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ABSTRACT 

 

 

 

 The iconic shedding of leaves by trees every fall is a form of abscission. This is a 

process by which plants discard organs in response to environmental effects or the 

normal developmental plan. Long studied at the anatomical and physiological levels, it 

has only been in the last two decades with the use of the model plant Arabidopsis that it is 

being understood at a molecular and genetic level. The history and current state of the 

field is reviewed in Chapter 1. To further understand this mechanism, multiple genetic 

and genomic approaches were utilized and are described in Chapters 2 through 5.   

 In Chapter 2 two different mutagenesis techniques, ems mutagenesis and 

activation tagging were utilized to try to discover new genes involved in abscission. In 

the first, plants were screened for loss of abscission phenotypes. Numerous abscission 

defective mutants were found and characterized, but no new genes were identified. 

However, new alleles of two known genes, HAESA (HAE) and HAESA-LIKE 2 (HSL2), 

were found and will be useful for further experiments. Another floral developmental 

phenotype was mapped to a region containing the gene HAWAIIAN SKIRT (HWS) and a 

mutant allele of this gene was identified. In the activation tagging screen, plants were 

screened for suppression of the phenotype from a loss of abscission double mutant, hae 

hsl2.  

 In Chapter 3, RNA-Seq was used to study the effects of the hae hsl2 mutant on 

gene expression in stage 15 floral receptacles. 2034 genes were identified as differentially 
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expressed, 349 of which having changes of 2 fold or greater. These genes were 

categorized as being HAE HSL2-dependent and were enriched for functions in cell wall 

modification and defense responses. Expression of HAE HSL2-dependent glycosyl 

hydrolases was further studied in earlier developmental stages and mutants of 

INFLORESCENCE DEFICIENT IN ABSCISSION (ida) by qPCR. Comparison to stamen 

abscission zone (AZ) microarrays enabled the identification of genes unaffected by hae 

hsl2 that were categorized as HAE HSL2-independent genes. These genes were enriched 

for other functions such as hormonal signaling, senescence, and callose deposition.   

  Chapters 4 and 5 expand upon the results of Chapter 3. In Chapter 4, qPCR was 

used to test the expression of genes involved in HAE HSL2 signaling and HAE HSL2-

independent processes. Results in Chapter 3 were largely confirmed by qPCR.  Results 

for the genes BP/KNAT1, KNAT2, and KNAT6 challenge proposed mechanisms of action 

for these genes in abscission. In Chapter 5, promoter regions and gene expression are 

used to identify candidate transcription factors regulating HAE HSL2-dependent gene 

expression. Further testing of candidate genes will be needed to understand if these genes 

have any role in abscission.  
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Chapter 1: NEWTON’S APPLE: A REVIEW OF ABSCISSION 

 

 

 

According to legend, Isaac Newton was inspired to think of gravity after 

observing an apple fall from a tree (McKie and De Beer, 2011). If the legend is true, then 

it is thanks to abscission, the process by which plants shed entire organs that triggered 

Newton’s insights. Examples of abscission abound, from Newton’s apple, to trees 

shedding their leaves in the autumn, to the falling petals of a rose. This is not random; 

rather, abscission is a genetically regulated process that enables plants to discard 

unneeded or infected organs as part of development or in response to their environment.  

 Abscission is a cell separation process that shares similarities to other processes 

such as dehiscence of fruit or anthers and root cap sloughing (Roberts et al., 2000), but 

differing in other aspects. These processes are of great agricultural importance and many 

of the genes selected for during domestication are directly involved in cell separation 

(Doebley et al., 2006; Gross and Olsen, 2010). Abscission is fundamentally different in 

that it involves the shedding of entire organs, rather than the opening of reproductive 

organs or shedding of a few cells.  While a process such as fruit dehiscence is generally 

selected against in domestication, the desirability of abscission in agriculture is context 

dependent. Premature abscission of fruits results in harvest losses and many orchards 

often spray abscission inhibitors such as 2,4-D prior to harvest to reduce fruit loss 

(Cooper et al., 1968). In other circumstances abscission is desirable and those same 
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orchards might spray NAA to thin out excess fruit and increase the size of those that 

remain (Cooper et al., 1968). 

 The earlier years of abscission research was characterized by a focus on the 

physiological and anatomical aspects in a variety of species along with classical 

differential responses to different plant hormones and synthetic compounds. The plant 

hormone abscisic acid was first isolated for its involvement in the abscission of cotton 

fruits and called abscisin II (Addicott et al., 2009), although it is no longer considered to 

be primarily involved in abscission. A new phase of abscission research began with the 

use of Arabidopsis thaliana as the model genetic system, resulting in the search of 

abscission mutants and their underlying genetics. Most of our current understanding of 

the genetic basis of abscission comes from Arabidopsis, with some continuing 

contributions from work in tomato (Solanum lycopersicum). In Arabidopsis, only the 

floral organs (sepals, petals, and stamen) abscise, and mutant screens have resulted in the 

identification of several mutants that never lose their flowers. Relatively little 

physiological or anatomical work on abscission has been done in Arabidopsis, requiring 

the genetic advances to be interpreted in light of earlier studies in other species. The 

recent development of genomic and transcriptomic techniques, such as microarrays and 

next generation sequencing, is not only continuing the advances made in Arabidopsis, but 

also seeing renewed study in non-model species, and will pave the way for a more 

integrated view of abscission.  

  Our current understanding of abscission allows the process to be broken down 

into four broad sequential stages. The first step is to potentiate abscission through the 

formation of the Abscission Zone (AZ) or cells that are capable of abscission. The second 
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step is when developmental or environmental cues induce abscission through a cascade of 

signals resulting in the third step, the actual cell separation and abscission of the organ. 

The fourth step includes all the post-abscission processes that cumulates in the formation 

of a protective scar tissue over the abscission site.  

 

Abscission Zone formation 

 Actual cell separation is limited to specific regions at the base of the abscising 

organ known as the abscission zone (AZ) and which is typically composed of 

anatomically distinct cell layers (Sexton and Roberts, 1982). Anatomically, AZ cells can 

usually be observed as smaller, rounder, and more cytoplasmically dense than 

surrounding cells. They may also possess other characteristics such as more highly 

branched plasmodesmata, smaller intracellular spaces, starch deposits, and a lack of 

lignification (Sexton and Roberts, 1982). The fractural plane of separation is typically 

only 1-5 cells wide and occurs at the pectin rich middle lamella, between cell walls 

(Sexton and Roberts, 1982). 

Studies in Sambucus nigra (elder) have shown abscission cannot be induced by 

signals such as ethylene until after the AZ is fully formed and differentiated (Osborne and 

Sargent, 2013). In Arabidopsis and tomato, improper AZ formation inhibits abscission 

(Mao et al., 2000; McKim et al., 2008). Whether or not this is essential in all species is 

unknown, as some have observed abscission without fully formed AZs (Gawadi and 

Avery, 2007).  Genetically, little is known about the actual formation and differentiation 

of the AZ. In Arabidopsis, two transcription factors belonging to the NPR1 family, 

BLADE-ON-PETIOLE 1 (BOP1) and BOP2, are involved in floral patterning (Hepworth 
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et al., 2005). The bop1 bop2 double mutant has multiple floral defects, including a failure 

to abscise and abnormal AZs that lack the typical small cytoplasmically dense appearance 

(McKim et al., 2008). In Tomato, the jointless mutant does not develop a pedicel AZ and 

has long been known and selected for its advantages in mechanical harvesting (Butler, 

1936; Mao et al., 2000). JOINTLESS is a MADS-box transcription factor (Mao et al., 

2000) and has been shown to interact with another MADS-box transcription factor 

MACOCALYX, which is also essential for pedicel AZ formation (Nakano et al., 2012).  

 

Induction 

 The first identified inducer of abscission was the ethylene and later it was shown 

that auxin had an inhibitory effect (Sexton and Roberts, 1982). Early studies focused on 

these two hormones, leading to proposals that the induction of abscission was due to 

changes in the balance of ethylene and auxin or auxin gradients across the AZ (Hall, 

1952; Addicott and Lynch, 1955; Addicott et al., 1955). Most of the first abscission 

mutants identified are involved in ethylene perception or production. In Arabidopsis, 

mutants in the ethylene receptor ethylene-resistant1 (etr1) or the downstream ethylene-

insensitive2 (ein2) have significantly delayed floral organ abscission (Guzmán and Ecker, 

2002; Bleecker et al., 2013).  Similarly, antisense lines with reduced expression of the 

tomato ethylene receptor LeETR1 have delayed abscission (Whitelaw et al., 2002). On 

the other hand auxin response factor 1 (arf1) and arf2 mutants have delayed abscission, 

an effect which is synergistically increased when combined with arf19 and arf7 or ein2 

(Ellis et al., 2005). While this may seem contradictory given the inhibitory role of auxin 

application on abscission, arf1 and arf2 are transcriptional repressors and are potentially 
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negative regulators of auxin responses (Ellis et al., 2005). Initially isolated from AZs, 

abscisic acid (ABA) has since not been strongly associated with abscission, although 

more recent evidence has shown delayed abscission in ABA deficient aba2 mutants as 

well as in allene oxide synthase (aos) mutants that affect jasmonic acid biosynthesis. 

What direct roles, if any, these hormones play in abscission has yet to be determined 

(Ogawa et al., 2009). 

 The Receptor-Like Protein Kinase (RLK) HAESA (HAE) was identified as 

regulating abscission through the use of anti-sense lines (Jinn et al., 2000). RLKs possess 

an extracellular receptor domain an intracellular protein kinase domain and are involved 

in signal transduction. However, the hae T-DNA mutants lacked a phenotype. Later it 

was shown the paralogous RLK, HAESA-LIKE 2 (HSL2), acts redundantly to control 

floral abscission; and hae hsl2 double T-DNA mutants have a complete loss of floral 

organ abscission (Cho et al., 2008; Stenvik et al., 2008). These mutants do not appear to 

affect ethylene responses or to be involved in hormonal signaling pathways, indicating 

that they operate independently or parallel to hormonal cues such as ethylene (Jinn et al., 

2000).  

 Another gene with a role in abscission is INFLORESCENCE DEFICIENT IN 

ABSCISSION (IDA), the founding member of a family of genes that are predicted to 

encode small secreted peptides (Butenko et al., 2003). IDA peptides possess a N-terminal 

signal peptide, which targets it for secretion and a conserved C-terminal PIP motif that is 

functionally essential (Butenko et al., 2003; Stenvik et al., 2008). ida mutants are 

phenotypically similar to hae hsl2, having a complete loss of abscission and no apparent 

effect on ethylene response. However, some evidence suggests that IDA expression is 
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ethylene inducible, providing a potential connection between ethylene and other signaling 

processes (Butenko et al., 2006). When IDA is expressed constitutively using the CaMV 

35S promoter, flowers abscise prematurely, and the AZs following abscission are 

disorganized (Stenvik et al., 2006). This phenotype due to constitutive expression is 

blocked in hae hsl2 (Cho et al., 2008; Stenvik et al., 2008). Based on the shared 

phenotypes, predicted molecular functions, and genetic interactions it is believed that 

IDA is the putative ligand for HAE and HSL2. Future studies will need to confirm this 

interaction biochemically.   

 MAP kinase cascades are a common signaling module found throughout 

eukaryotes and involved in many processes in plants (Group, 2002). Typically a MAP 

kinase cascade consists of three proteins that transmit a signal by sequential 

phosphorylation. A MAP KINASE KINASE KINASE (MAP3K) phosphorylates a MAP 

KINASE KINASE (MKK), which then phosphorylates a MAP KINASE (MPK). The 

MPK then phosphorylates its target. In Arabidopsis, a MAP kinase cascade consisting of 

MAP KINASE KINASE 4 (MKK4) and MKK5 and their targets MAP KINASE 3 (MPK3) 

and MPK6 is also involved in abscission (Cho et al., 2008). A tandem RNAi construct 

targeting MKK4 and MKK5 has pleiotropic effects, including a loss of abscission 

phenotype in Arabidopsis flowers. Mutating the serine and threonine residues in the 

activation loops of MKK4/5 to aspartic acid can make constitutively active forms of the 

protein. When expressed in either a hae hsl2 or ida mutant, the MKK4DD or MKK5DD 

restores abscission, indicating that the MAP kinase cascade lies downstream of HAE, 

HSL2, and IDA. MPK3/6 are known targets of MKK4/5 (Ren et al., 2002; Wang et al., 

2007). While mpk3 mpk6 double mutants are lethal, MPK6KR and MPK6AF transgenes can 
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be expressed in an mpk3 mutant. These have a dominant negative effect resulting in loss 

of abscission phenotypes. As of yet, it is unknown what MAP3K is involved in 

abscission. 

 The class I knotted1-like homeobox transcription factor brevipedicellus/knotted-

like from arabidopsis thaliana1  (bp/knat1) mutant was observed to have abnormal AZs 

after abscission, similar to phenotypes observed with constitutive expression of IDA 

(Wang et al., 2006), and bp/knat1 mutations suppress the loss of function hae hsl2 and 

ida mutants (Shi et al., 2011). BP/KNAT1 regulates the expression of two other 

transcription factors of the same family, KNAT2 and KNAT6. These appear to positively 

regulate abscission as knat2 knat6 mutants have abscission defective phenotypes and can 

rescue ida mutants when constitutively expressed (Shi et al., 2011). 

 Multiple other transcription factors have been implicated in abscission. 

Interestingly, most of these appear to regulate abscission in a negative fashion, many 

being discovered by being constitutively expressed using the CaMV 35S promoter. This 

is true of the MADS-box transcription factors AGAMOUS-LIKE 15 (AGL15), AGL18, 

FOREVER YOUNG FLOWER (FYF) (Fernandez et al., 2000; Adamczyk et al., 2007; 

Chen et al., 2011), the zinc finger protein AtZFP2 (Cai and Lashbrook, 2008), and the 

DOF family protein AtDOF4.7 (Wei et al., 2010). It is unclear at what step these 

transcription factors may be involved in abscission. Constitutive expression of FYF and 

fusion to transcriptional repressor or activation domains results alters expression of IDA 

and BOP2. This suggests that FYF may be involved early in abscission before induction 

by IDA (Chen et al., 2011). AtDOF4.7 can interact with AtZFP2 and can suppress 

expression of the polygalacturonase (PG) ADPG2/PGAZAT, suggesting a more direct 
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involvement in initiating abscission (Wei et al., 2010). That these phenotypes are 

observed only through constitutive expression also raises the possibility that these are 

indirect effects of mis-expression. 

 Membrane trafficking is essential to abscission, as observed in the nevershed 

(nev) mutants, which fail to abscise (Liljegren et al., 2009). NEV encodes an ARF-GAP 

protein. The ARF-GAP proteins regulate vesicular trafficking and actin remodeling by 

hydrolyzing the GTP bound by ADP-ribosylation factors. NEV is specifically involved in 

the trans-Golgi network and recycling endosomes, and nev mutants have malformed 

Golgi. It is proposed that the abscission defects are the result of a failure to transport 

factors essential for abscission, such as HAE, to the cell membrane (Liljegren, 2012). 

Several suppressor mutations of nev have been identified; evershed (evr) (Leslie et al., 

2010), somatic embryogenesis receptor-like kinase1 (serk1) (Lewis et al., 2010), and cast 

away (cst) (Burr et al., 2011). All three of these suppressors encode protein kinases, EVR 

and SERK1 belonging to the LRR-RLK family, while CST is a membrane associated 

receptor-like cytoplasmic protein kinase. CST has been shown to interact with both EVR 

and HAE through split-YFP experiments and may be involved in facilitating receptor 

complexes at the cell membrane (Burr et al., 2011). 

 

Cell Separation 

 The fractural plane of separation occurs along the middle lamella. The middle 

lamella is a pectin-rich layer that cements one cell to another and must be modified or 

broken down for abscission to occur (Morre, 1968). A cocktail of different cell wall 

modifying enzymes are expressed during abscission, but of particular importance are the 
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PGs. These enzymes hydrolyze the glycosyl bonds of pectin, converting it to the water-

soluble pectate. The role of PGs in abscission has been studied in elder (Taylor et al., 

1993), Citrus sinenesis (citrus) (Riov, 1974), Prunus persica (peach) (Bonghi et al., 

1992), Elaeis guineensis (oil palm) (Roongsattham et al., 2012), tomato (Taylor et al., 

1991; Kalaitzis et al., 1995; Kalaitzis et al., 1997; Hong et al., 2000; Jiang et al., 2008), 

Brassica napus (rapeseed) (Sander et al., 2001; Gonzalez-Carranza et al., 2002; Wan et 

al., 2010), and Arabidopsis (Gonzalez-Carranza et al., 2002; Kim and Patterson, 2006; 

Gonzalez-Carranza et al., 2007; Ogawa et al., 2009). Silencing of the tomato PG gene, 

TaPG1, delays petiole abscission and increases the force required to remove a petiole 

(Jiang et al., 2008). In Arabidopsis, a double mutant of the PGs adpg2/pgazat and 

quartet2 (qrt2) delays, but does not block, floral organ abscission. PGs are encoded by a 

large gene family, Arabidopsis having at least 72 in the latest TAIR10 annotation, and it 

is likely multiple PGs are involved in abscission (Kim and Patterson, 2006; Gonzalez-

Carranza et al., 2007).  

 Pectin contains homogalacturonan polymers that are heavily methyl-esterified. 

Pectinesterases catalyze the de-esterification of these polymers before abscission, as 

observed in Euphorbia pulcherrima (poinsettia) (Lee et al., 2008), making pectin more  

accessible to other hydrolytic enzymes, such PGs, for further breakdown. Pectinesterases 

have also been detected in citrus AZs (Ratner et al., 1969) and Phaseolus vulgaris (bean) 

and Coleus blumei (Lamotte et al., 1969; Moline et al., 1972).  

 It is uncertain whether modifications to other parts of the cell wall are essential to 

abscission. In some species, separation appears to be limited to the middle lamella, while 

in others substantially more cell wall modifications are observed (Sexton and Roberts, 



	   10	  

1982; Lee et al., 2008). However, numerous other hydrolytic enzymes are associated with 

abscission and cell separation processes. Cellulases have been implicated in abscission in 

bean (Abeles, 1969; Lewis and Varner, 1970; Reid and Strong, 1974; Del Campillo et al., 

1988; Tucker et al., 1988; Del Campillo and Lewis, 1992; Del Campillo et al., 2002), in 

Gossypium hirusutum (cotton) (Mishra et al., 2008), tomato (Del Campillo and Bennett, 

1996), peach (Bonghi et al., 1992), Glycine max (soybean) (Koehler et al., 1996; 

Kemmerer and Tucker, 2002), Capsicum annuum (pepper) (Trainotti et al., 1998), and 

citrus (Ratner et al., 1969). While cellulases are widely expressed in AZs, silencing of 

tomato cel1 and cel2 does not effect petiole abscission (Jiang et al., 2008).  Other 

potential cell wall modifying enzymes are also likely involved. For instance xyloglucan 

endtransglucosylase/hydrolases (XTH), increase in expression upon initiation of petal 

abscission in Rosa bourboniana (rose) (Singh et al., 2011). Interestingly, xylans and 

xyloglucans are not detected in poinsettia pedicel AZs until day 7, around the time of 

abscission, suggesting that this may be a structural change not directly involved in cell 

separation (Lee et al., 2008). 

 

Post-Abscission 

 Abscission exposes the AZ as a potential point of infection, water loss, and 

nutrient loss. Other physiological and molecular processes are occurring during and after 

abscission, the end result of which is the production of a protective scar layer over the AZ 

(Sexton and Roberts, 1982). Changes in the AZ following abscission include, but are not 

limited to, increased expression of defense response genes, altered cell morphology, and 
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modifications to the cell wall that includes the deposition of substances such as suberin 

and lignin.  

 Pathogenesis-related (PR) genes increase in expression as abscission progresses, 

potentially to avoid any potential infection of the AZ after abscission. Most notable of 

these are chitinases, which hydrolyze chitin found in fungal pathogens (Del Campillo and 

Lewis, 1992). Promoter-GUS assays using either the bean chitinase promoter (Patterson 

and Bleecker, 2004) or the Arabidopsis chitinase promoter shows strong and specific 

expression in Arabidopsis floral AZs (Chen and Bleecker, 1995).  

 Abscission does not result in the breaking of AZ cells. On the contrary, these cells 

are still very much alive and are observed to expand after abscission (Sexton and 

Redshaw, 1981). Deposition of lignin has been observed to occur in Poinsettia pedicel 

AZs during and after abscission (Lee et al., 2008) and in bean petiole AZs (Poovaiah, 

1974). Both suberin and lignin are observed to accumulate in AZs of Lupinus 

augustifolius (narrow-leafed lupin) during abscission (Clements and Atkins, 2009). 

Lignin and suberin can act in a protective manner creating a barrier over the AZ to 

prevent infection or water loss (Sexton and Roberts, 1982). Similarly callose also appears 

to be deposited during abscission, plugging the sieve elements, potentially to prevent 

water loss (Poovaiah, 1974).  

 

Functional Genomics of Abscission 

 Functional genomics approaches, in particular gene expression studies, have been 

used in multiple species to study abscission. These studies are valuable resources for 

tying the physiological and anatomical observations together with the gene expression 
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changes. They also make it possible to identify new genes that have escaped detection by 

other methods. In Arabidopsis, microarrays have been used to analyze wild type gene 

expression specific to AZs isolated through Laser-Capture Microdissection (LCM), 

across flower developmental stages (Cai and Lashbrook, 2008). Arabidopsis flowers can 

be classified into developmental stages based on morphology. While the AZ develops 

very early in the flower, it is not until after pollination and the flowers have opened that 

abscission occurs. Looking across stages leading up to abscission, different classes of cell 

wall modifying enzymes are expressed in the AZ (Cai and Lashbrook, 2008; Lashbrook 

and Cai, 2008). In closed flower buds and during anthesis, expansins and members of 

glycosyl hydrolase family 17 are expressed, along with pectolytic enzymes not expressed 

during cell separation. During cell separation, members of glycosyl hydrolase family 9 

are expressed along with a new set of pectolytic enzyme that includes QRT2 and 

ADPG2/PGAZAT. Throughout all these stages, various XTHs are expressed. This work 

also reveals changes in expression of the RLKs and known abscission signaling 

components, as well hormone biosynthesis and response genes.  

 Using naturally abscising cells marked by GFP expressed with the 

ADPG2/PGAZAT promoter has led to the identification of genes previously not 

associated with abscission, including a gene of unknown function, At3g14380. When T-

DNA mutants of At3g14380 were examined, they had delayed abscission (Gonzalez-

Carranza et al., 2012). Microarrays have also been used in studying gene expression 

changes in Citrus leaf abscission due to ethylene treatment (Agustí et al., 2008), apple 

fruits upon benzyladenine treatment (Botton et al., 2011), apple fruits due to shading and 

NAA treatment (Zhu et al., 2011), and tomato flowers after auxin depletion (Meir et al., 
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2010). These studies have shown identified not only changes in cell wall modifying 

enzymes, but also point to the role of hormonal crosstalk in abscission and even the 

potential roles of factors like nutritional stress. 

 Sequencing-based approaches have been also been used to analyze abscission. 

Sequencing of expressed sequence tags (ESTs) were used to study shade-induced apple 

abscission (Zhou et al., 2008). Genes identified in this approach were primarily involved 

in carbohydrate metabolism. This approach, however, is technically limited by 

sequencing capabilities that have been overcome by next-gen sequencing. More recently, 

the transcriptomes of olive AZs during mature fruit abscission were sequenced using 454 

pyrosequencing (Gil-Amado and Gomez-Jimenez, 2013). This last study showed 

significant expression changes to genes involved in sphingolipid turnover, providing the 

first evidence of the potential involvement of sphingolipids in abscission processes.  

  

Summary 

 Abscission has been revealed to be a complex and tightly regulated process. The 

road to abscission starts early during the development of an organ when the AZ is first 

formed. Induction of abscission may not come until much later, when necessary. This 

induction is driven by a signaling pathway that starts with perception of signaling 

peptides like IDA by the RLKs HAE and HSL2, resulting in activation of a MAP kinase 

cascade. Other signaling inputs from hormones, in particular ethylene, modulate the 

timing and rate of abscission. Upon induction, PGs, pectinesterases, and other enzymes 

hydrolyze the pectin-rich middle lamella and induce other cell wall changes. These 
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events lead to cell separation. Finally, post-abscission, a protective scar layer forms over 

the AZ, evidence of the former organ.  

 A lot has been learned about the underlying genetics of abscission in the last 

decade thanks to the genomic tools made available in Arabidopsis. However, many 

questions remain. Very little is understood about the development of abscission zones. 

While Arabidopsis genetics has illuminated some of the pathways initiating abscission, it 

has also illuminated the gaps that remain. The redundancy of many of the genes involved, 

particularly the hydrolytic enzymes, makes identification of the specific genes that are 

involved difficult given traditional genetic techniques. How HAE HSL2-dependent 

pathways integrate with ethylene, auxin, and other signaling events to bring about 

abscission is completely unknown. Tying together the signaling events, gene expression 

changes, and cell wall modifications will require the use of functional genomic tools 

along with careful observation of developmental changes. Extension of these findings to 

agriculturally important species will be enabled by these same techniques as new 

genomes are sequenced.  
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Chapter 2: MUTANT SCREENS TO IDENTIFY GENES INVOLVED 

IN ABSCISSION    

 

 

 

Background 

 Forward genetics is an incredibly powerful approach to find the molecular basis 

of a phenotype. In contrast to reverse genetics, which starts with the genes and seeks a 

phenotype, forward genetics starts with the phenotype and looks for the underlying genes. 

Both forward and reverse genetics have been used with great success in plants, but a 

major advantage of forward genetics is that no a priori assumptions are made about 

which genes are involved, allowing the researcher to take into consideration the entire 

genome. Forward genetic techniques has led to many surprising discoveries, but also 

carries its own risk because one never knows what they will get.  

 Central to both forward and reverse genetics is the use of mutagenesis to disrupt 

the normal function of genes (Falk, 2010; Sikora et al., 2011). Forward genetic 

approaches make use of mutagenesis by randomly mutagenizing a population, screening 

for phenotypes, and then tracing this backwards through classical genetics to isolate the 

mutated gene. Muller and Stadler were the first to make use of mutagenesis using X-rays 

in Drosophila (Muller, 1927) and X-rays and radium in barley (Stadler, 1928). Less 

disruptive chemical mutagenesis techniques followed, first with mustard gas 

(AUERBACH and ROBSON, 1946) and then compounds like the commonly used ethyl 

methanesulfonate (EMS) (Westergaard, 1957). Many other mutagenizing agents have 
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been found and utilized since, including biological factors like transposable elements and 

Agrobacterium T-DNAs. A more recent technique that has been used with great success 

is Activation Tagging (Weigel et al., 2000; Nakazawa et al., 2003; Tani et al., 2004; Gou 

and Li, 2012). Unlike other approaches, Activation Tagging typically gives gain-of-

function rather than loss-of-function mutants. This is because Activation Tagging makes 

use of the random nature of T-DNA integration and enhancer elements from the 35S 

Cauliflower Mosaic Virus (35S CaMV). If the T-DNA lands within the proximity of a 

gene, typically upstream in the promoter region, it can increase expression of that gene, 

leading to a gain-of-function phenotype. However, mutations can also be caused by 

insertion into a gene similar to T-DNA or transposon mutagenesis techniques. 

 Arabidopsis possesses many virtues as a model species, many of which make it 

particularly suitable for forward genetic screens (Lukowitz et al., 2000; Jander et al., 

2002; Page and Grossniklaus, 2002). Its small stature and rapid generation time make it 

easy to grow large populations and multiple generations in limited space and time. It 

possesses a small sequenced genome with minimal repetitive elements and many genetic 

resources, including other ecotypes with high marker density. Although abscission is 

limited to the floral organs in Arabidopsis, the resources and ease of mutagenesis has 

made it the leading model for studying the genetics of abscission.  

 Using both forward and reverse genetic approaches, several abscission mutants 

have been identified. INFLORESCENCE DEFICIENT IN ABSCISSION (IDA), the 

founding member of a new class of small peptide proteins, was first identified by T-DNA 

mutagenesis in a forward genetic screen (Butenko et al., 2003). The NEVERSHED (NEV) 

ARF-GAP protein was identified by EMS mutagenesis (Liljegren et al., 2009), as were 
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suppressors of nev; EVERSHED (EVR) (Leslie et al., 2010), CAST AWAY (CST) (Burr et 

al., 2011), and SERK1(Lewis et al., 2010). The Receptor-Like Protein Kinases HAESA 

(HAE) and HAESA-LIKE2 (HSL2) were identified by reverse genetic approaches using 

antisense constructs (Jinn et al., 2000) and T-DNA insertion mutants from the SALK 

collection (Alonso et al., 2003; Cho et al., 2008; Stenvik et al., 2008). Here we report on 

the use of two different methods, EMS mutagenesis and Activation Tagging, to try to 

identify new genes involved in abscission. 

 

Results 

EMS Mutant Screen  

 A screen for mutants defective in floral organ abscission was conducted using 

ethyl methanesulfonate (EMS). The SALK T-DNA mutants hae-1 and hsl2-1 were used 

as the starting population in order to sensitize the population. The rationale for this 

approach was two-fold. First, by using hae-1 or hsl2-1 mutants as the starting population, 

we would be able to isolate new alleles of hsl2 and hae respectively. Secondly, it was 

thought that if there were any genes that interacted with HAE or HSL2 individually or 

sensitive to a dosage of the receptors, that starting with mutant backgrounds would 

sensitize the screen to mutations in these genes. In the hae-1 population, 36 abscission 

defective mutants were identified from 15 separate pools, four of which were lost either 

due to sterility or a lack of phenotype in the M3 generation. In the hsl2-1 population, 21 

abscission defective mutants were identified from 10 separate pools, three of which were 

lost either due to sterility or a lack of phenotype in the M3 generation.  
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Identification of New Alleles of hae hsl2 

 It was expected due to the nature of the screen that many of the abscission 

defective mutants would be alleles of either hae or hsl2. To test this, each mutant from 

the hae-1 pool was sequenced for hsl2 mutations, and each mutant from the hsl2-1 pool 

was sequenced for hae mutations. 3 new alleles of hae were identified and named as 3 

through 5 (Table 1) while 11 alleles of hsl2 identified and named as 3 through 13 (Table 

2).  

 

Table 1: Alleles of hae 
Allele Location (nt 

from start) 
WT 
Base 

Mutant 
Base 

WT Amino 
Acid 

Mutant 
Amino Acid 

hae-1 1787 T-DNA Insertion SALK_105975 
hae-2 489 T-DNA Insertion SALK_015074 

EMS alleles of hae 
hae-3 665 G A Cys Tyr 
hae-4 2802 G A Trp Stop 
hae-5 1566 G A Trp Stop 

 

Table 2: Alleles of hsl2 
Allele Location (nt 

from start) 
WT 
Base 

Mutant 
Base 

WT Amino 
Acid 

Mutant 
Amino Acid 

hsl2-1 -205 T-DNA Insertion SALK_057117 
hsl2-2 1968 T-DNA Insertion SALK_030520 

EMS alleles of hsl2 
hsl2-3 1078   Gly Arg 
hsl2-4 412 C T Gln Stop 
hsl2-5 1528 G A Glu Lys 
hsl2-6 2151 G A Trp Stop 
hsl2-7 3014 G A Arg Lys 
hsl2-8 1949 G A Trp Stop 
hsl2-9 1211 C T Pro Leu 
hsl2-10 1250 G A Arg His 
hsl2-11 2402 G A Gly Glu 
hsl2-12 2516 C T Ala Val 
hsl2-13 2090 C T Ser Leu 
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 All double mutants had abscission defective phenotypes, most of which were 

indistinguishable from the previously studied hae-1 hsl2-1 double mutant. The exception 

to this was the hae-1 hsl2-9 mutant, which appears to have a partial loss of abscission, 

much weaker than the complete loss observed in the other double mutants (Data Not 

Shown). The hae-3 and hsl2-3 alleles both contain point mutations in the extracellular 

LRR domain causing amino acid changes rather than premature stops. These two alleles 

were crossed to create a T-DNA-free hae-3 hsl2-3 double mutant that, like hae-1 hsl2-1, 

has a complete loss of abscission. 

 
Map-Based Cloning of a New Allele of Hawaiian Skirt 

 One of the mutants identified from the hsl2-1 screen, line 15-1, had no detectable 

mutations in HAE but retained its floral organs throughout the life of the plant (Figure 1). 

This line was outcrossed to the Landsberg Erecta (Ler) ecotype, which is estimated to 

differ from Col as much as 11 positions every 1000 bps (Lukowitz et al., 2000), making 

Col X Ler crosses especially suited to mapping. This mutant was also backcrossed to the 

parental Salk_057117 hsl2-1 line to remove secondary mutations not linked to the 

phenotype and outcrossed to Col WT to test the dependency of the 15-1 mutation on the 

hsl2-1 background. In all three crosses the F1 generation had wild type phenotypes, 

showing the 15-1 mutation to be recessive. 
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Figure 1: Line 15-1 mutant phenotype 
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 A total of 583 F2 15-1 X Ler plants produced 132 mutants, which by the Chi-

square test is expected ~19% of the time, supporting the hypothesis of a single recessive 

mutation segregating in a 1:3 ratio (Table 3). F2 plantings of the backcross to hsl2-1 and 

the outcross to Col WT segregated in a 1:3 ratio further supporting that the 15-1 mutant 

was a single recessive gene and not dependent upon the hsl2-1 mutation. This along with 

the absence of any identifiable mutations in HAE indicated that 15-1 was likely a novel 

gene involved in abscission. An initial set of 27 F2 Col X Ler plants were used for rough 

mapping with a set of known genetic markers between the Col and Ler genomes 

(Lukowitz et al., 2000). Fourteen markers were tested in both WT and mutant plants until 

linkage to the NGA6 marker on the long arm of Chromosome 3 was identified (Figure 2).  

 

Table 3: Chi-Square Test of 15-1 Segregation 
Phenotype Observed Expected (O-E)2 (O-E)2/E 

Mutant 132 145.75 189.06 1.3 
Wild Type 452 437.25 189.06 0.43 

   Χ2 =  1.73 
   p-value  = 0.19 
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Figure 2: (A) Location of markers used in rough mapping. (B) Gel of marker NGA6 

showing linkage to the 15-1 mutant. Mutant plants are marked with * (C) Gel of marker 

NGA280 showing non-linkage. Mutant plants are marked with * 
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 To fine map the 15-1 mutation, new markers along the long arm of Chromosome 

3 were identified using TAIR and the Monsanto Arabidopsis Polymorphism and Ler 

Sequence Collections (Jander et al., 2002). A total of 14 genetic markers, along with 

NGA6, were tested for recombination in the 583 F2 15-1 X Ler plants. The 15-1 mutant 

was narrowed down to a region of ~287 kbs or ~1.4 CM between NGA6 and a 33 bp 

Simple Sequence Length Polymorphism (SSLP) marker 470109 on BAC clone F2A19 

(Figure 3A). Both mutant and WT plants were used in mapping. WT plants provided 

additional resolution, as these plants should either be either heterozygous or homozygous 

for the Ler parent genotype in the region of the 15-1 mutation, but regions homozygous 

for the Col ecotype would be not contain the mutation. 

 

Table 4: Number of Recombinants in Fine Mapped Region 
Marker kb from 

HWS 
Expected 
Mutant 

Recombinants 

Observed 
Mutant 

Recombinants 

Percent 
Recombin-

ation 

WT 
homozy-

gous 
F2A19-470109 48.801 0.31 1 0.76 1 

HWS 0 0 0 0 0 
F2A19-468829 4.589  0.03 0 0 0 
F15G16-469682 72.660 0.47 0 0 0 
F21F14-477878 148.059 0.95 0 0 0 
NGA6 236.709  1.52 0 0 3 
NGA112 374.031 2.41 1 0.76 3 
MAA21-476470 646.660 4.16 2 1.52 3 
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Figure 3: (A) Markers for fine mapping 15-1 mutant. (B) Sequencing of HWS, a G to A 

mutation was located at 1162 bps (highlighted in blue).  
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 Located in this region is the F-box protein HAWAIIAN SKIRT (HWS), mutants of 

which result in fusion between the sepals (González-Carranza et al., 2007). These 

mutants do not affect abscission, however, due to the fusion of the sepals, the organs are 

trapped on the silique even though separation at the base has occurred. Closer 

examination of the 15-1 mutant showed slight fusion along the edges of the sepals, 

similar to the published phenotype for HWS. Sequencing of HWS in 15-1 showed a 

transition from G to A causing a premature stop codon (Figure 3B), indicating the 15-1 

mutant was likely to be an allele of hws.   

 

Activation Tagging to Identify Suppressors of hae hsl2 

 The previously created hae-3 hsl2-3 double mutant was chosen for a suppressor 

screen of the abscission defective phenotype because it lacked the T-DNA insertions 

from hae-1 and hsl2-2 and so less likely to have issues due to transgene silencing. 

Furthermore, as these alleles do not introduce premature stop codons, it was hypothesized 

that they would still produce full-length proteins that may allow for the identification of 

interacting proteins. To avoid potential contamination from WT seed, the hae-3 hsl2-3 

line was crossed to the er-105 gl double mutant, which contains mutations in erecta and 

glabrous and so has secondary phenotypes unrelated to abscission that could quickly 

distinguish them from WT (Col) contaminants. The resulting hae-3 hsl2-3 er-105 gl quad 

mutant was then transformed with the pBASTA-AT2 activation tagging vector (Gou and 

Li, 2012) and screened in the T1 generation. Unusually, no suppressors were found in the 

T1, but eight putative suppressors were identified in the T2. The strength of suppression in 

each of these eight lines varied greatly, but none fully restored abscission, abscising only 
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when mechanical force was applied. Even the strongest of the eight, line 1, still retained 

floral organs after touching (Figure 4). 

 Thermal Asymmetrical Interlaced PCR (TAIL-PCR) (Liu and Whittier, 1995) was 

used to identify the insertion site of the T-DNAs and their neighboring genes (Table 5). 

TAIL-PCR utilizes three consecutive rounds of PCR to try and obtain a single PCR 

product that contains the right border of the T-DNA and the neighboring genomic 

sequence. This can then be sequenced and mapped back to the genome to identify the 

insertion site (Figure 5A and 5B). In cases where single PCR products cannot be isolated 

or if there are multiple insertion sites, TAIL-PCR will fail to give a definitive genomic 

location and mapping the location may not be possible (Figure 5C). Single insertion sites 

were identified and sequenced for lines 1, 3, 4, and 7. Multiple attempts on 2, 5, 6, and 8 

failed to produce clear results indicating that these either contained multiple insertion 

sites or were in regions not suitable to TAIL-PCR. 

 

Table 5: Insertion Sites of Activation Tagging Lines and Neighboring Genes 
Line Phenotype 

Strength 
Insertion Site 5’ Neighbor 3’ Neighbor 

1 Moderate At5g09880 At5g09890 At5g09876 
2 Weak Unknown Unknown Unknown 
3 Weak At2g07690 At2g07700 At2g07680 
4 Weak Intergenic  At1g48330 At1g48325 
5 Weak Unknown Unknown Unknown 
6 Weak Unknown Unknown Unknown 
7 Weak At3g55270 At3g55280 At3g55260 
8 Weak Unknown Unknown Unknown 
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Figure 4: (A) Line 1 mutant phenotype. (B) Parental hae-3 hsl2-3 er-105 gl quad mutant. 
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Figure 5: (A) Gel of Line 1 TAIL-PCR. AD1 and AD3 primers both produced single 

PCR products. (B) Sequencing of AD1 and AD3 PCR products from Line 1 aligned to 

pBASTA-AT2 sequence. (C) Gel from Line 2 showing inability to produce a single PCR 

product for sequencing.  
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 Line 1 was chosen for further analysis. In nearly all instances of Activation 

Tagging, the overexpressed gene is found adjacent to the CaMV 35S Enhancers (Weigel 

et al., 2000). At5g09890 is a previously unstudied member of the NDR subfamily VII of 

the AGC kinases (Bögre et al., 2003).  Members of this family are believed to be 

involved in cell division processes. To try and recapitulate the phenotype, transgenic hae-

3 hsl2-3 plants containing a cDNA copy of At5g09890 fused to GFP and under the 35S 

CaMV promoter were created. Multiple transgenic events were screened with no 

observable phenotype in either T1 or T2 generations. An alternative hypothesis is that the 

phenotype was due to insertion and disruption of At5g09880, a CC1-like splicing factor. 

To test this hypothesis the At5g09880 T-DNA allele, SALK_121246c, was crossed with 

hae-3 hsl2-3 double mutants. No discernable suppression of the hae hsl2 phenotype was 

in observed in F2 triple mutants.  

 

Discussion 

 Genetic screens are incredibly powerful technique for dissecting the molecular 

basis of phenotypes. There has been a long history of random mutagenesis used in 

genetic screens, particularly in the model plant Arabidopsis and it has led to the discovery 

of many genes. Two separate means of random mutagenesis were used to try to identify 

genes involved in the abscission process.  

 In the first, EMS mutagenesis was conducted in either the hae-1 or hsl2-1 mutant 

backgrounds and M2 plants were screened for loss of abscission phenotypes. Numerous 

EMS alleles of hae and hsl2 were identified. These new alleles will provide a valuable 

resource for future studies. Previously only T-DNA alleles of HAE and HSL2 were 
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available and only the hae-1 allele was a null, while the hsl2-1 allele greatly reduced 

HSL2 expression. Transgene copy number can affect the expression of the transgene 

(Hobbs et al., 1993; Jorgensen et al., 1996), making transgenic experiments in 

backgrounds with multiple transgenes difficult. Having a set of EMS mutants free of T-

DNAs will be useful for future transgenic experiments. Furthermore, many of the new 

alleles cause amino acid substitutions rather than introducing premature stops. 

Hypothetically these may still produce full-length transcripts and even protein. These 

may be useful for future experiments or screens involving genes that directly interact 

with HAE or HSL2. Particularly promising is the hsl2-9 allele that appears to have a 

weaker or intermediate loss-of-abscission phenotype. This could useful in studying the 

biochemical function and interactions of HSL2 or as a sensitized mutant background in a 

suppressor mutant screen.  

 Two mutants from the SALK_057117 mutant screen were identified without any 

identifiable mutations in HAE, indicating that they may be novel genes involved with 

abscission. The 15-1 mutant was outcrossed to Ler and Col WT and based on segregation 

is most likely caused by a single recessive mutation. Map-based cloning was used on the 

F2 15-1 X Ler cross to show that the mutation lay in a 287 kb region along the long arm 

of Chromosome 3. Within this region is the F-box protein HWS of which mutants have 

fused sepals that cause the floral organs to be trapped to the silique even if separation has 

occurred at the abscission zone (González-Carranza et al., 2007). Sequencing of HWS 

revealed a G to A mutation introducing a premature stop codon. Because on closer 

inspection the 15-1 mutants still appear to separate at their base, this mutation was not 

pursued further as being involved in abscission. 
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 In the second screen, activation tagging was used to find potential suppressors of 

the hae hsl2 phenotype. The insertion site could not be identified for half of the lines 

despite repeated attempts at TAIL-PCR. This could possibly be due to several reasons. 

First, if multiple T-DNA were present, then TAIL-PCR would fail to produce a unique 

band and several rounds of outcrossing would be necessary to hopefully eliminate any T-

DNAs unlinked to the phenotype. Secondly, if the insertion were in a highly repetitive 

region or some other region where the degenerate primers would anneal to multiple 

locations, then it may be impossible to recover the insertion site by TAIL-PCR. In this 

case other methods will have to be employed, such as Inverse PCR or Plasmid Rescue.  

 For half of the mutants, insertion sites were successfully identified by TAIL-PCR. 

Line 1 possessed the strongest phenotype and was inserted into a CC1-like splicing factor 

with a member of the NDR subfamily VII of the AGC kinases adjacent to the CaMV 35S 

enhancers. Attempts to recapitulate the Line 1 phenotype failed, leaving the causative 

gene for this mutant still unknown. Line 3 is inserted into MINICHROMOSOME 

MAINTENECE 5 and borders a member of the gypsy-like retrotransposons, while Line 4 

is nearest to a gene encoding a small peptide of unknown function. It is uncertain what 

roles, if any these genes would have in abscission. Line 7 had a very weak phenotype and 

is inserted into MKP1, which is known to dephosphorylate the MAP kinases MPK3 and 

MPK6 (Ulm et al., 2002). Given that both of these proteins are involved in abscission 

signaling downstream of HAE and HSL2 (Cho et al., 2008), a likely hypothesis is that the 

line 7 phenotype is due to a loss of mkp1 function rather than activation of another gene.  

 The difficulty in finding novel genes involved in abscission in two screens 

suggests several possibilities. The first is that there is functional redundancy to many of 
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the steps involved. This is evidenced by functional redundancy of other abscission genes 

like BOP1 and BOP2, HAE and HSL2, MKK4 and MKK5, and MPK3 and MPK6. It may 

also be that abscission phenotypes may be weaker and subtler than those observed in 

mutants like ida or hae hsl2 and so overlooked in screens for complete loss or restoration 

of abscission. Other potential mutant screen designs or gene discovery approaches may 

be able to overcome some of these difficulties. For instance, EMS suppressor screens in 

hae hsl2 or other mutant backgrounds, such as done in nvr (Leslie et al., 2010; Lewis et 

al., 2010; Burr et al., 2011) or ida (Shi et al., 2011) could be conducted. Functional 

genomics could also be used to identify candidate genes that can then be tested directly 

through reverse genetics.  

 

Methods 

Plant Material and Mutant Screen 

 Approximately 125,000 seeds each of the SALK T-DNA mutants SALK_105975 

(hae-1) and SALK_057117 (hsl2-1) were mutagenized by EMS treatment (Kim et al., 

2006). F1 plants were grown and allowed to self. Seeds from multiple plants were pooled 

into one of 40 pools for each background. F2 plants from each pool were screened for loss 

of abscission phenotypes. Mutants were named by the pool from which they were 

isolated and in the order, which they were found. Mutants from the same pool were 

typically treated as siblings as it is likely they share the same parent.  

 

Genotyping and Sequencing 
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 Isolated abscission defective mutants were genotyped for the SALK T-DNA 

insertions by PCR (Appendix 1). Each mutant was sequenced for either HSL2 if in the 

hae-1 population or HAE if in the hsl2-1 population. Overlapping fragments of each gene 

were amplified by PCR from genomic DNA. Each PCR fragment was then sequenced by 

Sanger sequencing using both the forward and reverse primers. PCR fragments were 

aligned back to reference sequences from Col WT using Geneious (Biomatters Ltd.) or 

DNASTAR (DNASTAR Inc.). For genotyping of hae and hsl2 EMS alleles, derived 

Cleaved Amplified Polymorphism (dCAPs) markers (Neff et al., 1998) were designed 

around the allele (Appendix 1).  

 

Map-based Cloning 

 The 15-1 mutant from SALK-057117 was outcrossed to Ler. F1 plants were 

grown and then allowed to self to create an F2 mapping population. Segregation in the F1 

and F2 populations was analyzed and tested with the Chi square test to determine the 

inheritance of the 15-1 mutation. An initial population of 27 plants were analyzed for 

linkage to a set of known PCR markers (Lukowitz et al., 2000). Fine Mapping was 

conducted on a larger population of 556 plants and using genetic markers along the long 

arm of Chromosome 3. Markers were identified using either TAIR Marker Search 

(www.arabidopsis.org) or from the Monsanto Arabidopsis Polymorphism and Ler 

Sequence Collection (Jander et al., 2002). When possible new markers were designed 

around SSLPs or Cleaved Amplified Polymorphisms (CAPS). If these were not available, 

dCAPS were used to introduce ecotype specific restriction enzyme sites around the 

polymorphism (Neff et al., 1998).  
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Activation Tagging 

 Approximately 2-4500 of the hae-3 hsl2-3 er-150 gl quad mutants were 

transformed with the pBASTA-AT2 vector (Gou and Li, 2012) by the floral dip method 

(Clough and Bent, 1998) and ~11 million seed collected. Plants were potted on soil and 

transgenics selected for by BASTA (Bayer CropScience). In the T1 generation ~60,000 

transgenic plants were screened and ~130,000 in the T2 generation.  

 

TAIL-PCR Cloning of Activation Tagging Mutants 

 The TAIL-PCR procedure uses three subsequent rounds of PCR (Appendix 1) 

using a set of nested primers, TR1, TR2, and TR3 on the right border of the pBASTA-

AT2 T-DNA. These are used in combination with one of three degenerate primers that 

bind to the genome: AD1, AD2, and AD3. By the third round of PCR, there should be a 

single specific PCR product. As the TR2 and TR3 primers are interior to the TR1 primer 

and TR3 is interior to TR2, the PCR product should be slightly smaller after each round. 

 In the first round of PCR, three different reactions were set up, each one with one 

of the degenerate primers and the first nested primer TR1. In the second round of PCR, 

the first round PCR reaction was diluted to 1:40 and used as template. Two replicate PCR 

reactions were done for each of the first round reactions with the appropriate degenerate 

primer and the TR2 primer for a total of six reactions. In round three, this was repeated, 

with the second round of reactions serving as the template after being diluted to 1:10 and 

using the TR3 primer for a total of 12 reactions. The reasoning for doubling the reactions 
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after each round was to ensure that sufficient PCR product would be produced for 

sequencing.  

 PCR reactions from the second and third rounds of each reaction were then 

checked on a gel. Reactions with a single PCR product were purified and then sent for 

Sanger sequencing using the TR3 and appropriate degenerate primer. Sequences were 

first mapped to the pBASTA-AT2 T-DNA sequence using Geneious software 

(Biomatters Ltd.) to identify sequence not originating from the T-DNA. BLAST and the 

TAIR Seqviewer tool (http://arabidopsis.org) were then used to identify the insertion site 

of the right border.  

 

Transgene Construction 

 RNA was extracted from flowers of mixed stages using Trizol (Invitrogen), 

DNAse treated using the TURBO DNA-free kit (Ambion), and cDNA made using the 

Superscript III First Strand Synthesis Kit (Invitrogen). The At5g09890 transcript was 

amplified by PfuUltra II Fusion HS DNA polymerase (Stratagene) and cloned by TOPO 

cloning into the pCR8/GW/TOPO vector (Invitrogen). This was then cloned into the 

pMDC84 vector (Curtis and Grossniklaus, 2003) by Gateway cloning (Invitrogen). The 

pMDC84-At5g09890 T-DNA was then transformed into hae-3 hsl2-3 plants by the floral 

dip method (Clough and Bent, 1998) and transformants were selected for on half-MS 

media containing hygromycin B. 
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Chapter 3: TRANSCRIPTIONAL PROFILING OF THE 

ARABIDOPSIS ABSCISSION MUTANT hae hsl2 BY RNA-SEQ  

 

 

 

Adapted from Niederhuth CE, Patharkar OR, and Walker JC (2013) Transcriptional 

profiling of the Arabidopsis abscission mutant hae hsl2 by RNA-Seq BMC Genomics 

14:37 

 

Background 

 Abscission is the programmed separation of plant organs (Sexton and Roberts, 

1982; Roberts et al., 2000; Patterson, 2001; Roberts et al., 2002; Lewis et al., 2006). It is 

both a developmental and environmental response, allowing non-functioning or infected 

organs to be discarded. Abscission occurs at a specialized cell layer called the Abscission 

Zone (AZ), which develops at the base of the abscising organ. Secretion of hydrolytic and 

cell wall modifying enzymes in the AZ results in the breakdown of the pectin-rich middle 

lamella, leading to organ separation. This is followed by the formation of a protective 

scar-layer of waxy substances over the newly exposed AZ. 

 In Arabidopsis thaliana the floral organs abscise soon after pollination. 

Abscission requires the function of two receptor-like protein kinases (RLK) encoded by 

the genes HAESA (HAE) and HAESA-LIKE 2 (HSL2). While single mutants appear 

phenotypically normal, the double mutant has a complete loss of abscission (Jinn et al., 

2000; Cho et al., 2008; Stenvik et al., 2008). Plants with mutations in 
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INFLORESCENCE-DEFICIENT IN ABSCISSION (IDA) have similar phenotypes to hae 

hsl2 mutants (Butenko et al., 2003; Cho et al., 2008). IDA is predicted to encode a small 

secreted protein (Butenko et al., 2003) and has been placed upstream of HAE and HSL2, 

which suggests IDA is the putative ligand for HAE and HSL2 (Cho et al., 2008; Stenvik 

et al., 2008). Plants expressing a double RNAi transgene targeting the MAP Kinase 

Kinases MKK4 and MKK5 also are defective in abscission and constitutively active 

versions of either MKK4 or MKK5 can rescue hae hsl2 and ida mutants. The MAP 

Kinases MPK3 and MPK6 are known targets of MKK4/MKK5 and expression of 

dominant negative versions of MPK6 in a mpk3 mutant display abscission defective 

phenotypes (Cho et al., 2008). This evidence suggests a pathway consisting IDA, HAE, 

HSL2, and a MAP kinase cascade regulate the initiation of abscission. 

 The roles of polygalacturonases (PG), xylogulcan endo-

transglycosylase/hydrolases (XTHs), and cellulases have been associated with abscission 

in tomatoes, cotton, and roses (Hong et al., 2000; Jiang et al., 2008; Mishra et al., 2008; 

Singh et al., 2011). A previous microarray study of stamen abscission zones in 

Arabidopsis has shown that expression of many genes encoding hydrolytic and cell wall 

modifying enzymes are increased prior to abscission (Cai and Lashbrook, 2008; 

Lashbrook and Cai, 2008). These include the PG encoding genes PGAZAT/ ADPG2 

(Gonzalez-Carranza et al., 2002; Gonzalez-Carranza et al., 2007) and QRT2 (Ogawa et 

al., 2009). Interestingly adpg2/qrt2 double mutant plants have a delayed abscission 

phenotype (Ogawa et al., 2009) which provides functional evidence these PGs have a role 

in abscission. 
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 Transcriptional profiling using high throughput next- generation sequencing 

(RNA-Seq) has emerged in recent years as a superior alternative to microarrays 

(Mortazavi et al., 2008). Here we report the use of RNA-Seq to identify differentially 

expressed genes in hae hsl2 flower receptacles. Our work suggests that HAE and HSL2 

act to promote the expression of hydrolytic and cell wall modifying enzymes necessary 

for abscission and that disruption of the HAE HSL2 signaling pathway results in reduced 

expression of these enzymes explaining the loss of abscission phenotype in the hae hsl2 

mutants. 

 

Results and discussion 

RNA-Seq of wild type and hae hsl2 receptacles  

 Arabidopsis flower development can be broken down into 20 developmental 

stages based on morphology (Smyth et al., 1990). Abscission studies typically focus on 

stages 12-17 (Figure 1A), with organ loss occurring at stage 17. At stage 15 the floral 

organs are still attached, but by stage 16 the organs have begun to wither and will fall if 

force is applied. By stage 17 all the floral organs have abscised from the still green 

siliques. Expression of HAE, HSL2, and IDA in floral AZs increases from stage 12 

reaching its peak in the latter parts of stage 15 (Cai and Lashbrook, 2008). Based on these 

observations we hypothesized that initiation of abscission occurs during stage 15 and that 

expression differences between wild type and hae hsl2 would be observed at this point. 
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Figure 1: (A) Stage 12-17 flowers. (B) Dissected receptacles for stages 12-15. 
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 AZs constitute only a small part of the flower. Flower receptacles, defined as the 

region of the flower stalk where the floral organs are attached, were dissected from stage 

15 flowers to enrich for AZ RNA (Figure 1B). RNA-Seq libraries were constructed for 

three biological replicates of wild type and hae hsl2 flower receptacles. These six 

samples were then multiplexed and sequenced on three lanes of an Illumina HiSeq 2000. 

Multiplexing barcoded samples and sequencing across multiple lanes means that lane to 

lane technical variation will apply to all samples with no loss of sequencing depth (Auer 

and Doerge, 2010). A total of 270,077,377 reads passed a quality filter and were mapped 

back to the Arabidopsis TAIR10 genome (Table 1). Approximately 97% of all reads were 

mapped back, of which 87% mapped uniquely to only one location and could be assigned 

to a single annotated TAIR10 gene. 

 

Table 1: RNA-Seq reads and mapping statistics. 
Sample Total 

Reads 
Reads 

Mapped 
Percent 
Mapped 

Uniquely 
Mapped to a 
Single Gene 

Percent Uniquely 
Mapped to a 
Single Gene 

WT 1 45,281,039 44,356,413 97.958 39,461,618 87.148 
WT 2 56,387,916 55,580,136 98.567 48,931,246 86.776 
WT 3 44,946,010 43,804,264 97.460 39,400,029 87.661 
hae hsl2 1 42,997,215 42,107,956 97.932 37,448,466 88.934 
hae hsl2 2 34,165,472 33,425,452 97.834 29,705,403 86.946 
hae hsl2 3 46,299,725 45,529,680 98.337 40,673,161 87.848 
Total 270,077,377 264,803,901 98.047 235,619,923 87.242 
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 Read counts were normalized and differential gene expression was examined for 

the uniquely mapped reads using the DESeq package (Anders and Huber, 2010) 

(Additional file 2A). A global comparison of the samples shows a very high correlation (r 

= 0.987, Pearson’s Correlation Coefficient) between wild type and hae hsl2 (Figure 2). 

Genes were determined to be differentially expressed with a False Discovery Rate (FDR) 

adjusted p-value < 0.05 giving 2034 differentially expressed genes. 1221 of the 

differentially expressed genes having lower expression in the receptacles of hae hsl2 

plants and 813 having higher expression in the double mutant. For this study we chose to 

focus on those differentially expressed genes that showed 2 fold or greater changes in 

expression (Additional file 2B). This resulted in the selection of 349 differentially 

expressed genes, 277 of which were lower in hae hsl2 and 72 were higher in mutant 

plants (Figure 2). 

 The global transcriptome changes observed when comparing wild type to hae hsl2 

floral receptacles suggest several conclusions. First, the high correlation between all 

samples shows that there was little variation in the collection of floral receptacles and that 

these were technically consistent. Secondly, expression of the majority of genes is 

unaffected in hae hsl2, suggesting that this pathway targets a limited number of genes. 

This is supported morphologically as stage 15 hae hsl2 flowers appear normal and have 

normal looking AZs (Cho et al., 2008). Finally, the majority of the differentially 

expressed genes are lower in the mutant relative to wild type. This suggests the HAE 

HSL2 signaling pathway primarily activates expression of target genes. 
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Figure 2: Scatter plot of mean normalized read counts for wild type versus hae hsl2. 

Black data points indicate genes that show 2 fold or greater changes in expression with a 

FDR adjusted p < 0.05, r = 0.987 (Pearson’s Correlation). 
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Molecular and biological functions of differentially expressed genes 

 A global view of the functions of the differentially expressed genes and the 

underlying biology can be obtained by examining their gene ontology (GO) (Botstein et 

al., 2000). This is a system that categorizes genes into groups of terms based on their 

predicted or experimentally derived Molecular Function, Biological Process, and Cellular 

Component. Molecular Function includes the most genes and is usually based on 

sequence similarity. The Biological Process categories are typically derived empirically 

and as a result tend to be more stringent, but also limited, having fewer annotated genes. 

The Cellular Component is largely a prediction of where the gene product is localized. 

Looking for overrepresentation of GO terms indicates that more genes in a list are 

represented in that category than what would be expected by random chance and can 

reveal trends in the data. 

 In the genes that are expressed at lower levels in the hae hsl2 mutants, the 

biological process category has enrichment for carbohydrate metabolic process (Figure 

3A) and cell wall modification (Additional file 3A). There is also 

enrichment for terms related to stress responses, particularly to biotic stimulus and 

secondary metabolic processes, as well as secondary metabolism such as 

phenylpropanoid metabolism. The molecular functions of genes showing lower 

expression in the mutant were enriched for those having hydrolytic activity (Figure 3B). 

A majority of the hydrolases in this subset act on glycosyl bonds and include PGs, XTHs, 

glycosyl hydrolases, beta glucosidases, cellulases, and chitinases (Additional file 3A). 

The hydrolases also include pectinesterases, which work in conjunction with PGs to 

break down the glycosidic bonds of pectin, a main component of the middle lamella.  
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Figure 3: GO Slim Plant term enrichment. Genes with lower expression in hae hsl2 (A) 

Biological Process (B) Molecular Function (C) Cellular Component. GO Slim Plant term 

enrichment of genes with higher expression in hae hsl2 (D) Molecular Function. Color 

Scale represents FDR adjusted p-values < 0.05. Solid, dashed, and dotted lines represent 

either two, one, or zero enriched terms at either end of the line. 
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Although not meeting the 5 gene minimum cutoff for GO term enrichment, pectate lyases 

are also found within the genes that have lower expression in hae hsl2. 

 Genes showing higher expression in the mutants relative to wild type were 

enriched for lipid metabolism and transporter activity (Figure 3D). The genes that are 

annotated to have a role in transporter activity are primarily involved with either ion 

transport or secondary active transmembrane transport (Additional file 3B). 

 The genes with lower expression in hae hsl2 largely fall in one of two categories 

based on GO term enrichment; those involved with middle lamella/cell wall degradation 

and remodeling, and those involved in defense against pathogens. Many of the hydrolases 

identified as having lower expression in the hae hsl2 samples are also predicted to be 

localized to the cell wall or endomembrane system (Figure 3C), and are annotated as 

being involved in cell wall modification (Additional file 3A). In particular, this group of 

genes encodes the enzymes that breakdown pectin, the PGs, pectinesterases, and pectin 

lyases, that are necessary for cell separation (Sexton and Roberts, 1982; Roberts et al., 

2000; Patterson, 2001; Roberts et al., 2002; Lewis et al., 2006). In the case of the PGs, 

two have been previously shown to be involved in abscission (Gonzalez-Carranza et al., 

2002; Gonzalez-Carranza et al., 2007; Ogawa et al., 2009), PGAZAT/ADPG2 and QRT2. 

These results show that HAE and HSL2 regulate the breakdown of the middle lamella 

during abscission. Shedding of an organ also exposes a fresh surface that is potentially 

susceptible to infection. It has been previously proposed (Roberts et al., 2002) that plants 

activate defense responses as a protective measure prior to abscission. This idea is 

supported by our results where failure to abscise coincides with relatively lower 
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expression of defense related genes that have roles in response to biotic stressors, 

particularly bacteria and fungi. After the organ has abscised protective layers of suberin 

and lignin form over the AZ (Roberts et al., 2000). Several genes involved in the 

biosynthesis of the phenylpropanoid precursors of these compounds have lower 

expression in hae hsl2 mutants. For example, the fatty acyl-coenzyme A reductases FAR4 

and FAR5 and the acyltransferase GPAT5 are essential to the biosynthesis of suberin 

(Beisson et al., 2007; Domergue et al., 2010) and show lower expression in hae hsl2, 

along with three genes involved in lignin biosynthesis (Additional file 3A). The possible 

roles of the genes that are expressed at relatively higher levels in the hae hsl2 mutants are 

less clear. Many of the genes are predicted to function in ion and secondary active 

transmembrane transport. Potentially these may be involved in the transport of nutrients 

to the floral organs and are switched off prior to or during abscission. 

 

Expression patterns in stamen AZ 

 Previous microarray studies have examined gene expression changes in stamen 

AZs across flower development stages 12, 13 and early, mid, and late stage 15 (Cai and 

Lashbrook, 2008). In their analysis Cai and Lashbrook used a linear mixed model to 

identify 551 genes in eight expression clusters that showed the most significant changes 

across all developmental stages. Because this analysis focused on changes in gene 

expression over time many of the genes they identified as having differential expression 

are not differentially expressed in hae hsl2 relative to wild type. We reanalyzed the raw 

microarray data to determine the wild type expression patterns of the differentially 

expressed genes identified from the RNA-Seq experiments. The Arabidopsis ATH1 
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Genome Array used by Cai and Lashbrook with TAIR10 annotations has probes for 

21,144 genes. Only 219 of the 277 genes with lower expression in the double mutant and 

53 of the 72 genes with higher expression are found in the microarray expression data 

and all subsequent analysis was done using these smaller datasets. 

 The 219 genes that are expressed at lower levels in the double mutant relative to 

wild type were clustered into three groups by the k-means algorithm (Figure 4 and 

Additional file 4), which was determined to be the most representative number of clusters 

using the gap statistic (Tibshirani et al., 2001) (Figure 5). The majority of genes, 144 out 

of 219, fall into cluster 1 (Figure 4A) which is characterized by lower expression in 

stages 12 to mid-stage 15 and increasing considerably in late stage 15. GO term-

enrichment analysis shows that this cluster is enriched for terms that would be involved 

in cell wall modification (Additional file 6A). The biological process category contains 

genes for membrane transport, cell wall organization, and carbohydrate metabolic 

processes. There is also additional enrichment for defense responses such as response to 

bacterium and response to fungus. In the molecular function category nearly all the 

differentially expressed hydrolases, particularly the glycosyl hydrolases, pectinesterases, 

and genes with glycosyl transferase activity are in cluster 1. While the cellular component 

is enriched for localization to the endomembrane system, cell wall, and extracellular 

region. 
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Figure 4: Expression patterns of genes with lower expression in hae hsl2 in Stamen AZ 

microarrays. (A) Cluster 1 (B) Cluster 2 (C) Cluster 3. 
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Figure 5: Gap Statistic for different numbers of k-Means clusters. 
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 Cluster 2 (Figure 4B), with 33 genes, shows relatively low expression in stages 12 

and 13, increases through early and mid-stage 15 and decreases slightly in late stage 15. 

Transmembrane transport and oxidation reduction are found in the biological process 

category for cluster 2 (Additional file 6B). Similarly in the molecular function there is 

enrichment for electron carrier activity, oxidoreductase activity, and transporter activity, 

particularly ion transport. Many of these genes are localized to the endomembrane system 

or to the membrane and these terms show enrichment in this cluster for the cellular 

component. 

 Cluster 3 (Figure 4C) has 42 genes which show relatively higher expression in 

stage 12, reduced expression through early and mid-stage 15 and an increase in 

expression in late stage 15. Although Cluster 3 has peak expression in stage 12, the 

expression profiles across stages 13 to late stage 15 is similar to Cluster 1. This cluster 

shows the least overrepresentation of GO terms (Additional file 6C). In biological 

process there is enrichment for oxidation reduction, carbohydrate metabolic process, and 

cellular amino acid and derivative metabolic process. There was no enrichment in either 

cellular component or molecular function. 

 The dynamics of expression in these clusters and the functions of their genes 

show that most genes affected by HAE HSL2 have relatively lower expression in earlier 

flower development stages when HAE, HSL2, and IDA expression is also low. In later 

developmental stages, the first genes to that display an increase in expression tend to be 

those involved in transmembrane transport and oxidative reduction. It is not until late in 

stage 15 that there is activation of the genes associated with cell separation, defense 

responses, and the formation of the protective scar tissue over the newly exposed AZ. 
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QPCR results 

 We used qPCR to confirm the expression patterns and differences of 19 glycosyl 

hydrolases identified as having lower expression in hae hsl2 (Figure 6). These were done 

on flower receptacle RNA isolated from an independent set of biological replicates and 

done across stages 12, 13, 14, and 15 (Figure 1B). These results show that 11 of the 19 

hydrolases have lower expression with a p- value < 0.05 between wild type and hae hsl2 

at stage 15. Interestingly several of those that are not statistically significant at stage 15 

are in stage 13 hae hsl2 receptacles, suggesting hae hsl2 may have effects on gene 

expression at earlier stages. Looking at the patterns of expression across the 4 stages, 

most of the hydrolases have significantly lower expression prior to stage 15 (Additional 

file 7A), which is consistent with the expression patterns observed in stamen AZs (Cai 

and Lashbrook, 2008). The patterns of expression observed by qPCR in flower 

receptacles are similar to those in stamen AZ microarrays, showing that gene expression 

changes in the AZ are observable in receptacles. 

 IDA is a putative ligand of HAE and HSL2 and it would be predicted that ida 

mutants affect the same target genes as hae hsl2. We tested this hypothesis by doing 

qPCR for the 19 glycosyl hydrolases across the four developmental time points (Figure 7) 

on ida mutant receptacles and a new set of wild type receptacles. Across stages 12-15, the 

results are replicable in wild type (Additional file 7A and C) while ida and hae hsl2 have 

very similar expression profiles (Additional file 7B and D). At stage 15, 12 glycosyl 

hydrolases were confirmed as differentially expressed in ida mutants relative to wild 

type, including the 10 of the 11 confirmed by qPCR in hae hsl2. The differences between 

ida and hae hsl2 are likely due to technical variation between qPCR experiments. This 
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Figure 6: qPCR of hydrolases with lower expression in hae hsl2 (grey bars) RNA-Seq 

data in comparison to wild type (black bars). (A) stage 12 flower receptacles (B) stage 13 

flower receptacles (C) stage 14 flower receptacles (D) stage 15 flower receptacles. (*) 

significantly lower in hae hsl2 (**) significantly higher in hae hsl2. Error bars are 

standard error of the mean. 
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Figure 7: qPCR of hydrolases with lower expression in ida (grey bars) RNA-Seq data in 

comparison to wild type (black bars). (A) stage 12 flower receptacles (B) stage 13 flower 

receptacles (C) stage 14 flower receptacles (D) stage 15 flower receptacles. (*) 

significantly lower in ida (**) significantly higher in ida. Error bars are standard error of 

the mean. 
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shows that ida and hae hsl2 affect the expression of many of the same genes and co-

regulate these genes during abscission. This further supports the proposed pathway where 

IDA is the putative ligand of HAE and HSL2. That these same genes are differentially 

expressed in two different abscission mutants serves as further evidence of their 

importance in abscission. 

 

Identification of HAE HSL2 -independent genes 

 The RNA-Seq results identify genes affected by hae hsl2 which can be classified 

as HAE HSL2-dependent genes. Again using the stamen AZ microarray data with the 

RNA-Seq results it is possible to identify HAE HSL2-independent genes with potential 

roles in abscission. Stamen AZ microarrays were reanalyzed for differential expression 

across developmental stages using stage 12 as the baseline for expression. These lists of 

differentially expressed genes were then compared to the lists of RNA-Seq differentially 

expressed genes for overlap, only those genes from the RNA-Seq with probes on the 

array were used for comparison (Additional file 8A and B). The z-score indicates the 

statistical significance of the overlap between gene lists (Table 2 and Additional file 8C) 

which can be determined given the background list of all Arabidopsis genes. The most 

significant overlap was between the lower expressed hae hsl2 genes and those increasing 

in expression from stage12-late stage 15 (Figure 8), which corroborates the k-means 

cluster results and further supports the conclusion that the HAE HSL2 signaling pathway 

primarily activates gene expression. 
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Figure 8: Overlap of RNA-Seq differentially expressed genes with stamen AZ stage 12-

late stage 15 differentially expressed genes. 
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Table 2: Z-scores of overlap between hae hsl2 and Stamen AZ microarrays 
 s13 - 

s13 up 
s13 - 
s12 
down 

early 
s15 - 
s12 up 

early 
s15 - 
s12 
down 

mid 
s15 - 
s12 up 

mid 
s15 - 
s12 
down 

late 
s15 - 
s12 up 

late 
s15 - 
s12 
down 

hae 
hsl2  
up 
 

 
4.99 

 
0.56 

 
2.67 

 
4.29 

 
3.80 

 
4.70 

 
3.23 

 
5.12 

hae 
hsl2  
down  

 
1.75 

 
7.98 

 
4.63 

 
3.45 

 
10.65 

 
-0.60 

 
21.30 

 
-1.10 

  

 To identify HAE HSL2-independent genes we focused on the genes differentially 

expressed between stage 12 and late stage 15. The list of candidate HAE HSL2-

independent genes includes 1772 genes that increase in expression between stage 12 and 

late stage 15 stamen AZs and 1314 genes whose expression decreases. The functions of 

these genes were then examined to understand HAE HSL2-independent processes (Figure 

9). 

 Genes involved in several hormonal signaling pathways show increased 

expression at late stage 15 (Additional file 9A). Of particular interest are those involved 

in ethylene biosynthesis and signaling, as ethylene regulates the timing of floral organ 

abscission (Sexton and Roberts, 1982; Patterson, 2001). This includes several ethylene 

biosynthesis genes such as the s-adenosylmethionine synthetase SAM1, the ACC synthase 

ACS8, and two ACC oxidases ACO1 and ACO2. The ethylene receptor ETR2 also 

increases in expression and is known to be inducible by ethylene signaling (Hua et al., 

1998). Expression of genes associated with abscisic acid signaling also increase, such as 

the genes encoding protein phosphatase 2C ABA INSENSITIVE 2 (ABI2) and the 

transcription factors ABI4 and ABI5 
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Figure 9: HAE HSL2 signaling pathway and a summary of HAE HSL2-dependent and 

HAE HSL2-independent gene expression changes during abscission. 
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 Both ethylene and abscisic acid regulate floral senescence (Tripathi and Tuteja, 

2007) and markers of senescence show enrichment in the HAE HSL2-independent gene 

set. This corresponds to the senescence and withering of the floral organs during 

abscission. Callose deposition and localization also shows enrichment and is another 

response of abscisic acid signaling (Flors et al., 2005). Physiologically this is supported 

by work that has shown increases in callose deposition in abscising leaves of Phaseolus 

vulgaris (Poovaiah, 1974) and may be necessary to prevent water loss after abscission. 

 Jasmonic acid signaling and biosynthesis genes decrease in expression 

(Additional file 9B) from stage 12 to 15. This includes the allene oxide synthase AOS, the 

allene oxide cyclases AOC3 and AOC4, and the lipoxygenases LOX2 and LOX4. 

Interestingly aos mutants have a delayed abscission phenotype that is enhanced 

synergistically by mutations in the ethylene insensitive ein2 and the ABA-deficient 

mutant aba2 (Gonzalez-Carranza et al., 2007). Also decreasing in expression are 

cellulose biosynthesis genes such as CELLULOSE SYNTHASE 5 (CESA5), CELLULOSE 

SYNTHASE CATALYTIC SUBUNIT 7 (CESA7), and multiple cellulose synthase-like 

genes. This suggests there is inhibition of cell wall biogenesis while at the same time that 

cell wall modification is occurring. While pectinesterases increase in expression in a HAE 

HSL2-dependent manner during stage 15, pectinesterase inhibitor genes decrease in 

expression independently of HAE HSL2. 

 There is likely cross talk between HAE HSL2-dependent and HAE HSL2-

independent processes, particularly by ethylene (Figure 9). Ethylene signaling may affect 

the timing and degree of IDA expression (Butenko et al., 2006). Additionally ethylene-

dependent abscission signaling could be modulated by MAP kinase signaling (Hahn and 
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Harter, 2009) either through regulation of the ACC synthases and ethylene biosynthesis 

(Liu and Zhang, 2004) or through the transcription factor EIN3 (Yoo et al., 2008). Some 

classes of genes are found to varying extents in both the HAE HSL2-dependent and HAE 

HSL2-independent categories. For example there are HAE HSL2-independent defense 

response, lignin biosynthesis, and suberin biosynthesis genes. There are even some HAE 

HSL2-independent hydrolases, particularly XTHs, which may explain the observation 

that hae hsl2 and ida mutants initially undergo a decrease in the force required to remove 

the floral organs before increasing again (Cho et al., 2008). 

 

Conclusions 

 Abscission is a tightly regulated process resulting in the breakdown of the middle 

lamella at the AZ and shedding of the abscising organ. This process is regulated by the 

two RLKs HAE and HSL2 which operate through a MAP kinase cascade. However, the 

targets of this signaling pathway were previously unknown. Our work reveals the HAE 

HSL2 signaling regulates the expression of hydrolytic and cell wall modifying enzymes 

necessary for the breakdown of the pectin rich middle lamella and the expression of 

defense response genes during abscission. Disruption of HAE HSL2 signaling prevents 

normal expression of these genes, resulting in the loss of abscission phenotype observed 

in hae hsl2 mutants. These genes form three distinct expression clusters with most genes 

having peak expression in late stage 15, right before organ separation. Testing of 

differentially expressed glycosyl hydrolases in ida mutants shows that many of the same 

genes are co-regulated by IDA and HAE HSL2 and support the role of IDA in the HAE 

and HSL2 signaling pathway. Comparison to stamen AZ microarrays shows there are 
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HAE HSL2- independent processes that includes the ethylene, abscissic acid, and 

jasmonic acid hormonal signaling pathways. Responses of these pathways, such as 

senescence and callose deposition increase prior to abscission, while other processes like 

cellulose synthase decrease. This demonstrates the complexity of abscission and how 

multiple pathways integrate to lead to organ loss. 

 

Methods 

Plant materials and growth conditions 

 Arabidopsis thaliana Columbia-0 wild type, hae-3 hsl2- 3, and ida-2 plants were 

grown in growth chambers at 22C under 16 h light 8 h dark. At 7 weeks of age, stage 15 

flowers were collected and the flower receptacles were immediately dissected and frozen 

in liquid nitrogen. Receptacles were dissected by cutting off the stems from the base of 

the flower and slightly above the base of the stamen with a surgical knife. 20 receptacles 

were pooled per sample, each receptacle from a separate plant. All samples were 

collected between 4 and 6 pm to minimize circadian effects. For qPCR this was repeated 

with stage 12, 13, and 14 flower receptacles collected in addition to stage 15. Two sets of 

wild type samples were collected for qPCR, one grown alongside hae hsl2 the other 

grown later alongside ida. 

 

RNA-Seq library construction 

 RNA was isolated using TRIZOL reagent (Invitrogen). DNA was removed using 

DNase TURBO (Ambion) and then cleaned up using RNAeasy Mini Kit (Qiagen). RNA-

Seq libraries were prepared using the TruSeq RNA sample preparation kit (Illumina) 
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following the manufacturer’s protocol. All six samples were pooled together and run on 

three lanes, each on a separate flow cell of an Illumina HiSeq 2000. 

 

Read mapping and differential expression 

 Reads were quality trimmed using FASTX FASTQ Quality Trimmer version 

0.0.13 [35] with a minimum quality score of 13 and a minimum length of 32. Because 

adaptor sequence was present at the three prime end of some reads, these were further 

trimmed using CUTADAPT version 0.9.5 (Martin, 2011) with a minimum overlap of 2 

and a minimum length of 32. Reads were then aligned back to the TAIR10 version of the 

Arabidopsis genome (http://www.arabidopsis.org) using TOPHAT version 1.3.1 

(Trapnell et al., 2009) supplied with the TAIR10 GFF at default settings. Sam and bed 

files were generated using SAMtools version 0.1.18 (Li et al., 2009) and BEDTools 

version v2.12.0 (Quinlan and Hall, 2010). Read counts for each gene was quantified 

using HTseq-count with the settings stranded=no, mode=union, and type=gene 

(http://www-huber.embl.de/users/anders/HTSeq/). 

 Differential Expression was determined using the DESeq version 1.5.6 (Auer and 

Doerge, 2010). This was done using the sequence of commands: newCountDataSet, 

estimateSizeFactors, estimateDispersions, and nbinomTest. For the estimateDispersions 

function the settings used are method = “per-condition”, sharingMode = “maximum”, 

fitType = “parametric”. 

 

Gene Ontology 
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 Gene Ontologies were analyzed for term enrichment using the agriGO Single 

Enrichment Analysis tool (Du et al., 2010) with TAIR10 GO annotations. The full GO 

contains thousands of specific terms while the GO Slim is a reduced set of broader higher 

level terms that is easier to represent graphically. Both the full GO and GO Slim were 

used. The hypergeometric test was used with Benjamini-Hochberg FDR correction and a 

p < 0.05. Lower expressed and higher expressed genes were analyzed separately. 

 

qPCR 

 Primers for qPCR (Appendix 2) were designed using Primer3 software (Rozen 

and Skaletsky, 2000) to have a Tm of 59-61 C, with a length of 22-26 nts and a product 

length of 60-150 bps (Udvardi et al., 2008). Reference genes were chosen from 

Czechowski et al. (Czechowski et al., 2005) for stability across tissue type and 

developmental stage. These were then checked against RNA-Seq results for stability in 

the hae hsl2 background. RNA was isolated using TRIZOL reagent (Invitrogen) and 

DNA was removed using DNase TURBO (Ambion). Samples were then cleaned up using 

RNAeasy Mini Kit (Qiagen). 1000 ng of RNA was used to make cDNA with the 

SuperScript III First Strand Synthesis Kit (Invitrogen). 200 nm of each primer were 

added to each well and dried overnight. For qPCR 2.5 uL of Platinum SYBR Green 

qPCR Supermix-UDG (Invitrogen) and 1 uL of cDNA (1 ng/uL) for a total of 5 uL was 

used in each well. To re- duce pipetting errors master mixes of the cDNA and 2x reaction 

mix were made prior to dispensing. For each sample 3 biological reps were used and 

repeated 3 times for technical replication. Real-time PCR was done on a CFX384 Touch 

Real-Time PCR Detection System (BioRad) at 50C for 2 minutes, 95C for 2 mins, and 45 
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cycles of 95C for 15 s, 55C for 30s, and 72C for 30s followed by a melting curve 

analysis. qPCR was analyzed on CFX Manager Software (BioRad) using the ΔΔCt 

method (Livak and Schmittgen, 2001). Statistical significance was determined using 

Student’s t-test. 

 

Reanalysis of microarray data 

 Microarray data from Cai and Lashbrook (Cai and Lashbrook, 2008)was 

downloaded from Array Express [47] and reanalyzed using ROBIN (Lohse et al., 2010) 

using the probe logarithmic error intensity estimate (PLIER) algorithm (Affymetrix, Inc., 

2005) and the linear models from the limma package (Smyth, 2005). Stage 12 was used 

as a baseline of comparison to later stages resulting in the following stage categories: 

stage 12-stage 13, stage 12-early stage 15, stage 12-mid stage 15, and stage 12- late stage 

15. Differentially expressed genes were considered significant with a FDR adjusted p < 

0.05. 

 

Cluster analysis 

 Microarray signal intensities extracted for the list of differentially expressed genes 

in hae hsl2 were normalized to a range of -1 to 1 and centered on a mean of 0 using 

Cluster 3.0 (de Hoon et al., 2004). These were imported into R and the number of k-

Means clusters was estimated to be 3 using the gap statistic gap (Tibshirani et al., 2001) 

(Appendix 3). Final clustering was done by k- Means clustering in Cluster 3.0 using 

Euclidean distance as the Similarity Metric, a k = 3, and 1000 runs. 
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Comparison of microarrays and RNA-Seq 

 Because RNA-Seq detects a broader range of transcripts than microarrays, which 

are limited to the probe set, any genes not found on the array were first filtered from the 

RNA-Seq data. Log2 fold changes of differentially expressed genes in both RNA-Seq 

and mircoarray data was then compared using VennMapper software (Smid et al., 2003) 

looking for overlap in genes with a 2 fold or greater difference in expression. Genes that 

were expressed at lower and higher quantities in hae hsl2 relative to wild type were 

treated as separate categories and compared in a pairwise fashion to each stage. 

 

Data availability 

 Raw reads, bed alignment files, and raw gene counts, are available under the GEO 

accession number GSE35288 at the NCBI Gene Expression Omnibus (Edgar et al., 

2002). Additional files and data can be obtained online from the published form at BMC 

Genomics (http://www.biomedcentral.com/1471-2164/14/37). 
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Chapter 4: TESTING OF HAE HSL2-INDEPENDENT GENES BY 

QPCR 

 

 

 

Background 

 Abscission requires the integration of multiple processes. While it appears to be 

directly regulated by the HAE HSL2 signaling pathway, it also involves input from other 

hormonal signals, such as ethylene (Patterson, 2001; Cho et al., 2008). It also associated 

with other processes such as the senescence of abscising tissue. Gene expression studies 

using RNA-Seq, microarrays, and qPCR have helped distinguish abscission into a set of 

HAE HSL2-dependent processes regulated by the HAE HSL2 signaling pathway and HAE 

HSL2-independent processes (Chapter 3).  

 The extent of interaction or independence between these two processes is 

uncertain. Previous work has only examined global gene expression in hae hsl2 in stage 

15 floral receptacles. It is possible expression of HAE HSL2-independent genes is 

affected at earlier stages in hae hsl2 mutants. Furthermore, recent models of HAE HSL2 

signaling propose that the pathway regulates the expression of two transcription factors, 

KNAT2 and KNAT6 (Shi et al., 2011), and it is possible that the HAE HSL2 signaling 

pathway can affect the expression of other genes known to be involved in the pathway, 

although no evidence for this has been observed. In this study qPCR was used to further 

examine gene expression changes of members of the HAE HSL2 signaling pathway and 
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HAE HSL2-independent processes in wild type (WT) and hae hsl2 mutant flower 

receptacles from stages 12 to 15 of flower development.  

 

Results and Discussion 

 Based on RNA-Seq data, no difference was expected in expression for HAE HSL2 

signaling genes in the hae-3 hsl2-3 mutants (Figure 1). No difference was observed for 

HSL2, but unexpectedly, HAE had lower expression in hae hsl2 mutants at stage 15, 

while IDA had higher expression in mutants at stage 14. It is unclear whether or not this 

indicates there is some feedback in HAE HSL2 gene expression. In RNA-Seq HAE 

expression is decreased 0.1 fold and IDA expression was increased 1.15 fold, although 

neither of these differences were statistically significant. In WT plants HAE, HSL2, and 

IDA show patterns of expression similar to those from previous studies (Cai and 

Lashbrook, 2008), having lower expression in early stages and increasing in stage 15. 

EVR and NEV both showed no changes in hae hsl2, but while EVR increased in 

expression from stage 12 to stage 15, expression of NEV remained consistent.  
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Figure 1: (A-D) qPCR of HAE HSL2 signaling genes in WT (black) and hae hsl2 

(white): (A) stage 12, (B) stage 13, (C) stage 14, and (D) stage 15. Genes differentially 

expressed in mutant with a p-value < 0.05. are marked wit (*). (E) qPCR of HAE HSL2 

signaling genes in WT across stages 12 (white), 13 (light grey), 14 (dark grey), 15 

(black).  
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 Recent work has proposed a model of where the BP/KNAT1 negatively regulates 

abscission by suppressing transcriptionally two positive regulators of abscission, KNAT2 

and KNAT6 (Shi et al., 2011). Based on promoter-GUS assays, both KNAT2 and KNAT6 

have increased expression in later stage WT flowers and decreased expression in hae hsl2 

mutants. Contrary to this view, in stage 15 RNA-Seq data, no change was observed for 

KNAT6 gene expression. A slight increase of 1.23 fold was actually observed for KNAT2 

expresssion, although this was not statistically significant. In the qPCR data BP/KNAT1 

had lower expression prior to Stage 15 and no difference was observed in hae hsl2 

(Figure 1). This suggests that if BP/KNAT1 is downstream of HAE HSL2 in the pathway 

HAE HSL2 signaling does not regulate its expression. Meanwhile no difference in 

expression of KNAT2 or KNAT6 could be detected from stage 12 to stage 15, while 

KNAT2 showed a statistically significant increase in stage 14 hae hsl2 flowers.  

 HAE HSL2-independent genes were selected to examine processes previously 

identified as being unaffected by hae hsl2 (Chapter 3). These can be divided as those 

genes that have increased or decreased expression at stage 15 based on microarray data. 

Genes with an increase in expression in microarrays tended to show similar patterns by 

qPCR (Figure 2). ACS8 and ETR2 are involved in ethylene biosynthesis and ethylene 

signaling, respectively, and ETR2 expression is known to be ethylene responsive (Hua et 

al., 1998). Expression of these genes showed no change in hae hsl2 at any stage, 

supporting the independence of HAE HSL2 and ethylene signaling in abscission. 

Similarly, abscisic acid signaling genes are unaffected in hae hsl2, and no difference was 

observed in the ABRE-binding factor ABF2. Senescence and cell death genes are also 

observed to increase during abscission in a HAE HSL2-independent manner. BAG3, a  
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Figure 2: (A-D) qPCR of HAE HSL-independent genes with increasing expression in 

WT (black) and hae hsl2 (white): (A) stage 12, (B) stage 13, (C) stage 14, and (D) stage 

15. Genes differentially expressed in mutant with a p-value < 0.05. are marked with (*). 

(E) qPCR of HAE HSL-independent genes with increasing expression in WT across 

stages 12 (white), 13 (light grey), 14 (dark grey), 15 (black).  
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marker of cell death, and YLS2, a marker of senescence were both unaffected in hae hsl2 

mutants. The one exception was SRGI, another marker of senescence, which showed 

slight, but significant decreased expression stage 14 and stage 15 in hae hsl2. This may 

be an indirect effect due to the failure of the floral organs to abscise.  

 Genes that decrease in expression include those involved with jasmonic acid 

signaling, cell wall biogenesis, water/fluid transport, and pectinesterase inhibitors. The 

AOC4 gene, involved in jasmonic acid biosynthesis, decreases in expression after stage 

12 and is unchanged in hae hsl2 (Figure 3). The aquaporin AQP1 shows a very strong 

decrease in expression after stage 12, confirming observations made that water/fluid 

transporters decrease from stage 12 to stage 15. Perhaps the most interesting was the 

behavior of CESA4 and CESA7, two cellulose synthases involved in cell wall biogenesis. 

Both of these genes showed peak expression in stage 14 flowers, while having higher 

expression in hae hsl2 at stage 12. This suggests that there is active maintenance of the 

cell wall, which is suppressed prior to abscission and that HAE HSL2 signaling may be 

involved. 
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Figure 3: (A-D) qPCR of HAE HSL-independent genes with decreasing expression in 

WT (black) and hae hsl2 (white): (A) stage 12, (B) stage 13, (C) stage 14, and (D) stage 

15. Genes differentially expressed in mutant with a p-value < 0.05. are marked wit (*). 

(E) qPCR of HAE HSL-independent genes with decreasing expression in WT across 

stages 12 (white), 13 (light grey), 14 (dark grey), 15 (black).  
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Conclusions 

 These results build upon previous studies into gene expression during abscission. 

While most genes involved in HAE HSL2 signaling showed expected changes, these 

results do question how the KNAT TFs BP/KNAT1, KNAT2, and KNAT6 behave 

transcriptionally. Contrary to a previous report, the expected changes in expression were 

not observed. Most of the HAE HSL2-independent genes were also unchanged in 

mutants, although SRG1 did show differential expression, suggesting possible crosstalk 

between abscission and senescence. Higher expression of CESA4 and CESA7 in stage 12 

hae hsl2 mutants could also indicate potential effects of the mutations earlier in flower 

development.  

 

Methods  

Plant Materials and Growth Conditions 

 Arabidopsis thaliana Columbia-0 wild type and hae-3 hsl2- 3 plants were grown 

in growth chambers at 22C under 16 h light 8 h dark. At 7 weeks of age, stage 12, 13, 14, 

and 15 flowers were collected and the flower receptacles were immediately dissected and 

frozen in liquid nitrogen. Receptacles were dissected by cutting off the stems from the 

base of the flower and slightly above the base of the stamen with a surgical knife. 20 

receptacles were pooled per sample, each receptacle from a separate plant. All samples 

were collected between 4 and 6 pm to minimize circadian effects 
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qPCR 

 Primers for qPCR (Appendix 4) were designed using Primer3 software (Rozen 

and Skaletsky, 2000) to have a Tm of 59-61 C, with a length of 22-26 nts and a product 

length of 60-150 bps (Udvardi et al., 2008). Reference genes were chosen from 

Czechowski et al. (Czechowski et al., 2005) for stability across tissue type and 

developmental stage. These were then checked against RNA-Seq results for stable 

expression in the hae hsl2 background. RNA was isolated using TRIZOL reagent 

(Invitrogen) and DNA was removed using DNase TURBO (Ambion). Samples were then 

cleaned up using RNAeasy Mini Kit (Qiagen). 1 ug of RNA was used to make cDNA 

with the SuperScript III First Strand Synthesis Kit (Invitrogen). 200 nM of each primer 

were added to each well and dried overnight. For qPCR 2.5 uL of Platinum SYBR Green 

qPCR Supermix-UDG (Invitrogen) and 1 uL of cDNA (1 ng/uL) for a total of 5 uL was 

used in each well. To re- duce pipetting errors master mixes of the cDNA and 2x reaction 

mix were made prior to dispensing. For each sample, 3 biological reps were used and 

qPCR done 3 times for technical replication. Real-time PCR was done on a CFX384 

Touch Real-Time PCR Detection System (BioRad) at 50C for 2 minutes, 95C for 2 mins, 

and 45 cycles of 95C for 15 s, 55C for 30s, and 72C for 30s followed by a melting curve 

analysis. qPCR was analyzed on CFX Manager Software (BioRad) using the ΔΔCt 

method (Livak and Schmittgen, 2001). Statistical significance was determined using 

Student’s t-test. 
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Chapter	  5:	  PROMOTER ANALYSIS OF HAE HSL2-DEPENDENT 

GENES AND CANDIDATE TRANSCRIPTION FACTORS 

 

 

 

Background 

 Functional genomics provides a wealth of data and multiple means of analysis for 

the generation of new hypotheses and is the basis for emerging systems biological 

approaches. A common goal of transcriptomic and genomic data is to infer regulatory 

networks by the identification of cis-regulatory elements such as transcription factor 

binding sites (TFBS) and their interacting transcription factors (TFs) (Priest et al., 2009; 

Zou et al., 2011). These approaches depend upon an available knowledge of TFBSs. This 

is a major limitation in plants which have large number of TFs. Estimates for Arabidopsis 

place the number of TFs anywhere between ~1500 (Riechmann, 2000) to over 2400 

grouped into 81 families (Riaño-Pachón et al., 2007).   

 Multiple databases of TFs and their TFBSs have been compiled. Amongst the best 

known of these is the open source JASPER (Sandelin, 2004; Bryne et al., 2008) and the 

commercial TRANSFAC (Wingender et al., 2000). Plant specific databases and tools 

include PLACE (Higo et al., 1999), AthaMap (Steffens, 2004), AGRIS (Davuluri et al., 

2003; Palaniswamy et al., 2006), and PlantCARE (Rombauts et al., 1999; Lescot et al., 

2002). The Athena database (O'Connor et al., 2005) takes data on Arabidopsis TFBSs 

from multiple databases and literature, compiling them into a single resource. Athena also 

offers tools for promoter analysis and testing for enrichment of TFBSs.  
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 While in some cases these TFBSs may be specific to known TFs, in other 

instances they are general to a family or consensus sequences from genomic studies 

where the TFs are unknown. While these databases and tools can help narrow the search, 

they are often not enough to provide a suitable list of candidate TFs. A common approach 

in gene expression studies is to correlate the expression of a target gene or set of genes to 

other genes based on the prediction that a TF and its target will have similar expression 

profiles. Multiple methods have been used in the past for correlating gene expression 

(Hardin et al., 2007). One of the most commonly used is the Pearson’s product-moment 

correlation coefficient, which uses expression values to determine the covariance 

between two genes. This method has the advantage that it takes into account expression 

values, but has several disadvantage, one of the most notable being that it is highly 

susceptible to outliers. Rank based methods such as the Spearman’s rank correlation 

coefficient are more robust to outliers, but do not take expression values directly into 

account, relying instead on ranking of data points. Recently the Gini correlation 

coefficient has been applied to biological applications, including gene expression data 

from both RNA-Seq and microarrays (Ma and Wang, 2012). The Gini correlation 

coefficient has the advantage in that it can take into account the gene expression values 

and the ranks. As a result it has the increased accuracy afforded by expression values 

while having improved robustness by considering the rank information.  
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Results 

Promoter Analysis  

 Gene lists from each of the three clusters from Chapter 3 were analyzed using the 

Athena database for enrichment of TF binding motifs in promoter regions. This analysis 

takes in account the number of occurrences for each motif in the entire Arabidopsis 

genome and calculates a p-value based on the probability of the observed number of each 

motif. The analyzed sequence length ties directly into the probability of observing a 

motif, so each set of genes were analyzed for varying lengths of upstream sequence with 

a cutoff at adjacent genes. Motifs with p-values < 0.001 were considered significantly 

enriched (Table 1). 

 
Table 1: Enrichment of TFBSs in Cluster 1 

TFBS Promoters Bound in 
Subset 

Promoters Bound in 
Genome 

p-value 

W-box 96% 139 70% 21205 <10e-10 
MYCATERD1 69% 100 44% 13503 <10e-8 

AtMYC2 69% 100 44% 13503 <10e-8 
MYB4 90% 131 74% 22494 <10e-6 

GAREAT 79% 115 62% 18652 <10e-5 
Ibox 65% 94 47% 14400 <10e-4 

T-box 77% 111 60% 18340 <10e-4 
ABRE-like 42% 61 27% 8273 <10e-4 

MYB 52% 76 37% 11316 <10e-3 
MYB1AT 91% 132 80% 24215 <10e-3 

CARGCW8GAT 79% 114 66% 19918 <10e-3 
MYB2AT 49% 71 37% 11190 0.001 

 
 

 The most significantly enriched TFBS was the W-box, which is bound by the 

WRKY family of TFs. At 3000 bps upstream, the W-box was found in 139 out of 144 

genes. Even at 250bps, the W-box is enriched, being present in 72 promoter regions. The 
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next two most abundant sites are the MYB1AT and MYB4 motifs, present in 132 and 

131 promoters respectively. All three of the most abundant sites were found in HAE 

HSL2-dependent polygalacturonases (PG) (Figure 1). While found at lesser abundance, 

three other enriched motifs are also bound by members of the MYB TF family, these 

being the Ibox, MYB, and MYB2AT motifs. The CARGCW8GAT motif is bound by 

AGL15 and members of the MYC TF family bind the MYCATERD1 and AtMYC2 sites. 

TFs are unknown for the GAREAT, T-box, and ABRE-like motifs, which were 

discovered as being motifs enriched under certain conditions.  

 

Correlation of Gene Expression  

 Initial clustering of HAE HSL2-dependent genes was done using microarray data 

from stamen AZs (Cai and Lashbrook, 2008). To reduce potentially spurious 

associations, additional gene expression data from relevant tissues and stages was 

obtained from the AtGenExpress developmental dataset (Schmid et al., 2005). Cluster 1 

contains 144 genes and variation of expression values at each stage makes it difficult to 

pick candidate genes representative of the cluster. To overcome this difficulty a 

representative mock-gene was made using mean expression values from cluster 1 genes. 

This was then added to then added to the data set. To show the viability of this approach, 

the mock-gene was first correlated to the 144 cluster 1 genes using the Gini correlation 

coefficient. This was also done using actual genes of interest from cluster 1 for 

comparison (Figure 2). This shows that the representative mock-gene correlates as well if 

not better with cluster 1 genes as real genes in the data set and represents the overall 

expression pattern cluster 1 
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Figure 1: Promoter regions of the seven differentially expressed PGs showing the top 

three most common TFBSs. 
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Figure 2: Distribution of correlations for the representative mock-gene and actual genes 

from cluster 1. Each of the genes examined were tested for correlation to all 144 genes in 

Cluster 1 by the Gini correlation coefficient and those correlations plotted as a box plot.   
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	   The mock-gene was then correlated to all the genes in the dataset. Of these genes, 

2824 genes had p-values < 0.05, of which 232 were TFs (Appendix 5). These 232 TFs 

were then correlated to all 144 genes from cluster 1. Because cluster 1 genes were 

enriched for WRKY and MYB TF binding sites, these were further focused on. Of these 

two classes of TFs, 7 WRKY TFs and 7 MYBs had R2 > 0.85 and a p-value < 0.05 (Table 

2). In stamen AZs the candidate TFs have peak expression in late stage 15 and their 

lowest expression in stage 12 (Figure 3). 

 

 
Table 2: Candidate TFBS With the Highest Correlation 

GENE AGI r p-value 
WRKY75 At5g13080 0.976627553 0.001 
MYB15 At3g23250 0.97216971 0.001 
MYB58 At1g16490 0.951236088 0.015 

WRKY26 At5g07100 0.943555235 0.001 
MYB102 At4g21440 0.927056867 0.001 
WRKY38 At5g22570 0.922793933 0.001 
MYB74 At4g05100 0.919193003 0.001 
MYB2 At2g47190 0.897384026 0.001 

WRKY15 At2g23320 0.890457785 0.001 
MYB123 At5g35550 0.87039605 0.005 
MYB49 At5g54230 0.865240473 0.014 
WRKY6 At1g62300 0.86507782 0.002 

WRKY57 At1g69310 0.855577566 0.004 
WRKY47 At4g01720 0.850262475 0.009 
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Figure	  3:	  Expression	  pattern	  of	  candidate	  TFs	  (black)	  and	  consensus	  expression	  of	  

cluster	  1	  (red).	  	  
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Testing of Candidate Transcription Factors 

 Candidate WRKY and MYB TFs identified by correlation were chosen for further 

analysis and testing. A reverse genetics approach was used utilizing known insertion 

mutants from the SALK collection (Alonso et al., 2003). If available, multiple lines were 

examined. No observable abscission phenotypes were found in any of the lines examined 

(Table 3).  

 

Table 3: T-DNA lines examined 
Gene Line Abscission Phenotype 

No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 

MYB15 SALK_063610 
MYB15 SALK_063960 
MYB15 SALK_104139 
MYB15 SALK_063618 
MYB2 SALK_045455 
MYB2 SALK_045456 
MYB2 SALK_043075 
MYB74 SALK_073544c 
WRJY26 SALK_137675 
WRKY26 SALK_138030c 
WRKY26 SALK_030446 
WRKY26 SALK_063378 
WRKY26 SALK_063385 
WRKY26 SALK_063386 
WRKY26 CS832107 
WRKY6 SALK_102677 
WRKY6 SALK_059863 
WRKY6 SALK_059944c 
WRKY75 SALK_101367 
WRKY75 SALK_042481c 
WRKY75 SALK_048763 
WRKY75 SALK_061304 
WRKY75 CS902380 
WRKY75 CS902373 
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Discussion 

 This work expands upon the analysis of HAE HSL2-dependent genes previously 

identified by RNA-seq. To identify potential upstream factors involved in the HAE HSL2 

signaling pathway, this data was mined for TF bindings sites and co-expression. Cluster 1 

genes had enrichment for multiple TF binding sites. Enrichment for the sites and the 

number of genes containing these sites in their promoters was partially dependent upon 

the length of the promoter region analyzed. Most notable was the W-box motif, which is 

bound by WRKY TFs. These were enriched within the first 250 bps and at 3000 bps 

found in nearly all the promoter regions analyzed. The WRKYs are notable also for the 

fact that several members of the family are known targets of MPK3 and MPK6 (Popescu 

et al., 2009; Mao et al., 2011). Interestingly, many of the other sites found enriched to 

varying degrees for which there is evidence for TF binding were found to interact with 

members of the MYB TF family. This included the second and third most abundant 

motifs, MYB1AT and MYB4. To a lesser extent other known MYB binding sites such as 

the Ibox, MYB2AT, and MYB TFBSs were enriched.    

 The CARGCW8GAT motif is bound by AGL15, which has previously been 

associated with abscission (Fernandez et al., 2000) through constitutive expression by the 

CaMV 35S promoter, though it has no abscission phenotype in mutant knockouts. It is 

still uncertain what the role AGL15 or other related MADS box TFs like AGL18 

(Adamczyk et al., 2007) and FOREVER YOUNG FLOWER (Chen et al., 2011) play in 

abscission. Some motifs, such as the T-box, ABRE-like, and GAREAT motifs were 

identified originally not for binding by TFs, but through searches for common sequence 
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motifs in promoters of genes responsive to certain conditions. As a result, no known TFs 

are associated with these motifs. 

  To narrow the selection of candidate transcription factors, cluster 1 was 

correlated to all the genes in Arabidopsis using expression data from a variety of 

microarray studies. A recently new approach in gene expression studies, the Gini 

correlation coefficient was chosen to overcome the traditional limitations of other 

methodologies (Ma and Wang, 2012). However, this approach is computationally 

intensive, limiting the ability to do whole genome correlations for all of cluster 1. The 

effect of outliers in the data also made it risky to pick individual genes from cluster 1, so 

a mock-gene consisting of mean expression values was created. Initial tests show that this 

mock-gene correlated as well if not better to cluster 1 as a whole than actual individual 

genes from the cluster. This was used to refine the number of candidate TFs to a list of 

252 that were statistically significant. While statistically significant, the actual correlation 

could be still low or even anti-correlated, having the opposite expression pattern. These 

could be potential negative regulators, but for the course of this study we focused on 

those with positive correlation. Based on the enrichment of TFBSs, we further focused 

our attention on the WRKY and MYB TFs that correlated with an R2 > 0.85, resulting in 

7 candidate WRKYs and 7 candidate MYBs.  

 Multiple T-DNA insertional mutants were identified for the candidate WRKY and 

MYB TFs. These were grown and observed for abscission phenotypes. No observable 

difference in abscission was observed in any of the lines analyzed. There are multiple 

potential explanations for this. The first is that the candidate TFs have no role in 

abscission. Another possibility is that some of the TFs are functionally redundant and 
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abscission phenotypes would only be observed in combination with other mutations. 

There is precedence for this in known abscission mutants. Both the RLKs HAE and HSL2 

have no detectable abscission phenotype in the single mutant (Cho et al., 2008; Stenvik et 

al., 2008). This is also true of the MAP kinases MPK3 and MPK6, MAP kinase kinases 

MKK4 and MKK5 (Cho et al., 2008) and the NPR1 family TFs BOP1 and BOP2 (McKim 

et al., 2008). Crosses to create double or triple mutants of these genes will be conducted 

to test this possibility. They may also act in a repressive fashion. In this case transgenic 

approaches, such as expression under a constitutive promoter may reveal possible 

function. A rapid alternative is to use mesophyll protoplasts to test the effects of 

constitutive expression (Sheen, 2001). To this end, cDNA clones of the candidate TFs are 

being made with the pRLT2 vector for expression in Arabidopsis protoplasts.  

 The abundance of data from functional genomics studies lends itself to a variety 

of analysis, enabling the formation of new hypotheses. Here we report on the promoter 

analysis of differentially expressed genes from hae hsl2 and the use of expression data to 

correlate these genes to potential upstream TFs. Further experimentation is needed to 

show whether or not these candidate genes are indeed involved in abscission. 

  

Methods 

Promoter Analysis 

 Genes lists from each of the three clusters identified in by RNA-seq and stamen 

AZ microarrays were used as input into the Athena webserver for promoter analysis.  

Promoter regions were analyzed at lengths of 250, 500, 750, 1000, 1500, 2000, 2500, and 
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3000 bps upstream with cutoffs made at adjacent genes. A p-value < 0.001 was used as 

cutoff for enrichment.  

 

Analysis of Microarray Data.  

 Stamen AZ microarray data (Cai and Lashbrook, 2008)was downloaded from 

Array Express (http://www.ebi.ac.uk/arrayexpress/). Additional data from stages 9, 10-

11, 12, and 15 whole flowers and stages 12 and 15 sepals, petals, and stamen were 

downloaded from the AtGenExpress developmental dataset (Schmid et al., 2005). Data 

was analyzed using Robin (Lohse et al., 2010) using the PLIER algorithm (Affymetrix, 

Inc., 2005). 

 
 

Correlation of Gene Expression Using the Gini Correlation Coefficient  

 All correlation analysis was conducted in R using a combination of public 

packages and custom scripts (Appendix 6). Outlier values from cluster 1 microarray data 

for each condition was first identified using Interquartile Ranges and Outliers (IQR) and 

removed. Mean expression values for each condition were then calculated. These means 

were used as the expression values for a representative mock-gene. The new 

representative mock-gene was then correlated to all genes with microarray data in the 

studied conditions using the Gini correlation coefficient as implemented in the RSGCC 

package (Ma and Wang, 2012) with 2000 permutations and a two-sided test. TFs 

correlated with a p-value < 0.05 to the representative mock-gene were then correlated to 

each one of the cluster 1 genes using the aforementioned settings.   
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Plant Materials  

 T-DNA insertion mutants for candidate TFs were obtained from the SALK T-

DNA collection. Seeds were germinated on soil and grown in growth chambers under 

long day conditions of 16 h light 8 h dark at 22C.  

 

Cloning and Plasmid Construction for Protoplast Assays 

 RNA was extracted from stage 15 Col WT flowers using TRIZOL reagent 

(Invitrogen) and treated using DNase TURBO (Ambion) to remove contaminating DNA. 

RNA was converted to cDNA using the SuperScript III First Strand Synthesis Kit 

(Invitrogen). Candidate TFs were amplified by PCR from cDNA (Appendix 7) and 

cloned into a modified pRCT using the SLIC method of cloning (Li and Elledge, 2007; 

Jeong et al., 2012).  
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CONCLUSIONS AND FUTURE DIRECTIONS 

 

 

 

 Letting go is never easy. For plants, breaking bonds and discarding part of itself is 

a complicated process and a difficult task to understand. The genetic basis is now being 

understood using the model plant Arabidopsis {Lewis:2006ct}. Here a combination of 

forward genetic screens and functional genomics was used to try to further our 

understanding of abscission. While the results of the genetic screens have largely been 

inconclusive, it has provided new genetic resources, in particular alleles of hae and hsl2, 

that are being used in new studies. RNA-Seq was used to identify potential downstream 

targets of HAE HSL2 signaling. These HAE HSL2-dependent genes function primarily in 

cell wall modification and defense responses. Comparisons to stamen abscission zone 

microarrays has allowed for the identification of HAE HSL2-independent genes. Mining 

the promoters and expression profiles of this data has allowed for the generation of new 

hypotheses for future study.  

 Moving forward a multi-pronged approach to understanding abscission will be 

needed. Genetic approaches will continue to be used, but this will need more 

sophisticated experimental designs and the examination of more subtle phenotypes. New 

alleles of hae have been identified in the Ler ecotype (Appendix 8) and double mutant 

created in this background. This will allow for the mapping of EMS suppressors of hae 

hsl2 phenotypes. The weaker phenotype of the hae hsl2-9 mutant suggests that hsl2-9 

may still retain some functionality. Mutant screens in this background may sensitize it to 
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genes that directly interact with hsl2. These approaches will be empowered by the 

application of new technologies such as next-generation sequencing. While traditional 

approaches meant that a researcher could expend much time and effort on a single 

mutant, next-generation sequencing approaches will enable for the rapid mapping of 

multiple mutants {Schneeberger:2011bd}.   

 Even with technological advances and improved experimental design, the often-

redundant nature of plant genomes will make it difficult to identify every step in 

abscission. This is a task made even more complicated considering the integration of 

multiple pathways and processes. To this end the use of functional genomics, in 

particular gene expression studies can help create a systems wide view of abscission. The 

use of RNA-seq and microarrays in Arabidopsis and other species has already enabled 

this to some extent {Cai:2008km, Lashbrook:2008vz, Meir:2010hv, 

GonzalezCarranza:2012bj, Zhou:2008bk, GilAmado:2013gb, Zhu:2011hk, 

Botton:2011ff, Agusti:2008im}. Further studies in other mutants and stages of 

development will give a more refined picture at what is happening at the genomic level. 

Transgenic plants are currently being developed to enable studies of cell-specific 

expression using the INTACT method {Deal:2010dh}. Analysis of candidate 

transcription factors identified through promoter analysis and co-expression may fill in 

some of the current gaps of our understanding. Crosses between the T-DNA lines are 

being made to create double mutants. Protoplast assays are being developed to check the 

effects of overexpression of the candidate TFs {Sheen:2001il}. Ultimately a combination 

of multiple approaches will be necessary to unlock the secrets of abscission.  
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Appendix 1: Primers and PCR Conditions Used in Chapter 2 

 

 

Sequencing and Genotyping HAE and HSL2 

Sequencing HAE and HSL2 

Table 1: Primers For Sequencing HAE and HSL2 
   

HAE Sequencing 
HAE--100-seq 5’ CCCTTTTTGCTTCTACAATTCC 
HAE-500-seq 5’ CCCGTCGAGCTTCGG 
HAE-1650-seq 3’ ATACTCTAGCTTCCCTTCACCGC 
HAE-1100-seq 5’ TCACCGTTACAGTACGTGGAC 
HAE-1700-seq 5’ CAAGCAATCAATTCTCCGG 
HAE-2770-seq 3’ CAGTTCCAAAAGCACCACACC 
HAE-2300-seq 5’ TGCAGCTCTGGTGATTGTAAG 
HAE-3000-seq 3’ ACTTGAACAGCGTTTGA 

HSL2 Sequencing 
HSL2-pr-900-seq 5’ AGACACTTACCAACCTCCTACTCAAAGC 
HSL2-pr-20-seq 3’ CGTGTTGGGAAGAGAGGTATGAAACACG 
HSL2-pr-510-seq-5’ ACACGCTTTGCTCGCACTTCACTT 
HSL2-250-seq 3’ CCGTAGGGAAAGCCACCGGAGATA 
HSL2-110-seq 5’ AAGACCCGACTTTTCGACCCCGAT 
HSL2-930-seq 3’ GTTGCAGAGCAGCGATCTTTTCCG 
HSL2-680-seq 5’ TCGGCTAACTCACTCGAACCTCGT 
HSL2-1550-seq 3’ CCGTCGAGCATGTTCTCCTGCATC 
HSL2-1420-seq 5’ ACTTCTCCGGTGTGATTCCCGTCA 
HSL2-2250-seq 3’ CCTCGCCGTTGCAGCACATAAGAA 
HSL2-2090-seq 5’ GGGCGGGTCGGGTTTGGTTTATAG 
HSL2-2860-seq 3’ CATGGCTCCGTCTTCTGCTGATGG 
HSL2-2730-seq 5’ GCGATGTCTATAGCTTCGGGGTGG 
HSL2-3630-tr-seq 3’ CGCCAATTAAAAACCGTGAAAGTTCGT 
 

 

 

 

 



	   92	  

Genotyping hae and hsl2 alleles 

For hae-1 and hsl2-1 use according to SALK genotyping protocol 

(http://signal.salk.edu/tdnaprimers.2.html).  

Table 2: Primers for Genotyping hae and hsl2 Alleles 
Allele Sequence Type Restriction 

Enzyme 
Size 
bps 

Col/Ler 
hae-1 CAAACTGGGCTTATCCGACCCGG T-DNA 
 GTCCCCAACGTTTCAACCTCCGCTG 
hsl2-1 CCCACTCGGAAGCTTACCATAGTCTG T-DNA 
 CGGGAATCACACCGGAGAAGTTGTTAGC 
hae-3 CATCGAATTCAGAGATTTCTGAGAATTTCA dCAPS BSPHI 219/189 
 TTGATGTCTCGCAGAATAATCTAACC 
hsl2-3 GAAAAGATCGCTGCTCTGCAAC dCAPS XhoI 181/151 
 CATCGAATTCAGAGATTTCTGAGAATTTCA 

 

Mapping 

Table 3: Primers for Markers 
Name Sequence Type Restriction 

Enzyme 
 

Number of 
sites 

Col/Ler 

Size 
bps 
Col/ 
Ler 

*Unknown size 
Rough Mapping 

CIW12 AGGTTTTATTGCTTTTCACA SSLP  128/120 
CTTTCAAAAGCACATCACA 

NGA280 GGCTCCATAAAAAGTGCACC SSLP  105/85 
CTGATCTCACGGACAATAGTGC 

NGA111 TGTTTTTTAGGACAAATGGCG SSLP  130/165 
CTCCAGTTGGAAGCTAAAGGG 

CIW3 GAAACTCAATGAAATCCACTT SSLP  230/200 
TGAACTTGTTGTGAGCTTTGA 

NGA168 GAGGACATGTATAGGAGCCTCG SSLP  150/130 
TCGTCTACTGCACTGCCG 

NGA162 CTCTGTCACTCTTTTCCTCTGG SSLP  110/85 
CATGCAATTTGCATCTGAGG 

NGA6 ATGGAGAAGCTTACACTGATC SSLP  143/128 
TGGATTTCTTCCTCTCTTCAC 

CIW5 GGTTAAAAATTAGGGTTACGA SSLP  164/144 
AGATTTACGTGGAAGCAAT 

NGA8 TGGCTTTCGTTTATAAACATCC SSLP  154/198 
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GAGGGCAAATCTTTATTTCGG 
NGA110

7 
CGACGAATCGACAGAATTAGG SSLP  150/140 
GCGAAAAAACAAAAAAATCCA 

CTR1 CCACTTGTTTCTCTCTCTAG SSLP  159/143 
TATCAACAGAAACGCACCGAG 

NGA139 GGTTTCGTTTCACTATCCAGG SSLP  174/132 
AGAGCTACCAGATCCGATGG 

PHYC CTCAGAGAATTCCCAGAAAAATCT SSLP  207/222 
AAACTCGAGAGTTTTGTCTAGATC 

CIW10 CCACATTTTCCTTCTTTCATA SSLP  140/130 
CAACATTTAGCAAATCAACTT 

     
Fine Mapping 

F1P2-
TGF 

TTTGTCTGAAGATGTGGAGAGAGAG SSLP  199/189 
CAAAACCCCACTCTTCATTATTGTT 

T16K5-
TGF 

TTGTCGAAATAAAAATTGACCGTTA SSLP  168/ 
smaller* TGGATGTGGATTCTATTGTTTCTCA 

CDC2B CGCTAAGATACTTCCACGTCAC CAPS MSEI 
2/3 

 
CGTCTGAAGGTCTGCACCTACTC 

NGA707 CTCTCTGCCTCTCGCTGG SSLP  132/128 
TGAATGCGTCCAGTGAGAAG 

NGA112 CTCTCCACCTCCTCCAGTACC SSLP  197/189 
TAATCACGTGTATGCAGCTGC 

F17J16-
477456 

CATTTACTCTATGAGAAGCGAGGATAAGCT dCAPS HINDIII 181/151 
ATCACCCGACGAAGATGGTACAAGC 

T4C21-
47919 

AAATCGAATTGGAAACCAATTTTTAACCAT dCAPS BCCI/FO
KI 

199/229 
TCCGTGAGTACTTCTTCCATGG 

F24G16-
476063 

AGTGTTCCCGCGATCTGATTATTGG dCAPS RSAI 187/157 
CATCATGTCAACATTGTAATCCCGGCTAGT 

T8B10 TAGCTATGGGACCACTAGCCAC SSLP  168/148 
TGGTGAAACCATGAAAGCGTCATA 

T20K12-
472731 

TTGCTGTGACGTCATTGTAGTGAGG dCAPS FOKI 257/227 
GAATGTACTATGCAGCATGGTGGAAACGGG 

T20K12-
472376 

TCTTTGTGTGGCTCATTCTCAACGCTCTAG dCAPS XbaI 172/142 
TGAAAGCTTATGATGAAGTGGAAGCCAG 

F16M2-
478172 

TCATTTTACTCCGACCAGATTGCTG CAPS 
 

RSAI 
1/0 

100/200 
AGACCCGAAAAAGAATCTTCAAGG 

F2A19-
470109 

CTATGTTGGCATCAGTGGAGGTG SSLP  199/166 
ACTGTAGTCAAAATAAGAAACTAATC 

F2A19-
468829 

ATTCTTAGATTGATTTACATATTATACTGT dCAPS RSAI 143/171 
TCATACAAGAGGCAACTTCAAAC 

F15G16-
469682 

AGTACAATGTTATCTTAGCACAGCATC SSLP  181/162 
AGGTATTCACACATATGGCTAC 

F21F14-
477878 

CACTCTTGCCATATGCTAGTGC dCAPS DDEI 131/101 
ACCGAGCAATTCTCTGTTATGCTTCTCTGA 

MAA21-
476470 

AGATTGTAATTTCTCTCTTAATTAGC dCAPS DDEI 188/158 
ATGATAAAATGAATATACTATCTTGGTAAC 
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Table 4: Primers for Sequencing HWS 
Primer Sequence 

At3g61590-seq -107 5’ CTAACACGCGCCTCAACTTTAATC 
At3g61590-seq 856 3’ TGGTAAATCGAAAATGCAGAAGACGA 
At3g61590-seq 731 5’ TGACGTTGAAAGGATGACACAAGC 
At3g61590-seq 1554 3’ TCTGTCGATTTGTGACCAGGAGGT 
At3g61590-seq 1293 5’ CCAACAATTCGGTTTCCCAAAGGC 
At3g61590-seq 2351 3’ CCGGCGATTTCTCTGTGCAAAAAC 
At3g61590-seq 1754 5’ GGGAACGAGAGTGTGATCTGCAAC 
At3g61590-seq 2612 3’ ACCAGGAACAGCAACAAGACAACC 
 

TAIL-PCR Protocol 

Table 5: Primers for TAIL-PCR 
Primer Sequence 

CCATCGCCCTGATAGACGGTTT 
CAACCCTATCTCGGGCTATTCTT 

CCGCTTGCTGCAACTCTCTCA 
NTCGASTWTSGWGTT 

NGTCGASWGANAWGAA 
WGTGNAGWANCANAGA 

TR1 
TR2 
TR3 
AD1 
AD2 
AD3 

 

Table 6: TAIL-PCR Conditions  
Primer PCR 

Cycles Parameters 
1 93 °C 1min, 95 °C 1 min 
5 94 °C 30 sec, 62 °C 1 min, 72 °C 2.5 min 
1 94 °C 30 sec, 25 °C 3 min, 72 °C 2.5 min 
20 94 °C 10 sec, 68 °C 1 min, 72 °C 2.5 min; 94 °C 10 sec, 68 °C 1 min, 

72 °C 2.5 min; 94 °C 10 sec, 44 °C 1 min, 72 °C 2.5 min 
1 72 °C 5min, 4°C ∞ 
 

Secondary PCR 
18 94 °C 10 sec, 64 °C 1 min, 72 °C 2.5 min; 94 °C 10 sec, 64 °C 1 min, 

72 °C 2.5 min; 94 °C 10 sec, 44 °C 1 min, 72 °C 2.5 min 
1 72 °C 5min, 4°C ∞ 
 

Tertiary PCR 
20 94 °C 15 sec, 44 °C 1 min, 72 °C 2.5 min 
1 72 °C 5min, 4°C ∞ 
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Cloning and Genotyping Activation  Tagging Mutants 

Genotyping Activation Tagging Mutants 

For genotyping activation tagging mutants, combine all three primers in one PCR 

reaction. WT and the insertion will create different sized PCR products. 

 

Table 7: Primers for Genotyping Line 1 Activation Tagging Mutants  
 Sequence Product Size (bps) 

WT/Insertion 
pBASTA-AT2 
Genotyping 5’ 

AACAGGATTTTCGCCTGCTGGG  

Line 1 
Genotyping 5’ 

CTGACATCTACCTTGACCACGCAG  

Line 1 
Genotyping 3’ 

AGCCTGAAGCAGATCCAGAGAGAG 860/568 

 

Cloning Activation Tagging Mutants 

Table 8: Primers for Cloning At5g09890  
 Sequence 
pCR8-At5g09890 5’ ATGGACGGCGCCGATGGAAC 
pCR8-At5g09890 3’ CGTGTCTTGTGGTTTAACTCACCACCTTCACC 
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Appendix 2: List of Primers Used in Chapter 3 

 

 
 

Table 1: qPCR Primers 
Target Forward Primer Reverse Primer 

At1g13320/ 
Control 

GACCAAGCGGTTGTGGAGAAC
AT 

TGGGTCTTCACTTAGCTCCACC
A 

At1g13440/ 
Control 

GCGAGAGTTTGTGTGTGGTTG
AGT 

CTCATGACTGCGCATGGAATC
AGT 

At1g22880 ATTACACCCGATCAGAGCCAG
CTA 

GAAATACGCCAATGGTCCGAC
GAA 

At1g56710 ACCTGAGAAGCCCACCCATAC
ATT 

ATGCTGGCCTTTGGAAGGAAA
CAG 

At1g61820 TCGAAGTGGTTTGTTTCCACC
AGC 

AAGGCTCAGTTTCTGAGTTCC
CGT 

At1g71380 AATTGAATTCGCCACCGCCAC
A 

ACGTTAGGCTTGGACCAACGG
AT 

At2g41850 ACCAAGACTACTGCGACAAGA
GCA 

TTATGTCCCGGTACACCACGT
TCT 

At2g43880 TGCACAGGGCTTAGGTTACAA
GACA 

CCATAACTCCAGAGGCTCGTC
CAT 

At2g43890 TCGGTCCGCTACTTCGACTTGT
AA 

TGAGGCATCACTACACCAGCC
TTA 

At2g44470 TCG ACC TCG ATT CAG AAC 
TGA TCA CC 

TGG TCC AGT TTC GTG GTT 
ACT GC 

At3g07970 AGG GAG GAC ATG GAA TGG 
CAA AGA 

GCA TGC TTC AAC ACG ATC 
GCA GTA 

At3g57240 AGG AGA CCA GGG AGA GCT 
ACA GA 

CGG GAC CCT GCT TCG AAT 
TCT CAT 

At3g59850 TGCAGACGGAAACAGTCCAAA
CAC 

TTTGGAGTTGAGGATGGAGAC
GGT 

At3g60140 ATCGGTCGTCGGAGAGAGTAA
CAAAG 

AAGATGCAAAGAAACCCGCC
GA 

At4g18340 GTCGACAACGACGGCAAATTC
AGA 

GTCCAATACTCCAAGCTCCTC
TTTGC 

At4g23500 TGATGCTGTTATCCTCGCCTCT
CA 

ACGAAGGCAGTGGCTCTATCA
CTT 

At4g25810 TACTGGTTCGTGGTTGTCTCAG
GA 

TACCCATCTCATCTGTTCTTGA
CCCG 

At4g30280 GGTGCGCGACAGAGATGGAA
AG 

CTCCTGGTTGGACTGAAAACC
GGAT 
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At4g30290 AGTCCCATTCCCAACAAAGCA
ACC 

TAGCCCAATGCTCTGCTTCCC
ATA 

At4g33380/ 
Control 

AGAGTGCAGCTGATTGTTGCC
A 

TTTCTCCAGGTTTCGCACGCTT
T 

At4g39000 GCGGGCCTGACGTAGATGATA
GATTT 

ATGTAGGTTGTGGGCTCAGTC
TCA 

At5g20250 TGTGAAGCCTAAGAGATGCGT
TGTTG 

AAAGGTGACCAATCCAGAGG
AGGA 

At5g46630/ 
Control 

GTTTGGGAGAAGAGCGGTTAC
AACAC 

AGCATCTGATCTCGTAAGATC
CCGC 

At5g55840/ 
Control 

CGTCATGAGCAATTGTGGGCT
GAA 

TGCAAGTGCCATATCACCTTT
GGC 
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Appendix 3: Scripts Used in Chapter 3 

 

 

 

Gap Statistic 

R code (save as R script) 

library(SAGx) 
?gap 
 
n.clust <- 2:10     
gap.stat <- gap.se <- rep(0, length(n.clust)) 
for (i in 1:length(n.clust)) { 
    k <- n.clust[i] 
    cl <- myclus(data = newcluster, k = k) 
    gap <- gap(newcluster,cl$cluster, B=100) 
    gap.stat[i] <- gap[1] 
    gap.se[i] <- gap[2][1 
} 
cbind(n.clust, gap.stat, gap.se) 
 
# A PLOT of THE GAP STAT 
par(mfrow=c(1,1), mar=rep(6, 4)) 
plot(x=c(min(n.clust), max(n.clust)), y=c(min(gap.stat-gap.se), max(gap.stat+gap.se)),  
    type="n", xlab="num of cluster", ylab="gap") 
points(n.clust, gap.stat, type="p", xlab="Number of Clusters", ylab="Gap Statistic", pch=19) 
lines(n.clust, gap.stat, lty=2, col="black", lwd=2) 
for(i in 1:length(n.clust)){ 
    arrows(x0=n.clust[i], y0=gap.stat[i], x1=n.clust[i], y1=gap.stat[i]-gap.se[i],  
            lwd=3, col="black", angle=90) 
    arrows(x0=n.clust[i], y0=gap.stat[i], x1=n.clust[i], y1=gap.stat[i]+gap.se[i],  
            lwd=3, col="black", angle=90) 
} 
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Appendix 4: List of Primers Used in Chapter 4 

 

 
Table 1: qPCR Primers 

Target Target Target 
At1g13320/ 

Control 
GACCAAGCGGTTGTGGAGAA
CAT 

TGGGTCTTCACTTAGCTCCACC
A 

At1g13280/ 
AOC4 

GGCGTGTTTGAAGGAGCTTAT
GGA 

GCTCCACAGGTAAATCAGCAG
CAA 

At1g13440/ 
Control 

GCGAGAGTTTGTGTGTGGTTG
AGT 

CTCATGACTGCGCATGGAATCA
GT 

At1g17020/ 
SRG1 

AGCCCTAGAGATCAAACCAG
AGGAAC 

ACAGTGAGTCCGACCGAATCA
GAA 

At1g23380/ 
KNAT6 

GTGGCCTTACCCTACTGAAGG
AGAT 

TGGCTTCCAATGACGTTTCCTT
TGG 

At1g68765/ 
IDA 

TTGTGTAGCGGCTGCAAGAAT
TGG 

CAGAAGGAGGAATGGGAACGC
CTTTA 

At1g70510/ 
KNAT2 

CAAGCGTTGCTCGATTGGTGG
AAT 

GAAGGCTTCCAATGGCGTTTCC
TT 

At2g31880/ 
EVR 

TGCAGGGCTTGAGTACCTTCA
CAT 

TTGCCTTTGCCAGTCCGAAATC
TG 

At3g16240/
AQP1 

TCCTCTCGCCATTGGTCTTAT
CGTTG 

TCCAAAGGAACGTGCTGGGTT
CAT 

At3g23150/ 
ETR2 

TCGTCCTCGCCTTCTACTTCG
TTT 

TGGCCACTTCATAACCGTCCAT
CT 

At3g51430/ 
YLS2 

ACGTTGTGGAGGCTCTCGATG
AAA 

ATCCAAATCCACCTGCAGAAC
ACC 

At4g08150/ 
BP/KNAT1 

TCACGTGGTGGGAGTTGCATT
ACA 

TTGATTCCGCCAACGCTACCTT
CT 

At4g28490/ 
HAE 

AACTCCAGAAGCTATGTCCG
GGAT 

GTTGGTTGCTTCCCTGTAACCA
GT 

At4g34000/ 
ABF3 

AACAACTGATACAGACGCAG
GAGAGG 

ACTGTGTTGCAGGTTGAGAAC
GGT 

At4g37770/ 
ACS8 

TCCGGCTCAAGAACAGACAC
AAGA 

TCATGTCAACCCAACAGAAGA
GTCCG 

At4g33380/ 
Control 

AGAGTGCAGCTGATTGTTGCC
A 

TTTCTCCAGGTTTCGCACGCTT
T 

At5g07220/ 
BAG3 

TGAGGCACTCGACCTCTTGAA
AGT 

TCCTCCTCTTCCTCCACAAACG
AT 

At5g17420/ 
CESA7 

TGAGGAATGGTGGAGAAACG
AGCA 

AGACCTTGGACAACCGCAAAG
AGA 

At5g44030/ 
CESA4 

TGTCTCAGCTCATCTCTTCGC
TGT 

TCTCCAAACTCATCGGCTTCGT
CA 
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At5g46630/ 
Control 

GTTTGGGAGAAGAGCGGTTA
CAACAC 

AGCATCTGATCTCGTAAGATCC
CGC 

At5g54310/
NEV 

AACGCAAACATGAACACGAG
ACCC 

ACCGTTCACTTGATTAGCTTGA
CCCA 

At5g55840/ 
Control 

CGTCATGAGCAATTGTGGGCT
GAA 

TGCAAGTGCCATATCACCTTTG
GC 

At5g65710/ 
HSL2 

GTCTTGTGTTGCTGGATCCTA
CGG 

CCCGAAGCTATAGACATCGCTC
TTCT 
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Appendix 5: Transcription Factors Correlated With Cluster 1 

 

 

 

Table 1: Transcription Factors Correlated With Cluster 1 
Gene r P-Value 

AT1G01010	   0.804505043	   0.015	  
AT1G02220	   0.890128711	   0.002	  
AT1G02580	   0.799102108	   0.001	  
AT1G03840	   0.866112116	   0.006	  
AT1G05710	   0.800424026	   0.01	  
AT1G09030	   -‐0.799296388	   0.002	  
AT1G10120	   -‐0.545877154	   0.035	  
AT1G10585	   0.866308686	   0.001	  
AT1G12860	   -‐0.611448094	   0.026	  
AT1G14920	   -‐0.911724212	   0	  
AT1G15360	   -‐0.708680488	   0.038	  
AT1G16490	   0.951236088	   0.015	  
AT1G17920	   -‐0.897810285	   0.001	  
AT1G17950	   -‐0.89012189	   0.002	  
AT1G18330	   -‐0.825706791	   0.009	  
AT1G18860	   0.559862624	   0.041	  
AT1G19000	   -‐0.543190471	   0.049	  
AT1G19700	   0.823175605	   0.006	  
AT1G21450	   0.754183313	   0.001	  
AT1G22070	   0.848483135	   0.005	  
AT1G22985	   0.704505496	   0.047	  
AT1G24260	   -‐0.619972873	   0.017	  
AT1G24625	   0.704644368	   0.048	  
AT1G25280	   0.747668842	   0.022	  
AT1G25340	   0.758648721	   0.035	  
AT1G25550	   0.610258115	   0.033	  
AT1G26310	   -‐0.666555104	   0.01	  
AT1G26590	   -‐0.802580836	   0.011	  
AT1G26680	   0.572931041	   0.029	  
AT1G26780	   -‐0.676650853	   0.03	  
AT1G27730	   0.891326481	   0.001	  
AT1G28360	   0.717219276	   0.042	  
AT1G28370	   0.59401917	   0.022	  
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AT1G29860	   0.837432543	   0.007	  
AT1G30650	   -‐0.784376396	   0.009	  
AT1G33760	   0.80048011	   0.021	  
AT1G34180	   0.772821913	   0.025	  
AT1G34650	   0.646334402	   0.014	  
AT1G42990	   0.719336372	   0.005	  
AT1G43160	   0.613593267	   0.05	  
AT1G43640	   0.734132987	   0.03	  
AT1G47655	   0.846173622	   0.025	  
AT1G52890	   0.853207125	   0.004	  
AT1G54060	   -‐0.653305751	   0.007	  
AT1G54160	   0.909412468	   0.001	  
AT1G55600	   0.806979871	   0.001	  
AT1G56650	   0.728836842	   0.034	  
AT1G60280	   0.738110718	   0.004	  
AT1G61660	   0.668562834	   0.021	  
AT1G62300	   0.86507782	   0.002	  
AT1G64380	   0.794806741	   0.009	  
AT1G65910	   -‐0.667870719	   0.01	  
AT1G66350	   -‐0.648015736	   0.022	  
AT1G66380	   0.730801352	   0.015	  
AT1G66390	   0.845952105	   0.003	  
AT1G66550	   0.826427314	   0.008	  
AT1G67970	   0.828551098	   0.009	  
AT1G68130	   -‐0.585327124	   0.041	  
AT1G68150	   0.7028618	   0.049	  
AT1G68320	   0.749219684	   0.032	  
AT1G69310	   0.855577566	   0.004	  
AT1G69560	   -‐0.735891841	   0.039	  
AT1G69810	   0.811329236	   0.01	  
AT1G73870	   0.559458666	   0.04	  
AT1G75710	   -‐0.764432523	   0.002	  
AT1G76350	   0.724423516	   0.044	  
AT1G76420	   -‐0.605013141	   0.03	  
AT1G76580	   0.832312179	   0.009	  
AT1G76880	   -‐0.953752332	   0	  
AT1G77200	   -‐0.597927826	   0.024	  
AT1G77450	   0.761574167	   0.007	  
AT1G78080	   0.707551325	   0.05	  
AT2G01570	   -‐0.745852922	   0.004	  
AT2G16720	   0.724344503	   0.021	  
AT2G17950	   -‐0.816036315	   0.01	  
AT2G18300	   0.852552972	   0.002	  
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AT2G22760	   0.90886869	   0.001	  
AT2G23320	   0.890457785	   0.001	  
AT2G24260	   0.575672586	   0.034	  
AT2G24570	   0.788783619	   0.023	  
AT2G25000	   0.838896589	   0.008	  
AT2G25820	   0.558512406	   0.041	  
AT2G26320	   0.645253465	   0.015	  
AT2G27220	   -‐0.702225604	   0.048	  
AT2G27300	   -‐0.601634488	   0.03	  
AT2G28610	   -‐0.775581239	   0.018	  
AT2G28710	   0.787935461	   0.004	  
AT2G29060	   0.742083969	   0.026	  
AT2G30250	   0.795217435	   0.004	  
AT2G31230	   0.810082728	   0.013	  
AT2G31370	   -‐0.632703144	   0.014	  
AT2G32370	   0.8286693	   0.011	  
AT2G33880	   -‐0.705766837	   0.008	  
AT2G34140	   0.768937181	   0.024	  
AT2G36080	   0.769072042	   0.015	  
AT2G36450	   -‐0.814294442	   0.012	  
AT2G36960	   0.696636373	   0.048	  
AT2G37430	   0.968654052	   0.001	  
AT2G37630	   -‐0.721819697	   0.044	  
AT2G37650	   0.722491987	   0.045	  
AT2G38250	   0.685960302	   0.044	  
AT2G38470	   0.798604437	   0.002	  
AT2G40200	   0.730550173	   0.036	  
AT2G40260	   0.799080785	   0.004	  
AT2G41690	   0.766335956	   0.025	  
AT2G43140	   -‐0.762184946	   0.022	  
AT2G46400	   0.666745485	   0.023	  
AT2G47190	   0.897384026	   0.001	  
AT2G47460	   -‐0.719254644	   0.011	  
AT2G47890	   0.626401285	   0.014	  
AT3G01140	   -‐0.824701561	   0.001	  
AT3G01970	   0.64790728	   0.024	  
AT3G03450	   -‐0.716756181	   0.013	  
AT3G04060	   0.729580019	   0.004	  
AT3G04070	   0.72539944	   0.01	  
AT3G04670	   0.719465809	   0.038	  
AT3G07340	   0.772527041	   0.021	  
AT3G08500	   -‐0.558938122	   0.017	  
AT3G10500	   0.797148742	   0.001	  
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AT3G11580	   0.751576017	   0.03	  
AT3G14180	   -‐0.538800656	   0.048	  
AT3G15170	   -‐0.731104456	   0.042	  
AT3G15500	   0.612188968	   0.022	  
AT3G15540	   -‐0.775548466	   0.018	  
AT3G17730	   -‐0.800530898	   0.003	  
AT3G18400	   0.619215402	   0.033	  
AT3G19290	   0.70883912	   0.05	  
AT3G20910	   0.737844272	   0.039	  
AT3G23240	   0.765400389	   0.022	  
AT3G23250	   0.97216971	   0.001	  
AT3G25990	   0.583974635	   0.027	  
AT3G27785	   0.665953418	   0.008	  
AT3G28920	   -‐0.56773462	   0.035	  
AT3G48920	   0.843819659	   0.01	  
AT3G49690	   0.770008896	   0.021	  
AT3G49760	   0.867492862	   0.001	  
AT3G50890	   -‐0.597823921	   0.04	  
AT3G51880	   -‐0.753897446	   0.031	  
AT3G53820	   0.747906657	   0.034	  
AT3G54620	   0.716445554	   0.045	  
AT3G55980	   0.583364768	   0.022	  
AT3G56400	   0.599809605	   0.038	  
AT3G57230	   0.740895145	   0.031	  
AT3G57920	   -‐0.584902967	   0.047	  
AT3G61890	   0.611354636	   0.039	  
AT3G61950	   -‐0.566956564	   0.029	  
AT4G00180	   -‐0.595698581	   0.048	  
AT4G01280	   0.835055284	   0.011	  
AT4G01720	   0.850262475	   0.009	  
AT4G04890	   -‐0.57885096	   0.03	  
AT4G05100	   0.919193003	   0.001	  
AT4G09820	   0.745287329	   0.027	  
AT4G11140	   -‐0.826030447	   0.013	  
AT4G12020	   0.740247978	   0.034	  
AT4G14540	   -‐0.707515332	   0.006	  
AT4G17490	   0.662148197	   0.025	  
AT4G17980	   0.65958967	   0.029	  
AT4G18170	   0.819418748	   0.008	  
AT4G18390	   -‐0.593107368	   0.028	  
AT4G18880	   0.773745563	   0.005	  
AT4G21440	   0.927056867	   0.001	  
AT4G21750	   -‐0.584017871	   0.034	  
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AT4G23810	   0.800816137	   0.013	  
AT4G24020	   0.711599825	   0.047	  
AT4G25530	   0.818999572	   0.011	  
AT4G26150	   0.837875836	   0.003	  
AT4G27410	   0.783917545	   0.001	  
AT4G28140	   0.730685795	   0.046	  
AT4G31550	   0.761413572	   0.024	  
AT4G31615	   -‐0.849504913	   0.005	  
AT4G31630	   0.89608216	   0.001	  
AT4G31680	   0.549807235	   0.038	  
AT4G31800	   0.742392465	   0.001	  
AT4G31920	   0.734622395	   0.044	  
AT4G33450	   0.844079184	   0.001	  
AT4G34000	   0.656480017	   0.009	  
AT4G36540	   -‐0.565177494	   0.024	  
AT4G36740	   0.780470267	   0.009	  
AT4G37180	   0.688961775	   0.005	  
AT4G37730	   -‐0.720870953	   0.013	  
AT4G37850	   0.805144045	   0.008	  
AT4G38070	   -‐0.808662629	   0.009	  
AT5G01380	   0.722346043	   0.034	  
AT5G03150	   -‐0.569745583	   0.038	  
AT5G04340	   0.598709744	   0.038	  
AT5G04760	   0.553626723	   0.046	  
AT5G06710	   0.670754769	   0.022	  
AT5G07100	   0.943555235	   0.001	  
AT5G11590	   0.724211298	   0.042	  
AT5G13080	   0.976627553	   0.001	  
AT5G13180	   0.810519587	   0.001	  
AT5G13330	   0.783755298	   0.001	  
AT5G15310	   -‐0.602022114	   0.038	  
AT5G18560	   0.927927719	   0.009	  
AT5G22380	   0.781838895	   0.024	  
AT5G22570	   0.922793933	   0.001	  
AT5G23000	   0.689033114	   0.05	  
AT5G25890	   0.665816813	   0.02	  
AT5G26920	   0.797980988	   0.023	  
AT5G26930	   0.622838637	   0.023	  
AT5G28300	   -‐0.571908879	   0.04	  
AT5G35550	   0.87039605	   0.005	  
AT5G37020	   -‐0.773096948	   0.001	  
AT5G39610	   0.908057723	   0.001	  
AT5G39660	   0.597286631	   0.024	  
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AT5G42640	   0.921594584	   0.001	  
AT5G42780	   -‐0.596697059	   0.042	  
AT5G43170	   0.866256059	   0.002	  
AT5G46010	   0.815962321	   0.009	  
AT5G46690	   -‐0.620382782	   0.021	  
AT5G47220	   0.60188046	   0.041	  
AT5G48560	   0.754027486	   0.005	  
AT5G49520	   0.835969311	   0.006	  
AT5G50915	   0.784180149	   0.022	  
AT5G51230	   -‐0.677636556	   0.007	  
AT5G52660	   -‐0.708009005	   0.012	  
AT5G53290	   0.759955469	   0.01	  
AT5G54230	   0.865240473	   0.014	  
AT5G54630	   -‐0.646024365	   0.009	  
AT5G56200	   0.721561049	   0.001	  
AT5G56620	   0.761820839	   0.002	  
AT5G57520	   0.770975231	   0.004	  
AT5G59780	   0.741349629	   0.02	  
AT5G60440	   0.843297232	   0.004	  
AT5G61850	   -‐0.697570397	   0.046	  
AT5G61890	   0.827513333	   0.008	  
AT5G62165	   0.717389081	   0.044	  
AT5G62380	   -‐0.781406615	   0.017	  
AT5G62940	   -‐0.672795972	   0.012	  
AT5G63790	   0.857182764	   0.001	  
AT5G65210	   0.878956527	   0.001	  
AT5G65790	   0.76927955	   0.03	  
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Appendix 6: Scripts Used in Chapter 5 

 

 

 

Remove Outliers by IQR 

R code 

remove_outliers <- function(x, na.rm = TRUE, ...) { 
 qnt <- quantile(x, probs=c(.25, .75), na.rm = na.rm, ...) 
 H <- 1.5 * IQR(x, na.rm = na.rm) 
 y <- x 
 y[x < (qnt[1] - H)] <- NA 
 y[x > (qnt[2] + H)] <- NA 
 y 
} 
 
Use  

 
remove_outliers(x) 
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Run Correlation 

R Code (save as R script) 

 
library(rsgcc) 
 
load("input.RData") 
 
y <- 1:21143 
rsgcc1 <- rsgcc2 <- rsgcc3 <- rsgcc4 <- rep(0, length(y)) 
for (i in 1:length(y)) { 
 cormatrix = cor.matrix(GEmatrix, cpus = 1, 
 cormethod = "GCC", style = "one.pair", 
 var1.id = c(1777), var2.id = c(y[i]), 
 pernum = 2000, sigmethod = "two.sided", 
 output = "paired") 
 rsgcc1[i] = cormatrix[1] 
 rsgcc2[i] = cormatrix[2] 
 rsgcc3[i] = cormatrix[3] 
 rsgcc4[i] = cormatrix[4] 
} 
 
rsgcc=data.frame(rsgcc1,rsgcc2,rsgcc3,rsgcc4) 
 
write.table(rsgcc,file="/home/cniederh/rsgccResults/At1g22880.txt") 
 
rm(rsgcc1,rsgcc2,rsgcc3,rsgcc4,rsgcc) 
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Appendix 7: List of Primers Used in Chapter 5 

 

 

 

Table 1: Primers For Cloning Candidate Transcription Factors. 
Gene Forward Primer Reverse Primer 
MYB74 GAACGGGATCCATGGATGGGA

CGATCACCATGTT 
GTATGGGTAAGGCCTTTGGAA
ATTGGAGAAAACCATTAAC 

MYB2 GAACGGGATCCATGGATGGAA
GATTACGAGCGAATAAAC 

GTATGGGTAAGGCCTATTATA
CGAATACGATGTCGTATCG 

WRKY6 GAACGGGATCCATGGATGGAC
AGAGGATGGTCTG 

GTATGGGTAAGGCCTTTGATTT
TTGTTGTTTCCTTC 

WRKY75 GAACGGGATCCATGGATGGAG
GGATATGATAATG 

GTATGGGTAAGGCCTGAAAGA
AGAGTAGATTTGCATTTG 

WRKY26 GAACGGGATCCATGGATGGGC
TCTTTTGATCGCC 

GTATGGGTAAGGCCTTGTCTCT
GTTTTTCCAAGTAACC 

WRKY38 GAACGGGATCCATGGATGGAA
ATGAACTCCCCA 

GTATGGGTAAGGCCTAAAGTA
AAACTGATCATAACGATCC 
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Appendix 8: Additional Alleles of HAE 

 

 

 

Background 

 An ems screen for abscission defective mutants was carried out in the 

GT15053.DS5.10.16.2004.jx94.603 line. This line carries a transposon insertion in HSL2 

in the Ler ecotype {Sundaresan:1995wc}. The primary aim of this screen was to identify 

mutants of HAE in the Landsberg erecta (Ler) ecotype Having a double hae hsl2 mutant 

in another ecotype will allow for mapping of ems mutants that suppress the hae hsl2 

phenotype. 

 

Results and Discussion 

 Three new alleles of hae were identified (Table 1). Interestingly, one of the alleles 

is identical to the hae-3 allele previously identified in Columbia (Chapter 2). The other 

two introduce premature stop codons.  

 

Table 1: Ler hae Mutant Alleles 
Allele Location (nt 

from start) 
WT Base Mutant 

Base 
WT Amino 

Acid 
Mutant 

Amino Acid 
hae-3 665 G A Cys Tyr 
hae-6 765 G A Trp Stop 
hae-7 772 C T Glu Stop 
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Methods 

Plant Material and Mutant Screen 

 Approximately 125,000 seeds each of the GT15053.DS5.10.16.2004.jx94.603 line 

were mutagenized by EMS treatment (Kim et al., 2006). F1 plants were grown and 

allowed to self. F2 plants were screened for loss of abscission phenotypes.  

 

Sequencing 

 Each mutant was sequenced for HAE. Overlapping fragments of each gene were 

amplified by PCR from genomic DNA. Each PCR fragment was then sequenced by 

Sanger sequencing using both the forward and reverse primers. PCR fragments were 

aligned back to reference sequences from Col WT using DNASTAR (DNASTAR Inc.). 
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Appendix 9: Application of Next-Generation Sequencing to Forward 

Genetic Screens 

 

 

 

Background 

 Forward genetic screens are an incredibly powerful approach to identifying genes 

involved in specific processes and have been used with great success in many model 

species, including the model plant Arabidopsis thaliana (Lukowitz et al., 2000; Jander et 

al., 2002; Page and Grossniklaus, 2002). The ability to map a mutation is dependent upon 

the availability and quality of physical and genetic maps of the genome. This is further 

limited by the availability of genetic markers in a species. Lack of high-density genetic 

markers severely limits the ability to map a causative mutation to a small enough region 

that the mutant gene can be positively identified. Historically, development of these tools 

has been very labor and resource intensive and even when the necessary tools were 

available, it remained a difficult task.  

 While Arabidopsis has over 750 ecotypes, genetic variants suitable as markers 

were known in only a handful of well-studied backgrounds, most commonly the Col-0 

and Ler ecotypes. In Arabidopsis, 1 centimorgan is ~205kb and gene density can range 

up to 38 genes per 100kb (Arabidopsis, 2000). Identifying a causative mutation required 

a researcher to screen hundreds of mutants looking for increasingly rare recombination 

events or individually sequencing dozens of genes. Prior to the release of the sequenced 

genome, a researcher would use chromosomal walking. This required the hybridization of 
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large insert clones, such as a Bacterial Artificial Clone (BAC) or Yeast Artificial Clone 

(YAC) to co-segregating markers, the identification of new markers, and further 

screening until the causative mutation was linked to a single large insert clone (Rommens 

et al., 1989; Peters et al., 2003). At this point, complementation tests would be performed 

with the clone and candidate genes sequenced until the mutation was identified (Jander et 

al., 2002; Peters et al., 2003). The developments of higher throughput genotyping 

methods, such as SNP-Arrays greatly sped up the process (Borevitz, 2003; Hazen, 2005), 

but were still limited by a priori knowledge of SNPs between two crosses.  

 Next-generation sequencing (NGS) offers the ability to map mutations rapidly in 

one experiment without a priori knowledge of natural variants {Austin:2011em, 

Schneeberger:2011bd, Schneeberger:2009dg}. It can even be used in the absence of a 

reference genome (Nordstroum et al., 2013). The application of NGS to mutant screens 

has the ability to speed up the process of identifying causative mutations, enabling the 

research to focus more on the biology and less on mapping mutants. Here an entry-level 

protocol for applying NGS to mapping ems mutants is presented and explained using the 

Next-Gen Mapping application. Although each experiment is unique and will require its 

own set of considerations, most of the issues and steps described here will apply. 

 

Experimental Design 

 The strategy used for mapping mutations will be dependent upon the species and 

background used in the mutant screen. For the following it will be assumed that the 

mutant screen was conducted in the Col ecotype of Arabidopsis thaliana and outcrossed 

to another ecotype like Ler and then selfed to create an F2 mapping population. Bulked 
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Segregant Analysis (Michelmore et al., 1991) can be done by directly sequencing pooled 

DNA from multiple mutant plants in a mapping population.  

 Two things must be considered before sequencing, the number of mutants and the 

sequencing coverage of the genome. Mutant number directly affects the number of 

recombinants likely to be detected. More mutant plants results in an increase in the 

number of recombinants detected. Although as little as 10 mutants can be used, it is 

recommended that 50 or more mutants be included (Austin et al., 2011). The increased 

resolution of NGS, allows for numbers of mutants to be used compared to traditional 

mechanisms, but this is not advised. Sequencing coverage refers to the number of reads 

that cover each base pair in the genome, so that 10x coverage means that there is an 

average of 10 reads covering each base pair in the genome. Deeper coverage increases 

the ability to detect variants and offers higher resolution, however, low coverage 

approaches have been shown to be very robust (Austin et al., 2011). Due to the small size 

of the Arabidopsis genome, multiple different mutants can be multiplexed together in a 

single run. This allows the researcher to map multiple mutants at once.  

 

Methods and Example Analysis Pipeline 

 Multiple tools and methods have been developed in recent years for the analysis 

of next-generation sequencing. Increasingly methods are being developed for the specific 

application of mapping new mutations. In the following sections, an example analysis 

pipeline for mapping mutants from a cross of two Arabidopsis ecotypes, one containing a 

new recessive mutant, and rationale will be discussed. Potential of sources will be 

identified and methods of correcting for this explained. Other approaches and tools can 
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be used and each researcher will have to adjust determine the appropriate method of 

analysis as dictated by their specific research question and experimental design. For each 

step, an example set of input commands will be given, with input/output files indicated 

by italics. These will have to be specified by the user in each case. The commands given 

also assume that the researcher is working from a multi-core computer or server with 

sufficient memory that programs can be run with multiple threads. For programs that are 

capable of this, commands are given to run on 4 threads. This will have to be adjusted by 

the user accordingly to the capabilities of their computer or server.  

 

Filtering and Trimming 

 The typical output format of Illumina sequencing data is the FASTQ file, which is 

generated from raw image files by Illumina’s CASAVA software (Illumina, 2011). This 

program applies a chastity filter to identify clusters of close proximity and likely to 

contain low quality bases. While older versions of CASAVA excluded such data from the 

FASTQ file received by researchers, starting with version 1.8 this data was mixed with 

those reads that passed the filter, requiring the researcher to remove these reads 

themselves. Reads that fail the chastity filter are marked by a “Y” at the end of the read 

name, while those that pass it are marked by a “N”. These can be removed in the 

command line as described in the CASAVA 1.8 manual. 

 

1.  grep -A 4 '^@.* [^:]*:N:[^:]*:' input.fastq > output.fastq 
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 However, on some systems this command produces the wrong output. The 

modified version can be used in these instances. 

 

2. grep -A 3 '^@.* [^:]*:N:[^:]*:’ input.fastq | sed '/^--$/d' > output.fastq 

 

 At any stage of processing the FASTQ file data quality can be checked using 

either FASTX toolkit (http://hannonlab.cshl.edu/fastx_toolkit/index.html) or the more 

versatile FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) (Figure 1). 

FastQC has a graphical user interface and does not require any command line input.  

 It is typical in Illumina data for the Phred quality scores in a read to drop off at the 

end of the read. These low quality bases can contain incorrect calls that both inhibit 

alignment and complicate downstream analysis. These low quality bases should be 

trimmed from the 3’ end of the read until a desired quality score is met. The described 

protocol uses a minimal Phred quality score of 20, which corresponds to a p-value of 0.01 

that the base is correctly called. For analysis of RNA-seq data where often one is more 

interested in the number of reads mapping to a region rather than calling variants, lower 

Phred quality scores can be tolerated. A minimal read length should also be specified as 

the shorter the read the more likely it is to align incorrectly. During alignment, Bowtie 2 

breaks a read up into smaller “seeds” that are used to rapidly narrow the possible list of 

possible alignments (Langmead and Salzberg, 2012). More seeds and shorter seed lengths 

improve the sensitivity of alignment. Using the very-sensitive setting a minimum read 

length of 42 bps is needed to have at least two seeds per read. Using this rationale, the 

minimal length of trimming was set to 42bps. In some cases, incorrect size selection  
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Figure 1: Distribution of quality scores in an unfiltered FASTQ file. 
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during library preparation can result in contamination of adapter sequence in the read. 

Adapter contamination can be present at varying lengths so it is necessary that tools 

capable of identifying varying lengths of adapter sequence be used.  

 Quality trimming of reads can be done using multiple tools, including the FASTX 

toolkit and Trimmomatic (Lohse et al., 2012). Trimmomatic can also be used for adapter 

trimming in a single step. Another alternative for adapter trimming is Cutadapt (Martin, 

2011). For paired-end data, the data is typically split into two FASTQ files, one for the 

first set of reads and the second for its paired end. A major limitation of the FASTX 

toolkit is that it can only handle one file at a time. Trimmomatic can take both paired-end 

FASTQ files and maintain read order. As most aligners use the order of reads in the 

FASTQ files to know which two reads are paired, this is essential. In the pipeline, 

Trimmomatic was used to trim reads from the 3’ end to the first base with a Phred quality 

score of 20 or greater. A sliding window was also applied that trimmed reads every 5 bps 

until the average Phred quality score was 20 or greater. A minimal length of 42 bps 

meant that any reads trimmed to shorter lengths were discarded. Trimmomatic outputs 

four files. Two files contain properly paired-end reads; the other two contain single-end 

reads from each file where the paired-end has been discarded due to trimming. Data 

Quality was then reassessed (Figure 2).  

 

3. java -classpath trimmomatic-0.22.jar org.usadellab.trimmomatic.TrimmomaticPE 
 -threads 4 -phred33 input_pair1.fastq input_pair2.fastq ouput_1_paired.fastq 
 output_1_unpaired.fastq output_2_paired.fastq output_2_unpaired.fastq 
 TRAILING:20 SLIDINGWINDOW:5:20 MINLEN:42 
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Figure 2: Distribution of quality scores after quality trimming. 
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Alignment 

 The main event of next-generation sequencing data analysis is the alignment or 

assembly of the data. For organisms/varieties with unsequenced genomes de novo 

assembly will be necessary, this can be an extremely complicated process and will not be 

discussed. For many model organisms, in particular Arabidopsis thaliana, a well-

assembled and annotated genome is available. Many tools exist for alignment to 

assembled genomes, the most commonly used being Bowtie/Bowtie2 (Langmead et al., 

2009; Langmead and Salzberg, 2012)and BWA (Li and Durbin, 2009). Of these, Bowtie 

and Bowtie 2 offer the best documentation for use and are the easiest for beginners to 

learn. For longer read length data, of 100 bps or more, Bowtie 2 offers superior speed and 

analysis, while Bowtie is preferred for shorter length data. As longer read lengths are 

increasingly the norm, Bowtie 2 was used in the pipeline.  

 Another change associated with the aforementioned CASAVA 1.8 is that the 

Phred quality score scale was changed to Phred 33. For older data, this scale varies and 

each researcher should check which version of CASAVA their data was produced with to 

ensure the correct Phred quality score scale is specified. Although it slows down 

alignment, settings were set to ensure more sensitive alignment. In each case the tradeoff 

between speed and sensitivity will have to be assessed to ensure the desired outcome. 

Both paired-end reads and single-end reads resulting from removal of one of the paired-

end during trimming can be aligned at the same time. 

 
4. bowtie2 -p 4 --phred33 --end-to-end --very-sensitive --n-ceil L,0,0.1 --no-unal –x 
 indexes-1 1_paired.fastq -2 2_paired.fastq -U 1_unpaired.fastq, 1_unpaired.fastq 
 -S output.sam 
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Handling Alignment Files 

 Output data from alignment programs is typically in the SAM or BAM format (Li 

et al., 2009). These two formats can be converted from one to the other, the primary 

difference being that SAM is a text format while BAM is a binary format. In most 

instances, BAM is used and preferable as it is compressed and so takes up less storage 

space. The standard for handling and manipulating SAM/BAM files is SAMtools (Li et 

al., 2009). The standard output for Bowtie 2 is in the SAM format, so SAMtools is used 

to convert this to the BAM format. 

 

samtools view -bS -o output.bam input.sam 

 

Later steps require that the BAM file be sorted according to alignment position. This is 

done using the SAMtools sort function. 

 

5. samtools sort input.bam output.bam 

 

 Visualizing an alignment file typically requires an accompanying index file to the 

bam file. This is made using the SAMtools index function, which will automatically 

create a new bam index or (.bai) file. 

 

6. samtools index input.bam 
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 Two of the most versatile and powerful tools for visualizing an alignment are the 

Integrated Genome Browser (IGB) (Nicol et al., 2009)and the Integrative Genomics 

Viewer (IGV) (Thorvaldsdóttir et al., 2013). IGB has the added advantage of having 

multiple premade reference genomes available online, including Arabidopsis (Figure 3). 

This tool has a graphical user interface and so does not require any command line input.  

 

Quality Control for Variant Calling 

 For mapping mutations from NGS data, it is assumed that the causative mutation 

will be present in nearly all the reads analyzed while unlinked variants will be present in 

approximately 50% of the reads. Duplicate reads arising from either the PCR steps during 

library preparation or optical duplication during sequencing can artificially increase the 

presence of a variant in the data. PCR duplicates can be identified in paired-end data 

when two fragments have identical start positions in both reads. As single-end reads do 

not have a paired-end for which the second start position can be known, it is not 

advisable to try and remove PCR duplicates from single-end data. Optical duplicates can 

be identified based on the read coordinate information present in the read name. This 

corresponds to location on the flow cell that each read arose from. Picard offers an 

excellent set of tools for marking both PCR and optical duplicates 

(http://picard.sourceforge.net). SAMtools also offers this capability through its rmdup 

function, which was used as SAMtools is used throughout this pipeline.   

 

7. samtools rmdup input.bam output.bam 
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Variant Calling 

 For the Next-Generation Mapping tool used here, genetic variants should be 

called from the aligned data using SAMtools. In particular, it is critical that the version 

0.1.16 or older is used. Changes have been made to the newer versions that are unsuitable 

for NGM. For other applications, the very sensitive Genome Analysis Toolkit can be 

used (McKenna et al., 2010). For making the necessary pileup file for NGM use the 

SAMtools pileup function. A reference genome file in FASTA format will be necessary 

as input.  

 

8. samtools pileup -cvf reference.fasta input.bam > output.pileup 

 

 It may be desirable to remove data from the chloroplast or mitochondria. One 

advantage is this produces a much smaller file that is more easily uploaded to NGM. 

Because of the very high coverage of the organelle genomes, these should be removed 

before calculating coverage of the nuclear genome. This can be done using grep. 

 

9. grep -Ev 'chloroplast|mitochondria' input.pileup > ouput.pileup 

 

A rough estimation of coverage of the genome can then be calculated using awk. This 

will print the average coverage directly to the command line.  

 

10. awk '{sum+=$4} END { print "Average for " FILENAME " = ",sum/NR}' 

 input.pileup 
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Next-Generation Mapping 

 NGM requires its own input format, but provides PERL scripts for converting the 

pileup file to the NGM emap file (http://142.150.215.220/ngm/scripts/SAM2NGM.pl). 

This is run from the command line using PERL.  

 

11. perl SAM2NGM.pl input.pileup > output.emap 

 

 The emap file can be then uploaded to the NGM server for analysis 

(http://142.150.215.220/ngm/). This will display the frequency of SNPs along each 

chromosome as a histogram (Figure 4). Because it is expected that the region containing 

the causative mutation will be homozygous, this will appear as a region deficient in SNPs 

or “SNP desert”. Select the chromosome containing the SNP desert. 

 This will then display the chastity belt partitioning. This step is essentially a 

measure of homozygosity for non-reference bases. A chastity score of 1.0 is equivalent to 

being homozygous in all reads for a non-reference base, while a score of 0 is equivalent 

to being homozygous in reference bases. The goal of this step is to identify a refined 

region containing homozygous non-reference bases in the SNP desert, which should 

contain low chastity scores. This creates a peak around the region containing the putative 

mutation, which can be refined by adjusting the kernel size (Figure 5). Selecting one of 

the three refined regions will take NGM to the final step of the analysis.  
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Figure 4: A SNP desert is present on the long arm of Chromosome 1. 
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Figure 5: Chastity belt partitioning. The putative mutation is located somewhere near the 

peaks observed in the bottom three graphs. 
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Figure 6: Refinement of the region under analysis. 
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Figure 7: Table of putative mutants in region. 
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  Two red bars can be adjusted in the graph to refine the region analyzed (Figure 

6). This lists a table of identified mutations in annotated genes in the region and 

accompanying statistics (Figure 7). These are the candidate causative mutations for the 

phenotype. 

Conclusion 

 NGS has the ability to give researchers the speed, scale, and power to analyze 

genetic variants at a level that is not possible given more traditional approaches. Applied 

to mutant screens, one has the ability to quickly identify candidate genes from multiple 

lines. It also removes traditional limitations associated with unsequenced or less studied 

backgrounds and species. Applied to forward genetic screens in model organisms such as 

Arabidopsis thaliana this means that a researcher can spend more time understanding the 

biology and less time searching for the mutation. However, one of the most overlooked 

parts of next-generation sequencing by biologists is the data analysis. This is territory 

filled with pitfalls for those unfamiliar with analyzing this sort of data. Here potential 

sources of error and an example pipeline for analyzing NGS data as applied to mapping 

ems mutants are explained. This pipeline has been used with success in identifying 

candidate genes in mutant screens in the Walker lab. The explanation of the steps here is 

targeted at those researchers with similar goals and who have a very basic understanding 

of working from a command line, but who may never have analyzed NGS data before.  
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