGGGTATGAAAGAATTCCAGATCACCTTGGACCA

AGGCACATTCTGACCATTCCCATACAGACTAGAGAAAGCCATTTTGTTGGAAAGAATTCCATCAGGGGATGCAGTCCAGTGAAGAGTGTCAGGT

AAGTCATCCTCAGGCAGAGTGAGTTGNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN

NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNTTTTTTTTTTTTTTTTTACGTAACGGAATATAAGTATGAGTGAAATATATATATACTATGAG

TCAAACATTTTTTTTTTTTTATGGTGGTCGAAGTTCGAACTCCGGACCTTACATATATTATGCATTGTCTATATCAACTGAGCTAAGCTCACAA

GGACATAAGAGATTATTAATTAAAGTTAAAACACTTTTTTTTTTTGTCAGTTAGTCTAGTGGTTAGAATTTTCAAGGTGAATAAGTGGGTGTCC

GGGGTTCGAACCCCGACCCCTGCATATAACATTTTTTATTAAGTATATATAAAGTGAAAAAAAAAAAATCAAAATATCACCAACCAAAAACTTA
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AAAACAGCATGGAATCAAACAAAATGTCTATTTATTAGTTAAAATATTAGATAATCATTAGTTTTTTTGACAGAATATTAGATAATGGTAAAAA

AAAAAAAGGAATATTAGATAATCACAGTTATTAATTATATTAATAATTAAAAAAATTAATGACAAACTAGTGGAGGACGTGGGCATGTTTAGTG

GGGTGAGGCAGTAACTGCTACAACCGCAAAAGTCTCCAAAACATGGAATAGTGTATGTGTGCGTGTGTAGCAAAGATTTAGGAGGAAGAAAAGA

AAAAGTGAAGCATTTTCAAAGGTAGTAGAAAATGAATAAATAAATAAACCAGAATGTAAAGTAGTTAAGTGTGTCTTGTTTTTAATGAATAATA

TTATTATAGGTAGAAAAAGAAAAAATG 

>Oryza_sativa_gi|297603645|ref|NC_008397.2|:27898547-27901547_(reversed) Oryza sativa Japonica 

Group DNA, chromosome 4, complete sequence, cultivar: Nipponbare 

CATTGCCCTCACAACCGCCGCCCCACGCGCGCTCGCGAACGCAAAAGCCCAGCCACAGGGGAGGGAGGGAGGGAGGGAGTGGTGGGAGGGAGTG

GTGTTCTTATGCGAGAGCGGGGACGACGACGACAATGCTTCGTGCTTCAACTCTCAGTGTGGGGTTCCTGCAACCGGCGTAGTGGCGCGACTGA

GAGCCGTCGTGGAGGGATCGGACGGTCGGGTTTGATTCGCGGCGGCACGACTAACCGCCTCGCCACCACCAGCCCCCACGAACGCCGGGTCCGG

TTCCACCGAGAATTCTAGCGCGTACGCTCCGGGAGTCCAGGCAGCGCGCGTTTCTGGGCTATACCCTCGCGCGCGGCTCGAACGTGCTTTCTTT

TTTTTTTCTTTTTTTTTAGGTGAAACTGCCGCACGCGCGCGGGGAAAAAATTGTGATTAAGTAATTTGTTTCCAAAGAACATGACCTACTAAGA

TAACCTTCCTTTTTTTTTCACAAAACACAATTTCCTGTTTTTCTAAAAGTTTGAAGATATATTTTATAAATTGGATCTTTTGCCTCCAATTTCA

ATTGAAAGTTTTTTAAATTGAAGCTGAATGTTTTCAAATTTTGAGACAAAAGTATTCAAATTTGAATAATTTGAATTTTGAGGTGACAGTTTTT

AATTTGAGTTGAAAGTTTTCAAACCCGAGTTAAGTTTTCAAATCTCGGCTTGAAATTTTTTAATTTTGAGTTGAAAGTTTCAAATCTTCAATTG

AATTTTTTTAATCCGAGCTGAAAGTTTTTAAATCTAAGTTGAAAAGTTTTTAAATCTGAGTTAAAATTTTTCAATCTTTACTTGAAAATTTTCA

AATCTAAGTTAAAAGTTTTCAAATATAAATTTATACTTTCAAATCTGTACTTGAAAGTTTTCGAATCTAAGTTTAAAAAAATTCAAACCTTAGT

TTAAAACAGAAAAAAAGAAAAAAAAACGTGCATAGAGAACTTTTTTGCCGGAAAAAAGGAAATATGCACGGGAGTTTTTTTTGTCATGTGGAAC

GAGAAACGCGTAACAGAAGATTGAACCCATAGCTGCCTTGCACCTCGTGCGCGAGACTTGGTGAAATGGCTTATACGCGCCAATTAGTCATCCC

CAAGATCCACGGCCCTGTCCGCTGGACGCGGTTTTTTTTTTGCACCTAGCTAGGCCGCGTGCCATCTATCGTTTTCACGCTTTGTGTTGTATTT

CTATCGTTTTCGCACCTCCGTAAGTATGGTTGTTATAGACGCTGGACATAATCCCTTCTCGGCTGCTCGATACCCCTCCTCCACCGTCCCGACC

ACACAATCTGCACCTTGTCCACACAAGCATTCACCGCTGCGCGCCCGGCGGTGATGGCGTCAACGTCGCACGCGGAGTGGACCGCGGCAGGTCA

TCCCCGTGCAGTCGGCCAAGAGTGTACGGTAGCACCCGCGGATGGAATGGGGATGTCCAATGATATAGCCGCGCCGCCCCGTCCGACAGGCTCT

TTGTCCTACACAGATCTCATTCTTAGTTGATGCTCGGGGGTGGGACCTCCTGACGAGGCCGGCATGTGAGTACCCTCGACGCCCCACAACCCCT

CGCTGCGGATCTTGACCTCACTCTTATTTAAAATGGCAAGTATTATCAGCCCAAAGGGAGTACTTGTGCACGCATCACAAAGCAATCCTAAGTC

TAGTAGCTTGGGTGATGCGGCACTGAGGTGTAGAAAAGACTTTCCCCTATGGACTCAAATAGAGGGCCCACATATAAGTGGCGTTCCACTATCC

GCTTGGAAAAAGGGCCCACATATCAGTGACTTCCCTCTGTCCGCTCGCCAATTCGGATCCGTGCCTTCGTGCGGTGGGTCTACCCCACGAATGT

TCACCAGGAGGGAATCTCACGAACCGATATAGCATTCCATCATTCTTCAGACCTAATTATACGTCTATAATTATGCCTTTAGTAATTGTTAGCA

CTGATTTTCAGTTAAAGAAAATCCACG 

>Populus_trichocarpa_gi|116256317|ref|NC_008468.1|:10503224-10505224 Populus trichocarpa 

linkage group II, whole genome shotgun sequence 

GGCTTGGTGGAAAGTCCAGTCTCTGATGAAGGAGGCCATGAAGCTGCTTGTGTTGCAGCTGGTGATGGCAAGCACTTGCTGGTCTGTGTTATCA

ATTTTCTCGCATTTTTTTCCTTCGTATTTGTACATATACTGAAAGGCAATTCTTTGTGACATTATGATAATTTACCTGGTGAGAGAATTTGAGA

AACAACCTTCGATTCATAGTCATTGTAAAATTTTGTTTTTAGCAACAAACAATTACCTGAAGGTAGAGTATATGCTTGAAAGAGTTTATGAGGA

GGAAGTGAGAAGAAACTCAACTAGTTGCCTGCCTTTACATGGTGCACTAGGTGATGTTTTTGAAAAACAAGTAGAAGTGAAAATTTCTGTAAGT

TTTCCATCCGTATAAATCCAAGAATCTTATTATCCTCGTTATATTGGAAACTTTAATTTCCTTGTCTCGGGTTGTTTGGAATTGAATTGTGTTT

GATAATTTTTTTATATATATTTTTATATCGTTTTAATATATTATATTATAAATTTAATTTTTTTTTTATATATAATTCTTTGATTTATTGAGAT

GATCTATGGATAAAGGTTATACAGAGAGGTCCTTCACTTTCTTTTTCAATAGCATTATTATAAAACCTCACTTAACTAGTCGACTTGAGATCCA

GTCTTCTTAGTTTAGATTATGTTTTAATAAAAATTAATTTGAAATTAACATAATGATGTTAATCACTGATTTAGTTAAAATTTAATTTGATTTA

AAAAATTTCTTTAAAATATTTCTTTTTTTACTTTTAAAAAATTTTAAATTGAATTAATCAAAGATTAACTCACTCAATCTATAACCTGAGTTTT

AATTAAATCATAAACCAAATAAGATTTAGATGAAGAGATGGTGAAATAATATAGATATCTTTAATTTTACCAACATCAGTATAGTTTTGACCGA

CAAGTGAACTCGAGTCTATTCCTTTTTTATGTCATTTAAAAAGTTTTTTATTTCTACTTTTTGAAGTTACGATGATGATGACTATTAAATTTAA

CCCGGTTTAGTAAATCAACATAGTGACATGTTGACTTAGTGTTTGATCACAACTGAGTTTAGATTTAAACCATTTTGAAAGTTTATTCGGTCAA

ATTTTGATGACCCAGTGATTAATCCACGTTCTAATTAACCCATTCAAATCCAAATAAAACTCGGTCGGGTTAACTCAAAGAAATTTTTTAAAAA

AAAAGTATAAAAAGATGTTATTTCATTTTATTTTTTTAATTTTGTTCAAAGTAATGTTGTTTGTGATTTTTTTTAAATTAAAATGATATTATTT

TAAGATAAACTCAAGTTAACTTGTCGACCCACAAATTGACCTGATAAACCTATTCGATCGGTCAGGGTTTTGTCAATCCCATTTAGCAAATTGA

GATTTAATGCTTTCTGGTAAGTTTTTAAAGAAACCATTTACACCTGCAGCGAACCTCTCTCGTAAATCTCCTTTCAAACATCATTTGAATTTGA

GATGATAAAGTGGAGAGCAAAACCATTTACCATCTAAACTATCACCTTAAAAAGATTAAAAAGTTTGATATATATAAGAGCCATGTTTCTACCA
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ATCTCTTTATTTGCCCAATTTAAATTAATATATGAAAAGGAATTTTAATTAGGCTGCAAAATTCCCAGAACAAAAGGGCAAAAAACCCAGTTTA

CAAGAAAGGGCCTAAAACCCAAACTAAATCTGGACCCAAAGGTTACAAAGAAGCAGGGACATAAAGGTAACTTCATTACCAATTTGAGCTAGAG

AGAAAATTGGAGAATGTGGGCGTATTGGTGGAGGCCTGGAGGGTAGTGGCCATAACCGCCTTAACTGCCACTTCTCCAAAACATACAAAAATAA

AGAAAAGAAAAAACATTTCTTTCTCATCTTCAAAAACATCATAGAACTTCTCTGTCGCAGAGAACAAGCAGCAACAACAACATCAAAATACAAA

GACACGGAAGAAGAAGAGAAGCAAATG 

>Populus_trichocarpa_gi|116263775|ref|NW_001492767.1|:494171-496171_(reversed) Populus 

trichocarpa scaffold_40, whole genome shotgun sequence 

GAGAGCAGGTTGCCTGTCCTCAGATGGATATTGACCCGCCAACCACCTGTATTTCTCTGCCTGGATTACTTTCTGTTAATGAAATTGCTTCTAA

TGAAAGCTTTGAAAATGCAGACAGGATTATAAATAATGCAGTTTCTGACACGAGCAAGAGCCCTCCTTCTCATGATGTTTCGACTGATCAAGTC

AGGCATGAACACAATAGTGTAATGGATGTGAGACCATTATCCATTGATATCCCTTCATCAATGGAGTCCATGGAGCAATGTGAGGTGACTACTC

AAAATGTTTCTCGCAACAAGGATCTTAAGCCATTAGTGAGTACTAATACAGCAGATGCAAGTATTGACAAGGCTTCTGATGCACAAATGATTGA

TACAGTTCAATCTTTGATGGGAAACACAGATAATGAAATGATGAAACCAGAAAGTGATGGTGGAAGCAGGACTGAGAGCCACGGATGTGATGAT

AATGCCTTCTCATTAAAAGGGGTTTGTGATAACAAGGCTAGTAATTCAAATCTTCATCACGATGCTAAAGCAGTTGACAGCCTGAACTCAGAAT

CATTGGCAAGTTCCTTACCAATATCGAGGTGCATTGAAGAACAACCTTCCGGTAAGGTTGAAACTGAAGGAGCTGGTTCTTTCAAGAAGCCATC

TCTTAGTGATAAATTGGTTTTTACTAGACGTACACGTCAAAAGCGTGTTGCAAACGACAAAAGTGAAAATTAGATTGCCACTACCAACCAGCTG

GTTACTGTAAATGATGTCATTTCAGAGGGAACTGGCTCAGGACAAATTGCTGATGGCATGGTGGCAAGTAGTCTCTGATAAAGGCCATAGAGTT

GCTTGTGTTGCAGCTAGTGATGGCTAGCTCTTGCTGATCTGTGTAATCAATTTTCTCTCTCTCCCTTTTTTCACTTGTAGTTGTACATATACTC

CTAAGCAATTCTTTGTGACATTATGTTGATTTACCTGGTGAGAGAATTTAACATATTTAGAAAGAGCCTTTTCATAGAGTCACTGTAGAATCTT

GTTCTTAGCAACAAATAATTGTCTGAAGGAAGAGCAAATGCTTGAAAAAGTTTATGGGGTGGAAGCGAGAAGAAACTCAGTTCATGTCTTTACA

TGCAGCCGATTGAAATGCTAGGTGATGCTTTTGAAAAACAATTATTTGGTTGCTGTTCTAATACAGATGATACAGAAAGACGGGGATAGAAAAG

AGATATTTTTTTATTTTAAAAATATAAAAATCTCGTTAATTTATTAAATTTTCTTTGTTTTTCTCCCCAACTAAAATATTTTTTTCTCTCTTTT

ATATCTATTTTTTTTTGTTATATATATATTTTTTTGTCATAGGACACTAATTAAATACAACATTAACTCCATCTCTGGCATTTACTATTGACTC

CATCTACGATCAGATTTTAAAACAAGCCATCTATATTGATTTTCCTACATTTTTTTCATTTTGCAAACATTATTCGAATTAGAATTTAAATTTA

TAAAATATAAAGTAAAATCATTTACCATCTAAACCAATACCTTAAAATATTTTTTTTTTTCGAGCAGTGTTATTATTTTCCCACATTAAATCTA

GATGTTAAAAGGAATTTTAATTAATTGCTAAATTAAAAAGAAAAGGAAAAAGAAAAAAAACCCAGTTTACTTTAAATACGAACCTGGGCCTGGG

CCTCGTCCGGGCCTGAATCTCAAAGAAAGTTTGGACCCATGGTTAGAAGAAACAGGGACATAAAAGTAACTTCAAAACCACTTTGAACTAGAGA

GAAAGTCGGAGAATGTGGGCATGTTAGTGGGGAGGGTTGTGGCAATAACCGCCTTAACCGCCACTTCCCCAAAAACAAAGAAAAAAAAAAAGAA

GCACGCTTCTTTTTCATCTTCAAAAACATCACAGACTCCTGTGTCGCAGAGAGAGTCTAGCAGCAAGAACAACATAAGAGAGAGAAAGAGACAG

AGAAGCAAGTGTCTAGTGGTCAGAAAA 

>Ricinus_communis_gi|255542145|ref|NW_002994279.1|:260067-262067 Ricinus communis 

scf_1106159290416, whole genome shotgun sequence 

AAAATTGTACTTTCTAACCAGCTCAGAAAGTGGTAGATATGAATGCTTGAACTAAATGTCAAAATGAGCTTTTGACACTAAATTCTGTCTAGTT

CTACATGTATCCCTAAAAATGCTTATGCTTCTGAAAGACACCATCAAATTAGTGCTATGATTCAGATTGGTTTAGTAGGCCTAAAATCAAGGAA

TTCTATCCCAGATTAGTTTCTTCAAGGTCTTGTACCCAAATCTCTTGTTTGAAAGGAACAGAATCATTATAACCTTCAAGCCTCATTGCCTCAC

GATAAGAGATTCAGCTAGCAAATGGACAAAACAGAAGCATATTATAATGCAGAACTCAAGGAACCTTAAAGGGATCAAGGGAAGAAATGATCAT

TAAAAAAGCATTCGATGCCAATAAATGACAAACTGTAAATAACCATCTACTGTCCTTTCAGGACGTAAACCAAAAGACAGAAAGATAATCCTCG

TATCAGATGCAATAACTTACCATTAGCACAAAGTATATCCTGCAAAATAAGATGAAGAAAAAATTAAGACAATCTGCAATTACATTTTAAGTTA

AAATGAGATCGCAAAAAAATAAAATAATTCACCTTAGGCCCATGGTTGGCTTCACCAACAGGCCGTCTCACATAGCCCAACTTAAAATCCCTTG

GCAACTGTATCAACATGAAATTATCAATAAAGAATGGAGAGCAATACATTATTGTAACTACCGTGCTTCAAACAAACAGGATAATTGAGGAAGT

AAAAAAGATCACCAATGAAAACCAGTTGGATTAGATATTTCACGGGACAACATAGGGCAGGCAGTTTTTTAGTAGAAATGAGAAGACAGATGAT

AATTATAGCTAGAAGGAGAAGTGATGCTGTTTGCAGGTTCCTATTTAAGCAAGACTACTGTTCTTCGTATATTTCAAATTAAAGTTGTTATCAG

AATAATTTTTATGTAGTTCCATCAGCATATTGGATAAAGAAAAGCTGCTAGCTGATGGCAAGAGCAAGTATTTCAGAATAATTCAAGTCTAAAT

ATCTCTCTGAGCGTTGTAGAGTTACATTAAAATTAAAACATACTCTAGCTAAGCCTTCACTTTCAAAGTCAATTTATCAATCCACAAACATCAT

AATAATTAGCTTCAACTCTATGGTAGCACAAAGTTTAAGGTAGGTATCACAGACATTAAAACAAATAATGCAAATAAGCTTAACTAAGCAGGAA

ACTGAAAGAAATAAAAGTGATACCTTTTTAGTTGAATTATTAACTGCAGCTCTTTCGCTAGTAGCGGATGATGAAAAAGTGGCCAAGCCCACAT

CAGTTACACGCTTTATAAGCTTCCTCTCCAAAACTGAAGACAACCCATTCTGGCATTCAAATAAATCACTGCATCTGCTCCTCAGGGACATTGC

TGATCTCCTAAAATGCTCCATTTTCATGCTAAAAAGAAATCTGATTCAAAGAAACAACTAAAGACTTCTTCTTGCTAAGGATTTTAACTATAGA

GGGACGTTCAACTAATCAAATAAAGTGAACCCAGATATCGAAATTGTGAGAAATTCAAGAACCCAAGTATCAGATTGAGGACGACTGTGGAGTA
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AACTGAAAAACCCCAGAACAACCAAAAAATAAATAAAAAGAACACGAACTTTGGGGTTTTATTTTAGACACGTGATGGAGAAAACCGCACGTAC

AGGGAATCCGATAACCCTAATAGGACCCGTTTCTGTTGATACTGGACTCTCTCTCTATCTCTAATCACTCATAAAAATTTTGGGCCAACAAAAT

TGAAAAGGACAGTCCATTATCCAAAAGACAAAAAAGGGCAAAAAGGTAATTGAAGAATTTTTGAAACAGAGAAAAAATAGGGAATGTGGGCATA

ATGGCGGAGAGTAGTGGGAAATAAACCGCCTTTAACCGTCAATCTCAAATGGAACAGAGAAAAGGAATTAACAAACAAGAAGAGAAGTGAAGTG

ACTGTCTTTATCTTTGCAGAAAAAATG 

>S1_Solanum_lycopersicum_gi|459212747|ref|NC_015438.1|:75954884-75956884 Solanum lycopersicum 

cultivar Heinz 1706 chromosome 1, SL2.40, whole genome shotgun sequence 

TTCCTTATTTACACTCAAGCAATACAAGAGCCATCATCAACATCAATGGCACTTAAACTATCTACTATGAGTCGTAGTGCTCGCGTTCTTATTA

AAAGTATATTGCTCGCGTTCTTATTGAAAGTATATTTATTTTAATAAATTTTATATTATAATTTTCTTATTTTTTTTGTTGGTTAAAATATATT

TAATTCTATAAAGTAAATGTATAACTTAAGAATAGACATAGATTTAAAGATATTAAATAACTCGAAATCATATTCAGATTCGAAACGTTTAAAT

TAATATTTGATGTTCTAATTTAATATAATAATTTTTTTTGTCATTTTAAATTATAATTTTTTTGAAAATCTTTTTATCTTTTATGTATATGTAC

ACAAATAATTTGTAAAATATAAACAATACAGAACAAAACACATAGAACAAGAGATATAAAGAAAATAATGATTGTCTCTTGCAATGGTTAATAA

CAATTATATTTATATGTTGAGAAATTATTTCATTAGTCACTATATAAAATATCCAAATTAATAGATATATTATTATCTGAAAATGGTCCATAAA

ACTAGGAAATATTAAGTAAATAAAAAATGGACTAATTCTAGGGATTTATAACATTTTTTGCATTTTTCTTTCTCTACAAATTAATTTGTTTTCT

TCATATATTTGTCACAATCTAACCGTAGTTTCAGATTATGAACTTGTGAATTAGAACGGTTCGAAGGAAGAACAAAGTTGAACTTATGCCTTTT

TGGAATTTAAAATTGTGTTTTTAAAAATTCAAAATAAATGTAAGCGAAAGTGAAATTTCTCCCCAAAACTATTAATTAAAACTAATTTTTGGAA

CTTGAAAAAAAATTATTTTGATAAATTTTTAAAATTCGATTAAAAAATTATGATCAAATAAATATTTTAAGATAATTTTGTAAAATCAATTCAT

AATTTATGATCAGACGCTAGAATAATTTATGAAAACAAGTTGTAGCATATTTTGCCAAATTATTTAGAAGCCTATATTATATTTTAGAAAGTTG

TGTTTGACAAAAATGTTTGAAAAAGAAGCACAAATTGTTATTCAAAAGCTAAAAAATAATATAAAAATCTTCAAAGTACTTTAAAAAAAATTAG

TCGAGCACTAACTATTATTTTAGTATTAGTATTTGAAAAAAATAGATGTGTGATAAATTCAGAAAATTATCACAATATTACAAATTTTACTCAA

GTTCAAAGAGGGGAATGAAGAAACCTTACAATATTTACAAATTTTACAATATCTATTTTTTATCAAAAATTTATCATAAAAAATAATTATTTTT

CACAGTCATAGCAAAAGAATGTTTGTGATACGAAAAAAATGAAGGAAGAGAAAAGACAGGGTAGCATGAAGGAGAAGGGTGGGGTGGAAAAAAC

TTGTCTCTTTTTTTTTTTTACTTAAACGCGCTTTTTTTTTATTTTTTATTTAATTCTATTTCCATGTCAAATTTTGAATGTAATATTAAATTCA

CTTTTAAAAGTATAAATATATTGGCTTCAATAATTTAAGCGTATAACTGATTTTTTGACGTAACGTCGAATAAATACATTCTCATTTAAAAGTG

GTGTACATATATCCATGCCTTCTAACATTAATATATTTATTGAACCAAAGAGAAATCTTTAAATCTTTTTTAAAATTTTAAATTATGATAAGGA

GTGACAAATATACATCATTTGTTAAATTGCAACAATAATATGTAACCTTTTTTTATTTTTATATATATAATAGTAATTTGAGTTAGACGTTTAA

TTTTATGTTTTTATCCCACATTTGAAATTTGAGAGAAAAATAGGGAACTGGGCTAAATGGTGGGAAGATAGTGCTTACAACCGCCTTAACTGTC

ACTACCCACAATCTCATTAAATAAACAAACAAAAAATCATCTGCAGCAAAAGTTGGAAAAAAAAAAACAGAGTAGTGATAATTTTTTGATCAGA

AAGATTTGGTTTTTGTTAGTGAAAATG 

>V1_Vitis_vinifera_gi|357771478|ref|NC_012021.3|:12771483-12773483 Vitis vinifera chromosome 

15, 12X, whole genome shotgun sequence 

GTTTTTATCACACATCACCGTTATAGTCCACAGAAAAAATAATATAATTTTTCATAAGATTCTGCAAATTAAATTAACTTTAATAATTAATTCT

GCTCAGAATGAGAGGTTGATACTTCCTTCTTGGGTTGATACTTCTTGCACCAAAGTGGCCTTCCATGGACCAAAAATTTGGCATGCTCTTTGTT

GTTGACGATCAAGGCTGGCACGCTGGATTTAGTGAACACCACCTTCCCGAACAACGGCGGTCCTCTTCTGGTCTCCGCCCAGTTCACGTCAACC

TTTTCTACGCAATCTCCATACATCCTGTCACATTTCCACCATTATTAATGAACATTCTAATATATATTCATATTTCTATCATATTTGTCACGTA

AACTTCCTCCTGATTGAGTATGCATGCATGCATGCAAGTGTTGGATATTCCATACGTACGTACGTCCTAAGGAGAAAAGCAAAATTAGCCTAGG

GATTCAATATTTACGTAGTAAAAAACTGCCATAACTGGAAATTGCTCAGAGGATATCCATTGGAGAAGGTGATGAACAAGCTTCGATCTTCCTC

GGGTGCTCTCTCTTGCCACGGGTTCCATTCCTTCGCAAAAGGGTTGAGTTTGGATCGAGCCCTAGTTAGCAGCGGCCCATTTATTGGGGAAAGC

CCTGGCAGGCCTGCAGCGCCACCCTGCTGGTTCATCCCCTGTCCCATTGGTCGGAACCATTTCCTCACAACCTGTCCAGTAGTTTTAATATCAT

GGGATTCATCACAAGTGTTATTATTATCAGCCTTGAGCCCTCTCTCTTCCAAAATATCCTTGAAAATCACGCTGCATACTCCATTACAGAGTCC

AGAAATGTCCTTGGAGACGGAATCTTTGTTTTTGGATATGTTAAAGAGGGAGGAACGGCACCCAGAAAGCCTAGCAGTGATCGGAATGACACCC

AATGAACCAGACTGAAGTGAATCAGAGTTGAGAGAAGCCAAGGCCACCTTGGCTTCAGCACAGGCATGGGCCAAGAGTTCATCATCATGACAGC

ACAATCGTTTCACTATGTCTTCGTACCCTTCTGCCTCAAGCCATAGCCAGAAGGAAACAATCCTCATGGAGAGTTGGACGTCGGTCCCCATATC

AAGAATTCTGCGAAACACAATCCTTTCCAGATGGTGGAGGGCGACAATGGCCTGAACTGCGTCCATGGAGATGAAATAAACTGTGGAGAGAATG

AAAATGAGTGCCTGTGTGGAGGAACAAGCTTTGCTTCTCTCTCTCAAGAGAGAGAAAATTCGTGTGTGCACGTGGGGAGAGAGACAGAGACACT

GGGTTGGTGAGAAACAAGAGGGATTGAGGGTTCATTTCATACTGACACTTGGGGACAGTTTAGGACAGTTGAGAAGGGTTGTGACTGTTGAGAG

AGACAGAGAGAGGCGTCTTACGTTATTTTGCAGCGGATGCAACGATTGACAGTCTGAAAATAACATGGTGTTTGGCAGATGGGATTTTGGTTTA

TGAATTTGAAAAATAATTTTTTTTATTATATAATGAAAGGATTTTTAATAACAAGTTTTTTATATTAAATAAAATATATTTTAATTTTTTTATA
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TTCAAAATCTAAAAATTTTCATATTTTTTTCAAATATTTTTATTCTATTATGTCTAATCATAATTTCTCCAAAACAAAAATAAATATATAATTT

TAAAATGATAATATTATCCTACGTGTCCTGTCGAAAAATTCTCCACGAAAATCCACAAACAATTTGAGAAAAAAAAAATCAGGTAAAATTTTGT

TACCGCTAGCGTGGTATTTGGGGTAATAAGAAAAATCATGGGGGCATGATGGTAAAATTGAAAATTTTGAAAATAGAGAAAAATGGGGAAATGT

GGGTGAATAGTGGGAAGTGGGGGGTGCCAGTAACCGCTTTAACCGTCACCAAACAAGGAAAAAAAGAGAGAAAGAAAAGTTGCAGAGAAAACTG

GAAAAGAAAGGAGTGAAATTAAGAATG 

>Glycine_max_gi|353336048|ref|NC_016090.1|:46632761-46634762_(reversed) Glycine max chromosome 

3, V1.0, whole genome shotgun sequence 

CATGGTCGGTCACTGCACTGCACAACACAACACAATAATAATGTAAGCTCCTTTTCTTTCTACTAATTAATAACTTTGCTGTGGCCTCGATTGC

GCTCACGCTCTTTCAAGGTACCTTCGATCGGCTCCTTTATTAGGGAAAATATACAACATATATATATATATATATATATATATATATATATATA

TATATATATATATATATGTGGTCCAAATAAACAGCATATATGGCTTCCAAAACAAAAGTACTTGATAGTGATCACATCATATCATATCCCTTTT

CGTGGGTTTTCCAATTCCCGTTTTACTACTCCAAATTAAAGCACGCACACCTACACTTTGAAATTAAATAATTGCAAAAATGTGTGATCAAATC

AAAGTTTCTATACTTTTTAAATTAAATAATGAATTTAGTTTTCAAATTTTAAAAGTATTCTAATTTTAAAAAATATATTAAATTCTTAACACGA

GAAGCTAAATTTACATATATTTTAAAGTTTGAAGATAAAATTTATGGACATAATTAAGAATATAAAGACCTTGACTATATGTAACCATGTTATA

AAAAGTAAAAAAAAAAAAAGAAAAAACACATTTTTTCCTTAAATAAATATATAGGAAGACCTTATCACAGTTTTGTGATAATCTATAGAGAGAT

GGGGCACTAGCTTGAAGAAACTGCTCCCATAATTAAAAATGCAACAATAATGACTTTGAATCGTTTTGTGACAAAGTAGCAATTAATGCTTTGT

AGACTCCAACTGAGTTTCCAGGTTGCTTCTCTTTAAAACTTGGGCGTCCTGTAAAGGGCAAAAGTAATGATATATGTTATGTTATGTTATGTTG

TGTGGGTCAAAAGTAGTATGCGCGGCATGGACAAAATGGACTTCTTGATCATGTCTTGCTATTGCTACTGTTTCTGCCGCCTTTTCTTTCCATT

GTCCCCGTTAAGTGCGTGCGTGCTAGTTACCATCTTCAATGCTGCTGCAATACAACAAGAAAAAACACATTATATATTTTTCTTTCCTGTTGCA

TTGTACTTATATAGTAATAAGTTTTTTAAATGAGAATACTTCAGTTACTGTCACAAACGAAAATAATAAATAAAAATTAAGTTAAATTGTAATT

TTCATCTCTCTTTAATTATCAATACTATTTTGGTTCTTTGATTATCTTTTTGTGATTTTAATTTCTGCATTAAAAAATAATAATTTTAGTCTCT

CTCAATTTTTAGAGTGTTTTATTTCTTTTATTTTAGTTCAATTTTTATTGAAAGGAAGATTTGACATTAAAAATTGATATGTGTTTCAAATTAA

CAAAAAGAGAGTATATAAAATAAAATATAGGTATATCATTTTTTTATTTTACAATAATACATATTAATTTAAGGTATCATTAAAAATTAATTCA

ATCGATTAAAATATAAATATACCAAATTATCTGTAAATGCACAAAAAATGTATAAAAATTAAGAGAGAAAAAAAATAAGAGAATGAAAATTATG

AAATAATTAAAACGGTGATATAAATTAATCTTGATAATCAAGTTTGTTATAATTAACTTTAATTTTAATTGTTCATTTCTGAGTAATACAATTG

AAGTTCATTTTTTATTATTTTATGTGCTCTCTTTTTCTCTCGTGATCTTCTCTCTGTGTATATGAGAATCTTAGTAGTATATATTTTATATGCA

TTCTTTATTGTTGATATATATTTATTAAAAATCATAAAACTAACTAAATCTCATTCTTTATTCAATAAGTCATATTCATAATTTTATATAACTA

ATAATAGAAAATGTCTTAGAATAAATGTGTGTTTGATCAATCTTGATAAGATTGATTTTAGTTAAAATTGATTTTAAAGTAACCTAATTTATAA

TTGTATGATTTTCTTATAAATATAAGTTAAAAATAAAATTCAGTATATATGTTTTTTTTCATCTAAGACAAAAGTATTCAAAATAACTTTAAAT

TATAATTAATTTTAATTCCAAAATCAAT 

>B._distachyon__gi|353703667|ref|NC_016135.1|:20835540-20837542_(reversed) Brachypodium 

distachyon strain Bd21 chromosome 5, v1.0, whole genome shotgun sequence 

CATCGCCTCGGCTAAGCCTCGATCGAGAGACGCCAAACTCCAAAGGCAGACGCAATGCATGCAATTGCGAGTTTGCGAGAGTAGTGTCTGCGGA

AGAGACGCGGCCTCTTTCTTTAACTGCCGGGTTTTTGGTTTGGACACGGGGAACCGGAGTGGGGCGCGTGGCGCCATGGGGAGCCGTTGGGTCG

GGATCGGACGAACCGGGCTGTGTTCGACAAGGGGGACGTAGCGGGCGCACGAACTCGCTGCCAACCGCCCCTCGCAACCCCCCACGAACGCCGA

TTTCTACGGGCCGGGCCTGCATGTTCTGTAGTACAGTACTTCCGTGTCTTCGCGCACAAGGATTTTTTTTTCTTTCTTTTTTTTCGAAATGTGC

AGAAGGATCTTTCGTTGCGAGCATAAAAGGAAATAGCCTCGCTGCCGTCAGAACATGAATTGCGCCGATGACTTCGCAATTTGCATGAATTTAA

ACAAAAAATTCAAACAAGCTGTTTGCTGAGTTCCCAATTGGGGGATAAGTGGAGTGGTTCCCAGGGTGGTTCCACGAAAGACAGGATCGAATTT

GATTAAACAAGCTTTCGCTACAAAGTTACAGAGTACAGATGTGCCTTATTACCTTGCACTGCATCTCGCAAATGTGATCGTGGGAAGCAATCTA

CTCTAGTTTCCTAGACCAGATCAATGGAACTACTCGCTTCCCTCCACACGGCGAGGAGGAACTCTGCTCCACCTCCGGATTCTCGCGCCCAAGT

CCTTCATCTCCTCCACCTGCAGAGACAGAGAACAACGACACGCACCACATCGGTGAAAAATCAGCCAGATTGCAGAGGATTCGTCGCACCTCGC

ACGGGCGCAAGTGTTTTTGCATCCAGGGCTTACCGATCCCACGCCAGCCGCGGACACTCCCGCGGTGACGGCGGTTGCGCCGGCGCCGACGAAG

AGGGTGGCGATGGCGAACGCCTTGAACGGCATCGCCATGTCCCCGCCGCTCTTGCCTCGCCGGAACCAGACCAGCCCGGTGGTCAGCTGTGCCG

CAGTCGCTCCCGCCCACCAAGGCCACGCCTGGGTCTTCTTCCCGGCGCCGCCCCGCTCATCCATGGCCGCCGCCGCCGCCACTAGGCTAGGGTA

TTTGGGGGACACCAGAGCTCTGTGGGAGTCGCAAACTATGCGAACGCAGATAGCTCACCGACAGATGGGGTCCACTTTGGCAGTGACATTTCGC

CCACTGACATGTGGGACGGCTCTCCAGTTCAGCACTACACAACCTATGTAGGCTCGCCCTGATCACCGGTACCGTTCCACAATCGACCTCGACC

CCAGCTTCCATGGGTCGGGGCAGCGCGCTGCTTCTCCTAGGGTTCCTGCTGCTACGGTTGAATTGGGGCTTGGTGAGTGTCGATTCGATTCGGT

TCAATTCTTCACAGCTCTGATTTGTCTGCGTTATCGTTGATGGATCGCGGCGGTTGGGGATTTTAATCAGGCTGTGGGTGGCGGAGGGGCGGAG

GAAGAGGGCGGCGTGTTTCCTGTGGTGGTGAGCACCTGGCCGTTCCTGGACGCGGTTAGGGCGGCGTGGGAGGTGGTCGCGGCCGGTGGCGCAG
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GGGGATCGGCTGTGGATGCTGTCGTCGCTGGTTGCTCCGCCTGCGAGGTGCTCCGCTGTGATGGCACAGGTCAGTAGTTACTTGCTGATGGCGT

TCTCTATATAAATCATTCACGCGAGAGGGCTTGCCTGTGATGTGCTCGTTGGTGGATGCCGATCAGCTGTGGCTATTGGCATGGCCATGATTTT

AGGCTTTTAGCGAGTCACTGAGCTCAAGTGGGAACACTGGTGAACTATTGATGAACTGATGATTGAACTATACTGCTATGCTAGTGAAATTAGC

TCGAAAACGCTGCTTAAATTGATCCCGTAACGAAATTACAAAATCATTTCATCCTCAAGAGTTTGGTTGACAAGACATTTTGGTTGGAATTCAT

TAGTGGGTTACAAAATATTTTAGTTGGAA 

>C2_Cucumis_sativus__gi|433601760|ref|NW_004095300.1|:598323-600325 Cucumis sativus cultivar 

9930 unplaced genomic scaffold Scaffold000076, whole genome shotgun sequence 

AAATCTTAATGAATTATAGAAATTGAACTCATCACTTCCTCCATTGTTACTAGCTATTACAATGTATATTGTGAAAATGCACTCTTATAAACAA

TAAACCCACTATACGAGTCACTTTTGAATTCGATCCTGTTGCTAGTAAATTAATATTCTTATATGTATTTCTTATCTCAAGTAAGGGCTGAATA

ATGTTTGAAATTAAAAAATAAAAGTCAACAAGAACATGAATCACTTGACGTTTATATACATGTTAAATAACTCAATATTTCATCTCATCTTGTC

CTAAAAGAAACTTAAAAATTAGGTCAATTTACATTTTACTTTTACTTTGCCACTTAGGATTTGAACTAATTGATTAGAAAAGTAGACTTAATGT

CTTTGATGTTAGTCATAGGAGCATTGTGCTTTGTATCAAGCTAGTCTCCATTTTGCTCAAAAATATCATGAAAATGAAAGTAACAAGGTGTTAG

AAAACAACACAAATTATAAAAAAAAACGAGTTAATAAGTTAAATAGTTTGGACAAGAGACATTTGTTCAAATGTTATCAAACAAGTCTCCAAAT

AATTAACTAATAACAATAACAATAAAGCATAATTTTAGTTATTAATCATTTACATTCCAATGGTGAGGGGAAATTTTTTTGTCGTAGTCTTTAT

ATATTAGAAAAATGATGGATAAAATAAATCGAGTTGACATGTTCAACCCGTGTAAATAGTCATAGTGAAAAATTAGTAATAATTTCTTTAATAC

AACCACGATAAAAGTAGAAATTGAACCTTCAACCATCGTGATTTTATCTGTTAGTAATGTGACAACCACAACATGATTGCTCAAATGAAATCTA

GATTGAAGATTATCCTCTTAGTTCACCAAGGGTTGATCTATTTTTTTTGCTCTATCACTCACATTTTTCTATAAAAAAAAAATGTTTTTTAAAT

GGCAGGGAAAAGAATATGTGTTTTGAATTCATGAGTTTTAAAATATACTTTTAGTAGTCTTTGGATTTTTAAAAAATATCTTTTTAGTAGGAAA

CACTTCGCTAACCATAAAAGAGTTTAGTTGATAGTAATTATAGAAAAGTTATTGGAAGAATTAATACGAATAACGATAATGTGAATATTTTAAT

GAAAAATGTGAATACAGTAAAGTTTTTCTTTAATTGGTCATCCATAGATTCGTTTTTTTTATCGAAGTAATCCGTCTCTCCTAAATTACTCAAG

TTGACAAAGCCCCTAAATTTTTAGAAATAGATTTAAATGGTTATTTTCTTAACTTTTTAAAAATAATTATAAGGTATTTAAATTTTAACAAAAT

TTTAATAAACAATTTTAGAGAGAGAAAATTATTTAAAATATAATAATAAATTATTTGAGAGATCTTTACCATGTTTAAAAATTCCGTTTTGAAA

ACTAAAAACCAAATAGATGTATTCTTCAAAACTTAAAGAACTAAAATCATATTCCTTTTCTATTTGAGATTTAGAGGTAATGCTAGAAAATAAT

TTGATAATTAAACTTAAACGAGCATTAAACATTCAAAGGAACTTATAATTATATGGAAGGAAAAAAATGGAGTTTTTAAGTTTTTGAAAATGTA

AATACAAACATAAAACTGAGAAATCCATGATTAGAATGTAATATTAAATAAACCACGAGAAGGATACAAGAGTAATTACTCGAATTTGAAACCC

AAAACTCAAGCGGGCGGGGAAATGCATCTTTACCACTAACCGTCAAAACCGCTACTAATGTAAAGTGGGGAAGAGACATAATCCAATGTTCCCC

CCAACGCACAGAAACGAAACACAATAACATCTCATCCACTCGTCAAAATCTCATGAAGAATCTAACGGCTAACCTTCTAAGACTTCCATGGAGT

AAACCACAGAGAAGCAGAGGCAAAAATAAGAAAAAAGAAAAGAAAGTTTCCAATATGACACTGTCCTACACTTAGAAGAAGAGAGTTGCAGAGA

AGAGAAGAGAAAAATTGTGTTTGGAAATG 

>S1_Sorghum_bicolor_gi|242077817|ref|NC_012875.1|:53602990-53604992_(reversed) Sorghum bicolor 

chromosome 6, whole genome shotgun sequence 

CATTGCCTCCACGCTAAGCGATCTCGCAGGGCAGGCAGTAGAATACAAGTGTCGTCGTGCTCTCGTCTCCTTATGGGGCGGGGGCGGGGGCGAG

CGAGTGGCGCACGTGGCGCTGTGCGGGCGCGTCCGACTGCGATCCGACGGACGGGTTTGATTCCCAAGGGGCGCCGCCAGCGTCGATGGAGCGG

GCGCACGAACGCGGGTGGTTAACCGCTCGTCCCACCCCCACGACCTCCGATTTCTGCGGGCCAAGGAAAGGATACTTCTTCGTGTCCACTGTCT

AGCCTCCGACACATGGTGCGGGAAATAAAACATTTTGTTTTTTTGTTGCAACCTGGCAAAAATCTAGGAGTTCTATTGCCGTCCGATCAGGAAC

TTACGAATTGCCATCCTTGCAACCCAACCTATGTTCGGTAAAAGTCGATTTCAGCTAGTTTGCATTTTTTTTGGTTTCATAAATCGAACAAAGG

ATGCAAAGTAACTTCGGAGTATGGCCTTGTTTAGTTCACCCTGAAAATCAAAAAGTTTTCAAGATTCCCCGTCACACCGAATCTTATGGCACAT

GCATAAAACATTAAATATAGAAAAAAAAACTAATTACACAGTTTAGTTGTAATCACGAGACGAATCTTTTGATCCTAGTTAGTCCATGATTAAA

TAATATTTGTCACAAACAAACGAAAGTGCTACAATACCAAAAACTTTTCACTTTTCGGAACTAAACAAGTCATACGTGTGCTCGGTGGAAACAA

GGCGGAAATAAATTTTGAGGGATCATCAAAGTAAGCTTGTGATACAATACAAATTACAACAGTGATCTTATTACTCCTGTGCATTCTGCATTCC

GAATTCAGAACGACACACGCTTAGCTCTGAAACGTGAAGCAATCCACACCCCTCAGCATTCTGTAGTTTCCTAGCAAGGCTGAGAAATCTCTCA

TCCAAATCACGGTTGCAGCAGTGTGCTGCTTAGTCACTACCTCCCGCTCGGCGAGGAGGAGCTCCCATCCACCGCCGGATGCTCGCGCCCACGC

CCTTCATCTCCTCCACCTGCAGATACACACACATCACGCGCACCAGATCAGCGAAAATTCGAGCAGCAAAATCGCTCGCCGTACGGGGACGGAA

GCTTGGATTAGATCATTAGACGCCTCACCGATCCGACGCCCGCGGCAAGCACCCCAGCGGAGACGGCGGTGGCGCCCGCCCCGACGAAGAGGGA

GGCGATGGCGAATGCCTTGAACGGCATCGCCACAGCCGTTCCGCCCCTGCCGCGTCGGAACCACGCGACCCCGGCCGCGGCCTGAGCCGCACTC

GCAGCCGCCCACCACGGCCACCTCTCGGCCTCCCCGCCGCCGCCGCCGCCTCGGTCGTCCATCCCCGCCGGCGTCACTAGGGTATTCGGGGTTC

AGCTGCTGGAGTGGCACCCTATAGAAGCCGAAATCTCACCGACATGTGGAGCCCGCATGGAAGTATTCAACTGCCAGCCCACTGACATGTGGGA

CAGGTCCCCATCGAAGCGCCACTATGAGCCCCGGCAGACCCGCCAGTACAGTATCCGGTCAATCGCGACGCCCGCTTCCATGGATTCCATGAGG
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CGGAGTTCCGTGGGGCTTCTCATAGGGCTCCTGCTAATTCGGCTCAATCGGTGCTCGGTAAGCGTAGATCCGATTCGATTTGGTCTCTGGAGTT

TGTATTGGTTTGTTACGTCATTGATGATGGATTTGGATTGTTGGGGGGGGGGGGGGGGGGGGGGGGTTTGGGGGTGCAATCAGGCGGTGGGCGA

CGAAGGCGCGGGTGAAGTAGGCGCGGCGTTCCCGGTGGTGGTGAGCACCTGGCCGTTCCGTGAGGCGGTCAGAGCGGCGTGGAAGGTGGTTTCG

ACCGGTGAAGGAGGGGGTTCGGCCGTCGATGCTGTCATCGCTGGCTGCTCCGCTTGCGAGGAGCTCCGCTGCGATGGTACAGGTTAGTTCCTGC

TGGCCTGCTCCCTTGCACGTGTCGTTCTT 

>S2_Solanum_lycopersicum_gi|459212738|ref|NC_015447.1|:12670810-12672812 Solanum lycopersicum 

cultivar Heinz 1706 chromosome 10, SL2.40, whole genome shotgun sequence 

NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN

NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN

NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN

NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN

NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN

NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNGG

TACTCTAACAAGGATTCTTTGATTAATTTATCTAATTATAATTTATACCTACACTAAATAATATTATTGAAATTTCAGGTATATTAATTTTAAC

TTTGAAGACTTGAATCGTTTTGTTTATTATCTTTTAAGGTTTTTTTAATGGTTTCAACATTGTATATATTTTATTTTGAATAATGAAATCAATT

TTGAGGATTAGGAAATTTCACAATTTATATTTATGTTTACCTTTTAGAATAATTTAGAAATTATAACTAAAATATAGGTAAGTTTAAAGTTGTA

TTTTAGTTAATACATATATATAATTTGGGTTTAATTTATTTGAATACTTTATGTTATTTACGTAATTGAGACTATTTATCTTTCAATCTATTCA

TTTTTATATAAATAATGGCAGTATATTATAATCGTAGTAAAATTAGTCAAGATAGAAGATGATTTACAAACATTTCATAATCTAAAATTTAGTG

AAAGATGAAAAAAAAATCATTACTAAAGGAAAGTATAATACTTTTGAAGGAAAAGAATAAATATTAGAAAAAAACTATATTTACATTAAACTTA

TTATATTATTAAATTAAATTTAAATTTCATAAAGAGTTCAACTTATTACATTAAATTTACTTTTCTTATTAAAATAAAGAGAATAAATTTAGGA

TTTTTTTTATATAATTTCAAAAATTCTTAAGCGATTTCAAATTACAAAAGATATAAAATTTAAGTACTAATAATAAACTTAATTAAGACTTAAA

ATTTGATATATTTAGATTAAAGACTATAAAGAATCTTTAGAAATATATTTAATAATCAACTATTCAAAAAATTAATTATTTAGCAGATTTAACG

AATAATTTTTTATCGCGCAAAGCGCGGCTAAGTTCACTAGTTATTATAATATTTCTCAAGCAAATCTTGTGGTCAATATGTGAAAGTGAGAAAT

TGGGTATTAGAATTTTTGTGTGTTGAGTACATTTGTGCTAAACTAAAATATTTGTGTCCTACGCCCAAATTGAAGAAGAAGAAAATTTTTATTT

ATATTGGTGATTTTATGTCAAACTAACTCATTGACAAAATGCATGATATCATTTGAGAAATTTTCTAATTTTTTTGTATAAAAATATTACATTT

TTTTCCTTATGAATTCAATTTAAATGTCTACGAAAATAACCAGGAATCTTAGTGTAAGTCGTGATTGATTTCCCTATGAAAAATAAAAAAGGAC

TATACCAATATTTAATTACGTATAGTAAAAATAAAAACAATCTCTTGACTAATATTTGAAATCATGAAATGGGGGGAATATGGGGTAAGTCGTG

GGGTGTGTGGGGTAGTGCCCATAACCGCCTTAACCGCCACTGTTTCAAGAAATAGATAAAATCAGCATTAAAATAAAAACATGAAATATCAAGT

TTAATTAGTAGAGAAAAAAAACAATAATG 

>A._thaliana_(reversed) A. thaliana chromosome 3, complete sequence 

AATCTGAAGTAAGTGATGACTATCTGGCGGAGTGTTTGGTTTGGGCGGAGTATTGGAACGATTGGATCGAAGAGTTTCTCGAGGATGAAGTAAG

GAAGTTGATTCTCGAGCAAAATGAGGTCTTCATCCACAGTAGTTTGAAGACAAGGCTGCTCAAATATAGGATCCCATGTTTTCTTGATGCATGA

TCCTTGGTCCTCAAGTAAGGTGTAATCTTTACTCCTTAAAAGGAACTCTATTATGAAAACAGAGTCGTGTAGGATCATGTCCACGAACTTTGGA

GATTCAATCCAGGCAGTTGACTCAGAGTAGCTTGCCCTTATTATATCTTCTTCTTCTTTGATTCTTCTTCTGAGTTCATCAATCGTTTTTTGAC

CTGCAAGCCTTTCTGAGAATCTCGCAAGGTAAATCTTCTTATGCTCCTCCATGTTTAAGTAGCCCATTAACTTTGTGTTTGTGATATCTCCACG

AGAGTTGAGAGCTTGAAATTTTAAAGAATGGTGAAGAGGTCCAATGAGGAGTAATTGAGGCGTGTAAGCTTCTGGATTTACACGACGTAGACGG

TCAGGGACTCGGTAGATGCAACGATGCTCAGGATTTGTAGGAAACCACCACATCCCAGGAGTCGATTCGTTTAACTCAAGGACCGTGTCCGGTT

CATGATTCAACCTTCGGTTCATTGTTCTGGAAGTTTGTTGTTGAGAGAGCAAATGAGAGTAAATGTGAAGAAGAAAGTTGAAAGAACTTAACGT

CCGAAGTTTCCCTCTTGGTAGTAAACTAATGAGGAGGAAGGAAATGATTAGGAAGTTTCCCCGACGACCATATACATGAAAGTCAATTGTTTAC

ATATGTAGTAATAAATAGCACATGTAACAATATATCTTATAACCCTATCTTATATCAAATTATAAGAACTTTGATACTGTGTAATTTTTCTATT

AATATAGGTTTGTGGATTCGGAGCCATATCATGTCGTTCGAGATTTTTTAATTTTTTGAAGATTTACTACATTGTGTTGGTCTTTTTTAATATA

TACTTTTTGCAAATGCGTGGAACAATAATGGATCCTTATTCAATGCTCAAATGTGTTTTTTTTTACACTTCATATGTGTACTATTTATACAATT

CAAACTTAATTATATACGTTTTTTAAAAGACGTAAAACTTTTATACAAAATACAGTACGTATAATAACAATGTGACGTAAATATATATTAATTG

GCGAAAACAAGTGAATAGTAATTTATAATCCTTGCTTTTATATCAATATACGGATTTGAAAGTTTGAAACATTTGAGTTTTCTCCCATTCCACC

ATTGGACTTTGGACATATCCAAGGTGGGAGATACTACAATCTAAAGATAGCATAGTACAAAAGCCATGAGAAGAGATTGACTTAGTGAGTGCAT

CTGCACATTAGATGGTTTGAGTCAACCGTCTTTAAGAGAGGAGAATAGTAAAGTCATTTAGTGGTTTACCAAATTCATTTATTTAAAAATTTGT

CTCCTCCCTCCTTCCTTTCGGTAAATGTCCAATAAAGAATTCAATGTGCAAAGTCATATACTATCCTGATTATTACTGAGTTTGTCTGGCCTTT

GTTTGGACAGCTGTCCTGTAAAAATTGATTCTTTCTACATTTGCTGTAAAATACGGTATCTAAATACGTAGTTTCAACTTTCAAGGCTCTCGAG
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TCTCGAAGATCCTTCACATCATTTTTTTCCACCATATATGCATGTGAAATAGAGGGCCTTACACGGGCTGGCTCACATGATTTGGGCTTTGTAA

TTCTAATTACAACATCAGGGGCATTTTGGTAATAACATCAAATTCGAAATGCGAGAGAAACTTGGGGAGTGGGGTACTGAAAGTGGAGGGTAAT

GGTAATGTGGGTGATAACCGCATCCAACCGCCACTACAAAACCCAAAGAAACTTCCGCACACAAAAACAGAGAAGAACAAAAACACAAAATCGA

GAGAGAGATCGATTAGCGATGAGGAAAATG 

8.2 Sequences used in second round of motif detection 

Eudicots : 

>Aquilegia_coerulea | scaffold_81:506462..508381 forward 

AAAGTTCTGTACAAAGAGCGAAGATGGCGAAATCAGGTATCGTACAAGTTCTTCTTGAGGTGGCTTTGTTAGGAAGTCCCTTAGCTCAGAAAAG

GGCATTAAAGTTACTGCAATGGTTCAAAGATGAAAGGCAAACAAGGATAGGTGCACATTCAGGACCACAAGCTGGGAGAATTATTATTGGTTCA

CACGTAAATCCGAATGAGATAAAGGAAGGAAAGAAGATTATTAACAAAATGGTAAAGCAGAGTTTAAATAAGAACATGGAAGTGATCATGAGGA

GAGCAAATGCTGGTGGAGATTCTTCAAGGCTTAAGGGGCTTGTGATTAGCTCTAGTTCTAAAAGTTTGCCTTATTGAATAAGGACTTAGGAACA

CAATTGTCTTGTTAGCTTCAAAGTGACTTTTGAAGTATAACTTAATGATACACATTGCCTGTAAATGATGAGAAAATGGTTTGTCATCTCTATT

GTTGATAATACATTGCCAGTTTTTTTTCGTAATATTTATTGATTGGTAGACTGGTCTACATGTATTTTATTTTGTGTATCAAATTGTACAACAG

TTGAAGCTTAAATCAAATGACGTTAAATCGAGACATGTGTAACGTCCATAAAATCTATCGCGGCTATTCACTAGCAAAATTTCTGATATCCAAC

TTAAGATGATTATTGGTGCAGCATACAAGGTTCTACACTTCTACCTATCTCAGTTCAGTCTTTTCAATTAGAGTTCAGGTCACAGAAATACCTG

TCAGGTTCAGGAATACCAAAATGGAACCACAAGATCGGCCCATTCATGAAGCCCATTAACGGCCCAACACCACGATGAAAATCTACAATTTCAA

ATTGTATTGTACGTGTGTTAGTGGGGTGGCGCAGAAACCGTTTCTTAACTGGCTGGGTGGACAAACAAACATTCTGGATGTGATGACATTGCTG

CAGTCTGATGATTCAAACGCTCAAAGCAGAAGGAATTGAGTAAGTAATTTTGTCGTAATG 

>A._lyrata_486519 | scaffold_5:19869170..19870254 reverse 

GCTAGGCCCACCCTATCCGCCTCGATTAATGACTAATCCCCTAAAAAATCAGTAACCTGATTATTCTCCGTCTAATCCGATTACTTTCCGCCTA

ATCCGATTATTTTCCACCTAATCTTATATACCCCGATTATTTTTTAGATTGCAAGTATAAAAAAACCTTTCATTTATGTTATTCAATCATTTGA

ATAGGGAGTTTGTGATGTTTTACAATAACTTGTATTCAAATTTTAATAAAAATCATAAATTTGTAATAAAAATCATAAATTTGTAATAAAAATC

ATAAATTTTTACAATATTGGATTAATATATTTTAAAAATATTAAAATAACCCCAAAACTAATCCCCGGTTAATCCCTGATTTTAATCCGATTTT

CCGATTAATCGCTAGGCCCATACCGAGCGCCCGACTAGCGCCTAGCGATTTTTCAAACAAGGAGTACAATGTACAAAAGGTTGAGAAGAGATTG

ACTTAGCGAGAGCATCTGCACATTGATTTGAGTCAACCGTCTTTGAGAGAGGAGAATAAGTAAAGTCATTTAGTGGTTTACCAAAAATTCACAT

ATTTTAAAAATTCAATGTGCAAAGTCACACTAACCTGATTATTACTGAATTTGTCTGGCCTTTGTTTGGACAGCTGTCCTGTAATAATTAATTG

ATTCTTTTTACAATTGCTGTAAAATACGGTATCTTATAGTTTCAACTTTCAAGGCTTTTTGAAGATCCTTCACCATATTATATGCATGTAAAAT

AGAAGGCCTTACACGGGCTCACTTGATTTGGGCTTAGTATTGGGCTAGTAAATCGAGTAAAAATCACGAGGGCATTTTGGTAATAACCTCAAAT

TCGAAATGTGAGAGAAACTTGGGGGGTGGGGTACTGAAAGTGGAGGGTAATGGTAATGTGGGTGTTAACCGCATCCAACCGTCACTACAAAACC

CAAAGAAACTTCCGCACACACAGAGAAGAAAAAAATAAACACAAATCGAAAGTGAGAGAG 

>A._thaliana_columbia_AT3G60460 | Chr3:22342429..22343491 reverse 

ATTTACTACATTGTGTTGGTCTTTTTTAATATATACTTTTTGCAAATGCGTGGAACAATAATGGATCCTTATTCAATGCTCAAATGTGTTTTTT

TTTACACTTCATATGTGTACTATTTATACAATTCAAACTTAATTATATACGTTTTTTAAAAGACGTAAAACTTTTATACAAAATACAGTACGTA

TAATAACAATGTGACGTAAATATATATTAATTGGCGAAAACAAGTGAATAGTAATTTATAATCCTTGCTTTTATATCAATATACGGATTTGAAA

GTTTGAAACATTTGAGTTTTCTCCCATTCCACCATTGGACTTTGGACATATCCAAGGTGGGAGATACTACAATCTAAAGATAGCATAGTACAAA

AGCCATGAGAAGAGATTGACTTAGTGAGTGCATCTGCACATTAGATGGTTTGAGTCAACCGTCTTTAAGAGAGGAGAATAGTAAAGTCATTTAG

TGGTTTACCAAATTCATTTATTTAAAAATTTGTCTCCTCCCTCCTTCCTTTCGGTAAATGTCCAATAAAGAATTCAATGTGCAAAGTCATATAC

TATCCTGATTATTACTGAGTTTGTCTGGCCTTTGTTTGGACAGCTGTCCTGTAAAAATTGATTCTTTCTACATTTGCTGTAAAATACGGTATCT

AAATACGTAGTTTCAACTTTCAAGGCTCTCGAGTCTCGAAGATCCTTCACATCATTTTTTTCCACCATATATGCATGTGAAATAGAGGGCCTTA

CACGGGCTGGCTCACATGATTTGGGCTTTGTAATTCTAATTACAACATCAGGGGCATTTTGGTAATAACATCAAATTCGAAATGCGAGAGAAAC

TTGGGGAGTGGGGTACTGAAAGTGGAGGGTAATGGTAATGTGGGTGATAACCGCATCCAACCGCCACTACAAAACCCAAAGAAACTTCCGCACA

CAAAAACAGAGAAGAACAAAAACACAAAATCGAGAGAGAGATCGATTAGCGATGAGGAAA 

>Boechera_stricta_Bostr.13158s0042 | Scaffold13158:209482..210575 reverse 
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GTTAGGANNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN

NNNNNNNNNNNNAAGTTTGTCTATAACTGGTGCATTTAAGGGTTAGGAGTATATATATATATGGTTTATGATTAGTTGAGTTTGTCTATAACTG

GTGCATTTAAGGGTTAGGAGTATATATATATATATATATGGTTTATGATTAGTTAAGTTTGTCTATAACTGGTGCAATTAAGGGTTAGGAGTAT

ATATATATATATAATATATTGGTTTGAATTTCAAAGTTTGACGCTTGAATATGGATTTTACGTAAAGGTCTTCGTATCTGTCATTTAATACATA

GTAAATGTTTCCTGTTAAAAGTTAGTTCCATTAAAAAATTAAACATGGCAGTGCACAATTGGTTATGGTCTTGATCATTTGAAAAGAAAAAATG

TGCAAAACCAGGCTCCGGCGAGATGAGTATTCTCTTGCATAAGTTGAATTTGTTTTTGAATATATGTAACGCTTGATTTTCAAAAATGCCATTT

TTAGATAGTGTACAACAATGCTTGAATGAACTTTATTAGCTCGGTTGGATTTTCAGTCGAATTGCTAGATTTTTTTTACAATTCAGCAAATTAC

AAACACACAAAAAAAAAGGTGCATAAAAATGTGCATGTAATGTATAGTCATAACCCACATGTACAAAATAGATGAAAGATCGAATACAGACGGG

CTCGCTTGATTCGGGCTTAGTATTGGGCTAATAATCAAAAGCAAAAACACGAGGGCAGTTTGGTCAAATTAGCAAATTCGAAATGTGAGAGAGA

AACTTGGGGAGTGGGGTACTGAAAGTGGAGGGTAATGGTAATGTGGGTTATAACCGCATCCAACCGTTACTACAAAACCCAAAGAATCTTCCGC

ACACAGACAGAGAAGAACAGAGACAAGAAAAACAAAATAGGAAATAATCGAGAGAGAGAG 

>Brassica_rapa_FPsc_Brara.G01884 | A07:17436587..17441107 reverse 

ATAAAGTAAAATTAATTCAACCAATCATTACAAAAACTATAAAACATTATTGATCACACAGTTTTCAATAAAACTTATACTAATATAATATACC

AAAACATTATGTATTTTGAAACATCAAAAACTCTTCAAAACATCATCTATTTTGAAACGGAAAAAATATTAAAATGCACAATGTTAATTAGGTT

TTTTAATTGTAGCTATAATTATATTTGTGGATGTTTTATTGGATAACTAGGTGTCTGCAGTTTGATTAAAACAAAACTAGGGTGTCTGCCGGAT

AAGTCAAGGGTGTGGCACCCTAGTTTCTCTTCTTCTTTATTTAGATAATCAAAATTTATTCATATATCTTAATCTTTAGATTTTGTTATAAGAT

GTGTCACATACTAAATAATTTTTTAGTTTTGTTCTCGTATCCGACATCGGAGAGTCAACTGGTTAATTTTCTGGAAGTCTGTTTATCTTTGCCA

TATGCTAAGCAGACCGGGTTGTTCGCAATAACAGTTAGATATTCCTATCGCCTAGCTACACAAACAAATATATTTGAAATGGTACATTTTAAAT

CCGGAGTGCTTAGCACCTTTCCAAGTCCGCCGTAGCACTCGACCATGTGTGATTAAATTTATTTGTGGATGTTGACTTAAAATTGTAATTTAAT

TTAACGTTTGTTGCTCAGCTAGAAAAGTTTCCAATTTTCACTAGAACTGCATCTTTCTAAACAATTCAGCAATTACAAAATCACGTAAACGTTG

CATAAGATGTGCATGCAAATCGTTACCCCACGCGGTGAGTGAGCAGACTAAAAGATCGAATACAGTGATAGGCTCACAAAAAATGGGCTTACTT

CTTGCGCTAGTAAATATACGAGGGTATTTTAGTAATATTCTAAATTCAAAAATTGGAGAGAAACTTGGAGAGTGGGTGATAACCGCCTCCAACC

GTCACTACAAGAAACTTCCGCAGACACAGCACAACACAACACGACTTACCAAACAAAAAC 

>Capsella_grandiflora_Cagra.3527s0008 | Scaffold3527:33640..34698 forward 

GACTCTGTAGATACAACAAAGATCAGGATTTGTAGGAAAACGCCACATCCCAGGAGCCGGTTTGTTCGACTCATGGATTGTACCCGATTCAAGA

TCCAAGATTCGTTCCATTGTTTTCCGGATCGAATTTAAAAGTATCTCTCAGAAGTTAAAAGTTGAAGTTTATAGAGAAAGAAAGACCGTTCGAA

ATTTCGGTTTTAAGTTGATGTGTATATATACGTAGACGTAGACCATGATGAGTTCATGAACATAGGTGCTTAATCAGGATGCATAACAATTATA

TAATTGATTCGAAACCTGAATCACATCCTAAACTGTTTTAAATACAATTACTTTTCTAGATTCGAGAAAATTAAGAACCCACAGCTAGTGGTAC

CCAAATAAGTTATTGTTGTTATCAATTAACGTAATGAGGAAGGCATCAGATGTAGGTTTATGAACCCCCAGCTCAAGACTGGTATCAAACAGTA

TGGCAACATAAGCCAATCTTTAATACTCGTGAATATGAAGACTAGTGTACTACTCGTTAATTTGACATGTTTTAAGTAAAAATGCGGAAAAAGA

GGCACAACTCTTTCACACATTCAACTCACTAATCTTATTATCACATTTAAATCTATGTAAGTTTAGGCCTTAACCAAGAAAATATGTACAGTCA

TAACCCACATTCATGTACAAAATAGATTAAAGATCGAATATAGCGGGGGCCTTAGACGGGCTCGTGTAATTTGGGCCTGGTATTGGGCTACTAT

AATAATCGATAGTAAAAACACGGAAGGGCAATACGGTAATATTAGCAAATTCGAAATGTGAGAGAGAGAGAAACTTGGGGAGTGGGGTACTGAA

AGGTGAGGGGTAATGGGGGTAATGTGGGGGTGATGATAACCGCATCCAACCGTCACTACAAAACCCAAAGAAACTTCCGCACACAGAAGCAGAA

GCGGAACCAGAAGCAGAAGAGAGACAAGAAATAGAAACAATCGAATCGAGAGAGAGAGAA 

>Capsella_rubella_Carubv10019483m.g | scaffold_5:12631952..12633002 reverse 

ACTCCGTAGATACAACAAAGATCAGGATTTGTAGGAAAACGCCACATCCCAGGAGCCGGTTTGTTCGACTCATGGATTGTACCCGATTCAAGAT

CCAAGATTCGTTCCATTGTTTTCCGGATCGAATTTAAAAGTATCTGTCAGAAGTTAAAAGTTGAAGTTTATAGAGAAAGAAAGACCGTTCGAAA

TTTCGGTTTTAAGTTGATGTGTATATATACGTAGACGTAGACCATGATGAGTTCATGAAAATAGGTGCTTAATCAGGATGCATAAAAACTATAT

AATTGATTCGAAACCTGAATCACATCCTAAACTGTTTTAAATACACTTACTTTTCTAGATTCGAGAAAATTAAGAACCCACAGCTAGTGGTACC

AAAATAAGTTATTGATGTTATCAATTAACGTAATGAGGAAGGCATCAGATGCAGGTTTATGAACCCCCAGCTCAAGACTGGTATCAAACAGTAT

GGCAACATAAGCCATCTTTAATACTCGTGAATATGAAGACTAGTGTACTACTCGTTAATTTGACATGTTTTAAGTAAAAATGCGGAAAAAGAGG

CACAACTCTTTCACACATTCAACTCACTAATCTTATTATCACATTTAAATCTATGTAAGTTTAGGCCTTAACCAAGAAAATATGTACAGTCATA

ACCCACATTCATGTACAAAATAGATTAAAGATCGAATATAGCGGGGGCCTTAGACGGGCTCGTATAATTTGGGCCTGGTATTGGGCTACTATTA

TAATCGATAGTAAAAACACGGAAGGGCAATTTGGTAATATTAGCAAATTCGAAATGTGAGAGAGAGAAACTTGGGGAGTGGGGTACTGAAAGGT
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GAGGGGTAATGGGGGTAATGTGGGGGGTGATGATAACCGCATCCAACCGTCACTACAAAACCCAAAGAAACTTCCGCACACAGAAGCAGAACCA

GAAGCAGAAGAGAGACAAGAAATAGAAACAATCGAATCGAGAGAGAGAGAGATGAGGAAA 

>Carica_papaya_evm.TU.supercontig_37.96 | supercontig_37:745272..746388 reverse 

GATGAATAACATTACACCTACATACACGTGTGTGCATGTATATATTTTTGTGATGGGGACATCGGATGGGTCCATGCGCCGACAATCTTCACAT

GGTCACCCTTTTTCAACACAGAAAGTGGATTCTTCTTAGACGCGTGTTCAAATCATGTGGCAGTTAGAGATGTTTCTGTTTCAGCTAATCCGGC

GTCGTTTAGACATTATTGCTTTACAGAAAGACACGACACAAGGAATAAGAATCAGATACGTGGCACACATGCAAAGCAAAGCTATTCTTCCCAC

TCCCCAACACTGCCTGCTAACTCTATATCGTAAATCTAGACCGTTGGTTGAATCACACGGAAAGGAATCTCAATTATTACGCACGACGGCCCAG

CCCCAGTTCGACCCAGGAAGACCGCACGGTGGTTCAGATTAAATGTTTTGTTCAATTTGTTTCGTAGGCATAAATATAAATTAAGATAAATATA

AAAATAATTTTATTTTTGAATCTTAAAAAAAAAAAATTGTATGTATAAATTTTAGTTAAAACTTTTTAAAAAGAGAAATTATCACCTACTTCGC

GCATCCACGATTTCCACCATATGAACTTGCGACAACAGATTTGCGCAATGCACGCGCATGCACCGTGAAAAAATTTGTGGGTGACTTACTTTTC

CCTTAACACTCGGGATCAAATATACTCTTCCTCTCTCTAGATGCCACGCTGTCAAAAAAGAAGTCCACGTGGCATTCAATTACACAGAAGCCGG

AACTAAAATTAAATTTAAATTGGGAGACTGTCCACGTCATCTTCCATGAAAATAAAATATTGAGAGATAAAAAAATTGGGTTAATGGGTGGTTT

AGTGGAGGGTAGTGGGGAATAACCGTCTTCTTAACTGTCACTATGAGACCAATGCCAAGACAAAAAATTAAGTCTGGTTAAATTAAATAGAAAA

TTAAATCAATTGCTGGGTCGTAGACGAGTTCTTCTGATCAGTAGTTTGGGGTAAATAAAG 

>Citrus_clementina_Ciclev10021345m.g | scaffold_3:50351700..50353151 reverse 

TTCTTGTAGCGTGCCTTTAGGCGATAAACCTTCTGTAAATGTATGTGAACTCAAAAGGAATGCTGAAGAGGGAGATTGTGATAACAAGCTGACA

GTTACCAAAAAAGCCAAAACAGAGAATGAGCCAGTCATAAATTGTTAGAGGCTGCAATAATTCAGCTGCTGAGTAATCTGCTTGTGAGAGTACT

GATTTCACTGCTCAGGCGAGTCTAAAGCTCGAGAAACACCATACAGATGCTGGTACTTCATCGGGTGATGGCTGATAATTTGAGTTTTCGTGAG

GGCTTTATACTTTGTTTCCTATTCTCCCTTGTACATACATGCTCTTCAATTTATTCATTGTAACCTTTCCATTAGTTTGCTTGGTTAGCCTTGG

TCATATGAAATTTAACGATGATGAAACTTTTTATATTATCGGCATTGTTATTGGCCAATTGATACTAATTAAGTTGCATGGTAAAGTAAGAAAC

TGTTTGCTGAGATAATTATTTTTCATTTTAAACTTTTGTTTTATAGTGTATTGTAATATAATTAGACCGACTCCCAGATTTCTGTTGAGTGATG

TGGTGCCCGACAAAATTTTGCACAAAAGGAGAAAGGGCAATGGTGTAATTTATTTTTATTTATACGAAATTGATGAATTGAAAAATAAACATAG

TAAAAGAAAATTGGTTCGGGCCAGGGCCAGGGTCAGGGTCAGGGTCAGGGTCAGGGTCAGGGTCAGGTTGGGCCACGAGAACGATGAGATAGAT

AGAAAGATAAAGAGCAGCAGGGGCATATGCGTAATTTTGAGCACGTCATTTGAATGCGAGAAAAAATTGGGGAATGTGGGTGAATTGGTGGAGC

GTTGTGGCGGTAACCGTCTTAACCGTCGCTTGCTCAAAAACAAAGAAAAGGAAAGAAGAGTTGAAGAAGAAGTTAGCGCAGTGAATCAGAGAGA

CAAATTTAATGCTTATATCAAAAATTGAAGATTGAAGTTGGTGAGTTGAGAGTGGAGGCA 

>Citrus_sinensis_orange1.1g038795m.g | scaffold00001:674070..675353 forward 

TCAAAAGACCAATTCTTGTAGCGTGCCTTTAGGCGATAAACCTTCTGTAAATGTATGTGAACTCAAAAGGAATGCTGAAGAGGGAGATTGTGAT

AACAAGCTGACAGTTACCAAAAAAGCCAAAACAGAGAATGAGCCAGTCATAAATTGTTAGAGGCTGCAATAATTCAGCTGCTGAGTAATCTGCT

TGTGAGAGTACTGATTTCACTGCTCAGGCGAGTCTAAAGCTCGAGAAACACCATACAGATGCTGGTACTTCATCGGGTGATGGCTGATAATTTG

AGTTTTCGTGAGGGCTTTATACTTTGTTTCCTATTCTCCCTTGTACATACATGCTCTTCAATTTATTCATTGTAACCTTTCCATTAGTTTGCTT

GGTTAGCCTTGGTCATATGAAATTTAACGATGATGAAACTTTTTATATTATCGGCATTGTTATTGGCCAATTGATACTAATTAAGTTGCATGGT

AAAGTAAGAAACTGTTTGCTGAGATAATTATTTTTCATTTTAAACTTTTGTTTTATAGTGTATTGTAATATAATTAGACCGACTCCCAGATTTC

TGTTGAGTGATGTGGTGCCCGACAAAATTTTGCACAAAAGGAGAAAGGGCAATGGTGTAATTTATTTTTATTTATACGAAATTGATGAATTGAA

AAATAAACATAGTAAAAGAAAATTGGTTCGGGCCAGGGTCAGGGTCAGGGTCAGGGTCAGGGTCAGGTTGGGCCACGAGAACGATGAGATAGAT

AGAAAGATAAAGAGCAGCAGGGGCATATGCGTAATTTTGAGCACGTCATTTGAATGCGAGAAAAAATTGGGGAATGTGGGTGAATTGGTGGAGC

GTTGTGGCGGTAACCGTCTTAACCGTCGCTTGCTCAAAAACAAAGAAAAGGAAAGAAGAGTTGAAGAAGAAGTTAGCGCAGTGAATCAGAGAGA

CAAATTTAATGCTTATATCAAAAATTGAAGATTGAAGTTGGTGAGTTGAGAGTGGAGGCA 

>Cucumis_sativus_Cucsa.121070 | scaffold00998:3101807..3103562 reverse 

ATAGATTATTATAATCTATTAGCGATAGACTACAATAGTAAAGTGAAATTTAATTTGTTTGACTAATATTACAACCTTCCAAATTTTGTTTTAC

TAATATCGAGTGAAACTTCTCTTTTGAGTCAATTAAACTCTTAAATTATTTTCGAGGTCAAGTTAGATTATTTATTAGAATTACTTTTGAAAAC

CACTCTTGCATTAATTCTCAAACTTGTATAGATTTTTTCAAATCTCTCTTAGAAAATGGACAATTAGAATTAAATGCATAGTCGATTCTAAAAA

AATCAAAATTTTCAAGCAAAACATAGTGGAAGGGGTAAATTGTTATATACTAACAAAAATTTAAAACTTGACACAATTATTAGTTGATGCTTAA

ATTGATACATCCCTTAAAGTTTATGGTTAATTATAAATTTGCTCTCGTTCTCAATAAATAAATAAATAAAATTAAGAACCAACAAAATAATTAA

GTAATTAGAAATTTCAAATTTCTAAAATCTCTCCAATATTGTTTATAATTACAAACCCACTAAATACCACCTTTTATAAACAATTTAACAAGTA
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TGGTAAATTACATTTCACTAAGTTGAATCTCGTATATACACATGACATTGAGCGTTGAAAGGTCGATAGAGAAAAATCTATATGGCCACAAGAG

AGACCCATCTATATTATTATATTAATATTTATAATAAAAAGTTTATAGTGAAAATGAGATATAAATAAAAACGAAAGGAAAAGGAAAAATGAAG

AGAACGTGGGGGTGAGGGGGAAATGCTTGAGGAGGGAAGTGGGGAATAACCGTCTCAACCGCCACATCGTTTCAAACAAAATTAAATTGAAAAA

ATGAATCCAAAATCTTCTTCTTCTTCTTGAAGCATAAATCCGCAAGAACAAACCCCCTGCATCCTCAAACACAATCTCATTTACCAACAAAATA

TTTGAAGATGGATTTCAAGAAACTCAGTGTTCTGTGAAGGGAGAAACCAGCAATATAATA 

>Eucalyptus_grandis_Eucgr.E01581 | Chr05:18476847..18478477 reverse 

GTAATTCATTATTCCATTTCCTTTTTCTTTTAAGAAGTTCTGTTAAATATCGAGTTCTTTTTTAAGCCCTTATCAAACTATTACGTCTTCCGGT

TGTAAAAGAAAATGGCATGATTTCAAATTATTTTATTGTGTATTTGTATATCTAAAATCACGCTAGCTCAATCAAGTTGCAAAAATATACCGTT

TTAAACCATTCGTGCTCTAGTGCAAGATCAAGACCTTTTTCATTTTAATATTGCAATCTCTTATTCGTATATCAAATTATTTCCATAAAATAAA

TATATTTCAATGGATATTCATTGATATGTTTCATTAAATTTAATAAGTCTTATTTTTTAACTTGTCCCACCTCTCTCTTTTTTGTTTCATTTCT

TTCTTTACTTGCCAGTAAAATTTGTAAAATTAGCAACATAGTGGGTAAATCGACACAAAAAGACAAAAAAATTGTTACTTAAAATGGTTAAAAT

GTATTGACTCACTCGCCTTATTTTCTAAATGGGTCCAAAAATTTATGATGTGCTGCAGTGATAATTATTTATTCATCCATACGCTTAATTAATA

TTAGTAAATTAGTTTTGCTTAGATTTCTCCGTCCCTCTTTTTTTTTTTCTCTCTATTTGTTATCCAGTAAAATTTGTAAGTCAGCGACATAAAG

CATAACTCAGTAAACGATATGTGTACCTTAAAAGCGTCAAAATGTATCTACTCACTTGGCCTATTGAGATTTCGAAGAACCAACCCCATGTTCA

TGAATAAAGCGGGAATGCTCGATTTGATTCTTTCTGCCAAACTAAGCCTTTGCTCGCCTTGAATTGCATAGCTCGTGTTCATCCTTGAATCATG

AGATCAATGCGCTAGACTTAATTCTTTTTGTTATTTTCCAATTCTCCCTAAGAAGCACGAATTACTTGGACGAAAAGAAACGTGCTGAAATAAA

AGGGAAAAAATAGGTAAAAAAGAGAGATAATACCTTGGAAAAGCGAGAGAAAATAGGGGA 

>Eutrema_salsugineum_Thhalv10006475m.g | scaffold_19:1062520..1063640 forward 

AGTTTTACCCTGTTCGACATCAATTAATTATGATATTATAAGTTTGAAATGTTAATAATTACCTTAACGAGGAGGAAGGTACTAGATGGAGCTT

TCAAAAACCCACATTTCACGACTTGTATCAATTGTAAGAAAAAGGTTATGTTATAGCATTTTATTATGTTTATATATCATCGTACAGTAATGAT

AGATTCTTCTACTTTTTGTGTTCATTTCAATTTAATAAGAATTTACTTTTGTTCGTCATGTGCTTTCTTATTTTGTGAATATATAAAATAAGTT

TGACACGTTTTGAGAAAATTAAAAGACTCTATTAGTAGTTTTGAGAGATTTAACCCATCAATCTTATTAAAACCCACATTTTCAATTTTTTTTT

TTTATCGTAGCTAATATTATTTCTTTCTTTGACATCTTTCATAGTGCCAAAACGCCGGGTAAGCGTTTATCACAAAGTCCTATATAACTGGCGA

TGTGTTTTTTCTTTTTTCTTTAACCGATTCTGATATACGTCAGTGTGTGCATATACATCTGATAACGTTCTTGCTCGGTAGGAAAAGTTTCCAA

TCTTAACTCGAATTACCTGATATCTCTGTACAGTTCAGCAATTATTACAAACACGTAAAGGTTATTTTACCAAAAGAAAAAAAAAACACGTAAA

GGTTGCATTGCATCAATTGCATATGTTGCATGAGATGTGTATCTAAAATAAGTAAATAGACTAACGAGCGAAAATCGGTGGGCTTACACGGGCT

CGCTTTTAATTGGGCTTAATTTTAGTGGGCTTGAATTCAGATAAATAAGACGAGGGCATTTTAGTAATATACACAAATTCGAAAATGCGAGAGA

AACTTGGGAAGTGGGGTACTGAAAGTGGAGGGTAATGGCCAAATGGGGGCATAACTGCATCCAACCGTCACTACAAAAGCGAAAAAAACTTCTC

CTTTTTGAAAGAAGAACACAAAAATTACCAAAAAATCCGAATATATCGAAGATGAAGAAA 

>Glycine_max_Glyma.07G110700 | Chr07:11350775..11352788 reverse 

TCAAGAATAAAGTTGTTCTTACAAGAGTCAAATCTTAACTAATGTAATTTAGTCATAAATACAATTGTCTCCTATTTTATTTAATATGTAATTT

TAATCCTTTTATTTTAAATACAGATATTTGGTCTCTTATCTTTTTCAAAAAAAATTATAATTTTTTTAATCTTTTTTATTGACTATTTTTGACC

TAATATATTCATTTAAAATATCATAAAAAATAGTTTAATTAATTAAAATGTAGAAAAAAATCATAAGAAACAAATTTAGGAAAAATTAAGGAGA

TGGGACAAAAAATTGTAGATATTCTATAAAATATGAATCAAATATCTTTATTTTAATCAAAATGAGGGATTCCACAAAATATCTATACAAATTG

TACTTAAGTTTATAAATTTCTATTTTTTTAAAGTATAATGAAGTTGGGTGGTAAAAAATTTAAATTATAAAATTAAAAATATCATTTAAATATA

AGAAAAAAATCACTAAAGAAATTCACATTAGAACGTAAAACATATTCTCCATTATTAATTGACTAATAATAGTAGTAATAATTAAAATTATTTA

ATAATATAGTAAAAATATAGTTAATAAAAAATTACAGAATAAAAAAAACTAATAATATAAAAGTGGTGAAAACTTAGTATAAGTTAGAAGAATA

ATTTTAAAATTTAAAAAGTGATTTAAGGATAAAATTATCTAATGAAATATGTAGGGGTAATTTCCACATTATTAATGGTTATATATTATAGATA

TAGTAAAAATAATAATGAGAGAGAGAACGTGGGCAAGTTAGTGGGAACGAGGCAATAACTGCCATGAATAACCGTAAAATCACTAAAGAAATTC

ACAATCGAACAACATAGTAGTAGTACTATATTAGTGTACGTGTGAGAAGAAATAGTTTAACGGGCACAACAAAAGGTGGTTAAGGTAGAAAATT

AGAGAAAACATTGTGTTGTTATGTTGTGTTGATCTTGTCTTTTATTGCATGAGTGGAAAA 

>Gossypium_raimondii_Gorai.004G165400 | Chr04:46061863..46065142 reverse 

TATAGGGTTTCGAACGTCTAGGCGAACCTTAATGCGCATGATCTTCCTTACTCATTTTGTTATAATTTTCGCGTCATACTCTATAAAATCACCA

ATGAAATTTCCCATCTATCGTGCCATGCCTTCCGACATAGAACCTAGCGGTAAGTCTTGCATTTGTACCCAAAAATTTGTGTGGAAAAAAGGAA

CTTGTACTAGATCTTCCCCTTCTTTAATCTATGGAAAATAATCAGGTGTCTATTAAAGAACCATGGTATACCGTCTAAAACCCTTTTTAGATCT
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ATCTCGTTATAAAAGTGGAACAAGATTCTGTTCTCAATTTTCGAGATAGTTACCCATTCTATAAGATGCCATAACTCTGCAAGAATATTCCTCA

TTGACGAAAAGTGGACTGCACTATCTGTGAGAACCCTTCCTACCATACAAAGACTAAAATCTTCCTCGTTTTCCTCGTCATCTTCTTGGCCCTG

AACTGGATCTTCTTCTTCGTTGGCCAAGTTCAGATTTGCTAGTTCATCCTCCATGCTTCAATTCTTTATAGCCTTAAATCCTTTATTTTTTTAT

TGAAACCTTAATTTAAGGTAAAAGCGGAGAGAAAAAGACTCCAAAACTGCTACTTTGACAGACAGAGAAAACAAAGAAAACCTAATCGTAGGTA

CTCAACTCAGTTTTATTTAAGAAGTCATATTTAAATATTGAGTTTGAGAACTTATAACCCGTATTTAATAAGAGTGCTATAATCTTTCTTCCAT

GTACTTGACTTCTCAACCCAATTTTTATCTAAGTTTCAATGTAGATCACAAAAATGTCATTTAAAAAGAAAACTATTTTAAAATTATTTTTGTA

AAAAGTGATTTTATAAATAGTCGATCATATCTAATAAAATAAATTGATGGCAACTCTTATTTTTTTTAATAAAAAATTTATATTTTTAAAAAAA

AATTCATGTTCTTTTCTAATATAATGAAGCTATTTTATGGACAAAAAAAAAAAAAAAAGG 

>Kalanchoe_laxiflora_Kalax.0473s0007 | scaffold_473:59428..61021 reverse 

TGTAATTCTCAAGAAAAATTTAAGATTGTTTTAGACTAGTTACAATTTGATTCATAATAACTTAAACTAGTGTCACACAATTAAAAAAATTAAT

CAATTTTCTACTAATCCAAAACCCCACACTTGATAGAAAAACATGATGAAACTTTCAATTTTAAAATTTTTAATTGTGTTGTATTAATTTATGT

TATTAGAGATCCAACTATAATTATTTTAAATTTAGCAAGGTTAATATTTAAATTAAACAATTGTGAAATAGTCCTAAATGACTTCTTCAATTTA

AGAAAGAGTGATAATTTGTATCTTCTTTTGTATTGTTTATTTTTTATTCTAATCTTTTTCATTTTTATTGATTCATTATACATTTTATTTTGTT

TTTTAATTTTTTTTTATTGTGAGATGCTATTTGTATGTGGGTACCAATAGTAATTAAATTAGAATACACTATCAAATCCTAGTTTACTAGATAG

GAAAATAAATGATCCTTATCTCTATACAGCTGTGCCAATATACATAAATTAAAAATAATGATGGTTTTAGACAAAACAAATATGATTAAACAAA

AATAAGGGTGATTATGTTTACTATAATTTAATAAATATTATTATTTTAATTATTATACACATGACACATAGGTACTAATTAATTATAAAAATTT

AACATTATACCGTTTCATGTGGTTGCTAGATTGCTTGGCAATTGGCATTATCTGATTCTAACCCGAAAATAAATATATCTTGGGATTTTAAGGT

AAATCAAATTTAAAAGTAGCATGTAAATAGGAAAATGAAAATAAAATAGATTTTAAAAGAAATTCTCTCCTCGCGTTTGTATGTATCTTTGTAT

ATAAATAAGTAAAACAACCTCAGAACTCAAAATACTTCGAGATTAGGCAATAAATAAAAAAGTCCAAATATTTAAAAAATTAACATAAAAAAAT

AAAACAAAAGAAAATGAGTGAAGAAAATGGGGGAGACAAGTCCGGGGCATAATTCGAAAC 

>Linum_usitatissimum_Lus10009780.g | scaffold271:169810..170756 reverse 

AAACCCAGACAACCCAAACTAGTACAATGACAACAACAACAACAACAACAACAACAAGAGTCCGGAAACGAAAGCAGCAAACGACGGGAGATCA

ATTTTTTGGTAAAATGCAACGGCTGTGGAGAGGAAAGATAGAAGGTAGGGTTTTCAACTCATTTAAATAGTTATGTTATGAGACATTAGATGAA

ATTTTTTAGGATCTAATGGTCCATATTAAATCATCTAGATTAAAAATAATTATTTAATCATCTCTATAAGTAATCTCTGTGATGGGGCTGGGTT

TAACAGTAGCAGTAGCAGTAGCAGTGAAGGTGGGAGGAGAATAATGAAAATAAGCTGAACTTTCAATTGCACTCTCGTTAAGTTTTATTCTATA

CTTTTGTTATCAATGCTCATTCATCCACCATTGATCCAGAACGAAATCTTATAATTACGCGCTCTAAATCGACAAGTAACACTTTAAAATAAAA

TTATCCTCGTACCTCCGCTTGTAGTCTTGATGTCAGTTTTATCTTGCTTTATAATTTTATCTTTCTCTTTCTTGTGTGTCAAATTTTGATACCT

ATAATTTAAAAAAAAAAAAAAGTGGTTTAATATCAATCTTGTATAGTGTTTGAAATAGATCGAGAGATGCCCTGGTTGGCCATTCAATTAGTGG

AACCAATTGAAACGGGTGCAGTGAGAATTTCAGACAGCGGAATGCAGCAGAACGTTGTATTGAACTTGAGAATTTCAAGGAAGCCGGGGGGCAA

AGATAGAGATAGATGTAAAGGCGCGGCGAGGGCTGGCTGGATAGATTTGATTTTTGAATCGGGAGAGAAAACAGGGGAATGTGGGGGGAGCATG

TTAGTGGGGGTCCGAGAGATTATTACTGATGATGGAAGTAACCGCCCTTAACTGTCACTAAGGAATAACAACCCCCCCTCTCCAGATAAATTAA

TTAAGCAACCTGTTATTATTTTTCTGCAGAAAGAATCTTGATAGTGAATAATAGACGAAA 

>Malus_domestica_MDP0000237596 | MDC005113.458:7268..9096 forward 

ACTCCTCATTGCACTAGGACTCGACTTCTTGCGTTATGACCTAGCTGACCTAGGTTTGGAGGCCCACGTACTAAACGATCCATGGTATTCTTGT

CGCAAGGCCTTCCGGGCCGAGAATGATTCTATACTCGGCCCAAACTATTATTTTGGGCCCAAACACATACATAATTTGAAACAGATTAGGCCAC

TCTGMCATGGTCTTGASCAATTTTTTTCTTTATTTTTTAATGGATTAATACTTYCGTGAATTAAAATTCACAAGTATCGTGTTTTCATTGTACT

CAGGGATGTATTTCAGTTCAATGTTGATAAGCTTTTGGCAGATTTATACATCATGCTACACTAACAGATTGAGAAGGATAAAACGCGAGATACA

GTGATTCGAAAAAAGAGGTCCAATCAACAGGCGAAGCACTTTACTTCTTTAGTTTAGAATATGGGAAGCATATGTAAACTATCAACAYATGTTT

AATTTTCTAGAAAGAAAAAAAGTTCATAAAGAAATTCACGTAAATTCTGTAAAATAGACAAAMGRTGATTCTAGACTCGTATTTTCACACAGMA

TGTTTTGARTTCGTTTACTCACGTTGGKGAATCACAYAATTGAWGRTAACGAGAAGCTAAAATGTMTGTGAGGCTTCTCAATCCTTAGAATGAT

GGACTAAYGTGGCCACTTGCTGATCCCCTTTAAAAAAAAAAATCAACAACAAAGGCGGGAAATTGGAATAAAMAATAAACTATGTGCCACATGT

TCAGGGYCACTTTTGTAATTCCACGCAGAYGATTTTGAAACGGAGAAAAAAGTGCGCATGTGGGCTCGTTAGTGGGGGGAKGACACCGGAAGGA

AGTAACCRCCTTAACCGCCACTACACAAAACGATAAAAAAAAAAAATTACARAGTGTTGCACAACTCAGAGAAGAACCAAAAAAACCCAGAAAA

CATTCCCCCCAAAAARATAAAAAGTTACTTCTTCTCTGCGTGTGAGGTAATTAATTGTGA 

>Manihot_esculenta_Manes.05G052300 | Chromosome05:3917168..3918745 reverse 
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AATATAGTTTTCAATTTTTTATTTGATTAATAAAATATTTTTTTCAAAATAGATATTTTTAATGTAATTATATCTTTATTTGTCATTATTAATT

TACTATGATGTTATTACTCTTTCTCATTAATTAAAGAATTTTGAAAATTATTTTTAATTTAAATTTACCATGTTTTACTTTTCATTAAATAAGT

ATTTAAATAGTAAATTAATGTTGTTAAATTATTTTTAACAATGTTTAAAACTTTTATTAACTTTTGAAATTATGCATATGAATTTCAATATTAT

AAATATTTTTAAAAAATTATATGAAATAAATATAAAATAATTTATATTTAAATTAATTAACTATTTTATTAACCAACCAAAATATTATAAATTA

TATGATAATTTATCATTAACTTTTAAGATTTAATTTACTTCTTACGTGACTAATTAATAAGATTTAGATTAATTATTAAAATTTCAAGTTTTGA

TTATAAATATTAATTTCTACAAAATTTGAATTTTTTTCCAATAGACTATTTTTTGACTGATTCTAAAACACAGTCTGAGTTGAAGTTTAAGGTA

GGGGCGAAATTTTTTTTTTAAAATGTTGAAAATAAAATGGTTAAGAGTTTTATAAATTTTTTTTTTTTGAAAGCAATTAGAGTTTTATAATTAA

AATGTATTTAAATTAAAAAATATATATTATTTATAATGACTAACATCTAGAATCTGGTGTTTTATACAAGCAAAAAGGTTCGGCTACAAAAGAG

GCTCGGCCCAAACTTGAATGGATCAATCCAAAACGTAAAAGGATATAAAGGTAATTTCATATAAATTTCGAACTAGAGAAAAATTTGGGAATGT

GGGCTTATTAGTGGATAGTAGTGGAAGTAACCGCCTAAACCGTCACTGCCAAGAAAATAAAAATAAATAAATAATAAAAAATAAAAACAGAGAA

AGAGAAAGGCATACCGCAGTGAATGAATCTTTAATCTTCCAAAGTGACGAGCAACAATCA 

>M._truncatula_Medtr8g006470 | chr8:571945..573793 reverse 

ATTTTTCGTTGTTGACAAAATTATTGTATAGACCGAAAATGCTAAAACAAGAAAAAATAATTTTATCTATCAAATAATGTGATAGTGACAAAAT

TACTATCTTTGTCATCTAGTTAATATGTTAGCATCATTCATACTTGTTCTGGTTACTAGAATAATGTGCTAGCATCCCAAAAAAAAGAATAATG

TGCTAGCCTTACCCTAGTTATATATCCAACCAAAGTGTTAATTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTACGAACGGAA

TATAAGTATGAGTGAAATATATATATACTATGAGTCAAACATTTTTTTTTTTTTTTATGGTGGTCGAAGTTCGAACTCCGGACCTTACATATAT

TATGCATTGTCTATATCAACTGAGCTAAGCTCACAAGGACATAAGAGATTATTAATTAAAGTTAAAACACTTTTTTTTTTTGTCAGTTAGTCTA

GTGGTTAGAATTTTCAAGGTGAATAAGTGGGTGTCCGGGGTTCGAACCCCGACCCCTGCATATAACATTTTTTATTAAGTATATATAAAGTGAA

AAAAAAAAAATCAAAATATCACCAACCAAAAACTTAAAAACAGCATGGAATCAAACAAAATGTCTATTTATTAGTTAAAATATTAGATAATCAT

AGTTTTTTTGACAGAATATTAGATAATGGTAAAAAAAAAAAAAGGAATATTAGATAATCACAGTTATTAATTATATTAATAATTAAAAAAATTA

ATGACAAACTAGTGGAGGACGTGGGCATGTTTAGTGGGGTGAGGCAGTAACTGCTACAACCGCAAAAGTCTCCAAAACATGGAATAGTGTATGT

GTGCGTGTGTAGCAAAGATTTAGGAGGAAGAAAAGAAAAAGTGAAGCATTTTCAAAGGTAGTAGAAAATGAATAAATAAATAAACCAGAATGTA

AAGTAGTTAAGTGTGTCTTGTTTTTAATGAATAATATTATTATAGGTAGAAAAAGAAAAA 

>Mimulus_guttatus_Migut.N01757 | scaffold_14:14994544..14995657 forward 

TTATAAATTAATGTATGAATTAATAATTATTAATTTATCGATAAGTTAATATTTTATTAAATTAATAGGATTTTGATGGTCCCAATTATATTAA

TTTATATAGTTTTAATTAACTATATTGCTACATTTTGCAAAATTTGATTTTTTTTTTTTTAATTTCTATTGCTAATGCTATTGTAATCAAATTC

GAAAAAAAATGTGAAGGGCATTTGAAAGTAAGTATAGTAAAAAATATAAATAAATACTTAATAAAAATGGTGGATTAAAATTTTACGAGTTCGA

CCCAATACAAATTTATAAAAACTTCAAAATTAATTTGTAGTAGAATCGAATATTTTTATCCACCTCGATTTAAATCTTTGAAATCGGACAAATA

CTGTTGAACTTATAACAAACCAACAATTGGATTTTAAATTCATAATTGTTTGTTTGGGCTTAGATCAATTATATTAGGTTTCTACTTGGATTTA

GGCCCATCAGTCATAAGTAATTCTACTACTATAAATTTATTTTATTTTGTAACAAATATTTTATTATGATATTAGTAATTTTATTAAAATAAAT

AAGCCCATAATACTTTTATTTTTAGTTTCAATTTTGCCTATTTGTCTGCCACGTGTCCCACCTCGATGGGCTGGATTAAACATGGGCTTATAGG

ATAATCACTACTACTCTTCACCCACATAAAACAAGCCCATTATTTTCGGCCCAATAAATAAGAAAAAACAAAAAACACGTGGCAATTAACTATT

GGCCTAAAAGAATTATATGAAGGGGAAATTAGTGGGCAGATAGTGGCAATAACTGCCTTAACCGTCACTATCCTAATCTTTCTCTCTCTCTTAA

CAAAATAAATAAAAGACAAGATCACAGTTTAAAAGAGTCCCATGTAAAATCTGCAGATAAAATTTGGAAACACGAAAAAATAATTAAATCACAA

ATTTTACTTTTTTTTAATTTTTTTACTGTGTGTCAGACAATATTACTAGAAGTAAAATTA 

>Phaseolus_vulgaris_Phvul.010G053200 | Chr10:8369275..8371339 forward 

TGTGAATAATAATATTTATTATTCAATTTTAATATTAAATATAATTATATATAAATAAAATAAAAAATAAAAAAACACATACACAGTAGCCGCT

AGTTATTATTAAAGTTAATATTATCATTTTCCAATTAAAATTAATGCAATATTTCGCTCCCTACATTAATTTTAAATGATATACTACTAATATT

TTAAACATATATTGTGTTTAAATTTAATAGGAAGAAAACAGCAATGATTTAAATTTAAAATAAAAAAATTAATTAGTTTTGCCATTAAATTTAT

TTTAGTTAAAATTAACAACAATAATAATAACTTGAGTAGGAGAAAAACATTTTAAGAGTTGTGTAATTATTGGGACACGTTTCCAATTATTGAA

AGTCTTCATATTTTAAAAAGTCCATAAATTTGCATCACTCTTTTATTAAGATTGTGTCTTTATTTTAAAATATTAGAGACTAAGGGCCTAAATT

TTCTTAATTAGAATAGGGTGTCCAAAGTTTTTTGAAAAGAATAAGTAGGTTATAACAATTTTCTGATCTCTAATTTTTTTTAAATTATTTTATT

TATACATTATTCTCAAATTTTAATTTCCTTCTCAAACCCTCATTTTTTTCTTTTAATAATAATGCAAAAAATATAGTTCTACTTACCACTCATT

TTACGTTATTCAAGTATAATAAAACTATCCTTAAAAGGGTATAATGAAAAATTATTTTTTTACAAAAATATCATCAAAACGTATAAAGAAATTC

CCATCTCAACTAAATAATGAAATAATAACAAATAAATAAATAATATATATAAGAGAGAGAAAAGAGGGAGAGAGAGAGAACGTGGACAAGTTAG
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TGGGAACGAGGCAATAACTGCCATGCATAACCGTAATATCCTAAAGAACATAGAACAGAACATATAAAGAATTTTAACGTAGTAGTGTGAAAAG

TAGTTCGTAGAAAATCAGAGAAAAGATTGTTCAGAGTTTTGTGGGATGCATGTGAGAAAA 

>Populus_trichocarpa_Potri.014G054700 | Chr14:4278032..4279543 forward 

ATTTAACATATTTAGACAGAGCCTCTTCATAGAGTCACTGTAGAATCTTGTTCTTAGCAACAAATAATTGTCTGAAGGAAGAGCAAATGCTTGA

AAAAGTTTATGGGGTGGAAGCGAGAAGAAACTCAGTTCATGTCTTTACATGCAGCCGATTGAAATGCTAGGTGATGCTTTCGAAAAACAATTAT

TTGGTTGCTGTTCTAATACAGATGATACAGAAAGACGGGGATAGAAAAGAGATATTTTTTTATTTTAAAAATATAAAAATCTCGTTAATTTATT

AAATTTTCTTTGTTTTTCTCCCCAACTAAAATATTTTTTTCTCTCTTTTATATCTATTTTTTTTCTGTTATATATATATATATATTTTTTTTTT

GTCATAGGACACTAATTAAATACAACATTAACTCCATCTCTGGCATTTACTATTGACTCCATCTACGATCAGATTTTAAAACAAGCCATCTATA

TTGATTTTCCTACATTTTTTTCATTTTGCAAACATTATTCGAATTAGAATTTAAATTTATAAAATATAAAGTAAAATCATTTACCATCTAAACC

AATACCTTAAAATATATTTTTTTTCCCCGCTTTAAATCTAGATGTTAAAAGGAATTTTAATTAAATTGCTAAATTAAAAAGAAAAGGAAAAGAA

AAAAAACCCAGTTTACTTTAAATACAAACCTGGGCCTGGTCCGGGCCTGAATCTCAAAGAAAATTTGGACCCATGGTTAGAAGAAACAGGGACA

TAAAAGTAACTTCAAAATCACTTTGAACTAGAGAGAAAGTCGGAGAATGTGGGCATGTTAGTGGGGAGGGTTGTGGCAATAACCGCCTTAACCG

CCACTTCCCCAAAAACAAAGAACAAAAAAAAGAAGCACGCTTCTTTTTCATCTTCAAAAACATCACAGACTCCTGTGTCGCAGAGAGAGTCTAG

CAGCAAGAACAACATAAGAGAGAGAAAGAGACAGAGAAGCAAGTGTCTAGTTGTCAGAAA 

>Prunus_persica_Prupe.2G124100 | Pp02:18037303..18039723 reverse 

ACTGTTTCTTCTGAGAAGCCGTCTTTTATTACTGAATCTCATCTTACTAGTACTAAACTTCAAAACGGTGCTGAAAGCATTAACACTAACAATG

GGCTGATCAGCCAACCAGTTGCCAATGGCATCAATACTACTTCTGCTGAGGGAACAACTTCAATGGAGACTGCTGAGGCCTTTTGACGAGTGTG

GCATCCAGCAAACTTGTGACAGATGAGCTAAAATATTAGTGCTTTAGTTAGTCGTAGGGTTTTCTTCATGTATATACTCTTCAATAGATCCAAT

TGTAGCTTTTTTGTTCGTTGACCTGATTTGTTGTACCAAGTTATATGGCTGCTAACTTACGCATTTCAAGGAAACTTTGAAAGCTAAGATATCT

TGGCCCAATGGAAGTACTAAATGTATCTCTTTATATTGTTTTTGTGAAGGAATAGCATTTAGCCATGTGAACCAGAGTCAATAGGAAAAGGAGA

ATTATTATAATGGCTGGTTTTGGAACTGTTTTTTCTTTCCTTGAAATCTTTTTTTGTTTTTTTTGGTTACATCGGAGTTCAACTCTGAGTTCAA

ATTCAGGTGGCATGGGGTGAAGCCGCCACCACTGTGGTGGGAACCCATTGGCTTCTTCTTTGAAATCTTCAAGCAGTCCTATAAGGATATCCTA

CCAAATAAATGTTTAATTTCTCGGGAATTTTTTGATTTTTTTATTAAAATATTTGAGGTAAAAATGTCAAAAGAAACAGGGCTCTTTGCTTTGA

TGGTTGGAAATCAAAATAAAAAATAAGAGAGGGCCATTTTCGTAACTTCATCGGTATGATTTTGAAACAGAGAAAAAAGTGCGAATGTGGGCTA

ACTAGTGGACGATGGCATTAGTAACTGCCTTAACCGCCACTACACAGACGATAAGAAAATTACAGAAAGTGCTGCATAACTTATAGAAAAGCTT

TTGCAAAGAAAGTGACAAATGTAACTCCTTTTGTGTCTGAGAAAGGAGAAAGAATTCTGA 

>Ricinus_communis_30174.t000181 | 30174:262065..263580 forward 

CAAGAGCAAGTATTTCAGAATAATTCAAGTCTAAATATCTCTCTGAGCGTTGTAGAGTTACATTAAAATTAAAACATACTCTAGCTAAGCCTTC

ACTTTCAAAGTCAATTTATCAATCCACAAACATCATAATAATTAGCTTCAACTCTATGGTAGCACAAAGTTTAAGGTAGGTATCACAGACATTA

AAACAAATAATGCAAATAAGCTTAACTAAGCAGGAAACTGAAAGAAATAAAAGTGATACCTTTTTAGTTGAATTATTAACTGCAGCTCTTTCGC

TAGTAGCGGATGATGAAAAAGTGGCCAAGCCCACATCAGTTACACGCTTTATAAGCTTCCTCTCCAAAACTGAAGACAACCCATTCTGGCATTC

AAATAAATCACTGCATCTGCTCCTCAGGGACATTGCTGATCTCCTAAAATGCTCCATTTTCATGCTAAAAAGAAATCTGATTCAAAGAAACAAC

TAAAGACTTCTTCTTGCTAAGGATTTTAACTATAGAGGGACGTTCAACTAATCAAATAAAGTGAACCCAGATATCGAAATTGTGAGAAATTCAA

GAACCCAAGTATCAGATTGAGGACGACTGTGGAGTAAACTGAAAAACCCCAGAACAACCAAAAAATAAATAAAAAGAACACGAACTTTGGGGTT

TTATTTTAGACACGTGATGGAGAAAACCGCACGTACAGGGAATCCGATAACCCTAATAGGACCCGTTTCTGTTGATACTGGACTCTCTCTCTAT

CTCTAATCACTCATAAAAATTTTGGGCCAACAAAATTGAAAAGGACAGTCCATTATCCAAAAGACAAAAAAGGGCAAAAAGGTAATTGAAGAAT

TTTTGAAACAGAGAAAAAATAGGGAATGTGGGCATAATGGCGGAGAGTAGTGGGAAATAAACCGCCTTTAACCGTCAATCTCAAATGGAACAGA

GAAAAGGAATTAACAAACAAGAAGAGAAGTGAAGTGACTGTCTTTATCTTTGCAGAAAAA 

>Salix_purpurea_SapurV1A.0033s0200 | chr02:11571886..11573122 forward 

GATAAAAGCAATATGATTTATTACTAACTGCACAATCAGGTTCACTTGTTTAATCTATATAACTCAAGTTTTAATGATGTTCATGGTTACTAAG

CCCTAACTAGATTTTCACTCAAACTATTTTAAAAGTTGATATGGTCAAACTTAGATTAATTCACAATCTAATTGAGTCGATGAAACCCAAAGTA

AAACTCAAGTAGTTTTTTTTTAAATATATAAAAAAGATATTATGTTTCTTTTTGCTCAAAGCAATATTGTTTGTTTTTAAAATTAAAATAATAT

TATTTTAAAATAGACTCGAGTCAACTCATAAACCCATAAATTAATATTATACTTACAACCTAACACAATCACTTAGGGTTTTGTCAATCCAACA

TTAGCATATTAAGATTTGATGCTTTCTTGGTAAAGTTTTAAGGAAACCATTTGCACTAAACCTAAACCTGTCATGAATCTCCTTTCAATCATCA

TTTGAATTTGAGATGATAAAGTGTAGAGCATAACTATTCACCATCTAAACAAAACAATCACCTTAAGAGATTAAGAAGTTCATATATATATATA
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TATATATATATATATTAAGAAACATGTTACTACCAATGTCATTATTTGCCCAATTTAAATTAATATATGAAAAAGAAGTTTTAACTAGCCTGCA

AAATTTCAAGAACAAAAAGGGAAAAACCCAGTTTATAAGAAAGGGCCTAAAACCCAAAACTAAATGTGGACCCAGCAGGGGCATAAAGGTAACT

TCAGTACAAATTTGAACTGGAGAGAAAACTGGAGAATGTGGGCATGTTAGTGGGGAGGGAAGTGGGCTTAACCGCCTTAACCGCCACTTCTCCA

AAACATACAAAAATAAAGAGAAGAAAAAAAAGAATTTCTTTCTCATCTTCAGAAACATCGTAGAATCGGAAACCCTGAACTTCTCTGTCGCAGA

GAACAAGAAGCAGCAGCAGCAACATCAAAACACAAAGACACGGAGGAAGAAGAGAAGCAA 

>Solanum_lycopersicum_Solyc01g090530.1 | SL2.40ch01:75956882..75959366 forward 

ATTATTTAGAAGCCTATATTATATTTTAGAAAGTTGTGTTTGACAAAAATGTTTGAAAAAGAAGCACAAATTGTTATTCAAAAGCTAAAAAATA

ATATAAAAATCTTCAAAGTACTTTAAAAAAAATTAGTCGAGCACTAACTATTATTTTAGTATTAGTATTTGAAAAAAATAGATGTGTGATAAAT

TCAGAAAATTATCACAATATTACAAATTTTACTCAAGTTCAAAGAGGGGAATGAAGAAACCTTACAATATTTACAAATTTTACAATATCTATTT

TTTATCAAAAATTTATCATAAAAAATAATTATTTTTCACAGTCATAGCAAAAGAATGTTTGTGATACGAAAAAAATGAAGGAAGAGAAAAGACA

GGGTAGCATGAAGGAGAAGGGTGGGGTGGAAAAAACTTGTCTCTTTTTTTTTTTTACTTAAACGCGCTTTTTTTTTATTTTTTATTTAATTCTA

TTTCCATGTCAAATTTTGAATGTAATATTAAATTCACTTTTAAAAGTATAAATATATTGGCTTCAATAATTTAAGCGTATAACTGATTTTTTGA

CGTAACGTCGAATAAATACATTCTCATTTAAAAGTGGTGTACATATATCCATGCCTTCTAACATTAATATATTTATTGAACCAAAGAGAAATCT

TTAAATCTTTTTTAAAATTTTAAATTATGATAAGGAGTGACAAATATACATCATTTGTTAAATTGCAACAATAATATGTAACCTTTTTTTATTT

TTATATATATAATAGTAATTTGAGTTAGACGTTTAATTTTATGTTTTTATCCCACATTTGAAATTTGAGAGAAAAATAGGGAACTGGGCTAAAT

GGTGGGAAGATAGTGCTTACAACCGCCTTAACTGTCACTACCCACAATCTCATTAAATAAACAAACAAAAAATCATCTGCAGCAAAAGTTGGAA

AAAAAAAAACAGAGTAGTGATAATTTTTTGATCAGAAAGATTTGGTTTTTGTTAGTGAAA 

>Theobroma_cacao_Thecc1EG005653 | scaffold_1:37667422..37669190 reverse 

AATGATGAATTATGGTGACAGTGAACCAGCTTCTGAAGTTGCAGCTCAAGAAACTGATGATTCTGGTGAGAAGAAATTTCTTGGTGACATAACT

TCAACAACTGAATCTGAACCTCAAAAGAGCGTTGAAGATGGAAGATGTGGTAATAAGGAGATTTGCGAACAGGTGGCTAATCATCAGAATGGTG

CTGTTGCTGTGGGAATTGTTTCAGAAGAGGCTGCTAATGACTCTGCAATCAGTGCTGGCTCTGACAAACAATAGACAGATGCAATTCCTTATTT

CTTTGTGTACATACACAATGAATTTAATTGTAATTTTGGGATTCAGCCAGTTGCTTTTGAAATTAATAGCATAACCAGCCAACAAAAAATTATC

TAGCATTGCCCATATAGATTTCCACATTGCTGCCAAAAGTGGATCATCTGTGGTAACTGTTGAGAAGCTATTGATGAGAAATGTTTAAAATCTT

ATACTCCACAATCCACATGTTGTAATACATGGTTTCTGTCCTATTAATTCCCAGCAGAAATCTCGCATCAAAACCTTAAATTATTGGTCTTTAT

AATTATAATGTTAATTTCCCTCATGAATGCAGGAACTTGTTGGTAATAATTTGTGAATCCCCTAGATAGTATAACCCTGATTCATTAGCCTGTG

AAACTTCAGGCCCAAGTTTTCTGGAAAGTTACATCCTGACAGGCTTTCATCCCTGTTTCTGCGCTGAGAAAGGAAGAAAGGGTTAAGGGGCATG

AATGTAACTTCAATACCATTTTTGAATGAGAGAAAAAAATGGGAACGTGGGGCTATTGGCTGAGGATAGTGGCAGTAACCGCCTTAACCGTCAT

TACCGACACAGAGAAACATAAAACGAAGATAACAAGAGTACAGAATCAATAAGAAAGTTTTCAGATAGAATATTTAGACCAACGTGAATAGCGA

GTCCTCCAAGAGACAAAAAGGGAATGCGTCTGGGTTTTCAGAGAGCGCAAATTGGGGAAA 

>Vitis_vinifera_GSVIVG01018234001 | chr15:12773481..12774819 forward 

CACAGGCATGGGCCAAGAGTTCATCATCATGACAGCACAATCGTTTCACTATGTCTTCGTACCCTTCTGCCTCAAGCCATAGCCAGAAGGAAAC

AATCCTCATGGAGAGTTGGACGTCGGTCCCCATATCAAGAATTCTGCGAAACACAATCCTTTCCAGATGGTGGAGGGCGACAATGGCCTGAACT

GCGTCCATGGAGATGAAATAAACTGTGGAGAGAATGAAAATGAGTGCCTGTGTGGAGGAACAAGCTTTGCTTCTCTCTCTCAAGAGAGAGAAAA

TTCGTGTGTGCACGTGGGGAGAGAGACAGAGACACTGGGTTGGTGAGAAACAAGAGGGATTGAGGGTTCATTTCATACTGACACTTGGGGACAG

TTTAGGACAGTTGAGAAGGGTTGTGACTGTTGAGAGAGACAGAGAGAGGCGTCTTACGTTATTTTGCAGCGGATGCAACGATTGACAGTCTGAA

AATAACATGGTGTTTGGCAGATGGGATTTTGGTTTATGAATTTGAAAAATAATTTTTTTTATTATATAATGAAAGGATTTTTAATAACAAGTTT

TTTATATTAAATAAAATATATTTTAATTTTTTTATATTCAAAATCTAAAAATTTTCATATTTTTTTCAAATATTTTTATTCTATTATGTCTAAT

CATAATTTCTCCAAAACAAAAATAAATATATAATTTTAAAATGATAATATTATCCTACGTGTCCTGTCGAAAAATTCTCCACGAAAATCCACAA

ACAATTTGAGAAAAAAAAAATCAGGTAAAATTTTGTTACCGCTAGCGTGGTATTTGGGGTAATAAGAAAAATCATGGGGGCATGATGGTAAAAT

TGAAAATTTTGAAAATAGAGAAAAATGGGGAAATGTGGGTGAATAGTGGGAAGTGGGGGGTGCCAGTAACCGCTTTAACCGTCACCAAACAAGG

AAAAAAAGAGAGAAAGAAAAGTTGCAGAGAAAACTGGAAAAGAAAGGAGTGAAATTAAGA 

>Brassica_rapa_Brara.I04172_good | A09:37231014..37231915 reverse 

CGAATCGCTCACATTTTTCTTCTTCTTGTCCCCGTGTGGCCACCGCGTCCTGTAATCATATAGCAGGAGGAGCATCTGCTCTGAATTCACTTAG

ATGGCTCAGATCCAGTAGCTTGATCAATGTGATCTGCAATTCGTCCTTGATAAGTATGTTAATCCTTCTTCCTTCTTTGTTCACTCTGTTGTTT

CTGGGATCAAACCACAAGTCAAGTTGTCTAGCCTTAGCACAGAGAATTCATTCAAGGTATATAAATAAATCGATAACTTAAAAAAGAATCCATA
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GAAGAAGCAAAGAATTGAGAACGTGACATGCTCAGTAAAGTTAGTTAACGTCCTGGTTTTTGGTCGAAAGTTCAGTGAAGAAAAATAAAAGCTT

TTCTGATCAGTTTTTCAAATACCATCTCAAGAGATGAAATTTATCTCCATGAAATTTTAACTACAAATAATTTTCAGATAATTCCAAATAACTT

CTCAGATATTTTATTTGATGAAATCCTTATTTTCCAATAAGAGGTGATTTGATAGAATTTGTATAAATGATAAAATCAATAAGCAAGGATTTAA

GATAATTTTTATAAATCACATATCCAATAAGCTGAGATTTGAAAAAAAAATGAAATCTCACCAATTTTCATTCCAATAAGCCCCCTTTGACAAT

TCAGTCATTAAAAGTACGTAAAACACAAGTACGTAAAAGACAAGTACGTAAAGTTTGCATGAGATGTGCATGCAATCATGAAGATCGAAAATAA

TGGGGCTTTACACGGGCTCACTAGATTTGGGCTTAGTTTTGGGCTAGTAAACCGATAAATAACATGAGAACATTTTAATAATTCGAGAGAGAAA

CTCGGAGAGTGGAGGTACTGAAAGTGGAAGGCATAGAGGGGGTAATGGGGGATAACTGCTTCTAACCGTTACTACAAAAGCGAAATAAACTCCC

TTTAACATTTTTGTGTAACTGAGAGAAGTATCTATCTATCCATTACTACAGATGAAGAAAATG 

>Fragaria_vesca_gene04800-v1.0-hybrid_good | LG7:11173650..11175312 forward 

TAACTGTTAAGGAAGGCAACCAGACATAGCCACAACAGAGACATCATACCTTTCTGCACATTAATTATCATTTGGTTTTCAGCGGAAACAACAG

GTTCATCGTCCTAAGTCCTAACCTGATATCCTACGTGAAACTCGTTCATCAGTCTCTTGATAGCAGCAACAATATCATTGCCACACTTGTTCCA

TGCTCGCTAAAGATAAAATTTTCACAGCTAGAATCATCAATTTCCCCAATAAATTCAAGACTTCCATTATTAAATCCATCCATTTGATGAAAAT

TCTTCATTCGAGAGGGAAAAAATTTAAAAAGAACAACCACAATATATATAGTTCTTGCATGGTCCAATCCCAAAAACCGAAACAAACAATAGGT

ATTCGAAACCTTTCACAAGTCAAAACTACATATATGAATGAGAGAGAGATATGGGGGTACCTGAGGATATAGCTAGGGAAGATGGAAAGTATTT

GATCAATCAATGCAATACGAGAACAAGGAGCAGAGAAGCTAGAAAAAAAAAAAAAACAAATTGGTGAACCTGAGAACAGGGATGAGGACTGTGG

TAGCCATATATATGTCCTCCGAGCTCCGATCAACTTCCACGTCGTTCTGATTCTCTATTTGTGCTGAGATCATGGCCCGTGGTAGTTCTCCGAT

GAACTCTCCCCCATAATTTTCTACGTGTTCAGTTAGTAAAATACTATCTTATCCTTTACACATCCGCTATGGAGTAAGTAGGATTTTGAACAAG

CATGGGCAATACGGGTCATTGGCTCAATGCATAGTCCCAAACAGAGAAAAACAAGGAATGTGGGCTATATCGTGGGAGAGGAGGGTGCAAGTAA

CCGCCTCTTAACCGTCACTGACAAACAAACTTAACAGAGAAACACTTGCACAAACTCGGACAATTTCCAAAAAGCTTCGACAACCAAAACGACA

TTGAAAGGAGAAAAACCGGAGTGTTGCTTCTGAGTCCAAGAGCGACTGAGAAAACTTGAAATG 

>Kalanchoe_laxiflora_Kalax.0004s0050_Good* | scaffold_4:310411..311462 forward 

TATATTATTATGTTCAGACTAATTTTAGTTATATTTAATAAGATTATTTTTAATATAAAAATACATGTGGTTTATATTAAATAAAAATGAATTA

TGATCCCATATAGTGAAGACGGGTTACAATAATCCAAAATAGGATAATATTATCTGAAACATGATGGTTTCATTAAAAATAAGAATCATTTTAA

ATATCAATAATCAATTCATTGTAGACACATATCAATCATCTTACCTCCCTATAGTAGAATCTACTTAAATACAATTTACAACTCATTAAAAAAT

AAAGTAAAAAAACAAAAAGAAAGAAAAAAATATCGGCGCGAGCACGGACAGCAAGCAAGTTCTTTTAGTTCAAATATTCGAATGAATAAATCAT

TTTATATATTTTATATAATATAAATATGATGTATTCCTGCAATATCCATTTCTTAATTTTTTAAAAATTGACGTTTCCCAGTATTGCTGTATCA

GTTCCCTTGCTAATTCTAACTTACCTTAAATCACGGCTTTGTAACAACAGTATTACCAGGTTGAAGTCAGTATGTTTATGTTATGTGATTTTAA

TTGAATAAAAAACATGGTGTGAAGATGCCTTGTGGATCAAGTAACAGGAGACCGGAGCAGCGCAGTGAAACAGAGAGCAGCCCAGCAAAGTCGG

AGCAGCGGTTATGGCCAGTTACCGGTGAACGTGGGATGAAGCCCTGAAGAATCGCAGACAAACCTGGGAAGTGGGGTTGAAACAACATTACCAG

AAAGATACGAAGACACGCCTGTCCCATTTTCGGAACTGGTGAGAAAGAAAAATTGAAAAAGAGAGAGTGAGAAGGAGAAAAGAAGAGTATCTCA

ACTGTAAACCGAAAACAGAGCAAGCGGAGGAGCAAAGAAGAAGATTCGGATGAGCCGCACATTCCGACCCGACAACAACTACAGCGCATCAGCA

GGAAGATTCGATAACGACATCAAAAAGGGTCCCTGGAAAGCGGAGGAAGATGAGGTTTTGATG 

>Eucalyptus_grandis_with_aaccg_sites | Chr05:18476847..18478477 reverse 

GTAATTCATTATTCCATTTCCTTTTTCTTTTAAGAAGTTCTGTTAAATATCGAGTTCTTTTTTAAGCCCTTATCAAACTATTACGTCTTCCGGT

TGTAAAAGAAAATGGCATGATTTCAAATTATTTTATTGTGTATTTGTATATCTAAAATCACGCTAGCTCAATCAAGTTGCAAAAATATACCGTT

TTAAACCATTCGTGCTCTAGTGCAAGATCAAGACCTTTTTCATTTTAATATTGCAATCTCTTATTCGTATATCAAATTATTTCCATAAAATAAA

TATATTTCAATGGATATTCATTGATATGTTTCATTAAATTTAATAAGTCTTATTTTTTAACTTGTCCCACCTCTCTCTTTTTTGTTTCATTTCT

TTCTTTACTTGCCAGTAAAATTTGTAAAATTAGCAACATAGTGGGTAAATCGACACAAAAAGACAAAAAAATTGTTACTTAAAATGGTTAAAAT

GTATTGACTCACTCGCCTTATTTTCTAAATGGGTCCAAAAATTTATGATGTGCTGCAGTGATAATTATTTATTCATCCATACGCTTAATTAATA

TTAGTAAATTAGTTTTGCTTAGATTTCTCCGTCCCTCTTTTTTTTTTTCTCTCTATTTGTTATCCAGTAAAATTTGTAAGTCAGCGACATAAAG

CATAACTCAGTAAACGATATGTGTACCTTAAAAGCGTCAAAATGTATCTACTCACTTGGCCTATTGAGATTTCGAAGAACCAACCCCATGTTCA

TGAATAAAGCGGGAATGCTCGATTTGATTCTTTCTGCCAAACTAAGCCTTTGCTCGCCTTGAATTGCATAGCTCGTGTTCATCCTTGAATCATG

AGATCAATGCGCTAGACTTAATTCTTTTTGTTATTTTCCAATTCTCCCTAAGAAGCACGAATTACTTGGACGAAAAGAAACGTGCTGAAATAAA

AGGGAAAAAATAGGTAAAAAAGAGAGATAATACCTTGGAAAAGCGAGAGAAAATAGGGGAATGTGGGGGGAGTGGGGAGGTAACCGTCATCCTA

CAACCGCCACTTTCAAAAAATCACTTACAACATGGGACAACACGAACCGGTAGACAAGAGTTCGCGGACGGGCAGAGTACGTGTTGTTTTGCAC
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AGGAAGAACGAGGAGGAAGAAGAACCTTCTGCTGCTTCATCATCATCATCATCTTTGGAGTAAGGCAGCACGTCGACGAGGGAGTCCGATGAGG

AGTTGCGCGTCGATGGAGGGGAAGAGGGAGGAGCAGCAGCAAGTGCTGAGGAAA 

>Mimulus_guttatus_Migut.B01556_good_ | scaffold_2:17134037..17135713 forward 

ATCTCCCCGTGCAGCATTCATTCATAGGCATATGAAATTGTTTATTTCAAGTAACTTAAAACCTACACTGGAAACGAGTGATTACTGCTTTGCT

GAGGAATCAGAGATGAAGAATCTGTGATGTGTCTGCTTGCTTATGAAAAAAAAGGTACGCCCGATTTTTAGGGGTACTATGGTAAAAAGGACAT

CATATAGGTTTGGCTTCACTTGAAAAGGAATGAGATGATACTTTTCAATAGTTCTCCCTTCTTAGGTTGCTTTTACGCGTGAGTATGATATTCG

TGTTTCTCTTACACGACGATATGTTCTAGTTCGACTTATAAATGCTCTGTACTGGACATTTTAGATGGAAAAATTATTTTAGTTCAAAACACTT

ATAAGACGCGTTCGTTGAAGCTTAAACATTCACCGTTTGCTACATTCGCCGAGGTTCTCGTTTATAGTTTACTACAACTGCAGCATATGTAAAA

TGTGAGTTGGAGTTCTGTGAGTAAGTATTTGTTCTACCATTCTGAATTTATGAGTTTTTTGTTTTACTCTGAAAGGGGTTATGAATTTGTGTGT

GAGGTGAAAATCGTGTGGAGATTCTACACGCTTCTACAAAGCGCTACAAGTGTCACGTGGAATTGATGAACTCACGTTTTGCAGCATCTTTCTC

CCGTTGAGATTAACTTTTATTAATAAACATTTGTAATTATTTCAAATTTTTTTGAAAAGTTTTTGCAGACCCTACTTCGTATCAAACTAGTGAA

TTAAATACGTCATAAATAAAGTTTTTGCAAATGTTTTTTAAAATGATTTTAAACACCTAATTTAAATATCATAATTCATAATAAATGAAAAATA

AAAGTTTTATCTAACACTAAAAACTAAAGGGTAAATTATGGTCAACCTGTGAGGCAAATTCAAATTACAAAAAAGAAACTCCTCATGTTGGGTA

ATTATAACAAACTTCAACTATGAATCTTCTTACATGTTTATCTTTGCGGTGTCAAATTTAATGGAATCTTCTAGATTATGTGGAATATTTTCCA

GTTTGTAGTCGTTTTACCCCATTCGAACTCCACATTTTAAAATAAGATGATCATGAAATGTATCTCTTGGCTTGTAAATATCAGATTGTGATGC

ATCACAAACTGCATTTTTGCATAAAACGAGTACAAACTAGAGAACGTTTTACGAAATCTAGAAGATTCTGTTTGTTGAATTTGACACTATAAGG

TTGGACATATAAGAAGATTCATAGTTGATGGGTGTTGATTATAATTACCTAAACATGATGTTTTTTTTTATAATTTGACCTTACCTCAAGGAAT

GGGCCGTAATACAATTTATATTTTCTTAAACCGCCACCTAATATATCATTGCATTATATTAATGGGCCAAGATAAAGGCTAAAAGCCCATATCT

TTCTGCATTTTCTTGTGTAGCCTAATTTATTGGCCCATTAAGCATCCACTAGTTGATACTCGTATCACTTCGGAAAGTTGCATGGGTATTATCA

AAAATAAATAAATAATAATAATAATAATAATAAAAAAAAAATTAATAAAAAAAAGAGGCGTCAAAATCGGGGATTGAATTTGAACAGAGAGAGA

AAATATAGGGGAAGTGGGGCAAAAATATAAAATAGTGGGTGTAGAACTGTAGATAATGCCAATAACCGCCTCAACCGCCA 

Monocots and other basal land plants: 

>Brachypodium_distachyon_Bradi3g40392_(reversed) | Bd3:42354753..42356949 reverse 

GGTCAGGTTTCAACCTCCCGGCACAACGGGACGCAGAGGAGCCCAGCAACCGCCAAACACGCCCACAATTCTGAGAGAATTCTCGTCCCAAAAC

AAAACGTGCTCATAAATCAAAAATCAAATTCAGATTACAGAGTTCATTTAGCACGCTGTCTTGGAGGAGTTCTGGCTTCACTGTCTCTGGTCGT

CGCAGGGGACTAGGCGGCCGTGTTTGCTGCAGAGCCCCTGCTCGCTTCCGCCGCCGGCCGGCACCACCTTCCCGTAGCTATACCTCAGCGGCAT

CCTCCCCAGCAGCCGGTGGAACTCCGTGATGCATCCCCCTCTCTTCTCCCAATGCGCCATCCCCGCCTGCCCGCTCAGCCCCACGCCCTTCATC

GCATCGGCATCGTCGTCGTCGTTCCTCGGGTCGCCCCAGTCCCTGACGCTGCCGGCCTCGACGAGCACGGGGCCCTCCCCGGATGCCTCGGCGG

CGACGAAGTTCATGAGGATGTCCTCGCAGTTGCGCTCCCGGTCCACCACGGCGCGCGCGGCGGCGAGGTCGGGGGAGCAGGAGTAGCGGCGGAG

GAGGGCGGGCGAGAGGAGCATGAACTTGGTGAGCACGATGGAGTAGCGCAGCGGGGAAGAAGAAGACGTAGAAGATGCCGAGGCCGCGGTGTAG

GCCCACCGGGCCTGGGCCAGGTCCAGGTGGTGGGACCGCGGGAAGAGGCCCACGAGCCGGGACGACTGGTTGTGGTGTTGGTGTTGCTGCCAGG

TGGCGAAGGCGAAGGAGATGGCGGCGGCGTCGGGGAGCAAGTCGTCGTCGGCGACGGCGACGGCGGCGGTGCGGATGACGGAGCGGAGCGGGAG

GAAGCGGGCGTTGAGGGAGGGCGAGGATGTGCGGTGGAGGGAGATGGAGGGGGGGAATGGATGGAGGCGGCGGAGGAGGGAGGATGGGGTGGAG

GGGTTGCACCAGAGGATGACGACGGCGAGGACCAGAGGGTGGGAGGCGTAGGAGGCGGCG 

>Brachypodium_stacei_Brast09G163900_(reversed) | Chr09:14271339..14273443 forward 

CGCTTCGGCCTCGATCGAGGGACGCCGAACTCGAGAGGCAGAAGCAAATGCATGCAATTGCGAGTTTGCGAGTAGTGTCTGCGGAAGAGACGCG

GCCTCTGCTTTCTTTAACTGCCGGGTTTTGGTTTGGACAGGGGGAACCGGAGTGGGGCGCGTGGCGCGATGGGGAGCATTGGGCCGGGATCGGA

CGGACCGGGTTTGGTTCGACATGGGGGACGTAGCGGGCAAGGGGAGAGGGCGCACGAACTCGCTGCCAACCGCCTCGCGCGCCCCCACGAACGC

CGATTTCCACGGGTCGGGCCTGCATGTTCTGTACTCCCGTGTCTTCGCGCACAAGGATTTTTTTTTCTTCTTTTCTTTTTCCGAAATGTGCAGA

AGGATCTTTCGTTGCGAGCATAAAAAGGAAATCGCCTCGCTGCCGTCGGATCATGAATTAAGCTCGATGACTTCGCGTTATCTTATTTGCATGA

ATTTAAACCGAAATTCAAACAAGCTGTTTGCCGAGTTCCTCATTGGGGGATAAGTGCAGTGGTTCCCAGGGTGGTTCCACGAAAGACAGGAACA

AATTTGATTAAACAAGCTTTCGCTACAAAGTTACAGAGTACAGATGTGCCTTATTGCTTTGCACTGCATCTCGCAAATGCGATCGTGGGAAGCA

ATCTAGATCACATTCACAGGCAATGCAACTCTTGCTGCTCTTGTTTCCTAGACCAGATCAATGGAACTACTCGCTTCCCTCCACACGGCGAGGA

GGAACTCTGCTCCACCTCCGGATTCTGGCGCCCAAGTCCTTCATCTCCTCCACCTGCAAACACAGAGACAGACACGAACCACGGCGATGAAAAT
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TCAGCCAGATCGAAGAATTCGTCGCACCTCGCACGGGTACAGGAGTTTTGCCTCCACGACTTACCGATCCGACGCCAGCTGCGGACACTCCCGC

GGTGACGGCGGTGGCGCCGGCGCCGACGAAGAGGGTGGCGATGGCGAACGCCTTGAACGG 

>Oryza_sativa_LOC_Os04g46384_(reversed) | Chr4:27503041..27504784 forward 

TGCCCTCACAACCGCCGCCCCACGCGCGCTCGCGAACGCAAAAGCCCAGCCACAGGGGAGGGAGGGAGGGAGGGAGTGGTGGGAGGGAGTGGTG

TTCTTATGCGAGAGCGGGGACGACGACGACAATGCTTCGTGCTTCAACTCTCAGTGTGGGGTTCCTGCAACCGGCGTAGTGGCGCGACTGAGAG

CCGTCGTGGAGGGATCGGACGGTCGGGTTTGATTCGCGGCGGCACGACTAACCGCCTCGCCACCACCAGCCCCCACGAACGCCGGGTCCGGTTC

CACCGAGAATTCTAGCGCGTACGCTCCGGGAGTCCAGGCAGCGCGCGTTTCTGGGCTATACCCTCGCGCGCGGCTCGAACGTGCTTTCTTTTTT

TTTTCTTTTTTTTTAGGTGAAACTGCCGCACGCGCGCGGGGAAAAAATTGTGATTAAGTAATTTGTTTCCAAAGAACATGACCTACTAAGATAA

CCTTCCTTTTTTTTTCACAAAACACAATTTCCTGTTTTTCTAAAAGTTTGAAGATATATTTTATAAATTGGATCTTTTGCCTCCAATTTCAATT

GAAAGTTTTTTAAATTGAAGCTGAATGTTTTCAAATTTTGAGACAAAAGTATTCAAATTTGAATAATTTGAATTTTGAGGTGACAGTTTTTAAT

TTGAGTTGAAAGTTTTCAAACCCGAGTTAAGTTTTCAAATCTCGGCTTGAAATTTTTTAATTTTGAGTTGAAAGTTTCAAATCTTCAATTGAAT

TTTTTTAATCCGAGCTGAAAGTTTTTAAATCTAAGTTGAAAAGTTTTTAAATCTGAGTTAAAATTTTTCAATCTTTACTTGAAAATTTTCAAAT

CTAAGTTAAAAGTTTTCAAATATAAATTTATACTTTCAAATCTGTACTTGAAAGTTTTCGAATCTAAGTTTAAAAAAATTCAAACCTTAGTTTA

AAACAGAAAAAAAGAAAAAAAAACGTGCATAGAGAACTTTTTTGCCGGAAAAAAGGAAAT 

>Panicum_hallii_Pahal.G01829_(reversed) | Chr07:38444660..38446968 forward 

CAGGCGTTCTATTGCCATCCGGTCACGAGCTTGCGGTCCTTCCGATCGCCGATCTGGGAAAAATTGGTTTCAGCAAGTTTGCATTTGGGGAAAA

TCAACGATGATAGCAAAAGTGCAATGTGGTCTATGGAACGAAGGAGAGGATAAATTTTGATCAAAAATAAGCTTGTGATACAAGGTACTACAGT

ACAACAGTGATCTTATTACTCATTTGCACACCAATTCAGAGTGACACACACCTAGCTCTCAAATGTGAAGCAACCCAGATCACATCCACCTCTC

TGAATTCTAGCTTCCTAGCAGGGCTGAAAATTGTCGTCCAGATCACAGTCGCGGCGTGCGGGTTAGTCACCTCCCACTCGCCGAGGAGGAGCTC

CCATCCACCTCCGGATGCTCGCGCCCACGTCCTTCATGTCCTCCACCTGCCGGACACGGACACCACCGCGGGCGCACCAGATCAGCGCAAATTC

GTGCAGCAAAACCGCAGAGTTATTCACCGCAAAGGACCGGAATTTTGGAGGAGGAGGAGGTACCGATCCGACGCCCGCGGCGAGCACTCCGGCG

GCGGCGGCGGTGGCGCCGGCGCCGACGAAGAGGGAGGCGATGGCGAACGCCTTGAACGGCATCGCCACCGCCGTGCCGCCCTTGCCCCGTCGGA

ACCACGCGACCCCGGCCGCCGCTTGTGCCGCGCTCGCCGCCGCCCACCACGGCCACCTCTCCGCCTCCGCGCCGCTGCCGCCGCCGCCTCGCTC

GTCCATCGCCGCCGCCACTAGGGTATTCGGGGGGTCAGCTCTCTGCTGCGGGAGTGGCACCGTATACAAGCGCGGAATCTCACCGACAGGTAGG

ACCCGCTTGGAAGTATCCACCTGCCAGCCCATTGAAATGTGGGACAGGTCTCCACCGAAACGCCTGTGTGGGCAATTCAGGTGACCTCACCAAG

GCACCCGCAACTGTAACCAGCCAATCGCTCGCCAGCACCCAGGATTCCTCCATGGGGCGG 

>Panicum_virgatum_Pavir.Gb01130_(reversed) | Chr07b:14320950..14323292 reverse 

GCCGGAATTCAGGTGTTCTATTGGCTCCGGTCACGAACTTGCGGTCCTTCCGATCGCCGATCTGGTAAAAATTGGTTTCAGCAAGTTTGCATTT

GGGGAAAACCAACAAAGATAGTAAAGTACAATGTAGACCATGGAACGAAGGAGATTTTGATCAAAATAAGCTTGTGATACAAGGTAGCAGTGCA

TTACAAGAGTGATCTTATTACTCATTTGCACACCAATTCAGAGTGACACACACCTAGCTCCCAAATGTGAAGCATCCTCAGGATCACATCCACC

TCTCGGAATTCTAGTTTTCCTAGCAGGGGCGCAGGGCTGAAAATTCTCGTCCAGATCACGGTCGAGGCGTGCTGGTTAGTCACCTCCCACTCGC

CGAGGAGGAGCTCCCATCCACCTCCGGATGCTCGCGCCCACGCCCTTCATGTCCTCCACCTGCAGGACACGGGCACCACCGCGGGCGCACCAGA

TCAGCGCGAATCCGTGCAGCAAAACAGCAGTGTTATTCACCGCGCAGGAGCGGAATGTCGGCGCCGGCGACGTACCGATCCGACGCCCGCGGCG

AGCACTCCGGCGGCGGCGGCGGTGGCGCCGGCGCCGACGAAGAGGGAGGCGATGGCGAACGCCTTGAACGGCATCGCCACCGCCGTGCCGCCCT

TGCCCCGTCGGAACCACGCGACCCCGGCCGCCGCTTGCGCCGCGCTCGCCGCCGCCCACCACGGCCACCTCTCCGCCGCCACGCCGCCGCCGCC

GCCGCCTCCGCGCTCGTCCATCGCCGCCGCGCACTAGGGTATTCTGGGGGGTCAGCACGCAGCTACGGGAGTGGCACCCTTTACAAGCGCGGAA

TCTCACCGACAGGTGGGACCCCCTTGGAAGTAGCCACCTGCAAGCCCACTGACATNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN

NNNNNNNNNNNGCGCCGCGCTCGCCGCCGCCCACCACGGCCACCTCTCCGCCGCCACGCC 

>Setaria_italica_Seita.7G188300_(reversed) | scaffold_7:26471202..26473387 forward 

GTCTTTCGAATCACCTATATGGTAGAAATTGGTTTCAGACAGTTTGCATTTCAGAAAATTCAGCAAAGAGAGTAAAGTAGTATGCGCACTATGG

TCTATGGAACGAAGGAGAAGTAGATTTTGATCAAAATAATAAGCTTGTGATACAAGGTAGGAGTAGTACACTACAACAGTCATCTTATTACTCC

TTTGCACACCAATTCAGAATGGCAGACACCTAGCTCACAAATGTGAAGCAATCCAGATCACATCTGCCACCCAGAATTCTACTAGTTTCCTAGC

AGGACTGAAATTTCTCGTCCAAATCACAGTTGCGGCATGCTGTCACTAGTCAGTCACCTCCCACTCGGCGAGGAGGAGCTCCCATCCACCTCCG

GATGTTGGCGCCGATGCCCTTCATGTCCTCCACCTGCAGGACACGGGCACCATCGCGGGCGCACCAGATCAGCGCGAATTCGTGCAGCAAAACC

GCAGTGTTGTTCACCGCACATGAGCGGAGCGGAATTTTGGGGTAGGAGACGTACCGATCCGACGCCCGCGGCGAGCACTCCGGCGGCGACGGCG
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GTGGCGCCGGCGCCGACGAAGAGGGAGGCGATGGCGAACGCCTTGAACGGCATCGCCACCTCCGCGCCGCCCTTGCCCCGCCTGAACCACGCGA

CCCCGGTCCCCACTTGTGCCGCGCTCGCCGCCGCCCACCACGGCCACCTCTCCGCCTCCGCGCCGCCGCCGCCGCCGCCGCCGCCGCCTCGCTC

GTCCATCGCCGCCGCCACTAGGGTATTTCGGGGTCAGCTGCGGGAGTGGCACCCAATACAAGCGCAAAATCTCACCGACAGGTGGGACCCATAA

GGAAGTAGCCAGCTGCCAGCCCACTGACATGCGGGACTGGTCGCCACCGAAGCGCCTGTTTGGGCGTATCGCGGATTCGCGGTGATCTGACCAA

GGCCAGTCCGGCACCCGCCAGTCCGCCACTGTATCCATGGATTCCATGGGGCGGAGCTCC 

>Setaria_viridis_Sevir.7G200800_(reversed) | Chr_07:25541468..25543772 forward 

TATATGGTAGAAATTGGTTTCAGACAGTTTGCATTTCAGAAAATTCAGCAAAGAGAGTAAAGTAGTATGCGCACTATGGTCTATGGAACGAAGG

AGAAGTAGATTTTGATCAAAATAATAAGCTTGTGATACAAGGTAGGAGTAGTACACTACAACAGTCATCTTATTACTCCTTTGCACACCAATTC

AGAATGGCAGACACCTAGCTCACAAATGTGAAGCAATCCAGATCACATCTGCCACCCAGAATTCTACTAGTTTCCTAGCAGGACTGAAATTTCT

CGTCCAAATCACAGTTGCGGCATGCTGTCACTAGTCAGTCACCTCCCACTCGGCGAGGAGGAGCTCCCATCCACCTCCGGATGTTGGCGCCGAT

GCCCTTCATGTCCTCCACCTGCAGGACACGGGCACCATCGCGGGCGCACCAGATCAGCGCGAATTCGTGCAGCAAAACCGCAGTGTTGTTCACC

GCACATGAGCGGAGCGGAATTTTGGGGTAGGAGACGTACCGATCCGACGCCCGCGGCGAGCACTCCGGCGGCGACGGCGGTGGCGCCGGCGCCG

ACGAAGAGGGAGGCGATGGCGAACGCCTTGAACGGCATCGCCACCTCCGCGCCGCCCTTGCCCCGCCTGAACCACGCGACCCCGGTCCCCACTT

GTGCCGCGCTCGCCGCCGCCCACCACGGCCACCTCTCCGCCTCCGCGCCGCCGCCGCCGCCGCCGCCGCCGCCTCGCTCGTCCATCGCCGCCGC

CACTAGGGTATTTCGGGGTCAGCTGCGGGAGTGGCACCCAATACAAGCGCAAAATCTCACCGACAGGTGGGACCCATAAGGAAGTAGCCAGCTG

CCAGCCCACTGACATGCGGGACTGGTCGCCACCGAAGCGCCTGTTTGGGCGTATCGCGGATTCGCGGTGATCTGACCAAGGCCAGTCCGGCACC

CGCCAGTCCGCCACTGTATCCATGGATTCCATGGGGCGGAGCTCCGTGCGGCTTCTCGTG 

>Sorghum_bicolor_Sobic.006G169700_(reversed) | Chr06:52641135..52643059 forward 

TGCCTCCACGCTAAGCGATCTCGCAGGGCAGGCAGTAGAATACAAGTGTCGTCGTGCTCTCGTCTCCTTATGGGGCGGGGGCGGGGGCGAGCGA

GTGGCGCACGTGGCGCTGTGCGGGCGCGTCCGACTGCGATCCGACGGACGGGTTTGATTCCCAAGGGGCGCCGCCAGCGTCGATGGAGCGGGCG

CACGAACGCGGGTGGTTAACCGCTCGTCCCACCCCCACGACCTCCGATTTCTGCGGGCCAAGGAAAGGATACTTCTTCGTGTCCACTGTCTAGC

CTCCGACACATGGTGCGGGAAATAAAACATTTTGTTTTTTTGTTGCAACCTGGCAAAAATCTAGGAGTTCTATTGCCGTCCGATCAGGAACTTA

CGAATTGCCATCCTTGCAACCCAACCTATGTTCGGTAAAAGTCGATTTCAGCTAGTTTGCATTTTTTTTGGTTTCATAAATCGAACAAAGGATG

CAAAGTAACTTCGGAGTATGGCCTTGTTTAGTTCACCCTGAAAATCAAAAAGTTTTCAAGATTCCCCGTCACACCGAATCTTATGGCACATGCA

TAAAACATTAAATATAGAAAAAAAAACTAATTACACAGTTTAGTTGTAATCACGAGACGAATCTTTTGATCCTAGTTAGTCCATGATTAAATAA

TATTTGTCACAAACAAACGAAAGTGCTACAATACCAAAAACTTTTCACTTTTCGGAACTAAACAAGTCATACGTGTGCTCGGTGGAAACAAGGC

GGAAATAAATTTTGAGGGATCATCAAAGTAAGCTTGTGATACAATACAAATTACAACAGTGATCTTATTACTCCTGTGCATTCTGCATTCCGAA

TTCAGAACGACACACGCTTAGCTCTGAAACGTGAAGCAATCCACACCCCTCAGCATTCTGTAGTTTCCTAGCAAGGCTGAGAAATCTCTCATCC

AAATCACGGTTGCAGCAGTGTGCTGCTTAGTCACTACCTCCCGCTCGGCGAGGAGGAGCT 

>Zea_mays_GRMZM2G105137_(reversed) | 2:20746096..20747513 reverse 

TGTCTCGACGCTGTGCGATCTCGCAGGACAAGTGTTCCGGGAGAGCGATGCGTCGTCGTGCTCCTTATGCGGCCCGGGCAGGGGCGAGCGAGTG

CCGCACGTGGCGCTGTGGGGAGTACGTCCGGTGGGGATCCGACGGACGGCTTTGATTTCCAGGGGGCGCTGCCAGAGATGGAGCGGGCGCACGA

ACGCGGACGGTAACCGCTAGTCCTCCCAACCCCCACGACCTTCGATTTCCGCGGGCCAAGATACTCCATGTCTATGCTCCGACAAGTGGTGCGG

GAAAACATTTTTTAACCTTGCAAAAAAAAAACTAGGCGTTCTATTGCCGTCCGATCAAGAACTTACGAATTGCTACCCTTACAAGTTCCAACCG

CCTATGTATCCGGTAAAAGTCGATTTCGTCTTGTTTGCATTTTTCACCGGAAAATAAATCAAACAAAGGATGCAAAGTAACTTCGGAGTACGTG

CTATGTGGAAACAAGGTGAAAATACTATTGGGGAATTAAAATAAACTTTTGATACGTACAATACAGGTACATCAGTGATTTTATTACTCCTCTC

CGTTCTCATGACGACACATGCTTATTCAGTCTCCAACAATCTTCATATGTGTATATAACCGTGTAAAATACCACTTTGCACTGTAAAATACATT

ATTTACAAAGTGTGATATAAAAATAAGAGATAATAGTGAGTAAGTTGTTGAGATAACTTAAGAGAGGCTTTGATAAGATTTTCCCCTCCAAGAG

CTCTCTAAGAGCATCTCCAAAAGCTCCTCAGAAGTCTCCCCTAAATCTATTTTTTCGGGAAAAACACAAAAACATGTCTCCAACAGTTCCCCTA

AAGCGCTCCCAACTTTTTCATAGCCCTTAAAACTTCCTCATTTGTAGCTACAAATGAGGGGTTTTTTGGGCTCCCCAGAAACAAACTGTCGCTT

TAAGGGATCTGTTGGAGAAAGGATTAAAATCTACCCCAACTTATTATTTAGATGTCCCTT 

>Spruce_(reversed) MA_130648:15900-19313 

CATTTTGTCCAGAGATTAACCCTCTAACTATGAAATAGGTAGATATGATATATATCTAAATCCCTCACCACTGTAATCTAACTATGAAATAGGT

AGATATAATATATATATATCTAAATCCCTCACTCCTGTTAATATAGATCGCCTAAAATCCAAAGCTGCTAATTATTGTTCACCAGGTCGTGGAC

AGTGGTTTCTCCCTCTGGCGGACAACCAGCAAAACGCATCGTCCCTGCTTTTGTTTTTCCTATGAAGCACAGACGGCATCTCTACTTCGCATTC
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TACAGTTCAATCGATATCGATCAAGGGTTAATTTCTAATAATCAGTACGATCTCAGAGAATAAAGCCCTTGAATTTTTCCATCGGATTCCGAAA

CGAAGATCTCACGAATAGCACAATTCAAATCACATTACTAGCCCATTGACTCCATTCTCTTTGCTCTCCTGCAAATCAGATCAAGTCTGAAGAA

ATTCCTTCAAAAATCTTGACAGATTCCTGCCACTGAGAAGTGATTGGAATGAATGTATGAGGAGTTTGATGGATGAATCTTGAGAACATAAATT

AATCTCAAACTCACTCCCCTTAAAGTGCGCCCAAGATTTCAATACGGAGGACCAAGAATCGACATTTGCTCGCACCCGACAATTCGCCAATGGT

CGGGACTGGGCAGTTATTTGGCCGTTAATCCAATATCCGTGTGCAAGGAAAAGGAGTACGTGAAGCTGTACGTGTCCAAATAACTTTGGTGGCT

TCAGTTTAGCAGATAGAAAAAAGAAATCAGTGCAAGCATAACTGCTTTAATCCATTTCTTGTAATGTAATAGCTAAGGAAGATCGATCTCTTTT

AGTTCGTCTCTATCTTGTAATTATAGTTAAGTTTTGACTGGATTTTCTTTAAAAATTCTTATCCTCCATACATCCTTAAAAAAAGCTGGCGTAG

CCCTTCTACATCCTAAAAAAGCTCGCTTTTGTTGTGGCAATCACTTGTTATCATTGAACTTAC 

>Marchantia_polymorpha_(reversed) | scaffold_34:305855..310301 reverse 

CATGAATGTGGATCACGGTCGGGAGAATGACTCAGATGCTGCAAGCGAATCCACTCATTACAGGATCCCCGTCACGATAGAGCACCAAAATCGG

TCGCCCAAGCGCTCGAACATGGACCCGCTCAAGTGATCGTCCCTCCTTCCCTCTAGCATCTAGAAATTCGAAATGTTCATCCCCGAATCTCCCT

ACGCAATGACATTGGCCGCCGGGTTTTTTTCTCCTCCTCCCCGAATGCTCCAGGTTTCCCCCCTCGCCCTCCTCCTCCTCGACCACCTCGTCCC

GGCGATCGTTCCGACTTCAAGATGCCATCGCTCTACGCTCTCACTCCCTCCCTCCCTTCCCTCACGCCCGCACGCTCACGGGAGGCCCCTTTGG

TCCCGCTGTCGGGACAGCCTTCGGCCGCTGTTCCTCTTCCGATCGAATCCTCGGTCCCGTGTCCCTGGCTCTCTCACGGTGACGAACTCTCCCT

CCCTCCGTCGTAGCGACCCACTGGCTCTTGTAGGTAATGGCCGAGGCACGTAGGCGAGCACCGCCTACGGAGGTGAATGTTTGTGAGGTGGGCC

TCAGATCCCCGCTCGCCTTAATACTTCTCTCCAGTTACCGCACGCAAAGTGAAACATACCTTGCGGTAATTATAGCTTTTACATGCGAGCCCCA

TTCCGCCTCCTTCCGCACTCCGGTCGTGTTACACGGTTTCACCCAGTCGATCACGGGCGGGCGGGAGTGCCAGAGGCCAGAACCACCTTAGTAC

ACTGTAGGCTCTGGACTGTACTCTACAGTACAGGGGGTCCGGGGTCCAGGGTCCAGGGGTCTAGACCTCACGGACGACCAGTCGGGCTGGTCCA

CAGGGTATGAAGAGCGCGGGGCCCGGTCTCGACCGAGCGGGCTGCCGGTCTAGCCTTCGCTTGCCCACGCCGTCCGCACTCCGCATGCCCGCGA

CCCACGCCGGTCCACGGTTCGAGCCCGTCCGGTTGGACAGAGTGGCTGCGACTCAGGCTCGCCGGCCGACGGAGCGCGGTCTGTGCCACATCCC

TCGGCGAGCCGAAACCCGGCGAGCGAGCGGTGGGGGCCACGGCTGTGGAGGACGAACGCTCCCGCCAGAAACTGGCCAGCCGCCGACCCGACCG

TAGTCCCCGAGGGGGGACCGGACCCTCGTGCCTTCCTTTGGGGTAACCGCCGCTCGACCTGAAAGCGACGTGAGCTTGCAGCCTTCTCCCTCCC

CCCGTCGGACCTGCGGACGTACCTCTCTCTTCTTTCTTTCTATTCAGGTTCCGGCAAGGTGCGAAATCGGCTGCGCTGCGAAAACTTACTGTCC

CGGTCCCGGTCCCGGTCGCAAGCACAGGATTGCCCCTCGGCAAAGGACTGCTGCTCTTTATTTCGTGTCCGGGTCTCGCATGTCAGAGAAACTC

TGCAATTCTGTGCAAGGTTGTCACGACGTAAAAGCACATGGCCCCCGGTCAGTTCCAGATTATTCCACCTCGTCTGCCAAATTCTGAGTGCCAG

GATGCCTTCTAGCAGAGGAGCTTTGTCTCCTAACGTTTTCCCTCATATCATACCATCTGCACTACGAA 

>Sphagnum_fallax_(reversed) | super_63:66720..70469 forward 

CATAATCCCACCTCCTTCTTTCCTTTCCTTTCCTTTCTTGCAGCAAAGCTGTAGAGCTTCTTACAACCACCTCTTCTTCTTCTTCTTCTTCTTC

CCGCTTCAGCTTCTTTCTTCAGCTAACTCTCTCTCGCTAATTTTTGTGTCGGGTTTTGGTCTCCACTCGAGCAAGCAAGCAAGCCAGGGAGATC

AGAGATGAATTCGCAGCCTCCTAAGCTGTTAAAGCGCAATTCATAACCGCCGCTACAAAATGGTAAATTCCAACACCAAACTTGATCTGGCTGC

ATTCAGCTTATTGCAAAGTTCGGCGCCGAGCTAACATTTCCAAAGCTGGGATGCACACACAAACACTCCAAAAAAAGAAGAAGAATATAATCCT

CGAAAGAGAAAATGAAGAAGAAGAAGAAGCAAACAAAACAAAACAGATAAACAACAGCTCGAGTTAGTCTCTTGGACCTAGCTGCTTACAACAA

CACTACTTTAAATTAGTCTCTTCTTCCAGCAGCAGCTCCTCCTTGCCCACCACCAATTCCACTTATAAACAAAAGCTGCTCGATACACAAGATG

ATTCTCACAAAACAAATGACAACAATTGCCATTTATAATGTTATTCAAGGATCAACCTCACAAAAGAGTTAGCTCACAATTTAAAAGAGAATTT

ACAATCACAAACAAAAAATCTACAACCCAAAAAATGGTTCCAAATCAACACTGAAAATACATTACGAGAAAACAAAGGACCACATTCTATAGAG

AGAGAGGGAGCGAGAGAGAGAGAGAGATGAAGCCTTGAACTAATGAATGAGCAGTTGTGAGAAATTAGTCGGATTGTAGACGAACACAATGTCA

GCAGATGGATATAAATAGAAGAATGTGTACGTGTGTGTGTGTGTGTGTGTGTCTCTCTCTCTCTCTCTCTCTTTCTCCGACCTTTTTCTTCGTC

TCCACGGGATCATCCGGCCTGAAGAAGTCGGAAAAAGAGTGCGGATCCACCACCAAGGAAGCAAAAAGCCCACGAGCACCGCGAACAACAACAA

CACCCAACAGCAACAACAACAGGAGCGACACCACCAACAACGTGCCCAGCCCGCACTACGACCGGCACCCGTGCTCTGGCACGCGGGCGGACCG

GGATCGTGGGCCCCCACGGGCCGGTGGGACCGCCCGCCGGCGGCGCCCGGGTGGCCTACAAGTTATATAACCATGCGGCTGTGTACCAAGGGGA

TTATTGCTAATTCATTAATAATAATAATAATAATATTATTATTATTATTATTATTGTTATTTTCTTTTTGGGGAAGATGGGAGGGCGAGCGGGG

AATCAGGAATCAGGAATCGGGAATCCAGAATCAGAATCGGAATCAGAATCTCAGTTTTTTGGTTTTTAGTTTTTCCAATTCAATTTTGTGATGT

TGCCCAAGTGACAATAGTATATAAAATGTATTTAGCCACATTTCGGCGATATTCAAATATGAAAAGTATACACACTGAATCAGCCTTTCATAGA

TATTGTATGCAATTGTGGCGACTTTTGGCGATTTTTTTAATTTAAAAAAAAAAGGAATTTGTGACAGAATATTCTTTTTAAAATTTTGACGTTT

TTTTTTGCACACAGGTTACAATTTTGCCACAAAAAAGAAAAATAAAAATAAAAATCACTTGGGCTGAGGCAGCTATTGTTTTCATGTTTTTTAT

TGGGTTTTGCTTTTTTTTTTTGTTGGTTACAAAGAAAGTTGGGTTGCTTTGGGGTTTGGGGCCATGGTTTTTTTGTTTTCAATTTGGCCATATA

GAAATTTGGTGAATTTTTCCAAAATATTAGTTTAGAATTTACACTAGGAAAGCAAATCCTTCACAATTTT 
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>Physcomitrella_patens_(reversed) | Chr09:10950037..10953560 forward 

CATGCCCTCGAAGTCTGTCTCGCAAATACCTTTTTCGCGCTCAGAATAGCTTCAACAACTGCCGTCTGAAGAAACCACACACTAAAAAATGAAC

CCTGTCAGTACTGCAACAACACCCACTAACCCAAGAACACATCTAGGCTTACGTGAGCTCCCTCTTTCACAAGAGAATCTCTAAACTCGTAAGA

TTCCACATGGTCACTAGTGAACCTCTTGTCGCTTTCCTATTCCAATCAACAAAAGAACATAATCGTTCAAGTTTGCGCACTTCACTCCGTCGCA

ACCACAGAGGTCCTTCGCACCACCCTCCATAAATATACTCTCAAGTCATCCAAACCCAATGTAACACCACTAAATCTCCCACTTAAGTTTTATT

CTCCAGAACCCAACGCAAGGCTCCGTAAATCTTTCCCCCCACCCCCCATCCCATGAGCTCGCCGGCCCACAACAACCTGCTTGTAAGCTTCTCT

CTCACCTAGTTAAGCTACCCACCTGCATGCAGCAAGCCTCCACCAAGTAGTCTGGAACCCAAGACAGAATCTAAAGCCTCAAGGAACACAAACA

CTTCCGCGACAAGGCCAGAATAACACCGCGAAAGCGTCAGTCTGCAAGGGGGAAGGGAAGGGGGATGTACTTACTTACCACCTGGTGCGCAAGC

GGCAGCAGCAGGGGAAGGTAGGATCTGGTCTCAAGCTGGGCTGCTCCCTCAAGCAGGAAGGAAGGCAGGTAGGATTTGGTGAGGGTGGGATGTA

CGTAATAAGCACAGAAAGATAGTTGTGACTTCAAATAGCCTCTCGTGGGAATTCGCATCGGGGATAGGCGGAACTCTCCGCGTTTTCCGGTAGA

TGAATCTGTCCAGGAAACAATGGTGATTTCTGCTTGCAATACAGGCGGCTAGTCGCGGTTGTATAGTTCTTGTAGGCGCGATCAATTCATCAAC

TACTTTGCTCTGTTGAATCCTTGCGCTAGGGCTTTTTCGAGGGTGGCCCTCTGTGGTTGTTCGGCTGGATACCAAACAATAATCTAGCACTAGA

CAAGGTACTAAGGGTTCGAGTTAAGGTTTTCTCAAATGGCGCACTCATACGCCAATGCAGTTCGTTCGTATGCTCCCTATGGCAGCAGAGGCGA

TATACCCACGTTCGAGGTGGACAGAGACGCCACCATCCATGTTATCCGTATGCGGATTTGACGGCACCCATATTGTAGGCAACACAACCATTTC

AGCTGCTTGCAGGGAATACTTCTCACCTCTATACAAGGCTAATATTAGAAATATGGATACATTAATAGCAGAAGTAGAAATACTATCAGCTATA

TCACATACTATAACTCAACTCATGTCCGAGGAGTTGAAGAAACCGATTGAATGAGTTGAACTTCATATAGCAGCAAATACAATGGCAAAAGAAC

ATGTCTCTAGACAGTTCTTCTTTCTTTTTTTCTTAGAATATTCAGAGGTTATTAGGATATATTATTCAAGTATGATCAAAGAGTAGCTAACTAG

AGGTTTATTGCCTTCTAATGTTATCAAGGGATTGATAACTCTAACACCAAAGGGTAGAAACAAGAAACAACTTGAGAATTGGTGCTCCATTATA

CTTCTCAATGTGTCATACAAAATATATGCTAAAATACTCCAAACACAACTTCAAGATATTTTAGGTGAAGTTATCAATTTTAATCAAAGAGCCT

TTATACCTAATAGATATATATTAGATAATATACTACTTACCTATGAGATGTTGGCATGGGCCAAGAAAACCAAATAAAATTTAATTTTCTTAAA

ATTTAGACTTTTCCAAAGCATATGACAGAGTCAATTGGCAATTCTTATTTGCAACCATGATTAGAATGGGCTTTCTATCAAAAAAATTAAATAT

GATAAAGATCACACTCACAAGCACTGAAGCAATGATGAATGCTAATGGCCAAGTAACCACATTCTTTCTAATCAATTGCAAAGTACATTAAGGA

TGTCCAATAGCTTCATATATTTTTTTGATAATAAAAGAGGCCTTGAATGCCAGAATATGTCTAGCTCAAAAATAAGGATTACTTATAGGAATAC

ATCTACCATGGACAAAAAATCAACAACTAATCT 

8.3 Primers and plasmids used in this thesis 

Table 8-1 Primer Table used for PCR 

Name Sequence Description 

BP20 GGGGACAACTTTGTATAGAAAAGTTGAAAGAATTCAATGTGC

AAAGTC 

F ROD2 with attB4 

BP21 TCTCTCGCACTCGAGAGCCTTGAAAGTTGAAACTACG R ROD2 with linker 

BP22 GCTCTCGAGTGCGAGAGAAACTTGGGGAGTGGGGTACT F ROD1 (M4) with 

linker 

BP23 GGGGACTGCTTTTTTGTACAAACTTGTTTCTTTGGGTTTTGTA

GTGG 

R ROD1 with attB1r 

BP24 GGGGACAACTTTGTATAGAAAAGTTG AGA GAA ACT TGG 

GGA GTG GGG 

M4 F+attB4 

BP25 GCTGGC CTGCAG AGA GAA ACT TGG GGA GTG GGG M4 F+ Pst1 (E1) 

BP26 GCTGGC GGATCC AGA GAA ACT TGG GGA GTG GGG M4 F+ BamH1 (E2) 

BP27 GGGGACAACTTTGTATAGAAAAGTTG AAA GTG GAG GGT 

AAT GGT AAT G 

M1 F + attB4 
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BP28 GCTGGC CTGCAG AAA GTG GAG GGT AAT GGT AAT G M1 F + Pst1 (E1) 

BP29 GCTGGC GGATCC AAA GTG GAG GGT AAT GGT AAT G M1 F + BamH1 (E2) 

BP30 GGGGACTGCTTTTTTGTACAAACTTG 

CGGTTGGATGCGGTTATCACC 

M1 R +attB1r 

BP33 GGGGACTGCTTTTTTGTACAAACTTG TTT CTT TGG GTT TTG 

TAG TGG CGG 

ROD1 R + attB1r 

BP36 GGGGACAACTTTGTATAGAAAAGTTG CCT TTC GGT AAA 

TGT CCA ATA AAG 

ROD2 Block 1 F 

+attB4 

BP37 GCTGGC CTGCAG CCT TTC GGT AAA TGT CCA ATA AAG ROD2 Block 1 F+ Pst1 

(E1) 

BP38 GCTGGC GGATCC CCT TTC GGT AAA TGT CCA ATA AAG ROD2 Block 1 F+ 

BamH1 (E2) 

BP39 GGGGACTGCTTTTTTGTACAAACTTG AAG GCC AGA CAA 

ACT CAG TAA 

ROD2 Block 1 R 

+attB1r 

BP42 GGGGACAACTTTGTATAGAAAAGTTG ATT ATT ACT GAG 

TTT GTC TGG CC 

ROD2 Block 2 F 

+attB4 

BP43 GCTGGC CTGCAG ATT ATT ACT GAG TTT GTC TGG CC ROD2 Block 2 F+ Pst1 

(E1) 

BP44 GCTGGC GGATCC ATT ATT ACT GAG TTT GTC TGG CC ROD2 Block 2 F+ 

BamH1 (E2) 

BP45 GGGGACTGCTTTTTTGTACAAACTTG CCG TAT TTT ACA GCA 

AAT GTA G 

ROD2 Block 2 R 

+attB1r 

BP48 GGGGACAACTTTGTATAGAAAAGTTG CTA CAT TTG CTG 

TAA AAT ACG G 

ROD2 Block 3 F 

+attB4 

BP49 GCTGGC CTGCAG CTA CAT TTG CTG TAA AAT ACG G ROD2 Block 3 F+ Pst1 

(E1) 

BP50 GCTGGC GGATCC CTA CAT TTG CTG TAA AAT ACG G ROD2 Block 3 F+ 

BamH1 (E2) 

BP51 GGGGACTGCTTTTTTGTACAAACTTG TGA AGG ATC TTC 

GAG ACT CG 

ROD2 Block 3 R 

+attB1r 

BP54 GGGGACAACTTTGTATAGAAAAGTTG attB4 

BP55 GGGGACTGCTTTTTTGTACAAACTTG attB1r 
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BP56 TCT CCC ATT CCA CCA TTG AAGCTT AGA GAA ACT TGG 

GGA GTG G 

M4 F+ HindIII (E3) + 

linker 

BP58 TCT CCC ATT CCA CCA TTGAAGCTT CCT TTC GGT AAA TGT 

CCA ATA A 

ROD2 Block 1 F+ 

HindIII (E3) + linker 

BP60 TCT CCC ATT CCA CCA TTG AAGCTT Linker F 

BP61 CAA TGG TGG AAT GGG AGA TTCGAA Linker R 

BP62 GCTGGC CTGCAG CGGTTGGATGCGGTTATCACC M1 R + Pst1 (E1) 

BP63 GCTGGC AAGCTT CGGTTGGATGCGGTTATCACC M1 R + HindIII (E3)  

BP64 GCTGGC GGATCC CGGTTGGATGCGGTTATCACC M1 R + BamH1 (E2) 

BP65 GCTGGC CTGCAG TGA AGG ATC TTC GAG ACT CG ROD2 Block 3 R+ Pst1 

(E1) 

BP66 GCTGGC AAGCTT TGA AGG ATC TTC GAG ACT CG ROD2 Block 3 R+ 

HindIII (E3)  

BP67 GCTGGC GGATCC TGA AGG ATC TTC GAG ACT CG ROD2 Block 3 R+ 

BamH1 (E2) 

BP68 GCTGGC CTGCAG AAG GCC AGA CAA ACT CAG TAA ROD2 Block 1 R+Pst1 

BP69 GCTGGC GGATCC AAG GCC AGA CAA ACT CAG TAA ROD2 Block 1 

R+BamH1 

BP70 GCTGGC AAGCTT AAG GCC AGA CAA ACT CAG TAA ROD2 Block 1 

R+HindIII 

BP71 GCTGGC AAGCTT ATT ATT ACT GAG TTT GTC TGG CC ROD2 Block 2 

F+HindIII 

BP75 GCTGGC AAGCTT CTA CAT TTG CTG TAA AAT ACG G ROD2 Block 3 

F+HindIII 

BP76 GCTGGC AAGCTT AAA GTG GAG GGT AAT GGT AAT G M1 F HindIII 

BP77 GCTGGC CTGCAG TTT CTT TGG GTT TTG TAG TGG CGG ROD1 R Pst1 

BP78 GCTGGC GGATCC TTT CTT TGG GTT TTG TAG TGG CGG ROD1 R BamH1 

BP79 GCTGGC AAGCTT TTT CTT TGG GTT TTG TAG TGG CGG ROD1 R HindIII 

BP80 GCTGGC CTGCAG CCG TAT TTT ACA GCA AAT GTA G ROD2 Block 2 R+Pst1 

BP81 GCTGGC GGATCC CCG TAT TTT ACA GCA AAT GTA G ROD2 Block 2 

R+BamH1 

BP82 GCTGGC AAGCTT CCG TAT TTT ACA GCA AAT GTA G ROD2 Block 2 

R+HindIII 



216 

 

BP83 ggggacaagtttgtacaaaaaagcaggcttcATGAATCCATTTTACTCTACATTCCCAG

A 
F primer AT5G51990 

DREB1D attB1 

BP84 ggggaccactttgtacaagaaagctgggttCTCGTCAAAACTCCAGAGTGACACGTCA

CC 
R primer AT5G51990 

DREB1D attB2 

BP85 CGTTTTAAAACCTAAGAGTCAC Gene amplification 

from positive yeast 

colonies GAL4AD-RV 

BP86 CTATTCGATGATGAAGATACCCC Gene amplification 

from positive yeast 

colonies GAL4AD 

BP87 GGGGACAACTTTGTATAGAAAAGTTGCTTCTACCAGTAGAGG

AATAAACAATA 

RD29ApF500 

BP88 GGGGACTGCTTTTTTGTACAAACTTGGGAGTAAAACAGAGGA

GGGTCTCACTAA 

RD29ApR 

BP89 AAAAAGCAGGCTCTATGGAAGCGAAGAAGGAAG DUO1cDNAattB1F 

BP90 AGAAAGCTGGGTAAGGACTTGGGATTGGATCAAC DUO1cDNAattB2R 

BP91 GCTGGC CTGCAG GTTTGTCTGGCCTTTGTTTGG G shorter F Pst1 

BP92 GCTGGC CTGCAG CAGCAAATGTAGAAAGAATC G shorter R Pst1 

BP93 GCTGGC GGATCC GTTTGTCTGGCCTTTGTTTGG G shorter F BamH1 

BP94 GCTGGC GGATCC CAGCAAATGTAGAAAGAATC G shorter R BamH1 

BP95 GCTGGC AAGCTT GTTTGTCTGGCCTTTGTTTGG G shorter F HindIII 

BP96 GCTGGC AAGCTT CAGCAAATGTAGAAAGAATC G Shorter R HindIII 

BP97 GGGGACAACTTTGTATAGAAAAGTTG 

GTTTGTCTGGCCTTTGTTTGG 

G shorter F attB4 

BP98 GGGGACTGCTTTTTTGTACAAACTTG 

CAGCAAATGTAGAAAGAATC 

G shorter R attB1r 

BP99 GCTGGC CTGCAG CTATCCTGATTATTACTGAG G part1 F Pst1 

BP100 GCTGGC CTGCAG CAATTTTTACAGGACAGCTGTCC G part1 R Pst1 

BP101 GCTGGC GGATCC CTATCCTGATTATTACTGAG G part1 F BamH1 

BP102 GCTGGC GGATCC CAATTTTTACAGGACAGCTGTCC G part1 R BamH1 

BP103 GCTGGC AAGCTT CTATCCTGATTATTACTGAG G part1 F  HindIII 

BP104 GCTGGC AAGCTT CAATTTTTACAGGACAGCTGTCC G part1 R  HindIII 
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BP105 GGGGACAACTTTGTATAGAAAAGTTG 

CTATCCTGATTATTACTGAG 

G part1 F attB4 

BP106 GGGGACTGCTTTTTTGTACAAACTTG 

CAATTTTTACAGGACAGCTGTCC 

G part1 R attB1r 

BP107 GCTGGC CTGCAG GGACAGCTGTCCTGTAAAAATTG G part2 F Pst1 

BP108 GCTGGC CTGCAG AGAGCCTTGAAAGTTGAAACTACG G part2 R Pst1 

BP109 GCTGGC GGATCC GGACAGCTGTCCTGTAAAAATTG G part2 F BamH1 

BP110 GCTGGC GGATCC AGAGCCTTGAAAGTTGAAACTACG G part2 R BamH1 

BP111 GCTGGC AAGCTT GGACAGCTGTCCTGTAAAAATTG G part2 F  HindIII 

BP112 GCTGGC AAGCTT AGAGCCTTGAAAGTTGAAACTACG G part2 R  HindIII 

BP113 GGGGACAACTTTGTATAGAAAAGTTG 

GGACAGCTGTCCTGTAAAAATTG 

G part2 F attB4 

BP114 GGGGACTGCTTTTTTGTACAAACTTG 

AGAGCCTTGAAAGTTGAAACTACG 

G part2 R attB1r 

BP115 ggggacaagtttgtacaaaaaagcaggcttc ATG GCT GGT TTA AGA 

TCA GTC 

At1G02670 F + attB1 

BP116 ggggaccactttgtacaagaaagctgggtt 

TTATGCGAACAGGGACTTG 

At1G02670 R 

BP117 ggggacaagtttgtacaaaaaagcaggcttc ATG GAT TCT GCT ATT 

GAA ATT AG 

At3G20010 F 

BP118 ggggaccactttgtacaagaaagctgggtt  

CTACACCATAAACAGATACTTG 

At3G20010 R 

BP119 ggggacaagtttgtacaaaaaagcaggcttc ATG GAT ATG ACT AGT 

TGT GTT G 

At3G24340 F 

BP120 ggggaccactttgtacaagaaagctgggtt 

TCAGAAGAAGCTGGTATTCAT 

At3G24340 R 

BP121 ggggacaagtttgtacaaaaaagcaggcttc ATG GAC AAA GCC AAT 

ACC AAC 

At4G00232 F 

BP122 ggggaccactttgtacaagaaagctgggtt 

TCAAAGCTTTATAATCCGCTTACTC 

At4G00232 R 

BP123 ggggacaagtttgtacaaaaaagcaggcttc ATG GCT GGT ATT GAT 

AAT AAA GC 

At4G26440 F 
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BP124 ggggaccactttgtacaagaaagctgggtt 

TCATATCTGTCGTAATCTACTC 

At4G26440 R 

BP125 ggggacaagtttgtacaaaaaagcaggcttc ATG TCT CAC AGG GAT 

CAT GG 

At5G07060 F 

BP126 ggggaccactttgtacaagaaagctgggtt 

TCATATATATGGTGGTGGTGTGGG 

At5G07060 R 

truncated 

BP127 ggggacaagtttgtacaaaaaagcaggcttc ATG AAA AGG CGA CAG 

TGT G 

At5G07400 F 

BP128 ggggaccactttgtacaagaaagctgggtt  CCT CCC TCA GCT CCT GA At5G07400 R 

BP129 ggggacaagtttgtacaaaaaagcaggcttc ATG CAG CCA TTA AAT 

ATG GCT G 

At5G49240 F 

BP130 ggggaccactttgtacaagaaagctgggtt CAA CAT TTT TGC TTT TAT 

TCT TGA 

At5G49240 R 

BP131 ggggacaagtttgtacaaaaaagcaggcttc ATG GGT CTT TTT GAT 

TGT AGG G 

At5G58610 F 

BP132 ggggaccactttgtacaagaaagctgggtt 

TTAAGTATTGGTTCTCTCCCA 

At5G58610 R 

BP133 CGCCACCACCTGTTCCTGGG TTOM qPCR F 

BP135 tcatcgactcaagggcaaaaacg DUO1 qRTPCR primer 

F qPCR 

BP136 aggaaccatctgggaacatgaagaa DUO1 qRTPCR primer 

R qPCR 

BP137 CCCGGTGAGATAGCCGATCCCT ACA3 F house keeper  

qPCR 

BP138 TGCGGGACAGGGAAGAGGCA ACA3 R house keeper  

qPCR 

BP139 GCGGTCCGGGACACGGAATC AT3G07820 F house 

keeper qPCR 

BP140 TGGCCCTCTGCAGCTTGCTC AT3G07820 R house 

keeper qPCR 

BP141 GGGGACAACTTTGTATAGAAAAGTTG 

GCGAGAGAAACTTGGGGAGTGGGG 

Block L F +B4 



219 

 

BP142 GGGGACTGCTTTTTTGTACAAACTTG 

CACCCACATTACCATTACCC 

Block L and M R +B1R 

BP143 GCTGGC CTGCAG GCGAGAGAAACTTGGGGAGTGGGG Block L F + PST 

BP144 GCTGGC CTGCAGCACCCACATTACCATTACCC Block L and M R + 

PST 

BP145 GCTGGC GGATCC GCGAGAGAAACTTGGGGAGTGGGG Block L F +BAMHI 

BP146 GCTGGC GGATCC CACCCACATTACCATTACCC Block L and M R 

+BAMHI 

BP147 GCTGGC AAGCTT GCGAGAGAAACTTGGGGAGTGGGG Block L F +HindIII 

BP148 GCTGGC AAGCTT CACCCACATTACCATTACCC Block L and M R 

+HindIII 

BP149 GGGGACAACTTTGTATAGAAAAGTTG GGA GTG GGG TAC 

TGA AAG 

Block M F +B4 

BP150 GCTGGC CTGCAG GGA GTG GGG TAC TGA AAG Block M F + PST 

BP151 GCTGGC GGATCC GGA GTG GGG TAC TGA AAG Block M F + BAMHI 

BP152 GCTGGC AAGCTT GGA GTG GGG TAC TGA AAG Block M F + HindIII 

BP153 GGGGACAACTTTGTATAGAAAAGTTG 

GATAACCGCATCCAACCGCC 

Block N F  +B4 

BP154 GCTGGC CTGCAG GATAACCGCATCCAACCGCC Block N F  +PST 

BP155 GCTGGC GGATCC GATAACCGCATCCAACCGCC Block N F  +BAMH1 

BP156 GCTGGC AAGCTT GATAACCGCATCCAACCGCC Block N F +HINDIII 

BP157 GGGGACAAGTTTGTACAAAAAAGCAGGCTTC ATG GCT CCT 

GTT TCA ATG CC 

At1G65910 F + attB1 

BP158 GGGGACCACTTTGTACAAGAAAGCTGGGTG AC 

AAATAAGACTTATGGTAGAAACAGC 

At1G65910 R no stop 

+ attB2 

BP159 GGGGACAAGTTTGTACAAAAAAGCAGGCTTC ATG GCT CCG 

GTC TCG TTG 

At5G17260 F + attB1 

BP160 GGGGACCACTTTGTACAAGAAAGCTGGGTG  ACA GAA AAT 

AAT AGT AAG ACA TTT G 

At5G17260 R no 

stop+ attB2 

BP161 GGGGACAAGTTTGTACAAAAAAGCAGGCTTC ATG GCT CCT 

GTC TCG TTA CC 

At3G03200 F+ attB1 

BP162 GGGGACCACTTTGTACAAGAAAGCTGGGTG ACA GAA AAA 

AAT AGC AAG ACA TTT G 

At3G03200 R no 

stop+ attB2 
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BP163 GGGGACAAGTTTGTACAAAAAAGCAGGCTTC ATG AGT GGC 

GAA GGT AAC TTA GG 

At2G43000 F+ attB1 

BP164 GGGGACCACTTTGTACAAGAAAGCTGGGTG ACA GGG TTT 

AGT GTT GCC ATC 

At2G43000 R no 

stop+ attB2 

BP165 GGGGACAAGTTTGTACAAAAAAGCAGGCTTC ATG GTT CTA 

GTT ATG GAT GAT G 

At5G39820 F+ attB1 

BP166 GGGGACCACTTTGTACAAGAAAGCTGGGTG ACA ATT GTT 

AGT GGA ATA CGA CG 

At5G39820 R no 

stop+ attB2 

BP167 GGGGACAAGTTTGTACAAAAAAGCAGGCTTC ATG GCG GCT 

GAT CCT TCG G 

At1G26870 F+ attB1 

BP168 GGGGACCACTTTGTACAAGAAAGCTGGGTG ACA GGT TGT 

ACT GGA GAA AC 

At1G26870 R no stop 

+ attB2 

BP169 GGGGACAAGTTTGTACAAAAAAGCAGGCTTC ATG GGG AAA 

ACT CAA CTC GC 

At5G09330 F+ attB1 

BP170 GGGGACCACTTTGTACAAGAAAGCTGGGTG ACA CAT TTT 

TGG TCT ATG TCT CAT G 

At5G09330 R no 

stop+  attB2 

BP171 GGGGACAAGTTTGTACAAAAAAGCAGGCTTC ATG GGT CGT 

GGC TCA GTG ACG 

At5G04410 F +attB1 

BP172 GGGGACCACTTTGTACAAGAAAGCTGGGTG ACA CCG AGC 

AGA CAC CAT GG 

At5G04410 R no stop 

+attB2 

BP173 GGGGACAAGTTTGTACAAAAAAGCAGGCTTC ATG GAA TCG 

GTG GAT CAA TC 

At4G36160 F+ attB1 

BP174 GGGGACCACTTTGTACAAGAAAGCTGGGTG ACA AAC ATG 

TAA ATC CCT ATA TAA G 

At4G36160 R no 

stop+ attB2 

BP177 GGGGACAAGTTTGTACAAAAAAGCAGGCTTC ATG AGT TAC 

ACG ACG GCG ACT GC 

At3G11440 F + attB1 

BP178 GGGGACCACTTTGTACAAGAAAGCTGGGTG ACA CAG CGA 

CCA AAC AGG AGG C 

At3G11440 R no stop 

+attB2 

BP179 GGGGACAAGTTTGTACAAAAAAGCAGGCTTC ATG GAA GAA 

CAG AAA ATT CAA G 

At5G11050 F +attB1 

BP180 GGGGACCACTTTGTACAAGAAAGCTGGGTG ACA GAA CAA 

TGG GAA CCA AAT G 

At5G11050 R no stop 

+ attB2 
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BP181 GGGGACAAGTTTGTACAAAAAAGCAGGCTTC ATG GGG AAT 

AGA AGA GCA CC 

At3G12820 F+ attB1 

BP182 GGGGACCACTTTGTACAAGAAAGCTGGGTG ACA GCA AGT 

TTG GTT ATC CAA G 

At3G12820 R no 

stop+ attB2 

BP183 GGGGACAAGTTTGTACAAAAAAGCAGGCTTC ATG AAC AGC 

GAC GGT GTT TG 

At1G12860 F+ attB1 

BP184 GGGGACCACTTTGTACAAGAAAGCTGGGTG ACA AAC CAA 

ACC AGC GTA ACC  

At1G12860 R no 

stop+ attB2 

BP185 GGGGACAAGTTTGTACAAAAAAGCAGGCTTC ATG GAA CTG 

TCG ACT CAA ATG 

At5G65640 F+ attB1 

BP186 GGGGACCACTTTGTACAAGAAAGCTGGGTG ACA CAA GCA 

GCT TCC ACC ATA AC 

At5G65640 R not 

stop +attB2 

BP187 GGGGACAAGTTTGTACAAAAAAGCAGGCTTC ATG GCC TTG 

GAG GCT GTA G 

At1G72210 F+ attB1 

BP188 GGGGACCACTTTGTACAAGAAAGCTGGGTG ACA GCT AAA 

GGA TGA CTC TTC 

At1G72210 R no stop 

+attB2 

BP191 GGGGACAAGTTTGTACAAAAAAGCAGGCTTC ATG CCG TCG 

GAG ATT GTT G 

At2G40340 F+ attB1 

BP192 GGGGACCACTTTGTACAAGAAAGCTGGGTG ACA TGT AGA 

TCC ATG AAC ATC TTT G 

At2G40340R no 

stop+ attB2 

BP193 GGGGACAAGTTTGTACAAAAAAGCAGGCTTC ATG CCC AGG 

AAA CGG AAG TC 

At2G40350 F+attB1 

BP194 GGGGACCACTTTGTACAAGAAAGCTGGGTG ACA GTC TGA 

CCT GAC CAA AAC 

At2G40350 R no stop 

+attB2 

BP195 GGGGACAAGTTTGTACAAAAAAGCAGGCTTC ATG GAT CCA 

TTT TTA ATT CAG TC 

At3G23240 F +attB1 

BP196 GGGGACCACTTTGTACAAGAAAGCTGGGTG ACA CCA AGT 

CCC ACT ATT TTC 

At3G23240 R no stop 

+attB2 

BP199 GGGGACAAGTTTGTACAAAAAAGCAGGCTTC ATG GAA CGT 

GGA GGC TTC C 

At5G47670 F+ attB1 

BP200 GGGGACCACTTTGTACAAGAAAGCTGGGTG ACA GTA CTT 

ATG TTG TTG AGT C 

At5G47670 R no stop 

+attB2 
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BP201 GGGGACAAGTTTGTACAAAAAAGCAGGCTTC ATG GCG GAT 

ACG CCT TCG 

At2G38880 F+ attB1 

BP202 GGGGACCACTTTGTACAAGAAAGCTGGGTG ACA CCA GCT 

CGG CAT TTC TTC 

At2G38880 R no stop 

+attB2 

BP203 GGGGACAAGTTTGTACAAAAAAGCAGGCTTC ATG GGG GAT 

TCC GAC AGG G 

At5G47640 F+ attB1 

BP204 GGGGACCACTTTGTACAAGAAAGCTGGGTG ACA AGT CCT 

TGT CCT ACC GG 

At5G47640 R no 

stop+ attB2 

BP205 GGGGACAAGTTTGTACAAAAAAGCAGGCTTC ATG GAT AAT 

TCA GCT CCA GAT TC 

At5G24520 F+ attB1 

BP206 GGGGACCACTTTGTACAAGAAAGCTGGGTG GCA GCT CCT 

TAG AGT TTG A 

At5G24520 F at end 

of gene +attB2 

BP207 GGGGACAAGTTTGTACAAAAAAGCAGGCTTC ATG GTT ACG 

AGC AGC GAT C 

At3G26640 F+ attB1 

BP208 GGGGACCACTTTGTACAAGAAAGCTGGGTG ACA GAC CCG 

GAG AAT CTG C 

At3G26640 R no stop 

+ attB2 

BP209 AGATGGCTCGTACTAAGCAAACAG HTR5-qF qPCR 

BP210 GCAGACTTACGTGCAGCCTTTG HTR5-qR qPCR 

BP211 TCATTCATCATTGGGAGCAAACCC MYB101-qF qPCR 

BP212 GCAAAGGTGTTGTGGTTGAAGGG MYB101-qR qPCR 

LucR GGG CGC AAC TGC AAC TCC GA Luciferase R primer 

35S F AGT TCA TTT CAT 35S Forward primer 

BP213 ACGGCCATGTTGTTGTCCTCGG TTOM R primer 

BP214 GAA GGG ACT AAG GCG GTT ACG H2B Forward 

screening primer 

BP227 (Was 

215) 

TGTATAGAAAAGTTGTGCGAGAGAAACTTCAAGTTTGTACAA

AA 

Has 215 on the label, 

Is a promoter 

fragment 

BP228 (was 

216) 

tgtatagaaaagttggataaccgccaaccgccactacaagtttgtacaaaa Has 216 on the label, 

Is a promoter 

fragment 

BP229 ATAATAACGCTGCGGACATCTACATTTT o8474, GABIKAT insert 

primer 



223 

 

BP230 ATATTGACCATCATACTCATTGC o8409, GABIKAT insert 

primer sequencing 
primer 

BP231 GGGGACCACTTTGTACAAGAAAGCTGGGTG ATA CCA GCT 

CTG TGA TTG AAT C 

 AT2G38880 reverse 

primer no stop + 

+attB2 

BP232 GCA TTG GTT AAG TTG GGG CG AT2G40340 Forward 

promoter primer 

BP233 TCTCTCGAGCTTTTTCCCGC AT3G11440 Forward 

promoter primer  

BP234 TCGTGAAATGTGAACTTTCGC AT3G23240 Forward 

promoter primer 

BP235 TGAAAAGAAGCGGGAGGAGG AT4G36160 Forward 

promoter primer 

BP236 GGGGACCACTTTGTACAAGAAAGCTGGGTG 

ACAAACTCTAAGGAGCTGC 

AT5G24520 no 

stop  +attB2 

BP237 AGCAAGTGTGAGACCTGTCG AT5G24520 3' 

screening TDNA 

primer 

BP250 CCGTCCCAATCTCAAAAATGGATG DUO1 qRTPCR F 

intron spanning 1 

(6bp on second exon) 

BP251 ATC GCT ACG TAT CTA CCG GGA DUO1 qRTPCR R 115 

bp product with 

BP250 

BP252 GTCAATCCTCTCAGGGTTTTGG DUO1 qRTPCR F 

intron spanning 2 

(7bp on second exon) 

pairs with BP136 

BP253 TGGTCAAACGATGCCACA AT3G23240 ERF1 

Promoter F 

BP254 ACA CCA AGT CCC ACT ATT TTCAG AT3G23240 ERF1 

Gene R  no stop 
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BP255 ACGACGATACGGTTTCCA AT2G38880 

Promoter NF-YB1 F 

BP256 ATACCAGCTCTGTGATTGAATC AT2G38880 Gene NF-

YB1 R No stop 

BP257 GCCCACATCGTTCAAC NAC45 Promoter F 

BP258 ACA GAA AAA AAT AGC AAG ACA TTT G NAC45 Gene R no 

stop 

BP259 CGTCGTTTCACCATAATCGA NAC94 Promoter F 

BP260 ATAATTGTTAGTGGAATACGACG NAC94 Gene R no 

stop 

BP261 CAA CCA AAC CAA AAC CCT GAG DUO1 R split primer 

exon 2  

BP262 GGGGACAAGTTTGTACAAAAAAGCAGGCTTC 

ATGGAGAAGATGATAGAACCAC 

F primer for 

AT3G12910 (add att 

sites) 

BP263 GGGGACCACTTTGTACAAGAAAGCTGGGTG CAT ACT AAG 

AAA AGA AGG TGG G 

R primer for 

AT3G12910 STOP 

BP264 GGGGACCACTTTGTACAAGAAAGCTGGGTG ACA ACT AAG 

AAA AGA AGG TGG G 

R primer for 

AT3G12910 No STOP 
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Table 8-2 DUO1 promoter plasmids generated for Gateway cloning.  

P4P1r Promoter Vectors 
  

Number Insert Name Location 
upstream from 
ATG of DUO1 

Description 

BP10 ROD1 to ROD2 -61 to -475 A1 through to A2 

BP11 Block B (short 
motif 
(GAGAGA+GTGG)) 
M2 

-132 to - 153 (x4) M2 as a tetramer 

BP17 Block I -475 to -284 (x4) A2 as a tetramer 
BP18 Block C -82 to -153 (x4) ROD1 as a tetramer 
BP19 ROD1 + ROD2 -61 to -153 + -284 

to -475 
A1 and A2 connected through PCR 

BP23 Block F -395 to -475 (x4) Portion of A2 as a tetramer 
BP27 Block D -61 to -153 (x4) A1 as a tetramer 
BP29 Block H -284 to -360 (x4) Portion of A2 as a tetramer 
BP30 Block A (long 

motif 
(GTGG+MYB)) M1 

-82 to -127 (x4) M1 as a tetramer 

BP60 Block Gshort -348 to -409 (x4) Portion of A2 as a tetramer 

BP76 Block N -61 to -100 (x4) Region containing only AACYG CREs as a 
tetramer 

BP77 Block L -100 to -156 (x4) Region containing 3xGTGG and GAGARAA CREs 
as a tetramer 

BP96 primer bp125 
GAGA only (Block 
O) (1x) 

-143 to -157 GAGARAA CRE only 

BP97 primer bp216 
MYB only (Block 
P) (1x)  

-76 to -100 AACYG CRE only 
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BP99 bp217(annotated 
in geneious) 
GTGG repeats 
(Block Q) 

-99 to -141 3x GTGG CRE only  

BP103 Block R (1x) -61 to -156 ROD1x1 
BP104 Block S (1x)  -99 to -156 Region containing 3xGTGG and GAGARAA CREs 

 

Table 8-3 pDONR221 plasmids generated for Gateway cloning 

pDONR221  
  

Number Insert Description 

BP16 min35S:H2B Minimal promoter fused to H2B as a nuclear localising signal 

BP49 At3G20010 SNF2 domain-containing protein 

BP50 At5G07060 CCCH-type zinc fingerfamily protein with RNA-binding domain-

containing protein 

BP51 At1G02670 P-loop containing nucleoside triphosphate hydrolases superfamily 

protein 

BP52 At4G26440 

WRKY34 

WRKY DNA-binding protein 34 

BP55 AT3G60460 

DUO1 

DUO1 

BP56 At2G43000 

NAC42 

NAC domain containing protein 42 

BP57 At3G12820 

MYB10 

myb domain protein 10 

BP58 At3G23240 

ERF1 

ethylene response factor 1 

BP59 At5g47640 

NF-Y2B 

nuclear factor Y, subunit B2 
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BP61 At4g36160 

NAC76 

NAC domain containing protein 76 

BP62 At3G26640 

WD40 

Transducin/WD40 repeat-like superfamily protein 

BP63 At5G11050 

MYB64 

myb domain protein 64 

BP64 At3G03200 

NAC45 

NAC domain containing protein 45 

BP73 At1G72210 

BHLH 

basic helix-loop-helix (bHLH) DNA-binding superfamily protein 

BP74 At5G09330 

NAC82 

NAC domain containing protein 82 

BP75 At5G17260 

NAC86 

NAC domain containing protein 86 

BP78 At1G12860 

SCRM2 

basic helix-loop-helix (bHLH) DNA-binding superfamily protein 

BP79 At2G40340 

DREB2C 

Integrase-type DNA-binding superfamily protein 

BP80 At2G38880 

NF-YB1 

nuclear factor Y, subunit B1 

BP89 At5g24520 

TTG1 

Transducin/WD40 repeat-like superfamily protein 

BP90 At5g39820 

NAC94 

NAC domain containing protein 94 

BP91 At5g65640 

BHLH93 

beta HLH protein 93 

BP92 At2g40350 Integrase-type DNA-binding superfamily protein 
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Table 8-4 Fluorescent proteins used in this thesis 

Fluorescent Tags   

Number  Vector Tag 

LB74 pENTRP2R-P3 

Tandom 

Tomato 

(TdTOM) 

LB40 pENTRP2R-P3 eGFP 

 

Table 8-5 Expression vectors used in this thesis 

Expression Vectors 

pB7m34GW,0 3 part gateway expression vector for A. expression 

PMDC107 1 part expression vector for plant expression 

pB2Gw7 Expression vector used to express transcription factors for dual luciferase 

assays 

pGreenII 

0800 

Reporter vector for dual luciferase assays 

 

Table 8-6 Plasmids used in the yeast one-hybrid 

Yeast 

Vectors 

  

Number Vector  Insert 

BP41 pDEST_GAD424 
 

BP45 pDEST_GAD424 DREB1D 

BP46 pDEST_GAD424 Random TF 

BP47 pDEST_GAD424 DUO1 

BP53 pDEST_GAD424 At3G20010 
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BP54 pDEST_GAD424 At5G07060 

BP12 R4L1pDEST_LacZi 
 

BP13 R4L1pDEST_HISi 
 

BP14 R4L1pDEST_HISi - 1 
 

BP36 R4L1pDEST_HISi BP27 (Block 

D) 

BP39 R4L1pDEST_HISi BP17 (Block 

I) 

BP42 R4L1pDEST_HISi RD29a 

BP37 R4L1pDEST_HISi - 1 BP27 (Block 

D) 

BP40 R4L1pDEST_HISi - 1 BP17 (Block 

I) 

BP43 R4L1pDEST_HISi - 1 RD29a 

BP35 R4L1pDEST_LacZi BP27 (Block 

D) 

BP38 R4L1pDEST_LacZi BP17 (Block 

I) 

BP44 R4L1pDEST_LacZi RD29a 

 

Table 8-7 Plant expression constructs 

Final Expression constructs 

Number Vector Insert 

BP72 pGreenII 

0800 

ROD1 -82 to -153 

JC31 pGreenII 

0800 

ROD1 -82 to -153 with 

modified AACYG CREs 

BP66 pB2Gw7 BP63 At5G11050 

BP67 pB2Gw7 BP62 At3G26640 

BP68 pB2Gw7 BP61 At4g36160 

BP69 pB2Gw7 BP56 At2G43000 
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BP70 pB2Gw7 BP57 At3G12820 

BP71 pB2Gw7 BP56 At2G43000 

BP81 pB2Gw7 BP64 At3G03200 

BP82 pB2Gw7 BP73 At1G72210 

BP83 pB2Gw7 BP78 At1G12860 

BP84 pB2Gw7 BP80 At2G38880 

BP85 pB2Gw7 DREB1D 

BP86 pB2Gw7 BP49 At3G20010 

BP87 pB2Gw7 BP50 At5G07060 

BP88 pB2Gw7 BP59 At5g47640 

BP93 pB2Gw7 At2G40340 

BP94 pB2Gw7 At5g39820 

BP95 pB2Gw7 At2g40350 

mDUO1 

#5 

pB2Gw7 35s::mDUO1 

BP20 pB7m34GW,0 Block B (short 

motif)::min35S:H2B::ttom 

BP21 pB7m34GW,0 Block C::min35S:H2B::ttom 

BP22 pB7m34GW,0 Block I::min35S:H2B::ttom 

BP24 pB7m34GW,0 ROD1 + ROD2 (Block 

K)::min35S:H2B::ttom 

BP25 pB7m34GW,0 ROD1 to ROD2 (Block 

J)::min35S:H2B::ttom 

BP26 pB7m34GW,0 Block F::min35S:H2B::ttom 

BP31 pB7m34GW,0 Block 

D::min35S:H2B::ttom 

BP32 pB7m34GW,0 Block 

H::min35S:H2B::ttom 
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BP33 pB7m34GW,0 Block 

A::min35S:H2B::ttom 

BP34 pB7m34GW,0 Block 

G::min35S:H2B::ttom 

BP65 pB7m34GW,0 Block Gs 

::min35S:H2B::ttom 

BP98 pB7m34GW,0 Block 

N::min35S:H2B::ttom 

BP100 pB7m34GW,0 primer bp125 GAGA 

only::min35S:H2B::ttom 

BP101 pB7m34GW,0 bp217(annotated in 

geneious) GTGG repeats 

::min35S:H2B::ttom 

BP102 pB7m34GW,0 bp216(annotated in 

geneious)MYB only 

::min35S:H2B::ttom 

BP105 pB7m34GW,0 Block R 

::min35S:H2B::ttom 

BP106 pB7m34GW,0 Block S::min35S:H2B::ttom 

BP107 pB7m34GW,0 Block L::min35S:H2B::ttom 

BP108 PMDC107 MYB65::min35S:H2B::ttom 

BP109 PMDC107 TTG1::min35S:H2B::ttom 

BP110 PMDC107 LWD2::min35S:H2B::ttom 

BP111 PMDC107 FEZ::min35S:H2B::ttom 
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8.4 Supplementary Yeast one-hybrid results 

Table 8-8 Positive colonies from Yeast one-hybrid and the maximum 3-AT inhibition 

Yeast one-hybrid colonies Gene Identifier 3-AT inhibition 

Y1H #5 P2 
  

1 AT5G54680 60 

2 AT4G28110 60 

3 AT5G18560 60 

4 AT1G14687 60 

5 AT3G61250 60 

6 AT2G16770 60 

7 AT3G23240 60 

8 AT4G17785 60 

9 AT2G02450 60 

10 AT3G23030 45 

11 AT2G40340 60 

12 AT2G43000 30 

13 AT3G23240 60 

14 AT1G53230 45 

15 AT3G50060 30 

16 AT5G67420 45 

17 AT2G43000 60 

18 AT2G22900 60 

19 AT2G47460 60 

20 AT3G26640 60 

21 AT1G28370 60 

22 AT5G09460 60 

23 AT1G77920 45 

24 AT1G06070 60 

25 AT3G23240 45 

26 AT1G04850 60 

27 AT3G07740 45 

28 AT2G27990 45 



233 

 

29 AT1G49770 60 

30 AT5G17300 45 

31 At2g43000 45 

32 AT5G60910 60 

33 AT1G65180 60 

34 At5g02460 30 

35 AT5G60910 45 

36 At2g43000 60 

37 AT4G16850 45 

38 At2g43000 30 

39 At5g18680 60 

40 AT1G43160 45 

41 AT4G33540 60 

42 AT1G35515 45 

43 AT5G46830 60 

44 At2g43000 30 

45 AT1G80840 60 

46 AT5G62940 45 

47 AT3G23240 60 

48 At5g60890 60 

49 AT3G26640 60 

50 AT4G16780 30 

51 AT5G39750 30 

52 AT5G08139 45 

53 AT5G01200 30 

54 AT3G61310 30 

55 At2g43000 60 

56 At4g31620 60 

57 At2g16770 60 

58 AT3G17730 60 

59 At2g43000 45 

60 AT3G09230 60 

61 At2g46770 60 
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62 At4g37240 60 

63 AT3G23240 60 

64 AT4G23550 60 

65 At4g00150 60 

66 At5g16070 60 

67 AT3g24120 60 

68 At3g61250 60 

69 At1g12630 60 

70 At1g61660 60 

71 At1g04250 60 

72 At1g43860 60 

73 At1g21910 60 

74 At2g40340 60 

75 At1g54830 45 

76 At2g31720 60 

77 At5g18550 60 

78 At3g11260 60 

79 At4g36540 45 

80 AT2G38880 60 

81 At2g40340 45 

82 AT2G37430 60 

83 At3g11440 60 

84 At2g24790 45 

85 At4g17460 45 

86 AT1G07640 60 

87 At2g40340 45 

88 At5g23000 60 

89 At3g03200 45 

90 At4g17600 60 

91 At5g57420 45 

92 AT2G38880 60 

93 AT4g14710 60 

94 At2g36340 60 
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95 At3g12820 60 

96 No hits 0 

Y1H #1 P1 
  

1 AT5G60910 60 

2 AT4G27880 60 

3 AT1G59750 30 

4 AT5G56840 60 

5 AT5G10140 30 

6 AT2G43000 60 

7 AT3G11440 30 

8 AT1G07640 45 

9 AT1G78700 60 

10 AT5G18000 60 

11 AT1G68800 60 

12 AT5G47230 60 

13 AT1G63470 45 

14 AT2G17770 30 

15 Not Sequenced 30 

16 AT5G24050 30 

17 AT1G22490 60 

18 AT5G23000 60 

19 AT2G47260 60 

20 AT1G68190 60 

21 AT5G24520 60 

Y1H #5 P1 
  

Colony number Agi 
 

1 At5g03510 60 

2 AT1G14490 60 

3 AT5G39760 60 

4 At5g49450 60 

5 AT5G18000 60 

6 AT5G06770 45 

7 AT5G54470 60 
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8 AT1G48000 45 

9 AT2G47460 60 

10 AT2G36340 60 

11 AT5G57520 60 

12 AT2G38250 60 

13 AT1G14685 60 

14 AT4G30410 60 

15 AT5G65320 60 

16 AT1G70510 60 

17 AT2G22200 60 

18 AT5G43170 60 

19 AT1G74370 60 

20 AT3G11440 60 

21 AT1G50420 60 

22 AT4G29000 60 

23 AT3G62420 60 

24 AT4G29100 60 

25 AT5G64060 60 

26 AT3G62422 60 

27 AT5G11260 60 

28 AT3G09600 60 

29 AT3G16500 60 

30 AT4G12240 45 

31 AT1G25470 60 

32 AT3G49940 60 

33 AT1G20640 60 

34 AT5G41920 60 

35 AT3G61250 60 

36 AT1G71260 60 

37 AT2G36080 60 

38 AT3G04730 60 

39 AT5G67420 60 

40 AT1G60240 60 
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41 AT5G08190 60 

42 AT5G62430 60 

43 AT3G01472 60 

44 AT4G36160 60 

45 AT5G45710 60 

46 AT4G29030 60 

47 AT5G09460 60 

48 AT5G51990 60 

49 AT5G24520 60 

50 AT2G43000 60 

51 AT2G40340 60 

52 AT5G67420 60 

53 AT1G12860 60 

54 AT3G53370 60 

55 AT5G05120 60 

56 AT1G59750 60 

57 AT3G57230 60 

58 AT1G35240 60 

59 AT4G10600 60 

60 AT4G36160 60 

61 AT3G19580 60 

62 AT1G12860 60 

63 AT1G14687 60 

64 AT1G53910 60 

65 AT4G11660 60 

66 AT4G12050 60 

67 AT2G24570 60 

68 AT2G43000 60 

69 AT5G09463 60 

70 AT1G26610 60 

71 AT5G43700 60 

72 AT5G51990 60 

73 AT1G73230 60 
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74 AT1G49720 60 

75 AT3G54390 60 

76 AT1G66810 60 

77 AT4G37240 60 

78 AT5G63730 60 

79 AT4G27900 60 

80 AT3G16870 60 

81 AT3G57390 60 

82 AT1G56200 60 

83 AT2G15660 60 

84 AT3G11440 60 

85 AT3G27920 60 

86 AT1G34180 60 

87 AT5G60890 60 

88 AT3G12480 60 

Y1H #5 P4 
 

0 

Colony number Agi 
 

1 AT3G61950 60 

2 AT1G11510 60 

3 AT3G05760 60 

4 AT3G02790 60 

5 AT5G47660 60 

6 AT5G40330 60 

7 AT1G28300 60 

8 AT5G61470 45 

Y1H #2 P1 
 

0 

Colony number Agi 
 

1 AT3G02150 60 

2 AT5G57660 60 

3 AT1G56010 60 

4 AT2G43000 60 

5 AT5G28770 60 

6 AT5G41200 45 
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7 AT1G12860 60 

8 AT3G03200 45 

9 
  

10 AT2G40340 60 

11 AT5G35550 60 

12 AT3G11440 30 

13 AT3G46640 60 

14 AT4G24440 45 

15 AT2G42410 60 

16 AT4G00390 60 

17 AT3G53680 60 

18 AT2G40435 30 

19 AT2G47900 60 

20 AT4G00480 60 

21 AT2G45480 30 

22 AT1G16070 45 

23 AT1G22810 60 

24 AT2G31770 60 

25 AT3G54390 60 

26 AT4G36260 60 

27 AT3G49760 60 

28 AT5G54340 60 

29 AT2G06200 30 

30 AT1G08970 30 

31 AT3G18960 45 

32 AT3G30260 60 

33 AT3G12480 60 

34 AT3G02150 60 

35 AT1G07640 60 

36 AT2G43000 60 

37 AT3G11440 30 

38 AT3G16500 30 

39 AT4G25490 30 
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40 AT5G25160 30 

41 AT3G02150 60 

42 AT4G35550 30 

43 AT2G35637 60 

44 AT2G35637 60 

45 AT1G12630 60 

46 AT1G09710 60 

47 AT3G11440 30 

48 AT1G13600 60 

49 AT3G26640 30 

50 AT1G27360 60 

51 AT2G42410 60 

52 AT1G34370 60 

53 AT5G09250 45 

54 AT2G40340 60 

55 AT3G03200 30 

56 AT3G11440 60 

57 AT4G17460 60 

58 AT5G47670 60 

59 AT5G04410 60 

60 AT3G16870 60 

61 AT5G52020 45 

62 AT5G23280 60 

63 AT3G22100 60 

64 AT3G22670 60 

65 AT5G12230 60 

66 
 

0 

67 
 

0 

68 
 

0 

69 
 

0 

70 
 

0 

71 
 

0 

72 AT1G46408 60 
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73 AT4G39780 0 

Y1H #4 P1 
  

1 AT5G61590 60 

2 AT3G11440 45 

3 AT2G31180 60 

4 AT2G43000 60 

5 AT1G54330 60 

6 AT5G54360 60 

7 AT3G03200 60 

8 AT1G46408 60 

9 AT4G38960 60 

10 AT3G15210 45 

11 AT1G68670 60 

12 AT2G40340 60 

13 AT3G44290 60 

14 AT3G50060 60 

15 AT3G23240 45 

16 
  

17 AT2G15660 60 

18 AT2G43000 60 

19 AT3G11440 45 

20 AT5G61930 60 

21 AT2G40340 45 

22 AT4G35700 60 

23 AT3G61120 60 

24 AT5G56840 60 

25 AT3G15210 60 

26 
  

27 AT5G05830 45 

28 AT1G01520 45 

29 AT2G43000 60 

30 AT5G61590 60 

31 
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32 AT5G06420 60 

33 AT1G70000 60 

34 AT4G36160 45 

35 AT2G43000 45 

36 AT1G19850 30 

37 AT1G28360 30 

38 AT3G56850 45 

39 AT5G54470 45 

40 AT1G23420 60 

41 AT2G43000 60 

42 AT5G54360 45 

43 AT4G01680 45 

44 AT5G26210 45 

45 AT4G18880 45 

46 AT4G31420 45 

47 AT3G11440 45 

48 AT5G17810 60 

49 AT2G43000 60 

50 AT1G27730 60 

51 AT2G43000 60 

52 AT2G40340 60 

53 AT2G40340 60 

54 
  

55 AT1G77450 60 

56 AT5G46350 30 

57 AT5G51790 60 

58 AT3G11440 60 

59 
  

60 AT2G28550 60 

61 
  

62 AT4G06746 30 

63 AT2G43000 60 

64 AT3G09600 60 
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65 AT2G40340 60 

66 AT5G65590 60 

67 AT2G37590 60 

68 AT5G46750 45 

69 AT1G34370 60 

70 AT5G24520 45 

71 AT2G20760 60 

72 AT1G14685 60 

73 
  

74 AT1G68920 60 

75 AT3G11440 60 

76 AT2G41940 60 

77 AT5G60470 60 

78 
  

79 AT3G01530 60 

80 AT2G28540 60 

81 
  

82 AT2G38880 60 

83 AT5G60130 60 

84 AT5G53660 60 

85 AT3G11440 60 

86 AT3G16870 60 

87 AT2G43000 60 

88 AT4G24240 60 

Y1H #5 P3 . 0 

Colony number . 
 

1 At2g28350 60 

2 At5g51860 60 

3 At5g24520 60 

4 At2g01060 60 

5 AT1G71450 60 

6 AT3g11100 60 

7 At1g53160 45 



244 

 

8 At2g36340 45 

9 At3g12730 60 

10 At2g37950 60 

11 At3g19580 60 

12 AT3G04570 60 

13 At4g05330 60 

14 AT4G17020 60 

15 At2g43000 60 

16 At3g06740 60 

17 AT4g17800 60 

18 At2g43000 60 

19 At1g17460 60 

20 At2g42300 30 

21 At3g11440 60 

22 At4g37260 60 

23 At3g11440 30 

24 At3g11440 60 

25 AT3G28857 60 

26 AT2G06200 60 

27 At3g22760 60 

28 At4g17600 30 

29 At1g49480 60 

30 At5g65310 60 

31 AT3G26640 60 

32 AT1G31320 60 

33 AT5G17300 60 

34 AT4G31620 60 

35 AT1G47655 60 

36 AT4G33540 30 

37 AT3G10000 30 

38 AT5G24520 45 

39 AT4G01280 45 

40 AT5G42820 60 
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41 AT1G76510 60 

42 AT4G12080 60 

43 AT5G45580 60 

44 AT2G43000 45 

45 AT5G57660 60 

46 AT3G27920 30 

47 AT5G09463 60 

48 AT1G22490 60 

49 AT2G38880 60 

50 AT2G22200 60 

51 AT1G12860 30 

52 AT3G11020 30 

53 AT5G41570 30 

54 AT5G50820 30 

55 AT5G47670 60 

56 AT5G43270 60 

57 AT3G61230 45 

58 AT2G33620 45 

59 AT2G43000 30 

60 AT1G18570 60 

61 AT4G17785 30 

62 AT3G53680 30 

63 AT4G36160 60 

64 AT2G40340 60 

65 AT5G04410 60 

66 AT3G24120 60 

67 AT1G50680 30 

68 AT2G40220 30 

69 AT4G09180 30 

70 AT5G08139 30 

71 AT2G40340 60 

72 No hits 
 

73 AT4G31420 60 
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74 AT2G40200 60 

75 AT3G23030 60 

76 AT2G31380 60 

77 AT4G26170 60 

78 AT5G60470 45 

79 AT1G66420 60 

80 AT2G38880 60 

81 AT4G39780 60 

82 AT5G65330 60 

83 AT1G76580 60 

84 AT2G21900 60 

85 AT2G43000 60 

86 AT3G12820 60 

87 AT4G09180 60 

88 
  

89 AT4G17600 60 

90 AT3G61630 60 

91 AT2G43000 60 

92 AT3G60390 60 

93 AT3G58780 60 

94 AT2G28710 60 

95 AT4G37240 60 

Y1H #5 P4 
 

0 

Colony number 
 

9 AT2G36080 60 

10 AT1G68480 60 

11 AT3G26744 60 

12 AT4G30410 60 

13 AT4G17020 60 

14 No hits 
 

15 AT2G06200 60 

16 AT4G00480 60 

17 AT5G47230 60 
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18 AT3G01530 60 

19 AT2G47460 60 

20 AT1G64620 60 

21 AT5G48250 60 

22 AT1G67910 60 

23 AT2G40200 60 

24 AT2G46670 60 

25 AT1G61110 60 
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Table 8-9 Relevant expression of genes found in the yeast one-hybrid  

Agi List Gene Description1 Gene 

family
1 

Gene 

family 

count 

No. 

colonies 

in Y1H 

UNM 

expres

sion2 

MPG 

expres

sion2 

Sperm 

Cell 

expres

sion3 

Pollen 

expres

sion3 

Sperm 

Cell to 

Pollen 

Ratio3 

Average 

3-AT 

inhibition 

TF 

Library4  

At2G4300

0 

ANAC042 (A. NAC domain 

containing protein 42); 

transcription factor 

NAC 16 28 0 0 22.711 25.785 0.88 53.5 Present 

At3G1144

0 

ATMYB65 (myb domain 

protein 65); DNA binding / 

transcription factor 

MYB 21 17 243.18

7 

0 105.3 128.88 0.82 48.5 Present 

At2G4034

0 

[AT2G40340, AP2 domain-

containing transcription 

factor, putative (DRE2B)] 

AP2-

EREBP 

23 14 Not on 

array 

Not on 

array 

0 0 Not on 

array 

56.7 Present 

At3G2324

0 

ATERF1/ERF1 (ETHYLENE 

RESPONSE FACTOR 1); 

DNA binding / 

transcription activator/ 

AP2-

EREBP 

23 6 0 0 67 83.58 0.80 55 Present 

At2G3888

0 

ATHAP3/ATNF-

YB1/HAP3/HAP3A 

(NUCLEAR FACTOR Y 

SUBUNIT B1); transcription 

factor 

CCAAT

-HAP3 

2 5 682.52

7 

0 11.43 22.57 0.51 60 Present 
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At5G2452

0 

TTG1 (TRANSPARENT 

TESTA GLABRA 1); 

nucleotide binding 

GLABR

A 

1 5 193.53

05 

0 16.77 20.34 0.82 54 Present 

At1G1286

0 

basic helix-loop-helix 

(bHLH) family protein / F-

box family protein 

bHLH 20 4 0 0 22.18 20.75 1.07 52.5 Present 

At3G0320

0 

ANAC045 (A. NAC domain 

containing protein 45); 

transcription factor 

NAC 16 4 0 55.281

05 

11.662 26.618 0.44 45 Present 

At3G2664

0 

transducin family protein / 

WD-40 repeat family 

protein 

WD-40 1 4 317.89

75 

0 36.83 85.2 0.43 52.5 Present 

At4G3616

0 

ANAC076/VND2 

(VASCULAR-RELATED NAC-

DOMAIN 2); transcription 

factor 

NAC 16 4 0 0 25.6 26.62 0.96 56.25 Present 

At1G0764

0 

OBP2 (OBF BINDING 

PROTEIN 2); DNA binding / 

transcription factor 

C2C2-

Dof 

8 3 0 0 32.72 29.37 1.11 55 Present 

At2G0620

0 

AtGRF6 (GROWTH-

REGULATING FACTOR 6) 

GRF 3 3 0 0 25.421 21.388 1.19 50 Present 

At2G3634

0 

GEBP-LIKE PROTEIN 3, 

GPL3 

GeBP 4 3 Not on 

array 

Not on 

array 

0 0 Not on 

array 

55 Present 
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At2G4746

0 

ATMYB12/MYB12 (MYB 

DOMAIN PROTEIN 12);  

MYB 21 3 0 0 25.45 22.38 1.14 60 Present 

At3G0215

0 

PTF1 (PLASTID 

TRANSCRIPTION FACTOR 

1); transcription factor 

TCP 5 3 0 0 17.85 18.71 0.95 60 Present 

At3G1687

0 

zinc finger (GATA type) 

family protein 

C2C2-

Gata 

2 3 216.22

15 

238.76

55 

1274.5

7 

83.65 15.24 60 Not in 

library 

At3G6125

0 

AtMYB17 (myb domain 

protein 17); DNA binding / 

transcription factor 

MYB 21 3 0 0 30.23 23.14 1.31 60 Present 

At4G1760

0 

LIL3:1; transcription factor LIL 1 3 213.15

85 

0 258.02 29.9 8.63 50 Present 

At4G3724

0 

similar to unknown 

protein [A. thaliana] 

(TAIR:AT2G23690.1);  

Unkno

wn 

5 3 0 0 17.379 39.657 0.44 60 Present 

At5G0946

3 

CONSERVED PEPTIDE 

UPSTREAM OPEN 

READING FRAME 41, 

CPUORF41 

CPU 3 3 Not on 

array 

Not on 

array 

0 0 Not on 

array 

60 Not in 

library 

At5G6091

0 

AGL8 (AGAMOUS-LIKE 8); 

transcription factor 

MADS 13 3 0 0 31.574 35.701 0.88 55 Present 

At5G6742

0 

LBD37 (LOB DOMAIN-

CONTAINING PROTEIN 37) 

LBD 3 3 0 0 238.66 39.18 6.09 55 Present 
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At1G1263

0 

DNA binding / 

transcription activator/ 

transcription factor 

AP2-

EREBP 

23 2 0 0 282.84

2 

73.902 3.83 60 Present 

At1G1468

5 

BPC2 (BASIC 

PENTACYSTEINE 2) 

BBR/B

PC 

1 2 0 378.38

65 

221.05 211.45 1.05 60 Present 

At1G1468

7 

ATHB32 (A. THALIANA 

HOMEOBOX PROTEIN 32); 

DNA binding / 

transcription factor 

ZF-HD 2 2 0 0 25.74 22.251 1.16 60 Present 

At1G2249

0 

basic helix-loop-helix 

(bHLH) family protein 

bHLH 20 2 0 0 33.21 32.13 1.03 60 Present 

At1G3437

0 

STOP1 (SENSITIVE TO 

PROTON RHIZOTOXICITY 

1); nucleic acid binding / 

transcription factor/ zinc 

ion binding 

C2H2 29 2 689.20

2 

0 18.24 62.66 0.29 60 Present 

At1G4640

8 

AGAMOUS-LIKE 97, AGL97 MADS 13 2 Not on 

array 

Not on 

array 

0 0 Not on 

array 

40 Present 

At1G5975

0 

ARF1 (AUXIN RESPONSE 

FACTOR 1); transcription 

factor 

ARF 5 2 222.97

15 

0 20.85 22.98 0.91 45 Present 

At2G1566

0 

AGL95; transcription 

factor 

MADS 13 2 0 0 59.681 59.522 1.00 60 Present 
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At2G1677

0 

BZIP23 bZIP 10 2 Not on 

array 

Not on 

array 

0 0 Not on 

array 

60 Present 

At2G2220

0 

AP2 domain-containing 

transcription factor 

AP2-

EREBP 

23 2 0 0 48.292 68.647 0.70 60 Present 

At2G3563

7 

Potential natural antisense 

gene, locus overlaps with 

AT2G35640 

Unkow

n 

2 2 Not on 

array 

Not on 

array 

0 0 Not on 

array 

60 Not in 

library 

At2G3608

0 

DNA-binding protein, 

putative 

RAV 2 2 0 0 30.09 23 1.31 60 Present 

At2G4020

0 

basic helix-loop-helix 

(bHLH) family protein 

bHLH 20 2 282.93

6 

311.92

1 

37.82 30.74 1.23 60 Present 

At2G4241

0 

zinc finger (C2H2 type) 

family protein 

C2H2 29 2 0 0 16.735 22.39 0.75 60 Present 

At3G0153

0 

AtMYB57 (myb domain 

protein 57); DNA binding / 

transcription factor 

MYB 21 2 0 0 67.278 36.888 1.82 60 Present 

At3G0960

0 

myb family transcription 

factor 

MYB-

relate

d 

8 2 0 0 7.85 7.15 0.96 60 Present 

At3G1248

0 

transcription factor, 

putative 

CCAAT

-HAP5 

3 2 427.94

85 

87.072

55 

284.73 92.26 3.09 60 Present 
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At3G1282

0 

AtMYB10 (myb domain 

protein 10); DNA binding / 

transcription factor 

MYB 21 2 147.69

65 

0 39.975 52.44 0.76 60 Present 

At3G1521

0 

ATERF-

4/ATERF4/ERF4/RAP2.5 

(ETHYLENE RESPONSIVE 

ELEMENT BINDING 

FACTOR 4 

AP2-

EREBP 

23 2 0 0 679.18 184.77 3.68 52.5 Present 

At3G1650

0 

PAP1 (PHYTOCHROME-

ASSOCIATED PROTEIN 1); 

transcription factor 

PAP 1 2 0 0 30.68 18.3 1.68 45 Present 

At3G1958

0 

AZF2 (A. ZINC-FINGER 

PROTEIN 2) 

C2H2 29 2 256.77

25 

104.95

335 

217.21 52.72 4.12 60 Not in 

library 

At3G2303

0 

IAA2 (indoleacetic acid-

induced protein 2); 

transcription factor 

IAA 4 2 0 0 44.46 40.18 1.11 52.5 Present 

At3G2412

0 

myb family transcription 

factor 

G2-like 6 2 236.19

95 

415.85

3 

17.85 230.01 0.08 60 Present 

At3G2792

0 

GL1 (GLABRA 1); 

transcription factor 

MYB 21 2 0 0 44.886 41.788 1.07 45 Present 

At3G5006

0 

MYB77; DNA binding / 

transcription factor 

MYB 21 2 606.1 129.97

7 

40.39 25.75 1.57 45 Present 

At3G5368

0 

PHD finger transcription 

factor, putative 

PHD 2 2 0 0 428.45 213.06 2.01 45 Present 
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At3G5439

0 

transcription factor TF 12 2 0 0 30.295 17.648 1.72 60 Present 

At3G6242

2 

CONSERVED PEPTIDE 

UPSTREAM OPEN 

READING FRAME 3, 

CPUORF3 

CPU 3 2 Not on 

array 

Not on 

array 

0 0 Not on 

array 

60 Not in 

library 

At4G0048

0 

ATMYC1 (A. thaliana myc-

related transcription 

factor 1); DNA binding / 

transcription factor 

bHLH 20 2 0 0 16.6 18.34 0.91 60 Present 

At4G0918

0 

FBH2, FLOWERING BHLH 2 bHLH 20 2 Not on 

array 

Not on 

array 

0 0 Not on 

array 

45 Present 

At4G1702

0 

transcription factor-

related 

TF 12 2 124.30

75 

0 29.083 27.946 1.04 60 Present 

At4G1746

0 

HAT1 (homeobox-leucine 

zipper protein 1); DNA 

binding / transcription 

factor 

Home

obox 

9 2 0 0 38.76 24.61 1.57 52.5 Present 

At4G1778

5 

MYB39 (MYB DOMAIN 

PROTEIN 39); DNA binding 

/ transcription factor 

MYB 21 2 0 0 151.56

1 

136.56

3 

1.11 45 Present 

At4G3041

0 

transcription factor bHLH 20 2 0 0 112.02 38.424 2.92 60 Present 
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At4G3142

0 

zinc finger (C2H2 type) 

family protein 

C2H2 29 2 668.72

35 

1931.0

3 

16038.

18 

2552.1

8 

6.28 52.5 Present 

At4G3162

0 

REM36, REPRODUCTIVE 

MERISTEM 36 

REM 2 2 0 0 0 0 Not on 

array 

60 Present 

At4G3354

0 

metallo-beta-lactamase 

family protein 

MET 1 2 62.473

15 

0 44.62 25.67 1.74 45 Present 

At4G3978

0 

AP2 domain-containing 

transcription factor, 

putative 

AP2-

EREBP 

23 2 0 0 35.4 42.55 0.83 30 Present 

At5G0441

0 

NAC2 (A. NAC domain 

containing protein 78); 

transcription factor 

NAC 16 2 865.86

85 

178.64

85 

2558.9

8 

336.27 7.61 60 Present 

At5G0813

9 

zinc finger (C3HC4-type 

RING finger) family protein 

C3H 6 2 Not on 

array 

Not on 

array 

1896.3

2 

350.97 5.40 37.5 Present 

At5G1730

0 

myb family transcription 

factor 

MYB 21 2 121.36

6 

0 18.01 96.49 0.19 52.5 Present 

At5G1800

0 

transcriptional factor B3 

family protein 

B3 2 2 0 0 21.485 22.774 0.94 60 Present 

At5G2300

0 

ATMYB37/MYB37/RAX1 

(myb domain protein 37); 

DNA binding / 

transcription factor 

MYB 21 2 0 0 19.145 19.696 0.97 60 Present 
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At5G4723

0 

ERF5 (ETHYLENE 

RESPONSIVE ELEMENT 

BINDING FACTOR 5);  

AP2-

EREBP 

23 2 0 0 25.565 21.033 1.22 60 Present 

At5G4767

0 

CCAAT-box binding 

transcription factor family 

protein / leafy cotyledon 

1-related (L1L) 

CCAAT

-HAP3 

2 2 0 0 29.811 25.438 1.17 60 Present 

At5G5199

0 

CBF4/DREB1D (C- REPEAT-

BINDING FACTOR 4); DNA 

binding / transcription 

activator/ transcription 

factor 

AP2-

EREBP 

23 2 0 0 54.979 58.61 0.94 60 Present 

At5G5436

0 

C2H2-like zinc finger 

protein 

C2H2 29 2 Not on 

array 

Not on 

array 

0 0 Not on 

array 

52.5 Present 

At5G5447

0 

zinc finger (B-box type) 

family protein 

C2C2-

CO-

like 

7 2 0 236.13

95 

58.52 189.5 0.31 52.5 Present 

At5G5684

0 

myb-like transcription 

factor family protein 

MYB-

relate

d 

8 2 Not on 

array 

Not on 

array 

0 0 Not on 

array 

60 Present 

At5G5766

0 

zinc finger (B-box type) 

family protein 

C2C2-

CO-

like 

7 2 10.501

585 

67.571

75 

48.23 36.28 1.33 60 Present 
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At5G6047

0 

zinc finger (C2H2 type) 

family protein 

C2H2 29 2 0 0 22.52 52.665 0.43 52.5 Present 

At5G6089

0 

ATMYB34/ATR1/MYB34 

(ALTERED TRYPTOPHAN 

REGULATION, MYB 

DOMAIN PROTEIN 34); 

DNA binding / kinase/ 

transcription activator/ 

transcription factor 

MYB 21 2 0 0 20.27 20.48 0.99 60 Present 

At5G6159

0 

AP2 domain-containing 

transcription factor family 

protein 

AP2-

EREBP 

23 2 0 0 13.96 14.42 0.97 60 Present 

At1G0152

0 

myb family transcription 

factor 

MYB-

relate

d 

8 1 0 0 7.13 16.148 0.44 45 Present 

At1G0425

0 

AXR3 (AUXIN RESISTANT 

3); transcription factor 

AXR 1 1 439.49

4 

264.26

2 

21.8 59.11 0.37 60 Present 

At1G0485

0 

ubiquitin-associated 

(UBA)/TS-N domain-

containing protein 

C2H2 29 1 691.53

55 

161.03

95 

173.39 87.7 1.98 60 Present 

At1G0607

0 

bZIP transcription factor, 

putative (bZIP69) 

bZIP 10 1 394.00

75 

239.64

4 

44.26 68.85 0.64 60 Present 
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At1G0897

0 

HAP5C (HEME ACTIVATED 

PROTEIN 5C); DNA binding 

/ transcription factor 

CCAAT

-HAP5 

3 1 567.39

95 

0 65.06 50.97 1.28 30 Present 

At1G0971

0 

Homeodomain-like 

superfamily protein 

MYB-

relate

d 

8 1 Not on 

array 

Not on 

array 

0 0 Not on 

array 

60 Present 

At1G1151

0 

DNA-binding storekeeper 

protein-related 

transcriptional regulator 

GeBP 4 1 Not on 

array 

Not on 

array 

0 0 Not on 

array 

60 Present 

At1G1360

0 

ATBZIP58 (A. THALIANA 

BASIC LEUCINE-ZIPPER 58); 

DNA binding / protein 

heterodimerization/ 

protein 

homodimerization/ 

transcription factor 

bZIP 10 1 0 0 18.18 10.21 1.78 60 Present 

At1G1449

0 

DNA-binding protein-

related 

TF 12 1 0 0 44.244 43.508 1.02 60 Present 

At1G1607

0 

AtTLP8 (TUBBY LIKE 

PROTEIN 8); transcription 

factor 

TUB 3 1 89.604

2 

107.36

1 

29.47 26.3 1.12 45 Present 

At1G1746

0 

TRFL3 (TRF-LIKE 3); DNA 

binding / transcription 

factor 

MYB-

relate

d 

8 1 494.78

25 

0 16.55 29.98 0.55 60 Present 
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At1G1857

0 

MYB51 (MYB DOMAIN 

PROTEIN 51); DNA binding 

/ transcription factor 

MYB 21 1 0 0 28.26 30.28 0.93 60 Present 

At1G1985

0 

MP (MONOPTEROS); 

transcription factor 

ARF 5 1 0 0 11.09 19.31 0.57 30 Present 

At1G2064

0 

RWP-RK domain-

containing protein 

NLP 1 1 0 0 34.78 76.33 0.46 60 Present 

At1G2191

0 

AP2 domain-containing 

transcription factor family 

protein 

AP2-

EREBP 

23 1 73.065

05 

94.732

05 

18.25 12.03 1.52 60 Present 

At1G2281

0 

AP2 domain-containing 

transcription factor, 

putative 

AP2-

EREBP 

23 1 0 0 15.825 17.925 0.88 60 Present 

At1G2342

0 

INO (INNER NO OUTER); 

transcription factor 

C2C2-

YABBY 

1 1 0 0 30.851 49.562 0.62 60 Present 

At1G2547

2 

[AT1G25472, CPuORF54 

(Conserved peptide 

upstream open reading 

frame 54)];[AT1G25470, 

AP2 domain-containing 

transcription factor, 

putative] 

AP 1 1 Not on 

array 

Not on 

array 

0 0 Not on 

array 

 
Not in 

library 

At1G2661

0 

zinc finger (C2H2 type) 

family protein 

C2H2 29 1 1141.1

3 

406.89

45 

26.69 262.21 0.10 60 Present 
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At1G2736

0 

squamosa promoter-

binding protein-like 11 

(SPL11) 

SBP 4 1 0 0 50.68 52.25 0.97 60 Present 

At1G2773

0 

STZ (SALT TOLERANCE 

ZINC FINGER); nucleic acid 

binding / transcription 

factor/ zinc ion binding 

C2H2 29 1 0 0 17.07 26.02 0.66 60 Present 

At1G2830

0 

LEC2 (LEAFY COTYLEDON 

2); transcription factor 

ABI3V

P1 

1 1 0 0 33.672 24.147 1.39 60 Present 

At1G2836

0 

ATERF12/ERF12 (ERF 

domain protein 12); DNA 

binding / transcription 

factor/ transcription 

repressor 

AP2-

EREBP 

23 1 136.11

4 

224.26

95 

30.897 47.894 0.65 30 Present 

At1G2837

0 

ATERF11/ERF11 (ERF 

domain protein 11); DNA 

binding / transcription 

factor/ transcription 

repressor 

AP2-

EREBP 

23 1 180.57

8 

209.47

7 

52.326 56.086 0.93 60 Present 

At1G3132

0 

LBD4 (LOB DOMAIN-

CONTAINING PROTEIN 4) 

LBD 3 1 0 0 17.994 20.532 0.88 60 Present 

At1G3418

0 

ANAC016 (A. NAC domain 

containing protein 16); 

transcription factor 

NAC 16 1 891.65

25 

0 38.66 39.58 0.98 60 Present 
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At1G3524

0 

ARF20, AUXIN RESPONSE 

FACTOR 20 

ARF 5 1 Not on 

array 

Not on 

array 

0 0 Not on 

array 

60 Present 

At1G3551

5 

HOS10 (HIGH RESPONSE 

TO OSMOTIC STRESS 10); 

DNA binding 

MYB 21 1 Not on 

array 

Not on 

array 

24.686 26.286 0.94 45 Present 

At1G4316

0 

RAP2.6 (related to AP2 6); 

DNA binding / 

transcription factor 

AP2-

EREBP 

23 1 0 0 14.98 21.32 0.70 45 Present 

At1G4386

0 

transcription factor C2H2 29 1 586.44

55 

172.43

2 

317.65 56.29 5.64 60 Present 

At1G4765

5 

Dof-type zinc finger 

domain-containing protein 

C2C2-

Dof 

8 1 317.77

3 

0 55.973 60.532 0.92 60 Present 

At1G4800

0 

MYB112 (myb domain 

protein 112); DNA binding 

/ transcription factor 

MYB 21 1 0 0 37.85 21.75 1.74 45 Present 

At1G4948

0 

RTV1 (RELATED TO 

VERNALIZATION1 1); DNA 

binding / transcription 

factor 

REM 2 1 216.46

05 

0 70.15 61.53 1.14 60 Present 

At1G4972

0 

ABF1 (ABSCISIC ACID 

RESPONSIVE ELEMENT-

BINDING FACTOR 1); DNA 

binding / transcription 

bZIP 10 1 0 0 151 173.77 0.87 60 Present 
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activator/ transcription 

factor 

At1G4977

0 

RETARDED GROWTH OF 

EMBRYO 1, RGE1, ZHOUPI, 

ZOU 

RGE 1 1 Not on 

array 

Not on 

array 

0 0 Not on 

array 

60 Present 

At1G5042

0 

SCL3 (SCARECROW-LIKE 3); 

transcription factor 

GRAS 3 1 0 107.55

05 

18.74 15.84 1.18 60 Present 

At1G5068

0 

AP2/B3 transcription 

factor family protein 

RAV 2 1 0 0 0 0 Not on 

array 

30 Present 

At1G5316

0 

SPL4 (SQUAMOSA 

PROMOTER BINDING 

PROTEIN-LIKE 4); DNA 

binding / transcription 

factor 

SBP 4 1 125.33

5 

130.84

4 

32.91 24.19 1.36 45 Present 

At1G5323

0 

TCP3 (TEOSINTE 

BRANCHED1, CYCLOIDEA 

AND PCF TRANSCRIPTION 

FACTOR 3); transcription 

factor 

TCP 5 1 151.52

8 

213.22

65 

0 0 Not on 

array 

45 Present 

At1G5391

0 

RAP2.12; DNA binding / 

transcription factor 

AP2-

EREBP 

23 1 158.68 0 16.65 41.34 0.40 60 Present 

At1G5433

0 

ANAC020 (A. NAC domain 

containing protein 20); 

transcription factor 

NAC 16 1 0 0 31.231 46.118 0.68 60 Present 



263 

 

At1G5483

0 

CCAAT-box binding 

transcription factor Hap5a, 

putative 

CCAAT

-HAP5 

3 1 288.14

65 

616.91

35 

412.71 540.52 0.76 45 Present 

At1G5601

0 

NAC1 (A. NAC domain 

containing protein 21, A. 

NAC domain containing 

protein 22); transcription 

factor 

NAC 16 1 0 0 18.03 18.86 0.96 60 Present 

At1G5620

0 

EMB1303 (EMBRYO 

DEFECTIVE 1303) 

C2H2 29 1 421.46

2 

361.05

9 

31.69 125.27 0.25 60 Present 

At1G6024

0 

apical meristem formation 

protein-related 

AMF 1 1 110.94

5 

2422.3

65 

11364.

42 

2287.5

6 

4.97 60 Present 

At1G6111

0 

ANAC025 (A. NAC domain 

containing protein 25); 

transcription factor 

NAC 16 1 0 0 105.08

4 

69.752 1.51 60 Present 

At1G6166

0 

basic helix-loop-helix 

(bHLH) family protein 

bHLH 20 1 0 0 25.29 22.42 1.13 60 Present 

At1G6347

0 

DNA-binding family 

protein 

TF 12 1 227.79

75 

0 30.51 34.34 0.89 45 Present 

At1G6462

0 

Dof-type zinc finger 

domain-containing protein 

C2C2-

Dof 

8 1 0 0 29.79 34.65 0.86 60 Present 

At1G6518

0 

DC1 domain-containing 

protein 

DC 1 1 0 0 15.821 13.318 1.19 60 Present 
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At1G6642

0 

DNA-binding storekeeper 

protein-related 

transcriptional regulator 

GeBP 4 1 Not on 

array 

Not on 

array 

0 0 Not on 

array 

60 Present 

At1G6681

0 

zinc finger (CCCH-type) 

family protein 

CCCH 3 1 0 67.627

55 

24.398 42.595 0.57 60 Present 

At1G6791

0 

similar to unknown 

protein [A. thaliana] 

(TAIR:AT1G24577.1);  

CAMT

A 

2 1 49.058

65 

0 43.6 27.01 1.61 60 Present 

At1G6819

0 

zinc finger (B-box type) 

family protein 

C2C2-

CO-

like 

7 1 0 0 20.04 23.14 0.87 60 Present 

At1G6848

0 

JAG (JAGGED); nucleic acid 

binding / zinc ion binding 

C2H2 29 1 0 0 19.746 33.725 0.59 60 Present 

At1G6867

0 

myb family transcription 

factor 

G2-like 6 1 232.62

7 

212.01

45 

47.1 43.2 1.09 60 Present 

At1G6880

0 

BRANCHED 2, BRC2, TCP 

DOMAIN PROTEIN 12, 

TCP12 

TCP 5 1 Not on 

array 

Not on 

array 

0 0 Not on 

array 

60 Present 

At1G6892

0 

basic helix-loop-helix 

(bHLH) family protein 

bHLH 20 1 188.39

65 

190.28

35 

42.22 45.96 0.92 60 Present 

At1G7000

0 

DNA-binding family 

protein 

MYB-

relate

d 

8 1 0 0 51.85 35.73 1.45 60 Not in 

library 
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At1G7051

0 

KNAT2 (KNOTTED-LIKE 

FROM A. THALIANA 2); 

transcription factor 

Home

obox 

9 1 72.204

9 

0 28.957 16.796 1.72 60 Present 

At1G7126

0 

ATWHY2 (A. THALIANA 

WHIRLY 2); DNA binding 

Whirly 1 1 251.11

85 

0 32.4 25.87 1.25 60 Present 

At1G7145

0 

AP2 domain-containing 

transcription factor, 

putative 

AP2-

EREBP 

23 1 148.83

05 

0 25.555 129.64

6 

0.20 60 Present 

At1G7323

0 

nascent polypeptide-

associated complex (NAC) 

domain-containing protein 

NAC 16 1 2268.1

65 

476.92

3 

866 106.15 8.16 60 Present 

At1G7437

0 

zinc finger (C3HC4-type 

RING finger) family protein 

C3H 6 1 0 183.70

65 

43.26 39.94 1.08 60 Present 

At1G7651

0 

ARID/BRIGHT DNA-binding 

domain-containing protein 

ARID 1 1 659.85

85 

343.84 1859.4

9 

150.55 12.35 60 Present 

At1G7658

0 

transcription factor SBP 4 1 0 0 27.91 125.27 0.22 60 Present 

At1G7745

0 

ANAC032 (A. NAC domain 

containing protein 32); 

transcription factor 

NAC 16 1 0 412.57

95 

59.11 61.04 0.97 60 Present 

At1G7792

0 

bZIP family transcription 

factor 

bZIP 10 1 0 0 16.27 26.93 0.60 45 Present 

At1G7870

0 

brassinosteroid signalling 

positive regulator-related 

BZR 1 1 116.74

65 

0 51.92 52.72 0.98 60 Present 



266 

 

At1G8084

0 

WRKY40 (WRKY DNA-

binding protein 40); 

transcription factor 

WRKY 8 1 148.46

6 

0 27.62 22.16 1.25 60 Present 

At2G0106

0 

myb family transcription 

factor 

G2-like 6 1 548.49

3 

0 28.96 32.47 0.89 60 Present 

At2G0245

0 

ANAC034/ANAC035 (A. 

NAC domain containing 

protein 34, A. NAC domain 

containing protein 35); 

transcription factor 

NAC 16 1 0 0 29.38 19.81 1.48 60 Present 

At2G1777

0 

ATBZIP27/FDP (FD 

PARALOG); transcription 

factor 

bZIP 10 1 0 252.54

35 

25.314 56.292 0.45 30 Present 

At2G2076

0 

protein binding / protein 

transporter/ structural 

molecule 

TF 12 1 469.83

8 

482.59

95 

63.23 174.44 0.36 60 Present 

At2G2190

0 

ATWRKY59, WRKY DNA-

BINDING PROTEIN 59, 

WRKY59 

WRKY 8 1 0 0 0 0 Not on 

array 

60 Present 

At2G2290

0 

galactosyl transferase 

GMA12/MNN10 family 

protein 

CAMT

A 

2 1 110.34

9 

194.34

5 

64.26 170 0.38 60 Present 
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At2G2457

0 

WRKY17 (WRKY DNA-

binding protein 17); 

transcription factor 

WRKY 8 1 122.59

85 

0 19.57 19.97 0.98 60 Present 

At2G2479

0 

COL3 (CONSTANS-LIKE 3); 

protein binding / 

transcription factor/ zinc 

ion binding 

C2C2-

CO-

like 

7 1 0 0 17.68 38.3 0.46 45 Present 

At2G2799

0 

BLH8 (BEL1-LIKE 

HOMEODOMAIN 8); DNA 

binding / transcription 

factor 

Home

obox 

9 1 0 0 46.774 40.882 1.14 45 Present 

At2G2835

0 

ARF10 (AUXIN RESPONSE 

FACTOR 10); miRNA 

binding / transcription 

factor 

ARF 5 1 958.52

3 

95.353

9 

979.26 104.63 9.36 60 Present 

At2G2854

0 

nucleic acid binding / 

nucleotide binding / 

protein binding / zinc ion 

binding 

TF 12 1 369.19

55 

515.50

45 

3276.0

6 

314.87 10.40 60 Not in 

library 

At2G2855

0 

RAP2.7/TOE1 (TARGET OF 

EAT1 1); DNA binding / 

transcription factor 

AP2-

EREBP 

23 1 0 0 42.69 48.22 0.89 60 Present 

At2G2871

0 

zinc finger (C2H2 type) 

family protein 

C2H2 29 1 0 0 60.467 59.217 1.02 60 Present 
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At2G3118

0 

AtMYB14/Myb14at (myb 

domain protein 14); DNA 

binding / transcription 

factor 

MYB 21 1 0 0 60.73 12.88 4.72 60 Present 

At2G3138

0 

STH (salt tolerance 

homologue); transcription 

factor/ zinc ion binding 

C2C2-

CO-

like 

7 1 0 0 28.44 37.58 0.76 60 Present 

At2G3172

0 

[AT2G31720, DNA 

binding];[AT2G18810, DNA 

binding] 

Unkow

n 

2 1 Not on 

array 

Not on 

array 

0 0 Not on 

array 

60 Present 

At2G3177

0 

zinc finger (C3HC4-type 

RING finger) family protein 

C3H 6 1 504.86

3 

0 35.321 42.563 0.83 60 Present 

At2G3362

0 

DNA-binding family 

protein / AT-hook protein 

1 (AHP1) 

AHP 1 1 367.51

1 

255.61

85 

183.36 135.64 1.35 45 Present 

At2G3743

0 

zinc finger (C2H2 type) 

family protein (ZAT11) 

C2H2 29 1 0 0 27.043 23.583 1.15 60 Present 

At2G3759

0 

Dof-type zinc finger 

domain-containing protein 

C2C2-

Dof 

8 1 74.578

9 

109.50

05 

38.23 27.66 1.38 60 Present 

At2G3795

0 

zinc finger (C3HC4-type 

RING finger) family protein 

C3H 6 1 415.87 0 41.09 98.26 0.42 60 Present 

At2G3825

0 

DNA-binding protein-

related 

Triheli

x 

4 1 0 0 32.665 32.527 1.00 60 Present 



269 

 

At2G4022

0 

ABI4 (ABA INSENSITIVE 4); 

DNA binding / 

transcription factor 

AP2-

EREBP 

23 1 0 0 42.194 39.959 1.06 30 Present 

At2G4043

5 

transcription regulator TF 12 1 0 0 14.5 18.02 0.80 30 Present 

At2G4194

0 

ZFP8 (ZINC FINGER 

PROTEIN 8); nucleic acid 

binding / transcription 

factor/ zinc ion binding 

C2H2 29 1 0 0 135.22 132.93 1.02 60 Present 

At2G4230

0 

basic helix-loop-helix 

(bHLH) family protein 

bHLH 20 1 0 0 298.87 28.3 10.56 30 Present 

At2G4548

0 

ATGRF9, GRF9, GROWTH-

REGULATING FACTOR 9 

GRF 3 1 Not on 

array 

Not on 

array 

0 0 Not on 

array 

30 Present 

At2G4667

0 

[AT2G46670, pseudo-

response regulator, 

putative / timing of CAB 

expression 1-like protein, 

putative];[AT2G46790, 

APRR9 (PSEUDO-

RESPONSE REGULATOR 9); 

transcription regulator] 

CAB 1 1 Not on 

array 

Not on 

array 

0 0 Not on 

array 

60 Present 

At2G4677

0 

ANAC043, A. NAC 

DOMAIN CONTAINING 

PROTEIN 43, NAC 

NAC 16 1 0 0 0 0 Not on 

array 

60 Present 
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SECONDARY WALL 

THICKENING PROMOTING 

FACTOR1, NST1 

At2G4726

0 

WRKY23 (WRKY DNA-

binding protein 23); 

transcription factor 

WRKY 8 1 0 173.42

5 

630.58 45.79 13.77 60 Present 

At2G4790

0 

AtTLP3 (TUBBY LIKE 

PROTEIN 3); phosphoric 

diester hydrolase/ 

transcription factor 

TUB 3 1 209.28

95 

0 60.6 78.45 0.77 60 Present 

At3G0147

2 

[AT3G01472, CPuORF33 

(Conserved peptide 

upstream open reading 

frame 33)];[AT3G01470, 

ATHB-1 (Homeobox-

leucine zipper protein 

HAT5); transcription 

factor] 

HB 1 1 Not on 

array 

Not on 

array 

0 0 Not on 

array 

60 Not in 

library 

At3G0279

0 

zinc finger (C2H2 type) 

family protein 

C2H2 29 1 532.75

7 

128.58

205 

10.4 38.09 0.27 60 Present 

At3G0457

0 

DNA-binding protein-

related 

TF 12 1 0 0 148.24

2 

29.222 5.07 60 Present 
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At3G0473

0 

IAA16 (indoleacetic acid-

induced protein 16); 

transcription factor 

IAA 4 1 0 0 31.9 24.6 1.30 60 Present 

At3G0576

0 

nucleic acid binding / zinc 

ion binding 

C2H2 29 1 600.66

25 

160.45

9 

191.42 330.38 0.58 60 Present 

At3G0674

0 

zinc finger (GATA type) 

family protein 

C2C2-

Gata 

2 1 0 0 83.01 45.77 1.81 60 Present 

At3G0774

0 

ADA2A (A. adaptor 2A 

homolog); DNA binding / 

transcription factor 

ADA 1 1 0 0 30.36 40.85 0.74 45 Present 

At3G0923

0 

ATMYB1, MYB DOMAIN 

PROTEIN 1, MYB1 

MYB 21 1 Not on 

array 

Not on 

array 

0 0 Not on 

array 

60 Present 

At3G1000

0 

EDA31, EMBRYO SAC 

DEVELOPMENT ARREST 31 

Triheli

x 

4 1 Not on 

array 

Not on 

array 

0 0 Not on 

array 

30 Present 

At3G1102

0 

DREB2B (DRE-binding 

protein 2B); DNA binding / 

transcription activator/ 

transcription factor 

AP2-

EREBP 

23 1 221.57

8 

201.65 2596.1

2 

433.54 5.99 30 Present 

At3G1110

0 

transcription factor TF 12 1 0 684.08

15 

467.48 124.83 3.74 60 Present 

At3G1126

0 

WOX5, WOX5B, WUSCHEL 

RELATED HOMEOBOX 5, 

Home

obox 

9 1 Not on 

array 

Not on 

array 

0 0 Not on 

array 

60 Present 
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WUSCHEL RELATED 

HOMEOBOX 5B 

At3G1273

0 

myb family transcription 

factor 

G2-like 6 1 133.79

6 

198.83

1 

28.9 23.05 1.25 60 Present 

At3G1773

0 

ANAC057 (A. NAC domain 

containing protein 57); 

transcription factor 

NAC 16 1 0 0 40.836 43.419 0.94 60 Present 

At3G1896

0 

[AT3G18960, 

transcriptional factor B3 

family 

protein];[AT4G01580, 

transcriptional factor B3 

family protein] 

UNKN

OWN 

5 1 32.457

15 

0 0 0 Not on 

array 

45 Present 

At3G2210

0 

basic helix-loop-helix 

(bHLH) DNA-binding 

superfamily protein 

bHLH 20 1 Not on 

array 

Not on 

array 

0 0 Not on 

array 

60 Present 

At3G2267

0 

pentatricopeptide (PPR) 

repeat-containing protein 

PPR 1 1 283.02

6 

0 21.86 26.17 0.84 60 Not in 

library 

At3G2276

0 

SOL1 (TSO1-Like); 

transcription factor 

CPP 2 1 1093.9

15 

1257.2

8 

14613.

23 

2519.0

5 

5.80 60 Present 

At3G2674

4 

ICE1 (INDUCER OF CBF 

EXPRESSION 1); DNA 

binding / transcription 

factor 

bHLH 20 1 233.29

85 

0 34.85 93.92 0.37 60 Present 
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At3G2885

7 

PACLOBUTRAZOL 

RESISTANCE 5, PRE5 

bHLH 20 1 Not on 

array 

Not on 

array 

0 0 Not on 

array 

60 Present 

At3G3026

0 

MADS-box protein 

(AGL79) 

MADS 13 1 0 0 32.73 36.982 0.89 60 Present 

At3G4429

0 

ANAC060, ANAC60, NAC 

DOMAIN CONTAINING 

PROTEIN 60, NAC060 

NAC 16 1 Not on 

array 

Not on 

array 

0 0 Not on 

array 

60 Present 

At3G4664

0 

LUX, LUX ARRHYTHMO, 

PCL1, PHYTOCLOCK 1 

G2-like 6 1 435.02

65 

0 0 0 Not on 

array 

60 Present 

At3G4976

0 

ATBZIP5 (A. THALIANA 

BASIC LEUCINE-ZIPPER 5); 

DNA binding / 

transcription factor 

bZIP 10 1 0 0 20.723 20.247 1.02 60 Present 

At3G4994

0 

LBD38 (LOB DOMAIN-

CONTAINING PROTEIN 38) 

LBD 3 1 0 0 14.14 26.58 0.53 60 Present 

At3G5337

0 

DNA-binding S1FA family 

protein 

S1FA 1 1 761.64

75 

551.90

5 

17.64 226.63 0.08 60 Present 

At3G5685

0 

AREB3 (ABA-RESPONSIVE 

ELEMENT BINDING 

PROTEIN 3); DNA binding / 

transcription activator/ 

transcription factor 

bZIP 10 1 276.89

55 

247.24

95 

122.87 115.4 1.06 45 Present 

At3G5723

0 

AGL16 (AGAMOUS-LIKE 

16); transcription factor 

MADS 13 1 155.17

25 

301.86

8 

54.06 72.48 0.75 60 Present 
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At3G5739

0 

AGL18 (AGAMOUS-LIKE 

18); transcription factor 

MADS 13 1 576.76

5 

3428.7

2 

3331.7

7 

7052.8

4 

0.47 60 Present 

At3G5878

0 

SHP1 (SHATTERPROOF 1); 

DNA binding / 

transcription factor 

MADS 13 1 0 0 38.196 39.072 0.98 60 Present 

At3G6039

0 

HAT3 (homeobox-leucine 

zipper protein 3); 

transcription factor 

Home

obox 

9 1 0 0 57.33 85.01 0.67 60 Present 

At3G6112

0 

AGL13 (AGAMOUS-LIKE 

13); DNA binding / 

transcription factor 

MADS 13 1 119.95

5 

184.44

35 

13.858 19.005 0.73 60 Present 

At3G6123

0 

LIM domain-containing 

protein 

LIM 1 1 160.91 3423.9

75 

22.22 2156.1

6 

0.01 45 Present 

At3G6131

0 

DNA-binding family 

protein 

TF 12 1 325.44

65 

0 42.97 40.33 1.07 30 Present 

At3G6163

0 

CRF6 (CYTOKININ 

RESPONSE FACTOR 6); 

DNA binding / 

transcription factor 

AP2-

EREBP 

23 1 0 0 52.152 40.057 1.30 60 Present 

At3G6195

0 

basic helix-loop-helix 

(bHLH) family protein 

bHLH 20 1 0 0 17.162 20.797 0.83 60 Present 

At4G0015

0 

scarecrow-like 

transcription factor 6 

(SCL6) 

GRAS 3 1 146.67

25 

0 39.57 61.17 0.65 60 Present 
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At4G0039

0 

transcription regulator GeBP 4 1 1155.9

1 

0 94.61 141.78 0.67 60 Present 

At4G0128

0 

myb family transcription 

factor 

MYB-

relate

d 

8 1 192.29

45 

138.59

3 

68.71 60.76 1.13 45 Present 

At4G0168

0 

MYB55 (myb domain 

protein 55); DNA binding / 

transcription factor 

MYB 21 1 0 0 39.074 38.193 1.02 45 Present 

At4G0533

0 

AGD13 (ARF-GAP DOMAIN 

13); ARF GTPase activator/ 

zinc ion binding 

C2H2 29 1 357.71

55 

4608.3

15 

1442.7

9 

6263.7

4 

0.23 60 Present 

At4G0674

6 

DEAR5, DREB AND EAR 

MOTIF PROTEIN 5, RAP2.9, 

RELATED TO AP2 9 

DREB 1 1 Not on 

array 

Not on 

array 

0 0 Not on 

array 

30 Present 

At4G1060

0 

RING/FYVE/PHD zinc 

finger superfamily protein 

PHD 2 1 Not on 

array 

Not on 

array 

0 0 Not on 

array 

60 Present 

At4G1166

0 

AT-HSFB2B (A. thaliana 

heat shock transcription 

factor B2B); transcription 

factor 

HSF 3 1 129.37

45 

107.87

75 

104.89 37.46 2.80 60 Present 

At4G1205

0 

AHL26, AT-HOOK MOTIF 

NUCLEAR LOCALIZED 

PROTEIN 26 

AHL 1 1 Not on 

array 

Not on 

array 

0 0 Not on 

array 

60 Present 
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At4G1208

0 

DNA-binding family 

protein 

TF 12 1 0 0 27.42 18.06 1.52 60 Present 

At4G1224

0 

zinc finger (C2H2 type) 

family protein 

C2H2 29 1 119.04

985 

84.548

35 

99.21 39.4 2.52 45 Present 

At4G1471

0 

ATARD2 ATARD 1 1 Not on 

array 

Not on 

array 

0 0 Not on 

array 

60 Not in 

library 

At4G1678

0 

ATHB-2 (A. THALIANA 

HOMEOBOX PROTEIN 2); 

DNA binding / 

transcription factor 

Home

obox 

9 1 172.89

45 

0 22.99 37.9 0.61 30 Present 

At4G1685

0 

similar to unknown 

protein [A. thaliana] 

(TAIR:AT1G31130.1) 

UNKN

OWN 

5 1 398.41

95 

0 37.25 39.73 0.94 45 Present 

At4G1780

0 

DNA-binding protein-

related 

TF 12 1 0 0 20.8 23.32 0.89 60 Present 

At4G1888

0 

AT-HSFA4A (A. thaliana 

heat shock transcription 

factor A4A); DNA binding / 

transcription factor 

HSF 3 1 0 0 193.06 23.27 8.30 45 Present 

At4G2355

0 

ATWRKY29, WRKY29 WRKY 8 1 Not on 

array 

Not on 

array 

0 0 Not on 

array 

60 Present 

At4G2424

0 

WRKY7 (WRKY DNA-

binding protein 7); 

transcription factor 

WRKY 8 1 0 0 42.77 32.06 1.33 60 Present 
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At4G2444

0 

transcription initiation 

factor IIA gamma chain / 

TFIIA-gamma (TFIIA-S) 

IIA 1 1 633.03

3 

668.23

15 

850.09 795.38 1.07 45 Present 

At4G2549

0 

CBF1 (C-REPEAT/DRE 

BINDING FACTOR 1); DNA 

binding / transcription 

activator/ transcription 

factor 

AP2-

EREBP 

23 1 0 0 45.642 26.524 1.72 30 Present 

At4G2617

0 

similar to unknown 

protein [A. thaliana] 

(TAIR:AT5G56780.1); 

similar to effector of 

transcription [Brassica 

napus] (GB:AAT00536.1) 

HRT 1 1 0 0 30.663 18.156 1.69 60 Present 

At4G2788

0 

seven in absentia (SINA) 

family protein 

SINA 1 1 231.29

1 

2588.3

3 

8232.5

5 

2689.6 3.06 60 Present 

At4G2790

0 

similar to unknown 

protein [A. thaliana] 

(TAIR:AT5G53420.1) 

UNKN

OWN 

5 1 268.90

55 

0 42.08 60.1 0.70 60 Present 

At4G2811

0 

AtMYB41 (myb domain 

protein 41); DNA binding / 

transcription factor 

MYB 21 1 0 0 48.922 40.893 1.20 60 Present 

At4G2900

0 

tesmin/TSO1-like CXC 

domain-containing protein 

CPP 2 1 122.50

2 

189.56

75 

38.24 46.82 0.82 60 Present 



278 

 

At4G2903

0 

glycine-rich protein Triheli

x 

4 1 0 0 52.49 41.32 1.27 60 Present 

At4G2910

0 

ethylene-responsive 

family protein 

bHLH 20 1 0 0 101.39 143.59 0.71 60 Present 

At4G3555

0 

HB-4/WOX13 (WUSCHEL-

RELATED HOMEOBOX 13); 

DNA binding / 

transcription factor 

Home

obox 

9 1 0 0 17.77 22.41 0.79 30 Present 

At4G3570

0 

zinc finger (C2H2 type) 

family protein 

C2H2 29 1 174.71

9 

3215.8

7 

16885.

27 

4228.7

1 

3.99 60 Present 

At4G3626

0 

STY2 (STYLISH 2) C2H2 29 1 0 0 30.351 39.082 0.78 60 Present 

At4G3654

0 

BEE2 (BR ENHANCED 

EXPRESSION 2); DNA 

binding / transcription 

factor 

bHLH 20 1 0 0 15.71 14.04 1.12 45 Present 

At4G3726

0 

AtMYB73/MYB73 (myb 

domain protein 73); DNA 

binding / transcription 

factor 

MYB 21 1 0 0 262.06 126.95 2.06 60 Present 

At4G3896

0 

zinc finger (B-box type) 

family protein 

C2C2-

CO-

like 

7 1 0 0 53.82 75.631 0.71 60 Present 
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At5G0120

0 

myb family transcription 

factor 

MYB-

relate

d 

8 1 0 0 25.302 31.455 0.80 30 Present 

At5G0246

0 

Dof-type zinc finger 

domain-containing protein 

C2C2-

Dof 

8 1 0 0 19.857 21.949 0.90 30 Present 

At5G0351

0 

zinc finger (C2H2 type) 

family protein 

C2H2 29 1 0 0 25.643 20.143 1.27 60 Present 

At5G0512

0 

C2H2 and C2HC zinc 

fingers superfamily 

protein 

C2H2 29 1 Not on 

array 

Not on 

array 

0 0 Not on 

array 

60 Present 

At5G0583

0 

RING/FYVE/PHD zinc 

finger superfamily protein 

C3H 6 1 Not on 

array 

Not on 

array 

0 0 Not on 

array 

45 Present 

At5G0642

0 

Zinc finger (CCCH-

type/C3HC4-type RING 

finger) family protein 

CCCH 3 1 585.66

5 

0 0 0 Not on 

array 

60 Present 

At5G0677

0 

KH domain-containing 

protein / zinc finger (CCCH 

type) family protein 

CCCH 3 1 275.80

8 

215.56

1 

50.504 36.558 1.38 45 Present 

At5G0819

0 

TATA-binding protein-

associated 

phosphoprotein Dr1 

protein, putative 

CCAAT

-DR1 

1 1 279.96

55 

86.591

2 

108.15 23.76 4.55 60 Present 

At5G0925

0 

KIWI; DNA binding / 

transcription coactivator 

KIKI 1 1 531.32

7 

995.91

1 

697.03 80.52 8.66 45 Present 
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At5G0946

0 

Helix-loop-helix DNA-

binding domain 

bHLH 20 1 0 0 25.72 28.14 0.91 60 Present 

At5G1014

0 

FLC (FLOWERING LOCUS 

C); transcription factor 

MADS 13 1 205.01

85 

0 45.674 38.075 1.20 30 Present 

At5G1126

0 

HY5 (ELONGATED 

HYPOCOTYL 5); DNA 

binding / transcription 

factor 

bZIP 10 1 0 0 14.06 21.68 0.65 60 Present 

At5G1223

0 

similar to unknown 

protein [A. thaliana] 

(TAIR:AT5G19480.1) 

UNKN

OWN 

5 1 164.21

95 

219.42

45 

51.07 52.09 0.98 60 Not in 

library 

At5G1607

0 

chaperonin, putative TCP 5 1 836.52

85 

0 59.8 84.25 0.71 60 Present 

At5G1781

0 

WOX12, WUSCHEL 

RELATED HOMEOBOX 12 

Home

obox 

9 1 Not on 

array 

Not on 

array 

0 0 Not on 

array 

60 Present 

At5G1855

0 

nucleic acid binding C2H2 29 1 190.15

9 

620.64

65 

2094.5

7 

603.03 3.47 60 Present 

At5G1856

0 

PUCHI; DNA binding / 

transcription factor 

AP2-

EREBP 

23 1 174.89

85 

243.86

25 

48.9 33.06 1.48 60 Present 

At5G1868

0 

AtTLP11 (TUBBY LIKE 

PROTEIN 11); phosphoric 

diester hydrolase/ 

transcription factor 

TUB 3 1 266.00

35 

212.40

1 

29.25 50.97 0.57 60 Present 
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At5G2328

0 

ATTCP7, TCP DOMAIN 

PROTEIN 7, TCP7 

TCP 5 1 Not on 

array 

Not on 

array 

0 0 Not on 

array 

60 Present 

At5G2405

0 

 Protein of unknown 

function DUF313  

DUF 1 1 Not on 

array 

Not on 

array 

0 0 Not on 

array 

30 Present 

At5G2516

0 

ZFP3 (ZINC FINGER 

PROTEIN 3); nucleic acid 

binding / transcription 

factor/ zinc ion binding 

C2H2 29 1 0 0 14.395 13.2 1.09 30 Present 

At5G2621

0 

PHD finger family protein Alfin-

like 

1 1 532.20

55 

0 74.52 36.29 2.05 45 Present 

At5G2877

0 

BZO2H3 (A. THALIANA 

BASIC LEUCINE ZIPPER 63); 

DNA binding / protein 

heterodimerization/ 

transcription factor 

bZIP 10 1 0 0 22.91 17.18 1.33 60 Present 

At5G3555

0 

TT2 (TRANSPARENT TESTA 

2); DNA binding / 

transcription factor 

MYB 21 1 0 0 21.326 18.518 1.15 60 Present 

At5G3975

0 

[AT5G39750, 

AGL81/EMB3008 

(EMBRYO DEFECTIVE 

3008); transcription 

factor];[AT5G39810, 

MADS 13 1 Not on 

array 

Not on 

array 

0 0 Not on 

array 

30 Present 
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AGL98; transcription 

factor] 

At5G3976

0 

ATHB23 (A. THALIANA 

HOMEOBOX PROTEIN 23); 

DNA binding / 

transcription factor 

ZF-HD 2 1 304.67

55 

0 35.4 16.74 2.11 60 Present 

At5G4033

0 

MYB23 (myb domain 

protein 23); DNA binding / 

transcription factor 

MYB 21 1 0 0 74.951 94.597 0.79 60 Present 

At5G4120

0 

AGAMOUS-LIKE 75, AGL75 MADS 13 1 Not on 

array 

Not on 

array 

0 0 Not on 

array 

45 Present 

At5G4157

0 

A. THALIANA WRKY DNA-

BINDING PROTEIN 24, 

ATWRKY24, WRKY DNA-

BINDING PROTEIN 24, 

WRKY24 

WRKY 8 1 Not on 

array 

Not on 

array 

0 0 Not on 

array 

30 Present 

At5G4192

0 

scarecrow transcription 

factor family protein 

GRAS 3 1 0 0 104.20

5 

73.276 1.42 60 Present 

At5G4282

0 

ATU2AF35B; RNA binding ATU 1 1 154.41

67 

0 130.8 72.04 1.82 60 Present 

At5G4317

0 

AZF3 (A. ZINC-FINGER 

PROTEIN 3); nucleic acid 

binding / transcription 

factor/ zinc ion binding 

C2H2 29 1 215.78

7 

355.71

45 

72.68 66.19 1.10 60 Present 
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At5G4327

0 

SPL2 (SQUAMOSA 

PROMOTER BINDING 

PROTEIN-LIKE 2); DNA 

binding / transcription 

factor 

SBP 4 1 0 0 18.99 17.17 1.11 60 Present 

At5G4370

0 

ATAUX2-11 (indoleacetic 

acid-induced protein 4); 

transcription factor 

IAA 4 1 0 0 15.42 9.43 1.64 60 Present 

At5G4558

0 

Myb-like DNA-binding 

domain, SHAQKYF class 

G2-like 6 1 Not on 

array 

Not on 

array 

0 0 Not on 

array 

60 Present 

At5G4571

0 

AT-HSFA4C (A. thaliana 

heat shock transcription 

factor A4C); DNA binding / 

transcription factor 

HSF 3 1 0 421.00

95 

585.72 448.35 1.31 60 Present 

At5G4635

0 

WRKY8 (WRKY DNA-

binding protein 8); 

transcription factor 

WRKY 8 1 175.39 119.43

7 

25.65 78.75 0.33 30 Present 

At5G4675

0 

AGD8 (ARF-GAP DOMAIN 

8); DNA binding 

ARF 5 1 617.15

65 

0 38.18 34.25 1.11 45 Present 

At5G4683

0 

basic helix-loop-helix 

(bHLH) family protein 

bHLH 20 1 0 0 15.747 8.624 1.83 60 Present 

At5G4766

0 

Homeodomain-like 

superfamily protein 

Triheli

x 

4 1 Not on 

array 

Not on 

array 

0 0 Not on 

array 

60 Present 



284 

 

At5G4825

0 

zinc finger (B-box type) 

family protein 

C2C2-

CO-

like 

7 1 187.60

9 

0 40.046 40.388 0.99 60 Present 

At5G4944

8 

CONSERVED PEPTIDE 

UPSTREAM OPEN 

READING FRAME 4, 

CPUORF4 

CPU 3 1 Not on 

array 

Not on 

array 

0 0 Not on 

array 

 
Not in 

library 

At5G5082

0 

ANAC097 (A. NAC domain 

containing protein 97); 

transcription factor 

NAC 16 1 0 0 36.042 32.624 1.10 30 Present 

At5G5179

0 

basic helix-loop-helix 

(bHLH) DNA-binding 

superfamily protein 

bHLH 20 1 Not on 

array 

Not on 

array 

0 0 Not on 

array 

60 Present 

At5G5186

0 

MADS-box protein 

(AGL72) 

MADS 13 1 0 0 23.912 33.033 0.72 60 Present 

At5G5202

0 

AP2 domain-containing 

protein 

AP2-

EREBP 

23 1 0 0 45.479 59.18 0.77 45 Present 

At5G5366

0 

AtGRF7 (GROWTH-

REGULATING FACTOR 7) 

GRF 3 1 110.78

07 

134.25

5 

98.97 44.43 2.23 60 Present 

At5G5434

0 

C2H2 and C2HC zinc 

fingers superfamily 

protein 

C2H2 29 1 Not on 

array 

Not on 

array 

0 0 Not on 

array 

60 Present 
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At5G5468

0 

ILR3 (IAA-LEUCINE 

RESISTANT3); DNA binding 

/ transcription factor 

bHLH 20 1 733.23

4 

1495.7

7 

2011.9

1 

674.82 2.98 60 Present 

At5G5742

0 

IAA33 (indoleacetic acid-

induced protein 33); 

transcription factor 

IAA 4 1 0 0 27.658 32.638 0.85 45 Present 

At5G5752

0 

ZFP2 (ZINC FINGER 

PROTEIN 2); nucleic acid 

binding / transcription 

factor/ zinc ion binding 

C2H2 29 1 0 0 23.857 23.855 1.00 60 Present 

At5G6013

0 

transcriptional factor B3 

family protein 

B3 2 1 0 0 41.802 35.225 1.19 60 Present 

At5G6147

0 

zinc finger (C2H2 type) 

family protein 

C2H2 29 1 0 0 16.288 13.78 1.18 45 Present 

At5G6193

0 

APO3 (ACCUMULATION 

OF PHOTOSYSTEM ONE 3) 

APO 1 1 128.60

75 

0 141.2 93.81 1.51 60 Present 

At5G6243

0 

CDF1 (CYCLING DOF 

FACTOR 1); DNA binding / 

protein binding / 

transcription factor 

C2C2-

Dof 

8 1 0 0 1151.5

9 

83.91 13.72 60 Present 

At5G6294

0 

Dof-type zinc finger 

domain-containing protein 

C2C2-

Dof 

8 1 0 0 59.511 26.982 2.21 45 Present 

At5G6373

0 

IBR domain-containing 

protein 

C3H 6 1 260.05

95 

0 40.93 185.82 0.22 60 Present 
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At5G6406

0 

ANAC103 (A. NAC domain 

containing protein 103); 

transcription factor 

NAC 16 1 457.29

4 

0 28.762 33.996 0.85 60 Present 

At5G6531

0 

ATHB5 (A. THALIANA 

HOMEOBOX PROTEIN 5); 

transcription factor 

Home

obox 

9 1 0 0 14.54 13.58 1.07 60 Present 

At5G6532

0 

basic helix-loop-helix 

(bHLH) family protein 

bHLH 20 1 86.082

7 

127.15 37.513 36.526 1.03 60 Present 

At5G6533

0 

AGL78; transcription 

factor 

MADS 13 1 Not on 

array 

Not on 

array 

85.21 15.73 5.42 60 Present 

At5G6559

0 

Dof-type zinc finger 

domain-containing protein 

C2C2-

Dof 

8 1 0 0 51.774 145.01

4 

0.36 60 Present 

At5g49450 [AT5G49450, ATBZIP1 (A. 

THALIANA BASIC LEUCINE-

ZIPPER 1) 

bZIP 10 1 Not on 

array 

Not on 

array 

33.22 582.56 0.06 60 Present 

At1g25470 [AT1G25472, CPuORF54 

(Conserved peptide 

upstream open reading 

frame 54)];[AT1G25470, 

AP2 domain-containing 

transcription factor, 

putative] 

AP2-

EREBP 

23 2 Not on 

array 

Not on 

array 

121.46 167.73 0.72 60 Present 

At5g09460 [AT5G09462, CPuORF42 

(Conserved peptide 

bHLH 20 1 0 0 25.72 28.14 0.91 60 Present 
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upstream open reading 

frame 42)];[ 

At3g6242

0 
[AT3G62420, ATBZIP53 

(BASIC REGION/LEUCINE 

ZIPPER MOTIF 53); DNA 

binding / protein 

heterodimerization/ 

sequence-specific DNA 

binding / transcription 

factor] 

bZIP 10 
 

Not on 

array 

Not on 

array 

21.63 241.05 0.09 60 Present 

 

1 Gene descriptions and gene family taken from the plant transcription factor database V4 (Jin et al., 2017). 

2UNM (unicellular microspore) and MPG (mature pollen grain) micro array expression taken from Honys and Twell (2004). 

3Micro array expression data taken from Borges et al., (2008) to identify genes enriched in the sperm cell instead of the vegetative 
cell. 

4Present or absent call when compared to the Y1H library in  Mitsuda et al., (2010).
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8.5 Raw data of dual luciferase assays 

Table 8-10 Raw data of dual luciferase esperiments from Figure 5-6 

Day 1 LUC 
  

Ren 
  

Interaction Rep1 Rep2 Rep3 Rep1 Rep2 Rep3 

Unmod ROD1xmDUO 21624 25618 8945 9384 7612 6749 
Unmod ROD1xPAP 20552 19182 4165 7891 5687 7461 

Unmod ROD1xGUS 28973 15927 7684 7910 5945 7362 

NoMYB ROD1xmDUO 26966 23900 6697 7903 7214 9473 

NoMYB ROD1xPAP 20809 9689 10372 7726 8531 6799 
NoMYB ROD1xGUS 12457 11664 8754 5945 7869 7697 

DFRXmDUO 23562 21951 8487 6596 6980 7452 

DFRXPAP 25597 23170 11905 5958 8446 8251 

DFRXGUS 16587 16443 4755 8984 9478 8857 
Buffer only control 920 661 781 4117 4788 3178 

Leaf only control             

Day 2 LUC 
  

Ren 
  

 
Rep1 Rep2 Rep3 Rep1 Rep2 Rep3 

Unmod ROD1xmDUO 31670 24566 29669 39465 18113 90848 

Unmod ROD1xPAP 33417 17156 31479 31699 17493 109930 

Unmod ROD1xGUS 39495 17755 23710 98344 18405 144796 

NoMYB ROD1xmDUO 103898 30146 30888 182563 53221 109269 
NoMYB ROD1xPAP 105569 9365 36401 140074 18201 137525 

NoMYB ROD1xGUS 155915 21131 31786 187121 73179 178678 

DFRXmDUO 48020 12827 16634 181262 76154 78632 

DFRXPAP 2822000 289962 1176000 173191 48577 186138 
DFRXGUS 117596 48028 299839 176152 94687 190581 

Buffer only control 1915 3300 1018 5582 6104 3941 

Leaf only control 1070 846 914 4265 5853 4093 

Day 3 LUC 
  

Ren 
  

 
Rep1 Rep2 Rep3 Rep1 Rep2 Rep3 

Unmod ROD1xmDUO 47182 13316 114846 22890 47717 377268 

Unmod ROD1xPAP 139149 39604 98515 108176 45039 251204 

Unmod ROD1xGUS 284081 60566 115808 465257 127924 551154 
NoMYB ROD1xmDUO 369143 136742 129084 287830 142902 306424 

NoMYB ROD1xPAP 274038 48924 135285 279849 155944 382972 

NoMYB ROD1xGUS 419529 117889 217908 361982 257170 605478 

DFRXmDUO 159487 42277 88025 574276 312114 430672 
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DFRXPAP 10998000 3184000 4235000 780005 365047 690497 

DFRXGUS 12967000 2126000 5555000 1061000 447119 662597 
Buffer only control 2924 1867 1467 5801 5159 6164 

Leaf only control 4551 5105   6281 4871   

 

Table 8-11 Raw data for the dual luciferase assays conducted by collaborators in the Twell 

Laboratory. 

      

Ex 1 
     

Effector Promoter fLUC rLUC Ratio Normalised Ratio 
ANAC076 AtDUO 407734 316431 1.28854 1.62203512   

80343 136710 0.58768927 0.73979282   
207667 192283 1.08000707 1.35953048   

66066 107845 0.61260142 0.77115264   
319738 419976 0.76132446 0.95836762   

76402 196543 0.38872918 0.48933862   
190882 270621 0.70534807 0.88790363   

61183 151511 0.40381886 0.50833376 
DREB2C AtDUO 120247 122515 0.98148798 1.23551304   

117424 133001 0.88288058 1.11138444   
143784 144606 0.99431559 1.25166065   
133775 182053 0.73481349 0.92499518   
108144 161739 0.6686328 0.84168585   
101865 177095 0.57519975 0.72407081   
123636 205709 0.60102378 0.75657851   
107891 233449 0.4621609 0.58177566 

ANAC094 AtDUO 202859 178537 1.13622947 1.43030414   
176949 146551 1.20742267 1.51992331   
173447 158377 1.09515271 1.37859605   
174113 256557 0.67865231 0.85429857   
151122 218490 0.69166552 0.87067982   
142701 188804 0.75581555 0.95143292   
135786 210416 0.64532165 0.81234139   
104525 332896 0.31398695 0.39525188 

LWD2 AtDUO 250181 256774 0.97432372 1.22649456   
231941 288917 0.80279457 1.01057088   
158980 245777 0.64684653 0.81426094   
123372 241322 0.51123395 0.64354962 
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215975 285643 0.75610115 0.95179243   
204303 329175 0.62065163 0.78128637   
146680 269769 0.54372445 0.68444918   
113919 277866 0.40997819 0.51608722 

AtDUO AtDUO 724209 191814 3.77557947 4.75276088   
883063 218668 4.03837324 5.08356996   
810379 176579 4.58932829 5.77712114   

4042 1248 3.23878205 4.07703156   
667174 227369 2.93432262 3.69377307   
885583 263533 3.36042545 4.23015825   
758225 195954 3.86940302 4.8708675   

3298 992 3.32459677 4.18505653 
empty AtDUO 316742 277591 1.14103843 1.43635775   

293592 226409 1.2967329 1.63234848   
180315 306153 0.58897022 0.7414053   

77914 152669 0.51034591 0.64243174   
293692 304788 0.96359437 1.21298827   
271440 263439 1.03037136 1.29704823   
162400 356450 0.45560387 0.57352157   

68590 186123 0.36851974 0.46389865 
AtDUO MGH3 3082000 238084 12.945011 16.2953905   

5249000 305950 17.1563981 21.5967532   
3643000 276583 13.1714531 16.5804395   
182207 24000 7.59195833 9.55688071   

3068000 256541 11.9591021 15.0543123   
5302000 313360 16.9198366 21.2989657   
3394000 285516 11.8872498 14.9638635   
178790 25100 7.12310757 8.96668374 

empty MGH3 4226 151419 0.02790931 0.0351327   
5716 126352 0.0452387 0.05694721   
4097 131585 0.03113577 0.03919421   
3629 158417 0.02290789 0.02883683   
4909 131466 0.03734045 0.04700477   
2950 134052 0.02200639 0.027702       

Ex 2 
     

Effector Promoter fLUC rLUC Ratio Normalised ratio 
ANAC042 AtDUO1 70283 503957 0.1394623 0.79169949   

63636 488880 0.13016691 0.73893146   
78238 380564 0.20558434 1.1670611   
49408 572211 0.08634577 0.49016763 



291 

 

  
81111 695095 0.11669052 0.66242871   
75743 663414 0.11417154 0.64812896   

102547 520737 0.19692666 1.11791319   
65592 885704 0.07405634 0.42040302 

ANAC045 AtDUO1 180740 733442 0.24642712 1.39891736   
140535 864215 0.16261578 0.9231372   
142861 588201 0.24287786 1.37876892   
112788 732989 0.15387407 0.87351224   
241625 876312 0.27572942 1.56526064   
183201 1140000 0.16070263 0.91227662   
218414 773811 0.28225755 1.60231954   
148588 922903 0.16100067 0.91396852 

ICE2 AtDUO1 102899 596787 0.17242165 0.97880315   
60272 555005 0.10859722 0.61648464   
54418 457808 0.11886642 0.67478086   

148442 786321 0.18878041 1.07166853   
173318 733381 0.23632737 1.34158308   

94544 681450 0.13873945 0.78759606   
79415 552177 0.14382164 0.8164466   

215257 934766 0.23027902 1.30724784 
NF-YB1 AtDUO1 135738 867870 0.15640361 0.88787193   

45678 368972 0.12379801 0.70277649   
79680 728064 0.10944093 0.62127421   
78074 555517 0.14054295 0.79783417   

188769 925133 0.20404526 1.15832401   
58053 431167 0.13464157 0.76433317   

111526 827103 0.13483931 0.76545574   
92410 637589 0.14493663 0.82277618 

AtDUO1 AtDUO1 689139 708599 0.97253736 5.5208996   
1320000 1020000 1.29411765 7.34644643   
594036 940786 0.63142521 3.58447434   
806896 945893 0.85305209 4.84260568   
931982 815217 1.1432318 6.48989774   

1850000 1164000 1.58934708 9.02240472   
815733 1080000 0.75530833 4.28773398   

1130000 1080000 1.0462963 5.9396143 
AtDAZ1 AtDUO1 494466 416154 1.18818034 6.74506156   

726204 526765 1.37861096 7.826098   
362826 509667 0.71188835 4.04124744   
655257 650498 1.00731593 5.7183306   
658225 508064 1.29555528 7.35460761 
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1000000 618959 1.6156159 9.17152754   
476349 582595 0.81763318 4.64153961   
869669 789094 1.10211078 6.25646191 

no effector AtDUO1 164167 1240000 0.13239274 0.75156705   
227785 970692 0.23466249 1.3321319   
155334 1300000 0.11948769 0.67830767   
208849 1280000 0.16316328 0.92624524   
212674 1305000 0.16296858 0.92513997   
271074 1079000 0.25122706 1.42616566   
201240 1389000 0.14488121 0.82246158   
272227 1358000 0.20046171 1.13798093 

AtDUO1 HTR10 2510000 1070000 2.34579439 13.3166045   
3200000 758946 4.21637376 23.9355085   
2780000 1280000 2.171875 12.3292989   
2430000 998713 2.43313144 13.8123994   
2810000 1110000 2.53153153 14.370997   
4010000 812000 4.93842365 28.0344409   
3230000 1320000 2.4469697 13.8909564   
2710000 1024000 2.64648438 15.0235612 

no effector HTR10 37069 1190000 0.03115042 0.17683469   
23448 1270000 0.01846299 0.1048107   
24820 1620000 0.01532099 0.08697418   
21395 971644 0.02201938 0.12499961   
38504 1227000 0.0313806 0.17814139   

104067 1293000 0.08048492 0.45689675   
39772 1631000 0.02438504 0.13842898   
76620 990113 0.07738511 0.43929974       

Ex 3 
     

Effector Promoter fLUC rLUC Ratio Normalised 
ANAC042 + 
ANAC045 + 
ANAC076 + 
ANAC094 

proAtDUO1 15919.5714 22973.1429 0.69296446 1.35411786 

  
12410.5714 14175.1429 0.8755165 1.71084176   
21515.5714 24258.1429 0.88694223 1.73316872   
19865.5714 28755.1429 0.69085282 1.34999152   
8869.57143 14042.1429 0.63163945 1.23428303   
7500.57143 9940.14286 0.75457381 1.47450834   
12109.5714 15579.1429 0.77729382 1.51890538   
11526.5714 17788.1429 0.64799184 1.26623713 
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ANAC042 + 
ANAC045 + 
ANAC076 + 
ANAC094 + DUO1 

proAtDUO1 66820.5714 25044.1429 2.66811173 5.21374181 

  
32802.5714 12438.1429 2.63725637 5.15344751   
48995.5714 23444.1429 2.08988538 4.08383302   
72512.5714 36671.1429 1.97737419 3.86397555   
33467.5714 16142.1429 2.07330413 4.05143169   
19093.5714 8537.14286 2.23652945 4.37038935   
36211.5714 13700.1429 2.64315283 5.16496977   
39778.5714 22363.1429 1.77875586 3.47585661 

ANAC042 + 
ANAC045 + DUO1 

proAtDUO1 40500.5714 24993.1429 1.62046733 3.1665459 
  

64932.5714 20430.1429 3.178273 6.21064501   
61050.5714 32868.1429 1.85743903 3.62961094   
168259.571 56800.1429 2.96230895 5.7886309   
22053.5714 15705.1429 1.4042261 2.74399014   
41317.5714 11661.1429 3.54318371 6.92371493   
44038.5714 17643.1429 2.49607294 4.87756179   
76851.5714 35141.1429 2.18694001 4.27348692 

ANAC076 + 
ANAC094 + DUO1 

proAtDUO1 55471.5714 18518.1429 2.99552562 5.85353941 
  

39058.5714 12901.1429 3.02752802 5.9160751   
88406.5714 27961.1429 3.16176531 6.17838742   
227976.571 55666.1429 4.09542605 8.00284851   
37331.5714 15398.1429 2.42442038 4.73754594   
29826.5714 11355.1429 2.62670156 5.13282242   
72432.5714 24479.1429 2.95895048 5.78206813   
181959.571 51128.1429 3.55889264 6.95441166 

ICE2 (BHLH) + 
ANAC042 + 
ANAC045 + 
ANAC076 + 
ANAC094 + DUO1 

proAtDUO1 32121.5714 17833.1429 1.80122885 3.51977095 

      
  

38322.5714 17630.1429 2.17369602 4.24760691   
62089.5714 22136.1429 2.80489568 5.48103053   
26238.5714 18012.1429 1.45671571 2.84655979       

  
38859.5714 18240.1429 2.13044227 4.16308501   
47519.5714 21340.1429 2.22676913 4.35131677 

AtDUO1 proAtDUO1 123499.571 68914.1429 1.79207876 3.5018908   
61022.5714 12191.1429 5.00548408 9.78118767   
97879.5714 25106.1429 3.89863039 7.61829124 
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469852.571 100265.143 4.68610085 9.15708275   
112770.571 66117.1429 1.70561773 3.33293782   
53525.5714 10807.1429 4.95279577 9.67822976   
80252.5714 26796.1429 2.99492997 5.85237545   
344661.571 85104.1429 4.04988006 7.91384736 

No effector proAtDUO1 12663.5714 33703.1429 0.37573859 0.73422862   
4607.57143 7237.14286 0.63665614 1.2440861   
12565.5714 21780.1429 0.57692787 1.12737144   
4287.57143 9085.14286 0.4719322 0.92219999   
11397.5714 37412.1429 0.30464899 0.59531284   
5569.57143 6893.14286 0.80798723 1.57888321   
10174.5714 22913.1429 0.44404958 0.86771473   
4795.57143 10074.1429 0.47602774 0.93020307 

 


