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In both plants and animals, transposable elements are epigenetically regulated to 

maintain genomic integrity. DNA methylation (5-methylcytosine) is an important 

epigenetic modification that maintains transcriptional silencing at repetitive sequences 

and transposons. Here, I use the Sadhu family of non-LTR retroposons in Arabidopsis 

thaliana as models to understand the connection between genetic and epigenetic 

variation. There are only 16 full-length Sadhu elements in the Arabidopsis thaliana 

genome, and these elements are genetically diverged, sharing only 75% sequence 

identity. We analyzed both genetic and epigenetic variation in two different Sadhu 

elements, the heterochromatic Sadhu1-1 and the euchromatic Sadhu6-1. For both of 

these elements, we determined that Sadhu is not uniformly controlled but can exist in an 

epigenetically active or a repressed state. To test the source of variation in epigenetic 

state at these loci, we crossed two strains with differentially methylated Sadhu elements 

and observed no trans-activation of the silenced allele, nor repression of the transcribed 

element in the hybrids. Our results suggest that Sadhu elements are inherited as pure 

epialleles that differ between strains. Additionally, I investigated intrastrain stability of 

Sadhu transcription. I used a ddm1 mutation to genetically activate a silenced Sadhu1-1 

epiallele. After restoring DDM1, we monitored transcription in these plants for eight 



 

meiotic generations and determined that transcription remains on, but is variable in 

these lines. My findings indicate that maintenance of DNA methylation is sufficient to 

silence Sadhu elements; however, a loss of methylation does not trigger de novo 

methylation and epigenetic silencing is not efficiently repaired. The variation within the 

Sadhu family provides new insights into the stability of DNA methylation at transposons 

and can serve as a model for natural epigenetic variation.   
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PREFACE 

This dissertation examines the relationship between genetic and epigenetic 

variation on Sadhu elements in Arabidopsis thaliana. The research presented here was 

conceived of and performed by Natalie A. Henkhaus and Eric J. Richards. In Chapter 2, 

Ila S. Anand contributed to the analysis, Susan R. Strickler assisted with the alignment 

of small RNA sequence reads, and Christopher B. Wallin calculated the Tajima’s D and 

theta statistic. 
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CHAPTER 1 INTRODUCTION  

ARABIDOPSIS GENOMICS AND STUDY OF NATURAL VARIATION  

In the year 2000, the Arabidopsis Genome Initiative published the first genomic 

sequence of the flowering plant and model organism, Arabidopsis thaliana (The 

Arabidopsis Genome Initiative 2000). As a model plant, Arabidopsis is known for its fast 

generation time, ease of growing in laboratory conditions, and large and diverse seed 

collections, including natural accessions from different geographical locations and many 

genetic mutant lines (Meinke, Cherry et al. 1998, Meyerowitz 2001, Koornneef and 

Meinke 2010). Leveraging this large collection, Arabidopsis has been studied in the 

laboratory, as well as in its natural habitat, which has enabled robust studies in 

population genetics and natural variation (Koornneef, Alonso-Blanco et al. 2004, 

Harberd 2006). Examining the natural variation that exists among A. thaliana strains has 

lead to important insights about the control of genes involved in nuclear regulation and 

phenotypic traits, such as flowering time (Johanson, West et al. 2000, Riddle and 

Richards 2002, Shindo, Aranzana et al. 2005, Woo, Pontes et al. 2007, Atwell, Huang et 

al. 2010, Brachi, Faure et al. 2010, Weigel 2012). Since publishing the genome of the 

Columbia (Col-0) strain, sequencing technologies have improved significantly, making it 

cheaper and faster to provide genomic resources to scientists through publicly available 

browsers. A second major effort was initiated to sequence the genomes of 1001 strains 

of Arabidopsis (Weigel and Mott 2009, Cao, Schneeberger et al. 2011). At the present 

time, more than 800 strains have been sequenced and aligned to the Col-0 genome. In 

addition to the genomic resources, the “epigenomes” of about 125 strains has been 
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made available. The epigenomes provide researchers with information about 

transcription (e.g, mRNA sequencing) and cytosine methylation (e.g., bisulfite 

sequencing) across the genome (Lippman, Gendrel et al. 2004, Zilberman, Gehring et 

al. 2007, Cokus, Feng et al. 2008, Schmitz, Schultz et al. 2013).  

The amount of information available for natural strains has allowed us to ask new 

questions about the range of genomic variability within a species. For example, what 

causes the phenotypic variability we observe between strains and what are the major 

genetic and epigenetic factors leading to this variability? Given the prominence of 

epigenomic phenomenon in eukaryotic life, understanding the mechanisms that control 

these processes is extremely useful. In this chapter, we will define some of the major 

mechanisms involved in epigenetic regulation and we will emphasize the importance of 

epigenetic regulation for genomic stability.  

EPIGENETIC PHENOMENON AND REGULATION 

The term “epigenetics” was first defined by Conrad Waddington to describe the 

connection between the genotype and the expressed phenotype of an organism 

(Waddington 1942, Waddington 1957, Jamniczky, Boughner et al. 2010). Although the 

definition has evolved, the core of all epigenetic studies is to understand the interactions 

between genes and their environment. One important principle is that epigenetic 

phenomena describe changes in phenotype that are not caused by changes to the 

underlying genotype (i.e., the DNA sequence) of the cell and this is exemplified in 

monozygotic twins, which share the same genome but may express different 

characteristics or have varying susceptibility to disease (Wong, Gottesman et al. 2005). 
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In most plants and animals, epigenetic regulation includes chemical modifications to the 

DNA, post-transcriptional regulation, and post-translational modifications to histones, 

which package the DNA into chromatin (Goldberg, Allis et al. 2007).  

CHROMATIN DOMAINS IN EUKARYOTIC GENOMES 

Eukaryotic chromatin can be divided into two general categories called 

euchromatin and heterochromatin. The two types of chromatin are defined by several 

categories such as the cytological appearance of DNA during interphase, the presence 

of genes, the activity of genes, and the presence of specific histone modifications 

(Richards and Elgin 2002, Saksouk, Simboeck et al. 2015).  

Specifically, euchromatin is classically described as the regions of DNA that do 

not stain during interphase. Genes are found preferentially in euchromatin and are 

accessible by RNA polymerase and inducible genes reside in this domain. Additionally, 

compared to heterochromatin, the histones of euchromatin are hyperacetylated. By 

contrast, heterochromatin stains heavily during interphase and is more condensed and 

less dispersed than euchromatin. The histone tails tend to be methylated at lysine 

residues in heterochromatin – including histone H3 lysine 9 trimethylation (H3K9me3) 

and histone H3 lysine 27 trimethylation (H3K27me3) (Kouzarides 2007, Suzuki and Bird 

2008). Heterochromatin is low in gene density and transcription by RNA polymerase is 

reduced. Repetitive DNA and transposons are preferentially found in heterochromatin, 

especially in the centromere, pericentromere (or pericentric), and telomere regions of 

the chromosome. The presence of DNA methylation varies across the genome. In 

plants, high density of DNA methylation is associated with heterochromatic DNA while a 
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low coverage of methylation is associated with euchromatin (Li, Wang et al. 2008, 

Reinders, Delucinge Vivier et al. 2008, Suzuki and Bird 2008, Baubec, Colombo et al. 

2015, Yan, Bonasio et al. 2015).  

DNA METHYLATION IS AN IMPORTANT EPIGENETIC MARK 

Although there are several types of epigenetic modification, DNA methylation is 

arguably the most stable and possibly one of the most important, although it is not 

universally present in eukaryotes. Here, we define DNA methylation as the addition of a 

methyl group to the fifth carbon on the deoxynucleotide molecule cytosine, also known 

as 5-methylcytosine or 5mC. In animals, a dietary source of methylation, such as 

choline, is required for the biosynthesis of the methyl-donor of S-adenosylmethionine in 

the cell (Rogers 1995, Zeisel 2009).  

DNA methylation is a common modification in the genomes of plants, honeybees, 

mice and humans (Feng, Cokus et al. 2010, Zemach, McDaniel et al. 2010). However, 

several of the most well studied species such as Saccharomyces cerevisiae, 

Schizosaccharomyces pombe, Caenorhabditis elegans, and Drosophila melanogaster 

do not utilize DNA methylation. Although some studies have indicated a low-level of 

5mC in D melanogaster, it is not likely to have evolved as a major player in gene 

regulation or chromatin formation (Lyko, Ramsahoye et al. 1999, Capuano, Mülleder et 

al. 2014). In these organisms, heterochromatic chromatin modifications are likely to 

compensate for the lack of DNA methylation. 

In animals, methylation occurs almost exclusively at CpG dinucleotides and is 

maintained by DNA Methyltransferase 1 (Dnmt1) and de novo methyltransferases 
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Dnmt3 class (Bestor 1988, Okano, Xie et al. 1998, Bird 2002, Lister, Pelizzola et al. 

2009, Yamanaka, Siomi et al. 2014). In plants, methylation is present in all three 

sequence contexts; CpG, CHG, and CHH, where H refers to nucleotides A, T or C. In 

Arabidopsis, methylation is present at approximately 24% of CpG, 6.7% of CHG, and 

1.7% of CHH sites (Cokus, Feng et al. 2008). Several DNA methyltransferases have 

been identified such as the Dnmt1-class METHYLTRANSFERASE 1 (MET1), the 

Dnmt3-class CHROMOMETHYLTRANSFERASE 3 (CMT3), and de novo 

methyltransferases in the DOMAINS REARRANGED METHYLTRANSFERASE (DRM) 

family (Cao and Jacobsen 2002, Kankel, Ramsey et al. 2003, Gehring and Henikoff 

2007). Plants genes tend to be methylated at CG sites whereas while non-CG 

methylation is usually observed at non-genic sites such as transposons (Zemach, 

McDaniel et al. 2010). Common to both plants and animals is that symmetric 

methylation is maintained during DNA replication by transferring methyl groups to 

cytosines at hemi-methylated CpGs (Groth, Rocha et al. 2007).  

One study of 17 eukaryotic genomes found DNA methylation to be similarly 

distributed across the genomes and tends to be present at gene bodies and across 

transposons (Zemach, McDaniel et al. 2010). In general, the promoter regions upstream 

of protein coding genes tend to be hypomethylated. In addition, Zemach et al. also 

observed a distinct drop in the level of DNA methylation at the transcriptional start site 

and transcriptional termination of genes. This pattern was especially true of genomes 

that are heavily methylated, such as the human genome with methylation occurring at 

approximately 70-80% of CpG dinucleotides (Ehrlich, Gama-Sosa et al. 1982). Unlike 
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genes, the repetitive sequences, transposons and pseudogenes tend to be very highly 

methylated with only a slight increase in methylation within the element compared to the 

flanking regions (Cokus, Feng et al. 2008).  

TRANSPOSONS ARE TARGETS OF EPIGENETIC REGULATION  

Barbara McClintock first identified transposons in her examination of variegated 

phenotypes and maize mutable loci, finding that they were either affected by an 

unlinked activator element or were autonomous (McClintock 1950, Fedoroff and 

Botstein 1992). She proposed that controlling elements were responsible for the 

variegated behavior either by their instability associated with transposition or an 

alteration of their behavior in situ. McClintock was able to show that transposons could 

become reactivated in response to genomic shock. In this case, genomic shock referred 

to the phenomenon of the breakage-fusion-bridge cycle, where regions of the 

chromosomes had been broken and then reformed early in development (McClintock 

1950). During much of development, transposable elements (TEs) are silenced, 

however they may become reactivated in response to stress, a process that can create 

novel genetic diversity or genomic stress (Wessler 1996, Madlung and Comai 2004). 

Since McClintock’s discovery, TEs have been identified in both prokaryotes and 

eukaryotes. There are three general classes of TEs, characterized by the method 

transposition each employ (Slotkin and Martienssen 2007). Retrotransposons, or class I 

elements, move through an RNA intermediate. Class I elements may or may not have a 

long, terminal repeat sequence (LTR). Most retrotransposons have direct repeats at 

either end of the insertion site, which is a consequence of the insertion. Another 
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common feature of retrotransposons are the open reading frames (ORF) that may 

contain gag elements that have evolved from retroviral ancestors. Within the ORF, 

autonomous retroelements also carry the gene that encodes the reverse transcriptase. 

Examples of retrotransposons can be found in the human genome, such as 

endogenous retroviruses (ERV) (LTR retrotransposons), and long interspersed nuclear 

elements (LINE), such as L1 (a non-LTR retrotansposon) (Brouha, Schustak et al. 2003, 

Bannert and Kurth 2004, Mariner, Walters et al. 2008). In plants, retrotransposons 

include LTR retrotransposons, such as copia-like and gypsy-like elements, non-LTR 

LINEs, and short interspersed nuclear elements (SINEs).  

The second type of transposon include the DNA transposons, or class II 

elements, which move through a cut-and-paste mechanism and do not go through an 

RNA intermediate. Class II elements are characterized by terminal inverted repeats 

(TIR) and encode a transposase. In plants, mutator-like elements (MULEs), miniature 

inverted-repeat transposable elements (MITES), CACTA, and the hobo, Activator and 

Tam3 (hAT) elements are all class II transposons (Wessler, Bureau et al. 1995). The 

third category of TEs is Helitrons, which transpose through a rolling circle mechanism 

(Lisch 2013).  

In plants, the variation in genome size is mainly attributed to a difference in the 

number of transposons (El Baidouri and Panaud 2013). For example, transposons and 

repetitive sequences are highly abundant and account for about 80-85% of the 

genomes of crop plants like maize and wheat, which are relatively large at about 2300 

Megabases (Mb) and 17000 Mb, respectively (Schnable, Ware et al. 2009, Brenchley, 
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Spannagl et al. 2012). By comparison, the number of TEs in Arabidopsis is quite low 

and only accounts for approximately 10% of the 125 Mb genome (The Arabidopsis 

Genome Initiative 2000, Joly-Lopez and Bureau 2014).  

As discussed above, symmetrical DNA methylation is established during DNA 

replication. Non-symmetrical DNA methylation (i.e., CHG and CHH) in plants occurs 

after DNA replication. Many TEs are targeted by short interfering RNA (siRNA) during 

gametogenesis and this process leads to the establishment of silencing. In plants, the 

mature pollen grain contains two sperm cells and a vegetative nucleus. In Arabidopsis, 

DDM1 is silent in the vegetative nucleus, which activates transposons and causes the 

production of TE-derived siRNAs (Slotkin, Vaughn et al. 2009). The result of this siRNA 

production is a signal to the sperm nuclei to silence the TEs. An analogous process has 

been identified in animals. After fertilization, global demethylation removes DNA 

methylation from regions of the genome and subsequently redeposits the epigenetic 

mark (Reik, Dean et al. 2001, Gehring and Henikoff 2007, Reik 2007, Brennecke, 

Malone et al. 2008, Ooi and Bestor 2008, Law and Jacobsen 2010, Heard and 

Martienssen 2014).  

In Arabidopsis, DNA methylation is maintained by MET1, 

CHROMOMETHYLTRANSFERASE 3 (CMT3) and DECREASED DNA METHYLATION 

1 (DDM1). In the absence of DDM1, transposons become hypomethylated, 

transcriptional reactivated and some TEs such as CACTA actively transpose (Miura, 

Yonebayashi et al. 2001, Kato, Takashima et al. 2004). Additionally, some TEs become 

reactivated in met1 plants, which have a global loss of CG methylation (Kankel, Ramsey 
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et al. 2003). CMT3 is known to direct CHG methylation at transposons, a process 

usually associated with the presence of 24-nucleotide (nt) short interfering RNAs 

(siRNAs) (Lindroth, Cao et al. 2001, Tompa, McCallum et al. 2002, Kato, Miura et al. 

2003).  

There is also a genetic interaction between DDM1 and 

CHROMOMETHYLTRANSFERASE 2 (CMT2) (Zemach, Kim et al. 2013). In cmt2 

plants, transposons lack de novo methylation at CHH sequences, which is associated 

with the RNA-directed DNA methylation (RdDM) pathway. Some TEs are targeted for 

silencing by RdDM, which establishes DNA methylation and may reinforce 

heterochromatic epigenetic marks (Matzke and Mosher 2014). Transcription of some 

sequences can trigger the production of 23- and 24-nucleotide (nt) siRNAs through the 

RNA interference pathways leading to de novo CHH methylation through 

posttranscriptional gene silencing (PTGS). Maintenance of CHG methylation is 

associated with 21- and 22- nt siRNAs, especially at pseudogenes and transposons, 

through posttranscriptional gene silencing (PTGS)(Panda and Slotkin 2013). Through 

the process of RNA interference, which includes DICER, ARGONAUTE, and RNA-

DEPENDENT RNA POLYMERASE proteins, transposons may become silenced 

through transcriptional gene silencing (Zaratiegui, Irvine et al. 2007). The process of 

post-transcriptional gene silencing may also target transposons for silencing through 21- 

and 22-nt siRNAs (Matzke, Kanno et al. 2014).  

Chromatin remodelers such as DDM1, histone H3K9 methyltransferases such as 

KRYPTONITE (KYP) (also known as SUVH4), and histone deacetylases such as 
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HISTONE DEACETYLASE 6 (HDA6) play important roles in formation of 

heterochromatin at transposons (Malagnac, Bartee et al. 2002). For example, SUVH4 

attracts CMT3 resulting in maintenance of CHG methylation. Alternatively, HDA6 may 

interact with DDM1 to promote silencing at transposons through chromatin remodeling 

as well as CG and non-CG methylation (Gendrel, Lippman et al. 2002, Lippman, May et 

al. 2003).  

NATURAL EPIALLELES  

The preceding section discussed some of the mechanisms of epigenetic 

regulation that allow the formation of heterochromatin and transcriptional control of 

euchromatin. In this section, we will discuss natural epigenetic variation, as it is a 

possible contributor to the phenotypic diversity. For example, phenotypic variation may 

be caused by genetic differences or phenotypic plasticity in response to environmental 

stress, however epigenetic variation may also be a source of phenotypic differences 

between two populations (Richards 2011). Although epigenetic modifications do not 

alter the DNA of a cell, inherent in the definition of epigenetics is that these changes 

must be heritable either across the cell cycle (mitosis) or across generations (meiosis) 

(Bird 2007). There are some examples of epigenetic inheritance that provide phenotypic 

evidence of epigenetic inheritance. For example, the toadflax plant, Linaria vulgaris, is 

known to have two distinctly different flower morphologies depending on whether the 

wild type or peloric epigenotype is present at the CYCLOIDEA gene (Cubas, Vincent et 

al. 1999). In animals, the Agouti locus is a target of DNA methylation and the 

supplementation of methyl donors in the diet of a pregnant mother can alter the 
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presentation of the Agouti phenotype in her offspring by ectopic methylation of a 

retrotransposon insertion in the regulatory sequence (Waterland and Jirtle 2003).  

Many of the examples of epialleles in plants and animals are associated with 

differentially methylated transposable elements, usually in the promoters of genes 

(Weigel and Colot 2012). At some of these transposons, siRNA recruitment of the DNA 

methylation machinery to the element is a major factor. For example, in Arabidopsis, 

there are multiple copies of the PAI family of genes that are oriented in opposite 

directions such that mRNA expressed from these genes is processed into double 

stranded siRNAs (Luff, Pawlowski et al. 1999, Melquist, Luff et al. 1999). The presence 

of the inverted repeat at PAI varies between strains and it is possible to induce trans-

acting de novo methylation by crosses strains with differentially methylated alleles of 

PAI. Interestingly, the ectopic methylation at PAI is stable and persists in individuals 

who have had the inverted repeat segregated away, suggesting that the siRNA is not 

required to maintain the DNA methylation once established (Luff, Pawlowski et al. 

1999).  

As discussed above, the pathways involved in transposon regulation in the cell 

are well defined. However, the mechanisms that direct DNA methylation to a particular 

transposable element are not clearly defined. Though we understand that siRNAs can 

specifically target a family of transposons, not all TEs are regulated in this way. There 

have been at least two studies that have attempted to quantify the changes that occur 

after DNA methylation is lost. These two studies established epigenetic recombinant 

inbred lines (epiRILs) that are mosaics of epigenetic state across Arabidopsis 
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chromosomes due to either the ddm1 or met1 mutation in a parental background 

(Johannes, Porcher et al. 2009, Mirouze, Reinders et al. 2009, Reinders, Wulff et al. 

2009). The strength of the epiRILs is that the lines are all genetically identical, but 

epigenetically variable. In these studies, the epiRILs were backcrossed to the wild-type 

parent and self propagated for six or seven generations. Subsequently, phenotypic 

analysis of heritable traits, such as flowering time and plant height were observed 

(Johannes, Porcher et al. 2009). DNA methylation was assessed to be variable among 

the lines and some novel epialleles that did not exist in the parental generations were 

identified. This experiment uncovered novel epialleles that contribute to the phenotype 

of adaptive traits, within the same genetic background (Niederhuth and Schmitz 2014). 

One retrotransposon, EVADE, was reactivated and hypomethylated in several epiRIL 

lines, however other lines maintained methylation at the locus (Mirouze, Reinders et al. 

2009). It is possible that the observed variation is due to novel genetic changes that 

result from transposon activation or pure epigenetic inheritance of novel epialleles that 

lack a silencing trigger (Richards 2006). Such a silencing trigger may develop in 

subsequent generations by means of de novo silencing via RdDM (Weigel and Colot 

2012, Creasey, Zhai et al. 2014, Niederhuth and Schmitz 2014).   

SADHU ELEMENTS AS MODELS OF EPIGENETIC REGULATION 

To test the stability of epigenetic phenomena, we have chosen a particular family 

of transposons to study as a model of epigenetic variation. The Sadhu family is a class 

of non-long terminal repeat (LTR) retroposons that can be found in Arabidopsis and 

closely related species (Rangwala and Richards 2010). There are 16 full-length Sadhu 
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elements in the Col-0 strain. The Sadhu elements are located in euchromatic, 

heterochromatic, and pericentromeric domains of the genome. The elements display a 

wide range of epigenetic regulation that includes transcriptionally active as well as 

transcriptionally repressed elements (Rangwala, Elumalai et al. 2006, Rangwala and 

Richards 2007). This epigenetic variation makes them interesting candidates to study 

how transposons are effectively silenced in heterochromatin as well as near protein-

coding genes in euchromatin. Examining Sadhu elements are useful because unlike 

other retrotransposons, there are relatively few elements in the Arabidopsis genome 

and they are highly divergent, which allows for easy molecular detection of specific 

elements. These characteristics make Sadhu elements an ideal system to understand 

the relative contributions of genetic and epigenetic natural variation on transposon 

regulation.  

Mechanistically, there is a known relationship between transcription and DNA 

methylation at the element. However, the factors involved in targeting epigenetic 

modifications to this particular locus are unknown. Previous studies suggested that 

regulation of the epiallele formation is linked in cis, but this has not been conclusively 

shown (Rangwala, Elumalai et al. 2006).  

SUMMARY  

Studies of epigenetic phenomenon have greatly improved with the rise of the 

genomics era. It is now possible to map DNA methylation across the genome and 

assess the transcriptional state of transposons in a variety of backgrounds. Here, I have 

presented some of the common mechanisms employed by a genome to control the 



 

14	  

activity of transposons. DNA methylation is a main mechanism to silence transposons 

and it may be maintained through CG methylation or non-CG methylation, and with the 

input from RdDM de novo methylation effectively silences transposable elements in the 

germ line of plants and animals. 

Experiments using epigenetically diverse lineages (such as epiRILs) argue that 

epigenetic variation may be independent of genetic sequence. The source of epigenetic 

variation is still unknown and important questions remain about the stability of 

differential epigenetic states. Using epigenetic variation in plant breeding or in disease 

prevention could prove valuable. Thus, understanding the source and stability of 

epialleles is critical for future studies. We will address these issues in subsequent 

chapters by analyzing epigenetic variation of Sadhu elements in Arabidopsis.  
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CHAPTER 2 NATURAL VARIATION AT SADHU RETROPOSON ELEMENTS 
IN ARABIDOPSIS THALIANA EUCHROMATIN AND HETEROCHROMATIN 

ABSTRACT 

In most plant and animal genomes, transposons make up a large portion of the 

genome and are a substantial component of heterochromatic domains. Transposons 

are often targets of heterochromatic epigenetic modifications, such as cytosine 

methylation. Epigenetic regulation is critical for reducing transcription of these elements, 

which decreases their transposition. In the model plant Arabidopsis thaliana, we have 

studied the Sadhu family of retroposons to understand the connection between genetic 

and epigenetic variation. In the wild type strain, the 16 full-length elements in this family 

share low sequence identity (about 75 percent) and are independently regulated 

through epigenetic pathways. Among natural accessions, genetic sequence identity at a 

particular element is about 97 percent, but despite the high sequence identity at Sadhu 

elements, strains differ in the presence or absence of cytosine methylation and 

transcriptional activity at the element. Here, we studied the epigenetic state of Sadhu1-1 

and Sadhu6-1 in approximately 110 natural strains of Arabidopsis. We found relatively 

little genetic variation between the strains but a large degree of variation in epigenetic 

state. By analyzing F1 hybrid individuals resulting from a cross between two strains 

carrying alternative epigenetic states at both Sadhu1-1 and Sadhu6-1, we demonstrated 

that the epigenetic regulation of the elements are determined in cis. Further, we 

demonstrated that the epigenetic control of Sadhu6-1 maps within 550 kilobases (kb) of 

the locus. For a subset of strains, we analyzed the genetic variation within these strains 
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and show that the genetic sequence variation of both Sadhu elements does not 

correlate with the epigenetic state. These results suggest that the generation and 

inheritance of alternative epigenetic states at Sadhu elements occurs independent of 

genetic variation at the locus.  

INTRODUCTION 

Transposable elements (TEs) are found in plants, animals and bacteria, making 

up a large part of eukaryotic genomes (Brown 2003, Sabot, Guyot et al. 2005, Wicker, 

Sabot et al. 2007). Epigenetic control of TEs is common in eukaryotes and is mediated 

through cytosine methylation, histone modifications, and small RNA-directed pathways. 

These mechanisms create local transcriptional silencing and possibly higher-order 

chromatin structures, which reduce expression of the elements and suppress 

transposition (Bird 2002, Suzuki and Bird 2008, Law and Jacobsen 2010). In 

Arabidopsis, disrupting cytosine methylation, in mutants such as ddm1 (decreased DNA 

methylation 1) or met1 (methyltransferase 1), activates TEs and these mutant plants 

become developmentally delayed and sickly – at least in part due to the accumulation of 

transposon insertion alleles (Vongs, Kakutani et al. 1993, Kakutani, Jeddeloh et al. 

1996, Miura, Yonebayashi et al. 2001, Kankel, Ramsey et al. 2003, Saze, Scheid et al. 

2003, Kato, Takashima et al. 2004, Reinders, Wulff et al. 2009, Mirouze, Lieberman-

Lazarovich et al. 2012, Reinders, Mirouze et al. 2013). Similarly, mice lacking DNA 

Methyltransferase 3-like have defective germ lines with misregulation of imprinted 

genes, and a lack of de novo methylation of retrotransposons (Bourc'his and Bestor 

2004). In murine Miwi2 mutants, which are defective in the execution of piRNA-
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mediated silencing, the activation of transposons leads to meiotic and male germ line 

defects (Carmell, Girard et al. 2007). These data indicated that epigenetic silencing of 

endogenous TEs prevents transposition and promotes genomic stability (Smit 1999, 

Hendrich and Tweedie 2003). 

In many eukaryotes, TEs are found preferentially in heterochromatic portions of 

the genome, which are characterized by highly compacted DNA and which is often 

visualized as DNA-dense chromocenter aggregates in interphase nuclei. Molecularly, 

heterochromatin typically contains few protein-coding genes, but is rich in repetitive 

sequences including TEs, simple-sequence repeats, and tandem arrays of longer 

repeats (Pimpinelli, Berloco et al. 1995). Genomic regions encompassing the 

centromere and the flanking pericentric regions are typically rich in heterochromatin. 

Heterochromatin is associated with a diagnostic set of histone modifications (e.g., 

histone H3K9me, H3K27me, deacetylated H4) and cytosine methylation in organisms 

that contain this base modification (Elgin and Grewal 2003, Grewal and Jia 2007, Law 

and Jacobsen 2010). 

TEs are also found in euchromatic regions of the genome (Kaminker, Bergman et 

al. 2002, Thornburg, Gotea et al. 2006, Fontanillas, Hartl et al. 2007). Euchromatin is 

less compacted than heterochromatin and is classically defined as the region of the 

chromosomes that become decondensed during the cell cycle (Heitz 1935, Zacharias 

1995). Euchromatin comprises transcriptionally active regions and is generally 

associated with the chromosome arms. The juxtaposition of TEs and genes is a 

common feature of many eukaryotic genomes. In most cases, transposons do not 
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interfere with gene expression, but there are some prominent examples where 

epigenetic regulation of euchromatic TEs influences the normal expression of nearby 

protein coding genes (McClintock 1984, Fedoroff and Botstein 1992, Waterland and 

Jirtle 2003, Kobayashi, Goto-Yamamoto et al. 2004, Saze and Kakutani 2007).  

Large plant genomes, in particular, are highly populated with transposable 

elements. For example, TEs are estimated to make up approximately 90 percent of the 

maize (~3,000 Mb/n) and wheat (17,000 Mb/n) genomes (Schnable, Ware et al. 2009, 

Brenchley, Spannagl et al. 2012, Brenchley, Spannagl et al. 2012). In contrast, TEs are 

only about 10 percent of the Arabidopsis thaliana genome (~135 Mb/n) (The 

Arabidopsis Genome Initiative 2000, Tenaillon, Hollister et al. 2010, Huang, Burns et al. 

2012).  

TEs fall into two broad classes: Class I TEs that are mobilized through an RNA 

intermediate, and Class II elements which are also known as DNA TEs (Kidwell and 

Lisch 1997). Class I TEs are further subdivided into retrotransposons that encode a 

transposase and contain terminal direct repeats (LTRs, or long-terminal repeats), or 

retroposons, which lack LTRs and do not encode proteins involved in transposition 

(Rogers 1983). Here, we study the Sadhu family of short retroposons in the A. thaliana 

genome as models for epigenetic regulation and variation. In the Arabidopsis Col-0 

genome, there are 16 full-length Sadhu elements, which range from 840 to 940 base 

pairs in length, and an additional 23 partial elements. Sadhu elements contain a short, 

conserved sequence motif (CAATCGTTSC) and a poly(A) sequence, flanked by 7-to-16 

bp target site duplications (TSD) (Rangwala, Elumalai et al. 2006, Rangwala and 
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Richards 2007, Rangwala and Richards 2010). Unlike many retroposons, Sadhu 

elements have a low copy number and are highly diverged, with an average pair-wise 

sequence identity of about 75 percent.  

Sadhu elements were initially identified by a screen for strain-specific transcripts 

in a comparison among three different A. thaliana accessions: Columbia (Col), 

Landsberg erecta (Ler), and Cape Verde Islands (Cvi). A 900-nucleotide transcript from 

loci AT2G10410 (Sadhu1-1) is present in the Col strain, but absent in Ler and Cvi. The 

transcriptional difference between strains is associated with the absence of cytosine 

methylation at Sadhu1-1 in the Col-0 background. However, the locus is marked by 

DNA methylation in the silenced strains, Ler and Cvi. The nucleotide sequence identity 

of Sadhu1-1 among these strains is higher than 97 percent. Further, Sadhu1-1 in the 

Ler background can be transcriptionally activated in the ddm1-2 mutant, arguing that the 

locus exists in at least two epiallelic forms among wild-type A. thaliana accessions. 

From this prototypic element we identified additional Sadhu TEs distributed throughout 

the genome; some elements embedded within heterochromatin, like Sadhu1-1, and 

others, such as Sadhu6-1, within gene-rich regions of euchromatin. As with Sadhu1-1, 

Sadhu6-1 also exhibits epigenetic variation within natural strains of A. thaliana. 

The presence of this natural epigenetic variation at Sadhu alleles raises a 

number of questions. What are the relative roles of genetic and epigenetic mechanisms 

for establishing and maintaining natural variation at transposable elements? How 

common is epigenetic variation at Sadhu elements, and what is the significance of this 

epigenetic variation? Here, we describe natural genetic variation at two Sadhu 
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elements, one in a euchromatic domain and the other embeddreded within 

heterochromatin, to examine how genetic variation and epigenetic control might differ in 

these two genomic contexts. We also show for these two Sadhu elements that the 

epigenetic state is controlled in cis. Lastly, we demonstrate that epigenetic variation at 

Sadhu elements exists within genetic haplotypes. We conclude that epigenetic variation 

and inheritance of epigenetic state plays the dominant role in creating and maintaining 

epigenetic variation at Sadhu elements in both euchromatic and heterochromatic 

contexts. 

RESULTS 

STRUCTURE AND GENETIC VARIATION OF SADHU1-1 AND SADHU6-1 IN A. 
THALIANA 

As shown in Figure 2.1, the Sadhu1-1 element resides in the heterochromatic 

pericentric region on the lower arm of chromosome 2 at nucleotide position 4013078-to-

4014127 (TAIR10; http://www.arabidopsis.org). This region is very rich in repetitive 

sequences, pseudogenes, and a variety of transposons. Within this region in the 

Columbia (Col) strain, transcription is greatly reduced, and the nearest centromere-

proximal transcription unit (AT2G09990, a ribosomal protein-coding gene) is 224 kb 

away and transcribed at a normalized Differential Expression Sequence (DEseq) value 

of 1100, which denoting a transcriptionally active element (Tonti-Filippini 2008, Dillies, 

Rau et al. 2013, Shook and Richards 2014). Moving down the chromosome from 

Sadhu1-1 toward the telomere, the nearest transcription originates from AT2G10940, a 

protein coding gene, located approximately 305 kb from the element and expressed at a 
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DEseq value of 2000 (Shook and Richards 2014). Sadhu1-1 is inserted within a 

transcriptionally silenced TE (hAT element/AT2G10405) and is flanked by a 15 bp target 

site duplication (TSD), 5’-TCCTACTAGTCATTT-3’, presumably created by element 

insertion (Rangwala, Elumalai et al. 2006). Sadhu1-1 lacks LTRs and contains a 

remnant of the poly(A) tail in the form of a 10 bp T/A-rich tract. In the Col strain, 

Sadhu1-1 is highly transcribed at the normalized DEseq value of 2200 in vegetative leaf 

tissue (Shook and Richards 2014).  

 

Figure 2.1.	  Gene model for Sadhu1-1. 
(Upper panel) Approximately 7 kb of chromosome 2 are depicted. Shown along side of 
Sadhu1-1 (AT2G10410) are two annotated transposable elements AT2TE16930 and 
AT2TE16955. Sadhu1-1 is transcribed in the right to left direction. Sadhu1-1 is flanked 
by 15 base Target Sites Duplications (TSD). The displayed PCR primers were first 
described in (Rangwala, Elumalai et al. 2006). (Lower panel) Cartoon of chromosome 2 
with the centromere (Cen) indicated by the arrow and the pericentric heterochromatin 
(P) shaded in black. 

We began assessing genetic variation at Sadhu1-1 within A. thaliana by 

determining the presence or absence of Sadhu1-1 among natural strains using the 
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Arabidopsis 1001 Genomes Project Genome Express Browser 3.0, which is based on 

high-throughput sequence read alignments to the Col reference genome (Cao, 

Schneeberger et al. 2011, Schmitz, Schultz et al. 2013). As shown in Table 2.1 we 

noted the presence of Sadhu1-1 in 786 of 835 strains inserted within AT2G10405, 

indicating that approximately 94% of A. thaliana strains contain a full-length Sadhu1-1 

element in the same position in the genome. Roughly 4% of the strains contained a 

partial Sadhu1-1 sequence. In these strains, it is possible that the Sadhu1-1 element 

underwent an internal deletion event, but we cannot rule out the possibility that the 

partial sequences on the public GEB reflect incomplete sequence assembly or 

insufficient read depth. A third category, comprising approximately 2% of the strains, 

lack the Sadhu1-1 sequence but contain a single target site, consistent with the 

structure expected of an “empty site” that existed before the Sadhu1-1 insertion. 

Overall, this survey of presence/absence variation indicates that Sadhu1-1 is well 

conserved in A. thaliana strains despite being embedded in a highly repetitive region. 
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Table 2.1. Presence and absence of Sadhu1-1 and Sadhu6-1 among natural 
strains of A. thaliana. 

1The target site duplication is excluded from this region. Small sequence deletions up to 
100 bp were permitted in this category. 2Full length sequences were 850 to 950 bp and 
partial length sequences were 11 to 849 bp in length, excluding TSD. 3Full length 
sequences were 828 to 928 bp and partial length sequences were 11 to 827 bp in 
length, excluding TSD. 4Empty site sequences are defined by the presence of only a 
single copy of the target site sequence. 5Strains without sequencing data for this region 
were discarded.  

We further examined a subset of twenty-three strains that contain full-length 

Sadhu1-1 sequences to analyze the types of nucleotide polymorphisms that occur at 

Sadhu1-1 (see Table 2.2). These accessions represent well-characterized and common 

laboratory strains of A. thaliana. Sadhu1-1 sequences from these strains were aligned 

(see Figure 2.2) and the types of nucleotide variation were categorized. For these 

strains, the 15-bp target site duplications were completely conserved (only 2.6% of all 

strains on the GEB display polymorphisms between the left/right Sadhu1-1 TSD). Within 

these strains, the most divergent Sadhu1-1 elements share greater than 97 percent 

nucleotide identity, and most are in the range of 98-100% identical. Among these 

strains, there are seven indel polymorphisms within the Sadhu1-1 element. Relative to 

Length of Sadhu element 

Sadhu1-12 
Number of strains 

(percent) 

Sadhu6-13 
Number of strains 

(percent) 

Full-length sequence1 786 (94.1%) 729 (93.2%) 

Partial sequence 36 (4.3%) 33 (4.2%) 

Absent/empty site4 
Target site sequence present 13 (1.6%) 20 (2.6%) 

Total: 835 strains5 782 strains5 
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the consensus sequence, there is only one insertion polymorphism, which is located in 

poly(A)-rich region. The remaining indel polymorphisms are deletions, ranging from 1 to 

12 bp, relative to the consensus. Only one of these deletions is within the poly(A)-rich 

tract, while the others are scattered across the element. There are an additional 55 

single nucleotide polymorphisms (SNPs) at 50 different positions within the element 

(Table 2.3). Of the 55 SNPs, 38 of these polymorphisms are transitions, with C to T (18) 

and G to A (10) changes relative to the consensus being the most common type. 

Approximately 40 percent of the C/G to T/A transitions (12 of 28) occur at CpG 

dinucleotides, which are sites of dense cytosine methylation in many transposons.  This 

observation suggests that 5-methylcytosine to thymine mutagenesis at these 

symmetrical sites might be a driver of genetic variation in the Sadhu1-1 element. 
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Table 2.2. Natural strains of A. thaliana and source of plant material used in this 
study.  

1See Figure 2.10 and Figure 2.11.  
2See Figure 2.2 and Figure 2.4 
3Indicates the presence of a short deletion in the 3’ polymorphic region of Sadhu6-1. 
4Note the presence of (unconfirmed) SNPs in Sadhu6-1 on the GEB.  
5Indicates that GEB sequence was combined with additional sequence to compensate 
for lack of sequencing coverage across the 3’ deletion, see Supplemental Figure 3. 

Strain origin Name1 Seed stock  
1001 GEB  

Strain name2 
1001 GEB 

Seed stock2 

Brunn, Czech Republic Br0 CS6626 Br0.SALK CS76455 
Burren, Ireland Bur-0 CS6643 Bur0.MPI CS22679 

C24 C24 CS22620 C24.MPI CS22680 
Cape Verde Islands Cvi CS22614 Cvi0.SALK CS22614 

Catania, Italy  Ct-1 CS22639 Ct-1.WTC Unknown  
Columbia, USA Col Richards lab Col0.MPI CS22681 

Karakol, Kyrgyzstan Kar-1 CS76522 Kar1.SALK CS76522 
Kaunas, Lithuania Kn0 CS6762 Kn-0.WTC Unknown 

Kazakhstan Kz-1 CS22606 Kz_9.SALK CS76537 
Konchezero, Russia N13 CS22491 N13.SALK Unknown 
Kondara, Tadjikistan Kon CS76532 Kondara.SALK CS76532 

Krotzenburg, Germany  Kro CS76533 Kro0.MPI CS6766 
Landsberg erecta, 

Germany Ler 
Richards 

Lab Ler1.SALK CS22686 
Nossen, Germany No-0 CS6805 No-0.WTC Unknown 

Poppelsdorf  Po0 CS6839 Po0.WTC Unknown 
Prudka, Czech Republic Pu2-7 CS22592 Pu27.SALK CS76580 

Rubezhnoe, Ukraine Rub-1 CS76594 Rubezhnoe-1.SALK CS76594 
St. Maria d. Feiria, 

Portugal Fei-0 CS22645 Fei0.MPI CS76412 
Tammisari, Finland Tamm-27 CS22605 Tamm_27.SALK Unknown 

Tossa del Mar, Spain Ts_1 CS22647 Ts_1.SALK       CS76615 
Tsushima, Japan Tsu CS22641 Tsu-1.MPI        CS22693 

Vancouver, Canada  Van-0 CS22627 Van0.SALK CS76623 
Wassilewskija, Russia  Ws-2 CS2360 Ws2.SALK CS76631 

Weiningen, Switzerland  Wei-0 CS6182 Wei0.SALK CS76628 
West Karakol, Kyrgyzstan Wes CS76629 Westkar4.SALK CS76629 
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Figure 2.2. Alignment of Sadhu1-1 in subset of natural strains.  
Nucleotide sequence variation of Sadhu1-1, including the target site duplications, is 
displayed from a subset of 23 strains. Sequences from the 1001 genomes were aligned 
using Geneious 8.0.5 software. The displayed sequences were used to construct the 
haplotype network for Sadhu1-1.  

 



 

36	  



 

37	  

Figure 2.2 (Continued)  
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Figure 2.2 (Continued) 
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Figure 2.2 (Continued)  
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Table 2.3. Variation in nucleotide polymorphisms at Sadhu1-1 in 23 natural 
strains. 

 

We next assessed genetic variation at Sadhu6-1, which is located in a 

euchromatic region on the top arm of chromosome 3 (see Figure 2.3). This element is 

flanked by a 16 bp TSD and contains a simple-sequence region, which is a remnant of 

the poly(A) tract of this retroposon (Rangwala and Richards 2007). Sadhu6-1 lies within 

1 kb of two protein coding genes, AT3G02510 (REGULATOR OF CHROMOSOME 

CONDENSATION, RCC1) and AT3G02520 (GENERAL REGULATORY FACTOR 7, 

GRF7). In the Col genome, RCC1 and GRF7 are both transcribed, however, Sadhu6-1 

is transcriptionally silent.  

 to A to C to G to T 

A  1 4 2 

C 4  1 18 

G 10 0  3 

T 4 6 0  
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Figure 2.3. Gene model for Sadhu6-1.  
(Upper panel) Approximately 7 kb of chromosome 3 are depicted, including two protein 
coding genes (AT3G02515 and AT3G02520) and Sadhu6-1 (AT3G02515). Sadhu6-1 is 
transcribed in the left to right direction. Sadhu6-1 is flanked by 16 base TSDs. The 
displayed PCR primers were first described in (Rangwala and Richards 2007). (Lower 
panel) Cartoon of chromosome 3 with the centromere (Cen) indicated by the arrow and 
the pericentric heterochromatin (P) shaded in black. 

As we did for Sadhu1-1, we first assessed the presence or absence of Sadhu6-1 

among natural strains of A. thaliana using the Arabidopsis 1001 Genomes Project 

Genome Express Browser 3.0 (Schmitz, Schultz et al. 2013). As shown in 
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Table 2.1, we noted the presence of a full-length Sadhu6-1 element in 729 of 782 

strains. In these strains, Sadhu6-1 sequence lies between its characteristic TSD, 

indicating that roughly 93% of A. thaliana strains contain a full-length Sadhu6-1 element 

in the same position in the genome. Approximately 4% of the strains (33 of 782) contain 

a partial Sadhu6-1 sequence, and approximately 3% (20 of 782 strains) lack the 

Sadhu6-1 sequence, but in most of the latter strains, only a single target site can be 

recognized. Overall, this survey of presence/absence variation indicates that Sadhu6-1, 

like Sadhu1-1, is well conserved in A. thaliana strains. 

We further examined a subset of nineteen commonly used laboratory strains to 

assess sequence polymorphisms at Sadhu6-1 (Table 2.4). Among these strains, we 

observed nucleotide divergence between the left and right target site duplications at 

Sadhu6-1. Further, there were inter-strain polymorphisms in the centromere-proximal 

TSD (a C to A and a G to A SNP) relative to the telomere-proximal TSD, suggesting that 

the two TSD have diverged since the insertion of the ancestral TE. About 45% of strains 

on the GEB contain at least one polymorphism that differs between the left and right 

TSD. We noticed that many of the sequences available on the 1001 GEB contain gaps 

around the poly(A) region. Consequently, we performed selective resequencing of 

Sadhu6-1 from specific strains to determine whether deletions actually existed in this 

region. In many cases, more complete sequence was obtained, suggesting that the 

gaps were due to difficulties in sequencing across this simple-sequence region or in 

unambiguous sequence assembly.  We used our resequencing data to create the 

updated alignment shown in Figure 2.4 in which we did not observe any deletions larger 
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than simple indels polymorphisms. In contrast, we were able to confirm by polymerase 

chain reaction (PCR) amplification that a truncated Sadhu6-1 element exists in both 

Pro-0 and Kondara, consistent with what is represented on the GEB. However, we could 

not verify the cluster of polymorphisms observed at Sadhu6-1 in the No-0 strain on the 

GEB, as we were unable to amplify the element using our PCR primers (see Figure 2.3). 

Our analysis of nucleotide diversity in a subset of strains on the public data and our 

targeted resequencing revealed that indel polymorphisms in Sadhu6-1 were 

concentrated in the 3’ end of the element between positions 870 and the centromere-

proximal TSD. We observed 34 SNPs and the most abundant SNPs were C to T (10) 

and G to A (9) changes, which combined make up approximately 60 percent of the 

SNPs observed. Of these changes, however, only five occur at CpG sites, with five 

additional changes occurring at CHG sites. This distribution might reflect the high 

frequency of non-CpG cytosine methylation (at CHG and CHH sites) seen in Sadhu6-1 

relative to Sadhu1-1 (see below).  

Table 2.4. Variation in nucleotide polymorphisms at Sadhu6-1 in 24 natural 
strains. 

 to A to C to G to T 

A  1 1 3 

C 3  2 10 

G 9 2  0 

T 3 0 0  
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Figure 2.4. Alignment of Sadhu6-1 in a subset of natural strains. 
Nucleotide sequence variation of Sadhu6-1 and the adjacent target site duplication was 
analyzed for a subset of strains, using the sequences from the 1001 genomes project 
and selective resequencing of the 3’ polymorphic region. Gaps in the polyA region were 
sequenced using primers 134 and 291 and these are indicated with the suffix “.seq” or 
“.coseq”. Strains with polymorphisms between our sequencing and 1001 sequencing 
were not combined. 
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Figure 2.4 (Continued) 
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Figure 2.4 (Continued) 
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Figure 2.4 (Continued) 
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In summary, despite their location in two very different genomic contexts and 

their divergence relative to each other (the elements share less that 50% nucleotide 

identity), the pattern of natural genetic variation of Sadhu1-1 and Sadhu6-1 are similar in 

terms of presence/absence variation and types of nucleotide polymorphism observed. 

Further, natural genetic variation among the alleles of a particular Sadhu element in 

thaliana strains is extremely low (greater than 97 percent identity). 

 

EPIGENETIC VARIATION AT SADHU1-1 AND SADHU6-1 IN A. THALIANA  

Given the high sequence identity among the element alleles in different A. 

thaliana strains, the large amount of natural epigenetic variation in transcription and 

cytosine methylation among Sadhu alleles is surprising. We had previously shown that 

Sadhu1-1 was transcribed in some A. thaliana strains but not others. Here, we surveyed 

roughly one hundred thaliana strains that are currently available on the 1001 epigenome 

browser or eGEB to categorize the types of epigenetic variation at Sadhu elements 

(Schmitz, Schultz et al. 2013). In this analysis, we included the strains that had both 

transcriptional and cytosine methylation sequencing tracts (as of November 2014), 

limiting examination to strains that contain the element in question. Transcription was 

defined by the qualitative presence or absence of sequencing reads within the coding 

sequence of either Sadhu1-1 or Sadhu6-1 elements, and DNA methylation was 

estimated from bisulfite sequencing reads. As shown in Table 2.5, we categorized the 

epigenetic state of Sadhu into four general types, in order of abundance: I methylated 
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and not transcribed; II hypomethylated and not transcribed; III hypomethylated and 

transcribed; and IV methylated and transcribed. Strains in each category are displayed 

in Table 2.6 and Table 2.7.  

Table 2.5. Four distinct types of epigenetic states at Sadhu elements in natural 
strains. 

 

	  

Epigenetic Type 

Sadhu1-1 
Number of strains 
(Percent of total) 

Sadhu6-1 
Number of strains 
(Percent of total) 

I) Methylated and not transcribed 100 (87.7%) 88 (78.6%) 

II) Hypomethylated and not transcribed 6 (5.3%) 9 (8.0%) 

III) Hypomethylated and transcribed 5 (4.4%) 14 (12.5%) 

IV) Methylated and transcribed 3 (2.6%) 1 (0.9%) 

Number of strains analyzed 114 112 
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Table 2.6. Epigenenomic analysis of 123 natural strains at Sadhu1-1.1  
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Table 2.7. Epigenenomic analysis of 123 natural strains at Sadhu6-1.1  
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Most strains observed fall into type I or type II, which lack transcription at Sadhu. 

The majority of transcriptionally inactive strains are methylated at Sadhu with 88% of 

strains (100/114) for Sadhu1-1 and 79% (88/112) strains for Sadhu6-1. In general, 

methylated elements at Sadhu1-1 displayed both CG and CHG methylation, with only a 

subset displaying significant CHH methylation. In contrast, Sadhu6-1 displayed 

methylation of cytosine in all three sequence-contexts (CG, CHG, CHH), indicating that 

the RNA-dependent DNA methylation (RdDM) may act in addition to the MET1/CMT3 

pathways act at Sadhu6-1 (Matzke and Mosher 2014, Bond and Baulcombe 2015). This 

conclusion is supported by presence of 24-nucleotide (nt) small RNAs (smRNAs) with 

similarity to the Sadhu6-1 locus in the Col strain where the element is transcriptionally 

quiescent (see below). These observations are consistent with the expectation that the 

host employs cytosine methylation to reinforce epigenetic silencing of transposons. 

Overall, the analysis of type I elements is consistent with the expectations that most 

Sadhu retroposon alleles become transcriptionally inactivated through epigenetic 

silencing.  

In contrast, although not transcribed, type II elements lack cytosine methylation. 

In these cases, elements might be genetically inactivated or remain transcriptionally 

quiescent due to epigenetic silencing mechanisms that are independent of cytosine 

methylation. We examined a sequence alignment of these elements and did not 

observe type II-specific polymorphisms within the Sadhu1-1 or Sadhu6-1 coding 

sequences (Figure 2.5 and Figure 2.6). Hence we have no evidence for genetic 
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mutations within the elements that inactivate transcription, but we cannot rule out the 

presence of inactivating mutations in flanking regions.  
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Figure 2.5. Type II element alignment for Sadhu1-1.  
The Sadhu1-1 sequence was obtained from the 1001 genomes project and aligned 
using Geneious 8.0.5 software. There are only two full-length type II strains and an 
alignment of these two sequences uncovered many polymorphisms between the strains.  
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Figure 2.5 (Continued) 
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Figure 2.6. Type II elements alignment for Sadhu6-1.  
Nine epigenetic type II elements were identified for Sadhu6-1. We obtained sequencing 
information from the 1001 genomes project and used Geneious 8.0.5 software to align 
the sequences.  
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Figure 2.4 (Continued) 
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We observed transcription of Sadhu in very few of the strains surveyed. Only 8 

strains express Sadhu1-1 while 15 express Sadhu6-1. The majority of these strains fall 

into type III, which lack DNA methylation within the elements; however, there are some 

type IV strains with cytosine methylation at Sadhu that are also transcriptionally active. 

Interestingly, among all strains with type III elements, only one strain, Kas-1, displays 

transcription at both Sadhu1-1 and Sadhu6-1, suggesting that transcription of these 

Sadhu elements is not coordinately regulated.  

The four strains containing type IV elements display intermediate levels of 

transcription and cytosine methylation. For Sadhu1-1, three strains fall into this 

category; Lan-0, Prudka (Pu2-7), and Sp-0. With respect to Sadhu6-1, only one strain 

on the eGEB belonged to this category, Tscha_1. We were able to verify two additional 

laboratory strains with type IV Sadhu6-1 elements, Kondara and Tsu-1, which are not 

represented on the eGEB. Methylation at CpG sites within these elements was reduced 

but the amount of non-CpG methylation varied among the type IV strains. These cases 

appear to represent intermediate epigenetic states between the fully methylated and 

silent type I alleles and the hypomethylated and expressed type III alleles. 

SOURCE OF EPIGENETIC VARIATION AT SADHU ELEMENTS 

The existence of epigenetic variation at Sadhu elements among different A. 

thaliana strains leads to a larger question of how natural epigenetic and genetic 

variation relate to each other. If we assume that epigenetic silencing at these elements 

is the default state, is Sadhu transcription related to genetic mutations, whether in cis or 

trans, that lead to a loss of epigenetic silencing? Alternatively, is the natural 
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transcriptional and cytosine methylation variation we observe among A. thaliana strains 

due to the persistence of so-called pure epigenetic variation within the species that 

arose independent of genetic variation (Richards 2006)?  

To address this question, we investigated the behavior of Sadhu element alleles 

in F1 hybrids between strains that carry alternative epigenetic states at both Sadhu1-1 

and Sadhu6-1. For these experiments, we chose two well-characterized A. thaliana 

strains, Col and Landsberg erecta (Ler). In the Col strain, Sadhu1-1 is hypomethylated 

and transcribed while Sadhu6-1 is methylated and not transcribed. In the Ler strain, 

Sadhu1-1 is methylated and not transcribed while Sadhu6-1 is hypomethylated and 

transcribed. Reciprocal intraspecific crosses between Col and Ler were conducted to 

assess which parental allele of Sadhu was transcribed in F1 individuals. Of importance, 

the silencing of the Col Sadhu6-1 allele can be reactivated in a met1-1 plant while the 

silent Ler Sadhu1-1 allele is transcribed in a ddm1-2 plant demonstrating that the 

silencing we observed is not due to an inactivating genetic mutation, but rather due to 

epigenetic regulation.  

We cloned cDNA fragments from four to five individual plants and genotyped 

over 215 Sadhu1-1 and 178 Sadhu6-1 clones, each representing a single reverse 

transcription (RT) PCR amplicon. From each hybrid individual analyzed, we determined 

that transcription occurred exclusively from one parent, as displayed in Table 2.8. Of 

these, all of the Sadhu1-1 transcripts originated from the Col allele and all of the 

Sadhu6-1 transcripts from the Ler allele. Despite being in the same nucleus in the 

hybrids, transcription from the epigenetically silenced alleles (i.e., Ler-derived Sadhu1-1 
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and Col-derived Sadhu6-1) was not detected. Given the number of clones analyzed, we 

predict that transcription even at a low level (~5% of the expressed allele) would have 

been detected. These results rule out the hypothesis that differential transcription of 

Sadhu1-1 and Sadhu6-1 alleles are controlled by a genetic factor acting in trans. 

Rather, the F1 hybrid data argue that transcription at the Sadhu elements is controlled in 

cis.  

Table 2.8. Analysis of Sadhu expression in F1 hybrids generated by reciprocal 
inter-strain crosses between Col and Ler.	   

 

To explore further the epigenetic regulation of Sadhu6-1 in transcriptional 

variation, we investigated the occurrence of smRNAs that could contribute to 

establishing and reinforcing differential epigenetic states. We identified a publically 

available smRNA dataset from Jixian Zhai to analyze smRNAs at Sadhu (Zhai, Liu et al. 

2008, Zhai, Zhao et al. 2013). We mapped the sequencing reads to both Sadhu1-1 and 

Sadhu6-1 for comparison (see Figure 2.7 and Figure 2.8). Although Sadhu1-1 is 

transcriptionally silenced in the Ler strain, there is no significant smRNA presence at the 

element. Directly upstream from the element is a hAT transposon, which is methylated 

in the Col strain and is likely a target of smRNA silencing. While reads map to the hAT 

sequence, neither the Col nor Ler datasets contain reads with high sequence similarity 

A F1 Col X Ler Col genotype Ler genotype  
 Sadhu1-1 101 0  
 Sadhu6-1 0 63  
     

B F1 Ler X Col Col genotype Ler genotype  
 Sadhu1-1 114 0  
 Sadhu6-1 0 115  



 

64	  

to Sadhu1-1. As displayed in Table 2.9, there are only two 24-nt reads that map 

uniquely to Sadhu1-1 from the Col genome and four reads map uniquely from the Ler 

genome, which includes one 23-nt and one 24-nt smRNA read. The number of reads 

mapping uniquely to the Sadhu1-1 locus is below the expected threshold of significance 

as determined by Zhai et al. (Zhai, Zhao et al. 2013).  

 

Figure 2.7. Sadhu1-1 smRNA sequencing reads. 
Sequencing	  reads	  originated	  from	  the	  Meyers	  lab	  at	  the	  University	  of	  Delaware	  and	  

were	  obtained	  from	  the	  MPSS	  browser	  (Zhai,	  Zhao	  et	  al.	  2013).	  A	  smRNA	  sequencing	  
dataset	  was	  made	  from	  either	  the	  Col	  and	  Ler	  genomes.	  These	  sequencing	  reads	  were	  
prepared,	  sorted	  and	  aligned	  to	  the	  Col	  reference	  genome	  by	  Susan	  Strickler	  Boyce	  
Thompson	  Institute	  (BTI).	  At	  the	  AT2G10410	  locus,	  no	  significant	  smRNA	  reads	  with	  
perfect	  sequence	  identity	  are	  present	  from	  either	  the	  Col	  genome	  or	  Ler	  genome.	  The	  
coding	  sequence	  for	  the	  Sadhu1-1	  element	  is	  shown	  in	  blue	  and	  the	  element	  is	  transcribed	  
from	  right	  to	  left.	  The	  upper	  tract	  represents	  smRNAs	  from	  the	  Col	  dataset	  while	  the	  
middle	  tract	  is	  from	  the	  Ler	  dataset.	  Reads	  with	  a	  mapping	  score	  of	  zero	  are	  indicated	  in	  
white.	  	  In	  this	  dataset,	  wild-‐type	  Col	  and	  Ler	  plants	  were	  analyzed	  and	  small	  sequencing	  
reads	  were	  aligned	  to	  the	  Col	  wild-‐type	  genome	  (TAIR10)	  (bottom	  tract).	  Aligned	  reads	  
were	  visualized	  in	  the	  Integrated	  Genomics	  Viewer	  (IGV).	  
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We analyzed the smRNA sequence reads at the Sadhu6-1 locus and the IGV 

alignments are displayed in Figure 2.8. As before, the upper tract represents Col reads, 

the middle tract is displaying the Ler smRNA reads, and the lower tract is the gene 

model which shows Sadhu6-1 transcribed in the left to right direction. There were nine 

24-nt smRNA reads mapping to Sadhu6-1 from the Col genome (see Table 2.8). 

Similarly, there were seven smRNA reads from the Ler genome mapping to Sadhu6-1 

and the length of the reads range from 18- to 32-nt. There is no evidence of similarity or 

overlap between the reads from the Col and Ler genomes within Sadhu6-1. Conversely, 

we observed 23- and 24-nt smRNA sequences in the intergenic region 200 bp upstream 

of Sadhu6-1 corresponding to two peaks. Bisulfite sequencing of Col and Ler reveals 

that this region is CHH methylated, suggesting that RNA-directed DNA methylation is 

active upstream of Sadhu6-1 but not within the element (Schmitz, Schultz et al. 2013). 

In summary, smRNA sequencing reads at Sadhu6-1 suggest a small difference 

between Col and Ler but is unlikely to account for the transcriptional variation between 

the strains.  
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Figure 2.8. Sadhu6-1 smRNA sequencing reads. 
Sequencing reads originated from the Meyers lab at the University of Delaware and 
were obtained from the MPSS browser (Zhai, Zhao et al. 2013). A smRNA sequencing 
dataset was made from either the Col and Ler genomes. These sequencing reads were 
prepared, sorted and aligned to the Col reference genome by Susan Strickler at the 
(BTI). At the AT3G02515 locus, smRNA reads are restricted to the region directly 
upstream of the element. Both the Col and Ler smRNAs are located in this region 
upstream of the transcriptional start site and are generally absent from the body of the 
TE.  The coding sequence for the Sadhu6-1 element is shown in blue and the element 
is transcribed from right to left. The upper tract represents smRNAs from the Col dataset 
while the middle tract is from the Ler dataset. Reads with a mapping score of zero are 
indicated in white.  In this dataset, wild-type Col and Ler plants were analyzed and small 
sequencing reads were aligned to the Col wild-type genome (TAIR10) (bottom tract). 
Aligned reads were visualized in the Integrated Genomics Viewer (IGV). 
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1Intergenic refers to 200 bp upstream of Sadhu6-1. 2Non-specific polyA sequences 
excluded.  

RECOMBINANT INBRED LINE MAPPING ANALYSIS  

The monoallelic transcription in F1 hybrids could be explained by cis-acting 

genetic variation either within the Sadhu element (model 1) or near the locus (model 2). 

Alternatively, transgenerational epigenetic inheritance could be responsible for the 

patterns of Sadhu expression observed in the F1 hybrids (model 3). Both model 1 and 3 

predict that the epigenetic state of the element will be inextricably linked to the locus in 

segregating material generated by a cross between Col and Ler parents. Model 2 

predicts that the controlling genetic variation can be separated from the locus by fine-

scale recombinational mapping. 

To characterize how closely the epigenetic state at the Sadhu element - in this 

case, cytosine methylation - is linked to the TE itself, we employed the use of 

established recombinant inbred (RI) lines (Lister and Dean 1993). The parents of the RI 

population were Col and Ler, and the plants we used were from the F8 generation. We 

analyzed the methylation state of Sadhu1-1 and Sadhu6-1 by McrBC-PCR in 

approximately 130 RI lines. As shown in Table 2.10, the Sadhu1-1 element in 62 

Table 2.9. Small RNA sequencing reads uniquely mapping to the Sadhu1-1 and 
Sadhu6-1 elements.  

 Sadhu1-1 Intergenic1 Sadhu6-1 

Col 
(length) 

2 reads 
(24-nt) 

22 reads 
(23- and 24-nt) 

9 reads2 
(24-nt) 

    
Ler 

(length) 
4 reads 

(16-, 20-, 23-, 24-nt) 
11 reads 

(23- and 24-nt) 
7 reads 

(18- to 32-nt) 



 

68	  

Col/Col lines was hypomethylated while this TE was methylated in 69 Ler/Ler lines. 

These observations indicate that the cytosine methylation state of the Sadhu1-1 

element is very tightly linked to the TE.   

Table 2.10. DNA Methylation state of Sadhu alleles in Col/Ler recombinant inbred 
lines (RILs). 

 

For the Sadhu6-1 locus, we identified 63 Col/Ler RI lines that were homozygous 

Col/Col and 73 lines that were homozygous Ler/Ler at this element by genotyping a 

polymorphism in AT3G02510, which is located about 2000 bp from Sadhu6-1. At the 

Sadhu6-1 element, all of the homozygous Col/Col lines were methylated and all Ler/Ler 

lines were hypomethylated. Thus, for both Sadhu elements investigated, we found 

cytosine methylation to be perfectly correlated with the genotype of the element. This 

result is consistent with our results from the F1 crossing experiment that indicated the 

epigenetic state of the locus is controlled in cis.  

Given that Sadhu1-1 is embedded in a heterochromatic region where meiotic 

recombination is expected to be extremely rare, fine-scale recombinational mapping will 

be unlikely to define a narrow physical window to distinguish among the models 

proposed above. Instead, we turned our attention to the Sadhu6-1 element, which is 

located in a euchromatic region, to define a minimal genetic window specifying the 

A Sadhu1-1 Col/Col Ler/Ler 
 Methylated 0 69 
 Not Methylated 62 0 
    

B Sadhu6-1 Col/Col Ler/Ler 
 Methylated 63 0 
 Not Methylated 0 73 
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epigenetic state at this locus. The molecular markers used in this analysis are shown in 

Figure 2.9. We genotyped CARBONIC ANHYDRASE 1 (CA1), a telomere-proximal 

marker, and identified 8 RI lines (out of 114 genotyped) that had a crossover between 

CA1 and Sadhu6-1, a region of approximately 330 kb. We subsequently genotyped a 

subset of the RI lines that contain crossovers in this region to delimit a smaller minimal 

genetic window controlling the epigenetic state at Sadhu6-1. Of the 8 strains with a 

recombination in this region, we identified a single crossover between Sadhu6-1 and a 

flanking marker positioned 50 kb from the element (towards the telomere). On the 

centromere-proximal side, we identified 4 out of 113 genotyped RI lines with a crossover 

in the ca. 500 kb region between Sadhu6-1 and GLYCERALDEHYDE-3-PHOSPHATE 

DEHYDROGENASE C SUBUNIT (GAPC) (see Figure 2.9 and Table 2.11). The genetic 

distance between the flanking markers CA1 and GAPC is ca. 4.2 cM and the total 

physical distance is 830 kb. On the centromere proximal side of Sadhu6-1, we 

genotyped the 4 strains with a recombination breakpoint in this window but were unable 

to narrow the minimum genetic window further. Based on our mapping analysis, we 

conclude that the minimum genetic window controlling Sadhu6-1 epigenetic state lies 

within 550 kb of the locus.  
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Figure 2.9.	  Mapping of Sadhu6-1 on chromosome 3. 
Illustration of chromosome 3 with the centromere (Cen) indicated by the arrow and the 
pericentric heterochromatin (P) shaded in black. Genetic map distances in centiMorgans 
(cM) (Lister and Dean 1993) are indicated beneath the gene name. The molecular 
markers B, C, and D were genotyped in a subset of RILs that had recombinational 
breakpoints in the CA1-GAPC interval. Eight breakpoints or “crossovers” were identified 
among 114 RILs and one breakpoint fell in the interval between marker B and Sadhu6-
1, thereby defining the telomere-proximal genetic boundary for Sadhu6-1 epigenetic 
state. In the centromere-proximal interval, none of the four breakpoints in the Sadhu6-1 
to GAPC interval were found in the region between Sadhu6-1 and marker D; 
consequently, GAPC remains the closest defined centromere-proximal boundary.  
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Table 2.11. Genotypes of recombinant inbred line for mapping chromosome 3 
near Sadhu6-1. 
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Name CA1 B RCC1 Sadhu6-1 
methylation C D GAPC 

CS4810 Col Col Col       Col 
CS4809 Col Col Col       Col 
CS4808           Col   
CS4807   Ler       Ler Ler 
CS4806 Ler Ler Ler       Ler 
CS4805     Col Methylated   Col Col 
CS4804   Het Het Hypomethylated Het Ler Ler 
CS4803   Col Col Methylated Col Col Col 
CS4802       Hypomethylated       
CS4801   Col Col Methylated Col Col Col 
CS4800 Ler Col Col Methylated       
CS4799 Col Col Col Methylated Col Col Col 
CS4798   Col Col Methylated       
CS4797 Col   Col Methylated   Col   
CS4796 Ler   Ler Hypomethylated   Ler   
CS4795 Ler   Ler Hypomethylated       
CS4794 Col Col Col Methylated   Col   
CS4793       Methylated   Col   
CS4792   Het Het Methylated   Col Col 
CS4791 Ler   Ler Hypomethylated   Ler   
CS4790 Col   Col Methylated     Col 
CS4789 Ler   Ler Hypomethylated     Ler 
CS4788 Ler   Ler Hypomethylated     Ler 
CS4787 Col   Col Methylated     Col 
CS4786     Col Methylated   Col   
CS4785 Col   Col Methylated     Col 
CS4784 Ler   Ler Hypomethylated     Ler 
CS4783       Hypomethylated   Ler   
CS4782               
CS4781     Col Methylated   Col   
CS4780               
CS4779               
CS4778 Col   Col Methylated     Col 
CS4777 Ler   Ler Hypomethylated     Ler 
CS4776 Ler   Ler Hypomethylated     Ler 
CS4775 Ler   Ler Hypomethylated     Ler 
CS4774 Ler   Ler Hypomethylated     Ler 
CS4773 Ler   Ler Hypomethylated     Ler 
CS4772 Ler   Ler Hypomethylated     Ler 
CS4771 Ler     Hypomethylated   Ler   
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Table 2.11 (Continued)      

Name CA1 B RCC1 Sadhu6-1 
methylation C D GAPC 

CS4770 Ler   Ler Hypomethylated     Ler 
CS4769 Ler   Ler Hypomethylated     Ler 
CS4768 Col   Col Methylated     Col 
CS4767 Ler   Ler Hypomethylated     Ler 
CS4766 Col   Col Methylated     Col 
CS4765 Col     Methylated   Col   
CS4764 Ler     Hypomethylated     Ler 
CS4763 Col   Col Methylated     Col 
CS4762 Ler   Ler Hypomethylated     Ler 
CS4761 Ler   Ler Hypomethylated     Ler 
CS4760 Ler   Ler Hypomethylated     Ler 
CS4759 Ler   Ler Hypomethylated     Ler 
CS4758 Ler   Ler Hypomethylated     Ler 
CS4757 Ler   Ler Hypomethylated     Ler 
CS4756     Ler       Ler 
CS4755 Ler Ler Col Methylated Col Col Col 
CS4754 Col           Col 
CS4753 Col   Col Methylated     Col 
CS4752 Col   Col Methylated     Col 
CS4751 Col   Col Methylated     Col 
CS4750 Col Col Col Methylated Col Col Col 
CS4749 Ler Col Col Methylated Col Col Col 
CS4748 Ler   Ler Hypomethylated     Ler 
CS4747 Ler   Ler Hypomethylated     Ler 
CS4746 Ler   Ler Hypomethylated     Ler 
CS4745 Ler   Ler Hypomethylated     Ler 
CS4744 Col   Col Methylated     Col 
CS4743 Ler   Ler Hypomethylated     Ler 
CS4742 Col   Col Methylated     Col 
CS4741 Col   Col Methylated     Col 
CS4740 Ler   Ler Hypomethylated       
CS4739 Col Het Col Methylated Col   Col 
CS4739 Col Het Col Methylated Col   Col 
CS4738     Ler Hypomethylated     Ler 
CS4737 Col Ler Ler Hypomethylated Ler Ler Ler 
CS4736 Col   Col Methylated   Col   
CS4735 Col   Col Methylated   Col   
CS4734     Col Methylated     Col 
CS4733 Ler   Ler Hypomethylated     Ler 
CS4732 Ler   Ler Hypomethylated       
CS4731 Col   Col Methylated   Col   
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Table 2.11 (Continued)      

Name CA1 B RCC1 Sadhu6-1 
methylation C D GAPC 

CS4730 Ler   Ler Hypomethylated     Ler 
CS4729       Methylated   Col Col 
CS4729     Col Methylated     Col 
CS4728 Ler   Ler Hypomethylated       
CS4727     Col Methylated     Col 
CS4726     Ler Hypomethylated     Ler 
CS4725     Ler Hypomethylated       
CS4724   Col Col Methylated   Col Col 
CS4724 Col   Col Methylated     Col 
CS4723 Ler   Ler Hypomethylated     Ler 
CS4722     Ler Hypomethylated       
CS4721     Ler Hypomethylated     Ler 
CS4720     Ler Hypomethylated     Ler 
CS4719 Col   Col Methylated     Col 
CS4718 Col   Col Methylated     Col 
CS4717 Ler   Ler Hypomethylated     Ler 
CS4716 Ler   Ler Hypomethylated       
CS4715       Hypomethylated       
CS4714     Ler Hypomethylated     Ler 
CS4713     Col       Col 
CS4713   Col Col Methylated       
CS4712     Col Methylated       
CS4711 Col   Col Methylated     Col 
CS4711               
CS4710 Ler   Ler Hypomethylated     Ler 
CS4709 Col   Col Methylated     Col 
CS4708 Ler   Ler       Ler 
CS4707 Col Col Col Methylated  Col Col Ler 
CS4707   Col   Methylated   Col Ler 
CS4706 Col   Col Methylated     Col 
CS4705 Ler   Ler Hypomethylated     Ler 
CS4704 Col   Col Methylated     Col 
CS4703             Col 
CS4702 Col   Col Methylated     Col 
CS4701 Col   Col Methylated     Col 
CS4700 Col   Col       Col 
CS4699     Ler         
CS4698     Ler Hypomethylated     Ler 
CS4697 Ler   Ler Hypomethylated     Ler 
CS4696 Ler     Hypomethylated     Ler 
CS4695               
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Table 2.11 (Continued)      

Name CA1 B RCC1 Sadhu6-1 
methylation C D GAPC 

CS4694 Ler   Ler Hypomethylated     Ler 
CS4693 Col   Col Methylated     Col 
CS4692 Col   Col Methylated     Col 
CS4691 Ler   Ler Hypomethylated     Ler 
CS4690   Col   Methylated   Col Col 
CS4690 Col   Col Methylated     Col 
CS4689 Ler Ler Ler Hypomethylated Ler Ler Col 
CS4688 Col   Col       Col 
CS4687 Ler   Ler Hypomethylated     Ler 
CS4686               
CS4685               
CS4684       Hypomethylated   Ler   
CS4683 Ler Col Col Methylated Col Col Col 
CS4682               
CS4681               
CS4680 Col     Methylated     Col 
CS4679 Col     Methylated     Col 
CS4678               
CS4677               
CS4676 Ler   Ler       Ler 
CS4675 Ler     Hypomethylated     Ler 
CS4674               
CS4673 Ler   Ler Hypomethylated     Ler 
CS4672 Ler   Ler Hypomethylated     Ler 
CS4671 Ler   Ler Hypomethylated     Ler 
CS4670 Ler   Ler Hypomethylated     Ler 
CS4669 Ler   Ler       Ler 
CS4668 Ler   Ler Hypomethylated Ler   Ler 
CS4667 Col   Col Methylated     Col 
CS4666 Col   Col Methylated     Col 
CS4665 Ler   Ler Hypomethylated     Ler 
CS4664 Ler   Ler Hypomethylated     Ler 
CS4663 Ler   Ler Hypomethylated Ler   Col 
CS4662 Col   Col Methylated     Col 
CS4661 Ler   Ler Hypomethylated     Ler 
CS4660 Ler   Ler Hypomethylated     Ler 
CS4659 Col Ler Ler Hypomethylated No DNA Ler Ler 
CS4658 Ler   Het C/L     Het 
CS4657 Col   Col       Col 
CS4656 Col   Col       Col 
CS4655 Col   Col   Col   Col 
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Table 2.11 (Continued)      

Name CA1 B RCC1 Sadhu6-1 
methylation C D GAPC 

CS1999               
CS1998 Col             
CS1997 Col             
CS1996 Col   Col Methylated       
CS1995 Ler             
CS1994 Ler             
CS1993 Col             
CS1992 Ler             
CS1991 Ler             
CS1990 Col           Col 
CS1989 Ler           Ler 
CS1988 Col   Col Methylated       
CS1987 Ler             
CS1986 Ler     Hypomethylated       
CS1985 Ler   Ler Hypomethylated     Ler 
CS1984 Col   Col         
CS1983 Col             
CS1982 Ler             
CS1981 Col             
CS1980 Ler             
CS1979 Col             
CS1978 Ler Col Col Methylated     Col 
CS1977 Ler           Ler 
CS1976 Col           Col 
CS1975 Col Col Col Methylated     Col 
CS1974 Col Ler Ler Hypomethylated Ler   Ler 
CS1973 Ler     Hypomethylated       
CS1972 Col             
CS1971 Ler Ler Ler Hypomethylated     Ler 
CS1970 Col     Methylated     Col 
CS1969 Ler   Ler Hypomethylated     Ler 
CS1968 Col           Col 
CS1967 Col             
CS1966 Ler           Ler 
CS1965 Col             
CS1964 Ler             
CS1963 Col   Col Methylated     Col 
CS1962 Col             
CS1961 Col             
CS1960 Col Col Col Methylated     Col 
CS1959 Ler           Ler 
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Table 2.11 (Continued)      

Name CA1 B RCC1 Sadhu6-1 
methylation C D GAPC 

CS1958 Col             
CS1957 Ler Ler Ler Hypomethylated     Ler 
CS1956 Col             
CS1955 Col             
CS1954 Ler Ler Ler Hypomethylated     Ler 
CS1953 Col           Col 
CS1952 Ler           Col 
CS1951 Ler Ler Ler Hypomethylated     Ler 
CS1950 Col             
CS1949 Ler             
CS1948 Col Col Col Methylated Col Col Ler 
CS1947 Ler           Ler 
CS1946 Ler Ler Ler Hypomethylated     Ler 
CS1945 Col             
CS1944 Ler             
CS1943 Ler             
CS1942 Ler             
CS1941 Ler   Ler Hypomethylated     Ler 
CS1940 Col             
CS1939 Col           Col 
CS1938 Ler           Ler 
CS1937 Col           Col 
CS1936 Ler           Ler 
CS1935 Ler           Ler 
CS1934 Col           Col 
CS1933 Ler   Ler Hypomethylated     Ler 
CS1932 Ler Ler Ler Hypomethylated     Ler 
CS1931 Col             
CS1930 Ler           Ler 
CS1929 Col   Col Methylated   Col   
CS1928 Ler           Ler 
CS1927 Col           Col 
CS1926 Ler             
CS1925 Ler           Ler 
CS1924 Col           Col 
CS1923 Col           Col 
CS1922 Ler           Ler 
CS1921 Col           Col 
CS1920 Ler             
CS1919 Ler             
CS1918 Col           Col 
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Table 2.11 (Continued)      

Name CA1 B RCC1 Sadhu6-1 
methylation C D GAPC 

CS1917 Col           Col 
CS1916 Ler Ler Ler       Ler 
CS1915 Ler           Ler 
CS1914 Ler           Ler 
CS1913 Col           Col 
CS1912 Col           Col 
CS1911   Col Col Methylated  Col Col Col 
CS1910 Ler   Ler Hypomethylated     Ler 
CS1909 Col           Col 
CS1908 Col           Col 
CS1907 Ler             
CS1906               
CS1905 Ler             
CS1904 Col           Col 
CS1903 Col           Col 
CS1901 Col           Col 
CS1900 Ler Ler Ler       Ler 
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TESTING THE ASSOCIATION OF GENETIC AND EPIGENETIC VARIATION USING 
HAPLOTYPE ANALYSIS 

Having demonstrated that the control of epigenetic state at both Sadhu1-1 and 

Sadhu6-1 are tightly linked to the TEs, we turned to haplotype analysis (Templeton, 

Crandall et al. 1992) to determine whether particular genetic variants within the locus 

were associated with epigenetic state (model 1), or whether epigenetic variation was 

independent of particular SNPs at the locus – a result that would support the epigenetic 

variation and inheritance (model 3). We built haplotype networks using nucleotide 

sequences from both the public GEB resource and our selected resequencing. The 

Sadhu1-1 haplotype network shown in Figure 2.10 contains the 23 strains analyzed 

previously (see Figure 2.2 and Table 2.3), including 20 type I, 2 type III, and one type IV 

element. A single haplotype on this network contains both the type I Kro-0 (methylated 

and not transcribed) and type III Col (hypomethylated and transcribed) strains: the DNA 

sequence of Sadhu1-1 in these strains is identical but is found in two alternative 

epigenetic states. 
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Figure 2.10. Haplotype analysis of Sadhu1-1 with epigenetic state in 23 strains. 
The network was constructed with 23 commonly used laboratory strains containing a 
full-length version of Sadhu1-1. White haplotypes indicate hypomethylated and 
transcribed alleles; black haplotypes indicate methylated and not transcribed alleles; 
stripes indicate methylated and transcribed alleles. The source of the nucleotide 
sequence is the GEB from nucleotide positions 1 to 938 (strains range from bp 924 to 
937 bp in total length), including both the left and right TSD. Ambiguous nucleotides 
(e.g., “R”) were removed from the sequence. Missing bases were treated as deletions 
and included in the analysis. The size of each haplotype is proportional to the number of 
strains included within the sequence. The pair-wise identity of strains included in this 
network is 98.4% with 870 identical sites.  

	  



 

81	  

The Sadhu6-1 haplotype network displayed in Figure 2.11 contains the 23 strains 

analyzed previously categorized as 17 type I, 4 type III, and a 2 type IV elements (Table 

2.4 and Figure 2.4). On the Sadhu6-1 network, two haplotypes contain both type I and 

type III strains: 1) Weiningen and Ler, and 2) Pu2-7 and Poppelsdorf. A third mixed 

haplotype contains three types: I (Rubeznhoe) + III (Kondara)+ IV (Karakol). These 

findings indicate that genetic variation within the sequenced region cannot solely explain 

the observed epigenetic variation. 
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Figure 2.11. Haplotype analysis of Sadhu6-1 with epigenetic state in 24 strains. 
The network was constructed with 24 commonly used laboratory strains containing a 
full-length version of Sadhu6-1. Haplotypes are labeled as described in Figure 4. The 
source of the nucleotide sequence is the GEB and selective resequencing of the 3’ 
polymorphic region to include a total of 932 bp (strains range from 821 to 932 bp in total 
length). Differences in the length of the poly(A) region were ignored and not included on 
this network. Missing bases were treated as deletions and included in the analysis. The 
pair-wise identity of the strains is 98.6% with 860 identical sites.  
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DISCUSSION 

We analyzed the genetic variation between natural accessions of A. thaliana at 

two non-LTR retroposons: the heterochromatic Sadhu1-1 and euchromatic Sadhu6-1 

(see Figure 2.1 and Figure 2.3). Our results indicate that Sadhu1-1 and Sadhu6-1 have 

similar patterns of intraspecific genetic variation. For example, among the strains 

analyzed, the presence and absence variation of the two elements examined is 

comparable and the vast majority of strains (93-94%) contain a full-length version of 

each element (see 
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Table 2.1). Although Sadhu1-1 and Sadhu6-1 share less than 50% sequence identity, 

the intraspecific variation for each element is very low (alleles share greater than 97% 

identity). We investigated the specific patterns of nucleotide variation and most 

frequently observed G to A and C to T sequence polymorphisms (Table 2.3 and Table 

2.4). This pattern of sequence variation is very common in eukaryotic genomes with 

cytosine methylation and it is likely that deamination of 5-methylcytosine to thymine is a 

driver of genetic variation at Sadhu elements (Rideout, Coetzee et al. 1990, Cao, 

Schneeberger et al. 2011).  

One caveat of a direct comparison of intraspecific variation in Sadhu1-1 and 

Sadhu6-1 is the assumption that the elements are of a comparable age within the 

genome. The relative age of the elements can be gleaned by the presence of “empty 

site” alleles for both Sadhu elements. This observation suggests that the common 

ancestor of the thaliana strains contained neither the Sadhu1-1 nor Sadhu6-1 insertion. 

Therefore, the intraspecific variation at the elements has accumulated since the 

expansion of A. thaliana from refugia after the last ice age (François, Blum et al. 2008). 

For both Sadhu1-1 and Sadhu6-1, calculations of the Watterson estimator (theta) and 

Tajima’s D, displayed in Table 2.12, indicate an excess of rare polymorphisms, 

consistent with values found at other loci in A. thaliana and possibly tied to demographic 

expansion (Watterson 1975, Tajima 1989, Schmid, Davison et al. 2005). The number of 

segregating sites at Sadhu1-1 is higher than Sadhu6-1, which is consistent with the 

findings of others who observed more genetic variation at transposons located farther 
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away from genes (like Sadhu1-1) compared to elements near protein coding genes (like 

Sadhu6-1) (Wang, Weigel et al. 2013). 

Table 2.12. Tajima’s D values for Sadhu1-1 and Sadhu6-1 sequences.  

 Sadhu1-1 Sadhu1-1 Sadhu6-1 Sadhu6-1 

Number of strains1 23 786 20  729 

Length of sequence  913 bp 735 bp 889 bp 812 bp 

Number of  
segregating sites3 43 221 26 151 

Average nucleotide differences 10.2 7.1 6.4 6.2 

Tajima’s D -0.64 -2.32 -0.48 -2.08 

p-value NS2 0.031* NS2 0.046* 

Theta  
 (Watterson estimator) 12.19 34.37 7.32 21.90 

1Strains with incomplete sequencing across the polyA region were excluded from the 
analysis. The smaller dataset is the subset analyzed in the haplotypes. 2Not significant 
(NS). The null hypothesis of neutrality cannot be rejected. 3Sites with an insertion or 
deletion were excluded from the analysis. 4An estimation of population mutation rate. *p-
value is significant (0.01<p<0.05). Statistical analysis by Christopher Wallin (Cornell 
University) is described on the following page (Tajima 1989).  
 

Despite the low degree of intraspecific genetic variation for each Sadhu element, 

there is a high degree of epigenetic variation among thaliana strains. We surveyed the 

epigenetic state of Sadhu1-1 and Sadhu6-1 in about 100 natural strains of A. thaliana. 

As displayed in Table 2.5, most of the strains analyzed are methylated and not 

transcribed (type I), reflecting what is likely to be default epigenetic state for TE alleles. 

However, about 7.0% of strains containing Sadhu1-1 are type III and express this 



 

87	  

element, which is embedded in heterochromatin. For the euchromatic Sadhu6-1 

element, the frequency of expressed transposon alleles is even higher at 13.4%.  

We considered three possible models for the high frequency with which 

epigenetic silencing at these TEs is lost among natural strains of A. thaliana. Among the 

possible explanations, a genetic mutation could affect the epigenetic state of the TE in 

cis or alternatively, in trans. A third explanation could involve the establishment of an 

epimutation, a stochastic loss of DNA methylation, leading to an alternative but inherited 

epigenetic state of the TE. To determine the source, in cis or in trans, of epigenetic 

variation at Sadhu elements, we conducted a genetic cross to analyze the resultant F1 

hybrids between two strains with complementary variation in transcription of Sadhu1-1 

and Sadhu6-1. In reciprocal crosses between the Col and Ler strains, the silent alleles 

of Sadhu1-1 or Sadhu6-1 were not transcriptionally activated in the F1 generation. 

Therefore, the epigenetic state at these Sadhu elements is controlled in cis, and not 

enforced in the F1 by trans-acting factors, such as transcription factors or smRNAs.  

To differentiate further the source of epigenetic regulation, we surveyed more 

than 130 Col/Ler recombinant inbred (RI) lines to test the correlation between the 

genotype of the locus and the epigenetic state. We found that there is an absolute 

correlation between the genotype of the locus and the presence (or absence) of DNA 

methylation for both heterochromatic Sadhu1-1 and euchromatic Sadhu6-1. The 

correspondence between genotype and epigenetic state argues that if a genetic variant 

is controlling the epigenetic state of the locus, it must be located within or very close to 

the TE.  
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We expected that recombination would be suppressed in the pericentric region 

containing Sadhu1-1; therefore, we focused on delimiting the minimal genetic window 

associated with the epigenetic state of Sadhu6-1. We identified a recombination in 13 of 

the 167 RI lines genotyped across the region that encompasses Sadhu6-1 on 

chromosome 3 (Table 2.11). Based on the identified recombination breakpoints, any 

possible genetic variation controlling the epigenetic state of Sadhu6-1 will lie within this 

mapping window (Figure 2.9). These data are also consistent with model 3, that the 

epigenetic state of locus is inherited with the underlying genotype of the element.  

To distinguish between models 2 and 3, we employed haplotype analysis to 

evaluate how genetic sequence variation is associated with epigenetic state 

(Templeton, Crandall et al. 1992). For both elements, Sadhu1-1 and Sadhu6-1, we 

demonstrated that multiple epigenetic states exist within a single haplotype. These data 

demonstrate that no genetic polymorphisms within the locus are strictly correlated with 

epigenetic state. Further, we would expect to see an association between specific 

haplotypes and epigenetic state if a causal polymorphism controlling epigenetic state of 

the TE was located within a few kb from the locus, as linkage disequilibrium in A. 

thaliana extends over 3-5 kb (Kim, Plagnol et al. 2007) to 250 kb (approximately 1 cM) 

(Nordborg, Borevitz et al. 2002, Cao, Schneeberger et al. 2011). There is little 

precedence for long distance cis-acting control of epigenetic state in Arabidopsis, and 

the variably silenced Sadhu6-1 element is flanked by two highly expressed genes, both 

of which lie within 1 kb of the TE that would likely be affected by any long-range cis-

acting element, such as a silencer (Grewal and Moazed 2003, Hollister and Gaut 2009, 
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Ahmed, Sarazin et al. 2011, Hollister, Smith et al. 2011, Eichten, Ellis et al. 2012). 

Consequently, our data are most consistent with inheritance of pure epigenetic variation 

that arose independent of specific genetic changes (Richards 2006, Paszkowski and 

Grossniklaus 2011, Schmitz, Schultz et al. 2011, Becker and Weigel 2012, Schmitz and 

Ecker 2012, Oey and Whitelaw 2014). However, we cannot rule out the possibility that 

an inciting trans-acting genetic variant may have played a role in creating Sadhu 

epigenetic variation. In such a ‘hit and run’ model, the initiating genetic variation would 

need to be segregated away from the responding Sadhu loci, a situation that is less 

likely in a self-pollinating species (Moazed 2001, Bustamante, Nielsen et al. 2002, Para, 

Li et al. 2014, Spivakov 2014).  

If genetic variation is unlikely to account for differences in epigenetic state of 

Sadhu elements, what mechanisms might be responsible? One possible source is 

variation in smRNA-mediated silencing. Why transcription of Sadhu6-1 would be 

permitted in one strain over the other is still not well understood. In order to address why 

transcription might vary between strains, we characterized smRNA reads at the 

Sadhu1-1 element but we observed nearly no unique smRNAs that mapped to the 

locus. As with the Sadhu6-1 element, the differences in transcription of Sadhu1-1 

cannot easily be explained by differences in RdDM. One explanation is that the number 

of siRNA reads is below a functional threshold; the presence of more than three reads 

per 300 bp has been previously used as a filter for identifying regions of with significant 

siRNA hits (Zhai, Liu et al. 2008). In the Col strain, smRNAs matching the expressed 

Sadhu1-1 element are absent; however, we observed 23 and 24 nt smRNAs with high, 



 

90	  

but not perfect sequence similarity to the silenced Sadhu6-1 element (Schmitz and 

Ecker 2012, Schmitz, He et al. 2013). These siRNAs may be associated with RdDM of 

CHH sites near the transcriptional start site at Sadhu6-1; however, the lack of silencing 

in F1 (Col X Ler and Ler X Col) plants suggests that these smRNA species are 

insufficient to initiate silencing of the locus. This result is consistent with our previous 

findings that mutations in the siRNA pathway (nrpd2 and dcl3) are insufficient to 

reactivate the silenced Col allele of Sadhu6-1 (Rangwala and Richards 2007). Rather in 

the Col genome, DNA methylation through the MET1 pathway is required for silencing 

(Tonti-Filippini 2008, Shook and Richards 2014). The presence of the Sadhu6-1 smRNA 

species are likely to be a consequence of cytosine methylation at the locus, a model 

supported by the absence of smRNA sequences at Sadhu6-1 in Col met1 mutants 

(Tonti-Filippini 2008). In any case, these smRNAs are insufficient to induce 

transcriptional silencing in trans. 

Our findings leave stochastic epimutation, the gain or loss of DNA methylation, 

as the most likely source of epigenetic variation at natural Sadhu alleles. Most Sadhu 

natural alleles are modified heavily with cytosine methylation, arguing that the ancestral 

or default epigenetic state of these alleles is silent. In that case, epigenetic variation 

through epimutation would involve a failure to maintain cytosine methylation at the 

locus. In the absence of abundant smRNAs that match the locus with high identity, 

failures in MET1-mediated maintenance methylation cannot be repaired efficiently 

(Teixeira, Heredia et al. 2009).  
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Regardless of the mechanisms that underlie the genesis of natural epigenetic 

variation, what might be the consequences of this variation? Deregulation of Sadhu 

elements could lead to transposition of the elements, causing genetic mutations and 

genomic instability.  However, there is no indication that Sadhu transposition rates are 

high in strains that express Sadhu transcripts. Since Sadhu elements are non-

autonomous and low in copy number, we might expect a relaxed selection pressure to 

suppress transcription of these elements, allowing for the establishment of new 

epialleles. Through transcriptional read-through, Sadhu epialleles may become co-opted 

by the genome and may act as novel promoters of genes residing near an element 

(Lisch 2009). Differentially methylated Sadhu elements may also be candidates for 

imprinting, as among the natural strains a bimodal distribution of methylated and 

hypomethylated TE alleles is often associated with an imprinted locus (Pignatta, 

Erdmann et al. 2014). It is also possible that Sadhu transcripts could exert an effect as a 

long, non-coding RNA (lncRNA), which have been implicated in recombination, 

chromosomal segregation, and the recruitment of other factors to the chromosome 

(Bergmann and Spector 2014). Even if non-functional, the Sadhu elements are a part of 

the Arabidopsis genome and understanding these elements is provides further insight 

into the natural epigenetic variation of this species.  
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MATERIALS AND METHODS 

PLANT MATERIALS  

The Arabidopsis natural accessions and the Col/Ler recombinant inbred lines 

were obtained from the Arabidopsis Biological Resource Center (ABRC) at The Ohio 

State University. Seed stock numbers for natural accessions are listed in Table 2.2. 

Plants were grown in controlled environment chambers under standard growth 

conditions with 16 hr light per day at 22 degrees C. The reciprocal crosses between Col 

and Ler strains were conducted with emasculated, immature flower buds and mature 

pollen was applied from the male donor.  

NUCLEIC ACID MANIPULATION 

Nucleic acids were extracted from young plants, 2-3 weeks old, to purify DNA or 

RNA. For DNA purification, urea lysis buffer was used to homogenize tissue and 

phenol:chloroform to extract the nucleic acid. For natural accessions, tissue was pooled 

from approximately 4 individuals. 

As previously described, a BstBI (New England Biolabs) cleaved amplified 

polymorphic sequence (CAPS) was used to distinguish Col and Ler alleles of Sadhu1-1 

with primers 118 and 151 (Rangwala, Elumalai et al. 2006). A closely linked 

polymorphism in RCC1, near Sadhu6-1, was used to genotype Col and Ler alleles by 

SmlI (New England Biolabs) CAPS with primers 312 and 314. Alleles from other natural 

strains were genotyped by sequencing Sadhu6-1 with primers 134 and 135.  
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RNA was purified from young rosette tissues homogenized in TRIzol (Qiagen) 

according to the protocol. RNA was reverse transcribed using SuperScript III Reverse 

Transcriptase (Invitrogen) and the oligo(d)T primer, according to the protocol.  

The McrBC assay was used to determine the presence or absence of DNA 

methylation at either Sadhu1-1 or Sadhu6-1; Cyclo was used as an internal control, as 

previously described (Rangwala, Elumalai et al. 2006). Genomic DNA was incubated at 

37 degrees with McrBC (New England Biolabs) in the presence of GTP and BSA.  

Table 2.13. Primers used in this study. 

CLONING 

TOP 10 chemically competent cells were transformed with the TOPO vector 

containing the Sadhu RT-PCR product amplified with either 118+151 or 134+135. 

Colonies were grown on LB agar plates in the presence of X-gal. Successfully 

transformed colonies were selected to genotype the Sadhu allele by CAPS or direct 

sequencing the plasmid using the M13 R and F primers supplied with the TOP10 cells.  

TAIR10 ID Gene Primer Oligo Sequence 
AT2G10410 Sadhu1-1 118 5’-CCGCCTCTGTAAGGAGCTTC-3’ 
AT2G10410 Sadhu1-1 151 5’-GGAAAAGGGAGAACCGCCAC-3’ 
AT3G02515 Sadhu6-1 134 5’-GGAAGGCACAATCGTTGCTTTGG-3’ 
AT3G02515 Sadhu6-1 135 5’-CCCAAACCGGTACAGATCCGAAATC-3’ 
AT3G02515 Sadhu6-1 287 ACCGTCCAGTGTATCGGATTGCTT 
AT3G02515 Sadhu6-1 291 5’-ATTGAGCCTTTCTGATGATGCGCC-3’ 
AT3G02510 RCC1 312 5’-GCTCCGTTGTCTCTGGTAGC-3’ 
AT3G02510 RCC1 314 5’-TTCAGGCGGAGGAATCTTTA-3’ 
AT4G38740 CYCLO 114 5’-CGATAAGACTCCCAGGACTGCCGAGAA-3’ 
AT4G38740 CYCLO 115 5’-TCGGCTTTCCAGATGATGATCCAACCT-3’ 

pCR II-TOPO  M13R 372 5’-CAGGAAACAGCTATGAC-3’ 
pCR II-TOPO  M13 F 373 5’-GTAAAACGACGGCCAG-3’ 
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BIOINFORMATICS / DNA SEQUENCES FOR HAPLOTYPE NETWORK 
CONSTRUCTION 

Sequences for Sadhu1-1 and Sadhu6-1 in each accession were obtained from 

the 1001 Genomes Project (TAIR10) (http://signal.salk.edu/atg1001/3.0/gebrowser.php) 

in November 2014 (Schmitz, Schultz et al. 2013). For the construction of haplotype 

networks, the sequences for each Sadhu element were aligned using Geneious 

software and exported in NEXUS format. The NEXUS files were converted into Nexus 

Sequential 

(http://www.hiv.lanl.gov/content/sequence/FORMAT_CONVERSION/form.html) and 

assembled using TCS (http://darwin.uvigo.es/software/tcs.html), a software package 

based on Statistical Parsimony, with the parameters set at 95% connection limit and 

gaps were treated as missing data (Clement, Posada et al. 2000). Each step in the 

network represents a single nucleotide polymorphism. The networks were modified in 

Adobe Illustrator without distorting the distances between haplotypes.  

Two small RNA sequencing datasets and GSM1178880 (Col) GSM1178874 (Ler) 

were downloaded from the Gene Expression Omnibus from NCBI 

(http://www.ncbi.nlm.nih.gov/geo/) and were generated in Blake Meyers’ lab at the 

University of Delaware working in conjunction with the Delaware Biotechnology Institute. 

Starting with the raw files, sequences were trimmed and aligned to the Col reference 

genome (TAIR10). Sequencing reads were visualized in the Integrative Genome Viewer 

(IGV) https://www.broadinstitute.org/igv/.  
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CHAPTER 3 INTRASTRAIN VARIATION AND STABILITY OF SADHU 
EPIALLELES 

INTRODUCTION 

Barbara McClintock described transposable elements (TEs) as “controlling 

elements” within genomes suspended in a state of temporary silence (McClintock 1984). 

In cases of genomic stress, transposons can become derepressed and actively 

transpose resulting in mutations and novel genetic variation, as well as phenotypic 

effects. We now understand that TEs are targets of epigenetic silencing. In flowering 

plants, typified by Arabidopsis thaliana, transposons are associated with the presence 

of DNA methylation (Lippman, Gendrel et al. 2004, Zilberman, Gehring et al. 2007, 

Cokus, Feng et al. 2008). DNA methylation is regulated by several enzymes, including 

the Dnmt1-class METHYLTRANSFEREASE 1 (MET1) and the ATPase chromatin 

remodeler DECREASE IN DNA METHYLATION 1 (DDM1). In ddm1 plants, DNA 

methylation is reduced by about 70% and many transposons become hypomethylated 

(Vongs, Kakutani et al. 1993, Miura, Yonebayashi et al. 2001, Lippman, Gendrel et al. 

2004, Zemach, Kim et al. 2013).  

Two groups have utilized ddm1 and met1 plants to create epigenetic recombinant 

inbred lines (epiRILs) to study the impact of epigenetic variability in the absence of 

genetic variation (Johannes, Porcher et al. 2009, Reinders, Wulff et al. 2009). These 

epiRILs are genetically identical and in principle, differ only in the presence of epigenetic 

alleles inherited from the parental genomes. The studies identified derivatives that 

carried chromosomal blocks with distinct DNA methylation content, underscoring that 

DNA methylation patterns can be inherited as true epialleles, independent of the 
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underlying genetic sequence. Johannes et al. measured two complex traits, flowering 

time and plant size, and observed a wide range of phenotypic variation among epiRILs, 

suggesting that epigenetic variation can control important agronomic traits. This result 

that harkens back to McClintock’s theory that genomes contain controlling elements that 

may be masked due to epigenetic silencing, but can be revived under certain conditions 

(McClintock 1984, Rutherford and Henikoff 2003, Jablonka and Lamb 2008).  

In chapter 2, we examined epigenomic variation at two Sadhu family retroposons, 

focusing on interstrain variation at Sadhu1-1 and Sadhu6-1. These two elements are 

genetically diverged and are independently regulated within the genome. While 

epigenetic silencing of Sadhu1-1 and Sadhu6-1 is the norm, many strains carry 

transcriptionally active Sadhu epialleles. By analyzing interstrain genetic variation, we 

showed that the hypomethylated elements are not restricted to a particular genetic 

haplotype and represent pure epialleles.  

Here, we analyze intrastrain epigenetic variation at these two Sadhu elements. 

First, we examine the transcription of Sadhu1-1 and Sadhu6-1 in multiple accessions of 

Landsberg. Second, we describe an analysis of ddm1 hypomethylated epialleles at the 

Sadhu1-1 element and we measure the relative transcription of the hypomethylated Ler 

epiallele across multiple generations. We conclude that in some cases, transcriptional 

regulation at Sadhu6-1 can be variable within closely related inbred lines. We also show 

that different epigenetic states may be adopted and stably maintained at genetically 

identical alleles of Sadhu1-1.   
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RESULTS 

STABILITY OF SADHU EXPRESSION IN NATURAL ACCESSIONS  

As discussed in Chapter 2, expression of Sadhu elements is variable between 

natural strains. In this chapter, we investigate whether expression of these elements is 

variable within a strain. The rationale behind this study is to determine if recently 

diverged strains that are genetically related exhibit epigenetic variation at Sadhu 

retroposon loci. For this study, we obtained several accessions of common laboratory 

strains in the Landsberg (La) and Landsberg erecta (Ler) backgrounds, as well as 

Columbia (Col) (see Table 3.1). The strains were obtained from the germplasm 

collection at the Ohio State University. Some of the Col strains were originally obtained 

from the Lehle seed company while others have been maintained in research 

laboratories. The origin of the Landsberg (La) strain is Landsberg, Germany. Landsberg 

erecta (Ler) plants were derived from the natural population and carry a mutation in the 

erecta gene, which confers a compact, vertical inflorescence stem (Rédei 1962, Torii, 

Mitsukawa et al. 1996).  In total, we obtained seven accessions of Col, seven 

accessions of La, and 15 accessions of Ler. 
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Table 3.1. Columbia and Landsberg accessions and seed stock numbers. 

 

We analyzed transcription of Sadhu1-1 and Sadhu6-1 in these accessions to 

determine if there were intra-strain transcriptional differences. We observed no 

significant variation in the expression of Sadhu1-1 in any of the accessions. All of the 

Col strains showed high levels of transcription at Sadhu1-1, indicating that transcription 

of the Sadhu1-1 element within the Col background is stable. In the La and Ler 

accessions, Sadhu1-1 was always silenced. At the Sadhu6-1 locus, we also observed 

silencing in all examined Col accessions. However, we observed transcriptional 

variation among the Landsberg strains.   

As displayed in Figure 3.1, we analyzed transcription of Sadhu6-1 by RT-qPCR 

to quantify the amount of transcriptional variation between strains of Landsberg. We 

tested transcription from four La strains and eight Ler strains. As shown in Figure 2, 

transcription of the Sadhu6-1 element varied between the Landsberg strains. We 

observed transcription from 10 of the 12 strains, which was normalized to the 

housekeeping gene, cyclophilin (CYCLO). We set Ler-1 (CS20) to a value of one and 

Col La Ler Ler  

CS1093 Col CS1298 La-0 CS28445 Ler-0 CS1642 Ler-1 
CS6673 Col CS1299 La-0 CS28446 Ler-0 CS22618 Ler-1 

Col-2 CS6765 La-0 CS28447 Ler-0 CS22686 Ler-1 
Col-3  CS28439 La-0 CS24238 Ler-0 CS28448 Ler-1 
Col-4 CS1302 La-1 CS24596 Ler-0 CS28449 Ler-1 
Col-7 CS6767 La-1 CS20 Ler-0 CS6928 Ler-1 

Lehle Col CS28440 La-1  CS76164 Ler-1 
   CS8581 Ler-2 
   CS28450 Ler-2 
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we observed relative transcription from other accessions up to 4-fold greater. For two 

La-1 strains, we observed extremely low or absent levels of transcription.  

 

Figure 3.1. Demonstration of intrastrain variation in transcription at Sadhu6-1 in 
Landsberg strains.  

Expression	  of	  Sadhu6-1	  was	  quantified	  by	  RT-‐qPCR.	  Expression	  is	  shown	  relative	  to	  
the	  housekeeping	  gene	  CYCLO	  and	  normalized	  to	  Ler	  CS20,	  which	  is	  set	  at	  an	  expression	  
level	  of	  1.0.	  Transcriptional	  variation	  is	  observed	  in	  La-‐0,	  Ler-‐0,	  Ler-‐1	  and	  Ler-‐2	  plants,	  
while	  transcription	  is	  repressed	  in	  the	  La-‐1	  accessions.	  	  
 

The presence of transcriptional variation at Sadhu6-1 suggests two possible 

models. Model 1 posits that genetic variation between La and Ler strains could lead to 

the non-random transcriptional inactivation of Sadhu6-1. Alternatively, Model 2 invokes 

stochastic epigenetic variation or stable epialleles to account for transcriptional variation 

at the locus.  
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LANDSBERG INTRASTRAIN SEQUENCE VARIATION AT SADHU6-1 

To investigate these models, we sequenced Sadhu6-1 in a subset of these 

accessions with primers 134 and 291, which span the 3’ polymorphic region and polyA 

tract. We analyzed a region of about 850 nucleotides of Sadhu6-1 between the right and 

left TSD (see Figure 3.2). We also included the sequences from the four Landsberg 

strains represented on the 1001 genomes project for comparison; La-0.SALK, Ler-

0.WTC, Ler-1.MPI, and Ler-1.SALK (Schmitz, Schultz et al. 2013). As summarized in 

Table 3.2, a total of 12 single nucleotide polymorphism (SNP) sites were observed 

across the region analyzed. Only one dinucleotide change was found; a GT to CC 

dinucleotide change. Although the quality of sequencing was reduced across the poly(A) 

region, we were able to confirm the presence of A to T SNPs in this region, which were 

observed in some of the La and Ler strains. A haplotype network reveals that 

accessions within strain subcategories (e.g., Ler versus La-1) tend to cluster, although 

there are some exceptions (see Figure 3.2). Overall, the pairwise sequence identity of 

the Sadhu6-1 element in the La and Ler accessions is over 98%, representing very low 

sequence variation between accessions of the same strain. Of all the changes, only one 

site is highly polymorphic and involves a C to T change at a CHG site. The C allele is 

present in five of the strains including the two La-1 accessions that lack expression. 

There are an additional 7 SNPs specific to the two La-1 accessions. Of the seven SNPs 

specific to La-1, none of them involve a gain of cytosine and there is only one C to T 

change at a non-symmetrical site that is lost. The sequences of the La-1 strains are 

identical, which confirms that the stocks share a common pedigree (CS1302 is the 
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parent line to CS6767, which produced progeny CS28440). The La-1 haplotype is 

distinct from the other Landsberg strains, differing by 7 SNPs in the sequences 

analyzed.  

Table 3.2. Polymorphisms observed between accessions of La and Ler. 
  to A to C to G to T 

A   0 1 2 

C 1   1 2 

G 1 1   0 

T 1 2 0   
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Figure 3.2. Haplotype analysis of genetic variation at Sadhu6-1 among 
accessions of La and Ler.  
The haplotype network was constructed by analyzing a region of 850 bp across 
Sadhu6-1. Included in this network are Landsberg strains from the 1001 genomes 
project; La-0.SALK, Ler-0.WTC, Ler-1.MPI, and Ler-1.SALK. We sequenced an 
additional two La-0, two La-1, three Ler-0, three Ler-1, and one Ler-2 sequences. We 
identified that the La-1 accessions differ by seven nucleotides and reside in a separate 
haplotype.   

As presented, the sequence data of Sadhu6-1 among these accessions could be 

used to support either model 1 or model 2. The genetic divergence in the La-1 strains 

may indicate a genetic link to transcriptional repression. Alternatively, the genetic 

divergence may simply represent shared evolution and formation of pure epiallele. This 

result is consistent with the findings presented in Chapter 2, which indicated that pure 

epigenetic variation rather than cis- or trans-acting variation was the most likely 
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explanation for inter-strain epigenetic variation at Sadhu elements. One haplotype, 

which contained the La-0, Ler-0 and Ler2 strains, represents very closely related 

strains. Yet, we observed transcriptional variation at Sadhu6-1 between these strains, 

which suggests that the genetic sequence is not sufficient to dictate the epigenetic state 

of the element. Although the apparent stability of transcription may be sufficient in the 

short term, it is not certain how long it may persist. In the next section, we will further 

test the stability of transcriptional variation of a hypomethylated epiallele over many 

generations. 

ANALYZING THE STABILITY OF A HYPOMETHYLATED EPIALLELE OF SADHU1-1 

Previous studies have established that the transcriptionally silenced Ler Sadhu1-

1 allele will become transcriptionally active in a ddm1-2 plant (Rangwala, Elumalai et al. 

2006). The fact that the Ler allele of Sadhu1-1 can be transcribed in the absence of 

DNA methylation, raises the question: would the element regain methylation if DDM1 is 

restored? There are several models that could explain a return of methylation to the 

element. Model 1, cytosine methylation could be controlled by the nucleotide sequence 

of the element itself. Model 2, cytosine methylation at Sadhu1-1 is established by a 

genetic locus encoding a trans-acting factor. Model 3, de novo hypermethylation at the 

element may be induced through DDM1-independent pathways. Therefore, we utilized a 

genetic cross to specifically study the Ler allele of Sadhu1-1 in plants that have 

undergone ddm1-2-induced hypomethylation in a DDM1 restored lineage (see Figure 

3.3). We cross-pollinated Col DDM1 X Ler ddm1-2. From the resultant F1 hybrid, we 

self-pollinated a single individual to generate a segregating F2 family. In the F2 
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generation, we selected homozygous Ler at Sadhu1-1 individuals that were also 

homozygous wild type at DDM1. We established 11 independent lines from this 

population and proceeded to maintain the independent lineages through single seed 

descent for up to 12 generations. Here, we present our results from seven of these 

lines.  

 

 
Figure 3.3. Crossing scheme to generate introgression lines of the Ler Sadhu1-1 
allele. 
The parents used for this cross were Col DDM1/DDM1 by Ler ddm1-2/ddm1-2. A single 
F1 plant was self-pollinated to produce the segregating F2 family. F2 individuals that 
were homozygous Ler/Ler at Sadhu1-1 and DDM1/DDM1 were selected to establish 
lineages, which were propagated by single seed descent.  
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With each of the independent lineages, we analyzed the DNA methylation state 

at the Sadhu1-1 locus by McrBC-PCR. Genomic DNA was digested with McrBC, an 

enzyme that digests methylated DNA, and subsequently amplified via PCR with primers 

118 and 151. McrBC-PCR is a qualitative method to determine the presence or absence 

of DNA methylation. In each generation for each of the lineages, we detected 

hypomethylation at Ler/Ler Sadhu1-1 among all of the derivative lines. However, it 

should be noted that this assay detects the absence of methylated DNA and therefore 

we cannot determine if methylation is present in a subset of the alleles, as the presence 

of some re-methylated alleles would be masked by amplification from hypomethylated 

alleles.  

Given the presence of hypomethylation in the ddm1 derivative lines, compared to 

wild type Ler, we proceeded to test the transcription of Sadhu1-1 by RT-qPCR. We 

measured transcription of Sadhu1-1 in seven lineages (A-G) in generations F2 to F9.All 

eight generations were germinated at the same time and RNA was extracted from age-

matched plants for transcriptional analysis. For each generation of each lineage, we 

calculated the (ΔC(t)) relative to the housekeeping gene CYCLO and normalized the 

expression to the F2 generation in that lineage, which was set to a value of 1.0. The 

relative expression (ΔΔC(t)) for each lineage is displayed in Figure 3.4. We observed a 

range of transcription in each generation between 0.5- to 3.5-fold differences, compared 

to the F2 generation. All of the values are significantly higher than the wild type Ler 

value, as Sadhu6-1 is not transcribed in this parental strain. For comparison, we 

observed transcription in wild type Col plants at a level about 2- to 5-fold higher than the 



 

115	  

F2 individuals. We observed transcription at Sadhu1-1 in the F2 generation in all seven 

of the independent lineages.  

 
Figure 3.4. Relative Expression of the Ler allele of Sadhu1-1 in Col/Ler DDM1 
introgression lines.  
A cross between Col WT and Ler ddm1-2 plants was initiated and produced a 
segregating F2 family. In the F2 generation, individuals were selected that were 
homozygous Ler at Sadhu1-1 and wild type at DDM1. The F2 individuals were 
propagated by single seed descent (lineage A-G). The seven lineages were analyzed in 
generations F2 to F9, as indicated above, to determine the expression of the Ler 
Sadhu1-1 locus. RNA was extracted from the leaves of young plants and converted to 
cDNA for analysis by quantitative reverse transcription PCR (RT-qPCR). The average 
expression level of qPCR replicate experiments were taken and the ΔΔ C(t) value was 
calculated for each lineage, relative to CYCLO. For each lineage, the relative Sadhu 
expression of the F2 generation was set to a value of one, as this is the first generation 
of homozygous Ler Sadhu1-1 and DDM1 (not shown). The data was modeled with 
linear regression, which indicates a slight increase in expression in subsequent 
generations (line). In lineages B and E, expression increase over time to about 3-fold. In 
lineages F and G, expression decrease to about 0.5-fold relative expression in the F8 
and F9 generation. Therefore, the results indicate that transcription of Sadhu1-1 is 
variable across the lineages but transcription does not return to the parental Ler state.  
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From the RT-qPCR analysis, we made the following observations. Firstly, 

Sadhu1-1 is transcribed in all generations, compared to the Ler parent. Secondly, there 

is very little transcriptional variation between the F2 and F3 generation; on average, the 

difference in transcription was 1.6-fold higher in the F3 generation (see Figure 3.4). 

Thirdly, we observe small transcriptional differences between the F2 and F9 generations. 

More specifically, in lineage B and E, there is a trend for increased expression in the F9 

generation (see Figure 3.6 and Figure 3.9). Conversely, in lineage F and G a trend of 

decreased expression is observed (see Figure 3.10 and Figure 3.11). Transcription is 

not significantly different between F2 and F9 in lineages A, C, and D (see Figure 3.5, 

Figure 3.7, and Figure 3.8). In measuring the expression of Sadhu1-1, we observed 

transcriptional variation between the independent lineages including increased 

transcription, decreased transcription, and relatively stable transcription between the F2 

and F9 generations.   
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Figure 3.5. Relative expression of Sadhu1-1 in Lineage A displays approximately 
equal expression across each generation.  
Transcription was measured at Sadhu1-1 and compared relative to CYCLO. The mean 
ΔΔ C(t) for each generation was normalized to the F2 generation. Error bars represent 
standard error of the mean. The relative expression difference between generations F2 
and F9 is not statistically significant (p-value=0.18). 
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Figure 3.6. Relative expression of Sadhu1-1 in Lineage B increases transcription 
over time. 
Transcription was measured at Sadhu1-1 and compared relative to CYCLO. The mean 
ΔΔ C(t) for each generation was normalized to the F2 generation. Error bars represent 
standard error of the mean. The relative expression difference between generations F2 
and F9 is statistically significant (p-value=3x10-6).  
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Figure 3.7. Relative expression of Sadhu1-1 in lineage C is stable over time.  
Transcription was measured at Sadhu1-1 and compared relative to CYCLO. The mean 
ΔΔ C(t) for each generation was normalized to the F2 generation. Error bars represent 
standard error of the mean. The relative expression difference between generations F2 
and F9 is statistically significant (p-value=0.02). 
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Figure 3.8. Relative expression of Lineage D is stable over time. 
Transcription was measured at Sadhu1-1 and compared relative to CYCLO. The mean 
ΔΔ C(t) for each generation was normalized to the F2 generation. Error bars represent 
standard error of the mean. The relative expression difference between generations F2 
and F9 is not statistically significant (p-value=0.37). 
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Figure 3.9. Relative expression of Lineage E increases over time.  
Transcription was measured at Sadhu1-1 and compared relative to CYCLO. The mean 
ΔΔ C(t) for each generation was normalized to the F2 generation. Error bars represent 
standard error of the mean. The relative expression difference between generations F2 
and F9 is statistically significant (p-value=4x10-5). 
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Figure 3.10. Relative expression of Lineage F decreases over time.  
Transcription was measured at Sadhu1-1 and compared relative to CYCLO. The mean 
ΔΔ C(t) for each generation was normalized to the F2 generation. Error bars represent 
standard error of the mean. The relative expression difference between generations F2 
and F9 is statistically significant (p-value=0.01). 
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Figure 3.11. Relative expression of Lineage G decreases over time. 
Transcription was measured at Sadhu1-1 and compared relative to CYCLO. The mean 
ΔΔ C(t) for each generation was normalized to the F2 generation. Error bars represent 
standard error of the mean. The relative expression difference between generations F2 
and F9 is statistically significant (p-value=0.01). 
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DISCUSSION 

In this study, we investigated the stability of epigenetic regulation of two Sadhu 

retroposons; Sadhu1-1 and Sadhu6-1. We explored intrastrain variation by measuring 

transcription originating from these two elements in various accessions. Our study 

focused on accessions from two ecotypes of Arabidopsis thaliana called Columbia (Col) 

and Landsberg. Within the Landsberg ecotype, we utilized both La and Landsberg 

erecta (Ler) plants.  

We measured the transcription of Sadhu1- in the accessions and confirmed that 

Sadhu1-1 is only transcribed in the Col strains but not the La or Ler strains. This result 

reinforces that the transcription state at Sadhu1-1 is very stable, being always on in Col 

and always off in Ler. At the Sadhu6-1 locus, we did not observe transcription from the 

Col strain. However, we detected intrastrain variation in transcription among La and Ler 

strains. We hypothesized that the transcriptional variation may be caused by a genetic 

difference or may be independent of genetic differences (i.e., epigenetic variation).  

To understand the source of the intrastrain transcriptional variation, we 

sequenced a subset of the Sadhu6-1 alleles in the La and Ler accessions. We identified 

that all of the accessions are nearly identical and differ by only 11 SNPs in an 850 bp 

region. The types of mutations observed do not include large-scale loss of sequence 

that might affect transcription. As none of the SNPs were at CpG sites and we only 

observed two C to T transitions, it is not clear that these SNPs would greatly affect DNA 

methylation at Sadhu6-1 (Rideout, Coetzee et al. 1990). One possible explanation is 

that the La-0 and La-1 accessions are actually distantly related and our results actually 
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represent interstrain and not intrastrain variation, including perhaps both cis- and trans-

acting variation. We observed phenotypic differences between the La and Ler 

accessions and future experiments are required to determine the genetic relatedness of 

these strains.  

In Chapter 2, we established that the transcriptional difference between Col and 

Ler strains is associated with differential DNA methylation. It is possible that the 

transcriptional instability at Sadhu6-1 is due to a stochastic loss of DNA methylation at 

Sadhu6-1.  An important next step will be the measurement of DNA methylation at the 

element in the accessions with decreased expression. 

Transcription of Sadhu1-1 is tightly linked to the element, and we therefore tested 

if the element itself is sufficient to attract DNA methylation. We created Col-Ler 

introgression lines using the ddm1-2 mutation to hypomethylate the Ler allele of 

Sadhu1-1. We genetically restored DDM1 and observed transcription of Sadhu1-1 in the 

first generation (in this case, in a segregating F2 family). Within these introgression 

lines, we proceeded to test subsequent generations for transcription at Sadhu1-1. We 

have found all of these lines to maintain transcription, though there is a 0.5-fold change 

in transcription in some lineages. This apparent down-regulation may be associated 

with a gain of DNA methylation however, our technique of McrBC-PCR is not robust 

enough of distinguishing between a completely hypomethylated element and the 

presence of low-levels of methylation. Therefore, future analysis with a more sensitive 

assay such as bisulfite sequencing will be required to determine conclusively whether 

the element regains partial methylation. Nonetheless, the data suggest that re-activated 
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Ler Sadhu1-1 alleles remain active in a mixed Ler/Col background for at least seven 

generations.  This finding indicates that the particular Ler nucleotide sequence at 

Sadhu1-1, nor the region directly surrounding the element, is sufficient to attract 

significant levels of cytosine methylation to the element to effect transcriptional 

silencing. 

CONCLUSIONS  

The analysis of Sadhu1-1 and Sadhu6-1 in various strains and sub-strains of A. 

thaliana reveals the stability of transcription from these transposable elements. Although 

there are similarities between Sadhu1-1 and Sadhu6-1, we have identified that the 

epigenetic regulation of Sadhu6-1 locus is less tightly controlled. We identified 

accessions within the Landsberg strain that exhibit differential transcription. We have 

shown that genetic hypomethylation of Sadhu1-1 using a mutation in the DNA 

methylation pathway (ddm1) is associated with transcription of the element. Replacing 

the non-functional enzyme with wild type DDM1 is insufficient to restore epigenetic 

silencing of the locus, even after several generations. Transcription of Sadhu1-1 is 

stably maintained in both natural populations such as Columbia and at the locus in Ler 

ddm1-2 derived introgression lines. In the Ler introgression lines, future experiments will 

quantify the variation between the independent lines to determine if transcription at 

Sadhu1-1 is affected by unlinked Col-derived alleles in the background. These results 

provide new examples of stably inherited epialleles at the Sadhu locus.  
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METHODS 

PLANT MATERIALS 

The Arabidopsis natural accessions were obtained from the Arabidopsis 

Biological Resource Center (ABRC) at The Ohio State University. Seed stock numbers 

for natural accessions are listed in Table 3.1. Additional information about these plants, 

including photographs of some strains, can be accessed at www.arabidopsis.org. Plants 

were grown in controlled environment chambers under standard growth conditions with 

16 hr light per day at 22 degrees C. 

NUCLEIC ACID MANIPULATION  

Nucleic acids were extracted from young plants, 2-3 weeks old, to purify DNA or 

RNA. For DNA purification, urea lysis buffer was used to homogenize tissue and 

phenol:chloroform to extract the nucleic acid. For natural accessions, tissue was pooled 

from approximately 4 individuals. 

As previously described, a BstBI (New England Biolabs) cleaved amplified 

polymorphic sequence (CAPS) was used to distinguish Col and Ler alleles of Sadhu1- 1 

with primers 118 and 151 (Rangwala et al. 2006). A closely linked polymorphism in 

RCC1, near Sadhu6-1, was used to genotype Col and Ler alleles by SmlI (New England 

Biolabs) CAPS with primers 312 and 314. Alleles from other natural strains were 

genotyped by sequencing Sadhu6-1 with primers 134 and 135. 
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RNA was purified from young rosette tissues homogenized in TRIzol (Qiagen) 

according to the protocol. RNA was reverse transcribed using SuperScript III Reverse 

Transcriptase (Invitrogen) and the oligo(d)T primer, according to the protocol.  

The McrBC assay was used to determine the presence or absence of DNA 

methylation at either Sadhu1-1 or Sadhu6-1; Cyclo was used as an internal control, as 

previously described (Rangwala et al. 2006). Genomic DNA was incubated at 37 

degrees with McrBC (New England Biolabs) in the presence of GTP and BSA. 

Samples were diluted to approximately 10 nanograms per uL and analyzed by 

reverese transcription quantitative PCR. The average delta delta C(t) was calculated 

with the CFX manager and corrected standard error of the mean is displayed on the bar 

chart.  
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CHAPTER 4 IMPLICATIONS OF EXPRESSION OF THE SADHU1-1 
RETROTRANSPOSON   

INTRODUCTION 

The genomes of most eukaryotes contain transposable elements and remnants 

of transposable elements. In many cases, the TEs reside within the heterochromatic 

domains and are transcriptionally silenced through epigenetic modifications to the DNA 

(cytosine methylation) and histone proteins (Lippman, May et al. 2003, Lippman, 

Gendrel et al. 2004, Law and Jacobsen 2010). In other cases, TEs are intermingled in 

close proximity to protein-coding gene. 

The Sadhu1-1 retroposon locus is embedded within a 200 kb block of 

transcriptionally inert pericentric heterochromatin of chromosome 2. Although the 

chromatin neighborhood is heavily methylated and transcriptionally repressed, 

Sadhu1-1 is transcribed. As discussed in chapter 2, transcription at Sadhu1-1 is rare, 

occurring in less than 5% of natural strains of Arabidopsis thaliana. In the Col strain, 

RNA-seq analysis show that Sadhu1-1 is transcribed at a high level (DEseq score of 

over 2000) and bisulfite analysis of DNA methylation reveals an absence of DNA 

methylation (Rangwala, Elumalai et al. 2006, Schmitz, Schultz et al. 2013, Shook and 

Richards 2014). However, we show in chapter 2 that this is not the typical epigenetic 

state among natural strains of A. thaliana.  

Typically, Sadhu1-1 is heavily methylated and transcriptionally silenced, making 

the transcription from the Col allele unusual. Why this particular element is able to 

escape epigenetic inactivation is unclear. In chapter 2, we discussed that an absence of 
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small interfering RNAs (siRNAs) may allow for transcription at the element as a 

consequence of stochastic losses of epigenetic silencing. 

In the Arabidopsis thaliana wild type strain Columbia (Col), the element resides 

within a transcriptionally repressed and heavily methylated region of heterochromatin. 

While most transposons and repetitive sequences in this region are transcriptionally 

inactivated, the Sadhu1-1 locus is highly transcribed and hypomethylated in this strain. 

Although the transcript is only about 1000 nucleotides, the high level of transcription 

from the locus suggests that it may have a functional consequence (Rangwala, Elumalai 

et al. 2006, Shook and Richards 2014). For example, high levels of transcription from 

Sadhu1-1 produces a ncRNA that could restrict polymerase and transcriptional co-

factors from protein coding genes, resulting in a non-specific phenotypes. This type of 

mechanism has been demonstrated in animal in vitro studies in which the RNA of a 

retrotransposon called B2 can bind RNA polymerase with high affinity and block RNA 

synthesis (Mariner, Walters et al. 2008). 

Since most transposable elements are silenced, the large amount of epigenetic 

diversity at Sadhu elements makes this family unusual and suggests that Sadhu 

element could play a functional role in some strains. For example, a long non-coding 

RNA (lncRNA) called COLDAIR is a transposon-derived transcript that represses 

flowering time in Arabidopsis (Heo and Sung 2011, Kim and Sung 2012). As reviewed 

by Feschotte and Pritham, domesticated transposons have a diagnostic set of 

characteristics, including absence of recent mobility or factors required for mobility, 

intact coding sequence that are not evolving under neutral evolution, intact orthologs in 
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related species, evidence of transcription, and critical biological function (Feschotte and 

Pritham 2007). One domesticated TE, MUSTANG (MUG), is found in Arabidopsis and is 

highly conserved in angiosperms, and a genetic knockout was shown cause severe 

developmental defects and reduce plant fitness (Joly-Lopez, Forczek et al. 2012). 

Based on the criteria outlined by Feschotte et al, Sadhu1-1 could be considered as a 

candidate for molecular domestication. For example, there is no evidence of active 

transposition and Sadhu elements are highly diverged, supporting that these elements 

have not been active in quite some time. As discussed in chapter 2, Sadhu1-1 may not 

be evolving under neutral evolution. There are intact orthologs in the closely related 

species of A. arenosa and A. lyrata (Rangwala and Richards 2010). And lastly, Sadhu1-

1 is highly transcribed. Although Sadhu elements meet at least three of the minimal 

requirements, the function of these elements or potential adaptive role is unknown. 

Given the short sequence open reading frames of Sadhu elements, it is possible that an 

RNA species, rather than a protein, could have an effect on plant fitness or 

development.   

The formation of epialleles, like Sadhu1-1 may be advantageous to the plant and 

there is evidence that epialleles are important during stress (Finnegan 2002). Although 

we did not observe a difference in flowering time between the mutants and wild-type 

plants, variations in flowering time is an adaptive trait that may vary in response to 

stress or epigenetic differences (Madlung, Henkhaus et al. 2012). Flowering time 

variation is associated with differences in DNA methylation of the repeats upstream of 

the transcription factor FLOWERING WAGENINGEN A (FWA) or the transposon 
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upstream of the repressor of flowering FLOWERING LOCUS C (FLC) (Gazzani, Gendall 

et al. 2003, Chan, Zilberman et al. 2004, Madlung, Henkhaus et al. 2012). 

The high transcription from the heterochromatic Sadhu1-1 element raises the 

question, is there a selective advantage to maintaining transcription? Here, we 

investigate the implication of transcription from the Sadhu1-1 locus by using a T-DNA 

insertion allele to disrupt Sadhu1-1 expression (Alonso, Stepanova et al. 2003). We 

examined several phenotypic characteristics associated with plant growth between wild 

type and mutant plants. We found no significant difference in plant growth in the mutant 

plants, suggesting that Sadhu1-1 does not dramatically affect plant growth or flowering.  

RESULTS 

We identified an insertion mutant line from the Salk Institute, called 

SALK_092305, a T-DNA inserted within the transcribed sequence of the Sadhu1-1 

element (AT2G10410). The SALK_092305 is in the Col-0 strain, an accession that 

expresses Sadhu1-1. We grew plants from the SALK_092305 seed stock and crossed 

individuals to remove additional mutations that might be present within the genome. The 

pedigree of this plant line is shown in Figure 4.1. Using PCR primers, we confirmed the 

presence of the T-DNA within the element through amplification with the primers 118 

and 204 (Lbb1.3), as displayed in Figure 4.2 and Table 4.3. A PCR amplicon containing 

T-DNA border sequences was also sequenced to confirm the insertion within Sadhu1-1, 

as shown in Figure 4.3.  
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Figure 4.1 Crossing pedigree for Salk insertional mutant line. 
The crossing scheme displayed represents the pedigree of the individuals described in 
Table 1 (14-591). These individuals are segregating the Salk_092305 allele at Sadhu1-
1, but do not carry the Salk_039150 at Sadhu1-2 or the GABI-Kat 292H09 insertion at 
Sadhu1-3. The insertional alleles are abbreviated as Salk_1 (Salk_092305), Salk_2 
(Salk_039150), or GK (292H09). Individuals in the segregating population (14-591) have 
been backcrossed and outcrossed to minimize additional mutations that may be present 
and segregating in the Salk_1 line. Each generation is self-pollinated, unless indicated 
by an “X”.  
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Figure 1. Salk T-DNA is inserted within the coding sequence of Sadhu1-1. Sadhu1-1 resides in the 
pericentric heterochromatin (P) of chromosome 2 near the centromere (Cen). Sadhu1-1 is flanked 
by direct target site duplications (TSD) and is inserted within a hAT-like transposon. In wildtype 
plants, Sadhu1-1 is transcribed in the right to left direction. A T-DNA, SALK_092305, was amplified 
with primers 204 and 227 to confirm the presence of the insertion within Sadhu1-1. 

227

204
SALK_092305 T-DNA

 

Figure 4.2. Salk T-DNA is inserted within the coding sequence of Sadhu1-1.  
Sadhu1-1 resides in the pericentric heterochromatin (P) of chromosome 2 near the 
centromere (Cen). Sadhu1-1 is flanked by direct target site duplications (TSD) and is 
inserted within a hAT-like transposon. In wild type plants, Sadhu1-1 is transcribed in the 
right to left direction. A T-DNA, SALK_092305, was amplified with primers 204 and 227 
to confirm the presence of the insertion within Sadhu1-1. 
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12-474 with WT with Annotations 3/24/15

Page 1 of 3.

GCAGTTCTTTAGCTTAATGGCCCACTCAACATTTTTATTATCCGGTGTTTATTATCCTACTAGTCATTTTTTTTTTATTAAGAATCCCAAATGGGCTTA

TG------GAAGATGGGCCAAACGACAAATACACGGTTACAAAATGAAAGAAGCCCAAAACAAACCCAGCGAAAACAAGATCAGAACCGTGCGGTACAC

CGGAAACACGAACATCGCCTTCTAGAACCGACGCTAGCAAGGACGACTCCTATGTGGCTACGACCTCGACATCAAACTTTTGGCTTGAGCTAGCGAACC

CCGCCGCAAATCAACGCCAAGAACAAGCCTAACCTGGAACAATCCTTTCGGAAAAGGGAGAACCG----------------------------------

---------------------------------------------------------------------------------------------------

GCAGTT -TTTAGCTTAATGGCCCACTCAACATTTTTATTATCCGGTGTTTATTATCCTACTAGTCATTTTTTTTTTATTAAGAATCCCAAATGGGCTTA

TGGAAGGGGAAGCTGGGCCAAACGACAAATACACGGTTACAAAATGAAAGAAGCCCAAAACAAACCCAGCGAAAACAAGATCAGAACCGTGCGGTACAC

CGGAAACACGAACATCGCCTTCTAGAACCGACGCTAGCAAGGACGACTCCTATGTGGCTACGACCTCGACATCAAACTTTTGGCTTGAGCTAGCGAACC

CCGCCGCAAATCAACGCCAAGAACAAGCCTAACCTGGAACAATCCTTTCGGAAAAGGGAGAACCGATATACTTTTGTATATACTTTTGTAACCGATATA

CTTAATGTACTGGGGTGGTTTTTCTTTTCACCAGTGAGACGGGCAACAGCTGATTGCCCTTCACCGCCTGGCCCTGAGAGAGTTGCAGCAAGCGGTCCA
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polyA sequence
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2. Salk T-DNA

 

2. Salk T-DNA
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Figure 4.3. DNA sequence alignment of Sadhu1-1 with T-DNA insertion. 
The sequence alignment was created from a single plant heterozygous for the T-DNA 
insertion, SALK_092305. Wild type (WT) and mutant (SALK) alleles of Sadhu1-1 were 
compared to the reference sequence (TAIR10). The target site duplication (TSD), polyA 
sequence, and relevant primer sequences are indicated. The wild type allele of 
Sadhu1-1 was amplified with 118 and 227 and sequenced from primer 118. The T-DNA 
allele was amplified with primers 204 and 227 and sequenced from 204. In this 
alignment, the direction of Sadhu1-1 transcription is right to left direction. As indicated, 
the breakpoint for the T-DNA insertion is at nucleotide position 635.  

	  

To test whether there is a phenotypic difference between wild type and mutant 

plants, we generated a segregating family from a single plant that was heterozygous at 

Sadhu1-1 for the Salk T-DNA insertion. We planted 100 pots with three seedlings per 
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pot. Three days after germination, we thinned the plants to a single seedling per pot. To 

minimize microenvironmental variation, the plants were placed in random positions in an 

environmental chamber and rotated once per week until flowering was observed in all 

plants. An example of flowering homozygous wild type and homozygous Salk_092305 

plants are displayed in Figure 4.4. Of the initial 100 individuals, we discarded five plants 

that failed to germinate and one plant from which we did not recover DNA. Using PCR, 

we genotyped Sadhu1-1 and we determined that 12 of the plants were homozygous 

wild type, 64 were heterozygous and 17 were homozygous for the T-DNA insertion as 

displayed in Table 4.1. The ratio of observed alleles is approximately 1 wild type to 5.3 

heterozygous to 1.4 homozygous T-DNA. A chi-squared test was performed to 

determine whether the frequency of observed genotypes differs from the expected 

frequency. In a population of 94 plants, we expected a ratio of 23.5:47:23.5, however 

the observed ratio is statistically different from the expected (p-value = 0.0011). The 

significant p-value suggests that the over representation of heterozygous individuals is 

not likely due to expected sampling variation.  
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Table 4.1. Days until flowering and first adult leaf for each genotype from a family  
segregating the Salk_092305 insertion. 

1 Chi-squared test over-representation of heterozygous plants (p-value = 0.0011).  

	  

Sadhu1-1 
Genotype 

Number of 
individuals1 

Days until 1st 
adult leaf 

Days until 
flowering 

Wild type 12 4.9 +/- 0.3 19.8 +/- 0.5 

Heterozygous 
Salk T-DNA 

64 4.8 +/- 0.1 19.5 +/- 0.2 

Homozygous Salk 
T-DNA 

17 4.8 +/- 0.1 19.5 +/- 0.1 
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Figure 4.4. Plant growth phenotypes of wild type and mutants. 
Two examples of age matched individuals of wild type (two upper) and homozygous 
Salk_092305 plants (two lower) siblings grown on MetroMix360+ soil. All of the 
displayed plants are flowering but the bottom left Salk_092305 plant is several days 
behind and has broader leaves, suggesting there might be a developmental difference 
between these plants. However, sampling a larger population determined that both the 
wild type and mutant genotypes are indistinguishable and flower at about day 19, on 
average.  
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To determine if knocking out expression of Sadhu1-1 would have an effect on the 

whole plant, we measured several phenotype characteristics of each plant and a 

summary of these measurements is displayed in Table 4.1 and Table 4.2. We were 

interested in determining the number of days until flowering. This trait is sensitive to 

environmental factors such as light and temperature, but it is also a target of epigenetic 

regulation through silencing of transposons found in regulatory sequences of genes that 

control flowering. Flowering was defined as the number of days from germination until 

the inflorescence reached 1 cm in height. The number of days to flowering was not 

significantly different between wild type (19.8 +/- 0.5 days), heterozygous (19.5 +/- 0.2 

days), and mutant (19.5 +/- 0.1 days) plants (+/- standard error of the mean) (p-

value=0.48 and 0.51, respectively). All three genotypes produce leaves and flower at 

approximately the same number of days after germination.   

Table 4.2. The number of leaves and size of the rosette were measured for each 
plant at flowering in the Salk_092305 segregating family.1  

Sadhu1-1 
Genotype 

Total leaves  Number of 
Cauline 
leaves  

Rosette size 
Chord (mm) 

Number of 
Rosette  

Wild Type 14.3 +/- 0.3 2.8 +/- 0.1 50.7 +/- 1.7 11.4 +/- 0.2 

Heterozygous 
Salk T-DNA 

13.9 +/- 0.2 2.9 +/- 0.1 51.2 +/- 0.8 11.0 +/- 0.2 

Homozygous 
Salk T-DNA 

13.9 +/- 0.1 2.9 +/- 0.04 49.4 +/- 0.6 11.0 +/- 0.1 

1 For each phenotype, the average is displayed with the standard error of the mean.  

To quantify plant growth, we measured the number of days until the first adult 

leaves appeared and the number of leaves at the time of flowering. A stereoscope was 
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used to observe the presence of trichomes on the lower surface of the leaf, which marks 

the first adult leaves. Measuring the average number of days until the first adult leaf 

appears allowed us to establish that the plants were progressing normally through their 

growth cycle; on average, all plants produced the first adult leaf approximately 4.8 days 

after germination. The number of leaves on each plant was counted at the time of 

flowering, which included a count of the number of total leaves, cauline leaves, and 

rosette leaves. As shown in Figure 4.1, the average number of leaves at the time of 

flowering is not significantly different between the genotypes. The total number of leaves 

at flowering for each genotype was 14.3 +/- 0.3 (wild type), 13.9 +/- 0.2 (heterozygous), 

and 13.9 +/- 0.1 (mutant), as shown in Figure 4.2. Additionally, the size of the rosette 

chord (diameter) was measured for each plant. The average rosette diameter for wild 

type plants were 50.7 +/- 1.7 mm, heterozygotes were 51.2 +/- 0.8 mm, and the 

homozygous T-DNA plants were 49.4 +/- 0.6 mm, which are not statistically different 

from wild type (p-value=0.12 and 0.22, respectively). For the physical characteristics 

measured, we determined that the wild type, heterozygous, and mutant plants are 

indistinguishable.  

DISCUSSION 

To test the significance of transcription at Sadhu1-1, we identified an insertional 

mutant from the Salk Institute’s Arabidopsis T-DNA mutagenesis lines that contained a 

T-DNA insertion within the coding sequence of Sadhu1-1 in a Col strain background.  

After intercrossing this line, we generated a segregating population from a single 
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individual and measured several phenotypic characteristics between wild type and 

mutant siblings (see Figure 4.1 and Figure 4.2).  

In our analysis of the phenotypic variation among a family segregating the 

SALK_092305 insertion, we recognized a bias towards the recovery of heterozygous 

plants; both wild type and mutant plants were underrepresented. A chi-squared analysis 

indicated that the biased recovery of heterozygous plants is not simply due to sampling 

bias. If this is the case, a heterotic effect may explain these results (Birchler, Yao et al. 

2010). If this were the case, an adaptive advantage would be given to the seedlings that 

were heterozygous for the Salk insertion. For example, seedlings were thinned to one 

plant per pot at three days post germination, making it is possible that a small effect on 

the rate of germination could lead to faster germination in heterozygous seedlings. 

However, we took care to reduce a germination bias during the thinning process select 

the center-most plant, not the most vigorous seedling. It is also possible that an unlinked 

mutation segregating in this background may be a factor. The overrepresentation of 

heterozygotes has not been observed in other replicates of this experiment, however 

the number of individuals tested was much larger in this analysis than in previous 

experiments. Follow-up experiments will be necessary to determine the significance of 

the skewed recovery of heterozygous individuals and to determine if soil type is a factor.  

We measured several phenotypic traits to determine if wild type and mutant 

plants were developing differently. We measured the number of days until the first adult 

leaf was produced and found that this trait was about the same among the genotypes, 
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suggesting that there is not a faster progression of growth between the seeding and 

adult stage.  

Our results suggest that disrupting transcription of Sadhu1-1 does not have a 

significant effect on plant growth, leaf development, or flowering. While we were unable 

to observe a phenotypic difference at the whole plant level, alternative phenotypes may 

be affected such as seed fecundity, seedling germination rate, or response to abiotic or 

biotic stress. These findings do not rule out the possibility of changes at the molecular 

level. For example, other studies have shown that highly transcribed long, non-coding 

RNAs (lncRNA) are associated with the formation of then nucleolus or nuclear 

substructures (Mao, Zhang et al. 2011, Bergmann and Spector 2014). Sadhu1-1 can be 

considered a lncRNA as the transcript is greater than 200 nt there are no documented 

observations of short peptide production (Mattick and Rinn 2015). It is also possible that 

reduced transcription from Sadhu1-1 could have an effect on chromatin either in cis or 

in trans (De Lucia and Dean 2011). Another possible function of Sadhu transcripts may 

be involved in gene modulation in response to stress or environmental cues. For 

example, interactions between transcriptional regulation and mammalian lncRNAs have 

been observed under heat shock (Goodrich and Kugel 2010). In plants, the vernalization 

response to cold is also modulated through the production lncRNA from at least to loci 

and subsequent recruitment of chromatin remodelers (Wang, Yang et al. 2011). 

Although we did not identify changes at the whole-plant level, future experiments with 

the mutant lines will focus on understanding the effects on local chromatin and nuclear 

organization.  
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The Sadhu1-1 element is part of a family of three elements, which include 

Sadhu1-2 (AT1G30835) and Sadhu1-3 (AT5G28626). Of these three elements, 

Sadhu1-1 is the most highly expressed in the Col strain but all three members of the 

Sadhu1 subfamily are transcribed; Sadhu1-2 and Sadhu1-3 have DEseq values of 1358 

and 80, respectively (Shook and Richards 2014). However, it is unknown whether there 

is genetic interaction between these elements or whether transcription of Sadhu1-2 or 

Sadhu1-3 is altered in the Sadhu1-1 T-DNA line. Future studies could create high-order 

mutants by combining the disruption in all three elements from the Sadhu1 subfamily.  

	  

CONCLUSIONS 

Within a genome, transposable elements are usually epigenetically silenced in 

order to inactivate these elements and protect genomic integrity. However, under some 

circumstances these transposons escape the control of the host genome. It is clear that 

the Sadhu1-1 retroposon is transcriptionally active in the Arabidopsis Columbia strain, 

but the consequence of this activity is still fully understood. We have investigated the 

effects of disrupting Sadhu1-1 on the whole plant level and found that it has no effect on 

the rate of flowering or other gross morphological parameters of plant development.  

MATERIALS AND METHODS 

PLANT MATERIALS  

The T-DNA line SALK_092350 was obtained from Arabidopsis Biological 

Resource Center (ABRC) at The Ohio State University. This line was backcrossed to 
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the Richards’ lab Columbia seed stock, SALK_039150, and GABI-Kat 292H09, which 

was obtained from The Nottingham Arabidopsis Stock Centre (NASC). A heterozygous 

individual that did not carry mutations at Sadhu1-2 or Sadhu1-3 was identified and used 

in this analysis.  

Plants were grown in controlled environment chambers under standard growth 

conditions with 16 hr light per day at 22 degrees C. Approximately 1 to 4 seeds were 

sown on Fafard2 soil and cold treated at 4 degrees C for one day. Seedlings were 

thinned to one seedling per pot three days after germination. The centermost seedling 

was left in each pot. Pots were randomly rotated once per week for four weeks.  

The phenotype for each plant was recorded before the genotype was determined 

to reduce sampling bias. The first adult leaf was determined by the presence of trichome 

structures on the underside of the leaf. Flowering was determined when the primary bolt 

reached the height of one centimeter. On the day of flowering, the number of days after 

germination was recorded along with the number of cauline leaves, number of rosette 

leaves, and the size of the rosette. The diameter or chord size of the rosette was 

measured in millimeters. For each genotype, the average phenotype was calculated and 

standard error of the mean was determined.  

NUCLEIC ACID MANIPULATION 

Leaf material was taken from the vegetative tissue of plants after flowering had 

occurred. For DNA extraction, urea lysis buffer was used to homogenize tissue. A 

phenol-chloroform extraction was performed and nucleic acids were resuspended in 

Tris-EDTA. The wild type allele was genotyped with primers 118 and 227, which 
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spanned the T-DNA insertion and did not produce a PCR product under PCR 

conditions. The T-DNA allele was genotyped with primers 204 and 227.  

Table 4.3. Oligo sequences for primers used in this study. 
TAIR10 ID Gene Primer Oligo Sequence 

AT2G10410 Sadhu1-1 118 5’-CCGCCTCTGTAAGGAGCTTC-3’ 
AT2G10410 Sadhu1-1 151 5’-GGAAAAGGGAGAACCGCCAC-3’ 
AT2G10410 Sadhu1-1 227 5’-GCAGTTCTTTAGCTTAATGGCCCAC-3’ 

SALK_092305 SALK T-DNA 
LBb1.3 

204 5’-ATTTTGCCGATTTCGGAAC-3’ 
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CHAPTER 5 CONCLUSION 

OVERVIEW  

Epigenetics is the study of the genes and the factors that modulate the 

expression without altering the underlying genetic sequence. The term “epi” means to 

“on top of” or “around” and may refer to either covalent modifications of nucleotides or 

histone proteins, or small RNA populations that affect gene regulation. In chapter 1, we 

discussed the mechanisms of epigenetic regulation and how these processes control 

transcription of transposons, a major component of eukaryotic genomes. DNA 

methylated causes transcriptional repression and inactivation of transposons (Lippman, 

Gendrel et al. , Zilberman, Gehring et al. 2007, Schmitz, Schultz et al. 2013). In 

Arabidopsis, the chromatin remodeler DECREASE IN DNA METHYLATION 1 maintains 

DNA methylation at transposable elements (Vongs, Kakutani et al. 1993, Jeddeloh, 

Bender et al.). In the absence of ddm1, transposons become mis-regulated (Miura, 

Yonebayashi et al. 2001, Johannes, Porcher et al. 2009). Failure to properly regulate 

epigenetic silencing of transposons leads to severe developmental defects (Kakutani, 

Jeddeloh et al. 1996).  

SUMMARY OF RESULTS  

Epigenetic regulation of transposons is a dynamic process that ultimately 

protects cells from genomic stress by suppressing transposition. Most transposons in 

Arabidopsis are transcriptionally silenced due to the presence of DNA methylation. 

Here, we described interstrain variation in epigenetic regulation at two elements, 
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Sadhu1-1 and Sadhu6-1. We quantified the genomic variation among the strains 

sequenced by Schmitz et al. in 1001 sequencing project. We found that both elements, 

Sadhu1-1 and Sadhu6-1, are present in about 93-94% of natural strains of Arabidopsis. 

For approximately 110 strains, we can characterize Sadhu1-1 and Sadhu6-1 by 

epigenetic type, which described the presence or absence of transcription and DNA 

methylation at each element. We observed four epigenetic types with the majority of 

strains contain methylated elements that are not transcribed. However, many strains are 

not methylated and/or have become transcriptionally active. In fact, about 7% of 

Sadhu1-1 strains and 13% of Sadhu6-1 strains are transcriptionally active.  

At Sadhu1-1, the presence of transcriptionally active elements is surprising 

because Sadhu1-1 is located in the heterochromatic pericentromere of chromosome 2 

and inserted within a silenced hAT element. In chapter 2, we tested the theory that 

trans-acting factors might cause silencing at Sadhu1-1 but our results suggest that 

silencing at Sadhu1-1 is controlled in cis.  

In plants with large genomes, transposons can make up a large percentage of 

the genome. However, in the compact genome of Arabidopsis, transposons make up 

about 10 percent of the genome. In chapter 2, we examined the genetic and epigenomic 

variation that exists at two transposons within the Sadhu family of retroposons. 

Examining natural variation has allowed us to understand how variable epigenetic 

information is across a population. Elements within the Sadhu family of retroposons are 

transcriptionally active in 7-13% of approximately 800 naturally occurring strains. 
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Expressed elements lack DNA methylation, although we identified several strains that 

are both transcriptionally active and methylated.  

Given the large amount of epigenetic variation among the natural strains, we 

measured the genetic variation to determine if genetically similar strains would fall into 

the same type. For approximately 20 natural strains, we examined the genetic variation 

at Sadhu1-1 and Sadhu6-1 and found very little interstrain variation. Furthermore, the 

genetic variation did not correlate with the epigenetic state of the element. This analysis 

suggested that DNA methylation at Sadhu is not dependent on the underlying 

sequence. As a result, we were interested in investigating the source of the differential 

methylation.  

We analyzed transcription of Sadhu1-1 and Sadhu6-1 through F1 crosses 

between Col and Ler strain and found that the parental state of Sadhu is maintained in 

the F1 plants. To test the source of DNA methylation at Sadhu elements, we obtained 

Col/Ler recombinant inbred lines (RIL) for mapping. The Col and Ler loci are 

differentially methylated in the parental strains and we found that the parent-of-origin 

methylation state is maintained in the RILs. Additionally, we determined through genetic 

mapping that DNA methylation of Sadhu is linked to the locus. These results indicate 

that DNA methylation at Sadhu is maintained without trans-acting factors and is 

intimately linked to the element.   

In Chapter 3, we described our experiments testing the stability of the Sadhu 

elements by analyzing intrastrain variation. We measured transcription of Sadhu1-1 and 

Sadhu6-1 in several closely related accessions of the Col and Ler strains. Sadhu1-1 is a 
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heterochromatic element and is silenced in the Ler strain and the majority of other 

strains we analyzed. We found that all of the Col strains analyzed maintained stable 

expression of Sadhu1-1. The Sadhu6-1 element is located in a euchromatic domain and 

is silenced in the Col strain but expressed in the Ler strain. Despite the stability of the 

intrastrain variation at Sadhu1-1, we observed transcriptional variation at the Sadhu6-1 

locus. The Sadhu6-1 element is expressed most strains of Ler but we were able to 

identify a family of closely related La-1 accessions that exhibit transcriptional 

repression. Genetic sequencing of this element revealed seven unusual variants in the 

La-1 strain that did not exist in the other La and Ler strains we analyzed. This result 

could suggest that the La-1 accessions with reduced transcription may share a different 

recent evolutionary history than the other Landsberg strains.  

In light of the variation revealed among the Ler alleles of Sadhu6-1, we further 

tested the stability of a hypomethylated allele. We had previously shown that the 

silenced Ler Sadhu1-1 allele could be reactivated in a ddm1-2 plant (Rangwala, 

Elumalai et al. 2006). We created eleven independently maintained lineages from a 

single Col x Ler ddm1 cross and tested whether the reactivated element could be 

restored in future generations. We introgressed the hypomethylated allele into a DDM1 

line and followed the transcription of Sadhu1-1 through meiosis to generation F9. The 

transcriptional analysis revealed that transcription is maintained in the lines, however 

we did observe transcriptional variation between generations. In some of the lines 

analyzed, we saw a slight increase in transcription between generations, while in other 

lines we observed a decrease, but we did not observe complete silencing of the 
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epialleles. This result indicates a loss of silencing at Sadhu1-1 creates a new epiallele 

that cannot be resilenced for many generations.  

Finally, in chapter 4 we tested whether a T-DNA insertion in Sadhu1-1 would 

cause a phenotypic consequence. We generated a T-DNA segregating family and 

genotyped the F2 generation. We tested whether there were phenotypic differences 

between wild type and mutant individuals. Our results indicate that knocking out 

Sadhu1-1 does not have a phenotypic effect on the whole plant level. In the Col strain, 

Sadhu1-1, Sadhu1-2, and Sadhu1-3 are all expressed so it is possible that all three 

elements must be disrupted before a consequence may be observed.  

TAKEAWAY MESSAGES 

We set out to determine a possible source of epigenetic variation at Sadhu and 

whether there is a consequence to misregulation of Sadhu elements. Through the 

experiments, we found that Sadhu elements are epigenetically diverse. DNA 

methylation is usually inversely correlated with transcriptional state but there are some 

exceptions to the rule. We also found that epigenetic changes are not linked to a causal 

variant. Furthermore, genetically identical haplotypes do not all share the same 

epigenetic state and may exist as pure epialleles. We tested whether a transcriptionally 

silent and methylated allele could be trans-activated by a transcriptionally active allele. 

We determined that neither Sadhu1-1 nor Sadhu6-1 are maintained in trans and we 

found no evidence for RNA-directed DNA methylation in Col and Ler strains.  
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IMPLICATIONS 

This study has emphasized the importance of studying natural variation of 

transposons. We have provided new insights into the stability of DNA methylation at 

Sadhu1-1 and Sadhu6-1 and the diversity of natural epigenetic variation at these 

elements.  

We have discussed the stability of Sadhu elements in A. thaliana and propose 

that these elements may be resistant to trans acting silencing factors, making them of 

potential use to applications such as plant breeding. One common problem associated 

with the production of transgenic plants is the high rate of epigenetic silencing of 

transgenes. It is possible that Sadhu elements may be used as novel promoters to 

resist silencing of transgenes. The lack of homology to known retrotransposons in 

agriculturally significant crops reduces the probability of endogenous siRNAs that may 

trigger a silencing response in these crops.  

FUTURE DIRECTIONS  

 We would like to expand our understanding of Sadhu epigenetic regulation by 

dissecting the source of epigenetic control of type II and type IV elements. We identified 

a previously unseen group of type II elements that are neither methylated nor 

expressed. In our analysis, we excluded strains with type II elements that had small 

deletions at Sadhu and we expect the genetic variation could be the source of 

transcriptional inactivation. We would like to test this theory by creating transgenes with 

truncated versions of Sadhu. Not all of the type II elements contained deletions and we 
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plan to cross these strains with Col, Ler, and DNA methylation mutants met1 and ddm1 

to analyze whether transcription can be resurrected in these strains.  

In our study, we identified a surprising number of Sadhu1-1 and Sadhu6-1 

elements that were both transcriptionally active and methylated, which we call type IV 

elements. A preliminary analysis of type IV elements shows that they may exhibit a 

decrease in transcription and/or reduced coverage of DNA methylation. It is unclear 

whether the epigenetic state of these elements is stable or in a transitory state between 

silenced and expressed. If type IV elements are in transition, it is unknown whether 

transcription may vary between cell types. Additionally, an unanswered question is 

whether the type IV elements are stable in F1 hybrids from parents with differing 

epigenetic states at Sadhu. We would like to further characterize the strains with type IV 

elements to determine whether other transposons in these genomes also display the 

unusual epigenotype. Future studies of the type IV elements may uncover novel 

modifiers of epigenetic regulation at transposons.  

In our survey of Landsberg natural strains, we identified transcriptional variation. 

We plan to analyze DNA methylation between these strains to determine if the 

transcriptional variation is associated with a change to the DNA methylation.  

The large number of strains with a transcriptionally active Sadhu6-1 element was 

also unexpected. Sadhu6-1 is located in a euchromatic region on chromosome 3,  within 

1000 base pairs (bp) of the protein-coding gene REGULATOR OF CHROMOSOME 

CONDENSATION 1 (RCC1) (AT3G02510). Preliminary examination of transcriptional 

variation at RCC1 did not show a difference between strains with a silenced or 
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expressed Sadhu6-1 element. However, RCC1 is part of a family of proteins and it is 

possible that mRNA sequencing reads may not be specific to the locus on chromosome 

3. RCC1 is a nuclear guanine-nucleotide exchange factor protein that is part of nucleo-

cytoplasmic transport with RanGap (Vernoud, Horton et al. 2003, Kühn, Carrie et al. 

2011). Hydroponically grown Arabidopsis down-regulate RCC1 in response to zinc 

exposure and RNAi against rcc1 causes shorter roots (Comhair 2011). In future studies, 

we will test whether the regulation of Sadhu6-1 is affected by zinc exposure.  

For the Sadhu1-1 and ddm1 introgression lines, there are many future 

experiments that we would like to do to test the epigenetic regulation of Sadhu1-1 in 

these lines. We would like to measure the DNA methylation at the element as well as in 

the flanking domains to determine if the ddm1-induced hypomethylation affected the 

heterochromatin neighborhood. We would like to determine if there is a correlation 

between the amount of transcription and DNA methylation in each independent lineage. 

We would also like to continue to propagate these lines to measure transcription in later 

generations. It is possible that a trigger of epigenetic silencing could develop after 

several generations of transcription from the locus.  

When we created the introgression lines, we also established lineages that 

maintained the ddm1 allele. With these plants, we would like to test whether Sadhu1-1 

continues to be transcribed in these plants or whether they are silenced. In the absence 

of ddm1, ectopic DNA methylation has been observed after several generations at some 

sequences (Kakutani, Jeddeloh et al. 1996). It is possible that non-CG 
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methyltransferases may remethylate Sadhu1-1 in these plants and this could be useful 

for furthering our understanding of non-CG methylation.  

In chapter 4, we measured leaf growth and flowering time in plants with a T-DNA 

insertion within Sadhu1-1. We did not observe a phenotypic consequence on the plants 

and this might due to the presence of Sadhu1-2 and Sadhu1-3. The Sadhu1 subfamily 

are closely related genetically and are all expressed in the Col strain (Rangwala and 

Richards 2010). We would like to test whether knocking-down the expression of each 

element would result in a consequence. We have obtained insertions in these other two 

elements and would like to test the triple mutants.  

We mentioned that environmental stress might be a source of epigenetic 

variation. Is there any way to turn on or off the Sadhu elements? This could be 

interesting for the application of plant breeding as changes to the climate may increase 

stress of crop plants and the effect may be unintentional activation of transposons 

(Madlung and Comai 2004, Specchia, Piacentini et al. 2010).  

One question that is still uncertain is whether Sadhu elements are capable of 

retrotransposition or what factors are required. In animal cells, the L1 retrotransposition 

assay has been utilized to better understand the mechanism of insertion of LINEs 

(Rangwala and Kazazian 2009). Future experiments may explore the mechanisms of 

Sadhu retrotransposition insertion.   
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APPENDIX 

As sessile organisms, plants have developed complex responses to 

environmental stresses, which include both abiotic and biotic stress. One well-studied 

example is pathogenic infections from bacteria. Arabidopsis senses some types of biotic 

attacks through the leucine-rich repeat serine/threonine protein kinase FLAGELLIN-

SENSITIVE 2 (FLS2) sensor (Gómez‐Gómez, Felix, and Boller 1999; Chinchilla et al. 

2006). This transmembrane protein recognizes a conserved 22-amino acid domain of 

the flagellin peptide (flg22). In response to flg22, there are many responses that occur in 

the first few minutes, such as increase in reactive oxygen species and activation of the 

WRKY family of transcription factors. In response to pathogens, the hypersensitive 

response causes activation of PR genes and the effect of activating the plants immune 

system can be phenotypically observed as a reduction in plant growth (Jones and Dangl 

2006; Ruiz-Ferrer and Voinnet 2009; Zipfel et al. 2004; Navarro et al. 2004).  

Although the short-term responses to pathogen stress are well studied, the long-

term response is less well understood. For example, one study found that in response to 

flg22 stress, plants displayed an increase in homologous recombination (HR) in adult 

tissues and this response was also measured in the next generation of untreated plants 

(Molinier et al. 2006). It is unclear what would cause the increase in HR but one theory 

is that an alteration in DNA methylation could be the source (Colomé-Tatché et al. 

2012). In addition to the initial increase in HR, the authors of the study observed a 

statistically significant increase in HR in the next generation. This observation of 

transgenerational response to biotic stress suggests that a potentially adaptive 
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response might be involved, possibly priming the stress response for the offspring of the 

treated individuals. 

Here, we present our analysis of DNA methylation in flg22 stressed plants and 

the mock-treated and flagellin15 peptide-treated controls, which do not cause the 

pathogen response in Arabidopsis. We tested DNA methylation by analyzing 

centromere methylation (Cen3 probe) via a southern blot assay, and global methylation 

levels by methylated DNA immunoprecipitation and sequencing (MeDIP). MeDIP has 

been used by others to enrich for methylated DNA prior to DNA microarray based 

sequence analysis for the identification of differentially methylated regions in response 

to stress (Li et al. 2013; Ding et al. 2014). We included two additional samples in our 

analysis, met1-1 and vim1-2, with known decreases in methylation. From the MeDIP-

seq analysis, we identified a candidate list of loci that are have differentially methylated 

regions between wild type and flg22 treated plants. Most of the changes observed were 

increases in methylation in flg22 treated seedlings. These preliminary studies need to 

be followed up to determine if the changes in DNA methylation observed are repeatable.  

In addition, future studies should investigate whether any effects are maintained and 

observed in subsequent generations.  
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Appendix Figure 1. Untreated seedlings grown on MS media agar.  

 

 
Appendix Figure 2. Seedlings treated with flg22 grown on MS media agar.  

Plants were germinated in liquid MS media and grown for six days before transferring to 
MS media agar and grown vertically. The length of the roots were measured one week 
later.  

Wild type Arabidopsis (Col) plants were germinated in liquid MS media and grown for 
three days. Plants were then treated with 1 µM of flg22 and transferred to MS media 
agar on day six and grown vertically. The length of the roots were measured one week 
later. Plants are smaller than wild type and have less fresh weight, indicating that the 
hypersensitive response is active.  
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Appendix Figure 3. Average root length of treated and untreated Columbia 
plants. 
Seedlings were treated with 1 µM of flagellin three days after germination. Seedlings 
were grown in liquid MS media for six days and then transferred to MS media agar. The 
root lengths were measured after one week of growth on MS agar.  
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Appendix Figure 4. Southern blot analysis of DNA methylation at centromere 
repeats. 
Genomic DNA was prepared from pooled seedlings from three treatments; mock, 1 µM 
flg15 peptide (inactive), and 1 µM flg22 peptide (an active elicitor of pathogen response 
in Arabidiopsis) (Chinchilla et al. 2006). For each treatment, seedlings were growin in 
liquid MS media for three days before being transplanted to MS media agar. Seedlings 
were grown for one week on MS media before harvested. Genomic DNA from each 
sample was digested with either MspI or HpaII. These enzymes are isochizomers of 
eachother and both digest the sequence 5’-C^CGG-3’. MspI is not sensitive to CG 
methylation. HpaII is sensitive to CG methylation. The Southern blot was probed with 
Cen3, which results a ladder banding pattern in the MspI digests. No ladder is observed 
in the HpaII digested samples due to the DNA methylation at the centromere repeats. 
Therefore, we conclude that there is no significant difference in centromere methylation 
between mock and flagellin treated samples.  

	  

	  



 

166	  

	  

	  

Appendix Table 1. Number of reads mapped for each sample by Methylated DNA 
immunoprecipitation sequencing (MeDIP-seq). 

	  

	  

Appendix Table 2. The number of differentially methylated regions (DMRs) 
observed between samples. 

Pair DMR count1 Promoter2 Gene body2 

Mock vs. flg15 245 3 1 
Mock vs flg22 610 30 5 
flg15 vs. flg22 224 12 2 

Mock vs. met1-1 4792 711 347 
Mock vs. vim1-2 1533 22 8 

1DMR calling using MACS(Version 1.4.1), cutoff for p-value <1e-5. 2False discovery rate 
of less than 0.05.  

	  

Sample Uniquely Aligned 
MeDIP-seq reads 

Multi-aligned 
MeDIP-seq reads 

Mock 10,532,858 29,598,288 
flg15 9,157,137 26,627,018 
flg22 7,471,926 21,490,528 

met1-1 12,008,918 30,341,627 
vim1-2 11,706,185 32,610,689 
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Appendix Figure 5. Differentially methylated gene bodies in MeDIP 
samples. 
Whole seedlings were pooled and genomic DNA was prepared for sent to 
GoBeyondRNA (formerly known as ArrayStar) for methylated DNA 
immunopreciptiation, sequencing preparation and analysis. Here we display the 
number of gene body sequences that are differentially methylated between wild 
type and each sample. The fifth comparison is between the elicitor flg22 and the 
non-active flg15 peptide treatment, which does not cause the hypersensitive 
response in Arabidopsis. There are many gene bodies that lose methylation in 
the met1-1 sample. There are few differentially methylated gene bodies in the 
flg22 samples compared to met1, which suggests that the response is specific to 
some genes.  

met1-1         vim1-2         flg15          flg22      flg15 v flg22 
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Appendix Figure 6. Differentially methylated regions across the genome are 
observed near protein coding genes and transposons in MeDIP samples.  
Whole seedlings were pooled and genomic DNA was prepared for sent to 
GoBeyondRNA (formerly known as ArrayStar) for methylated DNA immunopreciptiation, 
sequencing preparation and analysis. Here we display the number of promoters and 
regions near non-genic elements that are differentially methylated between wild type 
and each sample. The fifth comparison is between the elicitor flg22 and the non-active 
flg15 peptide treatment, which does not cause the hypersensitive response in 
Arabidopsis. We observed many protein coding genes with differential methylation in the 
met1-1 sample, consistent with other studies of methylation in met1. In the flg22 
treatment, there are approximately 440 protein coding genes and 200 transposable 
elements with differential methylation compared to wild type.  
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Appendix Table 3. Top candidates identified in MeDIP-seq DNA enriched in the 
mock-treatment sample compared to flagellin22 peptide treatment.  

Type of 
sequence 

Gene ID or 
chromosome 
location (TAIR 
10) Gene name 

Fold-
change 

False 
discovery 
rate 

Gene body AT1G12040 LRX1, LRR/extensin1 3.10 <0.05 

Gene body AT1G49490 LRR family 4.41 <0.05 

Gene body AT3G28550 Proline-rich, extensin-like 2.99 <0.05 

Gene body AT3G54590 HRGP1 3.28 <0.05 

Gene body AT4G08410 Proline-rich, extensin-like 2.28 <0.05 

Gene body AT1G62440 LRX2 5.03 <0.01 

Gene body AT2G18510 emb2444, RNA binding 6.76 <0.01 

Gene body AT3G19020 LRR-like 5.60 <0.01 

Gene body AT3G03620 MATE efflux 5.98 <0.01 

Gene body AT1G25540 
PFT1, phytochrome, 
flowering time 6.50 <0.01 

Gene body AT5G06640 Proline-rich, extensin-like 2.33 <0.01 

Intergenic 
Chr2:13232725-
13233666 None 3.41 <0.05 
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Appendix Table 3 (Continued)    

Intergenic 
Chr5:17034578-
17035415 None 4.88 <0.01 

Intergenic 
Chr3:10834409-
10835406 None 4.20 <0.01 

Intergenic 
Chr4:5144982-
5145902 None 3.44 <0.01 

Repetitive 
sequence 

Chr3:10663147-
10663384 Zm1S_145L LTR/Gypsy 8.07 <0.05 

Repetitive 
sequence 

Chr3:23315715-
23315852 MtChr4L344 LTR/Copia 6.57 <0.05 

Repetitive 
sequence 

Chr3:15885144-
15885266 

Zm_AC145481.9_4L 
LTR/Gypsy 6.00 <0.05 

Repetitive 
sequence 

Chr1:23238102-
23238163 ATCopia24I LTR/Copia 5.82 <0.05 

Repetitive 
sequence 

Chr5:16119377-
16119593  

grande_092E12-1part 
LTR/Gypsy  5.73 <0.05  

Repetitive 
sequence 

Chr5:16119431-
16119624  Zm9L_14L_UI LTR/Copia  5.73 <0.05 

Repetitive 
sequence 

Chr1:1477971-
1478194  

ARSiOTOT00000006 
Other/Simple  3.69  <0.05 
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Appendix Table 3 (Continued)    

Repetitive 
sequence 

Chr3:10663779-
10663835  

Vandal16 DNA/MuDR Type 
II Transposons  8.07  <0.05 

Repetitive 
sequence 

Chr3:23315763-
23315809  MuDR1_ZM DNA/MuDR  6.57 >0.05 

Repetitive 
sequence 

Chr3:23315783-
23315835  CACTA_LP DNA/En-Spm  6.57 >0.05 

Repetitive 
sequence 

Chr3:5815389-
5815420  

ATHATN10 DNA/hAT Type 
II Transposons  4.58  <0.1 

Repetitive 
sequence 

Chr5:16120009-
16120065  

Vandal16 DNA/MuDR Type 
II Transposons  5.73  <0.1 

Repetitive 
sequence 

Chr3:10663147-
10663330   

RLG_grande_AC197914_5
823  8.07  <0.05 
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The number of normalized MeDIP-sequence reads (MeDIP-score) in the wild type 
control plants compared to the met1 (left) or vim1-2 (right) sample aligning to the 
mitochondria and chloroplast genomes (combined). There were an increased number in 
the met1-1 sample compared to mock, but a decreased number in the vim1-2 sample 
compared to mock. DNA methylation is typically not observed in plant plastids and these 
results suggest that either there is a low-level of DNA methylation in the plastids or 
alternatively that the alignment is identifying plastid genes from nuclear DNA.   
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